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In order to provide sound support for effectively

Abstract--In  this paper we consider possible technical integrating larger DG systems into the legacy

challenges which may arise while attempting to modeize

today’s electric power systems by connecting manyidributed

generators (DG) of diverse technologies closer thé¢ end-users
within the distribution networks. We report that connecting
larger (~1 MW) DGs at the network locations, whichresult in

minimal delivery losses, may lead to frequency inabilities not
currently experienced in distribution grids supplied from single
power generators. The paper further points out thatthere is a
tradeoff between efficiency and the robustness ofifure energy
systems. For example, adding storage can help, bihis adds cost.
The paper closes with a discussion of designing aahced
enhancing robustness methods to ensure both safetgnd

efficiency.

Index Terms--Distributed Generation, Future Distributed
Energy Systems, AC Optimal Power Flow (OPF), SmalSignal
Stability, Combustion-Turbine, Hydro Plants, and Rdustness.

|. INTRODUCTION

distribution systems, it is essential to: (1) asses
current operating and planning practices with
respect to their ability to best integrate andizgil
these new energy resources; (2) identify potential
technical challenges brought about by the DG
deployment; and, (3) introduce technically
innovative ways for facilitating the best integoati
of DGs without creating reliability and safety
problems. This paper begins to address all three of
these issues and illustrates these issues with an
example electric power distribution system.

This paper first outlines the future structure of
distribution systems with DG, noting how they are
different from today’s systems. Section Il explores

Rhave led to active efforts to deploying smallefyStém so as to improve efficiency and reduce
scale power plants close to the end users. ThBWer losses in future energy systems. N
plants are broadly referred to as distributed Section Il examines small signal stability of

generation (DG). DG units offer potentiafuture energy systems in which a large portion of
advantages, for example, increased efficienglgctric demand is provided by DGs. It
through waste heat recovery, loss power reducti@@monstrates that high penetration of larger DGs
and higher reliability and availability (Zerrifi etl Supplying a significant portion of the power they
[1]). Some DGs also fall under the category generate to the distribution system (rather than to
renewable resources and are cleaner than WpRr local loads) may destabilize frequency inaloc
traditional large fossil fuel plants. In this papee distribution networks. This phenomenon has only
are primarily concerned with medium sizetecently been observed and studied by several
generators (~1 Mw) located in the distributioguthors like Cardell et al [2] and [3], Lopes ef4|
system that supply a significant fraction of th@uttromoson [5] and Donnelly et al [6]. These

adjacent local loads). electromechanical oscillations caused by the

presence of small synchronous generators.
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As a result, in Section Il we investigate in depth Since viewed strictly from the point of grid
the nature of frequency instability and determime tperformance, one of the main criteria has been to
dependence of instability on the network's and DG#sign and operate the distribution systems with as
parameters. Finally, in Section IV several methotile loss as possible, in this section we focus o
for stabilizing frequency in distribution networksninimizing power loss in future energy systems by
are proposed. optimally locating and utilizing DGs. This often

requires extensive studies by the local utility to

Il. TECHNICAL LOCATING DGSBASED ONSTATIC  whose distribution system DG units want to

UTILITY CRITERIA connect. Because of this, it is important to essabl

Today's electric power systems have hierarchicplidelines for assessing various DGs for their
structures in which electric power is produced bglative impact on system-wide distribution losses.
large central power plants and transferred through _
transmission and distribution networks to end users Here we use AC Optimum Power Flow (AC
However, that structure has had some major drdfF) @lgorithm to find optimum locations  of
backs such as low efficiency in producing arfendidate DGs in Fig. 1. The objective function of
transferring electric pow&rhigh cost of expandingth's optimization algorithm is to minimize totalsl®

transmission and distribution networks. an§ the network and the decision variables are both
negative environmental impacts from large co

tgal power and voltages of the candidate DGs. An in
power plants and from transmission lines. As dgPth explanation of AC OPF is out of the scope of
result, there are proposals to transform today/¥S Paper, and further expression can be found in

electric power systems into systems with many nehA-
distributed generators on the distribution sidehef /o began with an exhaustive assessment of all

electric networks. Fig. 1 shows a schematic of Su&%didate locations of two Combustion Turbines

an evolving future distribution energy systems H&-T) of real and reactive power capaclyMW
which new candidate DGs are located. <Ppe< 0.8MW and -0.4MVar <Qpe< 0.4MVar

For illustrative purpose, shown in black is a poifigSPectively, using AC OPF.
of connection between the transmission andThe results show that among 900 possible

distribution system. This is generally modeled a8 \hinations of locating two C-Ts in the 30-bus
an ideal power source. Represented in grey are tem with total load demand of 15 MW, only one
Combustion-Turbines (C-T) connected to _nodes ¢8mbination is globally optimum (buses 13 and 14).
and 14. In the future the same electric POWRY 5qqition, at this combination, 50% of total less
distribution system may be expected to Serve .2, pe reduced by providing just 10% of total
small hydro p!ant (shown in blue) and/or small Win&'emand by DGs. In other words, two DGs with
plant (shown in green). ) average capacity of 0.75 MW can reduce 0.7 MW

R power losses in the aforementioned distribution

[ system if DGs are optimally located and utilized in
the system.

—
T

| Hydro Plant
- However, in order to optimally utilize DGs, they
need to be dispatchable, otherwise losses cannot be
| Combustion. Tarbines| minimized in the network when loads are changing.
Dk oo 1 . As a result, it turns out that making the most afut
i D e e L the future energy systems is not feasible unless
bbb larger DGs are supported by dispatchable control
systems. Furthermore, Apt et al [13] and [27] and
Cardell et al [3] reflect the fact that technoksyi

T—M

Fig. 1. Schematic of a typical future distributetbagy system.

! Efficiency of centralized power plant is 30% wraseefficiency of
Combine Heat and Power (CHP), one form of DG, isentban 95%.
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like wind® and solar which have non-dispatchablecations of the new DGs and their effect on system
characteristic may degrade efficiency of futurgability. Using the small signal dynamic model
energy systems unless these technologies sihewn in appendix A, we find that the distribution
equipped to some advanced mechanical or powgstem with two combustion power plants located at
electronic controllers. Clearly larger DGs thatlwihodes 13 and 14 which result in the optimal loss is
provide a significant portion of their power to thendeed small signal unstable. Since small-signal
system should have control systems to make thamstability is one form of non-robustness, thisais
dispatchable. However, in the next section we shatear indication that substantial addition of DGtth
that this alone is not sufficient since controlteyss supply power to the distribution system may lead to
like governor-controllers may destabilize theajor technical problems. More specifically, small
frequency of distribution systems signal instability of DGs in local distribution
networks could lead to local blackouts if a modest
lIl. TECHNICAL SMALL SIGNAL STUDY OFFUTURE  number of DGs are meeting 10-15% of a
DISTRIBUTION SYSTEMS distribution systems power needs. Moreover,
In this section we assess small signal stability Guttromson [5] has shown that if penetration of
distribution systems with high penetration of DG3Gs is significantly high (>20%), frequency
equipped to G-C systems. Often even the masstability can even produce disruption at the lleve
attractive  solutions  obtained using statiof transmission networks.
optimization may not b_e robust With r_espect R Frequency Stability of Combustion-Turbines
small perturbations. Earlier work has indicated tha

potential technical problems may be seen inm_.thIS sect|0|_1 we a_naly_ze the small S|gnal
frequency instabilities [2][8] stability of radial distribution networks with

Here we present the results of a systematic smoeﬁfaratmg C-T generators equipped with G-C

signal stability study for the system shown in Rig. systemf.d Dyna;mlc n;](_)dhel of .trt]e v;/holed mterf
We stress that it is possible to identify fundaraenfONNECted system Wwhich consists ol a dynamic

causes of potential instabilities, based on eletri model Of. DGs ar_1d distribution s_y_stems are
distancé between DGs. We demonstrate that theli)%esented in appendix A. here we exhibit the result
exhaustive small signal study on the system

is a critical electrical distance between DGs, \uhi i Fig. 1. Our findi indicate that out of
results in strong coupling between the G-Cs of t own 1h Hg. 1. LUr Tindings indicate that out o
0 possible combinations of locating two C-Ts,

DGs and proceeds to frequency instability in t ) )
geographically local distribution network. Th 692 cases are small 3|g_nal unstabl_e_. Tha_t s, 0 19
cases the system matrix has positive eigenvalues.

critical electrical distance that results in freqog he participation factor method, which has been
instability highly depends on DGs’ and distributio lly developed in [17], shows that instabilitiean

networks’ parameters such as the inertia of DGss, H ; . :
categorized in three scenarios:

in of G-Cs, th b f DGs in th t )
g?;tgpolog;of tr?en nneL:vTorir ° s In the systefm, Case A: DG units close to each other, but far
: way from the sub-station;

We calculate critical electric distance using" c B: DG unit cl o th b-stati
numerical methods. Finding an analytical formula ase b. one unit close to he sub-station

for calculating this number is left to future work. an.dct:he otggrga{hfrgrg 't atnd’l o th b-stati
As noted in Section I, our particular interest is ase L. bo units close to the sub-station

the relation between potentially optimal Ioss-basgad close to each_o_ther_; .
In case A, participation factor-based analysis of

the system shows that both DGs participate equally

2 Note that currently wind plants are mainly coneddb the transmission in an unstable eigenmode or a positive eigenva|ue_
level; however, by dramatic increase of penetratibthese plants in the early . - .
future, we project that medium size and small witathts will be connected to The degree of instability is measured by the real

the distribution system to make providing-30%-aé-thhole-electricity-by- iH i
wind foasible (D). part of the positive eigenvalu@nax.

® Electrical distance between two nodes is the iraped (short circuit Furthermore, our eigenvalue analysis shows that

i[r;]pedance) between the points of interest; furéx@lanation can be found in electrical distance between DGs has a significant




impact on instability. As shown in Fig. 2, incraasi  T1003
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decrease in instability and after a certain poa t
system becomes stable. Similarly, decreasing "mm |

>

electrical distance between DGs leads to a higher
unstable eigenmode. Based on our numerical
analysis the upper bound for critical electrical

distance between DGs is extracted as 0.5 per unit
(p.u.). This number can vary by changing the sfze o T S

DGs, their inertia, gain of G-Cs and topology df th Time (second)

system. Fig. 3. lllustration of how the frequency deviatiof the distribution system
.. with two C-Ts placed at optimum locations divergeirifinite when small
One example of Case A scenario is the SySt@gurbation, equalto 0.1 p.u., occurs at bus 15.

when two combustion plants are placed at the

optimal loss locations (buses 13 and 14). Fig. 3Case B has similar qualitative behavior to case A,
shows how the system of two C-Ts located however, in this condition the DG electrically aos
optimum locations becomes unstable when smill the sub-station is mostly participating in an
perturbation, equal to 0.1 p.u., occurs at node 15. unstable eigenmode and the second DG does not
*10n-3 have a significant impact on instability. Similar t
- case A, by increasing electrical distance between
the first DG and sub-station, instability decreases
and eventually the DG turns to stable mode.

The physical explanation of this phenomenon is
that the short electrical distance between the DG
electrically closer to the sub-station and the sub-
! S s station causes strong coupling between them, which

*Electricaldistance between DG, and DG, (p.u.) eventually leads to frequency instability of the DG
Fig. 2. llustration of the degree of instability @ function of electrical Sjhce the sub-station is modeled as a bulk generato
distance between DGs (Case A). . S . X
with infinite inertia, only the DG becomes unstable

A possible explanation of this phenomenon hut the sub-station remains stable; moreover, the
that, due to the short electrical distance betwe#Fond DG further from the sub-station remains
DGs, their G-Cs are strongly coupled. This causdable because there is a weak interaction between
interruption in operation of local G-Cs, which hav#at DG and the sub-station. Participation factor-
no communication with each other, or the rest ef tR@sed analysis also shows that the second DG has
system. Therefore, given any perturbation in t#@ Significantimpact on instability. _
system, both generators are acting against each @ different fashion, Case C has combined
other to compensate power mismatch; howeVgHahtatlve behavior of both case A and B. In this
they don't observe that the next-door generatorGase both DGs are electrically close to each other
also reacting to the perturbation. Thus, thé’V‘d close to the sub-station. Hence, instability is
suddenly observe another perturbation in the systgifacerbated because of strong coupling between
because of the next-door DG, so they again try [@§>s combined with the coupling between DGs and
react to the new perturbation and this cascadiffg Sub-station, so the degree of instability
phenomenon makes both  unstable. THi®agnitude ofra) increases. Likewise, increasing
phenomenon has been observed and introduced®igftrical distance between DGs and that between
the first time in this paper and can be generaliz& DGs and sub-station decreases the degree of

for the case that n DGs with local G-Cs are placktptability. _ _
in the system (n>1). A participation factor-based analysis for this

scenario also shows that both DGs are contributing
equally to the unstable eigenmode. However, by
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moving one DG further from the sub-station the role 1 -

of that DG decreases and nature of instabilitydurn oL .

to case B. Note that there is no precise border 1 |‘ Sy

between these three scenarios. The same systen | QI“

can reflect each case by simply changing the T L . R
location of DGs. These scenarios can be generalized s poer 6ria (. . oT cr

for the n-DG system. Eigenvalues of the system in @
three examples we have considered here are also =P F TR i e 8

provided in appendix B. Fig. 4. A schematic of the distribution system ihieh two C-Ts are located

These cases have been explored in order ateyses 14 and 10.
illustrate that it may be possible to create guncks

and new standards, beyond those of IEEE 1547 In spite of the fact that there is almost no cost
placing DGs in a way that helps to assufssociated with re-locating DGs, if they are mainly
distribution system robustness. used to export power rather than serve local loads,

this method is not efficient because the most
I\V. POTENTIAL ROBUSTNESSENHANCEMENTS effective use of DGs cannot be made since optimum
METHODS locations are among unstable cases. Furthermore, as

In this section we propose three maj&hown in Fig. 5, DGs do not have fast dynamic

approaches that are designed to assure frequeif§ponse and depending on the electrical distance
stability in distributed systems with DGs that estpoPetween DGs damping of frequency deviation may
a substantial amount of power they generate to tR&t for several munities. Therefore, we need to

distribution system (rather than using it locally). 9€Sign new methods if we are to achieve both
_ _ _ efficiency and robustness.
A. Optimum locating DGs with respect to 10n3

robustness

Recalling from section Ill, it is possible to
establish guidelines for assuring the robustness
distributed networks based on the critical eleatric
distance between DGs. DGs need to be located su
that the electrical distance between them is mot
than the critical point. For instance, in the ‘ ‘ . ‘ ‘
distribution system shown in Fig. 1, when DGs art O T e
located at Optimum static locations, frequency fftg. 5. lllustration of the dynamic response of &-Tocated at buses 10 and
. . . 14, when small perturbation occurs in the system.
initially unstable; however, by increasing the
electrical distance between them, frequency stgbili
is restored. Thus, when DGs are located at busesBlIncreasing the inertia of DGs

and 14 or 10 and 14, DGs are stable. Fig. 4jt has been observed earlier and mentioned in [3]
illustrates a schematic of the distribution sysi@m {hat one of the main causes of frequency instgbilit
which two C-Ts are located at buses 14 and 10. Figistribution networks with large number of DGs
5 also shows how frequency deviation of two C-1§ the low inertia of most DG units. Perhaps simply
diverges when they are electrically far from ea‘?ﬁ‘creasing the inertia of DGs can improve
other (more than 0.5 p.u.). Eigenvalues for thigpystness of the system. To explore this postsibili
system are provided in appendix B. we re-analyze small signal study of all the cases
explored above with the inertia of the DGs
increased by a factor of ten. We found that doing
this restored stability in all of the unstable sase
4 |EEE 1547 is the Standard for Interconnecting ritisted Resources FOTF example, Fig. 6 illustrates dynamic responges o

with Electric Power Systems approved by the IEE&n8ards Board in June the systems with two C-Ts when DGs are located at
2003Error! Reference source not found.

Frequency deviation (p.u.)
5 -~ w s > o~
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the optimum locations and their inertia has beenplementing optimum control logics one can both
increased tenfold. The system is now small sigreaihance robustness and at the same time improve
stable. efficiency. It is worth mentioning that our criteri
"10%3 | . | | | for efficiency depend on the needs of consumers
and utilities. Control design can either seek to
minimize the cost of controllers or improve the
quality of electricity, by minimizing fluctuationsn
this section we just concentrate on qualitative
aspects of the advanced control design and its
quantitative features are left for future work.
‘ ‘ . ‘ ‘ ‘ Since in general it is feasible to stabilize future
¢ ® R (secof;) e energy systems both locally and globally, the
Fig. 6. lllustration of the dynamic response of slystem with two C-Ts when qUEStiOﬂ aUtomatica“y raises of which control
Ee(r?fsogre located at the optimum locations and theitia has been increasedstrategy (centralized or decentralized) iS more
' appropriate for future energy systems. Our answer

Inertia can be increase by using flywheels or with that choosing between these two strategies
electrical storage devices. The latter approachdgPends highly on existing system design,
very expensive because battery or capacitor 'ggulation and policy. If the system already has a
costly. Second, both flywheels and electrical gerahierarchical structure and the policy of the uils
devices have sluggish dynamic respond®, conserve this structure, then a (_:entrallzedrobnt
consequently dynamic reaction of DGs evolves vetySteém is likely to be a better option. On the pthe
slowly and in many cases they cannot resporf&nd. If the system has been converted to a
properly to load deviations. Hence, it turns owtthderegulated structure and policy is in favor of

we need to develop a new method if we wish gigregulation, then a proper control strategy fer th
assureboth robustness and efficiency. system would more likely be decentralized control.

25
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V. CONCLUSIONS ANDFUTURE WORK

C. Designing Advanced Control Systems This paper has demonstrated that, as the utility
In this section we briefly describe the effect qftydies are carried out when considering new DGs
advanced control systems on robustness &gt will export significant power to the distrifr
efficiency in future energy systems. We begin Rystem, it is necessary to develop a systematic
concisely explaining controllability in  linearframework for assessing potential technical
systems. A system is stabilizable if it is fullyroplems unique to the transformation of electric
controllable and a linear system can be recogniz&g{,ver systems into future, more distributed,
as controllable if its controllability matrix is Ifu systems.
rank [11]° Further explanation can be found in" Tg that end first we have shown that by providing
[11]. a small portion of electric demand (~10%) by DGs,
On this basis it is straightforward to show that g significant portion (>50%) of power losses can be
the systems discuses above are fully controllabd§iminated in  distribution  networks and
and also in all cases each sub-system (Dgonsequently in transmission lines, if DGs are
individually is locally controllable. Hence, thebptimally located and utilized in the system.
system is either locally or globally stabilizable. Second our technical finding involves the fact
A control strategy can pursue two general goajiat high penetration of DGs, contributing
1) assure stability of the system; 2) improve thggnificant amounts of power to the today’s
efficiency of the system through optimum contr@jistribution network, is not feasible because of
design. The two are not mutually exclusive. Byfequency instability, unless new methods for
enhancing-robustness are adopted. Further there is

5 Full-rank matrix is an square matrix which haszemo eigenvalugl 1]
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often a tradeoff between efficiency and robustnelSguation (A.1) can be also written in a generatrfor
of future energy systems. as;

Moreover, based on our technical findings we QXLC =AL X +Cy P +B . (A2)
recommend three major methods of enhancing dt
robustness, that is, i) optimum locating of DGswityherex,¢ is the local state vectau, ¢ is the control
respect to robustness criteria, i) enlarging iaeof jnpyt which controls the variable', the reference
DGs, and iii) designing advanced control strategiefequency for the governor, and the bold variables

Finally, as mentioned earlier the most efficiengpresent matrices ¢ is referred to as the local
way of warranting robustness of evolving futurgystem matrix, whose elements consist of the linear
energy systems is designing advanced centralize¢éfficients of the generator parameters [3].
decentralized control systems. However, choosingrq complete the system model, the dynamic
between these two control-strategies raises tR@del of generators should be coupled to each other
question of tradeoff between high communicatiqia the distribution network. Mathematically, the
and observation or advanced local control systemeal state space model of each generator is
The beSt SOlUtion will depend Critica”y on teCMiC expanded to inc|ude the System_coup”ng Variab'e_
design and regulation policies of the system. s coupling variable is chosen to be active power
quantitative anaIySiS of the third rObUStne%tput’ OrPG [3] In other Words’ to connect the
enhancing method is also left for future work.  generator dynamic models to the distribution
system, first the equilibrium point for the full
system was determined by the AC OPF study
A. Dynamic Modéel mentioned in Section Il. Then the power flow

In order to investigate dynamic stability of thequations were linearized around the equilibrium
system, we need to first create a dynamic modelpsfint by using the Jacobian Matrix. Hence, the
the whole system. To this end we have developeéifierential equation for active power is found as
linearized state-space model of all segments of fréowing [3];
network and have connected them with 95 _k w+D. 9p (A3)
interconnected system variable. The first dynamic dt
model being presented is the state-space model wffeere 7|:> representing load disturbance, is an
combustion-turbine with G-C. dt

-b ¢ input variable to the syster{p andDp are derived

V1. APPENDIX

w 1| M M w 1 ]2 ][O from the Jacobian matrix of the distribution
afVe || Ko o ove |, 5 P+ ol (ay  network, andPg is the system coupling variable.
d‘wd 0o o0 0 1 xd 0 0 Including Pg from (A.3) and extending the model of

F 0 bty o B 0 (A.2) to the general case, the full system model

a a .
In this model, og is frequency,Vce is fuel takes_t:e form as;
control, Wr is fuel flow andWid is the derivative of ~Xa| [A, 0 | c, 0
. . . dt c1 M1 X1
fuel flow. M and D are the inertia and damping 5 0 S R P
coefficients respectivelya, b and c are transfer a7 : o |t (Ag)

. .. . ~p KeE - 0 co | Fer

function coefficients for the fuel system, aKg is a o | | N E
the governor gair ando are algebraic functions of L

the parameters, defined Asb+cr: and o=c+aKG, (B, O]

wherer is the fuel system time constant, afedis §
the fuel system feedback gain. Numerical values of [0 - |uq U, |0~--]+DPaPL
combustion turbine parameters are presented in |: ©

appendix B. These equations are derived and | |

simplified from the equations and models found in
[14], [15] and [16] and used for the first tinme[3].
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C. Barbier, J-P Barret, “analysis of phenomenaattage collapse on a
transmission system” Revue Générale ‘'@dektricié, 89, 7, pp. 3-21,
1980.

space for each generator has a non-zero e|ement10$0http /Iwww.merriam-webster.com/dictionary/eigenmode

the matrix E has block diagonal elements of the

form [1 0 O ...]. In this form the matrig is zero [12
except for elements correspondingdg, where the [13
entry is equal to 1 to provide the coupling between

Ps andwg (viaKp), the Jacobian matrix [3 ]

B. Parameters
[15]

Parameters of Combustion-Turbine gener[ﬁ])r Coefficients are in per unit

Combustion-Turbine parameters [16]
M 115 o 045
D 20 a 10 (17]
c 1.0 = 0.40
Kp 25.0 Ke 0.0
b 0.05 ’ [18]
[19]

Eigenvalues of 30 Bus System when DGs are placdifférent locations

DGsat buses 13 DGsat buses 1 DGsat buses 2 DGsat buses 10
and 14 (case A) and 14 (case B) and 3 (case C) and 14 (stable
case) [20]
-19.9943 -19.9943 -19.9943 -19.9943
-19.9943 -19.9943 -19.9943 -19.9943
0.0081 + 0.0134 + 0.1091 + -0.0130 + [21]
1.5217i 1.5270i 1.6931i 1.5029i
0.0081 - 0.0134 - 0.1091 - -0.0130 -
1.5217i 1.5270i 1.6931i 1.5029i [22]
-0.0186 + -0.0182 + -0.0143 + -0.0184 +
1.4984i 1.4987i 1.5018i 1.4985i (23]
-0.0186 - -0.0182 - -0.0143 - -0.0184 -
1.4984i 1.4987i 1.5018i 1.4985i
-1.1387 -0.9628 -1.1190 -1.1378
-0.9989 -1.1366 -0.6989 + -1.1130 [24]
-0.1969 -0.2437 0.6914i -0.0050
-0.0037 -0.0066 -0.6989 - -0.0407
0.6914i
-0.0321 [25]
[26]
VIl. REFERENCES 271
[1]  H. Zerriffi, H. Dowlatabadi, J. Apt “Electric PoweBystems under

(2]

(3]

(4]

(5]

(6]

(7]
(8]

Stress: An Evaluation of Centralized versus Disteld System
Architectures”, Doctor of Philosophy, EngineeringdaPublic Policy,
Carnegie Mellon University, 2004.

J. Cardell and M. llic, “Maintaining Stability withDistributed
Generation in the Restructured Electric Power ltrgisProceedings
of the IEEE PES GM, Boulder, CO, June 2004.

J. Cardell and M. llic, and Tabors, R. D. “Integngt Small Scale
Distributed Generation into a Deregulated Markednttol Strategies
and Price Feedback”, Laboratory for Electromagnatid Electronic
Systems, Massachusetts Institute of Technology8199

M. Angelo and P. Lopes, “Simultaneous Tuning of BovBystem
Stabilizers Installed in DFIG-Based Wind GenerdtidRower Tech
Proceedings, Lausanne, Switzerland, July 2007.

R. T. Guttromson, “Modeling Distributed Energy Resme Dynamics
on the Transmission System,” IEEE Trans. on Powste®ns, Vol. 17,
No. 4, Nov. 2002.

M. K. Donnelly, J. E. Dagle, D. J. Trudnowski, atd J. Rogers,
“Impacts of the Distributed Utility on Transmissi@ystem stability,”
IEEE Trans. on Power Systems, Vol. 11, No. 2, M@96l

M. A. Pai, D. P. S. Gupta, and K. R. Padiyar, “Srsagnal Analysis
of Power Systems”, Harrow, Alpha Science Intermetip2004.

G. Rogers, “Power System Oscillations”, Boston, wén Academic
Publishers, 2000.

[28]

J. Bay, “Fundamentals of Linear State Space SystevitGraw-Hill,
1998
A. H. El-Abiad, “Power Systems Analysis and PlamgfijfHemisphere
Pub. Corp., 1983
W. Katzenstein and J. Apt, “Incorporating Wind iraoNatural-gas
Turbine Baseload Power System Increases NOx ang ED@ssions
from the Gas Turbines”, Future Energy Systems CoBfrnegie
Mellon University, March 2008.
L. N. Hannett and Afzal Khan, “Combustion Turbingriamic Model
Validation form tests”, IEEE Transactions on Pov@stems, 8(1),
February 1983.
Louis N. Hannett, George Jee, and B. Fardanesi@d¥ernor/Turbine
Model for a Twin-Shaft Combustion Turbine”, IEEEahsactions on
Power Systems, 10(1), February 1995.
W. I. Rowen, “Simplified Mathematical Representatioof Heavy-
Duty Gas Turbines”, Journal of Engineering for Powi®5, Oct 1983.
D. L Hau Aik, and G. Andersson, “Use of ParticipatiFactors in
Model Voltage Stability Analysis of Multi-infeed HYC Systems”,
IEEE Trans. on Power Delivery. Vol. 13, No. 1, gp3-211, Jan 1998
M. Calovié, “Dynamic State-Space Models of Electric Power
Systems”, Technical report, University of lllinoi§lrbana, lllinois,
1971.
IEEE Working Group on Prime Mover and Energy Supdbdels for
System Dynamic Performance Studies, “Hydraulic ineband
Turbine Control Models for System Dynamic StudidEEE Trans. on
Power Systems, Vol. 7, No. 1, Feb 1992.
IEEE Committee Report, “Dynamic Models for Steand adydro
Turbines in Power System Studies”, IEEE Trans.owé Apparatus
and Systems, Vol. 92, No. 6, Dec 1973.
Xiaojun Liu, “Structural Modeling and Hierarchic@bntrol of Large-
Scale Electric Power Systems”, Doctoral of PhildsgpMassachusetts
Institute of Technology, April 1994.
Radial Distribution test Feeders. IEEE Transactmm$ower Systems,
6(3), August 1991. IEEE Distribution Planning WargiGroup Report.
J. Graingr and S. Civanlar, “Volt/Var Control onsBibution Systems
with Lateral Branches using Shunt Capacitors antiage Regulators,
Part 1ll: The numerical results”, |EEE Transactioms Power
Apparatus and Systems, 104(11), November 1985.
N. lwan Santoso and Owen T. Tan, “Neural-Net BaRedl-Time
Control of Capacitors Installed on Distribution f&yss”, |IEEE
Transactions on Power Delivery, 5(1), January 1989.
M. llic and J. Zaborszky, “Dynamics and Control lodrge Electric
Power Systems”, John Wiley & Sons, 2000.
J. Slotine and W. Li, “Applied Nonlinear ControlRrentice Hall,
1991.
J. Apt, L. Lave, and S. Pattanariyankool, “A Na#brRenewable
Portfolio Standard? Not Practical’ Issues in Sogeand Technology”,
Vol. XXV, No. 1, Fall 2008.
http://grouper.ieee.org/groups/scc21/1547/1547 xide
ml



