Student Poster Book of Abstracts

2013 IEEE Power and Energy Society General Meeting

Vancouver, BC, Canada

July 21-25 2013

Power & Energy Society®



Welcome Message from the Chair -
IEEE PES Student Activities Subcommittee

On behalf of the Student Activities Subcommittee, I welcome you to the Student
Poster Contest at the 2013 IEEE Power & Energy Society General Meeting held at
Vancouver, BC, Canada on July 23, 2013.

At the time of printing this book, we have 193 extended abstracts from students
from different parts of the world confirmed to participate in the 2013 IEEE PES GM
student poster contest. This book of extended abstracts is aimed at documenting the
many outstanding research projects performed by undergraduate and graduate
students at various educational institutions around the world. These extended
abstracts are accompanied by student poster presentations at the conference venue
on July 23, 2013 from 7 a.m. - 9 a.m. The research topics of these posters fall into 18
categories, namely:

1. System-wide events and analysis methods 9. Geomagnetic disturbance on electric
2. Advanced computational methods for power systems
power system planning, operation and | 10. Integrating renewable energy into the grid
control 11. Intelligent monitoring and outage
3. Asset management management
4, Cyber and physical security of the smart | 12. Market interactions in power systems
grid 13. Power electronics
5. Dynamic performance and control of | 14. Power system modeling and simulation
power systems 15. Smart grid technology
6. Electric machine and drives 16. Smart sensors, communication and control
7. Emerging software needs for the in energy systems
restructured grid 17. Substation and distribution automation
8. Flexible AC transmission systems 18. Power Engineering Education

All students are invited to attend the Student/Faculty/Industry (SFI) luncheon to be
held on July 24 from 12 p.m. to 1 p.m. where the student poster contest winners will
be announced at the SFI luncheon.

Support from the Grainger Foundation, and the IEEE Power & Energy Society,
especially the Power and Energy Education Committee (PEEC), for the student
activities is gratefully acknowledged.

The subcommittee acknowledges the services of Prof. Chee-Wooi Ten, Assistant
Professor, in the Dept. of Electrical and Computer Engineering at Michigan Tech
University, Haughton, M], in the compilation of this book of extended abstracts, and
the Local Organizing Committee for planning and execution of the student poster
session.

Siddharth (Sid) Suryanarayanan
Fort Collins, Colorado, USA.
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Harmonic impact of LED lamps and PV panels

Yang Wang, Student Member, IEEE

Department of Electrical and Computer Engineering, University of Alberta, Edmonton, AB, Canada
Email: yang5@ualberta.ca

Abstract— Power electronic technology has been widely employed
in renewable energy systems, like photovoltaic(PV) generation
systems, wind generation systems; in home appliances, like compact
fluorescent lamps (CFLs), LED lamps, microwaves. However, power
electronic based devices are harmonic polluters, which could inject a
relatively large amount of harmonics into the power grid relative to
their power demand. This poster presents a study of the harmonic
current characteristics of two kinds of LED lamps and a photovoltaic
panel. Equivalent CFL index is used to compare the harmonic effects
of different harmonic sources and to quantify their relative severity.
On the other hand, the poster introduces the concern for high
frequency components in LED lamps and PV panels.

I.  KEY EQUATIONS

For each harmonic order 4, the ratio of the harmonic
source’s current to that of the representative CFL current is
determined by using the following equation:

Ih HS

)

Ratio, 5=
h_CFL

The ratios of different harmonic orders are aggregated into
one value by using a weighted average as follows:

i Zlh HS
Equivalent — CFL,,; = Z (w, % Ratio, )" =
h=3

2
Zlh_(,‘FL
h=3
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Fig.1 Single-line diagram of the measured PV system

Fig.2 Measurement for LED lamps
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Trajectory Sensitivities: Applications in Power
Systems and Estimation Accuracy Refinement

Lei Tang and James McCalley
Dept. of Electrical and Computer Engineering
lowa State University
Ames, |A, USA
Itang@iastate.edu and jdm@iastate.edu

Abstract—This poster first briefly summarizes the stat-of-the-
art work of trajectory sensitivity applications in various areas of
power systems. Through linearizing the system along the nominal
trajectories, trajectory sensitivities can estimate the trajectory
deviations after small parameter change, but will inevitably cause
estimation error due to system nonlinearity. Two strategies are
proposed in this poster to refine the estimation accuracy in
situations when the error is unacceptable. These two strategies
are second order trajectory sensitivities and switching operating
states method. The two strategies have been tested on New
England 39-bus system. The results prove their validity.

Index Terms—Dynamic security assessment, trajectory
sensitivity, accuracy refinement, second order trajectory
sensitivities, switching operating states method

I. KEY EQUATIONS
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A Novel Approach for Ringdown Detection Using
Extended Kalman Filter

Mehrdad Yazdanian, and Ali Mehrizi-Sani
School of Electrical Engineering and Computer Science, Washingtion State University, Pullman, WA, USA.

e-mails: m.yazdanian @email.ws

Abstract—Estimation of electromechanical modes has attracted
attention during past few decades because the estimation of these
modes provides vital information about the stability of the power
system. A new state-space model is developed for online detection
of a ringdown signal using extended Kalman filter (EKF). The
proposed model not only can estimate constant parameters, but
it also can track time-varying parameters. Simulation results
demonstrate the desirable performance of the proposed method
for ringdown parameter estimation.

I. PROBLEM STATEMENT

LECTROMECHANICAL oscillations are among the in-

herent characteristics of large interconnected power sys-
tems and the parameters of these oscillations have vital infor-
mation about modes of the power systems. As a result, online
identification of these parameters assists in determining power
system stability in real-time and preventing system instabilities
and blackouts.

This paper addresses ringdown detection in the presence of
noise using an extended Kalman filter (EKF). The ringdown
data can be expressed as the sum of exponentially damped
sinusoids (EDS). These signals can be described as follows:

ZAe‘7 cos(w;t + ¢;) + n(t) (1)

where A;, 0;, w;, and ¢; are real and unknown and n(t) is
a zero-mean white Gaussian noise. The aim of this paper is
to develop a new approach to estimate o; and w,; parameters
using extended Kalman filter. In this case, both the damping
factor and the frequency of the ringdown signal should be
estimated simultaneously. These parameter help us to extract
vital information about power system stability.

II. KEY EQUATIONS

The proposed state-space model for the ringdown signal is
as follow:

I4i_3(k' + ].) = 671:41 (COb(I4l 1([6))%41 3( )
k))xai—2(k)) + wai—
$4i_2(k' + ].) = 67141 (Sln(l’“ 1 k))l’ ( ) (2)
) )

+ cos(Tai—1(k))xai—2(k)) + wai—2

— sin(wg;—1(

u.edu, mehrizi @eecs.wsu.edu.
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III. KEY SIMULATION RESULTS

The ability of EKF to estimate the parameters of a ringdown
signal composed of two EDS signals is studied in this section.

The input signal is

zai-1(k +1) = 23(k) + wai—1(k)
JU4i(k‘ + 1) = $4l(]<}) + ’LU4L(]<J)

and

g koi 14—

(k) + koizai—o(k) + ny

y(k) = y1(k) + y2(k)
y1 (k) = e~ 005k ¢05(0.2k) 4)
y1 (k) = e 0010k ¢05(0.6k).

3)

18



Optimal PMU Placement for Two Level Linear
State Estimation

Ming Meng and Dr. Anjan Bose(Advisor)

The School of Electrical Engineering and Computer Science, Washington State University, Pullman, Washington, USA
ming.meng@email.wsu.edu

Abstract—Phasor measurement unit is used for linear state
estimation. Redundant PMU measurement is always desirable for
better system observability. However, for large systems, it is
impractical to install PMUs at all places, thus an approach for
optimizing the PMU placement is presented in this poster. In the
two-level state estimator, the PMU measurements are used by
substation state estimator. In rare cases when substation cannot
perform correctly, those measurements will be sent directly to the
control center. The algorithm is based on calculating the rank of
the incidence matrix for control center level topology, and finding
the optimal PMU placement according to the substation level
topology.

l. KEY EQUATIONS

Given a system of n buses and m branches, the linear
voltage state function with voltage and current measurements
on the branches is

z=Hx+r

Vp 1
z= [ib] H= [Yb]
Complex vector z of which length is no larger than n+2m
contains voltage measurements on buses and current
measurements on both ends of transmission lines or

transformers. The length of x is ». I'is identity matrix and Yy, is
the complex admittance matrix for the network.

Control center level PMU placement optimization

2m
minC(p) =c"p = Z CiPi
i=1

s.t. rank(Z)=n-1

In which C represents the total cost of PMU, c is a vector
which elements are costs for all PMUs. Since m branches has
2m ends, there are 2m locations for PMU, p is a binary vector

of length 2m,.
_ {1, If PMU is installed on location i
Pi =1, If PMU is not installed

Z isan n x 2m incidence matrix, for a PMU location j on a
branch

11
Zij = 0

The constraint means to find a single observable island that
makes all buses observable.

the branch is connected to bus i
otherwise
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Figure.1 One-line diagram for above 250kv level buses in Idaho area of WECC

I1l.  KEY RESULTS

TABLE I. BRANCHES FOR OPTIMAL PMU PLACEMENT
From Bus To Bus ID
BOISEBCH CALDWELL 1
BROWNLEE HELLSCYN 1
HUNT MIDPOINT 1
MIDPOINT MIDPOINT 1
ONTARIO PADDOCK 1
BROWNLEE OXBOW 1
DRAM MPSN 1 1
QUARTZTP QUARTZ&1 1
BROWNLEE QUARTZTP 1
BOISEBCH DRAM 1
BOISEBCH PADDOCK &1
BROWNLEE PADDOCK 1
KINPORT MIDPOINT 1
KINPORT KINPT MP 1
BORAH BORAH &1 1
BORAH BRIDGER &1
ADELAIDE MIDPOINT 2
ADELAIDE ADEL TAP 1
BORAH ADEL TAP 1
BOISEBCH MIDPOINT &2
MIDPOINT ADEL TAP 1
KINPORT BRIDGE&?2 1
BOISEBCH BROWNLEE &3
BRADY KINPORT 1
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Voltage Instability Protection in Power Systems
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Abstract — The number of voltage instability incidents worldwide
has increased. In most of the cases voltage collapse occurred after
several minutes of initiation of the disturbance, so ability to
predict this kind of event is extremely important. One of the
existing mathematical methods, tested in this research, is based on
calculation of the Improved Voltage Instability Monitoring Index
(IVIMI) using Phasor Measurement Units (PMUSs) data. It is able
to detect the impending voltage instability at an early stage, which
can facilitate the system operator to initiate some emergency
control action for retaining the system stability. Application of the
index has been carried out on the IEEE 39-bus New England
System with the usage of Power System Analysis Toolbox (PSAT).
Another method under study is defining Voltage Stability Margin
(VSM) in the weak busses of the power system using the
equivalent system representation at those buses. The system
operator can be provided with useful information about how
much load can be added to the bus before the system suffers
voltage instability. Results from VSM, implemented on the IEEE
39-bus system, are verified by comparing it with continuous load
flow data and graphical representation of the P-V curve method.

I. KEY EQUATIONS
IVIMI method, proposed in [3], is briefly summarized below:

oa
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0.6
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> .03
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160
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180

Figure 1 - Bus voltages for load increase

The IVIMI method for all the load busses in the system is depicted
by Figure 2. The critical load busses, at the point where IVIMI = 1,
have been found to be Bus 7, Bus 8 and Bus 12. IVIMI at Bus 7
reaches the value of 1 at t=86.7 s, which gives us a voltage collapse
prediction time of 92.3 s.
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. i . CVD; 1)
IVIMI; = wy (i) X m + w, (i) x m
wy (D) +w, () =1 (2)
VDR; = Vyer = Vi 3)
VDRpax = min{V} — Vi 4)
CVD; =Vi-1 =V ®)

CVDp Of the system can be obtained by tracking the maximum
of the CVD; until any of the bus voltages falls below the V ..

The VSM method [4] can define how close the system is to
voltage collapse. With the use of equivalent system representation:

E
Pr = SXR sind ©)
EsEgcoss — E% (7
Qr = - x
At the maximum loading point (nose point) dQ/dV = 0.
_ Q @)
VL e ——
J(@Q? + P?)
Voltage Marin=E, —V; 9)

Where V; is voltage at reference bus R at nose point, Ej is the present
bus voltage.

1l. KEY RESULTS

The IEEE 39-bus system model was modified by replacement of
PQ loads with ZIP loads and the usage of IEEE Type 1 rotation
excitation system. At t=10 s, the load was increased continuously at
the rate of 0.005 p.u. MVVA/sec. At t=179 s, the system experienced
voltage collapse, shown in Figure 1.
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Time(s)

Figure 2 - IVIMI plot for load increase

Voltage Margin method has been applied to the system's weakest
Bus 7. The results have been verified with the use of P-V curve by
increasing the load factor to its maximum (nose) point (K=2.3589,
V=0.4276) which is shown on Figure 3.
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Figure 3 - PV curve and voltage margin for the critical load bus 7
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Abstract— The security constrained unit commitment
problem schedules power generators to minimize cost
subject to operating constraints. Reserve requirements
ensure reserve is available to re-balance the system
following a contingency but are generally not enough to
guarantee reliability in congested systems when reserve
activation is limited by congestion. Reserve zones are used
to ensure local reserves but do not perfectly characterize
reserve deliverability. To overcome the limitations of
traditional reserve zones, operators end up procuring
more reserve than is necessary at significant operational
costs. We propose an alternative method designed to
complement traditional reserve zones. We define a
separate zone for individual scenarios that captures how
congestion is likely to inhibit reserve deliverability for
that scenario. The methodology identifies generators that
are not allowed to contribute to the requirement for a
particular scenario due to their location. This reserve zone
methodology can be characterized as a generalized
reserve down flag procedure. These reserve down flags
are dynamic in that they change from period-to-period,
i.e., they adjust when it is necessary for them to reflect
changes in congestion patterns. We propose a two-stage
decomposition algorithm for simultaneously updating the
generalized reserve down flags while solving unit
commitment. The proposed method is tested on a
modified IEEE 73-bus test case and compared to

stochastic programming and traditional reserve
requirements. This work is based on [1].
I. KEY EQUATIONS
Traditional reserve requirements, for each zone:
R=C-I1+M (1)

where R is the reserve quantity, C is the desired level
of protection (e.g., the largest contingency for N-1), 7
is the import capability, and M is a reserve margin.

Il. KEY FIGURES
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Fig. 1. Limitations of traditional reserve requirements.

Congestion pattern: Hypothetical zones for 3 generators:
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Fig. 2. Graphical interpretation of proposed zone format (one zone
per contingency).

I1l. METHODOLOGY
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Fig. 3. Decomposition algorithm for day-ahead UC.

IV. KEY RESULTS
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Fig. 4. Cost vs. reliability over iterations compared to baseline
policies.
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Study of Artificial Neural Network Based Short Term
Load Forecasting
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AbStr‘aCt—With more and more reneWabIe energy integrated Neural Network Prediction and Actual Load (Levenberg-Marquardt method and 20 neurons)
into the power grid and demand response in smart grid ! T e
environment, electric load forecasting becomes more important.

. . 0.65 H
Accurate load forecasting facilitates better renewable energy
integration and electricity market operation. Over the years, 06h
different load forecasting methods have been developed and
applied. Multiple linear regression and artificial neural network
based methods are well accepted by industries. This paper
focuses on ANN-based method and provides detailed steps of
load forecasting including data processing and neural network
design.
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I.  KEY EQUATIONS j

To measure the accuracy of the Neural Network
prediction, the following equations were used.

0.35F

. . . . . . . . .
0 20 40 60 80 100 120 140 160 180 200
Time (hourly)

r= AL _ PL (1) Figure 2: The actual load and the predicted load by the ANN model
1 n r Error Histogram with 20 Bins
MAPE ==%" )

n<|100A,

where A_ is the actual load, P is the predicted load value, 400t

and n is the number of forecast loads. ol

Instances

II. KEY FIGURES or
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IIl.  KEY RESULTS
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Abstract— The growth in variable renewable resources in
the electric power grid has been significant worldwide
recently and the fast growth is expected to continue. In
order to overcome the uncertainties associated with
renewables without sacrificing reliability, the operator
should acquire additional reserve. However, simply
procuring additional reserves does not guarantee
reliability as the locations of the reserves are critical due
to network congestion. The same problem exists today for
N-1 contingencies, i.e., traditional reserve requirement
modeling does not adequately emphasize the location of
the reserves. With the growing dependence on variable
and uncertain renewable resources, ensuring a
continuous supply of electric power will become even
more challenging as predicting the available transfer
capabilities throughout the grid will be heavily dependent
on the stochastic nature of such renewable resources.
Frequently, there are conditions where the acquired
reserves, in day-ahead and hour-ahead scheduling
problems, are not fully deliverable due to network
congestion. Instead of procuring additional local reserves,
the operator can harness the flexibility in the
transmission topology via topology control in order to
enhance the transfer capability across the transmission
grid. Topology control is a form of power flow control as
it changes the flows on transmission lines, which allows
the operator to choose a different topology in order to
avoid line overloads. This added flexibility via topology
control, thus, translates into providing more options in
regards to dispatch solutions, which reduces the
operational costs. Topology control also provides the
ability to control post-contingency line flows and, thus, it
can be and currently is used today as a corrective
mechanism in order to respond to disturbances. An hour-
ahead corrective topology control method is presented in
this paper. Using this model, the operators would be able
to identify potential corrective topology control actions at
the hour-ahead time stage and then evaluate these
potential corrective actions in real-time with a security
assessment tool. First, a traditional (deterministic) hour-
ahead unit commitment model is solved; in the next step,
contingency analysis (select N-1 contingencies combined
with wind scenarios) is conducted to verify if the hour-
ahead unit commitment solution is reliable. The objective
of this stage is to determine if it is possible to satisfy all
(or select) N-1 contingencies and the wind scenarios
without any constraint violations (e.g., load shedding). If
there are constraint violations, then appropriate
uneconomic adjustments must be made to the hour-ahead
market solution in order to produce a reliable dispatch.
The proposed contingency analysis framework has been
extended to incorporate corrective topology control, (1)-
(11), in order to reduce the constraint violations and,
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hence, the need for costly uneconomic adjustments. All of
the proposed corrective topology control solutions are
stored in a look-up table to be used by a real-time security
assessment tool. The proposed hour-ahead framework is
tested on the IEEE 118-bus system.

I. KEY EQUATIONS
Min ¥,en Sn ()
Subject to:
Ygegm) Py — Lkekom) P + Zkexityr, Pr
+ Twewin P¥ = dy = 5,,¥n €N )
P = bi(6t0 = Oprom) + M (1 — ZyNL) = 0, vk €K (3)
Py — b6t — Oprom) — Mp(1 — ZyNL) < O,Vk €K (4)

min max
BMnU, NI, < Py < P"*UyNlg, Vg € G (5)
—P%*7, NI, < P, < P"**Z, NI, Vk € K (6)
__ pScheduled +
P, — P; Nl, < R}U,Nl, Vg €G (7)
Scheduled _ -
P; Nly — P, < RjU,Nl, Vg €G (8)
0<P¥ < PMI:orecasted, vw EW (9)
— [JjScheduled Slow
U, = U3 Vg EG (10)
Yrek(1—Zp) =1 (11)
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Figurel. Hour-ahead corrective topology control
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Abstract— Corrective topology control schemes are an
essential part of grid operations and are used to improve
the reliability of the grid as well as the operational
efficiency. Today, the topology control schemes are
established based on the operator's past knowledge of the
system or based on rule-of-thumb methods. In this poster,
the robust corrective topology control methodology is
presented, which provides a systematic approach to
respond to grid disturbances by utilizing the flexibility in
the transmission network. The proposed methodology
incorporates the uncertainty of wind through an
uncertainty set and ensures N-1 feasibility by combining
generation re-dispatch with topology control. The benefit
of incorporating robust optimization into the corrective
switching framework is that the switching solution is
guaranteed to be feasible for a range of system operating
states. The robust model can be solved offline to suggest
switching actions that can be used in a dynamic security
assessment tool in real-time. The proposed robust
topology control algorithm can also generate multiple
corrective switching actions for a particular contingency.
The robust topology control formulation is tested on an
IEEE-118 bus test case with different uncertainty sets.
The robust topology control formulation is based on a
DCOPF. Therefore, solutions obtained from the DCOPF
based robust topology control algorithm are checked for
AC feasibility.

I.  KEY EQUATIONS

The generic form of robust topology control
formulation is given in (1)-(6), which is a two part
optimization problem.

: T T
min(c'x + maxb'y(w ) 1
X€EX ( WEW y( ) ( )
st.  Fx<f, (2)
Hy(w) < h, ®)
Ax+By(w) < g, 4)
Ey(w) =d, ©)
x € {0,1} (6)
1. KEY FIGURES
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Abstract— Optimal Transmission Switching (OTS) is a
Mixed-Integer Program (MIP). With thousands of
transmission assets in electric power systems, the number
of potential switching solutions is extremely high, making
the problem computationally expensive. It is currently not
practical to solve the MIP in short-term applications due
to the combinatorial nature of the problem. Previous
research has proposed a rather fast heuristics to find near
optimal solution for the OTS problem without solving the
actual MIP, [1]. This prior heuristic is extended to include
the ability to switch lines out of service as well as to
identify lines to switch back into service. The proposed
heuristic is then parallelized using high performance
computing resources to significantly improve the
computational time of the problem. Using the outputs of a
simple DC optimal power flow, the values of both in
service and out of service lines are calculated. Based on
the calculated values, lines are ranked according to the
expected savings they would provide if switched. P best
candidates from the rank list are selected and sent to P
parallel processors to be evaluated. The P potential
switching actions are checked to see if they satisfy AC
feasibility as well as whether the switching action causes
instability. The potential switching actions that pass the
AC and stability checks are then compared based on their
actual cost savings. The best solution is picked and the
topology is updated. This process is repeated until no
further improvement is achieved. Using this sensitivity
based heuristic and parallel programming techniques, the
computational cost of the problem is significantly
reduced. Such reduction in computational time is critical
for very short-term applications such as real-time or
hour-ahead markets. This poster will present efficiency
results corresponding to the transmission switching cost
savings and it will present computational results
corresponding to the speed up factor of the parallelized
greedy algorithm relative to the number of processors.

I. KEY EQUATIONS

The following equations determine the marginal value
of switching actions for lines in and out of service. The
ranking list in each stage of the algorithm is formed
based on these values.

vi® = Bi(si)(6n — 0n)— P (fie + £ M)
vie = P(LMP,— LMP,) )

vis is the marginal value of switching an in-service line
out of service, while y?® is the marginal value of
switching an out of service line back in. By is the
susceptance of line k and s, is the Lagrange multiplier
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for the constraint forcing no flow on line k. ,, is the
voltage angle at node n while P is the active power. f;
and f;} are the Lagrange multipliers for maximum and
minimum flow limits on line k, which are zero for the
case when the line is out of service. LMP is the
locational marginal price.

Il. ALGORITHM

Figurel. Parallelizable sensitivity-based heuristic for
transmission switching
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Abstract—This paper proposes a new Multi Area State T, T T
Estimation (MASE) approach, which is suitable for the power * >< > «— >
CC Level CC Level

system networks that can be divided into several sub-areas. In Processing for Processing for
this approach, the Central Coordinator (CC) utilizes results of SE results at T, SE results at Ty
one extended sub-area state estimator to estimate the bus angles
of the other sub-areas. It has been demonstrated that, with this
approach, there is no requirement to share the topology Sub-area 2 SE Sub-area 2 SE Sub-area 2 SE
information among the sub-areas and from sub-areas to the
central coordinator. Also, with the lesser data exchange,
communication bandwidth requirement will reduce. The
effectiveness of the proposed method has been demonstrated on
IEEE30 b_us system an(_j 246-Bus reduced Northern Regional Figure 2. Block diagram showning the SE process at the sub-area level and
Power Grid (NRPG) Indian system. at the CC level at various time instances

N 0.5
I K E 250 0 —— —— Integrated SE
. KEY EQUATIONS o e

The equations for sub-area level local State Estimator (SE):

Sub-area 1 SE Sub-area 1 SE Sub-area 1 SE

ecccccccce

reccccecee
beccccccee

Iounuu

| Sub-area n SE | | Sub-area n SE Sub-area n SE

&

&

Xk+1 - Xk + (HTRZ-lH)-l Rz-l(z _ h(xk)) (1) g (;% 03
[X]= X" %™ %, ] @ L
The equation for the calculation of area slack bus adjustment:
G L
Ay = Oaiy = G-y 3

Bus No

The equations used to run CC level linear SE: ) ) ) ) )
Figure 3. Voltage error in the state Figure 4. Angle error in the state estimators

x=(ATR_A)"ATRz (4) estimators for 246-Bus NRPG system for 246-Bus NRPG system
Rec = diag[ Ry, Ryiv+ Rgon | 5) I1l.  KEY RESULTS
Il.  KEY FIGURES TABLE I. ERROR COMPARISON OF VARIOUS SE APPROACHES WITH
. RESPECT TO ACTUAL VALUES
| SE Type Maximum Error? Average Sum of Square Error
Extended Extended Voltage Angle Voltage Angle
Sub-areal ;7 Sub-area 2 Integrated | 2.06x10% | 0.3780 1.648x10°% 0.0380669
SE
{ Conventio- | 3.69x10% | 0.9306 1.574x10% 0.1419794
nal MASE
Proposed 1.03x10% | 0.4017 2.404x10%° 0.0506752
Internal Bu: MASE
Internal Boundary Bus TABLE II. ERROR COMPARISON OF INTEGRATED SE AND PROPOSED
MASE WITH RESPECT TO ACTUAL VALUES
. : SE Type Maximum Error? Average Sum of Square Error
External Boundary Bus N\ § < Voltage Angle Voltage Angle
~— - Integrated 1.72x10% | 0.4723 3.2838x107” 2.804x10°
SE
Extended Proposed 2.24x10% | 0.26613 5.3512x10" 1.747x10
Sub-area 3 MASE
Figure 1. Sample network divided into 3 sub-areas a. Voltage in P.U. and Angle in Degree
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Abstract — Transient stability constrained optimal power flow
(TSCOPF) is able to reduce costs while keeping the operation
point away from the stability boundary. Unacceptable
computational time is one of the largest barriers in applying
TSCOPF-based solutions. Based on reduced-space interior point
method (RIPM), this paper introduces a parallel algorithm with
high computing efficiency for multi-contingency TSCOPF
problems. A two-level parallelism is developed to fully utilize the
computing power of Beowulf clusters equipped with multi-core
CPUs. Compute-intensive steps are decomposed according to
different  contingencies with  mathematical equivalent
transformations. Distributed computing tasks are accelerated
using elemental decomposition on Jacobians, and multithreaded
libraries are employed to exploit multi-core CPUs. The
effectiveness of the proposed algorithm is benchmarked on a
Beowulf cluster with 16 computing nodes with 128 CPU-cores
using test cases including up to 2746 buses and 16 contingencies.
Numerical results indicate that the proposed parallel approach
has great capacity in accelerating TSCOPF solution.

I.  KEY EQUATIONS

mxin f(x)

. 5 = Q.
h(x,x)=0 i 0%
t (x,%) — @ =(P,—P,—Dw)IM,
i Gi el i i
g<glx)<g
Il.  KEY FIGURES
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Fig.1 Sparse block structures of the Jacobian matrix
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Fig.2 Hardware architecture of the Beowulf cluster used in this paper
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A Quadratic Robust Optimization Model for
Automatic Voltage Control on Wind Farm Side

Tao Ding, Qinglai Guo, Hongbin Sun, Bin Wang and Fengda Xu
Department of Electrical Engineering, State Key Laboratory of Power Systems
Tsinghua University, Beijing 100084, China
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Abstract—Connecting high penetration of wind power into
power grid usually makes voltage fluctuate, due to the volatile
nature of wind power injection. This paper therefore proposes a
quadratic robust optimization model to guarantee the voltage of
each wind unit within the security region, no matter how the
wind power varies. Based on the wind power prediction, the
prediction error is regarded as uncertainties, and the robust
solution can be found by regulating the reactive power
equipment and each wind unit using the duality filter method.
In the proposed model, linearized derivation instead of original
non-linear expressions in the objective function and constraints
has been utilized. Furthermore, inner loop iterative method is
introduced to reduce the linearized error, which divides the
optimal voltage control into multiple steps with piecewise values
and updates the sensitivity at each step, according to different
wind farm size and condition. A test system with 36 wind units
has been simulated, and the result using Monte Carlo
simulation. Comparison with traditional method shows the
effectiveness of proposed method.

1. KEY EQUATIONS

The quadratic robust optimization (QROM) model for
Automatic Voltage Control on Wind Farm Side can be
formulated as:

. 2 OU e 20U e & OU peee I (1)
min max ; 20, AQﬁH 0 AQ, +§ o AR, +Ule —Uid +Mpce 2
Subject to:

n aU n aU m aU _
U, < LAP. + LAQ, + LAQ, +Ul+n, <U, (2)
- ;aPk ' ;an ' Z;@Q, ’
AP, <AP, < AP, (3)
AQ, <AQ, <AQ, 4)
AQ, <AQ, <AQ, 5)

1103

1107 - Security boundary

1099 -
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1.0
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+  Monte Carlo Simulation
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(3-a) Monte Carlo for voltage using Non-QROM method
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Fig.2 A tested wind farm with 36 wind units
II.  KEY FIGURES
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Fig.3 Comparison between QROM and Non-QROM for voltage with random disturbance using Monte Carlo simulation
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Security Constrained Unit Commitment with
Demand Response

Guodong Liu
Dept. of Electrical Engineering and Computer Science
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Email: gliuS@utk.edu

Abstract—It has been widely accepted that demand response
will play an important role in reliable and economic operation of
future power systems and electricity markets. Demand response
can not only influence the prices in the energy market by demand
shifting, but also participate in the reserve market. In this paper,
we propose a new model of demand response in which demand
flexibility is fully utilized by a price responsive demand bid in
energy market as well as spinning reserve market. A co-optimized
day-ahead energy and spinning reserve market is proposed
to minimize the expected net cost under all credible system
states, i.e., expected total cost of operation minus total benefit
of demand, and solved by mixed integer linear programming.
Numerical simulation results on the IEEE Reliability Test System
show that the proposed full demand response can shave the peak
load, reduce both the system operating cost and energy price
fluctuations. Compard to conventional demand shifting bids, the
proposed model can further reduce the system operating costs.

Index Terms—Demand response, security-constrained unit
commitment (SCUC), spinning reserve, reliability, electricity
markets, mixed integer linear programming (MILP)

I. INTRODUCTION

The reliability and efficiency of power system operations
has always been a high priority in competitive electricity
markets. Reliable operation of power system necessitates a
perfect balance between the generation and demand at all
times. However, this is not easy given the fact that both gener-
ation and demand levels can change rapidly and unexpectedly
due to many reasons, such as a sudden loss of generation
units, transmission lines outages and sudden load changes.
When renewable energy resources, such as wind and solar,
are integrated, this problem becomes even more difficult. As
flexibility of conventional generators is restricted by technical
constraints, such as ramp rates, the maintaining power sys-
tem reliability using only generation side flexibility becomes
technically more difficult and potentially could compromise
efficiency.

The main contribution of this paper is to propose a full de-
mand response model in which the DRP can bid in the energy

This work was supported in part by the Engineering Research Center Pro-
gram of the National Science Foundation and the Department of Energy under
NSF Award Number EEC-1041877 and the CURENT Industry Partnership
Program and in part through the Global Climate and Energy Project (GCEP)
at Stanford University.

Kevin Tomsovic
Dept. of Electrical Engineering and Computer Science
The University of Tennessee
Knoxville, USA
Email: tomsovic@utk.edu

2800
2600

2400 e

e® oo [ I
--l-l-:l-ll- [ B ]
200 g0 0O Oy ®
[ ]

2000

Total System Load (MW)

1800 No Demand Response

® 10% Demand Response|

B 20% Demand Response,

5 10 15 20 25
Hour (h)

1600
0

Fig. 1. Demand profiles under three cases

market as price responsive shiftable demand. Meanwhile, the
same DRP could also bid in the spinning reserve market. It
should be noted that the principle of demand providing spin-
ning reserve is different from that of generators. A generator
has to operate at reduced output in order to have spinning
reserve, whereas a consumer has to be scheduled in order to
provide spinning reserve. In other words, a consumer has the
potential to provide spinning reserve as long as it is scheduled
in the energy market. For this reason, the proposed full demand
response model can exploit flexibility from demand more
than previous mentioned models. The proposed full demand
response model is incorporated in a co-optimized day-ahead
energy and spinning reserve market in which the expected
net cost under any credible system state, i.e., expected total
cost of operation minus total benefit of demand, is minimized.
The market clearing problem is formulated as a two-stage
stochastic SCUC and solved by mixed integer linear pro-
gramming. The most economic solution with a probabilistic
spinning reserve scheme is obtained by balancing the energy
plus spinning reserve cost and cost of expected energy not
served (EENS).

II. KEY RESULTS

The total demand profiles with different percentages of
demand response are shown in Fig. 1.
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Dynamic Programming Solution to Distributed
Storagge Operation and Design

Junjie Qin Ram Rajagopal
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Abstract—Energy storage provides an important way to av- with p(A;7) = 0, »(A;T) = 0, ar(A;t) = Elas(A;t)], and
erage temporal variability of intermittent energy generation. AU()\; t) =E[ ,(A;t)].
Grid level distributed storage enables additional spatial averaging (ii). For each A and ¢t = 0 T — 1, the optimal control
effect by sending stored energy through the network. However, I" . L '
the problem of optimal storage operation in the network, coupling policy I1s
storage and network constraints with randomness of renewable VN D) = —Q L, (N t) + FTp(t +1)).
generation, is challenging. An efficient solution method to this _ A x(2); _) Q () _ p( )
problem based on dynamic programming (DP) is presented in  Using the functional form of the optimal cost-to-go, we can
this paper. This approach also leads to analytical expressions for in turn solve for the dual variabld from a convex program.

the expected system cost and the optimal control parametrized .
by dual variables, which can be computed by solving a simple Theorem I1.2. Let A* be a solution of the dual problem

deterministic convex program. These analytical expressions sim- maximize L£(x(A), v(A),A)
plify tasks such as network storage system design. The approach .
is illustrated with numerical examples. subject to A > 0.
|. DISTRIBUTED STORAGE OPERATION PROBLEM For t =0,...,T, the optimal cost-to-go is
The Distributed Storage OperatioD$O) problem has the J(x(t);t) = JN, x(t); 1).
form

1 Fort =0,...,7 — 1, the optimal control policy is
minimize E | Y h2(u(t),6(t),d(t)) (1a) v (x(t);t) = vF (N5, x(8); ¢).
=0 The analytical form for the optimal expected cost obtained

subject to x( + 1) = x(t) + u(?), (1b) in Theorem I1.1 simplifies other distributed storage related
—x(t) <u(t) < B —x(t), (1c) problems. The paper includes an example on the network
—C<B(t) <C, (1d) storage design problem on how to choose the location and

0. _ _ _size for the storage facilities in a network for the purpose of
whereh; is a quadratic cost function of the storage Operat'%/eraging the intermittency of renewable generation.
u(t), nodal phase anglé(t), and the stochastic net demand

(load minus wind)d(¢). The storage dynamics and capacity Ill. NUMERICAL EXAMPLE

constraint, as well as network flow (using DC power flow The result of a simple numerical study using IEEE 14 bus
approximation) and line capacity constraints are incorporati&$t case ando11 BPA dataset is reported in Figure 1.

in the DSO formulation.

1. DP APPROACH TODSO o S
The DSO problem is first re-casted as a problem of mini- o o o
mizing the Lagrangian function given the dual variableThis o *' S
is solved analytically with DP. g 2
w 0.6 %
Theorem II.1. (i). For each A and t = 0, ..., T, the cost-to- 8¢ o
go function is - Doz
A t);t) = A D) Tx(t At 045 02 04 06 08 1 12345678 91011121314
JOLx(1):1) = P t)Tx(E) + r(Ast), . AT
where @ (b)

PN ) =pAit+ 1)+ =(Ash), @) Fig. 1: (a) Ratio between costs of DP-based policy and 3-
N ) oy policy. (b) Optimal storage desigiB() and the data standard
T()\’f) =Tt D+ aAgt) 3) deviation of the predicted net demand process for each bus.
— (MO +FTpt+1INTQ Y (Nt +FTp(t+1 Storage capacities and standard deviations are normalized by
5Cohst) + FTp(t 4+ 1)TQ (" (At) + FTp(t + 1)),  Storage ¢ !
their maximum values, respectively.

R. Rajagopal is supported by the Powell Foundation Fellowship.
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A Software Performance Engineering Approach to
Fast Transmission Probabilistic Load Flow Analysis
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Abstract—The performance capability of modern computing
platform has been growing rapidly at a roughly exponential
rate in last several decades. This hints that certain conventional
computational intensive problems might be solvable for online
applications. However, fully utilizing the computing power of
the hardware is very difficult, requiring the knowledge and
efforts from both application domain and software performance
engineering domain. In this paper, we present a highly optimized
Monte Carlo simulation (MCS) based probabilistic load flow
(PLF) solver for transmission grids on modern multicore CPUs.
Despite the heavy computational requirement, an MCS based
PLF solution provides flexibility, generality and ability to cope
with large nonlinearity and large variances, etc. Given the
advances of modern computer architecture, we show that by ap-
plying various performance optimization techniques and multiple
levels of parallelization, the optimized MCS solver on a quadcore
CPU is able to achieve more than 60x speedup comparing to a
scalar baseline code and furthermore the performance is scalable
with the trend of growing hardware parallel capability. We
evaluated the MCS solver on the IEEE test systems and the
Polish 2383-bus system. On a laptop computer with an Intel
Sandy Bridge quadcore CPU, the optimized MCS solver is able
to solve up to 1 million load flow cases within 5 seconds for the
IEEE 118-bus system, which enables MCS as fast, high-accuracy,
and generally applicable method for the PLF analysis.

I. KEY APPROACHES

A. Algorithm & Program Model

We use fast decoupled power flow (FDPF) algorithm as
the base load flow algorithm and use general Monte Carlo
simulation program model in Fig. 1.

Solve Load Flows

Load Flow Solver
Load Flow Solver

+2-64 parallel
threads ..

Load Flow Solver

Generate Random Samples Estimate Density

&

Eegg=:2¢2

b T
S

Fig. 1. Program model: Monte Carlo solver

Key code optimizations include: sparse LU factorization,
optimized data structure, unrolling sparse kernel in Fig.2,
Single Instruction Multiple Data (SIMD) in Fig.3, Multicore
for real time Monte Carlo in Fig.4

II. KEY RESULTS

As key results, we show how many power flow cases can
be solved every second using the fully optimized solver on a
quadcore Intel Core i7 CPU in Table I. We show the accuracy
of MCS results for PLF on IEEE 118 test system in Fig. 5.

jwhile (!all columns visited)

Fig. 2. Pseudo-code illustrating the loop unrolling in sparse matrix solver

Scalar add: Vector (SIMD) add:

ADDPS XMMO, XMM1

Fig. 3. Illustration of SIMD operation (SSE version)
[S\nld\ Buffer A, B
Computing Thread N RNG & SIMD FDPF in Buffer Ay RNG & SIMD FDPF in Buffer B\\
Computing Thread 2 RNG & SIMD FDPF in Buffer A, RNG & SIMD FDPF in Buffer B;\
Computing Thread 1 RNG & SIMD FDPF in Buffer A, RNG & SIMD FDPF in Buffer a‘\
Scheduling Thread 0 || KDE in All B Buffers ResultOut | KDE in AllA Buftes | ResutiOut [ |
F+—— Real Time Interval

RNG: Rand
KDE: Kern

Syne Signal

Fig. 4. Multi-thread MCS PLF solver for real time application.

TABLE I
APPROX. LOAD FLOW CASES SOLVED PER SECOND ON CORE 17 2670QM

Test Cases Approx. Speed [cases/s]
Sys Size. Flops/Iteration Baseline! AVX 4-Core
14 1,034 39,000 1,920,000
24 1,788 23,000 1,066,000
30 2,242 19,000 860,000
39 2,715 23,000 697,000
57 4,467 15,000 414,000
118 9,130 7,000 202,000
300 23,370 3,000 76,000
2,383 175,365 340 8,100

1. Baseline is compiler optimized (Intel C Compiler & O3).
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Fig. 5. Convergence of crude Monte Carlo simulation
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Optimal Blackstart Capability for Power
System Restoration

Yazhou Jiang and Chen-Ching Liu
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Abstract—The paper proposes a new method to find
optimal locations for installation of new blackstart units
in a power system. Optimal blackstart capability is
critical for an efficient restoration process. Additional
blackstart units will help to increase the blackstart
capability and reduce the system restoration time.
However, there is a threshold for the additional
blackstart capability beyond which the total restoration
time will not improve further. A Mixed Integer Linear
Programming (MILP) algorithm has been used for the
optimization problem.

This research is sponsored by Electric Power Research
Institute (EPRI). The objective is to develop a software
tool to find the optimal blackstart capability that can
serve as decision support for system operators or
restoration planners during power system restoration.

. KEY EQUATIONS
The Blackstart Capability =

{ > [(Po)* (2R0) 4 P (T =Ty = P /R |
IO (1)
- z PjstartT}i( z leaxtistan - z Pjs(arttjstart]

i€Qngsu 1€Qu 10 1eQngsu
When the critical load is to be picked up, the
objective function is formulated as:
Min z (Pj max Pjstart)tjslart + Z Pluadtis‘an (2)

Ystart
o Jeesy 1€Q0ritical _Load

t. <T
St tlstart |cmax} ie QNBSU (3)

y >T. .
istart = "icmin

Z Rri (tkstarl _tilfian _tilémn ) - Z lekéian Pjslar( 20 ke QNBSU (4)

1€Quy J€Qssu

Il. METHODOLOGY
Original MILP problem
LP: linear programming _ -L

MILP: mixed integer linear p - ;
Relax integrality and
solve LP problem

Branch into sub-LP All integers and™~__
problem and add new bounds -..__;‘_'(‘1“1““1?' optimal?

Solve each sub-LP Problem 41.

Fig 1. MILP Algorithm

I1. KEY RESULTS
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Trarsformation of Measurements for Using External
Network Equivalents in State Estimation
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Abstract—Netyvork reduction techniques are attractive options a Injection Measurements
for the analysis of large, complex power systems. In the process B

of network reduction, the original measurements usually get P, —ig, =C"(p, ~ i) (8]
transformed along with the network parameters. It is therefore -

essential to take into account these transformations in where the transformation matri@" is given by,

applications such as state estimation. This paper presents a

methodology for determining the relation between the c =y A H4B )Y V! (2)
measurements in the reduced system and the measurements in

the original system. State estimation can then be carried out g Flow Measurements
with the help of the transformed measurements. The developed

method is applied on the IEEE 14 bus and IEEE 118 bus test P, = jdy =C/* (P = i90) +C*" (Pi, — i95)
systems. ) ) )
where the transformation matrices are given by,
I.  KEeYFGURES o ~ -1 4
1 C | " =V IrH YbusdA ovlo (3)
‘lgz NN Bus 14
u flow — ' -1 -1 -1
et J/ External andC i =V |r|_| (Ybusﬁ onusoVio (4)
Area
Il. KEY RESULTS
Bus 7
TABLE 1. COMPARISON OF THESTATE ESTIMATION RESULTS FOR THE
ORIGINAL AND REDUCEDNETWORK FOR THEL18BUS TESTSYSTEM
Bus 8
Original system Reduced system
- Sso . Average | Average | Average | Average
- ~o Loading
“~o__|Reouoeol e ohor| bl | sbsobte | sbeabte | ol
Bus 3 =~ -
Internal network | base case voltage voltage voltage voltage
value) ; -
Area magnitude| angle | magnitude angle
Bus2 (pu) (degree) (pu) (degree)
Figure 1. Partitioned 14-bus system. 100 0.0016 0.0170 0.0235 0.1134)
Case 1l 130 0.0158 0.0894 0.0449 0.6891
70 0.0029 0.0214 0.0082 0.3713
TABLE I. PARTITIONING OF THEIEEE 118-BUS SYSTEM 100 0.0013 0.0073 0.0289 0.1261
Case 2 13C 0.C142 0.074¢ 0.C491 0.729(
Internal System buses External System buses 70 0.0041 0.0697 0.0167 04419
24,45-77,116,118 1-23,25-44,78-115,117 - - - —
TABLE lll. COMPUTATIONAL TIME REQUIRED FORSTATE ESTIMATION
FOR THEORIGINAL AND REDUCEDNETWORK
Il.  KEY EQUATIONS i i
. . o . . Average time for solution (seconds)
Using Gaussian elimination and basic power system €quatipns Test System Original system Reduced system
relationship between power injections and flows of origingl, s Test System 037 0.028
and reduced system is formulated. Further a sensitivitys s Test System 217 130
analysis is applied to select influential external area

measurements for state estimation of internal area.
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Synchrophasor State Estimation for Data Quality
Improvement on the New York Transmission System

Scott G. Ghiocel, Joe H. Chow

Dept. of Electrical, Computer, and Systems Engineering
Rensselaer Polytechnic Institute
Troy, New York, USA

Abstract—Validation and correction of phasor data through state
estimation is the first step in ensuring that the synchrophasor
data is useful for applications in monitoring, stability, and
control. This paper presents a phasor state estimator (PSE) for
improving data consistency by identifying angle biases and
current scaling errors in the phasor data. These errors can arise
from issues with the Global Positioning Signal (GPS), timing
circuits, instrument channels, and/or data channel scaling. If left
uncorrected, these errors can cause problems in the state
estimation. The PSE is demonstrated using several sets of
disturbance data from the Central New York Power System. The
PSE can also provide estimates of line parameters and
transformer tap ratios with sufficient measurement redundancy.
Finally, the PSE allows the computation of interface power flows
for disturbance and stability monitoring.

Keywords-synchrophasor, phasor measurement unit, state
estimation, parameter estimation, redundancy, angle correction,
transformer tap ratio

. INTRODUCTION

This work is focused on the integration of high-sampling-
rate distributed synchrophasor measurements to improve the
quality of phasor measurement unit (PMU) data so that they
can be used for power grid monitoring, visualization, and
control [1]. The main idea is the development of a phasor state
estimator (PSE) for high-voltage buses using redundant PMU
data. The technique is applied to the Central New York (NY)
State Power System using data from six multi-channel PMUs
[2] deployed in six substations. The results clearly demonstrate
the benefits of the PSE for improving data quality and
monitoring of critical interface flows.

The main differences between a phasor PSE, that is, a state
estimator using only synchrophasor data, and a conventional
Supervisory Control and Data Acquisition (SCADA) state
estimator (SE) [3] commonly used in control rooms are:

1. Phasor data contain both magnitude and phase
information of voltages and currents, whereas
conventional SE uses only voltage magnitude and
power measurements of line flows and bus injections.
In the PSE, bus voltage phasors at substations without
PMUs can be directly computed using voltages and
currents of neighboring buses with PMUs.

2. Phasor data are reported at 30 or more samples per
second, whereas the SCADA systems typically receive
new data every 4-5 seconds. Thus the PSE provides

This research is supported by New York Power Authority, New York
State Energy Research and Development Authority and the Engineering
Research Center Program of the National Science Foundation and the
Department of Energy under NSF Award Number EEC-1041877 and the
CURENT Industry Partnership Program.

George Stefopoulos, Bruce Fardanesh, Deepak
Maragal, Brent Blanchard

New York Power Authority
White Plains, New York, USA

dynamic visibility of the impact of disturbances
propagating through critical parts of the system.

In Figure 1, we compare raw SCADA and PMU voltage
data for the same loss-of-generation event. Note that the
SCADA data does not capture the transient nature of the
disturbance and exhibits a 6-second delay.

SCADA / PMU Data Comparison
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Figure 1: Comparison of SCADA and PMU data for the same
loss-of-generation event.

In this work, we extend the PSE results in [4] to provide
additional features, such as tap position estimation, current
channel scaling, and line parameter estimation. The technique
is illustrated using synchrophasor data from the high-voltage
Central NY power system. In addition, the flows on five major
transfer interfaces can be computed, showing the dynamic
impact of various disturbances.

[1] A. Phadke and J. Thorp, Synchronized Phasor
Measurements and Their Applications. Springer, 2008.

[2] B. Fardanesh, S. Zelingher, A. P. S. Meliopoulos, G.
Cokkinides, and J. Ingleson, “Multifunctional Synchronized
Measurement Network,” IEEE Computer Applications in
Power, vol. 11, no. 1, pp. 26-30, January 1998.

[B]A. Abur and A. G. Exposito, Power System State
Estimation: Theory and Implementation. Marcel Decker,
2004.

[4] L. Vanfretti, J. H. Chow, A. Sarawgi, and B. Fardanesh, “A
Phasor-Data-Based State Estimator Incorporating Phase
Bias Correction,” IEEE Transactions on Power Systems,
vol. 26, pp. 111-119, February 2011.



A Hybrid Maintenance Scheduling Model for

Thermal Generators
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Abstract—Thermal generators are subject to performance
degradation and random failures, which causes huge economic
losses. In particular, coal-fired generators, which are expected to
run constantly to generate electricity for base load, are typically
old and suffer serious reliability issue, resulting in only 75 — 85%
availability year round. Therefore it has become increasingly
important in planning a preventative maintenance strategy to
reduce the failure rate and increase the power generation. To
address this challenge, we integrate statistical analysis and
optimization modeling, especially robust optimization, to
develop a scheduling framework for generator maintenance.
First, we collect and clean real outage data of multiple
generators over the last four years. Then, we perform a set of
statistical analysis to predict generation capacity based on
factors and patterns of degenerations and outages. Afterwards,
we develop an optimization model to determine the optimal
schedule for generating assets to minimize the gap between
demand and generation capacity. In particular, we employ
robust optimization strategy to capture random failures so that
the resulting schedules are robust to unplanned outages. We
expect that this research will ultimately increase power
reliability, reduce cost and meet demand.

I.  KEY EQUATIONS
Will be presented at the conference

Il.  KEY FIGURES

Generation Output after
Maintenance
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Figure 1: Power Output of Coal Generator
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Transmission Expansion Planning Considering
Uncertainty in Demand
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Abstract— This paper presents a static transmission expansion
planning (TEP) minimizing operational and investment cost.
The transmission expansion model is separate into investment
and operation problems. The investment problem is solved using
a binary particle swarm optimization algorithm (BPSO),
whereas the operation problem is solved by a DC optimal power
flow (DCOPF). Uncertainty, which is addressed in this paper, is
modeled as stochastic demand at each node. To numerically
evaluate the efficiency of the proposed method, simulation
results on a case study are provided.

l. INTRODUCTION

From the system planning institution point of view, adding
system necessary instruments must be proportional to the
power system future and from the economic viewpoint, it
should impose the least cost to the system and also assures the
system desirable reliability. Uncertainty has always been an
important issue for power system problems. The parameters
such as load growth, fuel price fluctuation, generation level of
renewable energy resources, costs of investment and
regulations, some of them are not always certain, have a great
effect on long-term expansion planning problem and
operation.

Il.  PROBLEM FORMULATION

The power system’s objective is to minimize the total cost
including investment costs of new transmission lines and
operational cost of existing thermal generation units. The
mathematical problem can be formulated as follows:

NLY NG
Minz=ZCTi*ni+ZCGi (1)

i=1 i=1
S.to c*f+P;G+PGV=D (2)

(ng; —n;)(6; — 6))

fij = X, (3)
S fiy < £ @
PG < PG; < PG (5)
0 < PGV; < PGV™* (6)
ny; < (nf; +ny;) < nff™ (7
DM < p; < DX (8)

where CT; is the investment costs for new transmission
lines, CG; = b;  PG; is the operating costs of the generators,

Guillermo Gutierrez
Graduate Program and Research in Electrical Engineering
Master Science of Electrical Engineering
Morelia Institute Technologic
Morelia, Mich. 58120, MEX
Email: gqutier@itmorelia.edu.mx

b; is the linear coefficient of unity, X;; is the reactance of that
circuit, n;; is the number of circuits added in right-of-way
i—j, n?j is the number of circuits in the base case, 9; is
voltage angles for node i, f;; is the power flow, fi7*** is the
maximum power flow. C is the branch-node incidence matrix,
f is a vector with elements f;;, PG; is the Power of Generator
i, PG is a vector with elements PG;, PG/™™ and PG/"* over
and upper generation limits, D; is the load for each bus j, D is
a vector with elements D;, Djmm and D;"** are the limits of
demand uncertainty, n;;** the maximum number of circuits
that can be added in right-of-way i—j, PGV; is virtual
generation, PGV is the vector of artificial generations with
elements PGV;, PGV™** upper virtual generation limit, NG is
the number of generators, NB is the number of nodes, NL* is
the number of new lines.

Ill. CASE STUDY

240 80

Units
120

@T 240 @ =

Fugure 1. Garver’s network.
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Abstract—The AC Optimal Power Flow (ACOPF) problem is a Il.  KEY RESULTS
nonlinear optimization problem for dispatching generators.

Recent research shows that numerous instances of ACOPF can Primal/Dual Cutting Plane Algorithm
be solved exactly by its Lagrangian dual, which can be Objective Values (case14)

formulated using Semidefinite Programming (SDP). SDP is a
type of conic programming and can thus be solved in polynomial
time. We examine a relaxation that is formulated using Second-
Order Cone Programming (SOCP). This SOCP relaxation can
provide a faster but weaker lower-bound estimate of the optimal
objective. We develop cuts to approximate the defining positive
semidefinite matrix constraint in SDP. Applying these cuts to the
SOCP relaxation enables iterative approximation of the ACOPF
Lagrangian Dual using SOCP. A key to generating effective cuts
is sparsification using a decomposition technique based on e P % e R
network topology. Computational experiments on IEEE test Hterations

cases show the tractability of our method. By approximating
ACOPF with SOCP, integer variables can also be incorporated
via the Mixed-Integer Second-Order Cone Programming
framework. This could enable the extension of power flow to
problems such as Unit Commitment and Topology Control.

—lincut
—soccutl

soccut?

soccutl+2

Objective Value

soccutl+2

soccut2
soccutl

—lincut

Primal Cutting Plane Algorithm
Minimum Eigenvalues (casel4)

I.  KEY EQUATIONS
Eigenvector linear cuts:

soccutl+2
soccut2
soccutl

——lincut

X=0=c"Xe>0 YeceR

Solution Matrix Min Eigenvalue

An(X) = d,TXd.,,_ = min ¢ Xe (lincut)
ceRm:||c|=1
Second-order cone cuts: : Herations
X>=0 = CTXC>0 VCeR"? Dual Cutting Plane Algorithm

CTXC-0=clXey+cd Xea > ||(2e7 Xea, el Xy — el Xea)T|| Minimum Eigenvalues (case14)

Cy = [dq do] (soccutl),Cy = [dy d,](soccut2)
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Solution Matrix Min Eigenvalue
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Short-Term Wind Power Prediction
Using a Wavelet Support Vector Machine

Jianwu Zeng, Student Member, IEEE, and Wei Qiao, Member, IEEE

Abstract—This paper proposes a wavelet support vector
machine (WSVM)-based model for short-term wind power
prediction (WPP). A new wavelet kernel is proposed to improve
the generalization ability of the support vector machine (SVM).
The proposed kernel has such a general characteristic that some
commonly used kernels are its special cases. Simulation studies
are carried to validate the proposed model with different
prediction schemes by using the data obtained from the National
Renewable Energy Laboratory (NREL). Results show that the
proposed model with a fixed-step prediction scheme is preferable
for short-term WPP in terms of prediction accuracy and
computational cost. Moreover, the proposed model is compared
with the persistence model and the SVM model with radial basis
function (RBF) kernels. Results show that the proposed model
not only significantly outperforms the persistence model but is
also better than the RBF-SVM in terms of prediction accuracy.

I KEY EQUATIONS
Least-square WSVM (LS-WSVM) and e-WSVM:

N D X . —X
Do [1h| L 1+ b (LS-WSVM)
R -1 /7 a;

a new wavelet mother function is proposed as follows.

h(x) = cos(k-xj-exp(—xzj (2)

I KEY FIGURES
The proposed WPP model consists of three components:
Preprocessing
v y
—p Normalization Feature ) X
Representation ﬁ

Denormalization 4)}—‘

P <«— Power Curve «

Wind speed-to-wind power conversion

Fig. 1. The structure of the proposed WPP model.

preprocessing, WSVM-based wind speed prediction, and
wind-speed-to-wind-power conversion, as shown in Fig. 1.

1. RESULTS
1-hour-ahead prediction result
1h prediction
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Fig. 2. 1h-ahead WPP using the WSVM model and fixed-step scheme.

Comparison among three models.
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Fig.3. Comparison among the persistence, RBF-SVM and WSVM models.

Testing results with 30 months data.
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Fig. 4. The result of using 30 months testing data.
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Abstract— Power capacitors are extensively used in power
systems for voltage support and power factor correction. With
the rapidly increased use of power electronic based devices and
appliances, a large amount of harmonics is injected into power
grid. The presence of harmonic voltages and currents can
accelerate capacitor degradation to a significant extent,
particularly when harmonic magnitudes are amplified by
resonance conditions. This paper proposed a new method for
loading assessment of shunt power capacitors based on capacitor
insulation material lifetime model. Two new indices are defined.
The first index is called 'equivalent voltage' applied to the
capacitor. With this index, utility can determine capacitor
loading level by using measured capacitor currents. The second
index is called 'harmonic contribution factor'. With this
contribution factor, the equivalent effect of harmonic voltage,
compared to a pure sinusoidal voltage, on shunt capacitor
loading can be quantified. General calculation procedures and
application example is provided. Major factors which can affect
capacitor loading condition are investigated through sensitivity
studies. Finally, the proposed indices were employed to evaluate
loading condition of a shunt capacitor installed in Edmonton,
Alberta.

I.  KEY EQUATIONS
Definition of the capacitor ‘equivalent voltage":

Veq*pu = (KP) ' '(Krms )nw '(Ks )n‘ (M
Where:
Kp = Vp /V;p
Kl'ﬂ’!& = V)‘IILS‘ /V];WLS
N
K, = o fz ot
0)0 h=1
Capacitor 'equivalent voltage' higher than 1 indicates a
case where the capacitor is overloaded. Higher 'equivalent
voltage' implies severer overloading condition.
Definition of the 'harmonic contribution factor":
HCF = capu )

eq— pu,without harmoinc
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Study of Transformer Winding Deformation by
Frequency Response Analysis
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Abstract—This paper proposes a methodology to interpret
frequency response measurements of a deformed transformer
winding due to conductors tilt. To achieve that, geometrical
parameters of a three phase prototype transformer is used to
simulate the frequency response of one of the windings using
the multi-conductor transmission line model. To simulate the
response, inter-turn, inter-disc and inter-winding capacitances
of the winding based on normal and deformed conditions are
computed using finite element method. Using the computed
values, the frequency response for both normal and deformed
conditions are simulated. The simulated responses are studied
by subdividing into four frequency regions and compared
using the correlation coefficient. For further analysis, the
vector fitting algorithm was implemented to approximate the
transfer function of each response. All transfer functions are
then represented in the Nyquist diagram to analyse the shape
of each plot. From the Nyquist diagram, it was observed that
the real minimum of each plot increases as the winding
deformation increases. This finding can be used to estimate
the winding deformation severity based on the plotted
attributes.

Index Terms--Frequency response analysis, multi-
conductor transmission lines, transfer functions, transformer
windings.

L. METHODOLOGY
|
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Fig. 1. (a) Normal and (b) tilted conductors.
TABLE 1. CAPACITANCES FOR NORMAL AND DEFORMED WINDING
Condition Capacitance (F)
Normal 2.67x1071°
Inter-turn capacitance, C,
Tilted (20°) 24110710
Normal 9.85x10712
Inter-disc capacitance, Cy 1 disc tilted (20°) 8.03x1072
2 discs tilted (20°) 772x10712
Normal 2.30x107!!
Inter-winding capacitance, Cq
Tilted (20°) 1.76x107 11

IL.

KEY RESULTS

Magnitude (dB)
g e g
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Fig. 2. The simulated frequency response of the transformer winding
for normal and deformed conditions.
TABLE II. CORRELATION COEFFICIENT ACCORDING TO THE
PERCENTAGE OF DAMAGE
Frequency Percentage of Winding Damage
b-band
s“(kHz;‘ 0% | 10% | 20% | 30% | 40% | 50%
<2 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 0.9999
2 t0 20 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
20 to 400 1.0000 | 0.9999 | 0.9996 | 0.9995 | 0.9991 | 0.9986
410(;)02)0 1.0000 | 0.9943 | 0.9890 | 0.9727 | 0.9609 | 0.9464
om R
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Fig. 3. The Nyquist plot for the simulated frequency response of the
transformer winding.
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Fig. 4. The absolute difference versus the percentage of deformed

winding.

The estimated linear equation for the plot in Fig. 4.
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Percentage of winding damage (%) =




Analysis of Grid Impacts of an
Electric Vehicle DC Quick Charger
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Abstract— Electric Avenue, on the Portland State University
campus, offers the unique opportunity to analyze the effects that
electric vehicle (EV) charging units have on power distribution
infrastructure. At the site there are seven separate charging
stations that have been donated by different manufacturers. This
gives our research group the chance to monitor power flow on
individual charging circuits while also performing an aggregate
analysis on the feeder as whole.

In distribution system planning, it is essential to understand
the impacts that EVs and the power electronics associated with
their charging units may have on power distribution networks.
Further, a deeper understanding of these matters will aid utilities
in the design of electrical power systems, including asset
planning, such as k-type rating for distribution transformers.

I. KEY EQUATIONS

Buchholz and Goodhue quantified power quality for
unbalanced systems in their seminal works [1] and [2], which
form the core of IEEE standard 1459-2010, “Power definitions
for circuits with nonlinear and unbalanced loads.”[3] Our
analysis of the Electric Avenue EV charge controllers relies on
the metrics of apparent power defined in 1459-2010.

Equation 1 defines the effective apparent power (S,) for an
unbalanced three-phase system as:

52|

From the fundamental effective apparent power component
(Sep), the amount of VA caused by the system unbalance can
be found using Equation 2, where:

SUl = \/Sezl _(Sf)z

Vir #Veor + Ve
9

IP+12+17+1°
3

(1

)

where S;" is the positive sequence apparent power. The
nonfundamental effective apparent power, Equation 3, is
composed of the power components due to current distortion,
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(D), voltage distortion (Deyy, and harmonic apparent power
(SeH)-

Sy = \/De21 +D2V +Se2H

e

3)

Where D, and Dgy, are products of THD, and THDy,
respectively, and Se;. Further, Sey is the product of THD,,
THDy, and Sq;.

11 KEY FIGURES
S‘-: Sa S R
Sy \S\ o
D,
D,
=

Figure 1. The powers’ tree (IEEE Std. 1459-2012).

.  KEeY RESULTS

Data analysis, using Equations 1-3, of the charging stations
along Electric Avenue reveals issues of poor power factor,
harmonic pollution, and load imbalance. This poster presents
analysis and graphical examples of the severity of these power
quality issues for two cases, a single DC fast charger and an
aggregate of seven chargers as measured at their point of
common connection.
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Reconciling Consumer Behaviors with Demand
Response in the Smart Home
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Abstract— Residences consume over a third of the net
electricity generated in the United States, yet are often
downplayed in demand response discussions. The Smart Grid
Initiative and the ensuing proliferation of Advanced Metering
Infrastructure rollouts will likely increase the adoption of
dynamic electricity pricing structures in the residential sector.
Consequently, residences will increasingly become demand
response assets, capable of reducing or shifting peak demand
in response to forcing signals. Smart meters, and the
underlying communication infrastructure, are expected to
enable the widespread emergence of the ‘smart home’. Despite
this opportunity to seize significant environmental and
economic benefits through peak load mitigation, challenging
hurdles remain in the design of smart home controls.

Residential customers behave differently from commercial
or industrial ones. For decades, engineers have focused on the
technology necessary to implement a truly smart home. Now,
relatively fewer technical barriers exist for the adoption of
smart home technologies. Consensus is that the remaining
barriers are economic in nature. However, perceived economic
barriers are often psychological in nature, i.e., what initially
may be thought of as prohibitively expensive may soon be
thought of as a great convenience. Examples of this include
telecommunication technologies such as cable TV, home
broadband Internet connections, and wireless cellular service.

So, the challenge for the realization of the smart home is
multi-disciplinary, involving both engineers and behavioral
psychologists. How do we induce behavioral changes that may
not appear personally beneficial, but are beneficial to society
when aggregated? Utilities have nearly universally focused on
price as the sole motivator for peak load shifting. While
traditional economic theory would support this idea, research
has shown that people rate environmental and societal
motivations higher [1]. Additionally, even in home energy
usage, people are even more influenced by the perceived
actions of their peers (normative influence).

In this research, using the Analytic Hierarchy Process
(AHP), an example of energy savings in a smart home is
developed using time-of-use pricing with peak, mid-peak, and
off-peak pricing. The example smart home features four
programmable loads (electric vehicle, washing machine, dryer,
and dishwasher), and accounts for user preferences in load
scheduling. AHP structures a complex problem in terms of
criteria and sub-criteria affecting a goal, and the alternative
choices available that would satisfy that goal [2]. Comparing
elements pair-wise is a natural methodology for any consumer,
yet provides powerful information for the load-scheduling
algorithm. The poster will present preliminary steps taken to

This work was supported in part by: the US National Science
Foundation Award # 0931748 and the Program of Research and Scholarly
Excellence (PRSE) grant from the Office of the Vice President for
Research (VPR) at Colorado State University.
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address these issues, as well as plans for continued research on
the subject, including incorporating non-schedulable loads
such as air conditioning and electric water heater.

1. KEY RESULTS

The author-generated preferences result in the cost and comfort
priorities in Fig. 1. High peak prices result in non-critical loads
shifting to off peak times as in Fig. 2, accounting for time-varying
changes in user preferences specific to each load.
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Fig. 1. User cost and comfort priorities.
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Fig. 2. Automatic load scheduling.
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Abstract—Circuit breakers (CBs) play a vital role in
maintaining system security since their malfunctioning could
result in further component outages and may lead to the
insecure operating conditions. This poster proposes a new
approach for identifying the most risky CBs using the
condition-based monitoring data and security-based impact
evaluations. For a given substation configuration, those CBs
which cause line outages due to mal-operation during contacts
opening are identified and analyzed. The security oriented risk
indices taking into account both voltage violations and
overloading conditions as the consequence of CB mal-
operations are proposed. A new breaker maintenance
prioritization scheme based on the risk factors is elaborated.
The proposed security-based risk framework is deemed to be an
efficient approach in both CB maintenance planning and
identification of those CBs which are unreliable for
reconfiguration plans. The presented methodology is Figure 1. Risk assessment general framework in power system studies.

investigated and verified on the |[EEE 14-bustest system. [m |
L3 ‘ ‘ J L1 ‘
. . . ~ I
Power system risk evaluation commonly incorporates
general steps as depicted in Fig. 1. For each circuit breaker ” é B
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I. KEY THEORY AND FORMULATION

can evaluate the security-oriented risk factor via (1).

Risk = Pr, (E,)Con, (E,) ) - |

i=1

System security is considered as the consequence of the Load
CB malfunction as follows. It considers both the system

. o Figure 2. Substation configuration of bus 2 in IEEE 14-bus Test System.
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Abstract—The loss of life of distribution transformers has
become a significant concern with the prevalence of charging
electric vehicles. In this work size of a distribution transformer
with no-load losses is minimized while limiting the acceleration of
the transformer loss of life and by taking in to consideration
controlled and uncontrolled EV charging. Controlled and
uncontrolled charging patterns are developed using a
probabilistic model for vehicle arrival time and charge left at
arrival. These charging patterns are used for transformer
loading on top of the base loading of the transformer. An
example is shown to illustrate the validity of this model.

Index Terms—Transformer sizing, probabilistic EV charging,
transformer loss of life, reliability, distribution Transformer

I OBJECTIVE FUNCTION TO MINIMIZE NO LOAD LOSSES

Impact of electric vehicle charging to the grid is of vital
concern for distribution systems. Based on the stochastic
nature of the EV charging load, controlled charging strategies
are investigated by the authors [1]. These strategies are used in
this work to model the optimal sizing of secondary
distribution transformer. Objective is to find a balance
between no load losses of transformer and performance
requirements. Based on Fig.1 generalized relationship between
a transformer no-load loss and a transformer rating (Py) is

P, =1.4191P, +22.494 1)
300
S
§ 200
1]
s
3 100
2 y=1.4191x+22.494
- =
o o I } RIz =0.9968 |
0 50 100 150 200
Transformer Rating (kVA)

Fig. 1: Linearized Transformer Loss Curve for Single-Phase Transformer

Il.  CONSTRAINTS

Transformer aging: Based on IEEE std. C57.91-2011,
transformer hot-pot temperature rise due to the electric vehicle
charging for a day (annual average) is modified as,

A
op? -S| Alon | p2 08(LY R |+40,, (LR, |20 @
@ 5
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Transformer loading: In addition to limiting transformer loss
of life due to EV charging, it is important to limit the
maximum loading. Relation is given as

Py 2Ly, @)
where L, =max{L,},and ris maximum load limit factor.

t=1..N

I1l.  OPTIMAL SOLUTION
Lagrangian for the above problem could be developed as

L(Byy Aoy 25) = (DFy +¢) = 2 (By =1Ly )~

A((©@-Np) R =(2(9)) B -2 (8,)
Where, A, and A, are slack variables. Since this is a convex

problem, the Karush-Kuhn-Tucker (KKT) condition is used.
The General Solution:

@
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V. RESULTS

Ooptimal transformer rating determined for particular
operating conditions, using proposed method is given in Fig 2.
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Fig. 2: Optimal Transformer Rating for Summer-Peaking Utility
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Abstract— This paper explores electric privacy issues that
may occur along with the proposed real-time price-based
demand response (DR) energy management in smart meters
via online stochastic optimization while considering
uncertainties in real-time electricity prices. Three metrics are
introduced to measure the spatial and/or temporal similarity of
metered power profiles. The online stochastic optimization
adopts the scenario-based approach via Monte Carlo (MC)
simulation for minimizing the sum of the expected electricity
payment and the weighted difference among metered power
profiles for the entire day. In addition, batteries are employed
to disguise the actual appliance power profile along with the
scheduling horizon and enhance the privacy protection. The
proposed approach is formulated as mixed-integer linear
programming (MILP) problems and solved by state-of-the-art
MILP solvers. Numerical case studies illustrate the
effectiveness of the proposed approach for solving the real-time
optimal DR management problem for residential appliances
automatically and protecting electric privacy with residential
appliances.

I. KEY EQUATIONS AND FIGURES

The proposed real-time DR management is formulated as
a rolling procedure. In each stochastic optimization model
execution, the first stage includes the first 5-minute time slot
ty, in which the spot price is announced by the real-time

market and the unique operation decisions will be obtained
for all appliances. While in the second stage ranging from
ty +1 to the end of the schedule horizon, multiple scenarios

are generated via the MC simulation and scenario-dependent
operation decisions are derived in response to electricity
price uncertainties. The objective is to minimized the sum of
the cost of the metered power, the weighted values of three
similarity metrics, and the charging/discharging cost of the
battery, in order to balance the tradeoff between the
electricity payment and the privacy protection (1)-(5).
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Fig. 1. Power flow between appliances and batteries

Il.  KEY RESULTS

Numerical results indicate that a better privacy protection
performance can be achieved at the cost of a slightly higher
bill payment cost and additional battery costs, as shown in
Tables I-1l and Fig. 2.

TABLE | RESULTS WITHOUT BATTERY

Base Case S1 S2 S3
Energy usage (kWh) 21.99 21.99 21.99 21.99
Electricity bill ($) 0.777 0.855 0.816 0.871
SOD 11080 8119.5 6046.9 10321
TABLE Il RESULTS WITH BATTERY
S1 S2 S3
Energy usage (kWh) 22.17 22.15 24.27
Electricity bill ($) 0.764 0.961 1.071
Battery cost ($) 0.169 3.690 0.607
Total cost ($) 0.933 4.651 1.678
COD 0.989 0.345 0.876
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Time slot
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Fig. 2. Net power output of the battery
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Abstract—This paper proposed mitigation measures of
the substations against cyber intrusions. Mitigation
actions are conducted on the ICT side and the power grid
side. On the ICT side, the anomaly detection system (ADS)
and firewall have been used for mitigation. The temporal
and rule-based anomaly detection have been used to
detect host-based and network-based anomalies,
respectively. Intruders are disconnected by collaboration
between the ADS and the firewall. On the power grid side,
emergency control actions are taken to mitigate the
effects of cyber attacks as an attempt to restore a normal
condition. The mitigation strategy here is to use the
Optimal Power Flow (OPF) algorithm with an objective
function that minimizes load shedding. The cyber
intrusions have been simulated for the case study with
three different ways: (1) substation communication
network sniffing attack, (2) unauthorized control attack
(circuit breaker binary status), and (3) packet altering
attack (measured analog value).

I. KEY EQUATIONS

Temporal anomaly is determined by the two vectors
that occur at two different time instants. The anomaly

that occurred between the two time instants is
determined by the normalized row vectors.
T (X —X) (Y-
At=1_ 11(1)(1) ) (1)
a n 2 [sn 12
T Xi—X) 2L (Yi—Y)
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Il. KEY RESULTS
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Power Grid Interdiction with Alternating Current
Optimal Power Flow

Wei Yuan, Student Member, IEEE and Bo Zeng, Member, IEEE,

Abstract—Power grid interdiction problem is widely studied to
evaluate the vulnerability of a power grid under contingencies or
deliberate terrorists attacks. Due to the complexity of ac optimal
power flow models, existing research in power grid interdiction
are focused on using the relatively simple dc optimal power
flow models to approximate the physics of a power grid. To
exactly estimate power flows on a power grid, we propose to
formulate the inner power flow model in power grid interdiction
problem as an ac optimal power flow model. This ac power
flow model is formulated as a semidefinite program to capture
the reactive power flows and other nonlinearities in a real power
grid. We develop and implement an algorithm to solve this power
interdiction problem with semidefinite program ac optimal power
flow model. Numerical studies on IEEE RTS 1996 test system are
conducted to validate our algorithm.

I. INTRODUCTION

Power grid interdiction problem is formulated to evaluate
the impacts of terrorists attacks on a power system. Such
attacks is assumed as forcing a limited number of trans-
mission assets out-of-service. In most literatures, power grid
interdiction problem is characterized as a bilevel attacker-
defender model. The outter level represents attacker’s decision
on attack plans. The inner level problem is often formulated
as a relatively simple dc optimal power flow model.

In our research, we propose to formulate the inner optimal
power flow model as an ac power flow model to better
represent a real physical power grid. To be specific, the ac
power flow model is formulated as a semidefinite program-
ming problem (SDP). The benefits of an ac power flow model
over a dc power flow model is that an ac power flow model
will help decision makers to exactly determine the outcomes of
attacks. However, as far as we know, there is no existing exact
algorithm that is capable of solving bilevel program with inner
level problem as semidefinite program. Hence, we develop a
new algorithm for this type of problem.

II. KEY EQUATION

An abstract formulation of the Attacker-Defender model
with ac optimal power flow model is shown below,

angw)@ min Z dp (D
neN
st. ACOPF constraints with attack decisions 2)
W = {w; € {0,1},> "w, < R} 3)
l

W. Yuan and B. Zeng are with the Department of Industrial and Manage-
ment Systems Engineering, University of South Florida, Tampa, FL, 33620
USA (e-mail: weiyuan@mail.usf.edu; bzeng@usf.edu)

d,, is the load shed at bus n, w; is the binary attack decision
variable. Detailed formulation will be provided in the poster.

III. KEY FIGURE

To validate our algorithm, we conduct case studies based on
the IEEE RTS 96 reliability test system [1]. A random attack
on 3 transmission lines is illustrated in Figure 1.

Pt ©
Bus 18 Bus 22
— Bus 21
Bus 17 Bus 23
li
—

Bus 16

Bus 15

Bus 3

* Lines attacked

Fig. 1.
lines

IEEE RTS 96 reliability test system with 3 attacked transmission
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Abstract— The Electric Power System has been identified as one
of the most critical infrastructure that is considered to be
vulnerable to cyber-physical attacks. With the emphasis on
making the grid “smarter”, there has been an increase in the
deployment of several smart devices in the power grid, and
automation of the power system has received a major boost. This
makes the cyber-security of the power system even more relevant.
Due to the unique nature of problems encountered in the power
grid, it is necessary to consider the interdependencies of cyber
and physical networks. Applications and algorithms developed for
the smart grid need to be tested and evaluated using an integrated
cyber-physical test bed for successful validation. In this work, we
use the Real Time Digital Simulator (RTDS) and Network
Simulator 3 (NS3) to develop a real time cyber-physical test bed.

|. DEVELOPED TEST BED

The RTDS is a virtual power system simulator designed for
continuous real time operation. It can operate with a time step
of 2 microseconds resulting in fast simulation. The RTDS can
be connected to external hardware devices such as relays
through various interfaces which allows for real time hardware
in the loop simulation. NS3 is an exhaustive communication
tool, which allows simulation and study of both wired and
wireless network nodes. An interesting feature of NS3 utilized
in this work is network emulation, meaning that it allows
transfer of real network data packets over a simulated network.
The RTDS simulates the power system, and measurement
devices are used to measure various parameters as necessary.
These data are then transferred through a NS3 emulated
network, which has a model of the communication network to
be used for the smart grid under consideration. By using these
two tools, the cyber-physical test bed is setup.

There are several new applications being developed given
availability of more sensor data within smart grid. With the
advent of Phasor Measurement Units (PMUs) and their
superior sampling rate, the scope and latency requirements of
these applications generally vary. Using the developed cyber-
physical test bed, applications such as ‘Voltage Stability
Monitoring” and ‘Distributed State Estimation’ based on PMU
measurement as well SCADA data can be tested. In addition,
other experiments such as the effect of change in delay due to
change in the topology of the communication network on the
working of the application can be studied.

Il. KEY FIGURES

Phasor Measurement Units/
Relays
RTOS Real Tima Oigital Simulator
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Abstract—The electric distribution network is gradually
making transition from a passive to an active and smart network,
where it can improve the performance and flexibility of
operation. It can improve and maintain the quality of service,
reduce costs and increase the capacity of grid to host Distributed
Generation. This smart distribution network will make efficient
use of sensors and Automated Metering Infrastructure (AMI) in
terms of measurement and communication architecture. To
enable these smart functionalities of the network the states of the
unbalanced distribution system need to be observed properly.
Hence, the development of the Distribution System State
Estimation (DSSE) has become an essential part of the
distribution network operation. But this smartness of the system
carries with it an inherent difficulty. With the proliferation of
remote management and control of this smart system, security
plays an important role, because the vastness of the system and
the convenience of remote management can be exploited by
adversaries or hackers for nefarious purposes. An adversary can
influence the estimates by tampering with some of the meter
data, the price information and control commands. The attacker
can inject false data by targeting either some chosen or random
state variables. Since most of the bad data detection algorithms
depend on the residues of measurements, the attacker can take
advantage of the fact that some of the measurements can pass the
bad data detection test even if it is tampered. This poster aims to
study the unbalanced Distribution System State Estimation
(DSSE) which we aim to use it as a tool to inspect the stealthy
attacks on the system and the countermeasures needed to protect
the system against those attacks. The measurement data collected
from remote terminal units (RTU) have inherent errors
associated with them. To this end, we have used a modified
version of IEEE-13 bus unbalanced system with a 4.16-kV feeder.
The Weighted Least Squares (WLS) estimation has been used
assuming that the errors are normally distributed. The zero
injection measurements are considered as equality constraints to
help avoid the ill-conditioning of the Gain matrix and thus the
Gain matrix has been found to be numerically more stable than
the conventional one. MATLAB is used for the modeling and
simulation of the system. The feeders are modeled by modified
Carson’s equations, the measurements are modeled as real,
virtual and pseudo measurements while the loads, considered as
pseudo measurements, are modeled as ZIP loads. The study and
results presented in this poster are intended to form a foundation
for a further and more detailed analysis of the security aspects of
the system.
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Abstract—Traditional measurement design problem in State
Estimation provides a strategy for optimal placement of me-
ters to ensure the overall system observability under possible
single contingencies and loss of measurements. However, with
the increased interconnectivity and exposure to public network
infrastructures, the SCADA network is highly vulnerable to
sophisticated cyber attacks that could potentially cause loss of
meter data integrity or availability. It has been shown that the
state estimates can be biased by malicious adversaries through
carefully chosen topology manipulations. State Estimators use
various pseudo measurements to handle cases where SCADA
data does not provide total system observability, however, a loss
of State Estimator accuracy when the system is operating under
severe stress could cause the operator to take incorrect decisions.
Therefore, it is extremely important to consider the system
operating conditions, possibility of several types of contingencies
and loss of measurements together in the measurement design
problem to ensure system observability and acceptable State
Estimator performance.

I. KEY QUESTIONS
The poster intends to address several key questions with
respect to measurement design problem in state estimation:

1) Does the traditional measurement design capture all
possible contingencies and loss of measurements?

2) How does the candidate measurement selection process
work when more than one critical measurement is lost?

3) Does the measurement design problem capture State
Estimate Accuracy requirements?

The measurement design problem can be formulated as
follows:

min cost of new measurements
subject to
1. satisfying total system observability for contingencies

2. satisfying accuracy requirements during contingencies

II. KEY FIGURES

The overall approach for identifying new measurements is
presented in Figure 1.
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Obtain existing measurement set
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Pick a contingency in the contingency list
for measurement design
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next contingency

No
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Find corresponding Pseudo measurements
to improve observability

Select loading conditions and perform State
Estimation to compute accuracy metric

a curacy metric under thres| e
T Yes

Add contingency to measurement design
problem list

Feed list to Optimization problem with new

candidate measurements

Fig. 1. Flowchart of attack-resilient measurement design

III. KEY RESULTS

We are working on a case study for this problem using the
IEEE 14 bus test system. We will provide detailed results in
the poster.
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Coordinated Attacks Detection using
Cyber-Physical Alert Correlation

Siddharth Sridhar, G. Manimaran
Department of Electrical and Computer Engineering
Iowa State University
Ames, IA 50010
Email: sridhar, gmani@iastate.edu

Abstract—The coupling between the cyber and physical ele-
ments of cyber-physical systems has strengthened with the arrival
of advanced monitoring and control technologies. Omnipresent
digital components such as smart meters have made the physical
system vulnerable to the malicious actions effected through weak-
nesses in the computation and communication infrastructure.
Traditional planning strategies in cyber-physical systems, such as
the power system, accommodate the loss of single components (N-
1 condition) due to inadvertent failures. However, the increased
attack surface presented by cyber elements make the threat of
forced multiple component failures (N-k condition) a possibility.
An N-k condition could severely impact stability and economics of
operation. In this poster, we present a general framework toward
the detection of coordinated attacks through correlation of alerts
from traditional intrusion detection systems and physical system
monitoring system. We extend our framework to the detection of
coordinated transmission line tripping attacks in power systems.
Intrusion detection alerts from multiple substations are corre-
lated with the state of the power system to detect coordinated
tripping scenarios. We also address how the detection framework
could be applied to the detection of other types of attacks on the
power system.

I. CYBER-PHYSICAL ALERT CORRELATION

Fig. 1 presents the methodology of our cyber-physical alert
correlation system. Our detection framework is based on
the hyper-alert correlation graph technique proposed in [1].
The three key components are - i) knowledge base, ii) alert
preprocessor and iii) correlation engine. The objective of the
alert correlation system is to identify cyber-physical attack
signatures based on alerts from intrusion detection systems
and critical power system measurements.

Chen-Ching Liu
School of Electrical Engineering and Computer Science
Washington State University
Pullman, WA 99164
Email: liu@eecs.wsu.edu
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Oscillation Modal Analysis from
Ambient Synchrophasor Data using
Distributed Frequency Domain Optimization

Jiawei “Alex” Ning, Vaithianathan “Mani” Venkatasubramanian
School of Electrical Engineering and Computer Science, Washington State University, Pullman, WA 99164, USA.
E-mails: jning@eecs.wsu.edu and mani@eecs.wsu.edu

Abstract-- A new distributed frequency domain
algorithm for real-time modal estimation of large power
systems using ambient synchrophasor data is provided.
By dividing the computation between a supervisory
central computer and local optimizations at the
substation level, the algorithm efficiently estimates
multiple dominant mode frequencies, damping ratios
and mode shapes from wide-area power system
measurements. The algorithm, called Distributed
Frequency Domain Optimization, is tested on known
test systems and archived real power system data from
eastern and western power systems.

. KEY EQUATIONS

The state equation of a linear system (power
system operating around equilibrium point) can be
given by

{x(t) = Ax(t) + Bu(t) 1
y(t) = Cx(t) + Du(t) )
The transfer function of the i** mode for any output
yj is given by
R;;(s)
Hi,j(S) = s—]—/ll 2
Power Spectrum Density can be represented by the
equation below

Syy(w) = H(jw)suu(w)H(jw)H 3)
Sy (@) = Hoy e Go)MH gy 1 o) 4)
The transfer function for k®* output considering all
modes
. R;
Hy(w) = Xisy fw;;z ®

For i*" mode, A; = —a; + jw;, combine them and
ignore cross terms

Sykyk (@) w close to w;
Ry R,
L —h (6)
a+jlw—-—w) o —jlw-—w)
Furthermore, the magnitude of the frequency
response (square root of PSD) can be presented by

9
JaZ + (@ — w))?

|Hall,k (](U) | |w close to w; ~

where g is a constant.

Il. KEY FIGURE
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Fig. 1. Flowchart for DFDO

I1l. KEY RESULTS

TABLE I. RESULTS FOR WECC AuG. 10™ 1996 EVENT

Algorithm | Freq. Freq.Std. | Damping | Damping Ratio
(Hz) Dev.(Hz) | Ratio(%) | Std. Dev. (%)
Prony 0.2690 -- 2.59 --
DFDO 0.2507 0.0011 1.70 0.54
FDD 0.2510 0.0002 1.60 0.18
viode SNape Taented by PTony AnalysIs at U.Z690T .
[ | |
| .‘& 4

Imaginary Part

Fig. 2. Prony vs. DFDO mode shape results prior to Ross-
Lexington tripping
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Set Point Adjustment Strategy for Mitigating
Transients in a Microgrid

Christopher Stone, Graduate Student Member, IEEE, and Ali Mehrizi-Sani, Member, IEEE
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Abstract—In today’s power hungry society, the power system
often operates close to the operational limits of distributed
energy resource (DER) units to meet increased load demands
and satisfy utilization purposes, e.g., utilizing waste heat to
increase overall efficiency. Transients in such a system can
push the system past these operational limits, which can cause
instability, tripping of protective devices, and violations of the
ratings of power electronically interfaced DER units. Typically
the infinite bus assumption of the main grid means that load
changes are negligible compared to the rest of the system and
are easily compensated by the upstream plants and generators.
However, this is not the case for small-scale power systems,
such as microgrids in islanded mode, where there is significantly
less generation capacity to accomodate large disturbances. Thus,
there is a need for a strategy that can mitigate transients in these
small-scale systems.

This poster presents a quadratic prediction strategy for set
point automatic adjustment with correction enabled (SPAACE).
SPAACE is an autonomous control strategy that operates between
the primary, typically a PI, and secondary controllers of the
DER. As the name implies, SPAACE works by adjusting the
set point sent by the supervisory control system in order to
mitigate transients that may violate operational limits in the
system. This strategy improves on the existing ones by being
able to work in conjunction with existing controllers in the
system and by promoting plug-and-play functionality. It also is an
adaptive control technique, i.e., it requires no a priori knowledge
of the system and depends only on local variable. Thus, it does
not require any extra communication channels or centralized
controllers.

By sampling values of the DER unit’s output, SPAACE can be
used to predict future values of the system. If a predicted value is
in violation of the operational limits of the DER unit, SPAACE
can adjust the set point of the variable in order to shape its
output trajectory. Once the predicted output is within the limits,
the set point is brought back to its original value. The proposed
quadratic prediction strategy observes these sampled values and
uses a Taylor Series approximation to predict future outputs.

I. KEY EQUATIONS

The equation for quadratic prediction is:

. 1
CC(to + Tpred) = x(to) + T‘(to)Tpred + 7q(t0)Tp2red (1)

2
where,
da(ty — =)
r(to) = T
d%x(ty — Tpmd)
q(to) = T2

The prediction time Tpeq is the distance of time into the
future that the output it to be predicted. This value is determined
heuristically through observation of the output response being

controlled. Using this predicted value, the set point is adjusted
by the following rules for SPAACE:

(I4+m)zep, if Z(to+ Tpred) < Tmin
ry, =S (1—=m)asp, if 2(to + Tpred) > Tmas (2
Tsp, otherwise

where m is the factor by which the set point is adjusted.

II. KEY FIGURES AND RESULTS

SPAACE with Prediction Enabled
1.25 T T T T T T T
SPAACE w/ prediction enabled

M = = = Reference (no SPAACE) H
Set Point

12F

Voltage/Current (pu)

o 005 01 015 02 025 03 035 04 045
Time (s)
Fig. 1: SPAACE with quadratic prediction response to step input using a
MATLAB simulation.

Response of Quadrature Axis Current (iq) with and without SPAACE
140 T T T T T T
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Set Point for i

40

20

0

-20

I I I I I I I I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Time (s)

Fig. 2: SPAACE with quadratic prediction response to step input using a
PSCAD simulation.

SPAACE with quadratic prediction is tested using MATLAB
and PSCAD simulation environments. Fig. 1 was produced
using MATLAB and compares the step change response of
a signal from 0.9 to 1.09 pu with and without SPAACE
intervention, where ,,,, = 1.1. The PSCAD case simulates
a DER unit tied to a 14-bus feeder system. Fig. 2 shows the
response of this system when a step change is applied to the
quadrature axis current 4, from 0 to 100 A, where ¢4 e, = 120
A. Response is improved in both cases.
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Integration of Demand Response into Load Shedding
in Distribution Network

Kaium Uz Zaman Mollah , Momen Bahadornejad, Nirmal C-K Nair
Department of Electrical and Computer Engineering
University of Auckland, Auckland, New Zealand
E-mail: kmol006@aucklanduni.ac.nz

Abstract—In this paper, a demand response (DR) based
energy shedding scheme is proposed to comfort automatic under
voltage load shedding (AUVLS) scheme for a radial distribution
network. The proposed scheme is included DR to comfort the LS
scheme, the energy index factor is used to identify the
consumption pattern of the consumers to offer the incentive
benefit, and an AUVLS scheme is used as a last resort to protect
the system. A new concept of coordination of DR and automatic
LS scheme is proposed. An example of the performance of
proposed scheme on a 15 bus radial distribution test system is
provided to illustrate effectiveness of the method and the
shedding procedure. Different scenarios have been simulated
with results showing that proposed method is effective in comfort
the AUVLS scheme. PSS/E commercial software is used to
simulate the results.

l.  KEY EQUATIONS

The generalized form of voltage magnitude at each bus is
obtained as following:

w) =H(Fin ™ R(1)+Q<,+1> X(x) 0-5|V(t)|2)2

- R(z) +X (z))(P(z+1) +Of1))1>° @
—(Bisy) * Ry + Qs * X(i)—0-5|V(i)|2)]0'5

The injected active and reactive power at each bus is

calculated as:

N N-1
Fivgy= 2 Propy+ X L) ()
Jj=i+l Jj=i+l
and:

In (2) and (3), P, and Q; are the load active and reactive
power at each bus, and L, and L, are the line active and
reactive loss, respectively.

The average energy consumption per customer can be
obtained from energy index factor (EIF):

EIF = nE" (4)
Y E;

i=1
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Il. KEY FIGURES

Fig. 1. Single line diagram of 15 bus radial system
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Fig.2. Voltage profile with energy shedding only
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Fig.3. Voltage profile with coordinated energy shedding and under voltage

load shedding

IIl.  KEY RESULTS
TABLE 1. COMPARING TEST RESULTS

Bus ES LS Incentive benefit
(MVA) (MVA) is received?
Case-1 0.5409 - Yes
Case-2 0.2404 0.4808 Yes




Adaptive PI Control of STATCOM for
Voltage Regulation

Yao Xu and Fangxing Li
The Department of Electrical Engineering and Computer Science, the University of Tennessee (UT), Knoxville, TN
37996, USA,
Email: yxu25@utk.edu and fli6@utk.edu

Abstract—STATCOM can provide fast and efficient b5

. L Equ o0y T "
reactive power support to maintain power system voltage [.._.II : J F " .
stability. In the literature, various STATCOM -control EQM.""J i R i !xj ]
methods have been discussed including many applications L Vhmg [ i -:EH_I e I—._.—I
of proportional-integral (PI) controllers. However, these 300 MW gj,;ﬁk\@ waiavh |
previous works obtain the PI gains via a trial and error g :
approach or extensive studies with a tradeoff of ||| - i .
performance and  applicability. Hence, control | w1
parameters for the optimal performance at a given | =i il
operating point may not be effective at a different 0w, 00
operating point. This paper proposes a new control model = —an
based on adaptive PI control, which can self-adjust the - v:'_@
control gains during disturbance such that the STATCOM  Mulimets
performance always matches a desired response, S
regardless of the change of operating condition. Since the Fig. 2. The studied system.
adjustment is autonomous, this gives the plug-and-play
capability for STATCOM operation. In the simulation . KeY RESULTS

test, the adaptive PI control shows consistent excellence
under various operating conditions such as different
initial control gains, different load levels, change of
transmission network, and consecutive disturbances. As a
comparison, the conventional STATCOM control with
tuned, fixed PI gains usually perform fine in the original
system, but may not perform as efficient as the proposed
control method when there is a change of the system

conditions.
Adaptive Control
I.  KEY EQUATIONS o
Voltage regulator Pl gains can be computed by the Fig. 3. Voltages with changed Kp and Ki in the orlglnal control.
following equations:
£ ) = — R xaV0
@V©) +m, x [ 4do)
, 1)
K, ()=m, <K, () )
Current regulator PI gains can be obtained by:
ke, x Al, @)
K,,J(t): 1+
(AL, @ +m > J:Bdt) (3) Ad: lpllvg, Control
K, ,(O=m,xK, (t) Fig. 4. Results of measured voltage with change of transmission
network.
I1. KEY FIGURES
[ e T
Voltage Imax | Ilmf Amax :
nff — c
| . PI Controller o [T - PI Controller ':9 :“'“’J Original Control
I 1 o
L Vg Adjust Kp L L Adustkp !
(v and Ki 1l and Ki I
L L ____ |
Voltage Regulator Current Regulator e go e .
block (outer loop) block (inner loop) : . ‘i\“ aptive s ”"""_]
=3z, o o
Fig. 1. Adaptive PI control block for STATCOM. Fig. 5. Results of measured voltage in two consecutive disturbances.
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Control of UPFC Using Hamilton—Jacobi—Bellman Formulation
Based Neural Network

H. Nazaripouya , S. Mehraeen, Member, IEEE
School of Electrical Engineering and Computer Science, 3106C PFT Hall, Louisiana State University, Baton Rouge, LA 70803.
Contact author: hnazarl @lsu.edu, smehraeen@lsu.edu

Abstract—In this paper, the micro grid stability is investigated by
utilizing a non-linear optimal controller and FACTS device. Using
micro grid continuous-time model and control design impose a huge
computational burden due to the required high sampling rate to
achieve stability when utilizing a digital controller. Thus, developing
of an advanced discrete-time (DT) stabilizing controller design is of
paramount importance in the micro grids. In this paper a nonlinear
discrete-time stabilizing controller using Unified Power Flow
Controller (UPFC) is proposed for micro grids by employing the
discrete-time Hamilton-Jacobi-Bellman (HJB) optimal control
method. The designed optimal controller is applied to control the
UPFC’s series voltage and to optimally mitigate the power
oscillations. The micro grid under consideration is comprised of a
synchronous generator, renewable energy sources, and loads. The
UPFC series voltage is considered as control input and the optimal
strategy is applied. A discretized micro grid nonlinear dynamical
model is derived and successive approximation method is utilized to
approximate the cost function of the generator states and the UPFC
control parameters. Finally, a neural network (NN) is utilized to
approximate the cost function using the weighted residual method.
By applying the developed optimal controller, it is shown that
oscillations caused by faults are mitigated more effectively compared
to the conventional generator controllers.

1. KEY EQUATIONS

The space state equations of the system composed of a
synchronous generator and a UPFC in the form of

Xiel = S + &rug:

Se+1) T+ (k)

L)(k+1)}: (2, = Elsin (3000 - Do) + ok M
{ , 0 ,O }{7}

+ T EY, T EV, .
VX cos(9) VX sin(d) || B

Infinite horizon cost function:

J, = 1) = 0(x)+u/Ru, +J,, @)
Value function :
. 00 e * *
v, =rr3}nzj:kr(xj,uj)=Q(xk)+uk Ru, +V(f, +gu,) 3)
The discrete-time HIB equation
* *T *
V(i +grup) =V () + O(xg ) +uy Ruy =0 4)
The optimal control input u;
* 1
u = —[ngVZngk + 2R} g [V v+ V. (f, —xk)] Q)

Approximation of nonlinear value function with an NN as
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Vi(x)= iwlo-l (x)=W/G,(x) (©)

II.KEY RESULTS
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Fig. 1. Speed of synchronous generator before and after fault damped by
two control method of UPFC (LQR, HJB) and PSS in Islanded micro grid
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Fig. 2. UPFC series voltage before and after fault using two different in
Gen-Infinite bus system controller (LQR, HIB) in Islanded micro grid
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Fig. 3. Power of UPFC before and after fault using two different
controllers (LQR, HIB) in Islanded micro grid



Data Analysis and Visualization of
Oscillation Monitoring System in Power Systems

Tianying Wu and Vaithianathan “Mani” Venkatasubramanian

The School of Electrical Engineering and Computer Science, Washington State University
Pullman, WA 99163, USA

Email: tianying. wu@email. wsu.edu and mani@eecs.wsu.edu

Abstract—Based on the measurement data from
snychrophasors or PMUs installed across the power grid, the
Oscillation Monitoring System (OMS) is a real-time monitoring
system that identifies the oscillatory modal properties in power
systems. Generated by high volume of operational data from
PMUs, the massive complex outputs of OMS, if not presented
well, will bring in inefficiency in utilizing and analyzing these
results. In this study, a data analysis and visualization engine has
been developed which is aimed to monitor the electromechanical
oscillations based on the output results from OMS, and therefore
detect the poorly-damped oscillatory modes. The engine would
first give an overview of all detected modes within user
determined time range, and then, display the detail information
of the specific mode, which includes frequency, damping ratio,
mode energy, confidence level as well as the mode shape of
different PMU channels. In order to improve the data quality, a
moving average algorithm has been used to smooth out
short-term fluctuations and highlight longer-term trends. Demos
demonstrate the efficiency and versatility of the developed engine
in extracting and analyzing the useful information from the large
quantity of outputs.

. KEY FIGURES
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Fig. 1. Poorly-Damped Mode Detector
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Reactive Power Substitution
Between Rapid and Slow Dynamic Var Compensators

Xuran Wang, Bin Wang, Qinglai Guo, Member, IEEE, Hongbin Sun*, Senior Member, IEEE,
Boming Zhang, Fellow, IEEE, Mingye Zhang

Dept. of Electrical Engineering, Tsinghua University, Beijing, China
Email:wxr08@mails.tsinghua.edu.cn

Abstract— By substituting the slow dynamic var compensator
(such as synchronous generator) for rapid dynamic var
compensator (such as SVC/SVG) in the static conditions, the

TABLE Il COMPARISON FOR ALL THE GENERATOR BUSES BEFORE AND

AFTER THE SUBSTITUTION

rapid dynamic reactive power reservation can be significantly Generator bus Total
boosted. Therefore, the reactive power reservation can respond

to the dynamic network disturbance more effectively. This Reactive power Before 1070.6
paper proposes a quadratic programming based optimization (MVar) After 1256.8
model to implement the idea of substituting the slow dynamic i

reactive power for the rapid dynamic reactive power on the
premise of ensuring the system security and keeping an
approximate constant voltage of pilot buses. It can keep
SVC/SVG a large upward and downward reactive power
reservation and ensure the regional balanced reactive power of

TABLE Il COMPARISON FOR ALL THE GENERATOR BUSES WITH AND
WITHOUT CONSIDERATION OF GENERATOR BALANCE

generators. Simulation results on the New England 39-bus G tor b Total
system show that regional rapid dynamic reactive reservation is enerator bus ota
enhanced and the dynamic voltage stability is improved after the With consideration of 1256.8
substitution. Reactive power generator balance )
(MVar) Without generator balance 13124
consider '
I KEY EQUATIONS With consideration of 0755
The objective function of the quadratic programming is as Reactive power generator balance i
followina: vector Without consideration of
g 0.901
generator balance
- 2 2
min{W.Jo.[ + W.]o.[
AQ, 60
The solution of the model must meet the security 5 s0
constraints as following: € a0
» § 30 reer —
min max
V™ <V, +C,AQ, <V - /
‘ 2 10 /
V™M <V, +C AQ, S V™ g o before
x after
min max -10
Q. <Q,+AQ, <Q; 0 4.95 t/sg.es 14.95 19.95

QM <Q, +C,,AQ, <Q™

II.  KEY RESULTS

Figure 1. Reactive power of SVC 2 after the disturbance

TABLE I. COMPARISON FOR SVCS BEFORE AND AFTER THE 1.08
SUBSTITUTION
3
SVC bus 11 18 23 29 & 1.07
[J]
Reactive Before 13.9 31.0 35.2 8.2 &
power 5 106
(MVar) After 0.1 -0.1 -0.1 -0.4 eeceee before
after
Reactive Before 12.1% 31.6% 34.8% 7.8% 1.05
power 0 4.95 9.95 14.95 19.95
vector After 0% 0% 0% 0% t/s

58

Figure 2. Voltage of SVC 2 after the disturbance
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Role of Electromechanical Wave Propagation in
Power Systems

Tianya Li, Student Member, IEEE, Gerard Ledwich, Senior Member, IEEE, and Yateendra Mishra, Member, IEEE
School of Engineering and Computer Science, Queensland University of Technology, Brisbane, Australia
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Offset velocity response of 40 machine longitudinal system

Abstract — In a large interconnected power system,
disturbances initiated by a fault or other events cause
acceleration in the generator rotors with respect to their
synchronous reference frame. This acceleration of rotors can be
described by two different dynamic phenomena, as shown in
existing literature. One of the phenomena is simultaneous
acceleration and the other is electromechanical wave
propagation, which is characterized by travelling waves in terms 5
of a wave equation. This paper demonstrates that depending on
the structure of the system, the exhibited dynamic response will 0
be dominated by one phenomenon or the other or a mixture of o5 T 15 s 25 s 3s
both. Two system structures of choice are examined, with each Time (sec)
structure exemplifying each phenomenon present to different Figure 2 Offset Velocity Response of Strongly Connected Case
degrees in their dynamic responses. Prediction of dominance of Offset velocity response of 40 machine longitucinal system
either dynamic phenomenon in a particular system can be 4
determined by taking into account the relative sizes of the values
of its reduced admittance matrix.
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I.  KEY EQUATIONS
The classical swing equation, the corresponding continuum model in

2

Offset velocity
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the form of a wave equation, and the wave phase speed equation are N
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Angle response of 40 machine longitudinal system
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Figure 4 Enlarged Offset Velocity Response of Weakly Connected Case
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Figure 1 Angle Response of Strongly Connected Longitudinal System

59


mailto:t8.li@qut.edu.au
mailto:g.ledwich@qut.edu.au
mailto:yateendra.mishra@qut.edu.au

Making On-line Transient Stability Decisions
with Multi-level Decision Trees

Tuo Ji, Student Member, IEEE, and Anjan Bose, Fellow, IEEE

Abstract—During recent years, power systems are becoming
more and more stressed, and thus more vulnerable to various
contingencies. For specific instability cases, engineers can conduct
off-line studies to devise preventive and remedial actions. This
paper however, proposes a multi-level decision tree scheme, which
not only evaluates the dynamic security of power systems as what
other companion papers have done using decision trees, but also
suggests ways of making real-time remedial control actions based
on the proposed scheme. To achieve these goals, we collect
pre-fault and post-fault data with the help of PMU and build the
multi-level decision trees to make on-line decisions.

Index Terms—Decision Trees, On-line, PMU, Transient
Stability Prediction, Remedial Actions

I. KEY FIGURES

Fulllist of possie Load prediction (A period

contingencies oftimewhenloads do not
change dramatically)
Contingency
SCrEEning
4
Critical v
contingency list
g* o Operation points
- B (OP) of different
Each contingency from critical generatians and Oﬁ-line
contingency listand correspanding loads
Remedial actions DT

Simulating each OP to each

-
contingency and remedial acions

4

Different cases for each
contingency and remedial action

WEKAsoftware
Y

Multi-level DTs far each

Contingency and remedial

contingency and remedial acions actions to each OT

Real-time OPs

On-line

Real-time new cases

DT

¥

Mew DTs for each contingency
and remedial action

Flowchart of Building DTs

60

First DT

Unstable ‘ ‘ Stable ‘

Second DT

| Unstable | | Stable |

Structure of Multi-level DT

Il. KEY RESULTS

TABLE |
CORRECT RATE FOR TRAINING DATA
DT= Correct Rate
Ctgl_DT1 99, 97%
Ctgl_DTZ 99, 86%
Ctg2_DT1 99, 97%
Ctg2_DTZ 99, 97%
TABLE Il
CORRECT RATE FOR TESTING DATA
DTs= Correct Rate
Ctgl_DT1 99, 81%
Ctgl_DT2 09. 48%
Ctg2_DT1 99. 45%
Ctg2_DT2 99. 61%
TABLE IlI
CORRECT RATE FOR MULTI-LEVEL DTS
DT= Correct Rate
Ctgl 94. 83%
Ctg2 97. 88%



Some 1ssues with Quasi-Steady State Model in
Long-term Stability

Xiaozhe Wang, Student Member, IEEE, Hsiao-Dong Chiang, Fellow, IEEE
Department of Electrical and Computer Engineering, Cornell University, Ithaca, NY, 14853 USA.
E-mail: xw264@cornell.edu, hc63 @cornell.edu.

Abstract—The Quasi Steady-State (QSS) model of long-term
dynamics relies on the idea of time-scale decomposition. Assum-
ing that the fast variables are infinitely fast and are stable in
the long-term, the QSS model replaces the differential equations
of transient dynamics by their equilibrium equations to reduce
complexity and increase computation efficiency. Although the
idea of QSS model is intuitive, its theoretical foundation has
not yet been developed. In this paper, several counter examples
in which the QSS model fails to provide a correct approximation
of the complete dynamic model in power system are presented
and the reasons of the failure are explained from the viewpoint
of nonlinear analysis.

I. KEY EQUATIONS

TABLE I
THE MATHEMATICAL DESCRIPTION OF MODEL FOR POWER SYSTEM

complete model 2, = he(ze, 24, 2, Y)
za(k +1) = hq(zc, za(k), z, y)
ex’ = f(ze, 24, %, y)
0= g(zcy Zd, T, y)

transient model
(approximation for transient stability)
short-term:0-30s

z= f(ZCa Zd; T, y)
0= g(2c, za, , y)

QSS model
(approximation for long-term stability)
long-term:30s-a few minutes

Z:: = hC(Z87Zd>I7y)
Zd(k + 1) = hd(Zc,Zd(k)7$,y)
0= f(Zc7Zd,I,y)

0 :g(ZCythx»y)

II. KEY FIGURE

family of transient models

L
Zc ¢q(Ta Zdlazdﬁazgayg)

——
e

¢C(Ty 2e 205 z(c]’ yg)

Ul

— -
A7

N

transient SEPs
of transient models

the long term
(chs; Zdls; Xls» )

Fig. 1. When z4 firstly change to z4(k), the initial point of the complete
model gets outside of the stability region of the transient model and the
trajectory of the complete model moves far way from the QSS model from
then on.
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III. KEY RESULTS
A. Counter Example 1

the trajectory comparison of transient variable & of Syn 2 the trajectory comparison of transient variable Vi, of Exc 1

-0.3 25
—— complete model —— complete model
—— QSS model —— QSS model
15 e

%W !

05

035 2

-0.45

-0.5 0
0 30s(0.61) 60.61 120.61 170.61 0 30s(0.61) 60.61 120.61 170.61

Fig. 2. The comparisons of trajectory between the complete model and the
QSS model. The QSS model failed to provide correct approximations.

x 10he trajectory comparison of long-term variable v of Ox| 2
5

complete mode!
——Qss model 377

the trajectory of transient variable v,  of Exc 2]
v,, of Exc 2 at the SEP of the transient model|

(@ (b)

Fig. 3. (a). The comparison of trajectory between the complete model and the
QSS model when load tap changers didn’t change after 40s. (b).The trajectory
of corresponding transient model when load tap changers changed at 40s
which indicated that the point of the complete model was outside of the
stability region of the corresponding transient model.

B. Counter Example II

the trajectory comparison of algebraic variable V at Bus 90 the trajectory comparison of transient variable vry of Exc 2
1

2.65
0.8 . R 26
0.6 255
0.4 25
0.2 2.45
——complete model —— complete model
——QSS model — QSS model
0
0 40s(0.81) 80.81 160.8t 260.81 0 40s(0.81) 80.81 160.8t 260.81

Fig. 4. The comparisons of trajectory between the complete model and the
QSS model. The QSS model converged to a long-term SEP while the complete
model suffered from voltage collapse.



Statistical Detection and Time-Localization of Forced
Oscillations in Power Systems

Jim Follum and John Pierre
Department of Electrical and Computer Engineering,
University of Wyoming
Laramie, WY
Email: {jfollum, pierre}@uwyo.edu

Abstract—Forced oscillations (FOs) originate at generator
sites and take the form of sinusoidal inputs to the system. Though
they pose no threat to the system’s small-signal stability, the
presence of an undamped oscillation in measurements causes
current electromechanical mode estimation algorithms to
mistake the FO for a dangerously low-damped mode. This effect
can mask the true stability of the power system while causing
false alarms for system operators. To mitigate the impacts of
FOs, their frequencies, start times, and end times must be
estimated. The first step in producing these estimates is detecting
the FO’s presence. A detection algorithm based on the statistical
distribution of the periodogram was developed for this purpose.
The detection algorithm also provides the frequency estimate for
the FO. Once detected, the FO is time-localized using the sample
cross-covariance between the data and a sinusoid with frequency
equal to that of the FO. The proposed method has been shown to
successfully detect FOs of various amplitudes and accurately
estimating the FO’s frequency, start time, and end time.

. KEY EQUATIONS

The equations defining the power spectral density (PSD),
periodogram, and their relation to the normalized periodogram
are:

P (@) = limy_., E {1 |21 y (@[} @)

(@) =+ |2, y(emet|’ 0

$u(w) = p(@)/p(w).

Use of the normalized periodogram (3) for forced oscillation
detection is guided by the equations

©)

(4)
()

limy e $u (w) NXZZ

Pra=1-(1-e)?

Py = QXQZGDAZ) (2 lni)- (6)

Pra

A forced oscillation with estimated frequency @, can be time-
localized using

7,(9) = 1 Zoger yUer) cos (8,7 (L - 9)). (7)
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Il.  KEY FIGURES
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Fig.1 Example of a normalized periodogram with peak associated with a FO
rising above the threshold, y.

Il.  KEY RESULTS
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Fig.2 Frequency estimates for a 10 minute FO. Estimates improve as more data
with the FO becomes available.
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New Grid-tied Power Converter for Battery Energy Storage

Ah-Ryeon Park, Student Member, IEEE

. INTRODUCTION

One simple topology for battery energy storage can be designed with a PWM inverter and 3-phase transformer, in which the
modulation index of PWM inverter is controlled according to the voltage variation of battery. The insertion of DC-DC converter
between the PWM inverter and battery can offer wider operation range and more control flexibility, but higher switching loss too.
The insertion of an isolated soft-switching DC-DC converter can remove the line frequency transformer and reduce the system
loss.

Il. PROPOSED CONVERTER

This paper proposes a new structure of power converter for battery energy storage composed of a grid-tied inverter and an
LLC resonant converter with 2-quadrant hybrid-switching chopper as shown in Fig. 1. The grid-tied inverter controls the active
power and the DC link voltage, while the LLC resonant converter with 2-quadrant chopper controls the charging and discharging
current through the battery. The LLC resonant converter offers electrical isolation between the AC source and the battery, and
transfers power with lower switching loss because it operates in ZVS mode. Also, it has narrow variation in operation frequency
regardless the load variation. The converter operation is divided into four modes according to the time interval.

——————— - DC Voltage (200Vv/div) | | Standard phase angle |

2-Quadrant !
Chopper |

L Cyy
L

AC Grid

@_,%L Grid-Tied
Inverter e 0
5
N
\
M \\\\
Input Current (10A/div)

Fig. 1. Configuration of proposed power converter. Fig. 2. input Voltage & Current in Forward Power Flow

DC VOIt?ge (200V/div) IGBT_Current (10A/div) FET_Vos (200V/div)

I
| -
|
+ | Eattery
|
|
|

Input Voltage (200V/div)

Input Voltage (200V/div)

"'l. \
A \ NG
Input: cumrent (10A/div) IGBT_Vce (200V/div) |

Fig. 3. Input VVoltage & Current in Reverse Power Flow Fig. 4. Voltage & Current in Hybrid Switching Operation

I1l. HARDWARE EXPERIMENT

Fig.2 shows the phase-A voltage and current and the DC link voltage during charging mode. The input voltage is in phase with
the input current, which means that the power factor correction is properly operated. And the DC link voltage is maintained as a
constant value of 700V. Fig.3 shows the phase-A voltage and current, and the DC link voltage during discharging mode. The
input current is 180° out phase with the input voltage, which means that the polarity of input current is negative during
discharging. So, it is clear that the grid-tied converter can operates properly under accurate charging and discharging control.
Fig.4 shows the voltage and current waveforms of IGBT and FET, which confirms the hybrid switching operation. The switching
frequency can be raised up to 50kHz without any problem even though measured at 25KHz.

1V. CONCLUSION

This paper proposes a new grid-tied power converter for battery energy storage, which is composed of a PWM inverter and an
LLC resonant converter in cascade with a 2-quadrant hybrid-switching chopper. The operation of proposed system was verified
through computer simulations and experimental works with a hardware prototype. The proposed system can have relatively
higher efficiency and smaller size than the existing system.
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Power and Energy Capacity Requirements of
Storages Providing Frequency Control Reserves

Theodor Borsche, Andreas Ulbig, Michael Koller, Géran Andersson
Power Systems Laboratory, ETH Ziirich
{borsche, ulbig, andersson}@eeh.ee.ethz.ch, michael.koller_1 @alumni.ethz.ch

Abstract—Due to their fast response time and high ramp
rates, storage systems are capable of providing frequency control
reserves. However, the limit in energy capacity poses difficulties
as frequency control signals are, in general, not unbiased. We
describe a scheme to recharge or discharge the storage without
impeding the quality of the provided service, and formulate an
analyzing method to investigate the resulting size of the storage.
We show that even small storage sizes are sufficient to provide
reliable primary and secondary frequency control reserves.

Provision of frequency control may be an economical feasible
business case for storage systems. Batteries have also an added
benefit of being able to react very fast to frequency deviations.
A faster control response reduces overall frequency deviation
and consequently reduces stress on the power system. It would
therefore be in the interest of the TSO to include fast reacting
storage systems in the primary frequency control scheme.

However, ancillary services are not guaranteed to be zero-
mean, and losses are inherent to any storage system. This leads
to violations of the storage capacity constraints and thus to an
inability to provide the promised service to the grid. We propose
to enable storage systems to participate in ancillary services
by adjusting the operating point to allow for an appropriate
charging or discharging that keeps the state of charge within
acceptable levels. The adjustment of the working point has to
be considerably slower than the associated service. In fact, our
method guarantees that the rate of change is bounded for a
bounded control signal. We evaluated our approach on real
measurements of the primary and secondary frequency signal of
the Swiss system operator swissgrid (full year 2009, 10 s sampling
rate). A storage size of 30 min when providing primary control
reserves and 2h for secondary are shown to be sufficient.

I. KEY EQUATIONS AND RESULTS

The working point adjustment is performed according to

k . .
PVVP(k-‘rd) = Zj:kfa (_PAZ(-])+P1055(.7)) (1)

Pext(k) = PAS(k) + PWP(k) 5 (2)

where Pag is the ancillary service signal, Pyp the working
point and P,y the total power consumption of the storage.

TABLE I: Required power capacity and energy capacity per
offered unit of primary control reserve for a historic timeseries

a: 5min, d: 5min a: 15min, d: 15min  a: 60 min, d: 60 min

K P/Pas E/Pas[h] P/Pas E/Pas(hl  P/Pas E/Pagl[h]

1 1.6733  0.1507 1.6161 03752 1.5272 09170
0.90 1.6685 0.1511 1.6114  0.3809 1.5043  0.9054
0.81 1.6631 0.1514 1.6063  0.3868 1.4808  0.8939
0.64 1.7466  0.1518 1.5942  0.3990 14311  0.8711

II. KEY FIGURES
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Fig. 1: Typical behaviour of storage system with setpoint
adjustment. The response to the primary control signal is

clearly visible, the working point changes comparably slow
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Fig. 2: Required energy capacity of a storage system for
provision of primary control reserves with respect to a historic
time series from the full year 2009
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Fig. 3: Power production of storage system after negative step
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Reduction of Harmonic Distortion in Off-Grid Energy
Systems

Ahmed Habib, Jacob Lamb, and Zach Ulibarri

Department of Electrical and Computer Engineering,
Northern Arizona University
Flagstaff, AZ 86001 USA
Email: ahh5@nau.edu, jml374@nau.edu, and zeu2@nau.edu

Abstract— Off grid energy sources are frequently utilized
when connecting to a conventional power grid would be
prohibitively expensive. However, many off-grid systems
experience problems because non-linear electrical devices create
harmonic distortion in the system’s power lines. A system with 180U+
significant harmonics causes increased temperatures in
electronics thereby shortening their lifespan while also damaging
the power system itself. The purpose of this project was to create
and test a shunt active power filter that reduced harmonic au
distortion in off-grid energy systems. The filter designed and
created by the team reduces harmonics injected by a wide array
of non-linear electrical devices commonly found in off-grid
energy systems thus increasing their efficiency and longevity.

-1868U+

. KEY FIGURES
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Figure 2: Simulated distorted waveform with third, fifth, and seventh
harmonics.
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Figure 1: Filter Schematic.

-48u-

-86U-

-1130 T T T T T
1086ms 1108ms 1208ms 13 6ms 148ms 1508ms 168ms
o U{R28:2)
Time

Figure 3: Simulated corrected waveform.
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Two-Level Control of Doubly Fed Induction
Generator using Flatness-Based Approach

Maryam H Variani and Kevin Tomsovic

Dept. of Electrical Engineering and Computer Science
University of Tennessee, Knoxville, TN 37996, USA,
Email: mhassani@utk.edu and tomsovic@utk.edu

Abstract— To allow for high penetration of distributed
generation and alternative energy units, it is critical to
minimize the complexity of generator controls and the
need for close coordination. We propose that existing
controls should be replaced by a two-tier structure of
local control operating within a global context of
situational awareness. In local control, individual
components and individual loads operate in a manner to
follow some desired trajectory based on local
observations. The global control, on the other hand,
refers to the desired trajectory which is determined by
the context of the overall system needs for reliability,
speed, and robustness. Flatness as an extension of
controllability for non-linear systems is a key to enable
planning and optimization at various levels of the grid in
this structure. In this study, implementation of flatness-
based control on Doubly Fed Induction Generator
(DFIG) is investigated. Desired active and reactive powers
are generated in the global level and are tracked by the
local controllers.

I.  KEY EQUATIONS

The guiding equations of an induction machine in
arbitrary reference-frame variables are:

e voltage equations

w 1/)'
. qs
Vgs = Tolgs + —Pas + ——
qs stgs W, ¢ds wp
. w Yas
Vys = Tolgs — — Yo +
SSE w, T w,

. (CU
Vyp = Tplgy +|———
qr riqr wp

. W — Wy 1!’ dr
Uqr = Nlar — wp lpqr + wp

where
Ygs = Xisigs + XM(iqs + i,qr)
Yas = Xistas + Xy (s + U'ar)
lplqr = X’lri’qr + XM(iqs + i’qr)
Var = X'pl'ar + Xy (as +'ar)

e torque equation
Xm ) )
T, = D_wb (l/)qslp ar — Yas P qr)
Wy
T,=2H—+T,
Wp
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The dynamic equations can be written in terms of
the rotor speed and argument of the stator flux linkage
as flat outputs.

Il.  KEY FIGURES

The block diagram of the proposed approach is shown
in Fig. 1, where y; represents the flat outputs, u; is the
control input, a; and z; are state transformation
functions and x is the state space variables.

K

Trajectory
Generation

u; X = f (X0 ui)

X

i = &Y Jo Vi)

Vs Yas ¥ or ¥'ar

7 = 2;(x)

Figure 1. Flatness-Based control block diagram.
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Load Factor Control Using Community Energy
Storage and Neural Network Predictive Load

Modeling

Ben Ollis

Center for Ultra-Wide-Area Resilient Electric Energy
Transmission Networks (CURENT), College of Electrical
Engineering and Computer Science,
University of Tennessee, Knoxville
Knoxville, TN, USA

Abstract— This study will look at utilizing genetic algorithms to
optimize the use of community energy storage systems for load
factor control along with other grid benefits. Community energy
storage systems are energy storage systems that are located
between several residential homes and the transformer
connecting the homes to the distribution feeder. These energy
storage systems belong to the distributed energy system class and
have drawn interest specifically in the area of secondary-use.
Secondary-use is the application of used batteries from vehicles
as the batteries are no longer considered viable for these vehicles
and must either be recycled or repurposed for other applications.
This paper will also discuss the initial testing of the algorithm on
a community energy storage system with used vehicle batteries.

I.  KEY EQUATIONS

The use of genetic algorithm optimization and neural
networks prediction is critical to the results.

Il. KEY FIGURES
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Evaluating FIDVR using an air conditioner stall
model with real time digital simulator

Kumaraguru Prabakar, Student member, IEEE, Tom D. Rizy, and Fangxing, Li, Senior Member, IEEE

Abstract—Single-phase air conditioner compressor motor units
can stall and draw three or more times their rated current and
reactive power during a 30 percent or more voltage sag such as
from a sub transmission fault. The stalling of a high penetration
of these motors can affect the entire power system and this
system-wide phenomenon is known as fault induced delayed
voltage recovery (FIDVR) or slow voltage recovery (SVR). This
event is not only influenced by the air conditioner motors but also
by the load composition in the power system. The single-phase
induction machine available in the real time digital simulator
(RTDS) is utilized to simulate the FIDVR event. This motor
model along with different load compositions provides a method
for extensively studying and evaluating the impacts of FIDVR
impacts on the power system under different operating
conditions.

Index Terms—Air conditioner stall model, Fault induced
voltage recovery, Real time digital simulator, Single phase
induction machine.

I. INTRODUCTION

IR conditioner units used in household applications

includes a condenser fan, air handler fan and a
compressor. The single phase induction machine (SPIM) used
in the compressor motor exhibits the stall nature and thus
creates fault induced delayed voltage recovery (FIDVR)
phenomenon. In this research, SPIM is modeled in real time
digital simulator (RTDS) and installed in a test power system.
The performance of the SPIM in the test system in presented.
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Fig. 1. RSCAD model of SPIM

Il. MODELING FIDVR INRSCAD

In the past, single phase motor models have been developed
as a result of preventive measures taken by the NERC and
other regulatory bodies[1]. Integration of motor modeling in
RTDS will help in understanding the FIDVR phenomenon and
take appropriate measures. The modeled SPIM operates in
four stages. The four stages are indicated in Fig 2. The motor
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1 —initial startup, 2 — normal operation, 3 — fault applied,
4. sustained stalling of the motor

Fig. 2. Performance of the SPIM in RSCAD
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Fig. 3. Plots showing the performance of the system

is installed in a test power system and the performance is
shown in Fig 3. The performance of the SPIM in a typical
system under fault condition suggests that not all the SPIM
will enter stall mode under fault condition. In Fig. 3, phase BC
and Phase CA of the bus 3 motors entered stall position while
the rest of the motors in the system came back to normal
mode.

I11. CONCLUSION

The results from this research initiative provide a platform
to understand the effect of such load composition. This model
can help in building relay logic, control logic for SPIM, and
also testing of such hardware.
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Current-Based Fault Detection for Wind Turbine
Systems via Hilbert-Huang Transform

Dingguo Lu, Wei Qiao, Xiang Gong and Liyan Qu
Power and Energy Systems Laboratory, Department of Electrical Engineering, University of Nebraska-Lincoln,
Lincoln, NE 68588-0511, USA,
Email: stan1860@huskers.unl.edu, wgiao@engr.unl.edu, xiang.gong@huskers.unl.edu, and Iqu2@unl.edu

Abstract—Mechanical failures of wind turbines represent
a significant cost in both repairs and downtime. Detecting
incipient faults of wind turbine components permits
maintenance to be scheduled and failed parts to be
repaired or replaced before causing failures of other
components or catastrophic failure of the system. This
paper proposes a Hilbert-Huang transform (HHT)-based
algorithm to effectively extract fault signatures in
generator current signals for wind turbine fault diagnosis
by using the HHT’s capability of accurately representing
the instantaneous amplitude and frequency of nonlinear
and nonstationary signals. A phase-lock-loop (PLL)
method is integrated to estimate wind turbine rotating
speed, which is then used to facilitate the fault detection.
The proposed method is validated by a real direct-drive
wind turbine with different types of faults. The
experimental results demonstrate that the proposed
method is effective to detect various faults in wind turbine
systems as well as to reveal the severities of the faults.

I.  KEY EQUATIONS

The guiding equations of the Hilbert-Huang
Transform are:
1): Empirical Model Decomposition (EMD)

hy(t) = x(t) —my(t) @
hi1(®) = hy(t) —mq1 (1) (2
R (8) = hye-1)(8) — My (8) )
() = x(t) — 1 (b) 4)
0= a®)+n® ©
2): Hilbert transform
Hie = v [ £ ©
Zi(t) = c;(©) + jH[c;(D)] = a;Dexpljo; ()] (7)
a;(t) = e (©)? + {Hlc (D]} ®)
0,(t) = arctan {%} C)]
o (®) = de; (t) (10)
x(t) = Re (le a;(t)exp [jfwi(t)dt]) (11)
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Figure 1. Flowchart of the HHT-based fault detection algorithm
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A Statistical Approach to End - User Energy
Consumption

Jonas Traphdner and Surya Santoso

Department of Electrical and Computer Engineering, The University of Texas at Austin, Austin, TX 78712, USA
Email: Jonas.traphoner@utexas.edu and ssantoso@mail.utexas.edu

Abstract— Local supply and demand concepts have an
important contribution to make to the future scenarios of power
supply systems. With a suitable load monitoring and
management a better adaption to consumption patterns can be
achieved.

Renewable energy sources, as well as local supply systems have
the objective of enhancing the efficiency and reliability of energy
supply with structures elevated close to the end consumer. An
along going monitoring of the systems demand is entailed. Due
to this movement, a specific local knowledge of the regional
energy demand is a prerequisite for an ideal supply concept. The
knowledge of consumption behaviors in a region is therefore a
key variable, as it has a major impact on the ratings of local
systems. The complex nature of local supply with its many
varied influences demands a system approach that takes account
of all the significant components. This refers not only to the
generation systems but also to the system as a whole with its
widespread networks, and in the end also the consumer himself,
with his behaviors also contributing to overall optimization.

The poster project addresses the topic of using a statistical
approach to give an outlook on a households energy
consumption based on various factors such as weather, age,
country, geography, climate, number of people in a household
and multiple other factors. This theoretical approach will be
compared with received consumer data from an ongoing project
within the Austin, TX region.

The statistical data acquisition, once compared with the
collected consumer data, will forecast the electric grid
consumption on a regional level and give insight to electricity
grid operators to control the energy grid more efficiently. In
contrast to the operational techniques of a Virtual Power Plant,
this technique does not only analyze the different supply systems
available, but takes into account the different behaviors on the
consumer side.

This approach could be part of the next generation SCADA
systems; supporting the grid operator in decision making and
being able to enhance durable timetable management. This has
the potential to contribute to the highly discussed topic of Smart
Grids.
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1. KEY EQUATIONS

This particular topic will be approached through the statistical
method of regression. The least squares method is applied to derive
estimators of various parameters.
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Modeling and Analysis of Campus Microgrid
Distribution System

Sayonsom Chanda, Student Member, IEEE and Anurag K Srivastava, Senior Member, IEEE

Smart Grid Demonstration and Research Investigation Lab (SGDRIL)
Washington State University, Pullman, WA, USA
sayonsom.chanda@email .wsu.edu

Abstract--- Digital computer tools and software has enabled
simulation of load flow and its analysis with unbalanced loads
per phase and in each section of a feeder. However, there is a
certain lack of depth and accuracy when it comes to modeling of
end-use loads and low voltage distribution system. Presently, it is
conventional for most utilities and researchers to model loads
using aggregated constant impedance, constant current and
constant power models, viz. ZIP models. There is a need to model
the low voltage network and end-use loads specially with
increasing penetration of distributed generation and demand
response. In this poster, the benefits of better end-use load and
network modeling using an example campus
microgriddistribution system would be demonstrated, using
software tools:SynerGEE and Gridlab-D.

Index Terms--- distribution system analysis, ZIP Model,
microgrid, SynerGEE, Gridlab-D

l. INTRODUCTION & MOTIVATION

WECC Load modeling task force has concentrated on
loading of large induction machines and studied its effect on
the Transmission System [1]. End-use load is also an extremely
stochastic phenomena, and hence a load model at one moment
of time is never going to be accurate for another moment of
time. However, if a better load model is available, it would
enable the utilities to predict the network behavior for various
preset load profiles[2].Rapid penetration of renewable energy
sources and stronger mandates favoring the same, has led to a
new need to study impact of distributed generation (DG). A
better load modeling and low voltage network modelmay assist
in studying solution for DG intermittency.

Il.  METHOD OF WORK

A. Background

The simulation works will be based on the radial feeders
for the city of Pullman, supplied by AVISTA Utilities. The
computer models of these 13.2 kV feeders are available in
SynerGEE. Some of these feeders are stepped down to 4.16 kV
distribution system in the substations located inside
Washington State University Pullman campus for its internal
distribution.

B. Low Voltage Distribution System

In each of the 13.2 kV feeder models, the facilities of WSU
has been modeled as a single lumped load, while in reality they
can be fragmented to several individual buildings, connected to

The authors would like to sincerely acknowledge AVISTA Utilities and

WSU Facilities and Operation for their cooperation with the development of
this project.
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the lower voltage circuit, i.e. 4.16kV radial feeders from the
substations within the University. This has been incorporated
into the model with existing connected loads and generators.

C. Adding probable future loads & generators

In [3], integration of detailed generator models into the
radial feeders has been detailed. Using similar methods, it
would also be possible to model the distributed generators, like
wind farms or solar cells, can be incorporated into the feeder
for local supply in the example campus microgrid.

D. Use of SynerGEE and Gridlab-D

The detailed load
11
]

J—

a.16kv )

predictive research on Substation

"what-if" scenarios of the
future. SynerGEE will be
used to extend the load
modeling  from  the
13.2kV MV circuit to a
more descriptive 4.16kV
LV circuit, to carry out
simulations and analysis. ) ) ) ) )0 )y awiteh
Also, a similar model is | | ||| [tesdCireuits| [[f [
to be developed in Gridlab-D, which has the capability for
more  accurate  load
modeling

Circuit
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;
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former

Kl

Fig: Typical Distribution System for
simulations from the 4.16kV substations

The poster demonstrates the need of better load modeling,
by showing that it leads to more accurate load-flow results,
which facilitates better coordination of transactive signal from
Utilities, helps studies on more efficient capacitor placement,
effect of contingencies in the distribution system on the
transmission system, and on probable impact of addition of
more distributed generators to meet local needs in the campus.

RESULTS
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2. Department of Electrical Engineering, Tsinghua University, Beijing 100084, China
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Abstract—The power system used on shipboards, airplanes or
space stations, for example, are classified as isolated power
systems (IPS). Compared with traditional centralized structure
of IPS, the multi-agent-based decentralized structure can serve
as a better structure for its avoiding single-point-of-failure and
improving the survivability of IPS in extreme conditions. In
multi-agent system, agent can only communicate with its
neighboring agents, thus raises the problem that how can one
agent get global information through information exchange
between its immediate neighbors. Based on decentralizing of the
Adjacent Matrix Algorithm, a distributed information collection
algorithm is proposed in this work. Agents can get the global
state information of all loads, generators and switches through
coordination and iteration of local information, and then obtain
global topology of the entire system. Compared with existing
methods, this algorithm has a better calculating efficiency and
can recognize complicated fault scenarios in system like the
communicating fault or loss of agents. Based on this algorithm,
further application can be made in multi-agent system such as
load shedding and system reconfiguration.

I.  KEY EQUATIONS
For a n-agent system, A=(a;) is the adjacent matrix.
Assuming x eR" is the state vector of agent i, the iteration
processis carried out as

n
k+1 k
X =2 gy,
j=1

],
By iteration for at most n time, the global states of the system
can be obtained by agent i.

Il.  KEY FIGURES

Each agent forms adjacent matrix A and A’ and itsinitial
structure vector xi° and state vector yiO .

‘ X is updated for each agent by A. ‘

v

‘ Based on iteration result, each agent forms zone vector %°. ‘

%%, y? isupdated for each agent by A’.

By analyzing iteration result of %y, »agent
get global topology and state information.

™

Figure1l. Flowchart of decentralized information collection algorithm
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Increased Security Rating of Overhead
Transmission Circuits Using Compact
Phase Design and High Phase Order

Brian J. Pierre, Student Member, IEEE

Abstract—The combination of compact phase design
and high phase order (HPO), (e.g., > three phase) is
used to enhance the security ratings of overhead
transmission circuits. The advantages of both
technologies are used with the objectives of raising the
power transmission capability, reducing right of way
requirements, reducing the phase angle difference
between the sending and receiving end voltages, and
reducing the cost of bulk power transmission.
Disadvantages of the proposed technology are also
discussed.

The phase to phase voltages of HPO circuits are less
than three phase circuits. The lower phase to phase
voltages allow closer phase to phase spacing. The closer
phase spacing increases the mutual coupling between
conductors decreasing the positive sequence reactance
(X"). The decrease in X" increases the security limit of
the transmission line. To determine the exact increase in
security limit for HPO lines vs. its three phase
multicircuit counterpart, the sequence components of
HPO lines are calculated in terms of self and mutual
reactances from properties of circulant matricies. The
sequence component equations for HPO lines are
discussed.

The main objectives of the poster are to:

e Discus the use of HPO to compact transmission lines

e Calculate HPO sequence reactances in terms of self
and mutual reactances using properties of circulant
matrices.

e Determine the increase in security rating for compact
HPO vs. its three phase multicircuit counterpart.

I. KEY EQUATIONS
Six phase reactance matrix for the configuration seen
in Fig. 1,

S M, M, My M, M,

M, S M, M, My M,

M, M, S M, M, M

Xon=|M. M, M, 5 M M| @

M, My My, M, S M,

M, M, My M, M, S
Eigenvectors, which are arranged in columns to form
nxn modal matrix 7,

1 [ 0 j2mm j2rm(n—1) t
v, =—|e“,e n .., e n . 2
Sequence components,
Xseq = T‘lXphT. 3)
Eigenvalues,
n—-1
Am = Xph,l,ke_jznmk/n- (4)

G. T. Heydt, Life Fellow, IEEE

Six sequence components of a circularly configured
six phase transmission line as seen in Fig. 1, in terms
of self and mutual reactances.

2M, +2M, + M3 + S Xos
My~ M, —Ms+S X, = X*
o M —M,+Ms+S | _ | X, |
Kosea = d109| _op, 4 2M, — M, +5| =49 |y | ®
~M, — My + M; +5 X
| M, -M,-m+s | [ x, |

where the distances are
V3 less for 6 phase vs.
the distances in double
circuit 3¢
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Fig. 2 Comparison of X" for double circuit 3¢ and compact 6¢ vs.
phase spacing of the original double circuit 3¢ (for GMR of 0.0375
ft. Drake conductor).
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A Real-Time Simulation Model of Community
Microgrid

Ling Xu, Student Member, IEEE, Zhixin Miao, Senior Member, IEEE, and Lingling Fan, Senior Member,

Department of Electrical Engineering, University of South Florida, Tampa, FL 33620, USA,
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Abstract—Distributed renewable energy resources are
penetrating into community microgrid more and more
nowadays. One solution to resolve the fluctuation of
output power from those renewable energies is energy
storage devices. Battery is a common candidate among
various energy storage devices. However, how to
coordinate the renewable energy source and battery, and
how to improve the system performance during abnormal
or fault condition are big concerns from the utility’s point
of view. A comprehensive community microgrid
consisting of PV panel, battery, induction motor, and
synchronous generator is built in Real-Time Digital
Simulator RT-Lab. The simulation can run in real-time,
and the coordinated control of PV and battery and the
system performance are evaluated.

I.  KEY EQUATIONS
The PV model can be described as:
qf

T
L=l (PPl SC-21

on-T ak Tn T
[SC
fon =7 — @
exp(—==) -1
p(aV)
t
I =l +k(T-T 1< @)
pv “sc i n’ G
n
The battery model can be described as:
av V
Soc + SocC +7 — o (5)

Ccapacily dt batt

Rself _discharge

-35-V
vV =-1.03l-¢ SOC¢ +3.685+0.2156-V
oc 50O

< (6)
~0.1178-72 +0.3201.73
soc SocC

Il.  KEY FIGURES

Figure 1. Real-time digiial simulation setup using RT-Lab.
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Review of Earth Conductivity Structure Modelling
For Calculating Geo-electric Fields

Bo Dong"? Zezhong Wang®, David Boteler?, Risto Pirjola®
1. Key Laboratory of High Voltage & EMC, North China Electric Power University, Beijing, China
2. Geomagnetic Laboratory, Natural Resources Canada, Ottawa, Canada
Email: dong.b@ncepu.edu.cn, David.Boteler@NRCan-RNCan.gc.ca

Abstract—During geomagnetic disturbances the electric field
induced by geomagnetic variations drive geomagnetically
induced currents (GIC) in conducting networks such as power
systems and pipelines. The earth conductivity structure plays an
important role in determining the size of the electric field that
will be experienced by these systems. The earth conductivity is
dependent on rock type and also varies with depth within the
Earth. Methods and techniques for modelling different types of
earth conductivity structures are reviewed and the advantages
and limitations of different models and methods are discussed in
this paper. Some methods are advantageous on computation
speed while others on the accuracy. Appropriate modelling
technique of conductivity structure is important for assessing
geomagnetic hazard to power systems.

I KEY EQUATIONS

z-= /'“)% (1)
5= -2, @)
u,o
1-L,,e%%
R TS ®
n+l
Il. KEY FIGURES
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Figure 1. Example of the Earth Structure.
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Output Power and Harmonic Currents Analysis of
Photovoltaic Systems in Net-Zero-Energy Houses

Hesam Yazdanpanahi and Wilsun Xu

Department of Electrical and Computer Engineering, University of Alberta, Edmonton, AB, Canada, T6G2V4
Email: yazdanpa@ualberta.ca

Abstract—Measurements have been conducted at two Net-Zero- 1.
Energy houses in Edmonton, Alberta and the output power and
harmonic currents characteristics of Photovoltaic (PV) systems
in these houses have been studied. The PV system in the first
house consists of three PV circuits. In each circuit, 11 micro-
inverters are connected in parallel and the total PV capacity of
the house is 6.9 kW. In the second house, the PV system consists
of two circuits. Each circuit has one full-scale inverter and the
total PV capacity is 9 kW. In this study, the output power of the
PV systems were monitored for a 10-day period, harmonic
current components were extracted and power quality indexes % 200 400 Géosamplgér?umberldoo 1200 1400 1600
such as TDD wf’l:e,calc“lated'. These results will be used to Figure 4: Current snapshot at House 1, 12:20:00, December 4™, 2012
generate probabilistic harmonic models for PV systems and

assessing their harmonic impacts on the distribution network.
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Optimized Design of Battery Storage with High
Penetration Distributed PV Units to Solve the
Overvoltage Issue

Ye Yang, Student Member, IEEE, Hui Li, Senior Member, IEEE, Jianping Zheng, Senior Member, IEEE and Andreas
Aichhorn, Student Member, IEEE
Center for Advanced Power Systems, Department of Electrical and Computer Engineering, Florida State University,
Tallahassee, FL 32310, USA.
Email: yyang@caps.fsu.edu hli@caps.fsu.edu zheng@eng.fsu.edu andreasaichhorn@gmail.com

Abstract— This paper proposes an effective method to
evaluate the battery energy storage system (BESS) usage and cost . Key RESULTS
when BESS is applied in the distributed network to solve the

overvoltage issue under high photovoltaic (PV) penetration level.
The main objective of the proposed method is to evaluate and
derive the optimized design of BESS. The cost analysis presented — —— i !
in this paper considers factors of BESS influence on the work i o ] =
stress of voltage regulation devices, load shifting and shaved e et o e | gig‘f*"?“‘ﬂﬂ.—“"“"\‘é —
peaking power generation, as well as individual BESS usage and : ] *V/ 1 g;@ ; ot
its lifetime estimation. Based on the cost analysis, the BESS I e e T R
optimization can be determined. PR, o s k9
5 Position Changes™.,_ : e
I.  KEY EQUATIONS 1 3 = 2]
The guiding equations of the economical analysis of BESS e T ew ’

Time (h)

for distributed high penetration PV units are: Figure 2. Battery usage and system performance in one day

c 0 d*(1+d)" o
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k A+dmr-1
CBESSi = QBESSi * LFni (L = 201, 202, ....,207) (2) =
OTSaved §
Borrcssve = Qorrcesvr * LFyo * 0T 3) 2
Average &
Bppe = Qppg * LFyc (4)
BPLSl- = EPLSl- * (EPOnfpeak - EPOff,peak) (5) :
g 1
Bac; = Csess; — Bprs; = Brrc * Wiy — Bovrcysvr * Wai (6) 7 oEsssie (hzosur peaak m:;) e
Figure 3. Annual cost analysis under PV penetration=70%
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Increasing Wind Capacity Value in Tasmania
Using Wind and Hydro Power Coordination

Mehdi Mosadeghy, Tapan Kumar Saha and Ruifeng Yan
School of Information Technology & Electrical Engineering
The University of Queensland, Brisbane, Australia
Email: m.mosadeghy@ugq.edu.au, saha@itee.uq.edu.au and ruifeng@itee.uq.edu.au

Abstract— Wind power penetration is increasing in power
system in many countries. To mitigate wind power fluctuations
and maximize clean energy utilization, coordinating wind and
hydro power is proposed in the literature. This paper investigates
the benefits of coordinating hydro generators with wind farms,
from reliability point of view in Tasmania, Australia. Reliability
indices are computed in generation system adequacy assessment
using the state sampling Monte Carlo technique. In accordance
with these indices the capacity value of Tasmania’s wind power is
calculated and the impact of hydro power coordination on this
value is demonstrated. The results show that using hydro units to
support wind power will improve the capacity value of the wind
farms regarding their wind regime and the combined capacity.

I. KEY EQUATIONS

Demand not supplied due to the load level D exceeding the
available generating capacity and the annualized loss of
energy expectation are computed by (1,2):

DNS, = max {O,D ->.G, } ()
i=1
N
> DNS, x8760
LOEE =2 )

ARMA model of the Musselroe wind regime is shown in (3):
y, =1.0148y, , +0.7822y, ,-y, ,+0.1934y, ,

+a, —0.24040, , —0.8924c, , +0.3196c, ,

a, € NID(0,0.12633%). (3)

Il. KEY FIGURES

1600 T T T T T T T T

A une
—— July

1500 — - August

1400

1300

hean Load (M)

1200

1100

Lo PO
1UUU 1 L 1 1 L

Il
12
Hour

Figure 1. Mean value of Tasmania hourly winter load for 6 years (2007-12)
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TABLE 1. WIND SPEED STATISTICAL DATA OF 6 YEARS FOR WOOLNORTH
AND MUSSELROE SITES

Site Mean (m/s) Standard Deviation (m/s)
Woolnorth 9.73 4.94
Musselroe 6.80 3.65
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Figure 2. Gordon Reservoir levels in 2010 and 2011
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Dynamic Reserve Zones for Day-Ahead Unit
Commitment with Renewable Resources

Fengyu Wang, Student Member, IEEE, and Kory W. Hedman, Member, I[EEE

School of Electrical, Computer, and Energy Engineering, Arizona State University, Tempe, AZ 85287, USA
Email: fengyu.wang@asu.edu and kory.hedman@asu.edu

Abstract— With increasing levels of uncertain renewable
resources, it will become more difficult to predict the
available transfer capability and congestion. At the same
time, renewable resources require operators to acquire
additional operating reserves. With today’s reserve
requirements unable to ensure the optimal location of the
reserves, new reserve requirement procedures are
necessary to ensure reserve deliverability while
maintaining a reliable system at least cost. This paper
proposes a daily reserve zone determination procedure,
which is able to better reflect system operating conditions
by utilizing probabilistic power flows. A statistical
clustering algorithm, with the centrality measurement
based on weighted PTDF differences, is used to cluster
buses together to produce the zones. While the proposed
reserve zone determination method is a heuristic, it is
shown to be effective and it is computationally tractable.
The proposed method can be used on its own and can be
used along with stochastic programming techniques that
implicitly determine reserves. The proposed method is
validated by testing it on a modified IEEE 118-bus system
for multiple days; the proposed method is compared
against a stochastic programming technique and existing
reserve zone partitioning procedures. This work is based
on a working paper, [1].

I. KEY EQUATIONS
The mathematical expression for the weighted PTDFD:

2 wk|PTDF,§i—PTDF,§j|
K|

WPTDFD; 1)

Il. METHODOLOGY

Run day-ahead deterministic UC with
predetermined (seasonal) reserve zones

v

Generate scenarios by Monte Carlo simulation
based on the PDF of the normalized wind output

!

Run OPF; Minimize load shedding for each
scenario; Calculate m, and gy,

v

Calculate weights wy, = (|=max

v

Cluster the reserve zones based on PTDFD with
weights using K-means; send to Day-ahead UC

20 )2
P’:nax

P"max
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Economic Assessment of Bulk Energy Storage in
Transmission Systems with High Penetration of
Renewable Generation

Nan Li, Student Member, IEEE, and Kory W. Hedman, Member, IEEE
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Abstract— As renewable penetration increases, the
intermittency and variability issues associated with many
renewable resources should be addressed. Traditionally,
the solution is to rely on conventional generators to
provide backup generation and ancillary services.
However, as the level of renewable penetration increases,
the role of conventional generators will transition from
primarily supplying energy to primarily providing
reserves for intermittent renewable generation.
Conventional generators may be required to operate at
lower output levels and frequently change their outputs to
compensate for the intermittency in renewable
generation. As a result, conventional generators may
suffer from higher operating costs while receiving lower
profits. Furthermore, the generators’ emissions per MWh
are likely to increase due to the imposed ramping
requirements. In contrast, as renewable penetration
increases, bulk energy storage will become competitive
since they can absorb excess clean energy when renewable
resources are available and shift it to hours when
scheduled generation is expensive or cannot meet
demand. Energy storage also has fast ramping capability
so that they can effectively balance the uncertainty in
renewable generation. Yet the primary barrier with bulk
energy storage is their high investment costs. This paper
analyzes the effectiveness of bulk energy storage under
high levels of renewable penetrations and identifies the
break point (relative to the renewable penetration level)

when bulk energy storage is competitive with
conventional generators.
I. KEY EQUATIONS
Minimize:
[C gkt gkt +C U gkt (1)
ZﬂkZ
=1 = | gefQg. 03 Co cs Wop TCg S k)]
L
21-1 Py —Pooy
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20, ®)
D P =dy— D PR In kot
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Inertial response capability of DFIG according
to wind speed
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Abstract—Conventional generators can keep a headroom 1. For all wind speeds above 4.17 m/s the turbine can
to provide frequency response services, while reducing fuel provide 10% additional power output for at least 10.4
costs. Wind generators do not pay for fuel and further loose seconds. In the low wind speed region the maximum

renewable incentive payments when operating at reduced . - . .
output. Hence wind turbines are set to produce maximum time of additional output is 26.46 seconds at a wind

power output. Their inertial response is limited, since no sSpeed of 4.7 m/s. For higher wind speeds the 10%
headroom is left. This work analyzes the length of time additional power is higher, the kinetic energy in the
a wind turbine can provide additional 10% output power,  turbine is higher due to faster rotation while wind power
dependent on the wind speed. extraction reduces by a large amount during slow down.
|. INTRODUCTION This leads to shorter response time. From about 12.3

m/s the response capability increases because the pitch

The inertial response requirement of generators has . . .
P q g angle can be reduced, increasing the output. However in

not been defined in grid codes, since conventional g(:“trf]{e rated regime the response is further limited by the

erators naturally exhibit this response. A requweme%erraﬂng capability of all turbine components. This has

. 0 -
to increase power by 10% for 10 seconds is assumggt been modelled, since it is manufacturer and material

here. The primary frequency response requirement s'%ecific. It can be concluded that 10% inertial response

the Grid Code [1] by National Grid UK dictates that

10% additional output should be available within 1G2" P€ Provided until primary response is available, for
all wind speeds above 4.17 m/s.

seconds. Inertial response is needed up to the time
primary response comes in, so it should last at least 1"

seconds. 7 30f, emm el i
-E }“\. ....5"-&_ E
A. Key Equations 3 sol / T T h
The power extracted by the turbine from the wind is: > I! R "-...~...,__‘_ T m—— g
7)) ‘"---.._,________-_- .i
P, = 0.5p7R?(Cp(N, B))02 1 g 10 e torque drop —
()]
The power coefficient, of a wind turbine is related i ,ll == turbine capabilty
to the tip speed ratio. and pitch angles [2]: 0y 6 8 10 12
Wind speed [m/s]
116 4.06
Cp(AB) = 0'5()\ +0.083 AB+1 0.45 - 5) Fig. 1. Time of additional 10% power command capability of DFIG

turbine according to wind speed, indicating limitation due to torque
) 2) drop (solid line), limitation due to minimum rotational speed (doted
line), turbine overall capability (dashed and dotted line).

21 n 0.735
A+0.083 pB3+1
The tip speed ratio depends on the rotational speed,

exp(—

blade length and wind speed: REFERENCES
N\ = wiR (3) [1] NATIONAL GRID ELECTRICITY TRANSMISSION,
T “The grid code,” http://www.nationalgrid.com/NR/rdonlyres/
w 67374C36-1635-42E8-A2B8-B7B8B9AF2408/51019/Z
B. Key Results CompleteGridCodel4R10.pdf, accessed 21/02/2012 10:42.

. . ", ] S. Heier, Grid Integration of Wind energy conversion Systems.
The duration a turbine can supply additional 109 Wiley, 1998.

power output considering wind speed is shown in Fig.
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Reliability and Economic Study of Multi-terminal
HVDC with LCC & VSC Converter for Connecting
Remote Renewable Generators to the Grid

Kazi Nazmul Hasan and Tapan Kumar Saha
University of Queensland, Brisbane, Queensland 4072, Australia

Abstract— This paper investigates reliability and economic
challenges when large amounts of renewable generation are
located long distances from load centers. Considering the
distance, existing network, economics and controllability
requirements, the optimum transmission system may be a multi-
terminal HVDC with line commutated converter (LCC) and
voltage source converter (VSC) stations. The LCC, VSC and
multi-terminal HVDC system has been modeled and studied in
PSS/E and MATPOWER software platform. The South East
Australian test system has been simulated in OPF to investigate
the integration of large scale geothermal power into the
Australian National Electricity Market (NEM). The sensitivity of
the simulated results to variations in generation capacity and
system load have been assessed and provide the frontier of the
reliability and cost-benefit analysis.

I. KEY EQUATIONS
A. Economic Evaluation

1) Cost Estimation
The annual required revenue (ARR) is calculated as,

r(l + r)y
(1+ry —1
where, ris discount rate (10%), y is no. of years.

ARR =

1)

2) Net Market Benefit
The objective function of yearly net market benefit is
formulated as below,

'z (p; Ay = Dy .¢;)+_ b [cs;’ —CS;J
len lElld
876 i i i i
Max T |+ X pg-Ay— Z Pgdy |- = (EI--ﬂ'COz)
t=0 ieng ieng ieng

+Z(V’i’0)

)
where, ¢ is time (hour), n, is no. of generator set, », is no. of

load set, p; is generated power (MW), %, is locational
marginal price ($/MWh), 4,is generation cost ($/MWh),

Cs’, is consumer surplus ($), CSL’; is consumer surplus before
augmentation ($), p’ is consumed power (MW), %, is LMP
at load bus i($/MWh), E, is CO,emission (ton), 7z, is
emission cost ($/ton CO,), v, is renewable generation (MW),
o is LRET payment ($/MWh).

B. Reliability Analysis

The E.U.E. is equal to the weighted sum of all energy
curtailments at all load buses in the system [1, 2],
EUE =% P F,-D, MWh/ Year 3)

ieS
where, p, £, and p, are the probability, frequency and

duration of outage, respectively, in state i.

Il. KEY RESULTS

ANNUAL REVENUE REQUIREMENT (ARR), NET MARKET BENEFIT (M$/YEAR)
AND BENEFIT TO COST RATIO (FOR 1000MW GEOTHERMAL POWER
PENETRATION)

SA QLD SA and QLD
HVAC | ARR (m$/year) 173 288 461
Benefit (m$/year) 238 402 582
Benefit to cost ratio 1.37 1.39 1.26
HVDC | ARR (m$/year) 151 218 349
Benefit (m$/year) 237 444 587
Benefit to cost ratio 1.56 2.03 1.68

RELIABILITY INDICES (EXPECTED UNSERVED ENERGY IN MWH/YEAR) (FOR
1000MW GEOTHERMAL POWER PENETRATION)

SA QLD SAand QLD
AC E.U.E. 2040 2030 1890
Worst 509-315 410-413 602-508, 602-413
contingency
HVDC | E.U.E. 2640 2400 2730
Worst 509-315 410-413 602-413, 602-413
contingency

SENSITIVITY OF GEOTHERMAL GENERATION — NET MARKET BENEFIT

(M$/YEAR)
Geothermal | SA QLD SA and QLD
generation (VSC) (LCC) (VSC+LCC)
500MW 178 332 -
1000MW 237 444 587
1500MW - 556 820

SENSITIVITY OF CARBON PRICE (FOR 1000MW GEOTHERMAL POWER
PENETRATION) — NET MARKET BENEFIT (M$/YEAR)

CO; price SA QLD SAand QLD
(VSC) (LCC) (VSC+LCC)

20%/ton 211 418 561

30%/ton 299 506 649

40%/ton 387 594 737

50%/ton 475 682 825
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Effects of HVYDC Connection for Offshore Wind
Turbines on AC Grid Distance Protection

Lina He (Advisor: Prof. Chen-Ching Liu)

School of Mechanical and Materials engineering
University College Dublin, Belfield
Dublin, Ireland
E-mail: lina.he@ucdconnect.ie

Abstract—The voltage source converter-high voltage direct
current (VSC-HVDC) technology becomes an attractive option to
integrate offshore wind power to onshore ac grids. Due to the use
of pulse width modulation (PWM) control, the HVDC connection
enables the independent adjustment of active and reactive power.
In HVDC offshore wind networks, the grid side VSC (GSVSC) is
usually assigned to control the dc voltage to balance the sending
end and receiving end active power of HVDC. It also allows
reactive power support for onshore ac grids to maintain the
voltage of the point of common coupling (PCC) at a pre-
determined level. When a transmission line close to a PCC
encounters a short circuit, the resulting PCC voltage dip triggers
fast reactive power control of the corresponding GSVSC to boost
the PCC voltage. This tends to impact bus voltages and line
currents close to the PCC. Since the capacity of VSC stations is
expected to be large for bulk offshore wind power transmission,
the resulting effect of reactive power on the performance of ac
protection schemes can be significant. Distance protection is a
good example. The basic principle of distance protection is based
on the apparent impedance measurement that determines the
approximate distance between the relay location and fault point
during a SC fault. The fast reactive power control action can
cause the fault distance to be overestimated by its backup relay
located on the adjacent line. It is possible for a Zone 2 fault to be
viewed as a Zone 3 event, resulting in mis-coordination between
protective relays. Numerical simulations demonstrate the effect
of HVDC offshore wind network on distance protection of an ac
grid.

l. KEY EQUATIONS AND FIGURES

. Zone 2 !
' Zone 1
| L Ly ﬁ F
g |
8 I
A Busj| B
Busi (PcC2 Bus k

Fig. 1 Portion of ac grid with a converter

Assuming the fault impedance is 0, the impedance viewed
by relay B is the line impedance from the fault point to the
relay location.

1)

In case of a failure of Zone 1 relay, say, relay B should
operate but it does not, the apparent impedance viewed by the
backup protection - relay A can be obtained as
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Fig. 2 Simplified control configuration of GSVSCs

Il.  KEY RESULTS

X(ohm)|

14

(@) (b)
Fig. 3 (a) SC fault location on the IEEE 39 bus system; (b) Trajectory of
relay A on IEEE 39 bus system

X(ohm)

(b)
Fig. 4 (a) SC fault location on the integrated ac/dc system; (b) Trajectory of
relay A on the integrated ac/dc system
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Optimal Storage Placement and Size Considering the
Uncertainty of Wind Power Using PSO and
Sensitivity Analysis

Shuli Wen David C.Yu
Department of Electrical Engineering Department of Electrical Engineering
University of Wisconsin, Milwaukee University of Wisconsin, Milwaukee
Milwaukee, USA Milwaukee, USA
shuliwven@uwm.edu yu@uwm.edu

Abstract— Ener gy storage system plays a significant role
both in distributed power and utility power system.
Among many of their benefits, loss and voltage profile
improvement can be the salient specifications of storage
system. Studies show that non-optimal size and placement
of energy storage units leadsto increase in loss and cost as
well astherisk of voltage stability, especially in the case of
high renewable energy penetration. To solve the problem,
the heuristic optimization approach named Particle
Swarm Optimization (PSO) is proposed in the paper to
minimize the power loss and improve the system voltage
profiles by changing locations and varying sizes of storage
with considering the uncertainties in wind power
production. By using Power-Voltage curve technique,
voltage sensitivity is studied and evaluated to identify the
potential locations for energy storage units, therefore, to
minimize the PSO initialization. The efficiency of these
approaches are tested on a modified |EEE 30-bus system. Fig.1 IEEE 30-Bus System
The results clearly demonstrate the necessity of optimal

I.  KEY FIGURES

storage placement and sizing to avoid any possible Il KEYRESULTS
problems associated with wind power uncertainty . 105
N
Index Terms— optimal placement and size, energy ' —
storage, renewable energy penetration, PSO, Power 095\\\\ T
Voltage curve 5 09 \\
KEY EQUATIONS Som \
The main principle of PSO is related to the velocity and o \
position. Each particle updates its velocity and position i
according to the following: o7 50 o ey 20
Vik+l=V\Nik +or ( pbestik _Xik )+Cyt, (gbestk—xik) Fig.2 PV Curve of Sensitive buses
XikJrl:Xik +VikJrl (1)
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Reactive Power Planning Considering High
Penetration Wind Energy

Xin Fang, Student Member, IEEE; Fangxing Li, Senior Member, IEEE; Yan Xu, Senior Member, IEEE
Yanli Wei, Member, IEEE; Haoyu Yuan, Student Member, I[EEE

Department of Electrical Engineering and Computer Science, University of Tennessee, Knoxville, TN 37996, USA
Email: xfang2@utk.edu and fli6@utk.edu

Abstract— This paper addresses the optimal placement of reactive Il. KEY FIGURE
power (Var) sources under the paradigm of high penetration wind 1 . v .
energy. The reactive power planning (RPP) investment in this 09 /
particular condition involves a high level uncertainty due to the ' / .
wind power characteristic. The correlation between wind speeds of 0.8 Normal \[/)V.e;b};)”t.
different wind farms should also be considered when there are / D|s(t\rr|)b':ut|on 'SCrI'DI:lJ on
multiple wind farms. To properly model the wind generation 0.7 ‘/
uncertainty, a multi-scenario framework optimal power flow that > ¢ Fx(4 Fw(w)
considers the voltage stability constraints is developed. The 3
objective of RPP is to minimize the total system cost (Var cost and & 05 Normal "/
the expected generation cost). So the RPP under this condition is to ,3? 0.4 |-Distributior
optimize the Var location and size, meanwhile minimizing the fuel PD
cost and therefore find the global optimal RPP results. The 0.3 & ibull
approach is based on two sets of variables (TSV) combined with // \ ,Yve'H "
. . . . . 0.2 Distripution
multi-scenario model. A case study is provided to verify the / / \ PDF
proposed method. 0.1 y
L keve o . oy
. EY EQUATIONS 5 0X LW jt 15 20
L Q VariabIes (%, V\(I))
Obijective: Var cost Fig. 1. Transformation of Normal distribution to Weibull Distribution
: 1)
Min ( ) (
Z o +c,0,)u, Ill.  KEY RESULTS
keN? TABLEI. Var compensation under different wind speed correlation
Obijective: Expected generation cost Correlation | Var Compensation Bus Objectives
. 2 Coefficient Fuel Var Total
Min Zpt Zf(PGit) ? 10 14 cost ($) | cost($) cost($)
eV ieN© ' -1 344 | 518 | 1544 | 72848 | 3906 | 767537
-Two sets of Power flow constraints: 08 3.36 | 512 | 1568 | 7296.1 | 391.6 | 7687.65
0= PGi,t +PW” — (VSM +]_) .Pu (3) -0.4 3.61 5.23 14.76 7259.1 385.1 7644.12
n 0 3.47 4.74 15.89 7415.5 388.2 7803.45
VY V'(G,cos@, —0:,)+B,sin(g, -0
"’; /( Y (”’ /”) v ( nt »/'[)) 0.4 3.37 5.34 14.85 7334.6 385.6 7720.24
0 0.8 3.25 4.83 15.29 7412.8 383.7 7796.47
=0, +0., +0.-VSM' +1)-0,.
Qi+ O+ Qe = ( -9y 4 1 362 | 513 | 1485 | 72438 | 386 7629.84
n
- V,*, ZV;, (Gg, SIH(H;:[ - '9;,) - B,vj 005(9;, - 97, ) TABLE II. Var compensation under different VSM
=1 . .
Var Compensation Bus Objectives
0= PGN + Pm,t — PL[ VSM Fuel Var Total
" (5) 9 10 12 14 cost($) cost($) cost($)
~V,, D>V, (G, cos@,-6,)+ B, sin(6, - 0,)) 0 0 0 0 0o | 72392 0 7239.2
J=1
50% 0 0 0 0 7239.2 0 7239.2
0= QGi.t + QWz,r + Qci,t - QLi
) 6 8% | o 7.1 0 87 | 72392 | 2579 7497.1
B VMZI:VN (G sin(6), - 0;) — B; c0s(@, - 0))) 100% | 1698 | 11.93 | 125 | 127 | 72392 | 6287 7867.9
=
120% 30 20.39 7.21 16.86 | 7239.2 944.6 8183.8
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Capacitor and Generator Output Adjustment by Using PSO
Considering N-1 Contingency for Large Penetration of
Photovoltaic Power
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Email: ando.sho.pwrs@gmail.com

Abstract— In these recent years, the Southeast Asia START
countries are trying to promote the electricity utilization
while decreasing the CO, emission and air pollution. For

those reasons, the target of penetrating the amount of
renewable energies has become larger and larger. That is,

the target amount of renewable energies penetration to
the power systems of Southeast Asia countries is set to be
274GW by 2030. Also, Japan has set its target amount for
photovoltaic power penetration 53GW by the year 2030.
If we penetrate such a large amount of photovoltaic

power to the power system, several problems will take Eronute PSO
place by the gl’OWth of the PV usage. Therefore, we have (Capacitor Adjustment and Generator Output Control}

to consider the suitable voltage profile within a proper

voltage range. Therefore, in this research, we focus our
YES

Define Parameter Values

attentions on the active power loss and the suitable
voltage profile for penetration of a large amount of PVs
by considering capacitors and generator output
adjustments at the same time. For the generator output
control, we proposed to use the power flow calculation in
terms of minimizing active power losses and bus voltage
deviations. The simulations are run by using IEEJ WEST .
10 Machine O/V System Model to cozﬁrm %he validity of Figure 2 Flowchart of Proposed Method
the proposed method.

II. KEY RESULTS

I . KEY EQUATIONS Capacitance in pu

k

minf = @,- 3 (SC,F + @, - P (Ps )+ @, 3 Wor =V, F + 0, - Penalty, + - Penalty,

vi*t =w-v +¢, -rand, - (pbest, — x{) +c, - rand, - (ghest — x\)
—
X=X, vt Lfo——xFs 51118000000
]
I R B EEEEEEEEEEEEEEEEEDIE
0= W, —— 22— x jter s AR RARONRRNARERRRRRRN
iter, . S
g
&
&)
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IT. Key FIGURES Photovoltaic Power [pu]

%%%%D G/L < @ Figure 3 Capacitance after Adjustment

Active Power Loss Minimization
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Load-Frequency Control (LFC) Model Including
Renewable Power, and Demand Response

Colin Young and S. Ali Pourmousavi
Advisor: Hashem Nehrir
Department of Electrical and Computer Engineering
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E-mail: Colinyl57@gmail.com

Abstract— In future power systems, variable and uncertain
renewable energy sources (RES) (e.g., wind and solar PV
generation), storage devices (e.g., battery) and demand response
(DR) will be included to achieve different goals. Government
emission regulation, global warming, and the increased scarcity
of fossil fuels will drive this change. At the moment, more
research is needed to evaluate the impacts of this transition to the
new era on the performance of the future power systems,
specifically on frequency and voltage regulation. Also, the DR
impacts and optimal operation of the system are other important
topics which need more attention from power engineers and
researchers.

There have been few studies that have tried to address a part of
the above issues on the power system by including wind and solar
PV systems to the single area load frequency control (LFC)
model at the transmission level. These studies don’t provide a
comprehensive framework for optimal operation of the system
with different RES and conventional power plants, large storage
devices, and DR. In addition, the non-linear model of wind and
solar are approximated. These approximations are incapable of
providing a comprehensive assessment of the dynamics of the
system. Also, the voltage dynamic performance of the power
system has not been included and assessed in these research
studies. Therefore, a new LFC model with the non-linear aspects
of wind and solar PV models (i.e., non-linear frequency
dependent model) will be introduced for single-area power
system in this poster. Later, the proposed model will be extended
to multi-area power system where both wind and solar power
sources contribute to voltage and frequency changes within areas
and between areas. In the multi-area power system model,
automatic generation control (AGC) between areas and load
disturbances in each area will be examined at the transmission
level.

Since the proposed LFC model contains nonlinearities,
conventional and optimal linear controllers will not be effective.
Therefore, a non-linear controller, such as fuzzy logic, is
required. Fuzzy logic control design is very useful for non-linear
applications because it doesn’t require a mathematical model of
the system, and it can be used for a large range of operating
conditions. General ideas of fuzzy logic controller application for
the proposed LFC model will be presented in this poster. Figure
1 shows a schematic diagram of the proposed LFC model.

This research plan will be accomplished as follows: first, non-
linear frequency-dependent model of wind and PV generation
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sources will be added to the traditional single-area LFC model.
Second, a large-scale energy storage model and DR will be added
to the proposed single-area LFC model. In addition, a dynamic
model of voltage at the transmission level will be included in the
proposed LFC model. Third, a non-linear controller design (e.g.,
a fuzzy controller) will be developed to regulate frequency and
voltage, which is necessary because of RES and load variations. It
is also desired to apply another nonlinear control design for
comparison purposes. The second controller might be an optimal
management algorithm to dispatch generation and demand
economically at each pre-defined interval. Finally, the proposed
LFC model and controller design will be expanded to a general
power system with multiple areas.

The proposed LFC model will give a comprehensive analyses and
assessments of the impacts of variable RES generation and DR in
a large-scale power system at the transmission level. It also
provides researchers and system operators with a useful and
accurate tool to quickly assess the dynamic behavior of the
system.

The proposed nonlinear controller and optimal management
algorithm introduce novel approaches for frequency and voltage
regulation in the future power system.
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Figure 1: Overview of the non-linear control objective.
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Abstract—This poster focuses on estimating the available
power capacity that electrical vehicles (EVs) can provide
for the reserve market and evaluating its impact on
power system reliability. The proposed approach
estimates the available power capacity in a probabilistic
manner based on traffic conditions through Markov
process, which takes into account time durations when
EVs are scheduled to provide the reserve services, the
battery charge depletion limit and the energy needed for
transportation purposes. A method to evaluate the
reliability of the combined system (conventional system
plus EVs) based on the probabilistic model is also
presented. Meanwhile, numerical experiments are
conducted to validate the effectiveness of the proposed
approach and show significant impact of EVs on system’s
reliability through the ancillary service market.

I.  KEY EQUATIONS

A. Mathematical Formulation
The cumulative distribution of the energy that EVs
can provide to the grid at one moment is as follows:
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Where m is the maximum capacity of the traffic
system, N is the total of EVs in the large area, and j is
the number of vehicles connected to the grid. We
assume that the energy E in an EV is a variable in a
normal distribution, which means £ ~N (w,0”).

If we suppose the time duration is 4, then the power
from EVs can be obtained through equation (2).

-1
power:w (2)

Where F', (0.05) is the exact amount of energy that
can be provided by EVs.

Technically, batteries shouldn’t be depleted below
20%. If we suppose that the total battery capacity of
EVs in one large area is C,, then the available power
can be shown in equation (3).

F* (005)-02xC, x Y —P
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Wherep isA /u . A is the incoming rate of the
vehicles into the traffic system, andy is the departure
rate of the vehicles off the traffic system.
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Moreover, if we take into account the vehicles are
about to start their travel while ensuring that they can
have enough energy to get to their destination without
violating the 20% depletion rate, and suppose that
every vehicle will need ¢ energy on average to finish
their travel, then the available power can be estimated
by using equation (4).
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(4)
We can get the Loss of Load Probability (LOLP) of

the combined system including EVs and generators by

equation (5).
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Abstract

paper to reduce the amount of outliers among historical data
and further improve the power prediction accuracy. Historical
data of wind farms are fit with an S-shape curve via Linear
Regression Model. Based on this statistical curve, outliers can
be identified considering different fitting error. Furthermore, the
expansion of wind farm is identified through the number of
outliers. Then a selection method for the allowed maximum
fitting errors is recommended. The presented method has been
integrated into the prediction system in Inner Mongolia of
China with 36 farms. The actual application shows that the
wind farm power prediction accuracy has been improved by at
least 28% with this model. It is noteworthy that the proposed
preprocessing method is just based on statistical analysis of
historical data and thus compatible with various wind power
prediction methods.

Introduction

farm power prediction becomes more and more important.
The basis for short-term prediction models is the
consistency between historical data.

There are many outliers in the historical data: wind power
curtailment, NWPs missing, recording errors and wind
turbines’ statistical outage, wind-farm expansion.
Accuracy of existing wind power prediction models is not
satisfactory.

This paper proposes a generalized data preprocessing
method to reduce the amount of the outliers and further
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> Outliers Identification
Samples meet (8) or (9)
» Wind-farm Expansion Identification
Count the number of samples that meet (8) for a short
period (e.g., one week).
If such samples constitute to a certain percentage of the

whole sample space (e.g., 20%), the wind farm is
identified as expanded.

U Outliers and Wind-farm

Allowed Maximum Fitting
Errors Selection

TABLE I. ALLOWED MAXIMUM FITTING ERRORS

PoErr 40% 25% 10%
NgErr 10% 25% 20%

It is found that the calculated statistical power is usually
smaller than the measured power in high speed area while
ﬂgger in low speed area by analyzing the fitting errors.
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* Wind farm is not expanded

Sample Slow Updating Process (SSUP)

Updating the effective sample set with a long time interval

+ Wind farm is expanded

(1)Initialize the counter flag Updated Sample Number (USN)

(2)Reform the S-shaped statistical curve and update the
parameters

(3)Reduce the amount of the outliers

(4)Update the effective sample set with short time interval

5)USN increasing, and judge whether it reaches to the

Wind Power Prediction
Incorporating Data Preprocessing U
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storical dita in a wind farm

| Predicted power output |
> Independent of the power prediction methods
» Conveniently integrated into different power
prediction systems
» Improving its self-adaptability

Case Study

Q

D Wind Farm Power Prediction

Case 1: original samples;

Case 2: preprocessed samples with equivalent allowed errors
(POErr=NgEn=20%);

Case 3: preprocessed samples with different allowed errors

shown in Table |.
TABLE II. PREDICTION ERRORS OF THE THREE CASES

Mean Absolute Error
(MAE/MW)
RMSE

77.69 47.79 28.99

44.51%  27.09% 16.52% l

Prediction error decreases almost 28%!!!

(1) The prediction accuracy of BP models is relevant to
the power output.
TABLE IV. PREDICTION ERRORS OF DIFFERENT POWER OUTPUT

MAE (MW) 1497 11.94 960 1481 32.19

RMSE 13.98% 12.69% 9.73% 15.14% 29.16%

Most of the prediction errors are negative when the measured
powers are bigger than 80 MW while positive when the
measured powers are less than 20 MW.
(2)There are outliers in the prediction samples.
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Figure 8. Influence of curtailment and stochastic outage

When the wind farm power curtailment or stochastic outage
occurs, though the prediction error is high, the RMSE is
meaningless.
(3) The data preprocessing method only considers the
factor of wind speed and may weaken the influence
wind directions and temperatures on wind power
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» Many outliers exist in the historical data because of wind
power i and wil ion. This scenario is
commonly seen in China.

> To reduce the amount of these outliers and further improve
the power prediction accuracy, a generalized S-shaped-
curve based data preprocessing method has been proposed

» The practical application shows that the wind power
prediction accuracy is improved by at least 28%.

> Prediction errors analysis shows that it is feasil
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Abstract—Electric Vehicles (EVs) can be used as a medium
between the battery energy stored in EVs and the power grid
through Vehicle-to-Grid (V2G). Combined with the characteristic
that vehicles are mobile, EVs can provide a natural energy
transmission system called EV energy network. This paper
analyzes the features of energy routes in the EV energy network
and studies the impact of traffic congestion on the EV energy
distribution networks. Based on the characteristics of traffic
congestion in the urban, sporadic congestion algorithm and
recurring congestion algorithm are presented to simulate in a
model of the EV energy network. Additionally, energy degree
(ED) and energy source available rate (ESAR) are defined to
reflect the current state of the EV energy network. The real-
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world transporting data in Manhattan and Pioneer Valley Transit ol g i oo
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Abstract— The uptake of variable MW from PV challenges
distribution system operation. The primary problem is
significant voltage rise on the feeder. Conventionally, overvoltage
problem due to PV generation is solved with active power
curtailment as PV generation operates at unity power factor.
Upcoming medium voltage grid codes for PV generation are
supportive of reactive power injection from PV inverter. This
offers an opportunity for PV generation to participate in
distribution voltage control. For PV generation different reactive
power settings are proposed in grid codes namely, constant
power factor, constant reactive power, variable power factor as
active power varies (pf(P)), and variable reactive power as
voltage varies (Q(U)). Most of PV inverter manufacturers in
European market offer these settings for PV generators.
Appropriate selection of one of the above settings can mitigate
overvoltage caused by PV generation. Further, from Distribution
network operators’ point of view minimizing power loss on the
distribution feeder is an important objective. This requires
optimal dispatch of available reactive power sources in the
distribution system including reactive power from PV generation.
In this study optimal distribution reactive power dispatch is
formulated in order to select reactive power setting for PV
generator and other voltage control devices on the feeder.
Strategy is based on the load and irradiance forecast.
Distribution reactive power dispatch strategy uses unbalanced
current injection technique and primal dual interior point
method based optimization. Use of current injection technique
enables utilisation of this strategy in case of radial or meshed
distribution network. The objective is to minimize the power loss
and maintain voltage. The proposed objective is achieved by
coordinating various reactive power control options including
that from PV inverter. The effectiveness of the approach is
demonstrated by simulating realistic UK generic distribution
system. PV generation output is adopted from practical five
second time scale irradiance measurements made in year 2012 at
test site at Loughborough, England.

Index Terms—PV, distribution networks, Loss minimization,
reactive power optimization.

I.  KEY EQUATIONS
Reactive power dispatch is formulated as power loss minimization
problem subject to voltage constraints, On load tap changer limits,
maximum power point tracking (MPPT) and the inverter capacity
limits. Also reactive power limit of other sources in the system is
considered.
Objective: Minimize #z24

loss
h=1

Subject to: Vmin <V <Vimax
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Qmin=Q =Qmax

v F’solarZJrQsoIar2 <Ssolar

Psolar =PMPPT

Tapmin < Tap<Tapmax
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Further Results and discussion about PV generation reactive power
support modes will be added in the final draft of the poster.
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Abstract—Wind energy is rapidly becoming competitive with
conventional power generation, leading to an increase in the levels
of penetration of wind generation in power systems around the
world. Wind generation is expected to continue and even increase
as policies such as the Renewable Portfolio Standards are set
in place in more countries and the existing targets for clean
generation are expanded.

Because wind power plants are fundamentally different than
the synchronous machines used in conventional generation (gas,
nuclear, hydro), extensive research needs to be done in order
to study the impacts that they pose to the power system. The
first step to carry out this kind of research is to have realistic
wind turbine models in an environment suited for power system
studies and simulations. In this poster we present such models
in a flexible environment for research. In particular, we use the
Power System Toolbox (PST) [1] a MATLAB package in which
dynamic power system behavior can be simulated as the platform
for implementing wind turbine models of Type-3 (Doubly-Fed
Asynchronous Generator) and Type-4 (Full Converter). Type-3
is the most common wind turbine technology in the USA and
Type-4 is a promising technology for off-shore wind turbines.
The models implemented are those presented in [2] and are the
base of the generic WTG being advanced by the WECC [3], [4],
[5]. It is important to highlight that the models interact with the
grid as a controlled current source as depicted in Figure 1.

Here we present the model validation of the implemented mod-
els in an infinite bus system and their interaction with the power
system. Also results on the integration of this models on a larger
power system representing the US NPCC [6] interconnection,
depicted in Figure 2, are exposed.

Index Terms—Wind Turbine Generator, dynamic modeling,
wind power, power system stability.

Power

Fig. 1. WTGs models and their interaction with the grid.
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A Decentralized Coordinated Controller for Load
Sharing in a Microgrid with Renewable Generation

Abstract

The aim of this paper is to introduce a control algorithm for load sharing in a microgrid with
renewable generation mix. A decentralized coordinated power sharing control scheme is proposed
considering both resistive and inductive line parameters, dynamics of the sources, weather
condition, and multiple distributed energy resources (DERs). In this paper, a central power
management unit is developed that specifies the reference real and reactive power generation for
each distributed generator (DG) by considering the load demand and the generation availability.
Local controllers are responsible for controlling the voltage and angle to inject the required amount
of power into the grid. Simulation results show the viability of the proposed control scheme.
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Abstract—Increasingly, conventional sources of energy are being
displaced by renewable sources such as wind and solar with the
view of making the electric power system more sustainable in
the future. With the cost of solar photovoltaic (PV) panels re-
ducing, it is plausible that amount of energy coming from these
panels will increase over the years. A recent study had been
conducted on the detrimental impacts of solar PV penetration
on existing power systems in [1]. The problem of over-voltage is
a detrimental impact of significant PV penetration on the sys-
tem. The present work investigates mitigation measures which
could be deployed to maintain the voltage profile of the system
within acceptable limits when significant PV penetration occurs.
A portion of WECC system has been selected for study with a
significant amount of PV added both in the form of utility scale
and rooftop PV sources. The impact of different mitigation
measures such as reconfiguring shunt devices, changing the
voltage set-point of generators and installing new shunt devices
for improving the voltage profile of the system have been quanti-
fied. The mitigation methods have been prioritized and the solu-
tion which requires installing new shunt devices has been given
the least priority. With the penetration of significant PV, the
voltage magnitude of many buses violates acceptable limits and
requires additional reactive power resources to keep those volt-
ages within acceptable limits. A case for increasing the voltage
limits on all the buses has been put forward by showing the ex-
tent of improvement that can be achieved by relaxing the ac-
ceptable voltage limits on buses by 1% and 2% beyond the exist-
ing limits.

As shown in Figure 1, without taking any mitigation measure,
33% of the total buses in the test bed system face over-
voltage with PV penetration in the existing system. If the
acceptable voltage limits are relaxed by 1%, the number re-
duces to 16%. Mitigation measures like reconfiguring shunt
devices, changing generator voltage set-point and installing
new shunt devices have been taken one after the other with
the goal of removing the voltage limit violations completely.
At each stage, number of buses facing voltage violation after
voltage limit relaxation has also been shown. It can be ob-
served that after changing the generator voltage set-point, if
the voltage limits are relaxed by 1% then system will not

KEY RESULTS

need new shunt devices to be installed for removing voltage

violations. In this way, different combinations of solution can
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be adopted by the concerned utility depending on the differ-
ent resources available to them.

Improvementin voltage profile
after implementation of different
mitigation measures
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Figure 1. Chart showing the number of buses facing an over-voltage with PV
penetration after the deployment of different mitigation measures

Il.  REFERENCE

[1] S. Eftekharnejad, V. Vittal, G. T. Heydt, B. Keel, and J. Loehr," Im-
pact of Increased Penetration of Photovoltaic Generation on Power Sys-
tems," IEEE Trans. Power Systems, in press, issue: 99, 2012, Digital
Object Identifier: 10.1109/TPWRS.2012.2216294.



Coordinated Control for Grid I ntegration of PV
Array, Battery Storage, and Supercapacitor paper
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Abstract— A substantial increase of solar photovoltaic (PV)
power generators have taken place in recent years. The
intermittent nature of PV energy and quick fluctuations of load
demanding require energy storage units (ESU) which generally
consists of storage battery and supercapacitor (SC). The
development of coordinated control tools for next-generation PV
installations, along with ESU, provides flexibility to distribution
system oper ators. The objective of the control of this hybrid PV
and energy storage system is to supply the desired active and
reactive power to the grid and at the same time to maintain the
stability of the dc-link voltage of the PV and energy storage
system through coordinated control of power electronic
converters. This paper investigates three different coordinated
control structures and approaches for grid integration of PV
array, battery storage, and SC. A computational experiment
system is developed by using SimPower Systems and Opal-RT
real-time simulation technology. The performance of the
coordinated control techniquesis evaluated.

I.  KEY FIGURES
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Modeling of an All-VVanadium Redox Flow Battery
and Optimization of Flow Rates

Xiong Binyu, Zhao Jiyun and Li Jinbin
School of Electrical and Electronics Engineering, Nanyang Technological University
50 Nanyang Avenue, Singapore, 639798
Email: bxiong2@e.ntu.edu.sg

Abstract—Vanadium redox flow batteries (VRBs) are 200 i -
competitive for large energy storage systems due to low lgz:gzzgglg‘m

manufacture and maintenance costs and high design flexibility. 10| = Dpipe=0.02m

Electrolyte flow rates have significant influence on the :_Bz:;’::g:gifn’“ p

performance and efficiencies of the batteries. High electrolyte

2
flow rates improve energy efficiency while degrade the battery 5 1201 3
efficiency due to high pump power losses. Thus, flow rates are § o
necessary to be optimized for battery efficiency improvement. In g 8o . B

e | A i -

this paper, an electrochemical model is firstly proposed to
describe the charge-discharge characteristics based on the

. -, . 40t
experimental data. Then, an empirical method is introduced to e
analyze the energy consumption of pumps under various flow .

rates. The optimal flow rates are obtained by applying new % 100 150 200 250 300
criteria. The results show that VRBs obtain peak battery Flow rates / cm’s™"
efficiencies at the optimal flow rates around 90cm’s” with Figure 1 Pump power consumptions under various flow rates.
respect to the proposed battery configuration. The optimal flow
rates are provided as a reference for battery operations and 1890
control.
1200F""
l. KEY EQUATIONS
The predicted stack voltage during discharge can be % 1100
determined as, «
1000
c .
U, =E,+N2RT In{ Ji R, (1)
F 1-c¢ N 900 e 50C=0.1 4 80C=0.5
vo," ¢ $S0C=0.2 == $0C=0.6
——tt— $0c=0.3 s0c=0.7
The pump power has a relation with the pressure drop and - $oo04 e accn0d A optimaiflow rate
the flow rate Q and is given by, 100 150 200 250 300
Flow rate / cm?3s-!
Ruump = Ploss =ApxQ @ Figure 2 Optimal flow rates during discharge when I=60A.

The pressure drop can be expressed by,

Ap = Apfriction + AApform (3)
The relationship between battery energy, stack energy and 300
pump energy is stated in Eqn(5),

1250
1200
1150

2 1200
Eos =By = I P, ..dt— I P,,dt  during discharge g — o
battery — . >

Ep+E,,, = I P,.dt + J‘Ppm,,pdt during charge & 1000 \ . 1050
900 £ 11000

. 950

1 V”’ o 900

1. KEY FIGURES 250 2 [Mlss0

200
0453 150
State of charge 0 50 100 Flow rate / cm?s!

Figure 3 Battery power under flow rates and SOCs at I=60A.
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Probabilistic Power Flow for Distribution Networks with
Photovoltaic Generators

Zhouyang Ren, Wei Yan, Member, IEEE, Xia Zhao, Member, IEEE, Yiming Li, Juan Yu, Member, IEEE
State Key Laboratory of Power Transmission Equipment & System Security and New Technology, Chongging University
Email: rzhouyang@gmail.com, cquyanwei@cqu.edu.cn, zx@cqu.edu.cn, yi29281-q@126.com, dianlixi@cqu.edu.cn

Abstract--Based on Monte Carlo technique, this paper
develops a probabilistic power flow (PPF) algorithm to evaluate
the influence of photovoltaic (PV) generation uncertainty on
distribution networks. In addition to randomness of PV power,
the correlation of PV powers between adjacent time points and
the uncertainty of start and end moments of PV output are taken
into account with the presented method using the theory of
conditional probability and nonparametric Kkernel density
estimation. The measured power data of photovoltaic generator
in Oregon State, USA and 34-bus distribution test network are
used to demonstrate the application of the presented method.

|I. KEY EQUATIONS
The moments of PV generation to start and stop producing
power in one day (z, and ¢,) are completely random. The joint
probability density function f{z,, ¢.), which can be estimated by
using the following multivariate kernel estimation:

11 t. T, t
f (tsate) — S Si k e
! Zhlhz hy h,

nig

The chronological probability model of PV powers at
multiple hours is established by combining the multivariate
kernel estimation with conditional probability concept. Take
the pair of power outputs p;; at the i-1 o'clock and p; at the i
o'clock as an example. The conditional probability density
function f{p,|p,_1) is built as follows, where f(p.1) and f{p.1, p:)
can be estimated by using the kernel estimation theory.

-7

el

@

S (piap) a0
f(pi | pi,l) = f(pi—l) f(plil) - 2
0 f(pi1)=0
Il. KEY FIGURES
v

Power flow calculation by
Newton-Raphson method

v

Input PV power data and
network parameters

v

| for k=1: ke

v

Generate random samples
of t,and ¢,

v

| fore=¢:1t,

v

Generate random samples
of PV power p,and loads

I

Save bus voltage
magnitude and line flow

Figure.1 Flow chart of probabilistic power flow analysis
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Regulatory incentive for distribution system operators
to integrate distributed generation: Portuguese case.

Angela Picciariello

KTH Royal Institute of Technology
School of Electrical Engineering
Electric Power Systems
Stockholm, Sweden
angela.picciariello@ee.kth.se

Abstract— Increasing amount of distributed generation (DG)
connected to distribution grids is likely to affect the operation of
the grids themselves, for example by changing the magnitude
and, in some cases also the directions, of the power flows in the
networks. This can have different economic consequences on the
Distribution System Operators (DSOs) depending on the
different enforced network regulations. This poster presents a
method for how to calculate the incentive for DSOs to integrate
DG into their grids. The calculation of this incentive is carried
out for the Portuguese case. Only the operational aspects are
considered to calculate costs and benefits for the DSO, including
network tariffs, ancillary services costs, Operation and
Maintenance (O&M) costs, and economic treatment of losses.
The IEEE 34 Node Test Feeder is used to perform power flow
analyses under different scenarios of DG penetration. The
analysis shows that the Portuguese DSO would have an incentive
to integrate a low level of DG penetration; in case of a higher
level of DG penetration, however, this incentive would turn into a
small disadvantage for the DSO. In both cases, the regulatory
treatment of network losses turns out to be the relevant factor to
determine such a result.

Keywords—distributed  generation,  network
distribution losses, tariffs, Portuguese regulation.

regulation,

l. METHOD DESCRIPTION

The method for the analysis of the impact of a certain
regulation on the incentive for the DSO to integrate DG uses a
network model and the regulatory model.

The network model can be represented by a distribution test
system or a real network. Load flow analyses are performed,
and network losses and the amount of energy exchanged with
the transmission network, as well as consumption data at the
load points, are obtained as results. Weighting factors are then
used to extend the results from some representative hours to a
whole year. As a further step, results from the network model
are used as inputs for the regulatory model.

Input data for the network model:

Network data: network structure and components.
Load data: representative hourly profiles, used to
approximate one-year loads profiles.

DG production data: hourly production data
corresponding to the same scenarios used for the
loads over one year. Different scenarios of DG
penetration are defined.

The regulatory model provides the network model with the
methodology for calculating losses during load flow analyses;
this methodology will be different based on definitions of
losses in the different regulations.

AI=A1 _DUoS charge +A41 _TUoS charge +A41 _Ancillary +4I _Losses +A1 _0&M

Definition of the scenarios:

Photovoltaic (PV) power plants represent the DG technology
considered.

The three levels of PV penetration adopted, in this analysis,
based on the definition in (2), are:

Scenario 1 (base case): no PV in the grid.

Scenario 2: low PV penetration, i.e. penetration level
equal to 20%.

Scenario 3: high PV penetration, i.e. penetration level
equal to 40%.

I RESULTS FROM THE CASE STUDY

Scenarios Average losses I,, (Euro)
S1 (base case) 4.55 54482
S2 (low DG 4.00 63753
penetration)
S3 (high DG 4.61 53578
penetration)
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TABLE 1. ANALYSIS RESULTS: LOSSES PERCENTAGE AND DSO’S
INCOME FOR THE THREE SCENARIOS.

APt =[5 — [% = 9271 * 3=27813 €
AIS? = [52 — [ =904 * 3= - 2712 €.
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Ground Fault Location in Ungrounded Large Scale
PV Generators

Shea Pederson, Gradte Student Member, |EEE, Ramakrishna (Rama) Gokarajember, | EEE

Electrical & Computer Engineering, University of Saskatchewan, Saskatoon, Canada
sheapederson@ieee.greama.krisha@usask.ca

Abstract—Locating ground faults in ungrounded systems is Fault Location #2 Fault Location #1
time consuming and tedious. In this work, we propose a fault Cable
Ioca_tlon method for ungrpun_ded photovoltalc systems utlllzmg W Model I_rt_ output 0.23/20kv -
the inherently present switching noise from the inverter and its B L = nverter M ilter
interaction with system parasitic elements. 1 Cable Y ac
Model
Keywords—photovoltaic systems, inverters, pattern recognition, 1 j"i&wueasurement Point a

parasitic capacitance, fault location, wavelet coefficients Figure 1 — Preliminary Model of PV System

. INTRODUCTION
. . . . 4
It has been shown in [1] that fault detection and location is x 10 Fnergy Vs Frequ‘ency Bénd (kHZ)‘
possible for all ungrounded systems with parasitic elementse s} I 5olted Ground Fault at Location #2 |

that form a ringing circuit through ground and contain a
mechanism to excite that ringing circuit, such as an inverter.

2 Il Bolted Ground Fault at Location #1 |

ergy of Ba

Reference [1] applied a MRA-based wavelet on voltage
signals and classified these frequency domain representations
by fault location. In order to detect and locate faults for large <
scale PV installations using pattern recognition techniquesE
done in the frequency domain, the model needs to include
significant parasitic elements for the whole system. For

example, parasitic elements for the PV Array are modeled in .
[2]. Figure 2 - Energy vs Frequency Band

11 5.6 2.8 14 0.7
Pseudo-Frequency Band (kHz)

Preliminary results from PSCAD/EMTDC [3] and
MATLAB show that fault location for this PV System may be FFTs of Voltages
feasible by recognizing patterns in the processed voltage 5000
waveforms.

Figure 1 shows the preliminary PSCAD/EMTDC
ungrounded model, the measuring point, and the two different 3000}
ground fault locations analyzed in following figures. Further >
research will model a solar farm with distributed PV sources™
and parasitic modeling. Figures 2 and 3 compare the two
different fault locations, showing strong potential for
classifying the fault location. Figure 2 shows the energy in ‘ ‘ : : :
each frequency band after the voltage signals are passed 0 500 1000 1500 2000 2500 3000
through DB4 wavelet filters. Figure 3 shows the FFT Frequency (Hz)

magnitudes. Figure 3 - FFT Magnitudes

—— Bolted Ground Fault at Location #2
— Bolted Ground Fault at Location #1 |

4000+

Note: Some Y-axis values
exceed graph height

000+

1000
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Application of sequential decision theory on
integrating distributed energy resources

Yalin Huang
School of Electric Power Systems
Royal Institute of Technology
Stockholm, Sweden
Email: yalin.huang@ee.kth.se

Abstract—Distribution system operators (DSOs) are facing
new challenges when more distributed energy resources (DERs),
which consist of distributed generation (DG), distributed storage
and active demand load at the distribution level, are connected
to the grid. Many researches focus on how to optimize the
size or location of DERs, however, in most European countries
such as Sweden and Germany electric power systems have been
deregulated. Therefore the task of the DSO is to integrate
the DERs in an optimal way. Furthermore, that the DERs
are connected at the same time is a common assumption in
integrating DERs literature. But the location and time of DERs
connections in deregulated countries mainly depend on DER
owners. Thus a new connection decision depends on the state of
the current grid considering the possible future connections. Most
methods that have been reviewed before have serious limitations
in their ability to model dynamic situations where the timings
of the DER connections are uncertain information of DSOs. In
contrast to previous work, this paper applies Markov decision
process(MDPs), which is a kind of sequential decision model, to
model integrating DERs into the existing distribution network.
MDPs models can solve the problem step by step on time horizon
considering the impact on the future. Thus when applying MDPs
model in network planning with DERs, the results are optimal
in the long-run considering the future uncertain connection of
DERs.

I. KEY EQUATIONS

The objective of solving an MDP is to find the optimal
policy that maximizes the long-run expected value. A value
function is the expected sum of discounted future rewards since
this moment at state s, and it can be expressed by Bellman’s
equation:

Vs € S, v(s)—max{rsa +’yij|sa )} @
acA jes
The optimal policy is represented as:
Vs € S, 7(s) € argv(s) 2)

II. METHOD

Integrating DERSs into the grid is modeled as a stationary
randomized infinite-horizon discrete-time MDP in this paper.
In this model, the DSO is the decision maker who has limited
information on when and which DERs will be connected to
the grid in the future. The DSO decides the connection action
when the DER owner is applying for a connection since it is
very hard to predict the future DER. The corresponding MDP
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components in a network planning problem are illustrated in
Table 1.

TABLE I
‘COMPONENTS OF A MDP WITH AN EXAMPLE

MDP component Description Application to network planning for wind power

connections

ossible DER connection can
state

State space (S)

Action space (A)
ect to (Iu closet bus in distance;
© bus in voltage

Transition probabilities () a matrix describes the possibility for the tran-  the possibility of comnecting to one bus by
sition from one state to another state by taking  taking a action

action a

Reward function (R)

a matrix of rewards recefved at state s by taking  the positive impact for the system of taking a
action a col tion action at that state

Decision epoch (T) time at which decisions are made time at a DER owner applies for connection

Fig. 1. Model a distribution system as an MDP

A case distribution system is shown in Fig 2. The squares
represent the states of the system, where s1 to s3 represent the
three existing buses connected with the gird, s4 to s6 are not
connected so far but the DSO has received some application
from those spots.

To the grid

Fig. 2. Case study

III. CONCLUSION

It is showed that MDPs can be used to model connecting
DERs sequentially considering the timing uncertainty. How-
ever, the reward of one connection can be calculated in more
detail. An improvement can be to obtain the optimal network
configuration considering all possible DERs are connected at
the same time first, then use the model to obtain a policy to
reach the optimal network.



Analysis of the Impact of Distributed
Generation Placement on Voltage Profile in
Distribution Systems

Po-Chen Chen and Mladen Kezunovic
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Texas A&M University, TX 77843
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Abstract— This paper analyzes the impact of
distributed generation (DG) placement on voltage
profile under certain penetration level in low-
voltage (LV) distribution networks. DGs are E
allocated via different probabilistic approaches to

account for uncertainties of DG installation in the 138k
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future. The main contribution of this paper is in -
understanding how to apply proper probability
distribution functions (PDFs) and constraints for 7
DG placement location to prevent under- and 34
over-voltage problems or unexpected load 4 2
disconnections. The results prove that the 1 oy meerk 5
developed approach can reduce the probability of @«}é@(\' vow o (TN
having load voltage violations, which means the I e
network may have more DGs accommodated. 134 2
Such techniques can be considered as a tool for 1
the network planning engineer to facilitate the 154
installation of DGs in the future. 164

P
L)
L

Ec% Network Transformer

22 23

O &?(ﬁ)ﬁ-a-r-(

Qe

-
q Network Protector
O

17 18

. KEY FIGURES
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. light-I P/EMTP. | .
Run the light-load base case (no DGs) in ATP/EM ; Flgure 3. The test network.

* Extract /analyze results to make sure there are no load | | |
voltage violations. | .

KEY RESULTS

50 T ———
* Generate new cases with DGs allocated in the base case i <> Group 1
using DG allocator algorithm ® Group 2
) ] 407 + Group 3|
* Run new cases with DGs allocated in ATP/EMTP. ‘ — il
X O Group 4
- 30K\ * Group 5 |
* Extract /analyze results. ‘ _?_," )& Group 6
s N
) , 8 20¢
Figure 1. An overview of the study procedure. o
o g "o |
[0 TR, Lol : ]
i - for a generator : s 3 i
yes 0

[___Place the generator in network | no 0
&

Number of Loads with Voltage Violation

[ Calculate total DG power ]

yes Achieved desired DG
penetration

Figure 2. Allocation algorithm for non-deterministic DG units. .

Figure 4. Probability of having voltage violations of more than
+5 % versus the number of loads with violation.
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Short circuit Analysis for integration of 10MW
Windfarm in Nigeria at the PCC

Owolabi Sunday Adio, Xiangning Lin, Senior member, IEEE, Feng Zhao, Zhigian Bo, Senior member, |EEE

Abstract—A short circuit in a power system can cause very high
currents to flow to the fault location. The magnitude of the short
circuit current depends on the impedance of system under short
circuit conditions. However, to study the effect of windfarm
integrated into Power Holding Company of Nigeria (PHCN) which
is power bureau of the country, a short circuit calculation was
performed. The analysis was carried out in two stages, one was
using Thevenin equivalent to roughly check unbalance short
current from PHCN external source from Kaduna substation at
132/33kV, although this was actually not part of the current studies.
The second part was to performed short circuit analysis at network
where the windfarm will be connected through 33/11kV level (PCC),
which is for this current studies by using computer software tool
(DigSILENT powerfactory). This was done to verify the withstands
capacity for the main substation equipment and the new OHLs in
comparison with the 3-phase and 1-phase to ground short circuit
values of grid studies for the windfarm project. In the network
calculation, consideration was made for both maximum and
minimum short circuit conditions and it is performed according the
IEC 60909 (2001) standards. However, the aim of the analysis was
the assessment of the electrical parameters of the WindFarm
during and after a three phase short circuit event at the 33 kV
Kastina substation because this is the point where the windfarm
have to be connected and also the location of the wind generators.
Index Terms--Windfarm, Thevenin equivalent, Short circuit,
Simulation, clearing time, Over-head Line (OHL).

I.  KEY EQUATIONS

Using standard network reduction techniques, the equivalent
Thé&venin circuit at the fault location main 132 kV buses can be
derived for the external grid. The equivalent source is:

Zk = [ZGl +ZC1] ” [ZMl +ZC2] ” [ZCS +ZTX1 +(ZM2 ” ZM3)]

The initial symmetrical short circuit current is calculated from
IEC 60909-0 in accordance to the follows equations:
cl,
3z,

Where I is the initial symmetrical short circuit current (A):
C is the voltage factor that accounts for the maximum system
voltage (1.05 for voltages <1kV, 1.1 for voltages >1kV) ;
V/n is the nominal system voltage at the fault location (V);
Zk is the equivalent positive sequence short circuit impedance

Q).

(13)

I =

Il.  KEY FIGURES

Figure.1. Line Diagram for 330/132/33kV PHCN networks to windfarm site.
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Figure.1. Voltage at 33 kV Katsina (Short circuit at Katsina Substation (S/S)

Figure.3. Wind turbine power(Short circuit at Katsina S/S) and (Comparison of

KEY RESULTS

different fault clearing times)

TABLE | SHOWS THE RESULTS SHORT CIRCUIT CALCULATION

TABLE |. THE MAXIMUM SHORT CIRCUIT CURRENT VALUES FOR THE MAIN MV

AND LV SWGRs
Substation Reference Ik [kA] Ip [kA] Ib [kA] ‘
Calculated values .58 240 9.45
33 kV Katsina /S
Withstand limits (1| 20 na 20
Caleulated values 6.84 13.9 6.66
33KV LayafaS/S
Withstand limits (' na n.a na
Caleulated values 6 2 313
33 KV Wind Farm S5 | Coleulated value 6 6 1
BUY L Withstand fimits ) | 16 (ex 20) na. 16 (or 20)
Calculated values 94 9.46 394
11 kV Layafa 8/§
Withstand limits (| 25 na 25
LV system Calenlated values 14.35 6.4
of Wind Farm
(maximum) Withstand limits 1| 25 na 25
() The withstand limits are valid only for reference. The design of the Wind Farm has to be suitable for
the calculated values.




Wavelet-Adaptive ANN Forecaster for
Renewable Energy Sources for Continuous
Supply in Microgrid Applications

Ahmed T. Elsayed, Graduate Student Member, IEEE, and Osama A. Mohammed, Fellow, IEEE
Department of Electrical and Computer Engineering, Florida International University,

Miami, FL 33174, USA
Email: Aghar002@fiu.edu , mohammed@fiu.edu

Abstract—In this paper, the performance of hybrid power
system (HPS) with high penetration of renewable energy sources
(RES) was investigated under dominant weather conditions.
Hourly solar radiation and wind speed were forecasted for one
week ahead (168h) using wavelet — adaptive feed forward
artificial neural network. The load was forecasted for the same
time horizon. Based on these forecasts, the supervisory control
calculates available power from the installed PV modules and
wind turbines then send the required reference signal to the
voltage source inverter (VSI). The VSI will control the power
flow at the point of coupling to guarantee continuous power
supply to the loads. For better understanding of the interactions
of the microgrid with the main AC grid under weather conditions
and to validate the effectiveness of the system, an experiment was
carried out in a laboratory based smart power system. The
controller response and consequently, power flow were
monitored, controlled and discussed.

I. KEY FIGURES

Actual Futuristic
Data

S

recasted

S [ ] :i ';’HL;).‘\ Data
Datz Date (One hour delay)
‘ Wavelet — ANN
Filter —
Training

Fig. 1. Schematic diagram for the forecasting process.
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Fig. 2. Renewable energy sources implementation and control for the
system under study in smart grid testbed.
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Fig. 3. Forecasted wind speed versus actual wind speed.
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Fig. 4. Power flow at POC measured from the DC side.

I11. CONCLUSION

In this work, solar radiation, wind speed and load were
accurately forecasted using wavelet filtering and adaptive
FFNN. The wavelet transform was used to smooth training
data, the forecasted values are compared to actual ones and the
error was used to adapt the network continuously. It was
shown that this combination improved predictability. These
forecasts were integrated to energy management system to
achieve secure and continuous power supplying to the load
from the renewable energy sources and the AC network (only
if necessary). The carried out experiment has a setup
consisting of PV and wind emulators connected to AC grid
through a controlled VSI. Experimental results proved the
suitability and effectiveness of the integrated system.
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Financial Transmission Rights Perform Well in
Power Markets with High Penetration of Wind
Energy?

Yang Yu
Department of Civil and Environmental Egineering
Stanford University
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Email: yangyul @stanford.edu

Abstract—We investigate the impact of FTR in a grid with
high penetration of renewables. In particular, we consider a
two stage stochastic model with strategic market players and
different forms of FTR and WPP integration policies. The
proposed model captures startup and ramping constraints as
well as information constraints faced by the SO and the market
players. Based on this model we examine the impact of FTR and
evaluate the extent to which FTRs hedge against price risk from
transmission congestion under the current protocol that Wind
Power Producers(WPPs) are allowed to participate in the real-
time market. We also suggested a protocol to solve the revenue
adequacy problem caused by the current protocol.

I. MODELS AND KEY EQUATIONS

In the day-ahead market, the optimal bidding strategy of G
must satisfy following properties:

“ p120E[(py* — pi*)1(p12 > K)]
! oq

The day-ahead dispatch maximizes the expected total social
net profit is:

ci/(qr) = pi™ + (1)

max Efus] = Elu(gs + g5 + min{W + q1, K'})
—ci(q1) — c2(q3 + q3)]
st.qp < K 2)

The day-ahead dispatch schedule must satisfy following
property:

al(@i) +A=FElca(¢5" + ¢5")1(g7 + W < K)]  (3)

II. KEY FIGURES

Wind D(p)
— K e
— | <
Gl G2

Fig. 1. Tow Node Model

Ram Rajagopal
Department of Civil and Environmental Egineering
Stanford University
Stanford, California 94305
Email: ramr @stanford.edu

Fig. 2. Example of Risks and Entitlements in Two Nodes Model

Fig. 3.
System

Marginal Revenue to (1 is Changed by Introducing FTRs into

III. KEY RESULTS

In the real-time market, if the wind generation W is large
enough to congest the transmission line, the FTRs’ holders
will loss their entitlement, which should be allocated to them

The WPPs being paid by the real-time LMP could be
considered as a money transfer from FTR holders to WPPs.

In a market with higher penetration of wind power under
current protocol, the FTR policy supplies the power producers
opportunities to manipulate the power market by controlling
the probabilities of transmission congestions. As a result, the
utilization of wind power will be discouraged and the total
consumption may increase. These two result can lead to high
emissions in CO5 and other pollutants.
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Evaluating Possibility of Reactive Power Counteraction
among Voltage Regulators in a PV Solar Farm

Afshin Samadi, Robert Eriksson and Lennart Soder

Electric Power System Department, KTH Royal Institute of Technology, Stockholm SE 100-44, Sweden
afshin.samadi@ee.kth.se, robert.eriksson@ee.kth.se, lennart.soder@ee.kth.se

Abstract— In recent years, the electric power systems across the
world have undergone radical changes due to high penetration
of the dispersed, intermittent renewable energy resources such
as wind and photovoltaics (PV) into grids. The PV systems can
be integrated either as small scales in residential areas or as
large-scales in solar farms. In power system studies, the
photovoltaic solar farms are modeled as one equivalent inverter
connected through a step-up transformer to medium voltage or
high voltage grids. However the solar farms are usually made of
several central inverters that are connected through step-up
transformers to the grid. By doing so, some inaccuracies
regarding the performance of the aggregated model of PV plant,
in contrast to individual PV models, might happen that are
required deeming and addressing in aggregation studies. The
PV plants are allowed to regulate the voltage at the connection
point through reactive power contribution. The main objective
of this study is making an equivalent model of several individual
PV units of a solar farm and, along with it, investigating the
probability of reactive power counteractions among PV systems
in a solar farm that might not be seen and addressed in the
equivalent model. PowerFactory is used as the simulation
platform. The test solar farm consists of three individual 0.5
MVA PV systems connected through three transformers to a
medium voltage grid. Simulation results demonstrate that
though reactive power operating mode of individual PV systems
in individual PV models might be different (capacitive or
inductive), the performance of the voltage regulators in both
equivalent and individual models would be similar.

I.  KEY EQUATION, FIGURES AND RESULTS

The PV model is associated with a voltage control
regulator as Fig. 1, where F,(S) can, in general, be a PI
controller. Fy,(S) adjusts reactive power in such a way to
regulate the voltage. The equivalent model should provide the
equivalent reactive and active power with regard to individual
PV units in order to study the dynamic aspects of irradiance
variations on the voltage regulation. Since the equivalent
model is connected to the same voltage level as individual PV
units (Fig.2), the rated power of converter and PV array in one
individual PV model should be scaled to make the equivalent
model. Moreover, the DC link capacitor according to the
following power equation must be scaled:

2
dv
1 dc p p

Different scenarios have been taken into account and one
of them is shown in Fig. 3. In this scenario the individual
transformers are assumed to be different while the voltage
controller parameters are identical. Fig. 3(a) show that by
changing the irradiance level from 1000 to 300 W/m?, though
reactive power mode differs between individual PV units, the
total amount of reactive power in individual PV units is equal
to the equivalent model. Moreover, the voltage regulation at
the individual LV buses is almost similar to the equivalent LV
bus. The similar results are derived for other scenarios as well.
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Figure 1. Block diagram of the voltage control in the PV model.
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An Affine Arithmetic Approach for Microgrid
Dispatch with Variable Renewables

Mehrdad Pirnia, Claudio Canizares, Kankar Bhattacharya

Department of Electrical and Computer Engineering
University of Waterloo, Ontario, Canada, N2L 3G1

Alfredo Vaccaro
University of Sannio, Italy

Email: mpirnia@uwaterloo.ca , ccanizares@uwaterloo.ca, kankar@uwaterloo.ca, vaccaro@unisannio.it

Abstract—An affine arithmetic (AA) method is proposed
to solve a stochastic optimal power flow (OPF) problem in
the context of microgrids. In the AA-based OPF problem,
all the state and control variables are presented in affine
form, comprising a center value and corresponding noise
magnitudes, which can be due to weather forecast, models
errors, and other unpredicted events. In order to find the
center value, the deterministic OPF problem is solved,
and then to obtain the noise magnitudes, a sensitivity
analysis technique is used. The impact of intermittency in
wind and solar generation will be considered in the above
model with their associated AA representation to
understand their impact on system operation. Knowing
the affine forms of the control and state variables, the
contraction method will be used to find the minimum
noise variables associated with each noise partial
deviation. Furthermore, the AA-based intervals will be
calculated and compared with the MCS-based intervals.
The obtained intervals can be used to find the operational
margins of dispatchable generators (e.g., gas generators)
in the short-term or to calculate the reserve requirements
of the systems with renewables penetration.

I.  KEY EQUATIONS
The state and control variables in the proposed AA-
based OPF have the following affine forms, consisting
of a center value and noise magnitudes, because of the
presence of uncertainties in renewable generation:

’17L=l/i_0+ZVi‘_}er+ZVi?ker Vi € nQ
jenP kenQ

5 =6, + z 88 €p, + z 5% e, ~ VienP
jenP kenQ

D — Q
B=P,+ Z P} &p; + z Pjeq, + Pler,
Jj j

Q.= Qio +ZQ5]' &o; +ZQ§; g, + Qi er,
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The Effect of Plug-In Hybrid Electric Vehicle
Penetration on an Electric Microgrid

Andrew Clarke, Student Member, IEEE, Himanshu Bihani, Student Member, IEEE,
Elham Makram, Fellow, IEEE, and Keith Corzine, Senior Member, IEEE
Holcombe Department of Electrical and Computer Engineering
Clemson University
Clemson, SC 29634, USA

Abstract— Plug in hybrid electric vehicle technology is becoming

a promising alternative to traditional internal combustion a ri;

engine vehicle technology due to its increased fuel efficiency and o i1 [ha
lower emissions. Before individual ownership penetration vy [ %
significantly increases, the consequences of connecting the S 1

vehicles to the grid must be examined. To investigate the effect g = i K &

L
7
T
g |
7
B

that uncontrolled vehicle charging will have on the electric grid,
an IEEE 13 node test feeder will be studied with added vehicle
charging stations. Distributed generation units will be included
in the system to simulate micro grid operation during grid O . —— DC-DC Converter
connected mode. The distributed generation will include
photovoltaic arrays and synchronous generators. Figure 2. Topology of the AC-Level 2 Bidirectional Charger

Index Terms—Electric vehicles, Electric Distribution System
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Multi-objecitve Network Reconfiguration of
Distributions Systems with Renewable Engergy

Huihua Yu
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Abstract— In this paper, a new problem formulation of
network reconfiguration of distribution system to address the
increasing challenge of system transfer capability brought by
renewable energy is proposed. A novel integrated optimization
method based on Multi-objective Particle Swarm Optimization
(MOPSO) is developed to solve this problem, taking into account
the preference of users. The two objectives of the formulation are
to minimize the number of switching operations, and to minimize
the active power losses. All the engineering and operational
constraints, such as current limits, power consumptions and
radially of the network are respected in the formulation. One
distinguished feature of this formulation is to treat the load
margin of the system as a very important constraint towards
increasing system’s transfer capability. The most challenging
issue in solving the problem by MOPSO is to find a global best
particle, which promote the diversity of search, in order to
generate the complete Pareto front. An approach based on
NSGA-II is used to find the global one. Two test systems will be
used to illustrate the feasibility and effectives of the proposed
approach.

I.  KEY EQUATIONS
The problem statement considered is as following:

Given existed one-day ahead forecasted data of load
demand D(h), renewable energy W(h), and generation G(h)
(h=1,...,24) of each hour, as well as the initial topology N(0) of
the next day, we want to determine the topology N(h)
(h=1,...,24) of the next day, for a three phase unbalanced radial
distribution system, with requirement that the load margin
should be bigger than 10% of the total load.

The model proposed is:
Minimizing switch actions:

Min¥3L, g[N(h) — N(h - 1)] ()
Minimizing power losses:

Min Zﬁ‘; PLoss(N(h), Dp(h), Gp(h), Wp(h)) (2

S0 Py (Dp(h), Gp(h), AWp (h))=0 ©)
Qnwy (Do (h), Go(h), Wy (AW, (R)))=0 )
A>1.1 ®)
Ve < V() < VMR =1, .0k (6)
1) < 1™ i) =1,...k @

where

h hour in a day, ranging from 1 to 24;
A load margin of the whole system.
Il.  KeY FIGURE
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Fig. 1. The proposed method for one-day ahead network reconfiguration
planning problem.

'-<

Il.  KEY ALGORITHM
The proposed MOPSO algorithm is as:
Step 1: Initialize particles’ positions and velocities.

Step 2: Evaluate particles and select personal bests and
global best particles based on Pareto ranking and elitism.

Step 3: Calculate velocity of each particle, and generate
new positions.

Step 4: Check the termination condition. If not satisfied, go
back to Step 2. If satisfied, go to Step 5.

Step 5: Process the results with user’s preference, and
output new topology information.
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Real Time Modeling and Simulation of CERTS
Microgrid
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Abstract - Microgrid with distributed clusters of source and load
can be connected with existing electrical grid in normal operation
or disconnected from the grid when operational criteria is
violated. The purpose of this work is to develop a microgrid
model using real time digital simulator for system analysis. The
developed microgrid model is based on CERTS microgrid.
CERTS microgrid concepts incorporate three feeders, where two
of them are connected to sensitive loads, while the third one is
connected to traditional loads. The two feeders with sensitive
loads are also connected to microsources, where in this work all of
the microsources are modeled as photovoltaic array and each of
them will supply 60kW electricity. The load banks are in the
range of 0-90kW and 0-45kW. Minimum components required to
develop one cluster of microsources and loads are the model of

renewable energy source (RES), the small time-step bridge to
accommodate power electronics components, measurement and
control block, distribution line, transformer, and model of electric
grid. The CERTS microgrid model developed is shown in Fig. 1.
Real time digital simulator has a strong benefit in accommodating
fast computation that is required for switching power electronics
devices used to convert DC power produced by RES to AC power.
This model allows us to perform different studies on microgrid
performance, including but not limited to management and
control during normal and islanding conditions, optimization of
local microsources operation, and protection schemes. However,
this work is focus to study the performance of microgrid during
transition period from grid-connected to islanding operation and
vice versa.

1. KEY FIGURE

M= HJ

= 1 ]

T

Fig. 2 CERTS Microgrid in Real Time Digital Simulator
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Trading Wind Power in a Competitive
Electricity Market Using Stochastic Programing
and Game Theory
Ting Dai and Wei Qiao
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Abstract--Wind power is one of the most rapidly growing clean
and renewable energy sources. However, due to the uncertainty
and intermittency of wind power, the increasing penetration of
wind power into electric power system will pose challenges to
power system operators. Moreover, as a participant in a
competitive electricity market, a wind power producer’s behavior
and profit will be influenced by other participants’ behaviors.
This paper proposes a model of using stochastic programming to
generate optimal bidding strategies to maximize the total profits
of wind and conventional power producers in both energy market
and a bilateral reserve market, where the reserve price is settled
between wind and conventional power producers by using game
theory. Case studies using real-world data for games in an
electricity market with different types of players are performed to
show the effectiveness of the proposed model.

I. KEY EQUATIONS

Mathematical models to maximize the profit of wind power
producers are shown below:

Mayimize 7, = S pr YL, + 2 = A~ AW ]
s prec il .
+ﬂw{§——2pm,ﬂ} )
—U =1
Subject to:
0<WE <W™, Vto (2)
A —A,, =A,,, Vto 3)
Ay =d,Wy +W=W,), Vo (4)
0<A, <X +Wrd, Vit (5)
0<A, <WPd, Vit (6)

D _ 7D r. 2D _ 2D
VVt(u _VVtw"Vt’ w,0 'ﬂ’t(a _ﬂ‘t(u'

(B2 =A2)WE WD) =0, Vi

17,20, Vo

()
(8)
©)

N,
g - Zprw Z[ﬂ“tgw/tgdr + j’t:rA:w - ﬂ’tra;A;m - j’zRVVtht] < U Vo (10)
t=1

0=1
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Fig. 1. Flow chart for trading wind power using the proposed model.
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Energy Market Operation
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Abstract—This paper proposes a model to minimize the real-
time operational cost of traditional generation in a power system
with the optimal penetration of wind power. The model takes
into account the security and operating constraints of the power
system, such as the power flow and balance constrains, reserve
requirements, system capacity limits, and wind power
uncertainties. A probabilistic distribution function is used to
characterize the wind speed and consequently the wind power
distribution based on wind turbine power curves. The model is
evaluated in IEEE New England 39-bus test system for several
case studies. Results are provided to analyze the impact of wind
power penetration on the operational costs of traditional
generators in the system.

. KEY EQUATIONS
The objective function of the proposed model is given by:
N
MinF, = z (ci(Pic + Pie)
i 1)
+ StUP(PL) (1 = Ubseupe) ) Ui

The 10-min average wind power output of the wind farm:

co

Plre =N+ [ o)+ f0, 0w @
0
Constraints system:
N
z PIg,t = Rio-min_t (3)
i

[ o

i i
{TUp,t = TUP,min

i
ét _ { 'TDown.t > 0 (4)
| 1 TDLown,t = Tl;own,min
N Tiye >0
(®)

(PD{t + P (v, 9)) — Pi, = aiy, * Piy,

(0. + QL v.0)) - Qi =0 (6)

N
PLoad,t + PLoss,t(B”' Pg) = (Z(P_c;t + alél/,t * Pviv,t)> (7)
i

Pymin < Poe + Pie < Pimax (8)

gmin =

Q;rmin = Q;t < ny,max (9)
Vgi,min < Vgi,t < gi,max (10)
0< Plfll,t(v) =< pw,r (11)
0<al,<1 (12)
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Fig. 1. 10-min average wind speeds curve and their PDF over the next hour.

Il.  KEY RESULTS
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generators in the system.
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Effectiveness of Traditional Mitigation
Strategies for Neutral Current and Voltage
Problems under High Penetration of Rooftop

M. J. E. Alam, K. M. Muttagi, and D. Sutanto

Endeavour Energy Power Quality and Reliability Centre, School of Electrical, Computer and Telecommunications
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Abstract— A high penetration of single phase rooftop
photovoltaic (PV) units have the potential to exacerbate
the existing neutral current and voltage problems in low
voltage 4-wire distribution networks. This paper
investigates the effectiveness of traditional strategies for
mitigation of neutral current and voltage problems in the
presence of a high penetration of rooftop PV. This paper
analyses the limitations of traditional methods to mitigate
neutral current and voltage problems caused by rooftop
PV. The analysis shows that in the presence of
unbalanced rooftop PV allocation, new mitigation
strategies are required. The application of energy storage
is explored in this paper as a potential mitigation strategy
to reduce the neutral current and voltage problems.
Results show that the reduction in neutral voltage by the
application of energy storage can be achieved, within the
acceptable limit, under daily variations of load demand
and PV output.

I.  KEY EQUATIONS

Equations used for analysis of neutral currents
produced by load and PV unbalance:

R=(E 12 1g e la 10 +18) =104,
Equations used for energy storage based neutral
current/ voltage mitigation strategy:

F)INJ PIN.] F)INJ I:)IN.]

where,Ry; = (PL +Ps )— RV, P = (PIE’ + Pé’)— P (2
and, RS, = (RY + RS )- B,

PR, is selected to be the minimum of the surplus power

available at each of the phases

ARy =min(pE - PR RE-RRLPE-RS) @

R _pa _pb _pc
I:’IMP_PIMP_PIMP_I:’IMP

T @
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R . b
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Optimal Operations of Energy Storage System
for Renewable Energy Plant

Zhen Shu and Panida Jirutitijaroen
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Abstract— This poster presents an optimal policy for er =E, 3)
hourly operation of energy storage system (ESS) for grid- e = F

. . .. 0 0 4
connected wind power plants, in order to maximize the
expected daily profits following fluctuating wind —Peap < Aeg /At < Pegp, V5t =T —1,...,0 (5)
generation and energy prices. The problem is formulated 0<g,—Ade /At —d, <L Vt,t =T —1,..,0 (6)
as a st.oc!last.ic (.iynamic programming model, where d, >0,vt,t=T—1,..0 @)
uncertainties in time-dependent system parameters are
incorporated based on hourly time interval. Case studies
demonstrate that hourly optimal policy can allow plant 1
operators to obtain considerably higher profits than those
from deterministic policy.

o
")

l. KEY PROBLEM

o
o

For wind power plants, using ESS for energy time-shifting
may result in higher profits thus making wind integration
more attractive. Wind power output is usually high at night
and low during daytime while electricity load and price are
usually low at night and become higher during daytime. If
wind energy is stored during low-price periods and 0 y ‘ ‘ ‘ ’ ;
discharged back to the grid during high-price periods, higher 24 8 2 % 120 144 168

Value (pu)
o
>

o
)

Time (Hour)
profit can be achieved and peak load can also be reduced to
help alleviate transmission congestions. Operation strategy of Fig. 2. Weekly curves of wind power and energy price
ESS is very important in achieving optimal trade-off between
operation cost and revenue growth. In this poster, the Il.  KevResuLTs
challenging arising from ESS operation problem due to TABLE |
stochastic behaviors of wind power and market prices is RESULTS WITHOUT ESS AND RESULTS WITH ESS USING OPTIMAL
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An Efficient Outage Planning Method for Electrical Power
Facilities Using Two-layered Tabu Search
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Email:fujiwara.aya.pwrs@gmail.com

Abstract—A new efficient outage planning method using
two-layered Tabu Search is proposed in this paper. The proposed
method can determine 1) Outage schedule, 2) Power system
operation during outage works and 3) System switching of the
power system in order to conduct outage works. In this paper, to
shorten simulation time, circuit breakers near outage facilities are
focused on, and an objective function is formulated with them.
Also the circuit breakers are evaluated, and the creation of
neighborhood solutions is restricted on the basis of their evaluated
values. Finally, simulations are conducted using the IEEJ
sub-transmission system model | to confirm the validity of the
proposed method.

I. KEY EQUATIONS

In this paper, a term “two-layered TS” is used, which consists
of first layer TS (TS1) and second layer TS (TS2), and TS2 is
used to evaluate neighborhood solutions of TS1. The objective
function of TS1 is formulated as (1) and the objective function
of TS2 is formulated as (2).

Minimize  f,(x,)

D D ,
= D> SWq, + ), (SWday )>< w,
day =1 day =1

-
+ Z (penalty i % Wi+l)

i=1

where x;: outage start date, D: outage duration, SW: the
number of switching during an outage plan calculated by TS2,
penalty,: existence of carry-over task constraint violation (0, 1),
penalty,: existence of an over-task constraint violation (0, 1),
penaltys: solution convergence of TS2 (0, 1), w,: weight
function
Minimize f,(x,)

=0CB,, + ENS xw,

+ OL xwg + SOL x w,

+ penalty , x wy + penalty . x w,

where x,: on/off condition of the circuit breakers, ENS: the
amount of energy not supplied, OL: the rated capacity of over
load flow of lines, SOL.: the short time capacity of over load
flow of lines, OCB,,: the number of circuit breakers evaluated
1 which are turned on, penalty,: existence of the radial and
interconnected power system constraint violation, penaltys:
existence of the power flow constraint violation.

. )

Il. KEY FIGURES

T

@ <

Fig. 1. Creation of neighborhood solutions
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Fig. 2. Evaluation of circuit breakers
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‘ ‘ Conduct TS2 in Fig. 2 ‘ ‘
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‘ Determine an outage schedule ‘
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Calculate power flow

‘ Calculate objective function f2 ‘

—

Create neighborhood solutions based
on evaluated values of circuit breakers

alculate power flows

‘ Calculate objective function f2 ‘

i

Check the
ermination criterions

Determine system condition during
outage works and system switching

Fig. 3. Flowchart of TS1 (left) and TS2 (right).
I1l. KEY RESULTS
Table 1. Simulation Result
Outage Outage date
facility 1 2 3 4 5 6 7
11011
12012
20032
24012
31012
37012
Table 2. The number of the system switching
Day 1 2 3 4 5 6 7
Switching 7 4 3 4 7 0 0
count

Table 3. Comparison of simulation results

Method Simulation time ratio Evaluated value ratio
Simple method
(Backtracking and TS2) 100 100
The proposed method 3.99 100.92

(TS1 and TS2)




Travelling Wave Based Fault Location Using Dominant
Fault Induced Surges in Circuit

Zhang Guangbin YuJilai
School of Electrical Engineering and Automation
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Harbin, China
Email: guangbin85@gmail.com and yupwr s@hit.edu.cn

Abstract—Reliable and effective identification of surges as well
as independent of remote data are essential for automatic
travelling wave fault location. The inherent ring topology of
transmission grid usually provides not only the shortest but also
a sub shortest path for initial fault surge back to the monitored
bus, which makes the corresponding lines connected with the
bus separately detect the dominant fault induced surges. The
dominant surges can be identified though comparing amplitude
and phase of each line current, then their arrival time can be
determined. Accordingly, a novel double-ended travelling wave
fault location approach based on difference of dominant surges
arrival using the data acquiring at the same substation is
presented. The proposed method combines the advantages of
independent of communications or timing synchronization with
remote side, and without identification of reflected faulted wave.
The method is confirmed feasible and effective by field tests.

l. KEY EQUATIONS

The expression of dominant fault induced surges of the
faulted line and sound line:

i) =(-1+r,)e%u, /(Z,+2R,) (1)
90+ @ L)

O =1 e o Oa, @z +2r) (1)
k

Expending two-ended travelling wave location formula:

x=llH (- toV/2=11 (o) @
. KEY FIGURES
w g,
S
(@) Paadlel lines (b) Triangle network

Figurel. Propagation of fault initiated travelling wave in circuit

Idisturb

RV i dominant
) /AN
- v»

Figure2. Amplitude and phase of dominate/disturbed transient current
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Figure3. Flowchart of proposed method

Il1. KEY RESULTS
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Figure4. Dominant fault induced surgesin circuit
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TABLEI. LOCATING RESULTSFOR TYPICAL MEASURED FIELD DATA
Date Time .'Iz.il:)lé P(E:B':Jtri:;l)n (“"5) (;]5) L}%E;mt.ll)lr:g
2010/12/26 2:.01 AG 348 506 525 345
2011/1/12 8:.04 AG 274 503 576 26.5
2011/1/12 811 BG 274 510 586 26.0
2011/3/20 10:03 AG 176 508 1298 18.6
2012/2/27 2:05 CG 34 507 1177 36.1
2012/3/1 16:56 CG 5 506 1109 33
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Hedging against system protection malfunction

Jose Luis Calvo, Simon H. Tindemans, Goran Strbac

Department of Electrical and Electronic Engineering, Imperial College
London, United Kingdom
Email: j.calvol0@imperial.ac.uk

Abstract— Corrective actions in the form of system protection
schemes (SPS) can be used to enhance the utilisation of existing
transmission assets. However, relying on these schemes is not
risk-free: there are hazards that can result in incorrect operation.
Quantifying and managing these risks is crucial before corrective
security can be depended on in practice.

We consider a 3-bus representation of the Scotland-England
corridor. After a line fault an intertripping scheme disconnects
generation in Scotland and load in England, in order to reduce
the load on remaining transmission lines. We quantify the costs
associated with the operation of such a system and the risk of its
failure to operate. In particular, the remote intertripping of a
generator or load may fail altogether, or partial operation may
lead to an imbalance in supply and demand.

For this system, we determine the optimal amount of
intertripping capacity for a given pre-fault power flow. Our
analysis reveals a surprising new strategy that relies on
frequency services to alleviate thermal overloads in case of an
SPS malfunction. This strategy reduces the risk associated with
malfunction (mostly value of lost load) at the expense of
increased utilization cost.

I. KEY CONCEPTS

An SPS in an intermediate bus North -
increases power transfer limits @ ¢
beyond the N-2 security standard. 1

. R i L2
After a line fault (single or double)
the SPS disconnects a “\
predetermined amount of generation -
in the north node and load in the ﬁ
south one. L
The SPS action is not 100% reliable,
and can malfunction entirely or lead to sl e
an imbalance between load and
generation.

Frequency regulation and defence @ South l !

plan  actions are  distributed

proportionally in both nodes. Fig. 1. Representation of GB

power system

Il. KEY FIGURES
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Fig. 2. SPS model. Relays are in green, breakers in red, control in grey and
communication channels in yellow
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Fig. 3. Power system model to compute the impact from SPS outcomes

I1l. KEY RESULTS
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Transformer Condition Assessment
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Abstract— Premature failure of large transformers is costly
and threatens the transmission of safe and reliable power. Recent
tests conducted as a part of Arizona Public Serve (APS) routine
transformer maintenance have shown the development of hot
sports and abnormal levels of gasses within a transformer’s
mineral oil at the Cholla Power Plant in Joseph City, Arizona.
We examined possible sources of these problems. To accomplish
this, we researched several transformer failure case studies,
developed a program to rapidly analyze years of dissolved gas in
oil data, and carefully examined other crucial data gathered
during the life of this transformer. Our assessment of the
transformer is a tool for APS to indicate if the transformer is
near the end of its operation life. The results of this work will
help APS continue to serve its customers with a reliable source of
power.

l. BACKGROUND

It is important to predict the failure of a generation step up
transformer well before that failure occurs, because it can take
over nine months to replace a transformer of this size. Having a
unit which is unable to generate power for several months
results in large economic losses and can be detrimental to the
integrity of the utility supply.

. INTRODUCTION

Recent Dissolved Gas Analysis (DGA) tests of a generation
step-up transformer at the Arizona Public Service (APS)
Cholla Power Plant indicated that the transformer may be
nearing the end of its useful lifetime. Along with the harmful
gasses found in the oil, two of the transformer’s four oil
cooling pumps were also taken out of service due to high
vibration. APS scheduled a planned outage in March of 2013 to
have these pumps replaced. During this time, an internal visual
inspection of the transformer was performed. Our team was
tasked to perform research and analyze data about the
transformer as well, to identify the cause of the abnormal gas
measurements and provide a condition assessment for the
transformer.

Our team researched common reasons for transformer
failures, predictive analysis techniques, and a variety of tests
which would help APS better understand the condition of the
transformer. Case studies of previous transformer failures
included a correlation between the problems in other
transformers before they failed and the problems with the
transformer at Cholla. Several tests included in our research

Funded by: Arizona Public Service

assisted us with predictive analysis, and additional tests will
allow our team to better understand the health and expected
lifetime of the transformer. These tests will include oil testing
that can be done with the unit online and electrical tests that
can be performed when the unit is taken offline.

Ill.  KEY FIGURES

Fig. 2 Internal inspection of the transformer
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The Effect of VVariable Weights in a WLS State
Estimator Considering Instrument Transformer
Uncertainties

Markos Asprou and Elias Kyriakides
Electrical and Computer Engineering, KIOS Research
Center for Intelligent Systems and Networks
University of Cyprus
Nicosia, Cyprus
asprou.markos@ucy.ac.cy, elias@ucy.ac.cy

Abstract—State estimator constitutes the cornerstone of the
Supervisory Control and Data Acquisition (SCADA) system since
it provides the power system operating situation in consecutive
time intervals. Therefore, there is a need for the power system
state estimator to be as much accurate as possible. The main
source of uncertainty that may deteriorate the accuracy of a
Weighted Least Squares (WLS) state estimator, provided that
the network parameters are perfectly known, is the uncertainty
that is encompassed in the measurements. In this poster, the
effect of the measurement weights, which are calculated by
taking into consideration both the standard uncertainties
associated with the measurement devices and the instrument
transformers, on the WLS state estimator is examined.

Keywords—Instrument transformer, measurement
uncertainties, state estimation, synchronized measurements.

l. INTRODUCTION

In this poster the uncertainties of the instrument
transformer, will be considered for updating the weights of the
measurements coming from the measurement devices.
Without loss of generality, the instrument transformers are
considered calibrated and all sources of systematic errors are
eliminated. Therefore, only the uncertainty derived from the
accuracy class of the instrument transformer will be used. The
methodology will be applied to a hybrid state estimator that
uses both conventional and Phasor Measurement Units
(PMUs) measurements; a comparison between the
conventional methodology of measurement weighting and the
proposed one with regards to the accuracy of the hybrid state
estimator will be performed.

Il.  METHODOLOGY AND RESULTS

The simplified measurement chain for both the
conventional and PMU measurements are depicted in Figs. 1
and 2 respectively. The combined uncertainties of the
simplified measurement chains are used for weighting the
measurements used in the hybrid state estimator. It should be
noted that the measurement weights when the instrument

Mihaela Albu
Department of Electrical Engineering
Politehnica University of Bucharest
Bucharest, Romania
albu@ieee.org

transformer uncertainties are taken into consideration are
variable since the uncertainties of the instrument transformers
vary with the power system operating condition.

—Ipetwork—>| Current transformer Ivr;\nsl_l

Power
measurement P c..Quess™
device

Fig. 1. Measurement chain diagram in a conventional power meter

Measurement
device

Voo Lnewworky] 10STTUMENt | Vo 0/

| Vineas / Imeasp
transformer

Fig. 2. Measurement chain diagram in a PMU

The Sum of the Power Flow Mismatches (SPFM) between
the real and the estimated power flows was used as a metric of
comparison between the case where constant weights are used
in the hybrid state estimator and in the case where variable
weights are used and is calculated as,

1 T 1 M B
SPFM:?; MZZ

i=l j=1

real Di
prel || @)

The proposed methodology was applied to the IEEE 118
bus system in the case where 10 PMUs were installed in the
system. Based on the results in Table I, the variable weights
improve the accuracy of the hybrid state estimator since the
SPFM is smaller in the case of the variable weights than in the
case of the constant weights. The theory behind the proposed
methodology as well as more cases that show the effect of
variable weights in the hybrid state estimator accuracy will be
shown in the poster.

TABLE |
SPFMS FOR HYBRID STATE ESTIMATOR-TEN PMUS

Variable weights Constant weights

368.47 428.22
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Identifying Protective Device Operations in
Distribution and Transmission Systems

M. Lwin, Student Member, IEEE, S. Santoso, Senior Member, IEEE

Abstract—Improper coordination of protective devices in
power systems can lead to unnecessary interruptions and outages.
In distribution systems, automatic reclosers and fuses are the
main form of overcurrent protection due to the radial nature of
the network. In transmission systems, the network is typically a
meshed circuit with multiple generators allowing current to flow
across a line in both directions. In this case, distance relays are
often used to protect the line from short-circuits. The goal of
this poster is to build on an approach to determine which relay
operated to clear a short-circuit condition based on voltage and
current waveform data collected during a fault. This method will
consider both distribution and transmission systems.

The approach developed in [1] allows for detection of recloser
and fuse operations on distribution networks. This method
involves using the wavelet transform to detect fault inception and
estimate fault current duration. This information is then used to
calculate the empirical operating point of the protective device.
However, when applying this approach in simulations, [1] only
considers waveforms associated with recloser fast operations.

This poster will include analysis of permanent faults between
the recloser and fuse where the recloser operates on the delayed
curve. Figure 1 provides an example of current waveforms seen
by the recloser during a fault. Moreover, a similar method will be
developed to identify distance relay operations on transmission
systems using the mho characteristic. Cases which require oper-
ation of the backup relay due to primary relay misoperation will
also be analyzed. Three-phase faults will be considered where
voltage and current waveform data will be analyzed to detect
and identify relay misoperation. Analysis will be conducted by
simulation in PSCAD/EMTDC.

I. KEY EQUATIONS
Wavelet transform of signal x(t):

W)= [ v M

— 00

where

a

Yaslt) = lal "% ¥ (t_ b) ®)

Analytic equation for pickup time of an inverse-time over-
current curve:

A

=5

+B 3)
Impedance locus of Mho characteristic:

Zo — Zclo
Z’r'each = % (4)

II. KEY FIGURES
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Figure 1. Three-phase current waveform data measured at
recloser for first reclose attempt during a permanent fault.
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Outage Detection in Power Distribution Networks
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Abstract—An outage detection framework for power distri-
bution networks is proposed. The framework combines the use
of optimally deployed real-time power flow sensors and that
of load estimates via Advanced Metering Infrastructure (AMI)
or load forecasting mechanisms. The distribution network is
modeled as a tree network. It is shown that the outage detection
problem over the entire network can be decoupled into detection
within subtrees, where within each subtree only the sensors
at its root and on its boundary are used. Qutage detection is
then formulated as a hypothesis testing problem, for which a
maximum a-posteriori probability (MAP) detector is applied.
Employing the maximum misdetection probability P."** as the
detection performance metric, the problem of finding a set of a
minimum number of sensors that keeps P."** below any given
probability target is formulated as a combinatorial optimization.
Efficient algorithms are proposed that find the globally optimal
solutions for this problem, first for line networks, and then for
tree networks. Using these algorithms, optimal three-way trade-
offs between the number of sensors, the load estimate accuracy,
and the outage detection performance are characterized for line
and tree networks using the IEEE 123 node test feeder system.

I. SYSTEM MODEL

o Load pseudo-measurements from intermittently collected
AMI data, or load forecasts. These are considered noisy
observations of the true load at any given time.

o Real-time measurements of the power flows on a fraction
of the lines obtained using accurate sensors placed on the
selected lines.

Each node V,, in the graph has a consumption load L,,. The
pseudo-measurement of this load is L,. L; ~ N(L;,02). We
denote the vectors of true loads, load pseudo-measurements,
and the error covariance matrix by L, Land 3, respectively.
Thus, L ~ N(ﬁ, ¥), and X is a diagonal matrix due to the
independence of errors.

Sp= Y. LjVn>1 1)
V€T (n)\T(3)

min M 2)
st IM, M| <M, MC{1,...,N},
P™X(L, %, M) < P,.
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Fig. 1. Diagram for a distribution network with a tree structure.
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Investment Strategies Assessment Under Uncertainty
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Abstract—This paper proposes a three-layered framework to
assist the target generation company with long-term investment
planning under uncertainties. The first layer is operations layer
to clear the market under given scenarios; the second layer is
assessment layer to comprehensively analyze the operations
results and the third layer is optimization layer to rank the
investment decisions. The uncertainties are grouped into
statistical and systematic uncertainties. The case study is
performed on WECC 240-bus network for twenty-year planning.
Electricity load and renewable energy generation uncertainties
are considered in the statistical uncertainty. For the systematic
uncertainty, several environmental policies, transmission plans
other generation companies’ generation investments are
considered. Two distinguished generation companies within
CAISO are studied to observe impacts from both statistical and
systematic uncertainties.

Keywords—generation expansion; environmental policies;
statistical uncertainty; systematic uncertainty; CAISO; assessment;

. FRAMEWORK

cap, lead time,
Investment cost,
fuel type, ...

revenue, profit,
emission,
carbon tax, ...

s3|nsal
uonenjena

ajepipued
JUIW)SIAUT

discount rate, ...

assessment layer

Niomawey JIAR[-¢
A

— Energy

2 variability, policy, generation,
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;- investment, ... flows, ...
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- operation layer

Il.  CASE STUDY

e  Test system: Western Electricity Coordinating Council
(WECC) 240-bus network with up to 940 generators and
547 transmission lines

e  Environmental policy: Renewable Portfolio Standards,
Carbon emission cap and carbon tax

e  Statistical uncertainty: Renewable energy variability and
demand uncertainty

e  Systematic uncertainty: Transmission line investments,
other companies’ generation investments

e Candidate investment: Small hydro, nuclear, wind,
geothermal, biomass, solar, gas or coal fired power plants
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Time frame: Hourly market outcomes, 16 year planning

IIl.  RESULTS
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Improving Convergence of Horizontally Decomposed
Stochastic Day-Ahead Unit Commitment
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Abstract—As utilization of renewable and intermittent
generation assets, including wind and solar power, continues to
grow, new operations management challenges arise in ensuring
reliability of power systems. Currently, reliability is managed by
system operators using zone- and system-wide reserve policies,
which may insufficiently address the supply-side uncertainty
present in day-ahead forecasts for intermittent resources as well
as the N-1 reliability requirements. Stochastic programming has
previously been demonstrated to improve scheduling of
conventional generation assets; however, the complexities
associated with the extensive form of stochastic Mixed-Integer
Linear Programming (MILP) models render practical
application in large-scale systems intractable at worst, and
prohibitive in computational time at best. Horizontal
decomposition techniques, such as Progressive Hedging (PH),
reduce the complexity associated with stochastic MILP
optimization by separating the extensive form into several
independent, deterministic problems, which are not significantly
harder to solve than models in use today. In particular, PH has
attractive properties in harnessing parallel and clustered
processing units, thereby reducing barriers to high resolution
analysis. However, PH may not converge to a solution within a
reasonable timeframe when applied to stochastic unit
commitment. This project seeks to examine the impact of
methods to improve the utility and convergence properties of PH
when applied to day-ahead unit commitment problems that have
significant penetration of intermittent generation.

I. KEY EQUATIONS
The following describes the basic PH algorithm [1].

A. Initialization

Minimize  cTx + fTy, vses (1)
subject to (x,vs) € £ VseSs (2)
X
xs(o) = [3’5] VseS (3)
O = Foes P() (4)
w(® = p(x{” - x®) VseS (5)
B. lIteration k
Minimize Vs€ES
T
(cm+ D) e+ 2 — 20D 4 £T) (@)
subject to (x,¥5) € £ vsesS (7)
X
xs(k) = [}’s] VseS (8)
£ = Foes P(s) x” ©
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w? = w4 p(x{¥ — £®) vs€S (10)
k _
9® = Tes P(s) |29 — x| (11)

C. Convergence
If g¥) < &, where ¢ is the supplied convergence criteria,
the algorithm terminates. Otherwise, returnto B (k = k + 1).

Il.  KEY FIGURES
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Fig. 1. Flow chart of presented technique.
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Abstract— This poster presents a progressive hedging
(PH) based decomposition algorithm to improve the
computational efficiency of stochastic day-ahead
reliability unit commitment (RUC). Stochastic
programming is introduced into RUC to facilitate a better
decision making for market operation efficiency and
energy supply reliability. However, the computational
burden of stochastic RUC using today's computing power
is still significant. We propose to apply progressive
hedging (PH) algorithm to decompose the stochastic RUC
problem. It is shown that a PH-based algorithm allows
parallel computation of stochastic RUC, which can be
much faster than conventional stochastic programming
methods. A practical power system is used to verify the
effectiveness of the proposed computation framework.

. KEY EQUATIONS

A. Mathematical Formulation
Based on the two-stage stochastic RUC model, the

extensive form of a stochastic unit commitment
problem can be written as follows:

min :f=ch+2P(s)qus (D
seS

Subject to:

Ax=b,x=>0 (2)

Ix+Wy, =h,y=>0,VseS, 3)

where s is the indicator of each scenario, P(s) is the
occurrence probability of scenario s, y_ is the vector
of the second-stage decision variables of scenario s .

In order to solve the problem, the progressive hedging
algorithm is applied. We formulate the initial sub-
scenario problem in (4)-(6). By solving this problem
for each scenario, a set of deterministic optimal
solutions corresponding to each scenario is established.

min: f =c'x,+q"y, 4)
Subject to:

Ax, =b,x >0 )
Ix,+ Wy, =h,y=>0,VseS. (6)

The main activity of the progressive hedging algorithm
is to converge to the stochastic optimal solution (by
iterations) that ensures both optimality and
implementability. For each iteration, an auxiliary sub-
scenario problem is solved.

123

min: f=c'x, +q"y, +wx, +0.5p0l x, —x" P
Subject to:

Ax =b,x>0, (7)
Tx+Wy, =h,y>0,Vs €. (8)

In the auxiliary sub-scenario problem, the multiplier
term wf’lxs forces the scenario decision variables to
change in the direction toward the mean solution while
the penalty term O.5p|| X, —x*P keeps the optimal
solution within a certain neighborhood of the mean
solution for the sake of convergence stability.

Il.  KEY FIGURES

—Iil Iteration: k=k+1 "

Calculate the the expected
decisions £%, multiplier wy

For each scenario, solve |
initialization problem f2

}

Calculate the initial expected
| decisions &%, multiplier wy'

Iteration: k=0 I

I T

For each scenario, solve
sub-scenario problem f

t

L Update stochastic error g* ﬂ

Converged, output the
| stochastic optimal solution

Fig. 1. FLOWCHART OF PROGRESSIVE HEDGING ALGORITHM
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Real Time Reactive Power Spot Markets

David Ganger, Ji Zhao, Mojgan Hedayati, Akhil Mandadi
Department of Electrical, Energy and Computer Engineering
Arizona State University, Tempe, USA
E-mail: {dganger, jzhao36, mhedayat, amandadi}@asu.edu

Abstract—Reactive power spot markets have been proposed by
many in the power engineering community as a means of reactive
power compensation within the U.S. deregulated energy markets.
Cited benefits include incentive for proper reactive power
investment for power system stability, the minimization of costs
to meet load, and proper reactive power price signals. However,
the market power that can be exercised by utilities may render
the market useless for consumer participants. In addition, the
zero price of reactive power as well as the volatility in demand
may not inspire the investment that spot markets are thought to
encourage, and current methods of pricing reactive power
involve time-consuming optimizations. An ACOPF simulation
was run utilizing a representative urban transmission and
distribution system, confirming many of the weaknesses
theorized to exist in real time reactive power spot markets
including exercise of market power and price volatility. A 10-bus
230 kV looped transmission system was chosen to represent a
typical system that serves a large city, based off of the Phoenix,
Arizona subsystem.

l. KEY FIGURES

Figure 1. 10-bus 230 kV looped transmission network, representative of an
large urban power system, based off the the Phoenix system [14]
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Bidding Strategy for Wind Generation
Considering Conventional Generation and
Transmission Constraints

Hao Huang and Fangxing Li
EECS Department of The University of Tennessee, Knoxville, TN 37909
Email: hhuangll@utk.edu and fli6@utk.edu

Abstract- This paper develops bidding models under two
schemes for variable wind generation to analyze the competition
among generation companies (GENCOs) with transmission
constraints considered. The proposed method employs the supply
function equilibrium (SFE) for modeling a GENCO’s bidding
strategy. The bidding process is solved as a bi-level optimization
problem. In the upper level, individual GENCO’s profit is
maximized; while in the lower level, the market clearing process
at the independent system operator (ISO) is modeled to minimize
the production cost. An intelligent search based on Genetic
Algorithm (GA) and Monte Carlo simulation (MCS) is applied to
obtain the solution. The PJM five-bus system and the IEEE
118-bus system are used for numerical studies. The results show
when wind GENCOs play as strategic bidders to set the price,
they can make significant profit uplifts as opposed to playing as a
price taker, because the profit gain will outweigh the cost to cover
wind uncertainty and reliability issues. However, this may lead to
increased total production cost and other units’ profit, which
means consumers need to pay more. Thus, an update of the
existing market architecture and structure considering these pros
and cons is necessary to maintain a healthy competitive market.

I. KEY EQUATIONS
Wind generation as a bidder
if it is a conventional GENCO
max profit, = max(LMP, -G, . —¢,"G, ) 1)
or if'it is a wind GENCO with G>G;
LMP, -G, —c;-G,

Jj_s

max profit. = max 2.4
7P & 7o\ +LMP, (Gz_ _G./) -
or if'it is a wind GENCO with G<G;
max t. =max(LMP. -G, —c.-G, 2.b
i profit, s ( i i TE /—S) (2.5)
s.1. bimin Sbi_s < imax ’bjmin Sbj_s Sbjmax (3)
M T
mnd'b -¢-G + > b  c-G, %
i=1 j=M+1

st. ».G, =)D, ®)
=1 =1
G’min < G‘_s < G G/min < G/_s < Gjmax (6)

> GSF,_,-(G, - D,) < Limit, )
=1
for k=1,2,-,m and all s.

Il. KEY ALGORITHM

a. For wind GENCO Scheme I:
1) System initialization:

2) Suppose bidding strategies of opponents’ generator are
fixed. Update conventional GENCO i’s bidding
strategies until no unit will change its bidding strategy,
while the current biological generation number is less
than the maximum generation number.

3) i=i+1 and repeat 2) to find each conventional GENCQO’s
optimal bidding strategies in response to the opponents’
bidding strategies.

4) Go to 2) and repeat the procedure until no generator
would change its bidding strategy, i.e., no one can gain
more by unilaterally changing its bidding strategy.

b. For wind GENCO Scheme II:

1) Similar to a.1), add initialization for all b; ; for all wind
GENCOs and set j=M+1 and the biological generation
counter to zero.

2) The same as a.2) and a.3)

3) Similar to a.2), change the index from conventional
GENCO i to wind GENCO .

4) j=j+1 and repeat 4) to find each wind GENCO’s
optimal bidding strategies in response to the opponents’
bidding strategies.

5) Go to 2) and repeat the procedure until no generator
would change its bidding strategy, i.e., no one can gain
more by unilaterally changing its bidding strategy.

I1l. KEY RESULTS

A. PJM five bus system
1) Scheme | - Wind generation as a constraint
TABLE 1l PROFIT GENERATION AND PRICE EXPECTATION FOR EACH

GENERATOR
Generator Alta Park City | Solitude | Sundance | Brighton
%’r‘gﬁﬁg 1129 0 0 0 1664
Oiﬁgﬁ% 100 0 212.82 0 587.19
Prié?gfmv) 1878 | 1878 30 38.56 12.77

2) Scheme Il - Wind generation as a bidder
TABLE IV PROFIT GENERATION AND PRICE EXPECTATION FOR EACH

GENERATOR
Generator Alta Park City | Solitude| Sundance | Brighton
iﬁgﬁffae;? 1893.80 0 0 0 9593.3
Oi’;ﬁgﬁ% 69.84 0 238.38 0 591.77
Pr?;‘ggf&% 2739 | 27.39 30 3199 | 2599
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Smart Location Targeting for Power Flow
Control Devices via Shadow Price Weighting

Omar A. Urquidez*, Le Xie*

*Department of Electrical and Computer Engineering, Texas A&M University, College Station, TX
USA

Email:dantes92@tamu.edu, Lxie@ece.tamu.edu

Abstract— Grid systems across the nation are reaching an
epidemic of congestion related issues. The US Department of
Energy completed the National Electric Transmission Study in
2006, 2009 & 2012 concerning the impacts of electrical
congestion. Conclusions suggest that relief of congestion will aid
in more even pricing in the wholesale markets and significant
relief of curtailment on renewable resources such as wind power
generated behind barriers of transmission congestion. Our
previous work investigated conversion of AC lines to DC lines in
congestion corridors to decrease system dispatch costs. The
results showed significant savings when applied to a 24 bus
ERCOT equivalent system.

In this paper a method of Smart Location Targeting is
developed to select the prime location for power flow control in a
meshed network that best reduces dispatch cost using existing
historical data without heuristic searching. This method
combines a well-developed concept of linear power flow
approximation with a new way of looking at power flow control
as an injection-extraction pair. This produces what has been
termed as flexible line system capacity (FLSC). The FLSC is then
weighted by historical shadow price data for each line in the
system to approximate reduction in cost via the flexibility. The
use of a distribution of historical data as a means of weighting
also allows for incorporation of diurnal & seasonal influences on
congestion patterns.

Flow control that utilizes existing transmission infrastructure
is especially beneficial in systems with high renewable
penetration. The better utilization of existing infrastructure will
serve as a low cost way to transition convention power systems to
green energy systems. Numerical tests using Smart Location
Targeting and Exhaustive Search are performed on a 24 bus
system ERCOT equivalent model. The comparison shows
promising results.

I. KEY EQUATIONS

B =imag(Yg,) @
B slack _reduced BR (2)
BBranch = dlag (S) (3)
H= Bbranch AT Blgl (4)
F=H.P (5)

0 0 |
P, 0
Pany =1 0 |, Per =| Pz | where P, =—P;
0 0
L O . L O .
AF; =H '(PINJ + PEXT)
AC,, = u-AF;
AFe =H-P_ ; where, P, = A
ACqor = - AR

Il. KEY FIGURES

(6)

()
(8)
©)
(10)

North

Bus 1 Nuclear

_1 {==2)
=

St South : e Houston
Figure 1. ERCOT Model System modified from IEEE RTS 24.
I1l. KEY RESULTS
TOP TEN FLOW CONTROL CANDIDATES
Smart Location

Targeting Exhaustive Search

Dispatch Dispatch
Rank Line Savings ($/day) Line Savings ($/day)

1 17 5,351 17 5,045
2 15 3,566 14 3,432
3 14 3,432 15 3,337
4 27 3,000 27 3,000
5 5 2,324 5 2,324
6 9 2,272 9 2,272
7 18 1,796 18 1,568
8 19 1,329 19 1,329

9 21 908 21 908

10 13 620 13 597
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Participation Model for Small Customers with
Reliability Preference in Electricity Market

Zhongwei Jake Zhang, Graduate Student Member, |EEE, and Nirmal-Kumar C Nair, Senior Member, |EEE

Electrica & Computer Engineering, University of Auckland, New Zealand
Email: zzhall5@aucklanduni.ac.nz and ncnair@ieee.org

Abstract—Demand-side Participation by small customers is The first constraint considers the strict compliance
more complicated than large electricity customers because of requirement that is similar as the dispatch instruction of the
current supporting infrastructure, regulatory concern and  generators.

conventional business model. A pricing and load dispatch model

is proposed to utilize the savings from Demand Dispatch to Lyg =Y Lo, XK, ©)
compensate for the reliability cost of load control. A concept of ad ma o

Reliability Premium is proposed, through which customers can L L
express their different levels of reliability preference and adjust The second constraint imposes the limit on the allowed

the network tariff payments accordingly. It also gives indication hours of load interruption every year for each customer load or
of their willingness to reduce consumption through Demand device.

Dispatch. The pricing and load dispatch in the participation

model help small customers easily participate in Demand Tmn+m+lm><7’m<T (8)
Dispatch based on their unique levels of reliability preference. ’ 2
The participation model integrates both wholesale and retail

markets, which serves as a complementary tool for system Il. Kev FIGURES
operator, retailers, aggregators, distributors and planners to Market/ p— -
engage small customers. ?3
System W
I.  KEY EQUATIONS 5) Opcmnon

To differentiate customer reliability preference, it is
proposed that a Reliability Premium (RP) can be charged in
addition to the minimum network charge.

RPyn = (IPpn + DPpp X1) X A )

RDCp, = IC + R, , )

The RP based load dispatch in the participation model has
the objective function to maximize the net benefit, NB, for the
combined entity of energy retailers and distribution network
companies.

NB = WS1+ WS2 — TPC €)

WS1 = ZLm,n X Ky X (Pprs — Pret) 4

|{&p!1l

WSs2 =3 Lm,n X (1- Km,n) X (Byrs — Pprs) (5) Reinforce

me 1} @ . 8 Domain f“"‘:“r‘:
Bt 18 Actor Omm.
WHJ Small Residential Customers ] £ Process Bcoiin

Figure 1. The pricing and load dispatch processes in the participation model

TPC = Y.(DPyp + Lipn X VOLL) X Ky~ (6)
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An Integrated Transmission and Distribution
Systems Model with Distribution-based LMP
(DLMP) Pricing

Nikita G. Singhal, Student Member, IEEE, Oluwaseyi Akinbode, Student Member, IEEE, and Kory W.
Hedman, Member, IEEE

School of Electrical, Computer, and Energy Engineering, Arizona State University, Tempe, AZ 85287, USA
Email: nsinghal@asu.edu, oakinbod@asu.edu, and kory.hedman@asu.edu

Abstract— The distribution grid is expected to change in
the near future as a result of recent advancements in the
field of smart grids. The future grid will accommodate all
generation and storage options, active consumer
participation through demand response schemes, and the
widespread installation of smart energy management
systems. With more demand side participation,
distributed generators, and (potentially) meshed
distribution systems, there is a push to integrate
transmission and distribution systems models together.
Ideally, the transmission and distribution systems should
be modeled by an integrated optimal power flow (OPF)
framework and solved simultaneously to schedule the
generation and demand in the entire system. In
comparison, existing practices do not include the
distribution system when solving the OPF for the
transmission system; instead, the load is estimated and
placed at the connection point at the sub-transmission
level. However, integrating transmission and distribution
system models together is a challenge for OPF due to the
size of the system, which makes these problems
computationally intractable with existing technologies.

Prior work has examined applying the concept of
locational marginal pricing to the distribution system,
which is referred to as a Distribution based LMP, or
DLMP. The goal of developing and applying a DLMP is
to incentivize the loads and distributed resources in the
distribution system to schedule their assets efficiently.
However, prior work has primarily focused on a one-shot
approach: first, the traditional transmission system OPF
framework is solved (where each distribution system is
modeled as a single, equivalent bus with one load) and
then a distribution system model is solved (without the
transmission system being modeled) to produce the
DLMPs. However, this prior work does not examine the
integration of transmission and distribution systems.

This project proposes an iterative approach to integrate
the transmission and distribution systems together. The
integrated OPF problem is decomposed into two
subsequent OPF problems: the transmission OPF and the
distribution OPF. The distribution system model
incorporates characteristics of the distribution system
resources (distributed generation, demand curves, etc.)
and determines the appropriate DLMP in order to
incentivize efficient scheduling of the resources. Instead of
using a one-shot approach where the transmission system
modeled is solved only once, we resolve the transmission
system with an updated residual demand curve. The
distribution system is modeled by its aggregate demand
curve in the transmission system OPF while the

128

transmission system is modeled by a transmission
constrained residual supply curve in the distribution
system OPF. This process is repeated until the cleared
demands are the same between the transmission system
and distribution system models.

This iterative technique achieves optimal coupling
between the two sub-systems by ensuring that the flexible
demand and distributed resources are appropriately
represented in the transmission OPF through residual
demand curves, which are updated based on the
utilization of a DLMP pricing structure. By doing so, we
can improve the economic efficiency and the system
reliability as the distribution resources can be controlled
to behave in a way that benefits the power system as a
whole. Ongoing work is focused on developing a
technique to obtain transmission constrained residual
supply curves at the individual distribution connection
points.

I. METHODOLOGY

Distributed Energy Resources:

e Distributed Generation

e Energy Storage Systems

e Plug-in Electric Vehicles

e Demand Response Schemes
& Load Curtailment
Programs

'

Generate Initial
Aggregate Residual
Demand Curve for each

Transmission

Distribution Connection Constrained Distribution
Point ol Residual Supply | »| System 1
Curve for T&D OPF
Connection Point
1
4
° °
Tra issi . b4
System OPF (] L4
# Transmission
Constrained Distribution
Update Aggregate Residual Supply ,
Residual Demand ™ curveforT&D [ Syg;l;: N
Curves Connection Point
Y N

Price Elasticity of Demand

Fig.1. An integrated transmission and distribution systems model
with DLMP pricing.
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Hedging Decision of an Electricity Generating Firm
with Market Power

Ekaterina Moiseeva and Mohammad R. Hesamzadeh
Electricity Market Research Group, KTH - Royal Institute of Technology, Stockholm, Sweden
Email: moiseeva@kth.se

Abstract—The electricity market structure aims to provide the
effective competition among producers and consumer-beneficial
pricing for the electricity. However, the exercise of market power
affects considerably the prices and induces the wealth transfer
from consumers to generators. It is widely recognized that the
incentive of generator to exercise market power depends on its
hedging decision. The hedged generator, i.e., with high volume
of capacity pre-sold to the forward markets, has very little or
no tendency to exercise market power. Existing approaches for
forecasting market power typically take the hedge cover level as
an external input to the model, providing an open-loop analysis.
In practice, the level of hedge is chosen by a generating firm and
treated confidentially. We model a two-stage game, where in the
first stage the generator decides on the profit-maximizing level of
hedging and in the second stage is taking part in Cournot game,
deciding on the amount of output sold in the spot market. We
show that in the oligopoly case with no constraints on installed
capacity and transmission limits there is no equilibrium in pure
strategies, which corresponds to the "all or nothing” decision. In
the case, when transmission and capacity constraints are binding,
we use backward induction approach and close-loop analysis to
find subgame perfect Nash equilibrium (SPNE) on the level of
hedging and corresponding SPNE in spot market.

I. KEY EQUATIONS

We begin with the case of n generators and not bind-
ing capacity and transmission limits. The generator ¢ will
choose the maximum level of hedging z}"*", if the expected
profit Em;(z***, X_;) is greater than the expected profit
Em;(z"™, X_;) in the case of minimal hedging level z".
This happens if the markup of forward price f over the costs of
generator c is greater than the markup of average spot market
prices, which arise in case of maximum and minimum hedging
level pnae, pmin:

E’]TZ‘(ZL';ma:E,X,i) > E’]Tl(l';nln,X,Z) ~
o)+ (o o)
n+1

max
efoc> (P}

There is no equilibrium in which traders expect the firm to
choose the minimum level of hedging and, similarly, there is
no equilibrium in which traders assume the contrary. In other
words, there is no rational expectations equilibrium in pure
strategies.

In the second case we consider transmission and capacity
limits. The common approach for constrained bi-level games
is to take the hedge cover level as an input parameter. This
is also called open-loop analysis. Instead, we use close-loop
analysis to solve the equilibrium problem with equilibrium

constraints (EPEC):

maximize i (qi)
qi
maximize ;(z;)
T;
subject to capacity and transmission limits

energy balance equation

We derive the SPNE in spot market and iteratively obtain
the equilibrium for the forward market by applying backward
induction analysis.

II. KEY FIGURE

Period 0 — Forward Market Period 1 — Spot Market

} Arbitral R Nature picks Sport market >
hedging decision a state decision
Open-loop analysis
- » Hedging decision - » Nature picks | Sport market >

a state decision
A '

' v
SPNE in forward market 4 - SPNE in spot market
Close-loop analysis

Fig. 1: Comparison of open and close loop types of bi-level game analysis

III. KEY RESULTS

RO

Fig. 2: All or nothing decision. Profit function dependent on the level of
hedging and production in the case of f = 20 and f = 100
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Short-Term Electricity Price Forecasting

A. Arabali, E. Chalko, Student Members IEEE, M. Etezadi-Amoli, LSM, IEEE, M. S. Fadali, SM IEEE

Abstract— Price forecasting has become an
important tool in the planning and operation of
restructured power systems. This paper develops a new
short-term electricity price forecasting scheme based on
a state space model of the power market. A Gauss-
Markov process is used to represent the stochastic
dynamics of the electricity market. Kalman and H,
filters, two methods based on the state space model, are
applied in order to estimate the electricity price and
compare the quality of their state estimates. Our results
show that performance measures for the H,, filter are
generally superior to those for the standard Kalman
filter.

Xo
Py

K = (RTHDHPHT -R) |
T lyl,yz,---

_ |ik:il;1+Kk(yk_HkilZ)|
P =<ﬂkPk¢I +Qx -

L?l,iz,...
Pk =(I _Kka)Pl{

Fig.2. Flowchart of the Kalman filter.

Xg 11 = Py Xk

L, =(1 -QP, —HV H, P
Ky =(/7kPkLkHIV o

lyl‘ Yo

|>2k :>A(IZ+1+KK(Yk*Hk>2[)|

Lzl, %50

Xks1 = Pk Xk

- T
P = ok Pepr +Qy

L{ P =P Ly 901 +W

Fig.3. Flowchart of the H., filter.

Table I: Performance measure for the Kalman and Hoo filter.

Method MAE (%) RMSE

Kalman filter (for a day) 0.1021 5.7787
Hoo filter (for a day) 0.0592 3.3505
Kalman filter (for a week) 0.1353 12.9476
Hoo filter (for a week) 0.0754 7.4677
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Stability Analysis of an Energy Managed Smart
Distribution System
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Abstract— The Future Renewable Electric Energy Distribution
Management (FREEDM) center focuses on a semiconductor
switched, smart distribution energy management system. In this
paper, a proposed energy management system is modeled and
analyzed. Discrete modeling in the z-domain is used in view of
the communication and computation that is envisioned. A basic
pricing signal, denominated the distribution locational marginal
price, is used as a_control signal. The study includes stability
analysis, typical system response, and communication band-
width requirements.

Index Terms—FREEDM system, distribution engineering, ener-
gy management, smart grid, z-transform, stability, demand re-
sponse, elasticity.

. KEY FIGURES

The model of Fig. 1 shows the basic idea of using price as
a control signal in demand response. A key parameter in this
diagram is the feedback gain B.

Il. KEY EQUATIONS
The price elasticity of electric demand is formulated

AL\ ( LMP,
E= (Z) (ALMP) 1)
In the z domain the elasticity is made up of two components,

self- and cross-elasticity
E(z) = SE + YNZ1CE,z ™.

2

ALMP; j<i ALMP
AL; = Lo;SEyi = + XI5 LiCEy; LMP}_’. 3)
The load response can also be put into the z domain
AL(Z) = L, ME(Z). (4)

TLMP

A system composed of a price control signal and load re-
sponse can thus be analyzed with a z domain transfer function
AL(z) 5
111.KEY RESULTS

The stability of the system was determined by evaluating
the z domain pole locations while ‘sweeping’ the feedback
gain, as shown in Fig. 2. A pole location |z| < lindicates
bounded input, bounded output stability.

H(z) = Z{h(nT)} =

11F

B*=0.100

0.8

0.7

Largest pole value

0.6

c
0.1 0.15

. Loop gain B
The demand response of the load to the price can be modeled Fig. 2 The values of | inB
using the elasticity values 1.2 The values of max; |p;| versus loop gain
Load L
TLMP » Optimization |—
Algorithm
E
A 4 A \ 4
- ALMP AL
DLMP DLMP ALMP ' P Lo aL /L
Calculator x "X > X N
d —» Load

A

|A

B

|‘

Fig. 1 Distribution energy management system functional block diagram
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Sensitivity Analysis of Real-Time Locational
Marginal Price to SCADA Sensor Data Corruption

Dae-Hyun ChoiStudent Member, |IEEE, and Le Xie,Member, IEEE

Abstract—This paper examines the impact of SCADA data optimal generation dispatch (x4(z)), P; (Xa(z))} and the
corruption on real-time locational marginal price (LMP) in Ex-post pricer (%p(z)). '
electricity markets. We present an analytical framework to
quantify LMP sensitivity with respect to changes in sensor data. Y,
This framework consists of a unified LMP sensitivity matrix
subject to sensor data corruption. This sensitivity matrix reflects
a coupling among the sensor data, an estimation of the power
system states, and the real-time LMP. The proposed framework
offers system operators amonline tool to: 1) quantify the impact

Ex-ante| |Ex-post

Pricing Pricing
scep| B |

of corrupted data at any sensor on LMP variations at any bus; x4(2) xp(2)
2) identify buses with LMPs highly sensitive to data corruption; *
and 3) find sensors that impact LMP changes significantly and {Pg (xA (Z))

influentially. It also allows system operators to evaluate the
impact of SCADA data accuracy on real-time LMP. The results of
the proposed sensitivity based analysis are illustrated and verified
with IEEE 14-bus and 118-bus systems with both Ex-ante and
Ex-post real-time pricing models.

T(X4(2)) =
X(z) =Kz

T n(Xp(2))
State Estimation

R fe

Power System

Index Terms—State estimation, SCADA, power market, eco-
nomic dispatch, locational marginal price, sensitivity analysis.

I. INTRODUCTION

TATE estimation is one of the key applications for power

system energy management systems (EMSs). The impact _ , _ ,
of bad data on power systems has been intensively investigagggelr' Syétg;:?i'tﬁf;es%r;r;?;f]‘{vgrnkd"gjété%tfng the coupling o€ physical
in recent decades in power system state estimation literature.
Measurement noise and/or manipulated sensor errors in a ) ) )
supervisory control and data acquisition (SCADA) system may OUr paper is motivated by a desire to study the effect of
mislead system operators about real-time conditions in a pov#éa corruption on LMP viestate estimation. In particular,
system, which in turn may impact the price signals in realliS paper provides an analytical framework for answering the
time power markets. This paper attempts to provide a novgllowing questions:
analytical framework with which to investigate the impact 1) How much does LMP change at every bus given a set of
of bad sensor data on electgower market operations. In SCADA measurements with corrupted data?
future power system operations, which will probably involve 2) What is the impact of data accuracy on LMP sensitivity
many more sensors, the impact of sensor data quality on grid at each bus?
operations will become increasingly important. Here, data corruption refers to both natural noise and man-

Locational marginal price (LMP) is the core variable in mamade attacks.

ket operations. In real-time power markets, LMP is obtained The novelty aspect of this paper is that it provides system
as the by-product of security constrained economic dispatsperators with an analytical tool for assessing the financial
(SCED) in either of the two main pricing models: Ex-ante (e.gisks of bad/malicious data in light of secure market opera-
in ERCOT, NY ISO) and Ex-post (e.g. in ISO New Englandjons. To this end, a unified LMP sensitivity matrix subject to
PJM, and Midwest ISO). Both pricing models are built owlata corruption is developed, describing the coupling between
the power flow and network topology results given by theMP, the estimation of power system states, and the sensor
state estimator, which uses two types of sensor data: 1) anadlaga. This matrix offers system operators @mine tool to:
(e.g., the power injection/flow and voltage magnitude); and 2) quantify the impact of corrupted data at any sensor on
digital (e.g., the on/off status of a circuit breaker). In this papdrMP variation at any bus; 2) identify buses with LMP highly
we focus on a sensitivity analysis of real-time LMP subjeafensitive to data corruption; 3) find significant and influential
to corruptedanalog data fed into the state estimator. Fig. ksensors with regards to LMP change; and 4) study the effect
illustrates that via state estimation, SCADA measurementof data accuracy on LMP sensitivity.
may impact the results of a pair of Ex-ante nodal price and
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Transformer less Intelligent Power Substation
for 13.8 kV/480 V Grid Interface Applications

Sachin Madhusoodhanan, Subhashish Bhattacharya

FREEDM Systems Center, Department of Electrical and Computer Engineering, North Carolina State
University, Raleigh, NC 27606, USA

Email: sachin@ncsu.edu

Abstract — There is a need for a 3-phase interface at the
substations between the 13.8 kV distribution grid and the 480 V
utility grid for controlling the power flow. Traditionally the line
frequency transformers have been used for this purpose which
has certain limitations. They are bulky in size and weight. They
don’t have a provision for improving the quality of power drawn
from the grid. They only allow unidirectional power flow. They
have improper voltage regulation and offer lesser flexibility in
control. So an alternative is needed to replace these conventional
transformers. What is being proposed in this study is to replace
these transformers with SiC semiconductor devices based 3-
phase Solid State Transformer called Transformer less
Intelligent Power Substation (TIPS). Concept of solid state
transformers has been developed sometime back. But because of
unavailability of Silicon based semiconductor devices which can
block such a high level of voltage, it never got materialized.
Recently, with the development of Silicon Carbide (SiC) based
devices with higher voltage blocking capability of up to 15kV,
this is feasible. TIPS, rated at 1 MVA acts as an interface
between the 13.8 kV and 480 V grids and is based on newly
developed 15kV SiC-IGBT and 1200 V SiC-MOSFET. It has 3
power transfer stages: The input stage or the Front End Rectifier
(FEC) stage composed of a 3-Level Neutral Point Clamped
converter (3L-NPC), the isolation stage composed of a Dual
Active Bridge (DAB) and the output stage composed of 2-Level
converters. FEC, DAB and 2-level converter operates at 3 kHz,
10 kHz and 17 kHz switching frequencies respectively. The high
frequency Pulse Width Modulation based switching of these
devices offers a considerable reduction in size and weight. These
switching devices offer a greater flexibility in control. This results
in a topology with bidirectional power flow capability. Through
control of these devices it is possible to maintain unity power
factor at the grid, thus improving the power quality. Also it will
be possible to improve the grid voltage profile under necessary
conditions such as fault, voltage sag etc. through reactive power
compensation. All these features are achievable at efficiency very
close to that of the conventional transformers.

I. KEY FIGURES
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Il. KEY RESULTS

Figure 3: SiC MOSFET 2L-VSC test results at 35 kVA, 800 V dc bus, 20 kHz
switching frequency; Ch2 — Line current, Ch3 — Line voltage before filter,
Ch4- Line voltage after filter (Current: 50A/div, Voltage: 500V/div,
Time:8ms/div)
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Low Cross Regulation SIMO DC/DC Converter with
Model Predictive Voltage Control

B. F. Wang, Student Member, IEEE, K. T. Tan, Student Member, IEEE, P. L. S0, Senior Member, IEEE
School of Electrical and Electronic Engineering
Nanyang Technological University
Singapore 639798
Email: eplso@ntu.edu.sg

Abstract—This paper presents a model predictive voltage
control method for single-inductor multiple-output (SIMO)
DC/DC converters operating in the continuous conduction
mode (CCM). The state-space model for a SIMO DC/DC
converter system is formulated and a Model Predictive Control
(MPC) strategy, which has the capability to track the reference
voltage automatically and reduce the impact of cross regulation
problem, is proposed to regulate the system. Considering that
the switches in the converter only have ON/OFF modes, the
quadratic programming algorithm is employed to obtain the
MPC’s solution. Simulation studies are conducted in
MATLAB/Simulink to verify the performance of the proposed
method.

I.  KEY EQUATIONS
x(k +1) = Ax(k)+BS(k)

)]
y(k) = Cx(k)

where
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I1l.  KEY REUSLTS
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Figure 5. MPC for a SIMO DC/DC buck converter results with load
conditions: /z;= 500mMA, 7z;=300mA and /z;=450mA.



On the Effects of Unbalances,
Harmonics and Interharmonics on PLL Systems

L. Feola, Student Member, IEEE. Langlla, Senior Member, IEE&nd A. Testa, Fellow, IEEE

Department of Industrial and Information Engineering — Second University of Naples, DIII-SUN, Aversa (CE) - Italy
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Abstract— The presence of voltage unbalances, harmonics, and 1. RESULTS
inter har monics superimposed on the fundamental producesa lack of . . .
accuracy in phaselocked loop (PLL) systems which are used on ~ Same results are reported in Fig. 1 and Fig. 2.

static converters and Power Quality (PQ) measurement 015 ‘ ‘

instruments. The set points of the control systems of static ot gPLL Error

converters, such as those used by distributed generation systems

(DG), active filters (AF), static VAR compensator (SVC), orr ]

uninterruptible power supply (UPS), etc, may start oscillating.

PQ instruments may be affected in terms of lack of accuracy of 0.05}

measur ed quantities such as RM S value, active and reactive power, §

etc. In the poster, the cumulative effects of unbalances, har monics, 5 o |

and interharmonics on PLL systems, based on a synchronous g

reference frame, are analyzed. An analytical assessment of the EE'

phase-angle and frequency errors for three- and mono-phase PLLs -0.051 1

in the presence of disurbances is performed to obtain smple

analytical formulas. ol |

l. KEY EQUATIONS ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

The frequency error with a non-ideal input of the three-phase R S

PLL is: Fig. 1. Three-phase qPLL: frequency error versus the time produced by: an
unbalance with amplitude of 2%, a 3rd harmonic of zero sequence with

}(t) - (9= Efj(t) + E: () + Ef— ), (1) amplitude of 5%, a 5th harmonic of negative sequence with amplitude of 6%,

a 7th harmonic of positive sequence with amplitude of 5%, a single three-

_ _ _ . _ phase interharmonic tone of positive sequence with amplitude of 1% and

Ef = KU [\/m EIBf (Awam *3”{9 +o+ DGf (Awam ))J' (2) frequency of 44Hz and a pairs of symmetric three-phase interharmonic tone of
positive sequence producing prevailing phase modulation (PPM) with

= . N r( . N ) amplitude of 0.5% and modulation frequency of 20Hz.
B =K,0| TV, [|13f O jsu g -6+0G, (Adf))+

h#a) T T T
“ —5— Max interharmonic (+)
+ z V.; EIDf (Aag; 15“‘(@ —0+ DGf (Acq;)ﬂ , (3) —k— Max interharmonic (-)
hiIH --#- Max. EN 50160 (+) i

-4- Max EN 50160 (-)
-4&- Sags 80% Remained Voltage|
****** IEC limit

E:=K,0 3 Vi o, @ foirg; +0+ 06, 0ap)

o g

+TV, [Inf (Acq;jsir{a; +6+0G, (Acq;))] 4) i
Awp =hwe -w, Aw;, =hw, +w, (5) (6)
Awy =ihw: ~w, Aw, =ihw, +w. (7) (8)

where 8 and « are, respectively, phase-angle and angular '
frequency of the fundamental of the PLL input signral, is X 350

Interharmonic Frequency (Hz)

the Fourier fundamental angular frequenky,is the gain of Fig.2.  Three-phase gPLL: max of frequency error versus interharmonic

the PLL phase detectorG, (5) is the transfer function of PLL frequency for: interharmonics of positive sequence (circle) and negative
f sequence (star) with amplitudes equal to maximum limits for LV systems
in non ideal condition,d", (6%%) and V&, (V) are, suggested by IEEE 519; 2nd, 3rd, 4th, 5th, 6th, and 7th harmonics of positive
i i i equence (square) and negative sequence (diamond) with amplitudes equal to
resgectively, phase-angle and the amplitude in pu OT th fyg, 5%, 1gﬁ;q 6%,)0.5%, arg1d 5%, rtgspectivély; single)—phase ser:g with 80?%) of
f‘,mdame”ta'_ .Of sequence () of general harmotfic retained voltage without voltage phase-angle jump (triangle).
(interharmonidgh) component ((.)=+, -).
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Realizing Space Vector Modulation in MATLAB and
PSCAD

Yan Ma, Lingling Fan
Department of Electrical Engineering, University of south Florida
Tampa, U.S.
Email: linglingfan@usf.edu

Abstract— Space vector modulation (SVM) is a frequently
used method to implement PWM in three-phase switching
converters. It allows us not only to simplify the control
organization, but also to maximize the exploitation of the
converter hardware. This project realizes SVM in MATLAB and
PSCAD.

Keywords—Space Vector; MATLAB; PSCAD

I.  KEY EQUATIONS

For a typical 3-phase sinusoidal wave, we can represent the
3-phase vectors by one vector as following.

iz Jad
— io 3 3
V,=V,e""+V;s ° +Vs

For a 3-phase 2-level inverter, the per phase output voltage
can be represented as

Where g, g, and g, can be 1 or 0 depends on the active
switch is on or off. We can get 8 vectors by function 1 and
function 2.

Fig.1 space vector sector

Where V, and V- are zero vector. In a short time T, we can
consider space vector as constant. Therefore, every space
vector can be determined by

t t
V, =t, xV, +t, xV, + 2 xV, +2xV,
2 2

Wheret, +t, +t, =T, and V,, V, are the two nearest
vectors of the sample vector.

Il.  KEY ALGORITHM
The key algorithm is as:

Step 1: Compute the space vector of the setting 3-phase
output voltage. Choose the nearest two vectors as V, and V.
For instant, if the space vector is in sector 1, V; and V5 will be
choose as V, and V,,

Step 2: Computet,, t, andt, by the space vector of step 1.
And set the time sequence as

Wi Wa vh 'n Vb Wa Wa

Ly
1

I, L.
2?2

Ty
4

V, means 3 switches are all off, while \V; means they are all
on. When space vector is in sector 1, V, is V; means only the
active switch of phase a is on, V,, is V3 means phase a and
phase c is on and phase b is off.

I1l.  KEY RESULTS
The result of the system on MATLAB s like following.

Fig.2 Simulation block in MATLAB
The output voltage after the filter is like the following:

Fig.3 3-phase output voltage after filter in MATLAB
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Modeling soft-starter for wind generators in PSCAD

Jen-Pin Lin, Lingling Fan
Department of Electrical Engineering, University of South Florida
Tampa, Florida, United States
Jenpin@mail.usf.edu, linglingfan@usf.edu

Abstract—Soft starter is one effective component in wind
generator that can control the inrush current to protect the
machine. The experiment is deal with the problem caused by
induction machine connected to wind turbines can generate
inrush current, which is so big that can hurt equipment, and
voltage dropout, which can deteriorate quality of power. This
work, design and simulate by using PSCAD/EMTDC, evidences
impact of switching oper ations, especially focus on start-up or the
change the generator windings. By controlling the angle of
control signal, current gradually reaches to maximum instead of
reaching its maximum immediately to destroy components.
Application in wind system can adjust current and voltage when
wind just rotates the blade or change speed. Since the mechanical
parameters defining the performance of the rotor are rarely
given by manufactures, a series of simplified wind speeds are put
in the experiment to analysis. The performance and the logic
control of soft starter gradually connecting to induction
generator of thewind turbineto therotor are also studied.
Keywords—soft starter; wind; generator; induction machine

l. KEY FIGURES
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Figure 1. Simplified performance of the soft-starter
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Figure 2. Soft-starter operating point control logic
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Figure 5. Inrush current before installing soft-starter
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Figure 3. Thyristor firing pulse control circuit

Mixing all firing pulse from time to time to form a complete firing angles.
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Figure 4. Soft-starter control circuit diagram

PI control first generates ramp signals from 0° to 360° to the input voltages,
comparing ramp signals to firing angle order, Alpha, to control switches.

Il.  KEY RESULTS
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Adaptive SRF-PLL with Reconfigurable
Controller for Microgrid in Grid-Connected and
Stand-Alone Modes

Tarek Youssef, Graduate Student Member, IEEE, and Osama A. Mohammed, Fellow, IEEE
Department of Electrical and Computer Engineering, Florida International University,
Miami, FL 33174, USA
Email: tyous001@fiu.edu , mohammed@fiu.edu

Abstract—Accurate detection of grid voltage phase angle
under fault and distorted voltage conditions is essential for
distributed generation (DG). Failure to detect supply voltage
phase angle accurately will lead to frequency fluctuation, power
oscillation and harmonic currents. For Microgrid applications,
the synchronization mechanism should be able to detect the
frequency drift during islanding mode and provide stable
frequency reference for standalone operation. To realize this
goal, an adaptive synchronous reference frame phase locked loop
(ASRF-PLL) with islanding detection capability is proposed. A
reconfigurable inverter controller that supports both gird
connected and stand-alone operation modes is also proposed.
This provides stable operation under various grid conditions and
maintains stable frequency reference during islanding mode.
Simulation results were carried out to validate the proposed PLL
to synchronies the power converter link between the Microgrid
with hybrid generation and the AC Grid. The proposed PLL was
implemented using the dSPACE 1103. The experimental results
confirm excellent performance of the proposed technique and
agree with the simulation results moreover. The proposed PLL
performance was compared with the conventional SRF-PLL.
The results verify the validity of the proposed PLL showing its
ability to maintain stable operation under various conditions.

. KEY FIGURES
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Fig. 1. Proposed ASRF-PLL with adaptive moving average filter.
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Fig. 2. SIMULINK model for proposed ASRF-PLL with islanding detection
algorithm and internal frequency reference.
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Desing of a fuzzy controller based on Differential
evolution tuning for VSC

Ivan Riafio*

Carlos Hidalgo*
Nelson Diaz*
!Laboratorio de Investigacion en Fuentes Alternativas de Energia, Facultad de Ingenieria, Universidad Distrital Francisco José de
Caldas, Carrera 7 N° 40-53 Piso 5, Bogota, Colombia.

Abstract—This paper present the develop of a differential
evolution algorithm for tuning a fuzzy basis function expansions
(FBFE) for the control of reactive power and the DC Voltage at
the rectifier station of a VSC-HVDC system.

Index Terms— Differential evolution, FBFE, AC/DC Converter,
VSC.

l. INTRODUCTION

Looking for an efficient interconnection between different
characteristics generation systems is necessary to implement a
reliable and low cost solution that allows a nearly optimal
control of a Voltage Source Converter (VSC). Due to the
complex mathematical modelling required to identify and
design linear controllers for a grid-connected VSC, and the
difficulty of tuning knowledge base fuzzy controllers proved in
previous researches, this work presents a differential evolution

¥
Random

fuzzy parameters
initialization

" vsC-HDVC
Control Evaluation

\lndeuals/ 4

Yes

Fig. 2 Diagram flow of the differential evolution
algorithm implemented.

Fig.1 VSC Model

algorithm for tuning a FBFE to control a VSC.

Fist the control variables operation ranges are found
through a switch based model of VSC System Fig. 1. Then, it is
shown the development of a fuzzy control system and its tuning
process by using Differential evolution algorithms, finally, the
results are presented and are compared with linear controllers
designed in precedent works, all that using the MatlabToolbox
SimpowerSystem on stepped load changes.

1. DIFERENTIAL EVOLUTION ALGORITHM

The fuzzy control model of the VSC was developed as an
FBFE which means and deviations were tuning using a
Differential Evolution algorithm Fig. 2. Finally the best fuzzy
control system was validated in the VSC model against some
steps changes in load, and compared with a strategy of classic
control linearization.

Ill.  RESULTS

In the DC Voltage control Fig. 3 it can be seen that the
fuzzy tuned system present an steady state time of 120ms that
represent a 40% better behaviour that the almost 200ms of
linear control strategies proposed in precedent works.
Additionally, the distortion in stable state is reduced in 60%.

Dc Voltage
T

06 07 08 09

Time ()

Fig.3 Dc Voltage control
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Parameter Identification of Doubly Fed
Induction Generator (DFIG) Using Real-time

Measurements
Shaotong GUO, Anjan BOSE
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Abstract— The project mainly focuses on designing
algorithms to estimate parameters of DFIG via data

KEY FIGURES

collected from on-line data measurements, in order to find
out the number and types of DFIG which are currently

operating in the system. The poster contains three main

]

parts: the derived state space form of 3 and 5% order of
DFIG; Built and Debugged model in SIMULINK and
DigSILENT using to provide required data to input to the
estimation algorithm; Results using Model Reference
Adaptive Control (MRAC) algorithm. Two cases were
tested on different scenarios using MRAC: wind speed
keeps constant and wind speed increasing uniformly
during the simulation. Further work would focus on
considering other more realistic conditions, such as
considering the position arrangement of the DFIG units
within the wind farm.

=) e
J| B
® WPP|
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l. KEY EQUATIONS

The original 51" order model of DFIG using fluxes as
states, which are less applicable to measure in real —

Figure 1. 168 DFIG connected into
DigSILENT

IEEE

-39Bus System |n

. . th Wind Spead = T_’_J T e
situation. So the 5" order DFIG model has been re- e Lo L
written and derived with the states of voltage, current, _”—_**f"’
and rotation speed, which are shown as below: _i_ -
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Managing Solar Uncertainty in Neighboring Systems
with Stochastic Unit Commitment

Robin Broder Hytowitz, Student Member, IEEE, and Kory Hedman, Member, IEEE

School of Electrical, Computer and Energy Engineering, Arizona State University, Tempe, AZ 85281, USA
Email: robin.hytowitz@asu.edu and kory.hedman@asu.edu

Abstract—With the increasing number of renewable energy
resources coming online, reliability and uncertainty have
become essential issues facing system operators and
planners. To reliably manage uncertainty in a small grid
system with a high penetration solar photovoltaic power, a
stochastic mixed integer linear program for day-ahead
unit commitment is modeled. In order to describe the
issues that arise in this system, a complex mathematical
formulation and intricate  main-grid  microgrid
interactions are developed. The framework developed to
account for uncertainty is based on a stochastic
programming model used to compare multiple solar
scenarios. In order to handle the computational
complexities, Benders’ decomposition is used. With this
approach, the problem is divided into three stages; the
first is a non-iterative system-wide unit commitment
problem to establish the operating costs of the main grid
without the influence of trading. The second and third
stages are the master and sub-problem of Benders’
decomposition, respectively. The master is an hourly unit
commitment of the microgrid involving trading and line
switching, and the sub-problem is a five-minute optimal
power flow with differing solar scenarios. This multi-stage
structure is used to appropriately model the important
interactions between the two neighboring systems. The
second-stage structure ensures pareto-improvements are
achieved for both systems in order for the microgrid to
improve its ability to predict operational conditions of the
main-grid and, hence, trading opportunities for both
energy and ancillary services. Additional modeling was
used to ensure that uncommitted non-spinning generators
would be available for use in the third stage OPF. Future
studies will also consider the impacts of energy storage
and electric vehicles on the system.

l. KEY EQUATIONS

min Yyrepour ZVgEGEN(Cng,T + CgUSUg,T + C;;VLug,T) 1)
minn 2)
n= ZVTGHOUR(ZVLLEMICRO CuPyr + Cgusuu,T + CIIXLuu,T) +
(cr"PIz" + czNFPIZNT ) — (e PIFF + cfVFPIENT) +

ZVgEGENfast PC(C;?U + CgI;VL)(l - u,f}'f.[é ®)
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min ZVteMI_N DivcescEN Pe (ZVEGEN Cy (Pg,t,c + P;fig,lcj) +
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Il.  KEY FIGURE

Stage 1: Whole Grid UC
- 1-hour periods
- Reserves modeled by zone
Output: UC variables for the main grid

l

Stage 2 (Master): Microgrid UC
-1 hour periods
- Reserves modeled by zone
- Line switching
- Firm and non-firm trading
- Expected solar output modeled
- Pareto improvements
Output: Hourly imports, UC variables

l

Stage 3 (Sub-Problem): Whole Grid OPF
- 5 minute periods
- Solar scenarios (stochastic LP)
- Deviations in hourly imports
- Load shedding to ensure feasibility
- Uncommitted non-spinning reserve available
for dispatch
Output: Dual variables for Benders’ cut

l

< Convergence

Set optimal values to current
values. End.

Figure 1. Flowchart of the three stages used in the microgrid model. Stages
two and three are the master and sub-problem of Benders’ decomposition
respectively.
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Real Time Corrective Switching in Response to
N-m Events

Pranavamoorthy Balasubramanian, Student Member, IEEE, and Kory W. Hedman, Member, IEEE

School of Electrical, Computer, and Energy Engineering, Arizona State University, Tempe, AZ 85287, USA
Email: pbalasu3@asu.edu and kory.hedman@asu.edu

Abstract— The standard optimal power flow (OPF)
problem is an economic dispatch (ED) problem combined
with transmission constraints, which are based on a static
topology. Prior research has demonstrated that co-
optimization of generation dispatch and transmission
topology results in improved cost savings. However, the
computational complexity associated with topology
control (TC) has been a major deterrent to its
implementation. The proposed work investigates the
application of a heuristic, a greedy algorithm (GA), to
improve the computational time for the TC problem
while still maintaining the ability to find quality solutions.
An expression is derived indicating the impact on the
objective for a small change in the transmission line’s
impedance. This expression is used to generate a priority
list with potential candidate lines for switching, which
may provide huge improvements to the system. The
advantage of this method is that it eliminates the need to
solve a mixed integer program (MIP) to find a switching
solution. Corrective topology control strategies for real
time applications is presented, which includes N-1 events,
N-m events, and an application for arresting cascading
events. The proposed algorithm specifically targets cases
that lead to load shedding in the system and provides a
quick and efficient method to restore the loads by
improving the deliverability of reserves via topology
control. Simulation results on the IEEE 73 bus and IEEE
118 bus test systems suggest a significant improvement in
the amount of load served to the system with TC as
opposed to without TC with minimal time and
computational efforts.

I. KEY EQUATIONS
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Il. KEY FIGURES
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Figure 1. Real-time Corrective Switching Timeline.
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I1l. METHODOLOGY
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Figure 2. Flow chart for the greedy algorithm.

IV. KEY RESULTS
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Modeling of Electrical Arc for Transient Simulation

Qingxin Shi
Power Disturbance & Signaling Research Laboratory, Department of Electrical and Computer Engineering,
University of Alberta, Edmonton, AB, Canada, T6G 2V4
Email: gingxinl @ualberta.ca

Abstract— Electrical arc is common in the power
system. A short circuit fault always occurs with transient
electrical arc, while arc furnace can keep a continuous arc.
The modeling of dynamic arc is a tough work due to its
non-linear characteristic. According to the large number
of measured data, the arc can be regarded as a resistive
element of the circuit because its current is in phase with
the voltage. This poster focuses on the dynamic model of
AC arc, which can be represented by multi-variable
equations. According to the measured data of arc voltage
and current, three kinds of empirical formula have been
proposed to describe the time-varying arc resistance and
arc (V-I) characteristic. The simulation result shows that
electrical arc have a significant influence on the power
system dynamic and power quality.

I.  KEY EQUATIONS

Dynamic model of AC arc can be represented by multi-
variable equations. According to the measured data of arc
voltage and current, three major dynamic arcing models are
presented in the following. Equation (1) ~ (3) shows the
distorted rectangular model, piecewise-linear model and
distorted sinusoidal model respectively.

aO (t) (U + U

b
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a. Arc voltage and arc current b. Arc resistance
Fig. 1 Time response of arc parameters (distorted rectangular model)
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a. Arc voltage and arc current b. Arc resistance
Fig. 3 Time response of arc parameters (distorted sinusoidal model)
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Fig. 4 A typical AC arc furnace system.

Ill.  KEY RESULTS

To evaluate the influence the arc furnace has on the power
quality of power system, the voltage spectrum at the point of
common coupling (PCC) is presented.
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a. Arc voltage and arc current b. Arc resistance
Fig. 5 Simulated arc parameters of electric arc furnace
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Fig. 6 Voltage frequency.'.spectrum at PCC
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Flexibility Assessment in Power Systems

Yury Dvorkin, Miguel A. Ortega-Vazugez, Daniel S. Kirschen
Department of Electrical Engineering
University of Washington
Seattle, USA.
E-mail: dvorkin@uw.edu

Abstract—This poster describes an approach to assess day-
ahead flexibility requirements. The poster discusses the newly
developed probabilistic characteristics of the intra-hour net load
variability. Then, the results of the Kolmogorov-Smirnov test
applied these characteristics are presented to demonstrate that
parametric PDFs poorly fit net load variability. To overcome this
inaccuracy, the non-parametric MIP-based approach is proposed
and tested to optimally determine hourly flexibility requirements
at a given probability level for each regulation interval.

Keywords—Power system operation, flexibility, wind integration

. KEY EQUATIONS

Each historical deviation, &, from the net load forecast can
be characterized by its magnitude (APy), ramp rate (ARx), and
ramp duration (A 73):

G0 2 (AR, AR, AT, &)
Fig. 1 illustrates the process of obtaining a complete set of
these deviations for each operating hour for 1<AT;<60
minutes. When the complete set of deviations for each
operating hour and each regulation interval is obtained, this
information can be graphically interpreted as shown in Fig. 2.
Therefore, if a box captures a given percentage, «, of the most
probably deviations within a particular regulation interval, its
dimensions represent the required flexibility requirements
(p"™9, #™9, £*9) in up and down directions. To position these
boxes optimally, the following optimization problem with the
objective function (2), minimizing the normalized dimensions
of each box, is proposed for each regulation interval:

treq _req

req req req req

. Puwp — P hp — K
min APmusx Ajzmin_’_AR;gx Ad;min ATmueFl)x ZnTmin (2)
up  ~ ALy up ~ ALy up T ALy
req up up req dn dn
Py zut® - AB®, pil <ul - AP, ®3)
req up up req dn dn
Tp 24 AR, ryt <up AR, 4
req up up req dn dn
L 2 AT, fgy' Sup AT, (5)
Nup Ndn
up _ dn _
D u® =1, u" =1 (6)
i=1 j=1
Nup Ndn
up  up dn  dn @ up dn
D ou®d® D U df = (NP4 N @)
L ~ 100
i=1 Jj=1

In (3)-(6) the hourly flexibility requirements are selected and a
given percentage, «, of captured data points is enforced in (7).
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Fig. 2. Optimizing flexibility requirements over a set of net load deviations.

I1l.  KEY RESULTS

The findings of this study includes optimal hourly
flexibility requirements obtained for primary, secondary, and
tertiary regulation (Fig. 3) intervals as well as the results of the
Kolmogorov-Smirnov tests proving that non-parametric
statistics fits net load variability better than parametric.
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Factors Affecting Induced Voltage on Pipeline

Located Close to High \Voltage Transmission

Ahmed. S. AlShahri, Graduate Student Member, IEEE and Nirmal. K. Nair, Senior Member, IEEE

Department of Electrical and Computer Engineering

University of Auckland, Auckland, New Zealand

Email: aaou604@aucklanduni.ac.nz, n.nair@auckland.ac.nz

Abstract— The effect of AC interferences on pipelines has
become a common issue in recent years due to improvements in
pipeline technology, general increase in fault levels and an
increased tendency to locate pipelines in power utility corridors.
This kind of induced voltage can place both human safety and
pipeline integrity at risk. A pipeline which shares a common
corridor with AC transmission lines (OHTL) can become
energized by the magnetic and electric field surrounding the
charged line via the air and soil. This AC interference can result
in an electrical shock hazard for people in contact with the
pipeline or any metallic structure connected to the pipelines or by
standing in close proximity. The objective of this paper is to
apply Current Distribution Electromagnetic interference
Grounding and Soil structure analysis software (CDEGS) to
model, simulate and analyze a typical case in order to investigate
and identify the prominent coupling effect due to overhead high
voltage transmission line (OHTL) running parallel to adjacent
pipelines. Also, it proposes the effect of some factors such as the
line fault current and separation distance on pipeline induced
voltage.

Index Terms— CDEGS, Induced voltage, OHTL, Pipeline.

I. KEY FIGURES
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KEY RESULTS
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Fig. 4. The effect of separation distance: (a) for d = 149m, (b) ford =

400m.




Transient Stability Analysis
Using Prony Analysis

Takuya Omi, Takato Hiraiwa, Shinichi Iwamoto
Power Systems Laboratory, Department of Electrical Engineering and Bioscience, Waseda University, Tokyo, 169-8555, Japan
Email:_omi.takuya.pwrs@gmail.com

Abstract-- Electric power systems are becoming larger
and more complex, making their control increasingly
difficult. For this reason, transient stability has recently
attracted increased attention. A concern about
longitudinal power systems such as those used in Japan is
the possibility of multi-swings, and predicting them has
become an important issue. Analytical solutions to this
issue are difficult, however, due to multi-modes in the
swings. In this paper, we use Prony analysis to reduce the
problem to simple swings, easing analysis of swing
dynamics. We propose a new method of fault screening by
applying Prony analysis and the single machine
equivalent method. We verify the validity of the proposed
method by simulation on a 10-machine, 47-bus system.

1. KEY EQUATIONS
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Figure 2 Local Step-out

II. KEY RESULTS
TABLE 1. ESTIMATED VALUES BY PRONY ANALYSIS METHOD

(a) Output Rate : 60%

Mode Damping ratio| Frequency | Magnitude | Initial phase
(%) (Hz) (degree) (degree)
1 0 14.0 0
2 0 0.74 0
3 0 0.59 0
4 2.35 0.77 8.50 49.6
5 8.89 1.66 0.20 161
(b) Output Rate : 70%
Mode Damping ratio| Frequency | Magnitude | Initial phase
(%) (Hz) (degree) (degree)
1 0 15.5 0
2 -0.58 0.73 11.5 57.0
3 -14.5 0.65 0.37 -36.1
4 23.9 2.71 4.10 -143
5 98.0 0.28 46.6 -87.8

Table 2 Ranking of fault cases for poor damping

Ranking Fault Point Damping Ratio [%]
1 19-37 1.40
2 19-47 1.44
3 19-18 1.53
4 9-19 1.54
5 37-19 1.82
8 19-9 1.91
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Supplementary Load Frequency Control with Storage
Battery Operation Considering SOC under Large-scale
Wind Power Penetration

Yu Kurita, Masato Toge, Shinichi lwamoto
Power Systems Laboratory, Department of Electrical Engineering and Bioscience, Waseda University, 169-8555, Tokyo Japan
Email: kurita.yu.pwrs@gmail.com

Abstract—Wind power is a major source of renewable
energy, and is in great demand around the world.
However, wind power is difficult to manage due to large
fluctuations in power output. To alleviate such
fluctuations, this paper proposes a method for
suppressing frequency deviation in wind power
generation using storage battery systems that considers
state of charge (SOC) and response speed differences
between generators and storage battery systems. The
method adjusts storage battery output according to
present SOC, and applies H, control theory to the
generator controller to achieve robust control considering
parameter fluctuations generated by state variations in
the power system. Using this approach, we design a load
frequency control system that controls both internal
variation caused by power system dynamics and external
variation caused by wind power generators. To verify the
validity of the proposed method, we perform LFC
simulations and compare frequency deviations between
the proposed and conventional methods.

1. KEY EQUATIONS
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II. KEY RESULTS
Table 1 Evaluation values

Afrax [Hz]
Simple method (integral controller) 0.419
Proposed method (integral controller) 0.241
Simple method (H.. controller) 0.275
Proposed method (H.. controller) 0.155

=40

— — Simple method (H-infinity controller) St ‘ S b
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Figure 5 State of charge (H,, control applied)



A Generator Output Adjustment Method
considering Transient Stability ATC and Multi-swing Stability

Kaoru Nakamura, Takahiro Chiku, Shinichi Iwamoto

Power Systems Laboratory, Department of Electrical Engineering and Bioscience, Waseda University, Tokyo, 169-8555, Japan
Hideo Hosogoe, Mitsuhiro Matsumoto

Tohoku Electric Power Company, Sendai, 980-8550, Miyagi, Japan

Email:nakamura.kaoru.pwrs@gmail.com

Abstract— Recently, in the process of deregulation, the
transactions of the electricity among areas have been
increased. Especially the tie-line ATC(Available Transfer
Capability) is one of the important indices in the
transactions from the viewpoint of the effective use of
networks. In Japan, a large scale introduction of
renewable energies is expected because of the global
warming and the Great East Japan Earthquake. In
addition, multi-swing is caused by the increase of the tie-
line power flows in longitudinal power systems such as
the Japanese system. In this paper, first we define
transient stability ATC as ATC with transient stability
constraints. Second, we focus our attention on
characteristics of ATC and reduce the calculation time
drastically by it, and we propose an effective generator
output adjustment method considering transient stability
ATC and multi-swing stability. Finally, we verify the
validity of the proposed method by simulations on an
IEEJ EAST 10 machines 47 bus-system.

1. KEY EQUATIONS
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Figure 2 The flowchart of the proposed method

1. KEY RESULTS

Table 1 Base output changes of generators (80%)

G8 G9 G10
Conventional 0.0355 0.0313 —0.0669
method [pul [pul [pul
Proposed 0.2248 0.2450 —0.4698
method [pul [pul [pul
Table 2 Transient stability ATC
G8up G9up G10up ATC
Original 1.31 1.30 1.20 1.20
condition [pul [pul [pul [pul
Conventional 1.31 1.30 1.32 1.30
method [pul [pul [pul [pul
Proposed 1.31 1.29 1.29 1.29
method [pul [pul [pul [pul




A New Approximation Method for Generating Day-
Ahead Load Scenarios

Yonghan Feng, Dinakar Gade, and Sarah M. Ryan
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Roger J-B Wets and David L. Woodruff

University of California Davis
Davis, CA, USA
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Abstract— Unit commitment decisions made in the day-ahead
market and resource adequacy assessment processes are based
on forecasts of load, which depends strongly on weather. Two
major sources of uncertainty in the load forecast are the errors
in the day-ahead weather forecast and the variability in
temporal patterns of electricity demand that is not explained by
weather. We develop a stochastic model for hourly load on a
given day, within a segment of similar days, based on a weather
forecast available on the previous day. Identification of similar
days in the past is based on weather forecasts and temporal load
patterns. Trends and error distributions for the load forecasts
are approximated by optimizing within new class of functions
specified by a finite number of parameters. Preliminary
numerical results are presented based on data corresponding to
a U.S. independent system operator.

Index Terms— Demand forecasting, Load modeling, Power
system planning, Stochastic processes.

I KEY FIGURES
\
June July
7000 7000
= 6000 < 6000}
5000 = 5000/
T 40000 T 4000/
S 3000f 72 S 3000/

ke . R . .
200%0 60 80 100 ZOD%O 60 80 100
Temperature (F) Temperature (F)
August September
7000 7000/
= 6000 d = 6000|
S 5000 : S 5000/
T 4000 T 4000} oo
5 3000 F S 30002
200?‘"] 60 80 100 200%‘] 60 80 100

Temperature (F) Temperature (F)

Figure 1. Load vs. day-ahead temperature forecast in the four summer
months, 2010-12.
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Semi-Definite Programming based Control
for WECS over Full Operating Regions

Can Huang, Zhigiang Jin and Fangxing Li
EECS Department, University of Tennessee, Knoxville, TN 37996
Email: chuangl 6@utk.edu

Abstract— In this paper, a new control strategy based on
semi-definite programming (SDP) method is proposed to
control variable speed variable pitch wind energy conversion
system (WECS) over its full operating regions (both the partial
load and the full load regions). The SDP-based controller is
designed to provide the required trade-off between energy
maximization or power regulation while reducing the drive
train torsional torque fluctuations and pitch actuator activity.
It can improve the power quality of the electrical power
generated by the WECS and increase the life time of the
mechanical parts of the system.
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1. SIMULATION RESULTS
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Voltage Quality Improvement in Distribution
Networks Containing DERSs using UPQC

Sumit Mazumder, Arindam Ghosh and Firuz Zare
School of Electrical Engineering and Computer Science, Queensland University of Technology, Brishane, Australia
Email: s.ami@qut.edu.au, a.ghosh@qut.edu.au

Generated Reference Voltage Magnitude

ABSTRACT - Single phase distributed energy resources

(DERs) can cause voltage rise along distribution feeder and pow- o T
. . a
er imbalance among the phases. Usually transformer tap setting 900 4
are used to mitigate voltage drop along feeders. However this can el \
aggravate the voltage rise problem when DERs are connected. . \ #* ’\\ L
Moreover if the power generation in a phase is more than its load 800 A /
demand, the excess power in that phase will be fed back to the 7751 \\ /
transmission network. In this paper, a unified power quality - V
compensator (UPQC) has been utilized to alleviate the voltage TmeS) ogo 02  o0do o6 o080 100 10  1do
quality excess power circulation problems. Through analysis and
simulation results, the mode of operation of UPQC is highlighted. Fig.4. PCC voltage magnitude with UPQC operation.
The proposals are validated through extensive digital computer RIS Bus voliage
simulation studies using PSCAD and MATLAB — ea Y S

6.5k~
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Fig.5. RMS load bus voltages in phase-a after UPQC operation in high load.
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Il. KEY RESULTS
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A Two-Level Online Parameter Identification
Approach

Runze Chen. Wenchuan Wi, Honahin Sun. Bomina Zhana
Department of Electrical Engineering, Tsinghua University, Haidian, Beijing, China
Email: chenrz_francis@vip.126.com and wuwench@mail.tsinghua.edu.cn

Abstract—In this paper, a novel online parameter identification
approach with two-level architecture is proposed. In this approach,
identifiability analysis, parameter identification and parameter
validation is developed and integrated in a two-level manner.
Firstly, an identifiability index based on trajectory sensitivity is
defined to select measurements scans that satisfy the condition of
identifiability. Parameter identification is then done with the
selected measurements scans, which has the ability to compress
measurements error. These two functions are deployed at
substations or plants to guarantee efficiency. A hybrid simulation
based parameter validation method is also developed which is
deployed in control center. With this two-level online parameter
identification approach, parameters of models can be identified
and verified automatically. Numerical tests from real application
show that the proposed approach has good performance.

I. KEY EQUATIONS
The trajectory sensitivity can be calculated by
0.,+A6.k)-y(0,-A0.k) |Iy(6,.k
J(Hi,k)=|:y( i0 i )y( i0"AU; )}y( i0 )
200,16, &)

i=1,2,...m
With sensitivities of all the parameters, we get sensitivity
matrix J, . Then parameter identification can be described as

solving the algebraic equation,

J(0)-A0=-Ny (3)
Define pseudo-Hessian matrix as
H=J"J @
Least square solution of the parameter deviation vector:
A0 =-H'J Ay (5)
Solution sationarity is affected by the condition number :
o
k(H) = Zmax 6
(H)="2= (6)
We can choose a threshold as:
1
threshold, = ——= )
nxrt
Il. KEY FIGURES

The architecture of the proposed approach is shown in Fig.1.

Control Center Application

‘ Other Applications based on simulation ‘

73

‘ System-level Parameter Validation ‘

< 7S

v i

@

i‘> Local Parameter
Validation

Database

- PMU

<:®: Identifiability <,|:
Analysis

Parameter
Identification

Power Plant or Substation

Fig. 1 Framework of the two-level OPI system

I1l. KEY RESULTS.

Fig. 2 Part of the CEG containing Suzhou Power Plant

TABLE |
PARAMETER IDENTIFIABILITY RESULT
Default Scenario 1 Scenario 2 Scenario 3
Xdlp.u. 2.155 2.040 2.046 2.037
Xqlp.u. 2.100 1.535 1.518 1.530
K 2327 1959 1954 1976
X'dlp.u. 0.301 0.292 0.247 0.321
X"’dlp.u. 0.223 0.143 0.221 0.143
T°d0lp.u. 8.610 7.580 7.070 7.710
7°d0lp.u. 0.045 0.030 0.031 0.029
X’qlp.u. 0.448 0.324 0.292 0.307
X"qlp.u. 0.218 0.116 0.260 0.112
T’q0lp.u. 0.950 0.500 0.920 0.480
T’q0/p.u. 0.069 0.071 0.095 0.056
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Power System Online Security Operational Trend
Analysis and Simulation Results

Feng Zhao, Qinglai Guo, Member, IEEE, Hongbin Sun*, Senior Member, IEEE, Mengxia Wang, Bin Wang

Dept. of Electrical Engineering, Tsinghua University, Beijing, China
Email:f-zhao09@mails.tsinghua.edu.cn

Abstract—A novel power system online security operational
trend analysis method is proposed in this paper. Based on the
online operational mode and ultra-short term forecast
operational mode (15mins later), the worst contingency set is
determined as the union of the worst contingency in online and
ultra-short term forecast operational mode, and the power
system security evaluation indices are given out online for
different security subject, such as voltage stability, critical
interface stability, and transient stability. Simulation results on
IEEE 39-bus system show that the proposed method can
determine the worst contingency set and security evaluation
index online accurately, reduce the number of contingencies,
and improve security analysis efficiency.

I1l. KEY RESULTS
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Figure 2. VVSMs under the contingency set in operational mode F, and Fy

THE WORST CONTINGENCY AND VSMS UNDER THE WORST
CONTINGENCY IN OPERATIONAL MODE F, AND Fg

TABLE I.

I. KEY FIGURES
Operational mode F. Fy
onine securly ey s Worst contingency line 6-11 | 15-16
I | il N - -
e ety = s uder e VSM under the worst contingency line (MW) | 956 | 913
/ / & securty & TABLE II. THE ASSESSED WORST CONTINGENCY AND VSMS UNDER
EMS i _ : THE WORST CONTINGENCY IN OPERATIONAL MODE F1, F2, F3 AND F4
inear power system subject, worst contingency security evaluation index under the
[ difference |operationsltrend wt: C12C2 e e e THROUGH THE PROPOSED TREND ANALYSIS METHOD
p—— (t=0~15mins) (t=0~15mins) (t=0~15mins )

metho

X‘ online security.
ultra-short term | assessment

forecast operational worst contingency
mode(t=15mins)

security evaluation
index under the
worst contingency

=

Figure 1. Framework of power system online security operational trend
analysis method

Il. KEY EQUATIONS

Power system operational trend (t=0~15mins) is obtained
through liner difference method. And the power system state
variables X; at time t; (t.<ti<tp) is shown as equation (1).

X, =X, +—2

(Xb - Xu ) (1)
tb Tl

where X, is the power system state variables at time t,, and X,

is the power system state variables at time t,,.

The security evaluation index k; at time t; is shown as
equation (2).
tz’
Z‘b - ta
where k, is the security evaluation index at time t,, and k is
the security evaluation index at time t,.

ki =k, + (k, —k,) &)

Operational mode F, F, F3 F,
. . 6-11,15- | 6-11,15- | 6-11,15- | 6-11,15-
Worst contingency line set 16 16 16 16

VSM under the worst

contingency line set (MW) 947 939 930 922
125
=115
2

HFl

§ 105 (12}

z F

> 95 uF4
85

1 6 1 16 21 26 31
contingency number

Figure 3.  VVSMs under the contingency set in operational mode Fi, F2, Fs, F4

TABLE IlI. THE WORST CONTINGENCY AND VSMSs UNDER THE WORST
CONTINGENCY IN OPERATIONAL MODE Fy, F,, F3, F4
Operational mode F, F, F3 F,

Worst contingency line 6-11 15-16 | 15-16 | 15-16

VSM under the worst contingency
line set (MW) 952 942 933 923

Deviation between calculated VSM

and assessed VSM (%) 0.5 0.3 0.3 0.1
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Preliminary Modeling and Stability Analysis of
Physically Distributed Power Systems with Constant
Time Delay

Christian M. Schegan, Karen Miu

Center for Electric Power Engineering, Electrical and Computer Engineering Department, Drexel University,
Philadelphia, PA 19104, USA,
Email: cms68@drexel.edu, karen@coe.drexel.edu

Abstract—This poster presents key concepts in the design and
analysis of remote, non-destructive testing of physically
distributed power systems. Preliminary modeling of a linearized,
two-bus, physically distributed power system and its
communication and control interface is given. The main objective
is to determine regions of stable operation for a given range of
network parameters, subject to communication delay introduced
by the interface. The delay is assumed to be constant in order to
establish general bounds on total roundtrip delay that ensures
stable operation. The resulting regions of stable operation
provide design constraints for the physical implementation of the
communication and control interface hardware.

I.  KEY EQUATIONS

The state space equation for the physically distributed
power system is shown in (1). The remaining equations are the
characteristic equation [1] of the system and the limiting value
of delay for stable operation of the system [2].

X = Ax(t) + A x(t —7y) + A, x(t —7) + Bu(t) 1)

A(s,7) = det] T, — 4y~ A,e™ |= M (s)+N(s)e™ =0 (2)
A =(A,+4, )e_s(r”m ©)

Im{W}
Tiimic = Min i (@;) = min Lot VG L] g

N(je,)

Il.  KEY FIGURES

Communication and Control Interface

Rest of Power System

(RPS)
oy e
2 I;I

Power Hardware-in-
the-Loop (PHIL)

+

i Channel

N
‘ Sensors and Control ‘

Equipment

Fig. 1. Example of a physically distributed powersystem that highlights the
communication and control interface.

This poster describes how the system shown in Fig. 1. is
linearized and modeled as the system in Fig. 2. Equations (1) -
(4) are then used to represent the system for a given value of
delay. The region of stable operation for the time delayed
system is then determined (Fig. 3.).

Two-Port Network
Communication and

s |Bus1 Bus 2p c |
= ontrol Interface Bus 2s| Ir
+ Ri12 sLiz I + _ST2 + I +
< ale -stl <
Vs I sC, sC, | IRLl‘:VRL1|<> ' BVrL1E II V: <Rz
—— } . - : B

lcces  vevs |

Subsystem 1 Subsystem 2

Fig. 2. Example of a linearized, two-port representation of a 2-bus,
physically distributed power system.

Il. KEY RESULTS

Region of Stable Operation
200 ! T T T T T

=)
< 1007
® :
80 o ¢
60 o ¢
40 o ¢
S
2075 5 3 Sgfczizzo:
SR EEEEEI R R EHIHII I
0 20 40 60 80 100 120 140 160 180 200

Fig. 3. Region of stable operation for the time-delayed system in with
7=Ims.

Fig. 3 shows the R ; and R,, parameter space for a total
roundtrip delay of ==1ms. Note that when t=0s, the region of
stable operation is the entire quadrant.
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Stochastic Economic Dispatching for Wind
Penetrated Power System

A.H.Shahirinia', D.C.Y U, E.Soofi?
1- Department of Electrical and Computer Engineering,
2- Sheldon B Lubar School of Business
University of Wisconsin—Milwaukee, Kenwood Blvd. Milwaukee, WI 53201-0413
Email: shahiriz@uwm.edu, yu@uwm.edu and esoofi@uwm.edu

Abstract— This poster introduces a new algorithm
for economic dispatching problems of wind-
penetrated power systems. This algorithm, called
Stochastic Economic Dispatcher (SEconD),
takes the uncertainty about the wind speed into
account and optimizes the economic dispatch of
the corresponding fossil fuel power plants.
SEconD is an integrated algorithm consisting of
a statistical software package and a dynamic
programming based optimizer. Since the
proposed algorithm utilizes the entire wind
speed spectrum as input, it will maximize the
wind energy participation in the economic
dispatch. The SEconD algorithm produces
summary statistics of the variables such as wind
power, outputs of fossil fuel generators,
transmission loss, and total cost of power
generation. The survival function is introduced
to compare the probability distributions of the
outputs of the algorithm and to provide the

Key Results:

05 - T 1

Sunvival functio

planners with a more qualitative description of
the statistical results. The SEconD algorithm
will allow the planner to estimate associated
univariate statistical measures and confidence
intervals as well as bivariate relationships
between pairs of variables and the associated
correlation measures.

Key Equations:

N
rr'gDOCZZaiPi2+biPi+Ci

@)
i=1 )
where P = (P, ..., Py) subject to
N
2
PD+PL_ZPi=0 ()
i=1
P < p, < POY (3)
P, = §V=125y:1PiBiij+Z£V:13i0Pi+ @)

Boo.
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Fig. 1. Distributions of the wind power, optimal output power generation and the scatter plots of the optimal outputs of three fossil generators
and wind power
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Order Recursive and Real-time Estimation of Powe
System Electromechanical Modes

Gurudatha K.Pai (gpai@uwyo.edu) John W. Pierre (Pierre@uwyo.edu)
Dept. of Electrical and Computer Engineering, Dept. of Electrical and Computer Engineering,
University of Wyoming, Laramie, WY 82070 University of Wyoming, Laramie, WY 82070
Abstract—Power system electromechanical modes can be es- I order,m=2 I ,order, m=M

timated using ambient synchro-phasor measurements. This par- R
ticular work relates to modeling the ambient time series mea-
surements as an auto-regressive (AR) model with varying model
orders simultaneously.

A modular structure called lattice filter is used for the 3
modeling purpose and is related to the classical AR model (of ~2mbent PIL .y,
different model orders) via the Levinson-Durbin algorithm. The y(t)
modes of the power system are obtained as roots of the AR :
polynomials. To estimate the parameters of the lattice filter a
weighted least squares approach, called the “QR decomposition ; =
based least squares lattice (QRD-LSL) is used. This approach Tackwar path

rovides modeling flexibility to the user without needing to re- —
iF;IitiaIize the algor?thm withya different model order choige. Ime_r,'ﬁ‘l order, m=-1

The new approach is validated using linearized models of the
power system in a Monte Carlo simulation set-up. The simulation Fig. 1. Lattice filter based linear prediction model for ambient PMU data.
results suggest that the new algorithm provides consistent esti-

mates of the modes and is capable of tracking slowly time varying 044
moc_ies. The convergence properties of QRD-LSL algorlthm is T TEEEFEEEcrTLI T I T r T ]
similar to those of the popular recursive least squares algorithm. o042 EE—»HH_,EI* ST T LT
A demonstration of the estimation of the modes using measured s 1 ¥ B [=True Frequency
power system data is also presented. L o4y} | = Estimates (Mean + Std Dev)
I. KEY EQUATIONS ooon 0 Bieny ® 08
. . . 10 - .
The forward /backward prediction errors (time series model) ‘e \jgsliﬁnzzzmg;aj% pev)
N S ST T
= — = _ S 61+ TT+TT
fu(t) =y(t) yﬁM(’f) = fu-1(t) + £y mbar-a(t = 1), L1 LT LT SRR  pe s
bu(t) =yt — M) = gp,m(t) = bar—1(t — 1) + ko, far-1(t). , Easassaannnnnng A bRdANN
Lattice filter estimation problem - R T B
t
. . . Fig. 2. Frequency and damping ratio estimation accuracy of QRD-LSL
2
ﬁfﬁM(t) = arguin {Z A ZfM(t)} ) (1) algorithm for varyingmodel orders.
Epm i=0
t 0.42Hz mode estimation using the QRD-LSL algorithm
Ay (t) = argmin Z A2 (t) b 2 1 04at
Bo.m i=0 ) - \'w._w_,ﬂ S
Lev|nson_Durb|n Algorlthm - 50-42’ NM_MWM' et e
C #/
a a 0.4+
— =f,m-1 “2b,m—1 0 5 10 15 20 25 30
Qfm = |: 61 :| + Kfm |: T :| ’ (3) time (min) — Mean + StdDev
0 1 8 :True Mode
Ap = |: ] + Kb,m |: :| . b S,ﬂ o Mean Est.
’ Qb,mfl Qf,'rnfl 347 " B e U AU S
Calculation of frequency’ (Hz) and damping ratio (DR} - 5272 T R ——————————H
0
z = roots (AJQM(Z)) s = Fslog(z), 4) 0 ° 10 ime (1n§in)—> 20 s %
f = S(s)/2m) (Hz) | ¢ = —R(s)/ls| (%)

Fig. 3. Frequency and damping ratio estimates of the 0.42Hz mode of the
sewenteen machine model with stationary modes. Mean and standard deviation

Il. KEY FIGURES of the estimates over 100 Monte Carlo trials are shown. m =A38,0.999.
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Multi-Band Sub-Synchronous Damping
Controller (MBSSDC) for Type 111 DFIG Wind
Power Farms

Jason Pannell, Student Member, IEEE, Ramakrishna Gokaraju, Member, IEEE, Olivier Larocque, Member, IEEE
Electrical & Computer Engineering, University of Saskatchewan, Saskatoon, Canada

jason.pannell@usask.ca

Abstract-- This paper presents a method to damp the low
frequency power oscillations that can develop between Type 111
DFIG wind turbine generator systems and series compensated
AC transmission lines. This problem is most prevalent when a
Type Il DFIG is connected radially to a load through a long
series compensated transmission line. The method proposed
involves placing a multi-band controller in parallel with the
existing generator controls allowing the system to function as
designed during normal operation while allowing the multi-band
controls to operate to maintain system stability in the case of an
Sub-Synchronous Oscillation (SSO) event. The frequency bands
of the controller are dictated by the specific configuration of the
system under study and are determined through frequency
analysis of the generator output. The method demonstrated
shows improved stability in regards to fault response and system
response to the insertion of series compensation along
transmission lines on the model system.

Index Terms-- Control systems, Power system stability, Power
transmission, Wind power generation

I. KEY EQUATIONS
Y 4 (5-21)(5-22)

Lead-Lag Compensator =
g ~omp X~ 2 =ps-p2)

Il. INTRODUCTION

HE system shown below is a high level view of the model

studied in this paper. The system consists of 150 3 MW
Type I induction generators connected to a ‘long’
transmission line of approximately 240 km (150 miles), which
is in turn connected to the infinite bus modeled by a stiff
voltage source.

450 MW Wind Farm o ™
Series Compensated N
Long Transmission Line
og O§ Oﬁ ki Ry
1
1]
Fz ﬁi I
™~
B
™

Figure 1 - High Level View of Wind Farm System
Connection of a series capacitor to the transmission line to
bring the compensation level to 50% will cause the system to
start oscillating and quickly stability. The model system which
is stable without series compensation would lose stability with
compensation values of less than 10%. A block diagram of the
MBSSDC implemented on the wind farm system is shown

rama.krisha@usask.ca

below in figure 3. This design involves an auxiliary control
system with multiple frequency bands placed in parallel with
the existing excitation control. The MBSSDC is a cost
effective solution that works by altering the excitation of the
doubly fed induction generator, to damp out the oscillations
encountered when an SSO event is occurring.

345 kV Bus

To Transmission
Line

A

Type Il DFIG
Wind Turbine
>
>
. . . .
Original Equipment
DFIG Excitation
Control
| —
Multi-Band Sub-
| Synchronous

Error Signal

Damping Controller
(MBSSDC)

- @

Gain Block
(1.6)

Differential
Lead-Lag
Block

Rate dq0 Control
Limiter Loop

Differential -
Lead-Lag Gal(?lBGI;) &
Block .

Figure 2. - MBSSDC Implementation & Block Diagram
Shown below is the wind farm output when 50% series
compensation is connected to the system at five seconds with
and without the MBSSDC.

T T
........... Original System |
—— MBSSDC
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!
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Figure 3. — System Outputs with 50% Compensation
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Small Signal Stability Analysis of Two Area System
with Magnetic Amplifier

Xiaohu Zhang', Keman Lin!, Kevin Tomsovic' and Aleks Dimitrovski?
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2Qak Ridge National Laboratory, Oak Ridge, Tennessee, USA
Email: xzhang46@utk.edu

Abstract—The small signal (or Linear) stability of
power system is an important concern for power en-
gineers. It provides valuable information about the
inherent dynamic characteristics of the power system.
After linearizing the power system equations, the oscil-
lation modes can be divided into two categories: local
and inter-area modes. Damping inter-area modes are
more difficult because they are influenced by global
states. Since the system oscillations are closely related
to the line impedance, controlling the line impedance
can help the system to damp the inter-area oscillations.
Magnetic Amplifier (MA) is a series reactor with con-
tinuous reactance regulation which is controlled by a
simple power electronics circuit. The cost is far less
than a comparative FACTS device. In this study, linear
analysis of Kundur’s two area system incorporated with
a MA is presented. The residue method is adopted
to design the damping controller for MA. Simulation
results show that the M A with proper control design is
highly effective at damping inter-area oscillations.

I. KEy EQUATIONS

Linearizing the power system around its equilibrium
point , the following can be obtained:

At = AAx + BAu
Ay = CAz + DAu (1)

The eigenvalues \; are determined by state matrix A:
det(\ — A) =0 (2)

The key equations for damping controller design based on
residue method are [1]:

Peomp = 180° — arg(R;) (3)
T 1 + sin(£eome
T 1-— sm(wj;” )
Ty— — . T —al (5)
9 = L 1=als
)\i des — )\7.
K== 0 6
"RHG) | )

II. KEYy FIGURES

The two area system is used as the test system [2].

Fig. 1. Test System.
B. y(s)
= G(s)
A
AB
o
voe [~ H()|

Fig. 2. Closed-loop system with MA damping controller.

III. KEYy RESULTS

The desired damping ratio for the inter-area mode is 8%.
The disturbance for the simulation is that the mechanical
power of G1 decreased by 10% during 100 ms.

TABLE 1
INTER-AREA MODES FOR DIFFERENT CASES
No WSIME APye
controller as input as input
&% -1.3019 7.1172 7.8792
f (Hz) 0.6173 0.6337 0.6200

4P, [pu]

Fig. 3. Deviation of the tie line power flow.
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Modeling Inverter PQ Control in PSCAD

Yin Li, Student Member, Lingling Fan, Senior Member, IEEE
Department of Electrical Engineering
University of South Florida, Tampa, United States

Abstract— In this project, a grid-connected inverter is
controlled to have decoupled PQ regulating capability. The
controller output is three-phase voltage (magnitude and
angle) from the inverter while the measurements include
grid voltage and current to the grid. Vector control is
employed to have decoupled PQ regulation. To realize the
vector control, dq components of voltage and currents are
computed and the angle of the converter will be “locked” to
the grid through phase locked loop (PLL). PSCAD

modeling is conducted in this project.

i.

For designing a feedback control system, we just need to
add two blocks, the PLL and the DQ2ABC, in the normal one
like Figure 1. The system has two DC power supplies and they
are converted into three-phase power via a gate block named
Averaged ideal three-phase VSC. The gate block is controlled
by the input reference, and the input reference is produced by

the process of the PLL and the DQ2ABC.
is inc Vsa
1 ” I + i Via la aaaa N\
A —t——— Ly — (¢ )
VI \/
Vel ;,/] L [ Averaged Ve
irm\(’/l\\‘ll Voc ¢ ideal three- l‘/m i (YY) )
N phase VSC ' N
/N V.
Voel ) L sc
A r
abc
Saturationatt 1 — @ abe | P DQ
L rtr Vi
abc
p— Vs
0a id] i J '
Ve de qu fares  Reference «—p

System Configuration

Compensatorsin dg-frame

‘ K signal
Tgref
i generator

Figure 1: the configuration of the generator system

The key element of the feedback control is the PLL block. It
can process the three-phase voltages and give frequency and the
phase angle, p. The phase angle is the key parameter to produce

the input reference.

Converter voltage can be decomposed into dq components.
Changing d-axis voltage will only impact real power P while

changing g-axis voltage will only impact reactive power Q.
Thus, decoupled control is realized.
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Figure 2: the configuration of the PLL block
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Figure 1: the plots of the expected power which can be
controlled and the actually power which the system generates.
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Simplified WECC Model with Wind Penetration

Yidan Lu and Kevin Tomsovic

Dept. of Electrical Engineering and Computer Science
The University of Tennessee
Knoxville, TN, USA
Ylulé@utk.edu

Abstract— This work aims at building equivalent reduced
models of WECC network with different levels of wind penetra-
tion as base case and test system for RAS development for future
power system. The dynamic equivalence is verified by similar
frequency response of the reduced model compared with FNET
data. California-Oregon Interface (COI) transfer limit of the
reduced WECC system at different wind penetration is calculat-
ed and compared with CAISO standard value. Critical generator
rejection and load shedding is applied as a protection scheme to
improve transfer limit at high wind penetration.

Keywords— transfer limits; wind penetration; protection
scheme; load shedding introduction

. INTRODUCTION

The modern power grid is undergoing a dramatic change in
its generation mix. Conventional energy sources are being
replaced by renewable energy sources. The rapid change in
generation as well as transmission indicates a potential
revolution in power system which intrigues the study of large
scale test-bed to represent large grids of the future.

II.  DyNamic EQUIVALENCE VERIFICATION BY
FREQUENCY RESPONSE

On the occurrence of 1400MW generation drop in
Montana, frequency data are recorded. Table | shows the
structures of reduced WECC systems with three different level
of renewable penetration. Table 1l shows the comparison of
frequency responses to the specified contingency among
proposed systems and FNET data.

Yilu Liu
Dept. of Electrical Engineering and Computer Science
The University of Tennessee
Knoxville, TN, USA
Liu@utk.edu

I1l.  WECC N-1 COI TRANSFER LIMIT ANALYSIS WITH WIND
PENETRATION

As three reduced WECC networks with different wind pen-
etration are constructed. A stability assessment based on COI
transfer capacity on the wind penetrated cases is carried out
and system equivalence is verified by similar transfer limit
compared with CAISO 2012 OSS report [1] on 179 bus base
case. The transfer limit on base case is calculated based on
WECC-NERC standards with only single element outage. Cri-
teria involved in the OSS report are also included in the base
case transfer limit calculation. The COI transfer limit of differ-
ent reduced systems compared to CAISO standard value is
shown in Table I1I. Then, load shedding according to generator
rejection of critical machine is applied as a protection scheme
on case I1, which has the heaviest wind penetration. The effect
of protection scheme on transfer limit is shown in Table 1V.

TABLE III. TRANSFER LIMIT COMPARISON
System\Event Transfer Limiting Factor Contingency
Limit
Detailed Case | 4800MW VAR Limit DC outage
Case | 4690MW | Freq. drop in Canada DC outage
Case Il 4673MW Volt. drop in CA DC outage
Case Il 4414MW Angle instability in DC outage
Idaho Wind Units
TABLE IV. LOAD SHEDDING EFFECT ON CASE |1l TRANSFER LIMIT
System | No Protection Standards With Protection
Case 4414AMW Event based Generator rejec- 4505MW
11 tion and load shedding

TABLE I. SYSTEM STRUCTURES
Element\Bus Bus Total Generation Wind Capacity
Detailed Case 15600 154.4GW 0GW
Case |l 179 61.441GW 0GW
Case Il 190 61.441GW 7.37GW
Case Il 190 61.441GW 13.45GW
TABLE I1. FREQUENCY RESONSE COMPARISON
Element FNET Case 111 Case IT Case I
Wind Percentage | = ----- 22% 12% 0%
Max Freq. Drop 145mhz 120mhz 148mhz 124mhz
Recovery Time 15S Negative 15S 128
Damping
Final Deviation 85mhz 48mhz 50mhz 49mhz
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IV. CONCLUSION AND FUTURE WORK

The frequency response and N-1 COI transfer limit on base
case demonstrates that the proposed reduced 179 bus WECC
model is fairly equivalent to the original system. The increase
of wind penetration will decrease the system stability by reduc-
ing the interface transfer capacity, which can be partially re-
stored by applying load shedding. More sufficient RAS still
need to be developed for stability fully recovery.
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Stability Analysis of Unbalanced Synchronous
Machine Based Distributed Generators

Ehsan Nasr Azadani, Sudent Member,|EEE, Claudio Canizares, Fellow, |EEE, Kankar Bhattacharya, Senior Member,
|EEE

Power and Energy System Group, Department of Electrical and Computer Engineering,
University of Waterloo, CANADA

Abstract— There are many technical aspects and challenges in
distributed generation (DG) that have not been properly 08 |
understood and addressed so far. Distribution systems cannot be 07
considered as balanced three-phase systems, because these are 06 -

0.9 +

inherently unbalanced in steady-state operation. A full S o5 |
characterization of the unbalanced system with respect to system S 0.4 |
stability allows a better understanding of the dynamic behaviour 03 -
of such systems. A comprehensive investigation of the effects of 0.2
system unbalance on the stability of the distribution systems with 0.1 4
synchronous machine based DG units at different loading levelsis Y

0 10 20 30 40 50

presented. Detailed steady-state and dynamic analyses of the
Load Unbalance Factor [%]

system are performed. Based on voltage, small-perturbation, and
transient stability studies, it is demonstrated that system Fig. 2. CCT of the test system for base loading and a three phase-to-ground
unbalance can significantly affect the distribution system fault.

dynamic performance.

Keywords- Distributed generation, unbalanced power systems,
voltage stability, angle stability.
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|.  KEY RESULTS 12085 % sk
A real-life distribution system from Japan is used for the 1206 e ]
studies. Both dynamic and static analyses are carried out using & Toous : y
the PV curves and maximum loadability computations [1]. % el : |
Static voltage stability studies are based on three phase power g :
flows [2]. In this case, the static maximum loadability is il o l
associated with aloading level at which there is no power flow 12031 f ]
solution. Dynamic voltage stability studies are carried out 12008 | -
using time domain simulations in PSCAD/EMPTC, based on el . . . L . . |
the detailed dynamu:s of DGs and their AVRs. 008 005 004 002 o ooz 004 008 008
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Fig. 3. Zero-pole map of the generator speed around critical unbalanced
! 7 ; : ' _ ; ; conditions.

When the system is more heavily loaded, the critical poles
cross the imaginary axes and the system becomes unstable as
unbalancing increased.

0.96

[}
2
o
B

0.92

Yoltage Magnituds (p.u)
o
0

L Il.  REFERENCES

0.88
086 | :g:\\;aha\anced ...... L SR ......... \ ln-\ . [1] E. Nas Azadani, C. Canizares, and K. Bhattacharya, “Modeling and
0.84 —")—zh : : : : e stability analysis of distributed generation”, in Proc. IEEE Power and
- — : ; ; ; ; Energy Society General Meeting, Jul 2012.

B e e i o, o R OES [2] M. Z. Kamh and R. Iravani, “Unbalanced model and power-flow

analysis of microgrids and active distribution systems,” |IEEE Trans.

. .
Fig 1. PV curves for k=10%. Power Dél., vol. 25, no. 4, pp. 28512858, Oct. 2010.

161


http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=6345141&contentType=Conference+Publications&searchField%3DSearch_All%26queryText%3Dn+azadani�
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=6345141&contentType=Conference+Publications&searchField%3DSearch_All%26queryText%3Dn+azadani�

Switching Loss and Cell Capacitor Balancing of
Modular Multilevel Converter under Various
Modulation Frequencies

Hee Jin Kim and Sukki Jung
School of Electronic and Electrical Engineering, Yonsei University
Seoul, South Korea
E-mail: jimmykim07@gmail.com and sk_cloud@hotmail.com

Abstract—The poster presents the characteristics of switching
loss, cell capacitor balancing, and total harmonic distortion
(THD) of modular multilevel converter (MMC) system under
various modulation frequencies. To generate the desired
waveform, MMC uses a large number of power-electronic
switching which produces losses. Under various switching
frequencies, the MMC system shows different performance of
loss, capacitor balancing, and THD. To evaluate the MMC
system, we modeled the MMC system as a detailed equivalent
circuit. Using method, each MMC arm is represented by a
Th’evenin equivalent branch. The nearest level control strategy,
including a voltage balancing method, for the operation of an
MMC is presented. As modulation frequencies increases, loss
increases, but cell capacitor balancing is improved and THD is
also reduced.

Index Terms—MMC, Cell capacitor balancing, Switching loss,
THD, a detailed equivalent model.

. KEY FIGURE
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Fig. 1. Cell voltage balancing strategy with modulation method.
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Il.  KEY TABLE
TABLE I. SPECIFICATION OF TEST SYSTEM
AC Grid 1 230 kV, . AC Grid 2 115 kV .
AC Converter | 18551y, | Nominal Power | 400 MW
Voltage
Number of Cell
DC Voltage +200 kV per Arm 200
SCR of AC Cell Capacitor
Grid 35 Value 4.5 mF
TABLE II. Loss AND THD UNDER VAROUS FREQUENCIES
Switching
Modulation | Frequency | Switching | Conducting | Total
THD
Frequency for One Loss Loss Loss %)
(kHz) Cell (%) (%) (%) 0
(Hz)
35 217 0.164 0.36 0.524 6
40 246 0.188 0.36 0.548 | 0.87
60 344 0.262 0.36 0.622 | 0.57
Ill.  KeY RESULT
(a) 35kHs
(b) 4OkHz
{¢) 60kHz
Fig. 2. Performance of cell voltage balancing strategy with various

modulation frequencies (Phase A, Upper Arm in MMC connected to AC
grid 1).
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DC Impedance-M odel-Based Resonance
Analysisof aVSC-HVDC System

Ling Xu, Sudent Member, |EEE, and Lingling Fan, Senior Member, |EEE
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Abstract—Resonances can have negative impact on a
Voltage Sour ce Converter-High Voltage DC (VSC-HVDC)
system. This paper develops dc impedance models for the
rectifier and inverter stations for a VSC-HVDC system
when they are viewed from a dc terminal. The impedance
models take converter controllers into account. The
derived impedance models are validated by comparing
frequency responses of the analytical model and the
impedance measured at the dc terminal from a detailed
VSC-HVDC model smulated in a real-time digital
simulator. Resonances are examined in frequency domain
(eg., Bode plots and Nyquist plots) using the derived
analytical impedance models. The analysis is verified by
time-domain simulations. Real-time digital simulation in
RT-Lab demonstrates that the dc capacitor has
significant impact on resonances while power transfer
level hasinsignificant impact on resonances.

I.  KEY EQUATIONS
The DC impedance model of VSC-HVDC is:

M, o =1 =[1 +%(8Z(9)] " (G815, + (9G]

[1 +Y,(9Z(9)] (G.(9G,, + Y (9)G,,)

)
[
PRI NI
Ivlvfdc = IdO Ido i_dc
-l —sL
, @)
oo Vaco
+ IdO IdO
0 0
M :[ido iqo}Mv_dC{vdo qu]Mi_dc 3)
ch = A\_/dc = M (1’ 2) — Vico 4)

AIdc ich -M (111)
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Figure 2. Red-timedi |tal simulation setup using RT-Lab.
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Improvement of Composite Load Modeling
Accuracy Using Parameter Shift Algorithm

Jae-Kyeong Kim
School of Electrical and Electronic Engineering, Yonsei University, Seoul, South Korea,
Email: Jk.Kim@yonsei.ac.kr

Abstract— This poster presents parameter shifting
algorithm in measurement-based load modeling. Owing
to the nonlinear characteristics and complexity of model
structure, some solutions of load modeling usually stall at
local minimum points on boundary. In proposed
algorithm, the parameters on upper or lower boundary
could be shifted to opposite side depending on boundary
and initial values. This process is able to decrease
possibility of boundary stall problem happening and then
improves accuracy of the load model. The simulations are
carried out for evaluating the performance of the
proposed method using various data. Testing results
indicate that the proposed algorithm presents the
competitively high accuracy of the load model with
traditional model.

Index Terms— Composite Load Modeling, Nonlinear
Optimization, Levenberg-marquardt method,
Measurement approach

I.  KEY EQUATIONS

The levenberg-marquardt equation for nonlinear least
square is:

X, =x, —(J' I+ D) (y—f(x,)) 1)
The equations of parameter shifting algorithm are :

¥ (l) _ (n - 1)x[0wer bound + xupper bound

(n-Dx @)

. upper bound + xlawer bound
x(i) =

Il. KEY FIGURES

Load Bus
Transmission bus

Feeder Impedance

Figure 1. Structure of composite Load model

Optimization
Process

Boundary No Satisfying
tolerance?

Yes

parameter
shifting algorithm

Figure 2. Flow chart of Parameter Shifting Algorithm
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Figure 3. Optimization results of classical and proposed

method
H motor ratio Pi Qz
low boundary 0.1 0.1 0 0
Standard Method 1.501 0.39 0.8 0
Using Algorithm 1.536 0.365 0.39 | 0.002
upper boundary 3 0.6 0.8 0.8

Table 1. Parameter table of composite load model




Enhanced Frequency Regulation Service using
Hybrid Energy Storage System against Increasing
Power-Load Variability

“Youngho Cho, Jae Woong Shim, Seog-Joo Kim, Member, IEEE, *Sang Won Min, Member, IEEE and
leeon Hur, Senior Member, IEEE
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Abstract—Increasing penetration of wind energy resource raises Il. KEY RESULTS
concerns about system frequency regulation because wind o o
turbines lack in control capability necessary to provide s ol
regulation in compensating generation-load imbalance. Inherent s ]
variability on every time scale, in fact contributes to a need for @ g
more sophisticated regulation; existing load-following spinning & ,
reserves may be too slow or limited in responding to the m;foM
imbalance. One feasible solution for enhancing regulation S B
capability is the use of Hybrid Energy Storage System (HESS) as ®) = 0 Y e S g Ml e " SN 7
proposed in this paper. In this research, the HESS is designed to z 70
be composed of a Li-ion battery and supercapacitor (SC), T sl
exploiting their respective high energy and power capabilities to e S A
60,60 - —6— Frequency without HES

fully handle long-term and short-term changes. This paper
demonstrates the effectiveness of HESS for frequency regulation ©
in meeting the grid code while smoothing the net variability
(load-wind) for an isolated power system modeled using an
electromagnetic transient program.

= Frequency with HES:!

Frequency (Hz)

(d)

Power (MW)

Index Terms—HESS, battery, SC, moving average, frequency
control.

0.0 0.5k 1.0k 1.5k 2.0k 25k 3.0k 3.5k

| KEY FIGURES Fig. 2. The comparison of simulation results of fig 1. (b) and (c). (a) Wind

~~~ Wind Farm power generation. (b) Load demand. (c) Grid frequency at PCC point
I with/without HESS. (d) Power compensation of battery and SC.
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Fig. 3. The enlarged graph of Fig. 2 for analyzing the operation of each
storage.
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Investigation of Power Flow solution When Slack
Generator Hits Reactive Power Limit

Hung-Ming Chou and Karen L. Butler-Purry

Department of Electrical and Computer Engineering, Texas A&M University, College Station, TX 77843 USA

Email:hmchou@tamu.edu and klbutler@tamu.edu

Abstract—In the conventional power flow formulation, the
slack bus is assumed to provide enough reactive power to serve
as the voltage reference in the power flow program. However,
in the autonomous operation of microgrid, there may be no
generators that can serve as the slack bus that can have enough
reactive power capability.Unlike the conventional power system,
normally the reactive power capacity of generator connected in
the microgrid is limited. When the reactive power of the generator
hits the limit, the terminal voltage will deviate from the nominal
value and there is no voltage reference point in the power flow
formulation. In this poster, the impact of the reactive power
limit of the slack bus is investigated by using a simple two-
bus example. The mathematical equations are derived and the
physical interpretation will be made.

I. KEY EQUATIONS

When the reactive power is within the limit, the voltage
equations of the two bus can be solved in closed form as:

V1] =1 0

Vel = \/HVIQ — 28Ppa] + /il = 4Ppa(B[Vi[* + Ppa)
2

@)

Assume the load is constant power load: Qp = SPp. The
critical real power that will cause the reactive power of the
generator at bus 1 will be

_g + \/(%)2 - 4(@%,‘_”7,0,37 - %GG—maac) (3)
2

When the real power load is greater than Pp_,, the generator
will hit the reactive power limit. The voltage equations of the
two bus can be solved in closed form as:

\/ P[2) + Q%‘—mnm
Vil = “)

PD—Crt =

QG-—maz—QD
xr
Vv Pp+ Q3
D D
V| = ————= )
QG-—maz—QD
xT
II. KEY FIGURES AND RESULTS
Pg MW) | Qg MVar) | [V1] | 61 | Ppb | Qb [V2] 02

100 45 1 0 100 33 0.9604 -5.977
100 41 1.2 0 100 33 1.1688 -4.008
100 39 14 0 100 33 1.3742 -2.479

TABLE 1. RESULT FROM POWE}Q WORLD
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A Fast and Efficient Load Shedding Algorithm to
Alleviate Transmission System Overloads and
Under Voltages

Yaser Tohidi*, Amir Safdarian™*, and M. Hesamzadeh®
* Electricity Market Research Group, KTH Royal Institute of Technology, Stockholm, Sweden
"*Electrical Engineering Department, Sharif University of Technology, Tehran, Iran
Email: tohi@kth.se

Abstract— Power systems are becoming older and more
intense. Thus, disturbances are inevitable and it is important to
develop a powerful methodology to lessen the damages
afterward. This paper proposes a new linear formulation based
on an approximated version of AC power flow model to
compromise between speed and accuracy of decision making
process. In the proposed, voltage and reactive power violations as
well as transmission system overloads are alleviated by either or
both of generation rescheduling and load shedding. The
developed method adopts the line flows and square of voltage
magnitudes as the problem state variables. Simulation results on
the IEEE-RTS96 system reveal that the proposed method
outperforms the conventional one from the execution time and
the computational effort viewpoints while keeping the accuracy
of the results.

Keywords-power flow model; linear model;, steady state power
system analysis.

|I. KEY EQUATIONS

The model developed in order to determine a secure post
contingency operating point with lower computational
complexity is presented below:

minz voIIi.pi°+ZCik(pik) (1)
i keG;

Subject to

Zpik_zAil-pl_ZAlil-plloss:pid_pic )

k<G, | ]

ZQik —zAn-Ch —ZA'i|-Q|IOSS -B;.V* =g —qf ®)

k<G, [ [

2(r.py + X -(1|)+Vj2 =V ==(0. 9% +%,.91°%) 4

le-Pl—ﬁ-%:O ®)

lec

loss loss

P =p Operating +
point
p 6
2.p;.n 2.9,.n _p|2.r| +q|2.rI N q,l ©
2 2 4
Vj Vj Vj Operating | \/ .2
oint ]
| |
QIOSS = qloSS Operating +
point
2 2 P (7)
2.0 2.0 pitX +a1T « q
2 2 4
Vj Vj Vj Operating  |\/ .2
point J

II.KEY RESULTS
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Figure 1. Comparison of the run time (sec.) associated with different models
for the IEEE-RTS96.
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Figure 2. The amount of load curtailment associated with simulated
contingencies obtained by different models for the IEEE-RTS96.
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Implementing a Nuclear Power Plant Model for

Evaluating Load-Following Capability on a Small Grid

Samet Arda, Student Member, IEEE, Keith E. Holbert, John Undrill

School of Electrical, Computer and Energy Engineering, Arizona State University, Tempe, AZ 85287-5706 USA
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Abstract— A pressurized water reactor (PWR) nuclear power
plant (NPP) model is introduced into Positive Sequence Load
Flow (PSLF) software by General Electric in order to evaluate
the load-following capability of NPPs. The nuclear steam supply
system (NSSS) consists of a reactor core, hot and cold legs,
plenums, and a U-tube steam generator. The physical systems
listed above are represented by mathematical models utilizing a
state variable lumped parameter approach. A steady-state
control program for the reactor, and simple turbine and
governor models are also developed. Adequacy of the isolated
reactor core, the isolated steam generator, and the complete
PWR models are tested in Matlab/Simulink and dynamic
responses are compared with the test results obtained from the
H. B. Robinson NPP. Test results illustrate that the developed
models represents the dynamic features of real-physical systems
and are capable of predicting responses due to small
perturbations of external reactivity and steam valve opening.
Subsequently, the NSSS representation is incorporated into
PSLF and coupled with built-in excitation system and generator
models. Different simulation cases are run when sudden loss of
generation occurs in a small power system which includes
hydroelectric and natural gas power plants besides the
developed PWR NPP. The conclusion is that the NPP can
respond to a disturbance in the power system without exceeding
any design and safety limits if appropriate operational
conditions, such as achieving the NPP turbine control by
adjusting the speed of the steam valve, are met. In other words,
the NPP can participate in the control of system frequency and
improve the overall power system performance.

I.  KEY EQUATIONS

Point kinetics and Mann’s model for heat transfer in
the core are represented by following equations.

4P 2P spsjsc+li(a, o1, +a, 6T, +op.,)
dt A A (D
d45C _B sp_ssc
dt A
ar,  f 1
= P——(T. -6, 2
Ry TF(F ) )
W _0Dp Ly gy 2(-0) @
dt (mc)(: TC TR
d6, (-f) 1 2
—2 _ 'P+—(Tp_91)__(02_61) )
dt  (me). 7. T

168
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Improved Cascading Outage Analysis model using
Outage Checkers

Yezhou Wang
School of Electrical and Computer Engineering
University of Texas at Austin
Austin, Texas, 78712
Email: nickncwang @utexas.edu

Abstract—Large blackouts are generally caused by a consecu-
tive series of various outages following an initial disturbance.
Once a critical component of power systems is failed, the
outages including generator and load trips can sequentially
spread and frequently lead to large blackouts. Most blackouts
involve a sequence of cascading outages. In this paper, outage
checkers to identify potential cascading process that might lead to
large blackouts are proposed. Four outage checkers, namely the
transient stability checker, the frequency outage checker, the line
outage checker and the voltage outage checker are implemented.
The outage checkers are operated according to a newly proposed
algorithm to determine the status of the resulting operating state
or equilibrium. Detailed modeling of the protection schemes,
including but not limited to rotor angle deviation relays, under
frequency load shedding schemes, under/over voltage relays and
over current relays are implemented.

The proposed sequential outage checkers for analyzing cas-
cading outages and preventing large blackouts are verified using
the IEEE 118-bus system, and the IEEE RTS-96 system.

I. KEY FIGURES AND RESULTS

Initial Disturbances

[ Run: Transient Stability Checker |

v | Trip Generator

Rotor Angle Deviation Violated?
N

v ! !

Run: Freq. Checker

< Freq. Violated?

Run: Overload Checker| | Run: Voltage Checker]

<Voltage Violated?

‘! Compare the time sequence and trip the first element

<MVA Violated?

Fig. 1. Improved workflow of the COA
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Methodology to Determine Distribution Level
Impact of Dynamic Transfers

David Kleinschmidt, Student Member, IEEE, and Anjan Bose, Fellow, IEEE
School of Electrical Engineering and Computer Science, Washington State University,
Pullman, WA 99164, USA
Email: dkleinsc@eecs.wsu.edu and bose@wsu.edu

Abstract— As a consequence of the increasing penetration of
renewables and demand responsive loads, utilities are seeing a
higher degree of variability in the operation of the power system.
In particular, large, unexpected wind or PV generation ramps
can cause a balancing authority (BA) to seek balancing reserves
in or through an adjacent BA. These variable flows, known as
dynamic transfers, have the potential to force a power system
into an insecure state. Furthermore, dynamic transfers can result
in increased switching operation of major equipment, voltage
fluctuations outside of specified tolerances, and dynamic
instability issues even if the overall flows do not exceed the
standard operating limit (SOL) of the path.

To address these issues, the Wind Integration Study Team’s
(WIST) Dynamic Transfer Capability (DTC) task force devised a
methodology to calculate a transfer variability limit (TVL). This
methodology relies on the determination of the impact of
dynamic transfers on distribution level utilities (transmission
“customers”), with a particular focus on voltage regulation.
Specifically, the magnitude of voltage variation that the
distribution utility can tolerate while still meeting ANSI
standards must be known. The potential for reduced equipment
life due to increased switching operation is also a component of
the variability limit.

This work develops a methodology to determine the impact of
greater voltage variation (magnitude and frequency) on
distribution utilities in order to calculate TVLs. The methodology
involves integrating a more detailed distribution system model
into the transmission system base case, ensuring to include
voltage regulating equipment such as LTC transformers and
switched capacitor banks. A time series power flow is utilized to
simulate potential dynamic transfers and the resulting voltage
impact on the distribution utility. Increased switching operation
of voltage regulating equipment is also quantified using this
method to determine the potential for shortened equipment life.
Both IEEE standard test cases and actual WECC member
models are employed to test the methodology.

I. KEY EQUATIONS

Sum of static transfers (ST) and variable transfers (VT) is less
than the standard operating limit (SOL):

ST + VT <= SOL 1)

SOL = Max SL, when VT =0 )

170

Max VIL =TVL

Il. KEY FIGURES
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Effect of Price-Responsive Demand on
Dispatch and Costs

Felipe Ramos-Gaete, Claudio Canizares, Kankar Bhattacharya,

Power and Energy Systems Group, Department of Electrical and Computer Engineering, University of Waterloo,
Ontario, Canada, N2L 3G1,
Email: framosga@uwaterloo.ca, ccanizares@uwaterloo.ca, kankar@uwaterloo.ca

Abstract—A demand elasticity model has been developed
and tested for the dispatch of microgrids. The price
obtained from dispatching the network in a base-case
scenario is used as input to a demand elasticity model,
which is then used to determine the price-responsive
demand for the next iteration, assuming that the load
schedule is defined a day-ahead.

Under this scheme, trends for demand, hourly prices and
total operation costs for the microgrid can be obtained.
This approach allows to study the effects on line
congestion of demand response. Specifically in a
microgrid, the effect on the scheduling of diesel
generators and energy storage systems (ESS) as well as
renewable energy sources (RES) can be analyzed with
respect to demand elastic loads.

Some of the most interesting results of the presented
studies are that the more the elastic demand in the
system, the longer it takes for the dispatch to converge to
a final condition. Another interesting find is that even
though for single-hour cases, price and demand may
oscillate, the interrelated 24-hour model converges to a
fixed point, with the prices and costs at their lowest values
for different scenarios.

l. KEY EQUATIONS

The mathematical modeling for dispatch in
microgrids considers a cost function minimization with
variable demand taking into account the following
linear formulation:

Cost = Y (ag- Wy, +by- By, +SUC,- Uy, +SDC; -V, )
gt

+Z Cs- (M/scslt + Wsdslt)
st

Pp;, + Pres;, = Z Peget Z by ;(6; — 5j,r) + Z Prssg,
g j s

Pk
Ppye =Po;;- (1 ta- Z Etk (E - 1))

k

KEY FIGURES
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d Unit Commitment

(k)
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Fig. 1. lterative procedure for dispatch and demand correction.
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Decision Support Concerning Demand Response
Programs Design and Use — A Simulation Tool

Pedro Faria, Zita Vale
GECAD - Knowledge Engineering and Decision Support Research Center
IPP - Polytechnic Institute of Porto
Porto, Portugal
pnfar@isep.ipp.pt, zav@isep.ipp.pt

Abstract— Demand response (DR) can play a very relevant role
in the context of power systems with an intensive use of
distributed generation (DG). More active consumers’
participation can help improving the system reliability and
decrease or defer the required investments. However, new
business models and DR programs are needed to take full
advantage of DR. The work here presented uses DemSi (see Fig.
1), a DR simulator that has been developed by the authors to
simulate DR actions and programs, which includes realistic
power system simulation performed in PSCAD®, to support the
decisions of DR players. The simulator also includes the use of
deterministic and metaheuristic approaches for optimization,
and machine learning methods. The present work demonstrates
the simulation of a fault in a line that originates the islanding
operation of a network with DG and DR. The optimal schedule
of resources is performed based on the minimization of
operation costs using GAMS™, including the objective function
(1) and the constraints in (2)-(4). The DR capacity available in
each consumer is determined using DR Performance Evaluation
(PE) methods (4). Fig. 2 presents the VOLL (Value Of Lost
Load) results with DR, without DR, and with PE, regarding a
fault in each period of the day. The full work includes the results
from PSCAD® simulation.
l. KEY EQUATIONS

Minimize
oC = 1% P xC +P xC (1)
- 1 Red(c) " “Red(c) '~ Cut(c)~ ~Cut(c)
Nc
PDG - CE 1(PLoad () PRed () PCut(c) j ()
PCul(c) - PMaxCut(c) *XCut(c)' 3
Veell,..., Nc},XCm(c)e{O,l} ( )
PRed (o) = PMaxRed (c)’ vee {l o NC} (4)
., —xb=1 C7) 5)
(® nb

This work is also supported by FEDER Funds through the “Programa
Operacional Factores de Competitividade — COMPETE” program and by
National Funds through FCT “Fundagdo para a Ciéncia ¢ a Tecnologia”
under the projects FCOMP-01-0124-FEDER: PEst-OE/EEI/UI0760/2011,
PTDC/EEA-EEL/099832/2008, PTDC/SEN-ENR/099844/2008, and
PTDC/SEN-ENR/122174/2010.

1. KEY FIGURES
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l. KEY RESULTS
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PMU Testing and Hardware Interface Architecture for
Synchrophsor Application Testing

HyoJong Lee, Student Member, IEEE, and Anurag K. Srivastava, Senior Member, IEEE
Smart Grid Demonstration and Research Investigation Lab, Washington State University

Email:hyojong.lee@wsu.edu, asrivast@eecs.wsu.edu

Abstract—Real time monitoring and control of emerging
power system is becoming increasingly important with
changing operational paradigm. Synchrophasor devices
help in realizing this vision for transmission grid. The
accuracy and reliability of a Phasor Measurement Unit
(PMU) is an important issue. This poster will address
development of real time simulation test bed for testing of
devices and applications. According to IEEE Std
C37.118.1, performance criterion including Total Vector
Error (TVE), Frequency Error (FE), and Rate of Change
of Frequency Error (RFE) have been tested in
balanced/unbalanced/off-nominal steady state operating
conditions. Poster also addresses dynamic condition
testing for PMU. Test bed development with different
PMU interfacing architecture for application testing has
been also discussed.

I.  KEY EQUATIONS
Total Vector Error (TVE).

_ &) =Xr ()2 + (X (n)—X;(n))?
TVE(m) = \/ X () 2+ (X ()2 (@)
Frequency Measurement Error (FE).
FE = |fture - fmeasuredl = |Afture - Afmeasuredl (2)
ROCOF Measurement Error (RFE).
RFE = |(df/dt)ture - (df/dt)measuredl (3)
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A New Relaying Algorithm for Blocking Third
Zone Distance Relays During Stable Power
Swings In Power Systems

Don Kang, Ramakrishna(Rama) Gokaraju, Member, IEEE
Department of Electrical & Computer Engineering, University of Saskatchewan,
Saskatoon, SK, Canada
Email: dok524@mail.usask.ca and rama.krishna@usask.ca

(55 0

Abstract--This research proposes a fast and dt

elegant methodology for blocking the third zone

protection during stable power swings, which can 1. KEY FIGURES
prevent unnecessary tripping of distance relays
during stable power swings. The proposed
algorithm also overcomes the shortcomings of the
conventional power swing identification methods
when applied for the third zone blocking. The
research also introduces an innovative first zero- - g
crossing concept. The proposed algorithm can be g
applied at every discrete time interval or time step
that the power system relay uses to detect power
swing points. It can be also applied to every
transmission line in the power system by
developing an equivalent single machine infinite < >

bus configuration individually for each line on a

real-time basis. The research involves detailed . a"
electromagnetic transient simulations (PSCAD) of g
the power system during various faulted asrB 4
conditions. The proposed algorithm will also be osrar L:‘““
verified using hardware-in-the-loop simulations 3
(experimentally tested) on Real Time Digital

Simulator (RTDS), to verify the speed and Figure 1. PSAT™ TMIB system for stable power
effectiveness of the proposed scheme. The relay swing identification

algorithm would be implemented on a digital

signal processing board (DSK 6713 from ADSP). Il KEY RESULTS

Finally, a prototype of the relay module will be
developed in this research.
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.

The proposed scheme is testified in PSCAD on
Single Machine Infinite Bus(SMIB) system, Three
l. KEY EQUATIONS Machine Infinite Bus(TMIB) system and will be
testified on IEEE 39 bus system.

From the power flow equations for the SIMB system

-a

0.80 -

the synchronous machine speed equation during a o
stable power swing can be obtained. . om]
E?-QX =
cosd = (1)
EV 5
EEH@ e
dt = \x EV dt (2) Figure 2. Calculated system equivalent impedance

during a stable power swing on SMIB system.

174


mailto:dok524@mail.usask.ca
mailto:rama.krishna@usask.ca

Simulation Study of PEM Fuel Cell and its
Dynamic Characteristics

ZHU Y ongli
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zhuyongli @ieee.org

Abstract—This paper presents a complete modeling and

simulation work of proton exchange membrane fuel cell (PEM FC) 1.

in PSCAD/EMTDC. ThePEMFC model is established according

to some concise electrochemical equations. To verify this model, é?&d;:)m
the satic and dynamic characteristics are investigated 0 12333
respectively and simulation results are discussed in detail. As a A J3(363K)

base for future work, the developed model also shows a patential
to study the control system of PEMFC gack as well. Some
definite conclusions referred to the operation characteristic of
PEMFC are summed up in the end of this paper.

Keywords-PEMFC; fud cdl; renewable energy; distributed
generation; simulation

l. KEY EQUATIONS

KEY RESULTS

Y Coordinate
O Wstack
O Wstack2
O Uktack3

eru = ENansl b Vacl b Vohm‘c b Voon @ Figure 2. Temperature effect on the PEMFC pol ari zati on curve.
18 T
E,__=1229-85 10* (T - 208.15)+ @ 164 2
43085"10°" T’ (Inp, +05Inp,) 14
1.2k
1.0k g .
Voo = - X +X,T +X,T In(C, ) +X,TIn(1)] ©) - .
0.6k
0.4k
Co, = poz/ 5.08" 10°" exp(- 498/T) ©) 00 50 100 150 200 250

Figure 3. PEMFC output powe

II. KEY FIGURES
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Sequence Network Models of Wind Turbine
Generators for Short-Circuit Studies

Dustin F. Howard, Student Member, IEEE, Thomas G. Habetler, Fellow, IEEE, and
Ronald G. Harley, Fellow, IEEE

Abstract--Protective relay settings for wind turbine generators
often depend on short-circuit calculations performed using
sequence network circuits in RMS-based protection software.
Older model wind turbines used fixed speed, squirrel-cage
induction machines as generators, which have well-established
equivalent circuit models for calculating short-circuit currents.
However, modern wind-turbines, such as doubly-fed induction
generators, have high-bandwidth power electronic converters
which regulate the current in the wind turbine generator during
a fault. The objective of this research is to develop equivalent
sequence network circuits of doubly-fed induction generators and
procedures for calculating the short-circuit currents supplied by
wind turbines of this type. This research includes a combination
of transient simulations run in PSCAD, experimental tests on a
lab-scale DFIG, and phasor calculations using custom written
software.

I. INTRODUCTION

ONVENTIONAL circuits used to calculate short-circuit

currents from induction machines appear in Fig. 1 and
Fig. 2. The voltage source in Fig. 1 is a result of the
“trapped” rotor flux, which is a consequence of the short-
circuited rotor windings in induction machines. However,
modern wind turbines based on doubly-fed induction
generators (DFIGs) contain power electronic controls which
regulate the rotor current during the fault, as shown in the
circuit diagram of Fig. 3. A typical block diagram of these
controls is shown in Fig. 4. The high-bandwidth inner current
loops regulate the rotor current according to commands from
lower-bandwidth outer loops which regulate the rotor speed
and stator reactive power. Similarly, the grid-side converter
(GSC) shown in Fig. 5 has high-bandwidth inner current loops
with reference values determined by lower bandwidth loops
regulating the DC link voltage and GSC reactive power.
These high bandwidth current loops determine the short-
circuit behavior of the DFIG. Variations in these controls can
exhibit quite different responses during fault conditions,
particularly on how the reactive current references in both the
RSC and GSC are generated. These reactive current
references can be set to the current limits of the converters to
support the grid during the fault, or they can be set to maintain
unity power factor from the DFIG. The sequence network
models of the DFIG must account for these variations in the
control design. The poster will include both simulation results
and proposed sequence network circuits of the DFIG for use in
short-circuit calculations.
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Fig. 1. Sequence network circuits
used for short-circuit calculations of
induction machines.

Fig. 2. Sequence network circuits used
for steady-state unbalance calculations
in induction machines.
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Stability Analysis for Power Systems with Price-Based Demand Response

Zhechong Zhao, Student Member, IEEE, Lei Wu, Member, IEEE
Department of Electrical Engineering and Computer Science, Clarkson University, Potsdam, NY 13676, USA

Abstract—This paper adopts a closed loop model between the
economic dispatch (ED) and the price-sensitive DR load
adjustment for exploring the stability of power systems with
price-based DR. The stability refers to the ability that the system
will finally converge to a fixed point after finite iterations
between the ED problem and the price-sensitive DR load
adjustment procedure. Ellipse curves and exponential curves are
used to represent the nondinear price elasticity characteristics of
DR, and the cobweb plot is applied to analyze the stability of
power systems with price-based DR loads. Numerical case studies
illustrate how the system stability is affected by parameters of
non-linear price elasticity DR curves.

. KEY EQUATIONS AND FIGURES

The objective of this paper is to quantitatively analyze the
stability of power systems with price-sensitive DR. A closed
loop model as shown in Fig. 1 is used to describe the dynamic
systemand study the stability.

M of the following solve procedure in paralel

Set initial load

Dim= D2 +m - Stepsize

! Relationship between
[ !
| MCRY. md Dl |
[

. - |
I Ellipse function (4) i end MCR:
: ! 3

Draw the Cobweb Flot

Determine the stability

The ED problem (1) is to minimize the total operation cost
subjected to prevailing system and unit constraints. (2)
describes the system load balance, and (3) includes maximum
and minimum capacity limitations. MCP" is calculated by the
optimal dual variable solution of the system load balance
constraint (2). Ellipse curves (4) and exponential curves (5)
are used to represent non-linear price elasticity of DR loads.

NG
Mln {Z ai " piz‘l'bi 'pi +Cl} (1)
i=1
NG ND
Z b = Z Dqy )]
i=1 d=1
b ,miflS bi Szpi ,max (3)
(Dt;ll,p.u. - 9) (MCPpn.u. - h)2
JE P2 =1 @

n+1

MCR}, =z +r- e Ppu. 5)

Il.  KEY RESULTS

Numerical case studies quantitatively analyze the system
stability with DR, which illustrate that the stability of the
system with DR will be affected by parameters of the non-
linear price elasticity curves of DR, as shown in Tables I-I1
and Figs.2-3.

TABLE | RESULTS OF CASE 1 (ELLIPSE CURVE)

Cine j k (gh) Curvature  Stability
Blue/Solid 045 2.127 (0.8,0.8) 0.1 Unstable
Red/Solid 0.50 1.33 (0.8,0.8) 0.28 Unstable

Green/Solid  0.55 1.11 (0.8,0.8) 0.45 Unstable
Purple/Solid  0.60 1 (0.8,0.8) 0.6 Stable
Blue/Dash  0.95 1.06 (1,1) 0.95 Stable
Red/Dash 1 1 (1,1) 1 Stable
Green/Dash  1.81 1.25 (2.2/v2,2.2/2) 1.16 Stable
Purple/Dash  9.64 2.66 (10/+Z,10/v/2) 1.36 Stable

TABLE Il RESULTS OF CASE 2 (EXPONENTIAL CURVE)

Line VA r w Stab”l-t-y
Blue/Solid -0.58 1.58 -1 Unstable
Red/Solid -0.019 1.02 -4 Stable

Green/Solid -0.0025 1.0025 -6 Stable
Purple/Solid 0 1 -12 Stable
=

33 34 35 36 a7 38 an
MCP? (3/MWh)

Fig. 2. The Cobweb Plot—Case 1

39

38| -

33
33

. . \ \ \
34 35 36 37 38 39
MeP? (8/MwWh)

Fig. 3. The Cobweb Plot—Case 2
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Developing a Scenario-Based Demand Response for
Short-Term Decisions of Electricity Retailers

Nadali Mahmoudi, Tapan Kumar Saha, Mehdi Eghbal

School of Information Technology and Electrical Engineering
The University of Queensland, Brisbane, Austraia
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Abstract— This paper deals with short-term decisions of I11. KEY RESULTS

retailers. It is assumed that a retailer aims to minimize the cost of C1) both the pool and DR are uncertain: C2) only the pool is

procuring energy from two sources: one is the commonly-used o . S
pool market, and the other is the demand response (DR) program uncertain; C3) only DR is uncertain; C4) both the pool and DR

proposed in this paper. A reward-based DR is mathematically &€ deterministic.

formulated where the volume of load reduction is modeled as a TABLEI. OFFERED REWARDS AND ENERGY PROCURED FROM DR
stepwise function of offered incentives by the retailer. (PERIOD 1 AS AN EXAMPLE)
Furthermore, a novel scenario-based participation factor is DR Energy (MWh) Reward ($/MWh)
developed here to take into account th_e unpredlctablg behavior (_)f plco|e|a|al| a 2 c3 ca
customers. The presented problem is formulated in stochastic
programming where its feasibility is evaluated on a realistic case 0 | 102 | 180 | 106 | 180 | 98 %8 %8 %8
of the Queensland region within the Australian National 05| 170 | 300 | O | 180 | 106 | 106 - 98
Electricity Market. Additionally, we define four distinct cases to 1 (203(360| 0 | 180 | 110 | 110 - 98
stud.y the impact of uncertainties §1§sociated with poth resources, > | 238 420 | 0 | 180 | 114 | 114 B} o8
particularly DR, on short-term decisions of the retailer.
3 | 272 | 420 0 180 | 118 114 - 98
I. KEY EQUATIONS 4 | 272 |480| 0 | 180 | 118 | 118 | - %8
Reward-based DR program: 9 | 306|480 | 0 |180| 122 | 118 - 98
N —
PPR(t) = Ty m(w"). X2, PF(W', ). PPR (). vpg () (1) )
RPR(¢) = Zyil RPR () 2 53t m} — —
RPE (£).vpr,j(t) < RPR(t) < RPR(6).vpg j () (3 ISR NS SO SO
N
Zjil VDR,j(t) =1 @ | NRe bbb |

The overall cost function:

Min CF = i . g ' h Rhﬂf'g': HR 7
N _ = L N N
TwnW). Leer[ ;1, PF(w, ). PPR (6).RPR(8) .d(t) + I \ ,,,,,,, N b ]
Yeer PPt w). P (t,w).d(O)] + p. (€ + ﬁxw N Tow) ® Pl Rh“':\z\u e |

Subject to: gl N N
* Equations (1)-(4) as DR cost constraints; R 1
* CVaR constraints: T frovessndeon
Cost(w) — & —np(w) < 0; Vw (6) T > S S
nw) = 0; vw @) il I N < b
. Rho=0
* The energy balance equation as below: a1
1.16 118 12 122 124 1.26 128 13 132 1.34 136
PREQ (t) = pP (t, W) + PDR (t) (8) Standard Desiation (5) 16
Figure2. The expected cost versusits standard deviation
~a® Il. KEY FIGURES
< g §. A TABLEII. THE PERCENTAGE OF CHANGES OF THE EXPECTED COST AND
§ § I STANDARD DEVIATION IN CASE 1 THAN CASE 2
— a .
Expected Standard Deviation
pPR p Cost Changes Changes
in C1 than C2 in C1 than C2
PPR &5 0 0.16% 1.77%
poR RDR 05 -0.05% 3.74%
por & 1 -029% 518%
! & 2 -061% 6.76%
a » - -
Retard 3 -0.53% 6.80%
RPR RPR  RDR  RDR RP®R ($/MWh) 4 -1.01% 8.52%
Figurel. Reward-based DR curve 9 -0.92% 8.67%
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Ohmic Loss Minimization in the AC Grids with
Smart Grid Technologies: VSC-DC Grids

Mohamadreza Baradar, Student Member, IEEE, Mohammad R. Hesamzadeh, Member, IEEE

and Mehrdad Ghandhari, Member, IEEE,

KTH Royal Institute of Technology, School of Electrical Engineering, Department of Electric Power Systems
mohamadreza.baradar @ee.kth.se, mrhesamzadeh @ee.kth.se and mehrdad.ghandhari@ee.kth.se

Abstract—The HVDC systems built based on the voltage
source converters (VSC) can bring several benefits to the AC
power systems. Better voltage profile, increasing power flow
controllability, lower ohmic loss, and higher transfer capability
are some major benefits of smart grid technologies. This paper
investigate the impact of VSC-type DC grids installed in the AC
power systems on the ohmic transmission losses. This is done
by formulating a convex optimization problem which minimises
the ohmic losses (both in AC and DC grids) subject to the
technical constraints of both AC and DC system. The formulated
optimisation problem is a conic optimisation problem which
can be solved using the commercially available optimisation
softwares. The conic AC-DC optimal power flow, CAD-OPF, is
coded in GAMS platform and solved using the MOSEK solver.
The IEEE 30-bus example system is modeled and studied.

Index Terms—Voltage Source Converter (VSC)-High Voltage
DC Grids (HVDC)-Ohmic loss.

I. PROPOSED OPTIMIZATION FORMULATION

The proposed optimization formulation is derived as fol-
lows:

Minimize . Pioss,,. + . Plossi,,.
Niac Mpe

Subject to AX =b (1)
X<X<X
X eEkr

where X is the optimization variable vector which is defined
as follows:

T T T T T T
X =[Wac ,Wpe ,Prac” , Pr,.pc” ,Qr" ; Pioss,ac” ,

Pioss,.0C" s Quoss,ac” s Pconv', Qconv']F

2
where W4 and Wp are the square of DC and AC voltages,
P, ac and Q. are vectors of AC line flow active and reactive
powers, P, pc is vector of DC line flows, Pjoss,ac and
Qioss,ac are vectors of AC line flow active and reactive
power losses and P55, pc 1s vector of DC line power losses.
K is a set of convex cones with the following formulations:

ksoc = X € ™ 1y > 3)
Nset;
kroe = { X € R4 : 2x1209 > Z :c?, T1,x9 >0
=3
“4)

TABLE I

THE RESULTS OF CAD-OPF FOR IEEE 30-BUS TEST SYSTEM WITHOUT
(WO) AND WITH (W) TWO INSTALLED VSC DC GRIDS

Pg, Qg,

(MW) (MVAR)
WO w WO w
Gl 215.86 208.65 0 4.57
G2 82.78 82.78 14.23 -2.06
G5 0 0 33.60 -2.47
G8 0 0 39.91 27.59
Gll1 0 0 17.58 8.54
Gl13 0 0 24.00 10.53
WO w
Total Cost ($) 597295 5828.71
Total P-losses (M W) 15.24 5.24
Total Q-losses (MV AR) 61.58 17.79
Total P-Generation (M W) 298.64 291.43
Total Q-Generation (MV AR) 129.34 46.71
Total Qcony (MV AR) - 36.48
Total P-losses-DC grid (MW) - 2.19

E3

Fig. 1. IEEE 30 bus test system with two installed VSC HVDC systems.
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Multi-level state estimation utilizing synchronized
phasor measurements

Lin Zhang and Anjan Bose
School of Electrical Engineering and Computer Science
Washington State University
Pullman, WA, USA
lin.zhang@wsu.edu

Abstract—with the advent of synchronized phasor measurement,
state estimation becomes non-iterative and more efficient.
However, so much PMU streaming data flush into one control
center; it will be a challenge for communication. In this poster,
we propose a multi-level state estimation to mitigate the impact of
too much streaming PMU data. This is a continuation of our two-
level state estimation. In two-level state estimation, only local
state estimation (LSE) and control center state estimation (CCSE)
may not be adequate to track down the states of a very large-
scale power system. We can divide the whole grid into a couple of
sub-sites, which runs the intermediate level regional state
estimation (RSE) between LSE and CCSE. RSE use the
measurements from outputs of LSE and run its own state
estimator (linear or nonlinear). The advantage of doing this is
that the measurements have been filtered out first in LSE, so
results of RSE should be more accurate. So does CCSE.

l. KEY IDEAS

It’s known that the communication is expensive rather than
PMUs. Therefore, from the perspective of communication, if in
future with so many PMU data streaming into one control
center, it could be a huge challenge for the requirement of QoS
e.g. latency, deadline, rate, criticality, geography and quantity.
Hence if RSE is already accurate due to the filtering effect of
substation level SE, CCSE can be run relatively slower than
TSE. And it can also save much communication resources.

So far, in practical there are not enough PMU completely
installed at the very large-scale power grid for linear SE. It’s
known that the PMU are being installed mostly at the highest
level voltage buses. So we could run a RSE among those buses
with PMUs. The benefit of doing this is that normally more
attention is paid on the highest voltage buses. The highest
voltage level substations are the most important infrastructures
in power grid. The second benefit is that the sampling rate of
PMU can let our linear SE running 6 times/second or even
faster 30 times/second. And also we can get more accurate
outputs of the SE and let us get better real time model of the
core of power grid. The third benefit is that with the help of

Gridstat, the output of the linear SE at one site could be sent to
other RSE as pseudo measurements so as to increase the
accuracy of their SE.

Il.  KEY FIGURES

GPS
receiver
I
Analog Inputs Phase- locked
‘ H ‘ oscillator

Antraliasing | | A/D || Phasor _{
Filters Converter

Modems

Processor

Figure 1. Synchronized phasor measurement

Control Center Control Center SE

SE

Data exchange
Regional Level SE RSE | RSE

Substation Level LSE LSE LSE
SE

Figure 2. Multi-level state estimation

I, KEY RESULTS
Not yet established, will be completed before July 21, 2013
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New ‘Non-Recursive’ Algorithms for Real Time
\oltage Stability Monitoring using Synchrophasors

Saugata S. Biswas, Student Member, IEEE and Anurag K. Srivastava, Senior Member, IEEE,
Smart Grid Demonstration & Research Investigation Lab (SGDRIL),
Washington State University, Pullman, WA, USA

Abstract — With the advent of synchrophasor technology, real
time voltage stability analysis has been the focus of many
researchers resulting in the development of several new
algorithms. However, these algorithms have several advantages as
well as limitations. In this work, two new ‘non-recursive’ real
time voltage stability algorithms have been developed, one of
which is measurement based, whereas the other is measurement
and model based. The poster describes the theory of these two
new algorithms and then discusses the advantages of these
algorithms over the existing ones that are presently being used in
the power system industry. The poster further presents the results
of simulation of both these new algorithms using standard IEEE
test cases, thus validating their accuracy under different power
system conditions like contingencies and load increase.

. KEY EQUATIONS

Two different ‘non-recursive’ or ‘iteration-free’ fast
methods have been devised for the estimation of Thevenin’s
equivalent network parameters using synchrophasors in real
time as seen by a load bus in the monitored power system. One
of these methods is completely measurement based, while the
other is a hybrid approach that makes use of measurements as
well as network topology model. Once, the Thevenin’s
equivalent network parameters have been calculated in a non-
iterative manner, following are the equations that have been
used to calculate the Voltage Stability Assessment Index
(VSAI) for all the load buses in the power system —

Eth — I*Zth
1+
Eth — I*Zth
Z
_ |Feqg—VL
VSAI = T| ®)
Where —

Eeq: Thevenin’s Equivalent Voltage Magnitude considering
ZIP Load Model

deq: Thevenin’s Equivalent Voltage Angle considering ZIP
Load Model

VL: Load Bus Voltage Phasor

Eth & Zth: Thevenin’s Equivalent parameters without
considering ZIP Load model

Z.: Impedance of Constant Impedance type Load

I: Current drawn by Constant Current type Load

Il. KEY FIGURE
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Fig. 1. Thevenin’s Equivalent Network as seen by the load bus

Il. KEY RESULTS

For the algorithm which estimates Thevenin’s parameters
using measurements only, following are the results —

VOLTAGE STABILITY ASSESSMENT INDEX (VSAI) OF LOAD BUSES

Fig. 3. VSAIs at base loading after contingency for IEEE-57 bus system

For the algorithm which estimates Thevenin’s parameters
using measurements and model, following are the results —

VOLTAGE STABILITY ASSESSMENT INDEX (VSA OF LOAD BUSES

Fig. 4. VSAIs at base loading for IEEE-118 bus system

WOLTAGE STABILITY ASSESSMENT INDEX (VSAI OF LOAD BUSES

Fig. 5. VSAIs at increased loading (near PoC) for IEEE-118 bus system

From the results, it can be seen that with contingencies and
load increase, the VSAI of load buses increase indicating
higher system stress during such events.
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Active Network Management using Distributed
Constraint Optimisation
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Abstract— A fully distributed intelligence and control philosophy
is needed for future flexible grids to facilitate the low carbon
transition and the adoption of emerging network technologies.
Future grids need scalable network management solutions in
order to cope with the increase in uncertainty and complexity.
Fundamental research in intelligent systems and network control
will deliver the next generation of intelligent electricity network.
This research presents a network management function
formalised as a Distributed Constraint Optimization (DCOP)
problem, in particular power flow management. DCOP is an
approach to negotiation and arbitration within decentralised
control systems where conflicting control decisions arise.
Furthermore, the problem will be visualized and decomposed as
a factor graph which is a graphical presentation of factorization
of a global function into a product of local functions. Additionally,
a message passing algorithm, the max-sum algorithm, will be
applied which can provide almost optimal results for
decentralised coordination problems and limits the computation
and communication problems.

l. KEY EQUATIONS

The aim of max-sum algorithm is to maximize the sum of
the functions 3! F; where each function is a factor of the
factor graph that determines utility values of its variable
assignments. Any edge of the factor graph contains two
different messages. The messages are from variable node x; to
function node f; noted as g;_,; and also from function node f;
to variable node x; noted as ;_,;. The messages can be defined
as:

e From variable to function

qinj(x) = aj; + ERIED) (1)
j'EM(D\j

where M (i) is the set of factor nodes that this variable is
connected to in the graph and a;; is a scalar such that

Z qi-j(x;) =0 (2

e From function to variable

r]-_>i(xl-)=maxxj\i f]-(x]-)+ z i () (3)

i'eN(H\i

where N (j) is the set of variables nodes that this factor node is
connected to in the graph, f;(x;) is the utility function and
xj\; = {xy:i" € N(j)\i}. The local utility of each agent can be
evaluated by the sum of all messages that flowing into a
variable and it can be defined as:

ZG) = ) ) Q)

JEM(D)

The PFM can be expressed as a DCOP such that:

<V,D,F > (5)
V = {Gen,, Gen,, ..., Gen,} (6)
Dgen, = {1,0.6,0.4,0} @)
Dgen, = {1,0.6,0.4,0} (8)
DGen-,1 = {v1, e, Vn} . 9)
Fpower rlow = {_Sir}lm < Sij < Sir],‘mx (10)
Feontractual = {4;3:2;1} (11)
Fraxpe = {max Zgzl PGi} (12)

1. KEY FIGURES

Figure 1. Part of the electricity network case study where g is
for the generators, [ is for loads, t is for line thermal capacity
and decomposition of electricity network to factor graph.
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Vehicle-to-Grid Service Potential with Price Based
PEV Charging/Discharging

Nima H. Tehrani

Division of Power Engineering
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Singapore
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Abstract—Penetration of plug-in electric vehicles (PEVs) and
renewable power sources will increase tremendously in future
power systems. In this paper the operation of distributed
charging infrastructure of plug-in electric vehicles (PEVS) is
characterized. Charging and discharging pattern is optimized
according to price variations to maximize the social benefit of
PEV participation as energy storage in the electricity market.
2009 US National Household Travel Survey (NHTS) data set has
been used in several ways to probabilistically quantify the PEVS’
status in order to characterize the real time mobility behavior.
Proposed parameters like aggregated energy consumption,
share of parked cars and plug accessibility have been utilized to
incorporate vehicles commuting behavior to solve the
optimization problem. Finding of the simulation studies such as
impact on energy consumption and regulating power potential
have been presented. Grid regulation ancillary service potential
of the vehicle fleet is calculated based on the results of
optimization problem.

l. KEY EQUATIONS

168

Min  F= Z ca(t) X (Bo(8) = Py(1)) @

fort>1: _
Boas() = Bune (6= 1)+ [ PO s = 2 = B ) (5)

if t = 1:

Boas) = B+ ROy = 8= ) ©)
Emin < Epat(t) < Epax ™
Pe()-Neny < Teppgye ace(t) (®
I;ﬁ) <, acc(t) ©)
P() Neny < acc(®). (Epax — Epar(t)) (10)
Pa® < acc(t). (Epae(t) — Epin) (11)

v
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1. KEY RESULTS
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Figure 4. PEV charging and discharging pattern with 3.5 kW average
connections

[(Ebat(t) - Emin)-acc(t)]

R,,(t) = min <rcmax' ace(t) — f:]a(t)> Tows + P() (13)
|{ (Cbatt - Ebatt(t)).acc(t)

rICTlV (14)

Temax A€€() = Pe(t)-Nenw

Rawn(t) = min
+ Py(t)
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Figure 6. Potential regulating power with 3.5 kW PEVs average connections



Design of an Online Intelligent Alarming System for
Cascading Failures of Group of Wind Farms

Jianan Mu, Hongbin Sun, Qinglai Guo, Wenchuan Wu, Fengda Xu, Boming Zhang
Department of Electrical Engineering, State Key Laboratory of Power Systems
Tsinghua University, Beijing, 100084, China
Email: mjn06@mails.tsinghua.edu.cn and shb@tsinghua.edu.cn

('START
Abstract—In China, large-scale wind power is integrated to

the power grid in a concentrating way by connecting a group of

wind farms together. Each wind farm is consisted of hundreds of Detection ‘
wind turbines and covers a large geographical area. However, NO
such a system is vulnerable to occasional faults which can easily

develop into cascading failures of adjacent wind farms, making

the wind farms lose most of their power in a very short time.

Cascading failures have occurred several times in reality. It is

urgently necessary to construct an online assistant system to Identification
detect, analyze and explain the cascading events timely and i
effectively. Given that Phasor Measurement Units (PMUs) are i
widely installed in Chinese wind farms, the dynamic process can Power Loss

be recorded effectively, supplemented with Supervisory Control ]

and Data Acquisition system (SCADA) signals. In this paper, a Record and No
conceptual design of an online intelligent alarming system for Output
cascading failures of wind farms based on PMUs and SCADA is

introduced. The system is justified using real data collected in

wind farms.

o Generate
Results
YES

. KEY FIGURES
Figure 3. Flow chart of the proposed system
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Figure 1. Power of wind farms during cascading failures

Figure 4. Sudden change detection for WDS’s voltage difference
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Control of the Synchronization and Payback Related to
the Provision of Frequency Services by Cold Appliances

Vincenzo Trovato, Simon H. Tindemans, Goran Strbac

Department of Electrical and Electronic Engineering, Imperial College
London, United Kingdom

Abstract— Traditionally, the frequency balancing mechanism has
been implemented by flexing generation. This requires
synchronous conventional generators to be run part loaded
decreasing the efficiency of the power plant with increased fuel
costs and CO, emissions. Our work concerns the use of dynamic
demand support in the provision of frequency services. Thus,
“smart” demand facilitates the grid recovering the nominal
frequency by dynamically adjusting domestic appliances’ power
consumption. In particular, we focus on thermal loads, such as
refrigerators. The control strategies proposed in literature thus
far exhibit troublesome side-effects. In order to classify these
shortcoming, we identify key performance dimensions of desired
controllers: 1) The ability to provide a sufficient reduction in
power consumption at short notice; 2) The capability to delay
and control the payback of energy that the power system
‘borrows’ from the responsive demand; 3) Avoiding
synchronization of the duty cycles, which causes large-scale
cyclic load patterns. We first present an analysis of physical
constraints of using such thermal loads for frequency response
services. We determine the total amount of energy ‘borrowed’
from the appliances by the power system. Conversely, the power
system must subsequently “pay back” additional energy to allow
the devices to come back to a steady state condition defined by a
nominal total power consumption and a nominal average
temperature. We demonstrate that not all the borrowed energy
needs to be paid back. We also analyze two previously proposed
control strategies for refrigerators in detail: a deterministic
control and a stochastic control. Both methods are revealed to
have drawbacks. For our simulation studies, we use fourth and
second order models of cold appliances. For system studies, these
are integrated within a simplified GB power system model. The
key contribution of this paper is the design of a hybrid controller
based on the set-point temperatures updates that are
proportional to the frequency deviation and its rate of change.
This makes the collective contribution of the devices both larger
and faster. Furthermore, the presence of a randomized
disengagement strategy drastically reduces the synchronization,
delaying the onset of the payback. Finally, we also quantify the
ability of dynamic demand to replace fast frequency services
provided by expensive and pollutant generation by slower units.

I. KEY CONCEPTS
Fig.1 shows the general framework of the algorithm.

ft), df(t)/dt
Tmaau’minDD (trf]
ppliagnce 1:n

Trano (t) |

Power
System

P(t) A

Fig. 1 Framework of the hybrid control strategy.

The controller of each device identifies the frequency
deviation Af (Hz), evaluates its rate of change,d(Af)/dt and
updates the temperature limits according to:

Tmaxpp (6 ) = Tmax — Kpp [Af(t) + Kroc d(Af(t))/dt]

Timinop (&) = Trin — Kpp[Af(D) + Kroc d(Af(1))/dt]

Moreover, a drastic reduction of the synchronization and a
delayed payback is obtained due to the inclusion of a
randomized disengagement strategy, which is triggered when
(t = t,) and Af(t) < 0.05Hz. Then, each appliance selects a
random temperature T ;g Within the uniform distribution [T in,
Trnax]-

Il. KEY FIGURES
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Fig. 2 Schematic thermal model for a cold appliance with the heat flows
involved.

I1l. KEY RESULTS
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Fig. 3 Time evolution of the aggregate power consumption of dynamic
demand cold appliances after a 1800 MW loss with 60 GW of system demand:
comparison between hybrid control, stochastic control and deterministic
control.
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Fig. 4 Frequency evolution after 1800MW loss and 60GW of system demand:
comparison between the strategies and the reference case.
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On Using Synchrophasor Data to Assess Power
System Steady-State Stability

Karl Reinhard
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Abstract—Abstract--- In electric power systems, a key challenge
is quickly estimating the system’s proximity to its stability limits.
This poster describes efforts using synchrophasor measurements
at two buses connected by a transmission line to calculate
parameters for a pair of Thevenin equivalent sources, which
when connected by the transmission line model provide an
equivalent power system representation that may be useful as an
indicator of steady-state system stability.

l. INTRODUCTION

Focusing upon the phase angle power system stability
constraint, this poster describes using synchrophasor
measurements from two buses to compute model parameters
for a pair of Thevenin sources, which with the connecting
transmission line parameters enable a two-bus equivalent
power system representation. The difference between the
resulting Thevenin equivalent source angles (AnglxSys) is
proposed as an indicator of how close the system is to its
stability limits.

Il.  ESTIMATING THEVENIN EQUIVALENTS FROM
SYNCHROPHASOR DATA

The objective is to develop a Thevenin equivalent circuit
representation composed of an equivalent voltage source and
impedance, which i) characterizes the power system’s behavior
as seen from the end of a particular transmission line and ii) is
easily calculable from field measurements. The left boxed
portion of the circuit in Fig. 1 represents such a Thevenin
equivalent of the power system looking into bus 1. A second
Thevenin equivalent representing the power system behind the
terminals at bus 2 completes the proposed circuit. The
proposed Thevenin equivalent stability indicator is &, -, ,

AngIxSys.

There are multiple approaches to solving the Thevenin
equivalent problem: i) to use a set of 2 sequential PMU
measurements to enable an exact solution, ii) to use 3 or more
sequential measurements to find a least squares error (LSE),
and iii) to reduce the number of unknowns by fixing one or
more of the four unknown values.

Collaborators:

Professor Peter Sauer, University of Illinois at Urbana-Champaign,
psauer@illinois.edu;

Professor Alejandro Dominguez-Garcia, University of Illinois at Urbana-
Champaign, aledan@illinois.edu

A. Test Data Description

The study used synchrophasor data set from a 765KV
transmission line that includes line-to-line voltage magnitude
and phase angle. Typically, the data values over short time
periods showed only small changes.

B. Exact and Least Squares Estimate Solution Results

The exact and least squares solutions were found to
unsuitable. Condition numbers calculated from the test data
were consistent with this estimate. The effects of poor matrix
conditioning were observed in wildly fluctuating parameter
estimates — both for exact and least squares estimate
approaches.

C. Simplified Thevenin Equivalent Model
In this model, the source magnitudes | E, |=| E, | are set to

1,y and the Thevenin equivalent impedances are assumed to be
purely reactive, i.e. R =R, = 0. The difference is the desired

AngIxSys.  The application of this model using the
synchrophasor test data provides promising results consistent
with expected power system behaviors.

I1l.  CONCLUSION

The obvious approach using exact and least squares estimate
solutions proved to be unsatisfactory with our sample
synchrophasor test data, which is attributed to very large
matrix condition numbers arising from the test data. Using
simplifying assumptions about the Thevenin equivalent model,
our alternate approach produced a Thevenin model consistent
with expected system behavior. Future efforts will investigate
the efficacy of using the simplified Thevenin equivalent model
using data from multiple synchrophasor data streams to assess
system stability with respect to stability limits.

R+ X

-
L [T E, 23,
il
L

Thevenin Source 2

R, +jX;

Thevenin Source 1

Figure 1. Thevenin Equivalent Circuit Model

186


mailto:psauer@illinois.edu

A Hybrid Simulation Method for EVs’ Operation
considering Power Grid and Traffic Information

Shujun Xin, Qinglai Guo, Member, IEEE, Hongbin Sun*, Senior Member, IEEE,
Zhengshuo Li, Boming Zhang, Fellow, Shaobo Zhang
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Abstract—As the penetration of electric vehicles (EVs) increases,
it is required to consider both power grid and traffic
information when analyzing EVs distribution and charging
loads. This paper presents a hybrid simulation method for real-
time operation of EVs, charging stations, traffic and the grid. It
first describes the traffic model and electric model, then builds a
hybrid model for EVs to combine these two models. The paper
presents a detailed timing simulation method afterwards. After
generating EV inflows and traffic flows in different places and
setting EV’s charging behavior, EVs’ State of Charge (SOC) and
spatial moving and charging stations’ working states can be
viewed through simulation. An example is presented to illustrate
the impact of EV inflows on the charging power of charging
stations. This method can be applied in other researches, and it
will be utilized for future research work on the interaction
between power grid and traffic network.

I.  KEY EQUATIONS

The spatial and SOC state of EV at time point 341 can be
calculated through the formulas below:
(GG 17+ Vepagrs <A1
when 77+ Vpagps XA S s
[Gf.G).1"]1=

S BA-p-1 A
—1 E GfG
[G{™GI, V(;lﬂ 1gp1 X (At ————)]
VGf igft
-1
when 77 + VG{,,lazﬂ,l X At > SGlﬂ,leﬁ,1
E
1 ave
SOCH — Zae VG,HGﬂ,1 x At
1 2
Sfull
when 7771+ Vopagps XDESS s
SOCﬂ — 12 1 G) s
1 E,, S GlrGpt =l p-1
SoC _7X(Vc{"lcf*1 x (At — )+177)]
Jull [
p-1
when 77 + ch,lcz,,,l x At > So_l,,,leﬂ,1
Il.  KEY FIGURES
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Fig. 1. The Transportation Network and its Topological Graph
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IIl.  KEY RESULTS
FOWERKW.,

1400

1200

1000
BOO
600 7
a I

0
P PP PP PP PP PP P

B AT AT T W W A

8

8

B Node 2

B Node 13

TIME.

Fig. 3. Fluctuation of charging power in each charging station



Development of a Three Phase Unbalanced
Continuation Power Flow Tool
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Abstract—The electric distribution power systems in the
United States have typically been designed to operate radially.
This has primarily been a centralized model of the energy
infrastructure of generation and distribution characterized by
large-scale power plants, with all decisions for this model based
on the central authorities owning the infrastructure. With the
increasing demand for applications for renewable energies
(small-scale energy) and smart electric grids there is a need to
apply a decentralized energy model. The decentralized model
allows for individuals to make decisions for their power energy
choices, unlike the centralized model. With distributed
generation being incorporated into the meshed distribution
networks, voltage stability is a critical issue. The voltage stability
studies are imperative in maintaining a systems stable operating
conditions and to prevent power blackouts. Three phase
unbalanced continuation power flow (CPF) has been developed
utilizing the current injection method. Voltage stability of
distribution systems can be analyzed using this three-phase
continuation power flow tool. The results from this CPF program
will create a benchmark, validating the CPF and allowing voltage
stability analysis. Utilizing the CPF tool, the maximum loading
point for the system can be found. This CPF program will be
tested and validated using commercial software. Future work
will integrate this CPF tool with Mathematical Programs of
Equilibrium Constraints (MPEC) utilizing Feed-In-Tariff (FIT)
policy for distribution systems to form stable design solutions
(steps for this framework are seen in Fig. 1).

. KEY EQUATIONS
The CPF uses a corrector and predictor with the constraints

f(x,\) =0 (1)
(A+1)PP—P(x) = 0 (2)
ADHRP-Q(x) =0 3)

where P and Q" are the specified values for real and reactive
power.
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A Simultaneous Perturbation Approach for Solving
Economic Dispatch Problems with Emission,
Storage, and Network Constraints

Yu Xia and Joe H. Chow
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Abstract— Power system operators are faced with an increasingly i Qe
complex economic dispatch problem as distributed energy
sources, energy storage, and environmental constraints are
introduced to the grid. Optimizing these resources over time to
provide energy reliably and economically often involves dealing

with constraints across multiple time periods. These inter-

temporal constraints add considerable difficulty to the economic

dispatch problem because they couple the time periods of the =

optimization. s

1Es0

Power system optimization problems are commonly posed as
constrained optimization problems and formulated as linear or
nonlinear programming problems that incorporate a Lagrange :
multiplier for each equality constraint. Lagrangian relaxation
solution algorithms attempt to iteratively find a solution by
temporarily relaxing the Lagrange multipliers and hence
temporarily decoupling optimization across time periods. For
constraints spanning multiple periods, we further relax the
Lagrange multiplier for those inter-temporal constraints to 10
decouple the optimization across time periods. A simultaneous .
perturbation technique for economic dispatch problems with

inter-temporal constraints has been previously proposed and 10
shown to have good convergence properties while solving for all =
time periods simultaneously. However, this technique was
previously illustrated only by coordinating a hydro unit and a 1
single composite steam unit without a network model. -

Figure 1. NPCC 140-bus system map

In this poster, we extend the simultaneous perturbation technique o
to new inter-temporal constraints, including emissions cap policy , ,
and energy storage. We also introduce additional steam and ! S §
hydro units and include a network model with line flow

constraints. We demonstrate the effectiveness of the method for
these added complexities with illustrative examples.

Figure 2. Convergence plot for NPCC 140-bus system

Key Words—Lagrange Relaxation, optimization, Hydro-thermal
coordination, emission constraints, optimal power flow, energy
storage
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Abstract—With the

under smart grid plug-and-play operations.

. INCREMENTAL COST CONSENEUS ALGORITHM
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g.i
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Figure 1. The three layer structure of Smart Grids

Figure 4. Communications layer topology reconfiguration

increasing penetration of distributed
generation, the plug-and-play energy resources or energy
storage devices will become a required functionality of future
power systems. Effective distributed control algorithms could be Unit | & b G
embedded in distributed controllers to allocate energy among
the generating systems economically when a plug-and-play
operation is performed. The Incremental Cost Consensus (ICC)
algorithm can solve this kind of Economic Dispatch Problem
(EDP) in a distributed fashion. Several case studies are
presented to demonstrate the performance of the ICC algorithm

TABLE I. PARAMETERS OF THE FIVE- UNIT-SYSTEM

Local Demand (MW)
1 561 | 7.92 | 0.001562 200
2 310 | 7.85 | 0.00194 200
3 78 | 7.97 | 0.00482 200
4 561 | 7.92 | 0.001562 200
5 78 | 7.97 | 0.00482 200
(1) © ‘ 5 Uni1s‘ Actual IC und‘er Plug-In Op‘eration ‘
I I I I I
2 T R SEEER LR EELEEEEE
( ) %: I I I I I
O e SRS,
3 | | [ | |
S g -— 7 .
® st
) SR SR S S S —
E | | | | |
(4) & Ic1 Ic2 Ic3 c4 iC5 |-
, l l l l l
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Time(Second)

Figure 2. Case Study ICs

Outout Power (MW)

Output Power (MW)

Time(Second)

Figure 3. Case Study Output Power

I1l.  CONCLUSION

The performance of the ICC algorithm under smart grid
plug-and-play operation has been explored. The simulation
results demonstrates that the ICC algorithm is effective and
robust even in the absence of a centralized control center.
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Heuristic Approach to Resource Allocation
in the Emerging Smart Grid
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Abstract—As the Smart Grid introduces profound changes in
the operation of the electric power industry, the need for
efficient and robust resource allocation (RA) algorithms arise.
This is especially difficult due to the increasingly stochastic
nature of the availability of highly distributed resources.
Similar challenges exist in resource allocation in the realm of
computing. This work draws upon these links to solve the
Smart Grid RA (SGRA) problem using a heuristic approach,
such as a genetic algorithm.

The SGRA in question is utilizing end-user customer loads to
perform load shifting. The aggregator is a proposed for-profit
market player, in a deregulated market, that will act as a
means for the end-user to engage in the bulk market. This will
occur by the end-users making available their loads for
reassignment by the aggregator, modeled as a multi-agent
based distribution management system. In a Demand
Response (DR) situation initiated by the independent system
operator (I1SO), the aggregator will reassign the end-user
reassignable loads to: (a) perform load shifting, and (b)
maximize its profit. The aggregator will choose which loads to
reassign using proposed heuristic techniques while meeting the
system and customer constraints.

This work was supported by the National Science Foundation under grant
number CNS-0905399 and the Colorado State University George T. Abell
Endowment.
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\oltage Assessment in Smart Grids Involving
Distributed Generation

Ahmed Mohamed, Student Member, IEEE, Ahmed Elsayed, Student Member, IEEE, Tarek Youssef,
Student Member, IEEE and Osama A. Mohammed, Fellow, IEEE

Abstract—In this paper, the application of wide area
measurement and control for voltage assessment of hybrid
AC/DC smart grid is investigated. The power available from
renewable energy assets and storage elements on the microgrids is
utilized to maintain system voltage stability. The system under
study consists of two DC microgrids coupled to a multi-bus AC
system. In case of voltage violation at any of the buses, the
minimum reactive power needed from each of the micrgrids in
order to restore the voltage magnitude to a value that is between
the permissible limits is determined in real time by solving an
optimization problem. Simulation, as well as experimental, results
are included to verify the validity of the proposed wide area
control technique.

I. KEY FIGURES
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Fig. 2. Experimental results of the case study.
|. KEY EQUATIONS

The genetic algorithm is used to yield the amount of
reactive power required from the two different microgrids such
that their summation is minimum. Therefore, each individual
of the population represents a trial solution to the problem of
minimizing the value of the fitness function, which is given by:

F(01,0,)=(0,+ 0, €)
Ss.1.
09</V; <11
O <01 @)
0, <0y,

Where V; is the voltage at the bus number i, Oy, and Oy are the
upper limits of the reactive power that can be drawn from
Microgrid 1 and Microgtrid 2, respectively.

I. KEY RESULTS

The test system is shown in Fig. 1. The experiment that was
performed is as follows; the system was initially operating in a
steady-state mode. All the voltages were within acceptable
limits. After a while, a relatively high resistive-inductive load
of 2.5 kW and 4.2 kVAR was aplied to the circuit as shown in
Fig. 2, and hence the voltage at bus 5 dropped to 0.86 PU. The
voltage at bus 5 expresses a high difference in phase angle
from the reference value and will be a-synchronized from the
other phasors. Based on the information sent from PMU 5, the
wide area monitoring and control system will act to solve the
load flow problem to determine the amount of Q required from
each of the microgrids to mitigate this voltage drop. The load
flow problem is solved, the obtained solution is optimized
using the Genetic Algorithms (GA). Optimum solution is
characterized by using minimum reactive power from each
grid to recover the bus voltage without causing any issues to
the microgrids. After setting the required reactive power from
microgrids 1 and 2, each local control in microgrid will send
the required amount of reactive power through the bi-
directional converter. This injected extra amount of reactive
power will react to increase the voltage at bus 5. In this case
study, the solution of the optimization problem yielded an
amount of 700 VAR from Microgrid 1 and 500 VAR from
Microgrid 2. After injecting these values, the voltage at bus 5
goes up to 0.96 PU.

1. CONCLUSION

In this paper, the utilization of wide area monitoring and
control in voltage assessment of hybrid AC/DC power system
was presented. The WAMC solves an optimization problem to
determine how much power the main AC grid requires from
each of the two DC microgrid, containing renewable energy
assets and storage, in order to restore the voltage to an
acceptable value. An experimental test was performed in order
to verify the proposed system.
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PHEV Home-Charging Model Based on
Residential Activity Patterns

Pia Grahn, Joakim Munkhammar, Joakim Widén, Karin Alvehag, Lennart Soder, KTH Royal Institute of
Technology, School of Electrical Engineering, Division of Electric Power Systems, Teknikringen 33,
SE-100 44 Stockholm, Sweden, Email: pia.grahn@ee.kth.se

Abstract—Electric vehicles (EVs) provide an opportunity
to reduce greenhouse gas emissions in the transport sector.
With increased numbers of EVs the electric vehicle charging
(EVC) behavior in an area will induce changes in load
profiles, and it becomes important to investigate what impact
EVC has on load profiles due to expected EVC behavior of
residents. This poster presents a model for generating plug-
in hybrid electric vehicle (PHEV) home-charging patterns by
combining PHEV usage with synthetic activity generation of
residents’ electricity-dependent activities. Synthetic activities
are simulated based on time-of-use data, and forms the basis
for estimations of EVC behavior and residential electricity
consumption. The model is general and can be used where
similar residential time-of-use data are available. The results
are estimates of total residential load profiles and deviations
which can be used in load shaving studies to investigate
moveable activities.

I. KEY FIGURES AND RESULTS

Input data are used to generate synthetic activities
Ap.i,j, which in parallel are input to the PHEV home-
charging model. The model output is the total household
load profile P°! at time ¢ which is the sum of the PHEV
charging load, P and the load due to other electricity-
dependent activities P}";.

Input data: Household electricity (P"ih)
Activity patte'rn consumption based 'm'\
i theti tiviti i
PHEV usage | AY,, | On Synthetic activities ( e);pictej lodaj p,io?es ‘
K /| & and standard deviations
Household PHEV home e e /
Type of day _Pra=Pyt Py

charging model

Fig. 1: Modeling approach

TABLE I: Electricity consumption and load peaks

PHEV Apartment Total PHEV share
2.4 kWh/day 9.6 kWh/day 12.0 kWh/day 20%
0.3 kW 0.6 kW 0.8 kW 30%

B Cold appliances
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B \Vashing
Dishwashing
Television
Computer
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B Additional appliance,
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o 15 20
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Fig. 2: Estimate of mean load P, Pa,, ,.
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Fig. 3: Simulation algorithm for a household with a
PHEV and one driver

193



Power Sharing Control with Frequency Droop in a
Hybrid Microgrid

Megha Goyal, Student Member, IEEE, Arindam Ghosh, Fellow, IEEE and Firuz Zare, Senior Member, IEEE
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ABSTRACT - A microgrid may contain a large number of I11. KEY RESULTS
distributed generators (DGs). These DGs can be either inertial or e }
non-inertial, either dispatchable or non- dispatchable. Moreover, o0n .2 Poad or_urs AF diesel »
the DGs may operate in plug and play fashion. The combination 0550
of these various types of operation makes the microgrid control a byl
challenging task, especially when the microgrid operates in an 0-400—(_%_4,_9_9_9_/”
autonomous mode. In this paper, a new control algorithm for by
converter interfaced (dispatchable) DG is proposed which facili- oy P“C:
tates smooth operation in a hybrid microgrid containing inertial 0150
and non-inertial DGs. The control algorithm works satisfactorily g
even when some of the DGs operate in plug and play mode. The 0.000
proposed strategy is validated through PSCAD simulation stud- e a B @ s o ED W W Gl
ies. : :

Power (MVV)

Fig. 9. Real power sharing in Case-1.

I. KEY FIGURE — ——— =
The microgrid structure under consideration is comprised of 50030
three DGs, one of them is inertial DG (Diesel Generator) and o 0020
; z
others are converter interfaced DGs (UPS and PV), as shown § =0
in Flg 1 g soow
Rn I Rp Rp3 3 I3 49.990
B 3 e — 49.980
Py QII Tl' 2(2 33 PV Time(s) g 20 40 80 20 10.0 120 140 180 180
Module
Fig. 10. Frequencies of the two DGs in Case-1.
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Fig. 1. Microgrid structure. ““f
0.30 o
g 0.20
I1l. KEY EQUATIONS 2
DE: 0.10
A. Governor and Swing Equations A
0.10
The mechanical power of the governor is Time(s] 0 20 a0 60 B0 w0 120 1o
G * - A S
P, = P —DAw (1) Fig. 11. Power sharing in Case-2 when the PV is switched on.
1+sT
Frequency -
where w is obtained from droop (1) and o wips By desd '
50.0160 4
1 50.0140
D=—, Aw =w— w, o 500120
A . m <. 50.0100 ]
The swing equations are R
d5 :'; 50.0060 -
—:a)rAa)‘,w (2) 50.0040
dt ’ 50.0020
50.0000 -
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dlsw :ZH (_KD)AQ)SW_'_ZH (Pm _I)e) (3) 4 D
Fig. 12. Frequencies in Case-2 when PV is switched on.
Wyps = @+ Aa)sw (4)
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Look-Ahead Energy Management of a
Grid-Connected Residential PV System under
Critical Peak Pricing Programs

Jaeyeong Yoo
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Abstract—This poster presents look-ahead energy management
system for a grid-connected residential photovoltaic (PV) system
with battery under critical peak pricing for electricity. In the
proposed system, the PV system is the primary energy source
with the battery for storing (or retrieving) excessive (or stored)
energy to pursue the lowest possible electricity bill but it is
grid-tied to secure electric power delivery. Premise energy man-
agement scheme with an accurate yet practical load forecasting
capability based on a Kalman filter is designed to increase the
predictability in controlling the power flows among these power
system components in the premise. The case study with particular
operating condition demonstrates the validity of the proposed
system and significant cost savings through operating the energy
management scheme.

I. KEY EQUATION

o(k) = F(k)z(k — 1) +v(k — 1) 1)
2(k) = H(k)a(k) + n(k) @)
Elo(k)] = Efn(k)] = 0 3)
El(@)" ()] = E(n” ()] =0 fori#j @)
Elo(kp" (k)] = Q. Eln(kn” ()] = Q2 (9)

K(k) = [F(k)P()HT (k)] [H(k)P(R)H" (k) + Q]!
(6)
ik +1) = F(R)(k) + K (R)=(k) - HR)2(®K)] ()

P(k+1) = [F(k) — K(k)H(K)|P(k)[F(k) — K(k)H (k)]
+ K(k)Q2 K™ (k)
3
II. KEY TABLE

TABLE I
ESTIMATED COEFFICIENTS OF THE PROPOSED FORECASTING MODEL.
a1 a2 a3 Qg as
0.5962 0.2373  0.2182  0.0559  0.2963
g a7 asg a9 @10
03962  0.1912  0.1962  0.1989  0.2991

III. KEY RESULT
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Demand Response as a Tool for Coordinated
Charging of PHEV Parking Garages

Venkata Satish Kasani, Sarika Khushalani Solanki and Jignesh Solanki
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Abstract - Increase in the penetration of Plug-in Stage — 2: DR Model
Electll*ic. Vel.licle (PHEVs) and oPtimal utilizat?on Self Elasticity Coefficient
of existing infrastructure to satisfy the charging Ad(E)
needs require smart charging techniques. As the E(LD) = l/do
. . . D)=y
charging stations or parking garages are best p( l)/p0
suitable locations to charge the vehicles either at
office or homes when looking in the V2G
prospective, this poster presents a two stage EQLj) =
coordinated charging process aiming at ' Ap(tj)/p
maximizing their profit as well as satisfying the °
customer needs. Maximizing profits of PGs
indirectly maximizes the power delivered to the A
vehicles without exceeding the network limits. The Ad(t) = Zii LEWL)) * ( J /p0> xd,

Cross Elasticity Coefficient
Ad(ty)
Yo

Demand Reduction for each hour:

network sensitivities are considered in the
constraints in the first stage of optimization. The
RN . KEY FIGURE

new peaks that resulted from the optimization are GURES
flattened by implementing demand response at the

charging stations. The network sensitivities are

obtained from OpenDSS and MATLAB linear +
programming is employed to obtain the charging
rates of PHEVs.
WS @ PHEV Parking Garage
l. KEY EQUAT|ONS Stage-| Optimization

Stage — 1: Optimization Stage-II: Demand

Response for

+ ;
max Z%zl ZnM1:1 Bml X Sml X Pmax X (gl - Cl) feducng new peals
St YM By X Sy X Prax < ATI0, VI € o 4

1,2,3, ..., L}

SOCrlr)L X Cm < (Zm—lel X Sml X Pmax +

SOCA X Cp) < Cpy

lel’ll S Vinit i + l’l‘lell + ZTI\l,::ll’L]LBml] S VmaXi Final Load curve with Demand Response
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Distributed DataFusionfor State Estimation in
Cyber Physical Energy Systems

Abhinav Kumar SinghSudent Member, |IEEE, and Bikash C. Paliellow, |IEEE

Abstract—This poster proposes an adaptive algorithm for PMU measurements. The estimation at one unit is completely
dynamic state estimation in cyber physical energy systems. The independent from the estimation at other units.
algorithm involves distributed estimation based on unscented A time cycle is divided into two time periods. In the first
Kalman filtering, and subsequent multi-path data fusion of the hort iod it calculates its | | stat fi ,t
local estimates. The distributed estimation takes into account S Of€r period, e"ef¥ unit ca C_ua_es 'S_ oca s_ae eslimates
the inherent shortcomings of networked systems, viz., packet and sends those estimates to its immediate neighbours. In the
dropout, packet disordering and variable time delays. The multi- remaining longer period, every node sends its cumulative data
path data fusion strategy endeavours to convert the highly (j.e. its own data combined with its neighbours data) to the
stochastic and uncertain packet delivery model of present day cantra| controller. The controller waits for the data from all
networks into a deterministic model with very high packet deliv- th di des in th bined ti iod. aft hich
ery probabilities and fixed time delays. The combined strategy | e.sen Ing nodes in the Com' ine |me perod, ,a er whic
of distributed estimation and mu|t|_path data fusion has been it dlSC&rdS a” the Iate data arl’lva|S ThIS SCheme IS ShOWﬂ to

demonstrated on a representative 68-bus power system model. operate with high delivery probability and fixed time delay. A

Index Terms—data-fusion, distributed, cyber physical energy block diagram of such a system is shown in K. 1.
systems, phasor measurement units, unscented Kalman filtering. ... :

6E Esimaded T oo T
Local States Local States
Dynamic State Dynamic State

Esimator 1 Esimator 2

Dynamic State i
Pt K Esimator M
- Measurement

I. INTRODUCTION

.
Measu Measu o KA
remen '“’".'_‘7_'!. GPS synthonlgathn’

T is envisioned that future power systems are going to - - i
be highly interconnected [1]. Each sensing or actuatin - --—' o et e PMUM‘
component of the power system, such as phasor measureme ettt

units (PMUs), smart meters, relays, FACTS devices etc., W( Transmission Network + Loads j
be alloted an IP address, so that it can easily communicate
in real-time with the rest of the power network. This willFig. 1. System block-diagram and an overview of the methodology
generate huge amounts of data and information which can be
used to better assess and control the system. The Networked

Controlled System (NCS) approach is very appropriate in such Il . MODELING AND SIMULATION
a context. In NCS the control loops are closed through aA 16-machine, 68 bus model test system has been used

real-time network, and the control and feedback signals eIPé the case study. The packet drop process 1s mode_led as a
exchanged among the system’s components in the form %efrnoulll process, and a random delay is introduced in their
packets of data and informatiofl [2]. NCSs suffer from Son{éansmission. The strategy of distributed estimation and multi-
problems which have not been taken into account in tracﬂ‘—"‘th data fusion is then implemented on the test system.

tional control systems such as packet-dropout, time-delays and IV. CONCLUSIONS
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h dp fusi d di 'bp % S Lf:(t)mblned with multi-sensor data fusion to accurately estimate
path data-fusion and distributed state-estimation. the dynamic states of a power system. It is the belief of the
authors that the proposed distributed data fusion has good
Il. METHODOLOGY potential for dynamic security assessment in cyber physical
It is assumed that each generation unit is connected &gergy systems.
its neighboring unit and a centralised control unit through
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SOURCES IN MICROGRID
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Abstract-- Due to potential wide spread
impact on the power system caused by short
circuit and other incidents in an
interconnected grid, many countries devote
significant efforts in developing robust, fault
isolation, and self healing power system to
meet the need of future digital society. Among
them, Micro grid is one of the most effective
ways to reduce the damage brought by the
instabilities in grid. Through the advanced
control and coordination, Micro grid has the
potential to deliver electrical energy as well as
thermal energy to customers in a most
efficient and reliable manner. This poster
discusses the control strategies of distributed
generations within the Micro grid during

autonomous operations.

l. KEY CONTROL METHODS

There are three main control methods. P/Q
control, Droop control and U/f control.

Fig. 1. The schematic diagram for P/Q control

Y .
—s = P} —

Fig. 2. The schematic diagram for U/f control

“— __—;_“ _._,_.
f—i H'_'_, )2 “/_.—g
Fig. 3. The schematic diagram for Droop control

1. SIMULATION FOR DROOP CONTROL

The schematic diagram for the application of
droop control in Microgird is shown in Figure. 4

Fig. 4. Droop control in Microgrid

1. KEY RESULTS

The simulation is implemented on MATLAB.
The reactive/active power consumption and
system freguency responses are shown in Fig. 5:

Fig. 5. Simulation results
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A Robust Multi-Objective Controller of VSC-Based
DC-Voltage Power Port in Hybrid AC/DC Microgrids
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Abstract— Hybrid ac/dc multi-terminal microgrids are
gaining high momentum under the smart grid paradigm to
integrate renewable and clean energy resources either in the
transmission or distribution systems. This poster presents a
robust multi-objective controller for the voltage-source-
converter (VSC)-based dc-voltage power-port in hybrid ac/dc
networks. The proposed controller ensures excellent tracking
performance, robust disturbance rejection, and robust stability
against operating point and parameter variation with a simple
fixed-parameter low-order controller. A two-degree-of-
freedom control structure is proposed, where feed-forward
tracking and base-line robust disturbance rejection controllers
are employed to decouple disturbance rejection and tracking
objectives. A disturbance rejection controller is designed,
based on the singular-values (Mu) synthesis approach, to
achieve robustness against variation in converter operation
point. Further, the effect of parametric uncertainty in the
effective dc-link capacitance is mitigated by modifying the
robust disturbance rejection controller, via the polynomial
method, to ensure that the closed-loop poles are allocated in the
pre-defined region in the complex plane even under parameter
variation. A comparative simulation and experimental results
are presented to show the effectiveness of the proposed control
structure rather than previous controller, Pl-lead controller.

Keywords— Hybrid dc/ac networks, micro-grids, dc-energy
pool, dc-link voltage control, voltage-source converters, robust
control.

I. KEY EQUATIONS, KEY FIGURES, AND KEY RESULTS
The power balance equation is as follows:

d
a(o'sceqv[fc) = Pext - I:>DC - Ploss (1)

If the energy stored in the interface reactors is not ignored,
then after linearizing around one specific operating point,
the power balance equation can be given by (2). The most
important feature of equation (2) is that it is non-minimum
system when converter operates in the rectification mode.

R 3 v IJ;ORl st
72 _ P D _> saot do T
VDC(S)7 RPCeq Pext(s) 2 RP(Vsd0+2RId0) 05R C S+1 Id(s)
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2
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The proposed controller of the voltage power port is
show in Fig. 1 where P(s), Gn.i(s), and G;*(s) are pre-filter,
non-invertible part of equation (2), and invertible part of
equation (2), respectively. Since equation (2) is non-
minimum phase in rectification mode, the following method
has been adopted to design K(s); first, controller K(s) is
synthesized based on the structured singular values ()
analysis to reject Py in different operating points. Then, the
designed u-analysis-based controller is employed in
polynomial method to benefit from polytopic structures in
order to have robustness against equivalent capacitance
variation, which exists due to connection/disconnection of
dc-sources and/or loads to/from dc link.

VSC-m Control Scheme: Vi E Vq-i Ve E Vi E V.bi Vil

b
v v
Sequence Analyzer

DC-Voltage Power Port vy v v M
Proposed DC-Voltage Control System

and
Phase-Locked-Loop (PLL)
a IV (Vi (VY VA Ve Y
Y ¥V VvV V V¥V V V¥V

Dual-Sequence Current-
Command Generator

h’; PR P R
vy vy

Fig. 1. Proposed control scheme for the dc-voltage power-port in hybrid
ac/dc micro-grid.

Fig. 2 and Fig. 3 show the key simulation and
experimental results of the proposed controller.

500
)
S
.
1o

1000]

Time (Sec)

@) (b)
Fig 2. a) Pl-lead controller b) proposed controller when there is an
asymmetric line-to-ground (LG) fault in one of the grids when the
converter works as rectifier

(a) (b)
Fig 3. experimental results of a) Pl-lead controller with moderate changes
of the dc micro-grid load (dc motor load) b) the proposed controller with
uncertainty in the dc-link capacitance and operating point variation.
Channel 3 (top): Vg in per-unit, Channel 2 (middle): one phase ac-line
current; Channel 1 (bottom): lg in per-unit.
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Abstract— The smart grid initiative and the electricity
market operation drive the model known as demand-side
management or controllable load. The home energy
management has received increasing interest due to the
significant amount of loads in the residential sector. This
paper presents a hardware design of a smart home energy
management system (SHEMS) with the application of
communication, sensing technologies, and machine
learning algorithms. With the proposed design,
consumers are able to have a real-time price-responsive
control strategy over loads including electrical water
heater (EWH), heating, ventilation, and air conditioning
(HVAC), electrical vehicle (EV), dishwasher, washing
machine, and dryer. Also, they may interact with
suppliers or load serving entities (LSEs) to facilitate the
management at the supplier side. Further, SHEMS is
designed with sensors to detect human activities and then
apply a machine learning algorithm to intelligently help
consumers reduce total payment on electricity without
little involvement of consumers. This paper also presents
simulation and experiment results based on the SHEMS
prototype to verify the hardware system.

I. HARDWARE DESIGN OF SHEMS

Y e D e e e e e \ &5 _ 29 . \
| Local User Remote User | | Administrator
USER#1 Interface Interface * Monitoring |
I Touch Screen Web Page | le Data Analysis
| | e Real-time Price/
| e Communication | | o=
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Fig. 1. Brief Hardware Design of SHEMS
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Fig. 3 Prototype platform of SHEMS

Il. KEY RESULTS

TABLE |. SIMULATION RESULTS OF MACHINE LEARNING ALGORITHM
Activity Name Right  Wrong  Accuracy(%)

Going out to work 11 1 91.67
Toileting 70 14 83.33
Bathing 13 5 72.22
Grooming 33 4 89.19
Preparing breakfast 9 5 64.29
Preparing lunch 13 4 76.47
Preparing dinner 6 2 75.00
Washing dishes 6 2 75.00
Doing laundry 19 0 100.00
Total 180 37 82.95

Table 1. HVAC Results with SHEMS

Different Comfort Level

+/-0°C  +/-3°C  +/-5°C
Energy Consumption (% w.r.t w/o SHEMS) 91% 79% 2%
Payment (% w.r.t the case w/o SHEMS) 86% 73% 64%

EWH Mode! Test— Temperature& Time EWH Model Test-Temperature Time.

129 /\\ PANow

g
_______________________________ g
= 3. — Water Temperature
—Water Temperature | -g  High_ Boundry
--High, Boundry | § _—Low, Boundy |
--Low, Boundry | ONSOFF
| —OnsoFF | } | [ 1] \‘1’\:;“ I I[lb‘! EE{ ".M rg ]
Time (hour) Time (hour)

Fig. 4 Typical Versus Optimized EWH Strategy (40% Saved)

Effects of SHEMS in Load Shifting
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Fig. 5 Load Curve Comparison with and without SHEMS
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Abstract— The purpose of this study is to present the current
status of smart meter technology and its applications today. First
of all, the most common smart meter models (from companies
such as Itron [3] and Elster [1]) were compared and evaluated
based on cost, features, accuracy, customer involvement,
installation ease, and impact on the electricity usage and demand
response.

Additionally, surveys were generated to track current smart
meter deployment initiatives in the United States. A survey was
sent to utility companies that owned projects listed on the US
Department of Energy’s Smart Grid website [S] under the
Recovery Act Smart Grid Program. The survey provides
information such as duration of the project, region covered,
budget, number of meters deployed (for residential, commercial
and industrial use), benefits (financial- and performance-based
for customer and power companies), and obstacles. Emphasis is
given to the gains and setbacks the companies faced during
implementation. Furthermore, the recipients of smart meter
technology (homeowners, business owners) were polled on their
satisfaction with the performance of the smart meter.

This study is aimed at bringing awareness to the electricity
community of the overall progress across the U.S. towards
development and deployment of Automated Metering
Infrastructure (AMI) systems and the resulting impacts.

l. KEY FIGURES

Fig. 1. Itron’s OpenWay Centron, a residential smart meter [3].
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Fig. 2. Elster’s EnergyAxis monitoring software used to track and control
energy use [1].
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Distribution Locational Marginal Pricing for Optimal
Electric Vehicle Charging Management
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Abstract— This paper presents an integrated
distribution locational marginal pricing (DLMP)
methodology designed to alleviate congestion resulting
from electric vehicles (EVs) load in future power
systems. In the proposed approach, the distribution
system operator (DSO) determines distribution
locational marginal prices (DLMPs) by solving the
social welfare optimization of the electric distribution
system which considers EV aggregators as price takers
in the local DSO market and demand price elasticity.
Nonlinear optimization has been used to solve the social
welfare optimization in order to obtain the DLMPs. We
illustrate the efficacy of the proposed approach using
the Roy Billinton Test System (RBTS). The case study
results show that the integrated DLMP methodology
can successfully manage congestion caused by EVs load.
We also show that the socially optimal charging
schedule can be implemented through a decentralized
mechanism where loads respond autonomously to
posted DLMPs by maximizing their individual net
surplus.

I KEY EQUATIONS
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I KEY RESULTS

Theoreml. The efficient allocation of EV charging from
DSO’s problem is an optimal solution to EV Aggregator’s
problem under DLMP , if the non-negativity constraint of
conventional household demand is not binding.

Propositionl. The efficient allocation from DSO’s
problem can be achieved in a decentralized system under
DLMP, if the non-negativity constraint of conventional
household demand is not binding.

Figure 4 Congestion on Line 1.
200% penetration

[Figure 5 Congestion on Line 1
500% penetration

Figure 6 Congestion
on Line 1 1000%
penetration
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Figure TLMP vz DLMP fal
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Figure 2 Line Loading with and without DLMPs
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Abstract—This study compares the different volt/VAr control
techniques to reliably supply power to customers while meeting
the operational constraints for one of the distribution system
feeders in the Pacific North West. The studied algorithms comply
with the ANSI mandated power factor and voltage constraint
requirements while meeting the load demand with conservation
voltage reduction mechanism.

I BACKGROUND

Volt-VAr control is critical in operation and control of the
electric distribution grid, especially with the rapidly changing
smart grid development. With varying customer demand
throughout the day, the power and voltage levels must be
adjusted. Voltage regulators and capacitors are employed to
help maintain voltage levels along distribution feeders; but
with today’s smart technology, the use of such equipment can
be controlled more finely to ensure energy savings [1].

Through the U.S. Department of Energy (DOE) Smart Grid
Grant program, the local utility, Avista, is updating 13
distribution feeders in Pullman. The system contains 20
switched and fixed capacitor banks, 45 automated line
switches and reclosers, and collects data from over 13,000
smart meters. In collaboration with Avista Utilities,
Washington State University is working to quantifying the
benefits of smart grid implementation.

Il.  METHODS

Three possible methods are implemented to achieve Volt-
VAr control on the local utilities” distribution feeders. Using 5
minute interval data, the energy savings are studied in each of
these possible respective control techniques.

A. Power Factor Control Algorithm

In this study, the utility mandated power factor limits are
between 0.95 lagging and 0.98 leading. This technique is
implemented in Visual Basic and works with the commercial
distribution power flow software, SynerGEE Electric.

B. 60%-40% Rule

The 60%-40% rule determines the desired capacitor state
based on its percentage relation to the telemetered reactive
power value. The capacitor bank will be turned on if it will not
result in more than 40% imbalance, but will provide more than
60% of the reactive power needed. This technique is

implemented in Visual Basic and works with the commercial
distribution power flow software, SynerGEE Electric.

C. Capacitor Optimization

In the capacitor optimization method, an algorithm is
implemented to iteratively determine the optimal capacitor
state to maximize the system’s energy savings. The
optimization algorithm utilizes a three phase distribution
power flow to calculate the system states.

1. RESULTS

Figure 2. kW Savings for 60%-40% Rule

IV. CONCLUSIONS

The results show similar percentage savings between the
power factor and 60%-40% rule for one Pullman feeder. In the
60%-40% rule the capacitors are switched for longer periods
of time than with the power factor method. This difference
creates the minor variations in percentage savings between the
two presented cases.
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Abstract- The increasing number of plug-in electric vehicles Il. KEY FIGURES
(PEVs) will post new challenges to the existing power grid, as

they as a whole will become a substantially large load to the 1400
power grid when they are being charged. In this paper, an 120
algorithm is proposed to maximize the injection of PEVs in A
distribution networks (DNs) without violating power limitations Z, 1000 2
and causing voltage problems. This method is able to optimally 5
calculate the maximum allowed numbers of PEVs in DNs based r§ 800 Total # of PEV
on the system parameters and load conditions. Voltage stability 2 600 (O method)
index, power supply limits, thermal line limits, and power 5 T&‘a' #tﬁngV
balance equations are taken into account as the constraints of P 400p——— v (Ui method)
the optimization algorithm. This method is able to provide a D e O
clear reference to distribution network operators (DNO) to 200 T
manage the charging of the PEVs in DNs. 0
1 14 18 2.2 2.6
Index Terms - Distribution Network, Plug-In Electric Vehicles, Load level (multiple of base load)
Active Management, Optimization. Fig. 1 Total allowable PEVs for two scenarios at five load levels.
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I. KEY EQUAT'ONS 1 —* Baseload*1.8
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Fig. 3 ENVCI at Bus 1-32 by optimized injection method under five load
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Abstract—This work addresses the effectiveness of a Network
Reconfiguration (NR) hardware experiment for the
undergraduate and graduate curriculum in power distribution
systems. Surveys were issued to students before and after the
hardware experiment was performed. The hardware experiment
was performed in the Reconfigurable Distribution Automation
and Control Laboratory (RDAC) at Drexel University [1].

Several identical rubric questions from both pre- and post-
assessment questionnaires were chosen to assess whether the
educational objectives outlined in the experiment had been met.
The class responses were separated into groups of undergraduate
and graduate students. A comparison of the survey responses was
performed in order to evaluate the student's comprehension of
the experiment's objectives. Undergraduate responses indicated
that the hardware experiment assisted in their understanding of
the theoretical and practical concepts.

Distribution systems are electrically unbalanced across phases. In
this experiment, the concept of multi-phase switching was
introduced and employed by students for load balancing. The
macro-goal of the hardware exercise was to provide students with
practical and theoretical analysis skills for planning and
operating distribution networks.

Network Reconfiguration is the process of changing the
topological structure of distribution systems by opening and/or
closing sectionalizing (normally closed) switches and tie
(normally open) switches. Network Reconfiguration is used to
improve system operating conditions by load balancing, which
reduces the real power losses in the network.

Before the NR laboratory exercise is disseminated to other
universities as a remote hardware experiment, it was examined in
detail to determine its significance in power distribution systems
curriculum.

I.  SELECTED NETWORK RECONFIGURATION OBJECTIVES

Below are several objectives from the NR experiment
laboratory manual. These key objectives have been addressed
in the pre and post experiment surveys performed by Drexel
University Power Systems graduate and undergraduate
students. The goals are to:

1. Understand the need for network reconfiguration for
load balancing and loss reduction in a real-life
environment;

2. Experience how to place new switches for network
reconfiguration — planning;

3. Study how to schedule network reconfiguration for
different loading conditions — planning and operation;

4. Understand how to select and operate existing three-
phase or single-phase switches to reconfigure
network— operation;

Il.  SELECTED RUBRIC QUESTIONS
Sample questions for assessing how to perform NR:

1. Maintaining a radial system structure while servicing
loads is when reconfiguring the network.
a. Preferred
b. Impossible
c. Not Necessary
d. Don't Know

2. Single phase switching of sectionalizing and tie
switches may be necessary for multiphase
distribution power systems. (agree/disagree)

Il.  KEY FIGURE

Percent Average of Group Survey Responses to Network
Reconfiguration Experiment Rubric Questions
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Fig. 1. Graph of Class Survey Responses to Network
Reconfiguration Experiment Rubric Questions
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Abstract— One of the potential benefits of smart grid
development is that data becomes more open and available for
use by multiple applications. Many existing protection relays use
proprietary formats for storing protection settings. This paper
proposes to apply the IEC 61850 data model and System
Configuration description Language (SCL), which are formally
defined, to represent protection settings. Protection setting files
in proprietary formats are parsed using rule-based reasoning,
mapped to the IEC 61850 data model, and exported as SCL files.
An important application of using SCL-based protection setting
files is to achieve protection setting interoperability, which could
bring multiple compelling benefits, such as significantly
streamlining the IED configuration process and releasing
utilities from being “locked in” to one particular vendor. For
this purpose, this paper proposes a uniform configuration
process for future IEDs. The poster will present the process of
representing protection settings using IEC 61850 data model,
exporting the settings in SCL-based file and using the approach
to achieve protection setting interoperability and simplifying
IED configuration process.

l. KEY FIGURES

Protections Settings
described in IEC 61850

Protection d del
Settings data ) aia moae
Parsing
Tex! Files
. IEC Eroort
: Java | Mapping 61330 IEC 61850
CSV Files Obiects Java SCL File
) Objects import
Others

Fig. 1. Overall process of converting protection setting data into IEC

61850 format
Text or CSV .
Files Knowledge Base Java Objects
Import Create
Vendor Relay 1 Parser1 = Vendor Relay 1
Vendor Relay 2 — > Parser2 > Vendor Relay 2
Vendor Relay 3 —> Parser3 > Vendor Relay 3

Fig. 2. Parsing protection setting information from text or CSV files
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Fig. 4. Proposed simplified IED configuration process
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PDC Testing and Characterization of
Synchrophasor Based Applications
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Abstract—The perfor mance of synchrophasor devices varieswith
operating conditions - balanced, unbalanced, off-nominal
frequency and with harmonics conditions for steady-state and
dynamic conditions. Accuracy of synchrophasor devices depends
on their phasor estimation algorithms and is very critical for the
system applications such as situational awareness, decision
support, wide area monitoring and automatic control. In order to
analyze the performance of synchrophasor devices,
characterization of Phasor Measurement Units (PMU) and
Phasor Data Concentrator (PDC) with various operating
conditions and system architectures are needed as discussed in
this poster. This work also aims to characterize the impact of
PMU error on synchrophasor applications.

l. KEY FIGURES

GPS Signal fiom
Receiver Antenna

Rros [arsos |

Real Time
Digital Simulator

2 :Ethame LAN Connection
) :Hard-wired Connection

: GPS Clock Connedtion

Figure 1. Testbed in SGDRIL

Figure 2. Testing Model on RTDS

Il.  CASES FOR SYSTEM CONDITIONS

The cases for testing synchrophasor device are developed based on
IEEE standards C37.118.1 and C37.244, which are related to PMU
and PDC respectively.

System Conditions

Balanced system, unbalanced system, system at off-

PMU Tests nominal frequency and system with harmonics
Table 1. List of System Conditions for PMU

PDC Tests Description

Data Evaluation of the quality of an input synchrophasor
Validation | data using CRC check.

PMUs at different substations may send in data at

Data different rates, which the PDC needs to up-sample or

Resampling | down-sample accordingly. This conversion of input

data rate in the PDC needs to be tested for errors

Alignment or ordering of synchrophasor data needs to
Data be done on the basis of the timestamp on the data.

Alignment | This kind of data stream should be checked for correct
time sequence (for each data)
While there is data transfer between a PMU and a
PDC, some data might be lost. The PDC should be
Data able to recognize the missing data and send a request
Retrieval to the concerned PMU/PI\/!Us to _resen_d _the missing
data. Once the PDC receives this missing data, it
should be able to reposition this data in correct time
sequence based on its original timestamp.
The time difference between the arrival time of the
Data . - . .
Latency flrst_complete _data message with a given timestamp
and its egress time from the PDC.
Table 2. List of PDC Tests
Il.  KEY RESULT
Balanced Unbalanced %?égﬁg:g;l \(/grléhsl;'r? ;r:;]og:ﬁi
Average of
%TVE for 0.6517 % 0.6526 % 0.7028 % 0.6703 %
PMU

Table 3. Result of PMU Testing for Magnitude
Change Measurement Test with Steady State

The result above shows that the performance of PMU varies with
operating conditions. This work also aims to characterize impact of
PMU error on synchrophasor based applications and suggests
choosing different phasor estimation algorithms within PMU
according to the operating conditions.
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Action Research for Power System Engineering Education
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Abstract— This poster will present results of an educational
research project aiming to implement *“action research”
methodologies for enhancing power systems engineering
education. The will poster consists of three parts, the first
dealing with design and implementation of Constructive
Alignment Theory (CAT) in the power system analysis course
through a consensus-based process, and the impact of the CAT
implementation on student learning. The second part is
dedicated to the evaluation of the CAT implementation using
the Repertory Grid structured interview technique to gather
data from students whose learning approach was pre-classified
through a new ranking algorithm for the Revised-Two Factor
Study Process Questionnaire. The third part presents a “data
mash-up” approach to systematically scrutinize student
feedback and determine the most relevant one that can be used
for making enhancements in course design and delivery.

Keywords- Power Systems; Constructive-Alignment Theory;
Two-Factor Study Process Questionnaire; Repertory Grid

l. THE PROCESS OF THE RESEARCH

Firstly, the CAT implementation in the power system course
is elaborated through a consensus-based design process. Fig.
1 shows one example on how to efficiently align the teaching
and learning (T&L) activities with the course intended
learning outcomes (ILO). To examine the effect of this
approach, three different course evaluations were conducted
by querying the students during different stages of the
course.

Specifically, the Two-Factor Study Process Questionnaire
(R-SPQ-2F) [3] was utilized to identify the students that
adopted a deep or surface approach. During this process,
several limitations that affect the quality of the results from
the R-SPQ-2F questionnaire were identified. In view of these
limitations, a new ranking algorithm was developed which is
verified through statistical correlation of the course final
grades and the students’ learning approach (Fig. 2).

It is important to measure how the students perceive the
learning environment. To this end, Personal Construct
Theory (PCT) can be utilized [2]. A structured interview
methodology known as the Repertory Grid [1] technique is
used. It is shown that the Repertory Grid technique provides
a plethora of valuable and insightful quantitative and
qualitative data.

Finally, the poster presents a method that combines different
evaluation techniques to identify relevant feedback. The
results from all different evaluation techniques are correlated
to find out logical patterns. These logical patterns can be
used later on to identify students with the deeper approach
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toward the course. Fig. 3 provides an outline of the proposed
mechanism.

Student Readiness for
the T&L Activity

Assessment
Method

Self-Reflection on Peer
Assessment

Effective Support of
Course ILOs

Choice and Mix of
Types of Questions,

Staff Preparation for the T&L Activity
T&L Activity (Written Test)

Fig. 1. Fishbone Diagram integrating the rule for implementing CAT -
Example for the “Weekly Tests” T&L Activity

W First quarter M Second quarter M Third quarter Fourth quarter
35

30

35—

20

15

A B c D E F

Fig. 2. Final Grades and R-SPQ-2F Correlation

Fig. 5. Flowchart of the proposed method
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