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Conventional Scheduling 

•  Optimization Problem 
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min ≤ PGi kT[ ]≤ Pmax
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Lacks Long-term Performance Objective 

Enhanced Real Time Dispatch 

a one-on-one relation between generator’s power output PG

and fuel input F is obtained from Eq. (7), (8) and (9):

PGH
1

[KTRTD] =  q [KTRTD]
PGC

2

[KTRTD] = K1Bfiring [KTRTD]
PGG

3

[KTRTD] = ↵��Vinjection [KTRTD]
(11)

Now, Eq. (10) and (11) results in a mathematical model
to determine real-time energy dispatch (should we mention
singular control ?). The objective is to minimize the fuel-cost
F at the system level. The time interval chosen for the system-
wide performance objective is 3600 seconds or 12 discrete
intervals4:

min J =
12X

K=0

�
FT [KTRTD]RF [KTRTD]

�

s.t.
PG [(K + 1)TRTD] = PG [KTRTD] +KPTRTD!G

�DP (P̂L [(K + 1)TRTD]� P̂L [KTRTD])

For anticipated load variations (P̂L [(K + 1)TRTD] �
P̂L [KTRTD]) (Fig. 5), a near-optimal real-time dispatch
schedule for H1, C2, G3. As depicted in Fig. 6, sequences
of steady-state schedules for 12 dispatch intervals are
defined as P ref

GH
1

, P ref
GC

2

, P ref
GG

3

. With respect to conventional
economic dispatch (Fig. (7)), enhanced RTD results in
a smooth schedules (Fig. 6). In conventional economic
dispatch, hard capacity limits for generators were encountered
at 1800 seconds (G3) and 2400 seconds (H1). At 1800
seconds the gas power plant reached no-load condition. The
combustion turbines grid-synchronized at no-load condition,
such as gas or diesel generators, consume 23% of the
rated maximum fuel capacity. Also, the limiting ramping
factor for a combustion turbine is its non-linear temperature
control. The repeated ramping-up and down can cause
sudden temperature fluctuations in the turbine, resulting
in activation of non-linear local temperature controller.
This hampers the ramping capability as the generator stops
responding to the external schedule signal till the turbine
cools down to appropriate temperature range. The ramping
effort to follow the load variations is provided only by a
single generator. Under enhanced RTD, all generators are
scheduled simultaneously in proportion to their electrical
distances/sensitivities towards loads, i.e., matrix DP . The
proposed well-defined mathematical framework for RTD
provides a smooth system-wide generation schedule, resulting
in lesser wear and tear of generators. Again, it must be
recalled that the proposed framework is centralized in nature.
In Fig. 3, the schedule P ref

GH
1

, P ref
GC

2

, P ref
GG

3

is communicated
by the system operator to the generators. The observations
can be summarized as:

• Enhanced RTD ensures smooth schedule for the genera-
tors, resulting in less wear and tear.

• Ramping effort is distributed among all the participating
generators, instead of just the cheapest or the most
expensive generator.

4Note that the dispatch interval TRTD will depend on the slowest tech-
nology in the system. As explained in Section IV, for the 5-bus system it is
selected as TRTD = 300 seconds.

• Lower chance of encountering physical limits of genera-
tors under distributed ramping effort.
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IV. DESIGN OF PLANT CONTROL

As discussed in the Section II-A, the local controls of a
generator will determine its efficiency and response capabil-
ity to real-time schedule adjustments. Given the non-linear
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Network Constraints 

Net Cost of Producing Power 

Generation equals Demand 

Scalar Ramp Constraints 

Scalar Ramp Constraints 

System Efficiency: Proposed RTD(1) 

Conventional Economic Dispatch 

Intra-Hour Schedule 

a one-on-one relation between generator’s power output PG

and fuel input F is obtained from Eq. (7), (8) and (9):

PGH
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[KTRTD] =  q [KTRTD]
PGC

2

[KTRTD] = K1Bfiring [KTRTD]
PGG

3

[KTRTD] = ↵��Vinjection [KTRTD]
(11)

Now, Eq. (10) and (11) results in a mathematical model
to determine real-time energy dispatch (should we mention
singular control ?). The objective is to minimize the fuel-cost
F at the system level. The time interval chosen for the system-
wide performance objective is 3600 seconds or 12 discrete
intervals4:

min J =
12X

K=0

�
FT [KTRTD]RF [KTRTD]

�

s.t.
PG [(K + 1)TRTD] = PG [KTRTD] +KPTRTD!G

�DP (P̂L [(K + 1)TRTD]� P̂L [KTRTD])

For anticipated load variations (P̂L [(K + 1)TRTD] �
P̂L [KTRTD]) (Fig. 5), a near-optimal real-time dispatch
schedule for H1, C2, G3. As depicted in Fig. 6, sequences
of steady-state schedules for 12 dispatch intervals are
defined as P ref

GH
1

, P ref
GC

2

, P ref
GG

3

. With respect to conventional
economic dispatch (Fig. (7)), enhanced RTD results in
a smooth schedules (Fig. 6). In conventional economic
dispatch, hard capacity limits for generators were encountered
at 1800 seconds (G3) and 2400 seconds (H1). At 1800
seconds the gas power plant reached no-load condition. The
combustion turbines grid-synchronized at no-load condition,
such as gas or diesel generators, consume 23% of the
rated maximum fuel capacity. Also, the limiting ramping
factor for a combustion turbine is its non-linear temperature
control. The repeated ramping-up and down can cause
sudden temperature fluctuations in the turbine, resulting
in activation of non-linear local temperature controller.
This hampers the ramping capability as the generator stops
responding to the external schedule signal till the turbine
cools down to appropriate temperature range. The ramping
effort to follow the load variations is provided only by a
single generator. Under enhanced RTD, all generators are
scheduled simultaneously in proportion to their electrical
distances/sensitivities towards loads, i.e., matrix DP . The
proposed well-defined mathematical framework for RTD
provides a smooth system-wide generation schedule, resulting
in lesser wear and tear of generators. Again, it must be
recalled that the proposed framework is centralized in nature.
In Fig. 3, the schedule P ref

GH
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, P ref
GC
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, P ref
GG

3

is communicated
by the system operator to the generators. The observations
can be summarized as:

• Enhanced RTD ensures smooth schedule for the genera-
tors, resulting in less wear and tear.

• Ramping effort is distributed among all the participating
generators, instead of just the cheapest or the most
expensive generator.

4Note that the dispatch interval TRTD will depend on the slowest tech-
nology in the system. As explained in Section IV, for the 5-bus system it is
selected as TRTD = 300 seconds.

• Lower chance of encountering physical limits of genera-
tors under distributed ramping effort.
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IV. DESIGN OF PLANT CONTROL

As discussed in the Section II-A, the local controls of a
generator will determine its efficiency and response capabil-
ity to real-time schedule adjustments. Given the non-linear
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•  Hard-limits encountered less often 
•  Network Constraints: Electrical distance 
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•  Energy conversion: Critical metric for 

system-wide efficiency in terms of fuel 

•  Excessive ramping of cheapest and 
expensive generator 

•  Lack of network constraints 
•  Hard-limits encountered more often 
•  Significant wear and tear 
•  Quadratic cost curves: Energy 

conversion dynamics ignored 
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Abstract—A formal mathematical framework for enhanced
economic dispatch is proposed as a novel alternative to the static
real-time dispatch (RTD) being currently implemented by the
power industry. The proposed approach may be seen as a load-
following function to schedule diverse generation technologies for
following intra-hour variations. Our proposed approach involves
pre-scheduling system-wide fuel-input in response to large intra-
hour variations in load and wind forecasts.

Index Terms—Real Time Dispatch (RTD), Load Following,
Ramp-Rates, Tertiary Control

I. ENHANCED REAL-TIME ENERGY DISPATCH

Prior to deregulation, load was followed using governor-
based reserves. For near perfect load forecasts, the expen-
diture for governor-based reserves is low. But maintaining
higher reserve margins to follow large variations in wind
or solar power output is constrained by economic factors,
particularly fuel-cost. To avoid increased reserve expenses, a
formal-mathematical framework is proposed for efficient pre-
scheduling of fuel input, and its real-time1 updates, in antic-
ipation of forecasted load or wind variations. A generator’s
response rate is primarily determined by non-linear energy
conversion dynamics of its fuel sub-system. A simplified
industry definition is the maximum possible change in power
output of a generator over the dispatch interval TRTD, once the
generator is online R = |�PG

max

|
TRTD

. This scalar averaged ramp
rate is known as generator’s ramp rate. The interval TRTD is
determined by the duration of real-time markets, i.e., economic
dispatch. For all generation technologies, fast or slow, large
or small, the ramp rates are defined over market’s time
interval TRTD. The proposed framework, based on the energy-
conversion dynamics of different generation technologies, is
illustrated on 5-bus system in Fig. 1. A near-optimal real-time
dispatch schedule (Fig. 3) for hydro H1, coal C2 and gas G3 in
anticipation of forecasted load variations (Fig. 2) is obtained.
For all generators, sequences of steady-state schedules are
defined for 12 dispatch intervals, as depicted in Fig. 3. The
proposed approach results in a smooth RTD schedules (Fig. 3)
as compared to conventional economic dispatch (Fig. (4))
by taking into account their energy-conversion dynamics.
Proposed RTD results in smoother schedule for the generators

Nipun Popli is with Carnegie Mellon University, Pittsburgh, PA, USA
(email: npopli@andrew.cmu.edu).

Marija D. Ilić is with Carnegie Mellon University, Pittsburgh, PA,
USA, and Delft University of Technology, Delft, The Netherlands (email:
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1Real-time updates in a sense of economic dispatch, i.e., 5-10 minutes.

Fig. 1. 5-bus system
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Fig. 2. Predicted Load for 5-minute Discrete Time Interval

to follow, resulting in less wear and tear. The ramping effort
is distributed among all the participating generators, instead
of just the cheapest or the most expensive generator. Lower
chance of encountering physical limits of generators as com-
pared to static economic dispatch approach where only one
generator is rescheduled at a time.
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forecast P̂L [kTHA]. The difference between day-ahead fore-
cast for unit commitment P̂L [kTUC ], and the hour-ahead
forecast P̂L [kTHA], is fulfilled by real-time unit commitment.
Subsequently, load-following or real-time dispatch (RTD),
is performed for each 5 minutes interval. It is an instructed
deviation from the generation schedule based on real-time
forecast updates P̂L [kTRTD], provided 7.5 minutes before
the beginning of each 5 minutes interval [3]. The task of
generation schedule updates, in response to real-time forecasts
P̂L [kTRTD], is formulated as a static optimization problem.
The cost to supply electricity from a generator is modeled as a
quadratic function of its power output (PG). The systemwide
optimization involves minimization of sum of quadratic cost
of generators subject to their physical limits [4], such as ramp
rate R and the rated generation capacity.

II. EFFICIENCY: A TWO FOLD OBJECTIVE

The heterogenous mix of generation technologies are sched-
uled in anticipation of hour-ahead forecast P̂L [kTHA]. Subse-
quently, as described in Section I-B, the schedules are adjusted
in response to real-time forecast P̂L [kTRTD]. To efficiently
schedule generation resources, two chief objectives must be
achieved.

A. Plant Efficiency
Each generation technology has a natural efficiency cycle,

i.e., the rate at which it can increase or decrease its power
output (PG) with least fuel-input (F ). The generation serving
entity (GSE) aims to minimize the fuel expenditure through
appropriate local controls. A generator’s efficiency is subject
to design of its local controls. In addition to efficiency, local
controls also determine generator’s response capability to
schedule adjustments. For example a coal-based power plant
has two degree of controls, governor control through valve a
and rate of coal firing BFiring . To minimize fuel expenditure
it may be operated with its valve a wide open, with response
rate being slow. Alternatively, at high boiler pressure, the
valve control can enhance its response capability. The rate
of gas or diesel injection VInjection regulates response of the
combustion turbines. For controllable hydro plants, the water-
head in the reservoir and the design of surge tank determines
the dynamic response capability. Smart design of local controls
can effectively enhance generator’s dynamic response. An
ideal market mechanism must be established for ramp-product,
incentivizing GSE to enhance their response capability through
improved local controls. It must be noted that ramp-product is
qualitatively different from governor-based reserve. It is highly
unsustainable to maintain governor-based reserves in support
of load-following under high wind penetration. For example
in Fig. 2 the wind power output decreases by 700 MW in
California, about 4% of the net load, during early morning
hours. In order to balance large predictable variations in real-
time forecasts, schedule updates must be based on fuel input
F , and not governor response.

B. System Efficiency
The simplified approximation of a generator’s ramp rate,

represented by a scalar R (Section I-A), mathematically fails

to capture its dynamic response capability. The ramp rate R
for all generation technologies is established over time-horizon
of real-time markets TRTD. However, for each generator, the
time horizon to update schedule in real-time will depend on
its non-linear energy conversion dynamics, design of local
control, and characteristics such as capacity/size and type of
fuel. Consequently, it may be either longer or shorter than real-
time market’s interval TRTD. The RTD time-horizon does not
represents natural efficiency cycles of heterogenous generation
technologies. A disconnect exists between ramp-rate R and
dynamical response of a generator.

Fig. 2: Wind Power Output Profile: California Independent
System Operator (ISO)- 23rd Feb 2012

Next, we propose a formal mathematical framework for en-
hanced real-time dispatch (RTD). The objective is to efficiently
schedule systemwide fuel-input F for heterogeneous mix
of generation technologies. This is in anticipation of intra-
hour load variations. As shown in Fig. 3, the systemwide
control design is posed as a hierarchical control problem.
At top of the hierarchy is the system operator, marked in
brown. The blue lines represents physical system with ⌦
denoting the generator and the load buses. The operator
centrally updates generation schedules in anticipation of load
variations (P̂L [(K + 1)TRTD]�P̂L [KTRTD]). The schedules
are communicated to participating generators, marked in pink.
For the non-linear energy conversion dynamics of a generator,
its output is hard-to-predict. A smart local control is needed
to guarantee improved ramping capability of a generator. It
will ensure a predictable and smooth closed-loop response
of a generator. In Section III the schedules for generators,
retrofitted with smart local controls, are updated using receding
horizon control/look-ahead dispatch. In Section IV the design
of local controls for generators are described. Subsequently,
the stability of the interconnected system for the purpose of
load-following must be ensured as well. It may be necessary
to supplement the local controls of generators with minimal
global information, marked in red (Fig. 3). In Section IV-D
two possible frameworks for design of system’s control design
framework are illustrated.

III. ENHANCED RTD: PROPOSED FRAMEWORK

The proposed framework for enhanced RTD will be illus-
trated on 5-bus system in Fig. 4. It has three generators: a
hydro-based generator H1, a coal-fired steam-based generator

•  Objective: Minimize net fuel input (system/plant level) 
•  Generator Composition: Three sub-systems 
•  Fuel Subsystem: Non-linear energy conversion dynamics 
•  Design Local Controls: Predictable response of the non-

linear power plants 
•  Non-linearity: Varying operating conditions 
•  Revisit scalar ramp-rates 
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Abstract—In this paper, a framework for enhanced economic
dispatch is proposed as a novel alternative to the static real-
time dispatch (RTD) being currently implemented by the power
industry. The proposed mathematical framework may be seen as
a load-following function to update schedules of heterogeneous
generation resources in response to balancing intra-hour varia-
tions. Our proposed approach involves pre-scheduling generator’s
fuel-input in anticipation of large intra-hour variations in load
and wind forecasts.

Index Terms—Tertiary Control, Load-following, Energy Con-
version, Economic Dispatch

I. INTRODUCTION

From the perspective of large-scale electric energy sys-
tems, the basic operating principle is that the net generation
must follow/balance the net load. An imperfect load follow-
ing/balancing results in violations of pre-specified operating
standards for system operation [1]. Prior to deregulation
of electricity markets, load was inherently followed using
governor-based reserves. The efficacy of governor control
is contingent on the generation technologies. For example,
in coal-based power plants, the steam stored in the boilers
determines the rate of response. The response rates of fast
generations resources, particularly combustion turbines and
hydro power plants, are based on their size, age, type of fuel
and local controls. For near perfect load forecasts [2], the
cost of balancing through governor-based reserves is low. But
maintaining higher reserve margins to follow large intra-hour
variations in wind or solar power output is constrained by
economic factors, particularly fuel-cost. To avoid increased
reserve expenses, a formal-mathematical framework for the
purpose of load-following is proposed in this paper. It may be
seen as an efficient pre-scheduling of fuel input, and its real-
time1 updates, in anticipation of forecasted load or wind varia-
tions. Next subsections summarize industry’s approximation of
generator’s response-rate, and its definition of load-following.

A. Ramp Rates
A qualitative representation of a generation technology is

depicted in Fig. 1. The energy, produced in the fuel sub-
system, is modeled by non-linear energy-conversion dynamics
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1Real-time updates in a sense of economic dispatch, i.e., 5-10 minutes.

of the generation technology. In the mechanical sub-system,
marked in blue, the flow of energy into the turbine is regulated
by the governor valve position. The generator’s power output
is received at the electrical sub-system, i.e., the rotor. The
non-linear energy conversion dynamics of fuel sub-system
determines generator’s response rate. However, a simplified
industry definition is the maximum possible change in power
output of a generator over the dispatch interval TRTD, once
the generator is online.

R =
|�PG

max

|
TRTD

(1)

The scalar R (MW/TRTD), defined as generator’s ramp rate,
quantifies averaged response rate of a generator. The interval
TRTD is represents the duration of real-time markets, i.e.,
economic dispatch. Based on the Independent System Operator
(ISO), it can be 5, 10 or 15 minutes. For all generation
technologies, fast or slow, large or small, the ramp rates are
defined over market’s time interval TRTD.

Fig. 1: Generator’s qualitative representation

B. Load-following

The net load in an electric energy system has three quali-
tative components (Eq. (2)): load forecast2 P̂L [kT ], non-zero
mean forecast error �P (t) and white-noise w (t).

PL (t) = P̂L [kT ] +�PL (t) + w (t) (2)

P̂L [kT ] = P̂L [kTUC ] + P̂L [kTHA] + P̂L [kTRTD] (3)

The load forecast P̂L [kT ] has additional sub-components over
multiple time-intervals (Eq. (3)). For example in California
ISO, generation schedules are updated 75 minutes before
the beginning of an operating hour through hour-ahead load

2Wind forecast is scheduled as negative load.
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tems, the basic operating principle is that the net generation
must follow/balance the net load. An imperfect load follow-
ing/balancing results in violations of pre-specified operating
standards for system operation [1]. Prior to deregulation
of electricity markets, load was inherently followed using
governor-based reserves. The efficacy of governor control
is contingent on the generation technologies. For example,
in coal-based power plants, the steam stored in the boilers
determines the rate of response. The response rates of fast
generations resources, particularly combustion turbines and
hydro power plants, are based on their size, age, type of fuel
and local controls. For near perfect load forecasts [2], the
cost of balancing through governor-based reserves is low. But
maintaining higher reserve margins to follow large intra-hour
variations in wind or solar power output is constrained by
economic factors, particularly fuel-cost. To avoid increased
reserve expenses, a formal-mathematical framework for the
purpose of load-following is proposed in this paper. It may be
seen as an efficient pre-scheduling of fuel input, and its real-
time1 updates, in anticipation of forecasted load or wind varia-
tions. Next subsections summarize industry’s approximation of
generator’s response-rate, and its definition of load-following.

A. Ramp Rates
A qualitative representation of a generation technology is

depicted in Fig. 1. The energy, produced in the fuel sub-
system, is modeled by non-linear energy-conversion dynamics
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Marija D. Ilić is with Carnegie Mellon University, Pittsburgh, PA,
USA, and Delft University of Technology, Delft, The Netherlands (email:
milic@ece.cmu.edu).

1Real-time updates in a sense of economic dispatch, i.e., 5-10 minutes.

of the generation technology. In the mechanical sub-system,
marked in blue, the flow of energy into the turbine is regulated
by the governor valve position. The generator’s power output
is received at the electrical sub-system, i.e., the rotor. The
non-linear energy conversion dynamics of fuel sub-system
determines generator’s response rate. However, a simplified
industry definition is the maximum possible change in power
output of a generator over the dispatch interval TRTD, once
the generator is online.

R =
|�PG

max

|
TRTD

(1)

The scalar R (MW/TRTD), defined as generator’s ramp rate,
quantifies averaged response rate of a generator. The interval
TRTD is represents the duration of real-time markets, i.e.,
economic dispatch. Based on the Independent System Operator
(ISO), it can be 5, 10 or 15 minutes. For all generation
technologies, fast or slow, large or small, the ramp rates are
defined over market’s time interval TRTD.

Fig. 1: Generator’s qualitative representation

B. Load-following

The net load in an electric energy system has three quali-
tative components (Eq. (2)): load forecast2 P̂L [kT ], non-zero
mean forecast error �P (t) and white-noise w (t).

PL (t) = P̂L [kT ] +�PL (t) + w (t) (2)

P̂L [kT ] = P̂L [kTUC ] + P̂L [kTHA] + P̂L [kTRTD] (3)

The load forecast P̂L [kT ] has additional sub-components over
multiple time-intervals (Eq. (3)). For example in California
ISO, generation schedules are updated 75 minutes before
the beginning of an operating hour through hour-ahead load

2Wind forecast is scheduled as negative load.
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Local Dynamics(2) 

•  Hydro Power Plant: Season 
based parameterization of 
surge-tank and tunnel flow 
dynamics 

•  Coal Power Plant: Non-
linear feedback 
linearization of mill boiler 
dynamics. Results in time-
varying system 

•  Gas Power Plant: Dynamics 
of fuel injection and 
governor valve  

Plant Efficiency for Load Following 
•  RTD Generation Schedule: Local 

set-point trajectory pre-determined 
•  LQR Gain ‘G’ to perfectly follow 
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Non-Linear Energy Conversion Dynamics 

Observations 
•  Smooth schedule: Hard-limits avoidable 
•  Frequency imperfect at scheduling 

Future Work 
•  Market Design for Load Following 
•  Incentivize GSE: Improved control design 

for predictable response rate 

(1) Nipun Popli, Marija Ili�, “Multi Input Multi Output Tracking of   
     Power Imbalances in Wind Penetrated Electric Power Grids”,  
     TECHON, SRC September 2013  
(2) Nipun Popli, Marija Ili�, ”A Possible Framework for Dynamic  
      Generation Scheduling in Large-Scale Power Systems”,  
     Working Paper 
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Fig. 11: Decentralized Control: Battery Input H1, C2
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Fig. 12: Decentralized Control: Linear Control for
H1, C2, G3
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Fig. 13: Decentralized Control: Non-Linear and Net Control
Input at C2

gain design Gi in preceding subsection. For hydro, the gain
is determined as:

min JH
1

=
/R

0

(
⇣
xH
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� xref
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QH
1
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xH
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TRH
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ẋH
1

= AH
1

xH
1

+BH
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�WH
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(38)
The net input for hydro is given as:

uH
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(t) = uref
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(t)�GH
1
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(t)� xref
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(t)
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| {z }
�uH
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(39)

Similarly, for coal power plant, the gain is determined as:

min J =
/R
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The net input is given as:

uC
2

(t) = uref
C
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(t)�GC
2

[kTv]
⇣
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2

(t)� xref
C

2

(t)
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(41)

Next, fast storage devices are placed. It must be noted that
there already exists a battery next to coal power plant. How-
ever, another battery is placed next to slow hydro plant:

UBH
1

(t) = �K1
BH

1

!GH
1

(t)�K2
BH

1

!GC
2

(t)�K3
BH

1

!GG
3

(t)
(42)

Conseqeuntly the Eq. (32) changes as following:

ṖG = KP!G �DPṖL + Ufast (t)

Ufast (t) =
⇥
UBH

1

(t) UBC
2

(t) 0
⇤T (43)

The local gain gas power plant G3 is calculated using the same
approach as described in previous subsection. The dynamic
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Fig. 14: Fast Storage: Dynamic Response of Generators
H1, C2, G3

simulations corresponding to load-following with fast storage
devices are shown in Fig. 14, 15, 16, 17, 18.
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Fig. 15: Fast Storage: Frequency of Generators H1, C2, G3
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Fig. 16: Fast Storage: Battery Input H1, C2
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Fig. 17: Fast Storage: Linear Control for H1, C2, G3
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Fig. 18: Fast Storage: Non-Linear and Net Control Input at
C2

C. Comparative Analysis
VI. CONCLUSION
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