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Leader-Follower Framework for Control of
Energy Services

Ali Keyhani, Fellow, IEEE

Abstract—This paper presents a framework for leader—fol-
lower control of energy services. In this framework, the main
emphasis is to provide market players with proper economic
signals in order for the market to function efficiently in light of
market players’ profit motives and system reliability and security
requirements. The problem formulation and the data needed for
the implementation of the proposed framework are also presented.

Index Terms—Energy services market, leader-follower
optimization, predictive market monitoring, reliability and
competitiveness of operation.

I. INTRODUCTION

T HE problems of the reliability of the electric energy market
have made it imperative to recognize that market forces

motivated by profit cannot guarantee a secure and reliable en-
ergy supply because of the inherent characteristics of electric
energy production, transmission and distribution networks. No
other systems, such as transportation, gas distribution, airline,
and trucking are subjected to high prices due to outages from
the lack of maintenance of one of its components.

Many researchers have concluded that electric energy pro-
duction is a product and have studied problems related to free
market operation of electric energy systems. [1]–[17] Others,
[18]–[20] have argued that electricity is a service and not a
product with unique operational requirements. Casazza [18]
points out that the operational time constant for electric power
is zero, and the planning time constant for electric energy ser-
vices is two to 10 years. Casazza presents an excellent analysis
of how free market planning and operation of electric services
have created many new problems in security and reliability of
electric energy services in a paper entitled “ Electricity Choice:
Pick your Poison.” Power Systems engineers have recognized
these issues and have studied these problems. Alvarado [6]
has shown the dynamic coupling between the power market
and power systems. Billington [14] and Rau [7] studied the
problems of capacity reserve assessment and assignment of
capability obligation. Rau and Billington’s work addresses the
reliability issues that are created under the new free market
operation.

To address the problems of reliability and security, this paper
presents the restructuring of electric energy services where the
market players’ profit motives will mesh with system security
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and reliability. The approach is based on the Stackelberg market
design strategy developed in the 1970s [19]–[22].

A. Power Systems Planned Operation

Each power plant has a different production cost that de-
pends on the unit’s size, its fuel type, location, and age. As
energy demand increases during daily operation, the clearing
price goes up until it matches the production cost of the
most expensive supply. If there is a supply shortage (true
or contrived), this process could raise the price enormously,
as inelastic demand will have to settle for any price bid by
suppliers. During the 2000 power crisis in California, price
caps were implemented by the independent system operator
(ISO) to mitigate market power concerns. Predictably, energy
prices immediately followed the price caps, creating a form of
simple leader-follower phenomenon without proper incentive
functions. The imposition of blackouts by the California ISO
indirectly created a form of retail price elasticity. It can be
shown that even under normal system conditions, the market
can be manipulated to raise prices. For example, a market
player with several plants in one state could bid the output
of one of its plants at a very high price to see if it could
drive up the overall price at auction.

The following requirements are known to energy system
planners

a) Long term reliability and adequacy of energy systems re-
quire that an adequate capacity of electric energy be in-
stalled in the face of growing energy demands with the
right mix of fuel supply to ensure that energy prices will
not be subjected to very high volatility due to the shortage
of a particular fuel. The generators must have the correct
dynamic responses if the system is to remain stable in the
event of an outage.

b) A nuclear unit and once-through steam unit cannot par-
ticipate in regulating the time varying loads. The mix of
generating systems with the right dynamic response is es-
sential for the system to operate efficiently, securely, and
reliably.

c) Coordination between transmission systems, generating
systems, and load centers is a must if energy is to reach
the load centers.

d) It takes a minimum of two years to build a reasonable size
generating system at the right location in the network.
One cannot simply build a unit if it is not properly coor-
dinated within the transmission system. Furthermore, if a
unit is not properly planned, it could block another unit
planned by another market player.
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The above requirements, among many others, indicate that
market forces alone cannot ensure adequate security and relia-
bility of power systems.

The three fundamental problems of controlling energy
services are: (1) determination of expected future demands;
(2) calculation of a time-varying price of energy; and (3)
the interrelationship between market players and market and
system operators (e.g., the structure of the market). The first
and second problems require the development of dynamic
models based on historical data and all observable inputs to the
process. In this paper, the leader-follower game theory is used
to formulate a solution for control of energy services based
on the security and reliability requirements of the system. The
main function of market coordination is assigned to a market
monitoring board (MMB) that has the responsibility to ensure
market competition. Based on the leader-follower optimization
method, the MMB will plan the operation of the system. The
proposed leader-follower algorithm will enable the MMB to
monitor the system by designing a set of market competitive
functions (MCF). The framework of this market is depicted
in Fig. 1. The MMB is responsible for the long-term planning
and operation of the system. The MMB will also monitor all
demand and supply bids for both forward market and daily
operation of the system to ensure compliance with the MCF
functions. As shown in Fig. 1, the bids that are in compliance
with the MCF functions are sent to the energy market. The
MCF functions are expressed as a system of equations and are
calculated based on the amount of power that can be injected
into each bus, plus a rational price based on the unit type. The
market players will work with the MCF functions to develop
their quantity and price bids for energy services.

In the market structure proposed in Fig. 1, the state will deter-
mine the spinning reserve energy requirements under the MMB
control in order to ensure that required security and reliability of
the system are attained. The MMB will estimate the cost of the
load being served, act as a player, and select a load response pro-
gram to supply the spinning reserve requirements. In Section II,
the methodology for computation of the value of the load loss
will be described and will be followed by the formulation of the
leader-follower algorithms.

II. M OTIVATION AND PROBLEM FORMULATION

In the proposed method, the MMB would be an independent,
technically and politically enabled entity that, on a proactive
and predictive fashion, determines market competitiveness, and
calculates and disseminates the MCFs to market players. The
MCF’s set boundaries for the behavior of market players such
that market power abuses do not take place and system relia-
bility and security concerns are addressed.

In order to determine the MCFs, the MMB must first de-
termine the system reliability index (SRI) based on the trans-
mission reliability index (TRI) and generation reliability index
(GRI).

The MMB can calculate the value of the load loss and spin-
ning reserve as presented later in this paper. To ensure system
security, the required power could be provided by the players

Fig. 1. Leader-follower market framework for control of energy services.

at a rational price to satisfy the spinning reserve requirements,
or if the offering price of the players is not reasonable, the state
reserves can be scheduled, or the load response programs acti-
vated to reduce demand.

A. Computation of Value of Loss of Load (VOLL)

Since the nature of consumers’ energy consumption, major
market participants’ strategic behavior and power system reli-
ability indices are stochastic processes; the energy price model
will be stochastic as well [23]–[27]. In our analysis, the price
model of electricity is based on the consumers’ hourly con-
sumption, day-ahead/real-time energy prices, generation and
transmission outage schedules (evaluation of the power system
reliability indices), spinning reserve requirements, demand elas-
ticity and predicted strategic behavior of market participants.
The obtained dynamic price model is used to evaluate the
consumers’ value of lost load (VOLL) for optimal price tariff
design and pricing of spinning reserve. The following covari-
ance model will be used as a candidate for price prediction:

(1)

where
estimated price for the th trading period
(e.g., day-ahead energy prices);
energy price of the th trading period (e.g.,

day-ahead energy prices);
th regression used for price estimation (e.g.,

price-elasticity);
price model parameters to be estimated, for

;
covariance between theth price and th re-
gression;
variance of the th regression;
process noise (normally distributed with zero
mean and unity variance).



KEYHANI: LEADER-FOLLOWER FRAMEWORK FOR CONTROL OF ENERGY SERVICES 839

The mean square error function to be minimized in the least-
square estimation (LSE) method is as follows:

(2)

The strategic behavior (discrete supply function) of the
power suppliers in the market at time step k is a function of
demand elasticity, system residual demand, transmission relia-
bility index, generation reliability index, fuel cost, and market
clearing price, which by nature, are random variables. If energy
market participants behave rationally, they will follow the
energy market operator rules to hedge against price volatility
and loss of profit risk. For example, they will try to bid/offer
within ten percent tolerance of the last trading period’s clearing
price in order to win in the market [11]. Mathematical modeling
of the players’ strategic bidding practices is currently an active
area of research [9], [10].

As was mentioned earlier, the prediction of the value of the
interrupted load by a power marketer (such as a major power
utility with numerous customers at different zones) is necessary
in order to design optimal pricing tariffs and pricing of spin-
ning reserve. The value of lost load (VOLL) is the amount of
money that a customer is willing to pay at the time step k for
not being interrupted. The values of VOLL are different among
zones because:

1) Due to transmission capacity constraints (congestion), the
reliability must run (RMR) and spinning reserve (SR) re-
quirements vary among zones;

2) Different zones have different loads. This will increase
the amount of RMR and SR requirements;

3) The spinning reserve price has two components: (1) ca-
pacity price, and (2) execution price. The following for-
mulation is applied to calculate zonal VOLL:

(3)

where
predicted spinning reserve price at hour, in
U.S. dollars per megawatt hour;
day-ahead spinning reserve requirement at hour

, in megawatt hours;
predicted capacity price for SR at hour, in U.S.
dollars per megawatt hour;
loss of load index at hour;

predicted energy price at hour, in U.S. dollars
per megawatt hour;
expected demand for trading period, in
megawatt hour.

The same methodology can be used for day-ahead SR ca-
pacity price prediction.

Based on the above formulation, the MMB can determine the
market value of the load to be dropped and the price of the spin-
ning reserve. Now, the load response program can be designed
and the state reserve requirements can be determined. In Sec-
tion III, the leader-follower optimization will be described to
compute the MCFs that the players need to satisfy in their bids
in the auction market. It is recognized that the time dependent
system reliability index is a major factor in the proposed for-
mulation. Since this index has a major impact on the offering
price of market players and will determine the reliability index
of the system, it is expected that both major players and the state
power authority would be interested in collecting the data to
compute this index. The real time data collection capabilities
that are available today can be used to record outages of trans-
mission lines, generators and transformers, including the trading
behaviors of the players. The author agrees that a major research
effort is needed in this area. It is also expected that major power
market players are collecting data to estimate some forms of this
index when determining their offering price.

III. L EADER-FOLLOWER OPTIMIZATION

We will use the well-established Stackelberg leader-follower
game theory [8], [19]–[21]. In these types of problems, there are
a number of decision makers: the leader who declares the con-
straints of participating in the leader-proposed market opportu-
nities and followers who are interested in the market, but must
satisfy the leader’s constraints. We will designate the leader as
the MMB with the decision control variable vector, and the
followers as market players with decision control variable.
The constraints are defined as MCF. The market players are op-
timizers who are interested in maximizing their payoff function
by knowing MCF. That is for some , the leader objectives
are satisfied.

Let us designate the decision control variables for player “”
as in megawatts for the quantity of power with superscript
“ ” and in U.S. dollars per megawatt hour to be the price of-
fered to the auction market at a bus “.” Let us designate
in megawatts for the quantity of power with superscript “” and

in dollars per megawatt hour to be the price under the
MMB controls at bus “ .” Based on the above discussion, the
MMB convex objective function can be defined as

(4)

The above equation describes the cost of the system operation
at bus “ ” from the perspective of the MMB in U.S. dollars per
hour. Note that since the MMB has control over the load and/or
system reserve, the MMB is also a player in the market, and it
can influence the market players’ decision to make a rational
offer at bus “ .” Note also

(5)
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where is in U.S. dollars per hour price offer for generator
“ ” and is U.S. dollars per hour for the cost of load re-
sponse curtailment or the reserve provided by the MMB. The
MMB recognizes that for the MCFs to result in an acceptable
schedule, they must be computed subject to system operating
constraints such as power flow constraints. Let us consider the
simple constraint that the MMB will be interested in as ex-
pressed by the scheduled power injections at each system bus
“ ”.

(6)

The MMB seeks to provide system security as dedicated by
power flow constraints as described by (6) without creating con-
gestion in the transmission systems, and “” is the number of
participating generators at bus “.” Note that is an alge-
braic quantity with a positive sign for generation and a negative
sign for the loads.

The MMB will perform the optimum power flow (OPF) and
determine the rational price offer and the amount of the schedule
for each participating generator “” at bus “ ” as targetvalues
to formulate the MCF functions to be described next. Let us
designate in U.S. dollars per hour by the MMB as its
target cost for the generator type. Let us also designate
and as the desired MMB for the active power and price
to be selected by the players. From the MMB’s perspective, the
optimal operation of the system can be achieved if the market
players select the and such that the hourly cost
of operation of generator “” is equal to . To induce the
players to select the MMB targets, the MMB defines the MCF’s
as follows:

(7)

The computation of and are given in [8].
For example, for a three-bus system, we will have the fol-

lowing set of equations:

(8)

The market players would have to satisfy the above MCF
functions in developing the generation quantity and price bids
at every bus “ ” for each generator “.” Note that each type
of generator “” with the same incremental cost will have the
same type of MCF functions. The MCFs are developed to sat-
isfy the system’s security and reliability requirement, and the
offer bids will not result in congestion since the players will be
induced to select the MMB targets to maximize their profits.
Since the MMB is estimating the players’ cost and may set its
target values too high, the MCFs described by (7) constitute a
set of constraints that should be set less than zero. To satisfy

these constraints, the players are free to select their price offered
and the amount of energy offered to satisfy the MCF functions.
However, to win a higher share of the market, they would need
to submit competitive bids. To ensure that the players will not
withhold power from the forward market, the time horizon of
operation must to be in order of a few years so that new players
will be induced to build new plants where needed and compete
in the market. In addition, since the MMB is also a player in
the market, he or she can also compete with other players to
supply the loads. The energy supply of the MMB reserve will
come from several sources such as the load response program
and the state reserve that has been acquired for the time horizon
of planned operation. This indicates that MCF functions are dy-
namic in nature and are valid for a given anticipated load, gener-
ation, and transmission system. The players know that the MMB
is not bluffing and will release the reserve when the market
could be subjected to gaming because of the news of loss of a
large unit. For the long-term forward market of a thousand MW
unit, the MMB will study the system and compute the MCF’s,
then send them to the market. Players are ensured that by satis-
fying the MCF functions, their planned generation will be co-
ordinated with the transmission systems, and they are properly
compensated in the return on their investment. The main ob-
jective of the MMB is planned operation. The MMB seeks to
minimize the amount of power that must be purchased in the
spot market, where the price could be high due to any sudden
contrived or real outages. In fact, the MMB, through the state
power reserve, will control the spinning reserve requirements
and load response program to effectively control the price of
the spot market. It should be apparent that since the MMB de-
termines the target values for operation of the systems in the for-
ward market, the MMB will plan the system and not the market
forces that may result in congestion and blocking units under
contracts in the systems. In this structure, all bids into the auc-
tion market will have a registration tag to identify the source of
generation and the contract, and can be traded as a commodity
after the contract is certified by the MMB.

IV. SUMMARY OF THE ALGORITHM

Step 1) The MMB will estimate the production cost of each
player based on the registered information about
their unit such as fuel type, dynamic response, lo-
cation of the unit, and historical data.

Step 2) The MMB will forecast the load demands for each
load center.

Step 3) The MMB will determine the system reliability
index, SRI, and compute the value of load loss and
the expected market value of spinning.

Step 4) The MMB will develop load response programs
through incentive-designed tariffs to control the
reserve requirements.

Step 5) The MMB will perform an optimal power flow study
and determine the optimal schedules for each partic-
ipating generating unit.

Step 6) The results of the optimal power flow (OPF) study
will determine the expected production output for
each generator type “.” The OPF will determine the
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desired quantity and priceTARGETSfor each par-
ticipating generating “” at each bus in the system.

Step 7) The MMB will formulate the MMB cost function,
the system load flow constraints, and MCF functions.
Then, it will formulate the global leader-follower
optimization problem to compute the coefficients
of MCF’s in terms of the MMB targets that are
defined by the system security constraints.

Step 8) The MMB will send MCFs to market players for
them to satisfy when submitting acceptable bids.

Since the historical data needed for proposed algorithms are
not available, a meaningful simulation cannot be performed.
However, the above steps show that the MMB can monitor the
market and mesh the interests of players with system reliability
and security requirements. Since the reliability data profoundly
affects the price of the spinning reserve, market players may
consider this data proprietary. However, the MMB can collect
the reliability information and use it for system security and con-
trol of energy services as outlined above.

V. CONCLUSION

In this paper, we have presented a framework and a solution
methodology to control energy services within the restructured
electricity markets. This paper takes the position that planned
operation of the system is essential to ensure stable prices.
Without planned operation, the electric energy system will be
subjected to a cycle of deficiencies in energy production that
will eventually lead to a cycle of bottlenecks and excessive
generation. This cycle will repeat itself, if it is left to market
forces alone to plan the operation of the system. This will result
in substantial dislocation in the economy.
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