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Abstract

In this paper, the traditional AGC two area system is
modified to take into account the role of AGC as an
ancillary service. The concept of DISCO participation
matrix is introduced and reflected in the two-area diagram.
Simulation studies as well as trajectory sensitivity studies
are done, the latter for optimization.

1. Introduction

In a restructured power system, the engineering aspects of
planning and operation have to be reformulated although
essential ideas remain the same. With the emergence of the
distinct identities of GENCOs, TRANSCOs, DISCOs and
the ISO, many of the ancillary services of a vertically
integrated utility will have a different role to play and hence
have to be modeled differently. Among these ancillary
services is the automatic generation control (AGC). In the
new scenario, a DISCO can contract individually with a
GENCO for power and these transactions are done under
the supervision of the ISO.

In this paper, we formulate the two area dynamic model
following the ideas presented by Kumar et al [1], [2].
Specifically we focus on the dynamics and trajectory
sensitivities. The concept of a DISCO participation matrix
(DPM) is proposed which helps the visualization and
implementation of the contracts. The information flow of
the contracts is superimposed on the traditional AGC
system and the simulations reveal some interesting patterns.
The trajectory sensitivities are helpful in studying the
effects of parameters as well as in optimization of the ACE
parameters viz. tie line bias and frequency bias parameters
K and B respectively. The traditional AGC is well
discussed in the papers of Elgerd and Fosha [3], [4] as well
as in text-books [5], [6], [7]. Research work in deregulated
AGC is contained in [1], [2], [8], [9].

The paper is organized as follows. In section 2, we explain
how the bilateral transactions are incorporated in the
traditional AGC system leading to a new block diagram.
Simulation results are presented in section 3. In section 4,
we discuss trajectory sensitivities and the optimization of K

and B parameters using these sensitivities. Section 5
presents conclusions.

2. Traditional Versus New AGC

There is a considerable analysis available in the literature
on traditional AGC. In a traditional power system structure,
the generation, transmission and distribution is owned by a
single entity called ‘Vertically Integrated Utility’ (VIU)
which supplies power to the customers at regulated rates.
The definition of a control area is somewhat determined by
the pooling arrangements of utilities. Sometimes the
physical boundaries of a VIU define a control area. All such
control areas are interconnected by tie lines.

It is a primary goal of the AGC to control the tie line power
flow at the scheduled value defined by the contracts among
various VIUs, to maintain a generation equal to the local
load, thus controlling the frequencies of the control areas as
close to the nominal value as possible during normal load
changes. In cases of loss of generation in an area the
neighboring utility will come to help it. In the classical
AGC system, this balance is achieved by detecting the
frequency and tie line power deviations to generate the
ACE (area control error) signal which is in turn utilized in
the integral feedback control strategy as shown in the block
diagram (figure 1) for a two-area system. It should be noted
that this is a linearized model of the AGC, hence is based
on an assumption that the frequency and tie line power
deviations are small.

During a sudden load change within an area, the frequency
of that area experiences a transient drop. A generator in
each area is designated to be on regulation to meet this
change in load in steady state. In the transient state there
will be power flows from other areas to this area to supply
excess load. Here, the feedback mechanism comes into play
and generates appropriate raise/lower signals to the turbines
to make generation follow the load. In the steady state, the
generation is exactly matched with the load, driving the tie
line power and frequency deviations to zero. The area
control error (ACE) vanishes in the steady state. This
system has performed exceedingly well in the past.
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Figure 1 : Two area system (traditional scenario)

In a free market structure, vertically integrated utilities no
longer exist. The utilities do not own generation-
transmission-distribution any more, instead there are three
different entities viz. GENCOs (generation companies),
TRANSCOs (transmission companies) and DISCOs
(distribution companies). GENCOs can be imagined to be
at par with ‘independent power producers’ (IPPs) and they
compete with each other to sell the power they produce.
TRANSCOs are accessible to any GENCO or DISCO for
wheeling of power. Again, a control area is defined by
physical boundaries as before, but now, a DISCO has the
freedom to contract with any GENCO, in its own area or
otherwise for a transaction of power with a GENCO in
another area. This is called a ‘bilateral transaction’. All the
transactions have to be cleared by the ISO [10].

There can be various combinations of contracts between
DISCOs and GENCOs which can be conveniently
visualized by the concept of a ‘DISCO participation matrix’
(DPM). The rows of a DPM correspond to GENCOs and
columns to DISCOs which contract power. Each entry in
this matrix can be thought as a fraction of a total load
contracted by a DISCO (column) towards a GENCO (row).
The sum of all the entries in a column in this matrix is unity
e.g. for a two-area system, DPM will have the structure that
follows.

        1 2 3 4

1

2

3

4

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

cpf cpf cpf cpf

cpf cpf cpf cpf

cpf cpf cpf cpf

cpf cpf cpf cpf

 
 
 
 
 
  

where cpfjd  =  Contract Participation factor of jth GENCO
in the load following of dth DISCO. DPM shows the
participation of a DISCO in a contract with any GENCO,
hence the name Disco Participation Matrix.

As any entry in a DPM corresponds to a contracted load by
a DISCO, it must be demanded from the corresponding
GENCO involved in the contract and should be reflected in
the control loop. Whenever a load change takes place in this
new restructured system, it is felt in its own area as in the
traditional case, but as defined by the contractual
agreement (hence DPM), only a particular GENCO must
follow the load change demanded by a particular DISCO.
Thus, information signals must flow from the DISCOs to
the GENCOs specifying corresponding demands. This
introduces new information signals which were absent in
the traditional scenario. These signals carry information as
to ‘which GENCO has to follow a load demanded by which
DISCO’. Also, for those DISCOs having a contract with
GENCOs NOT in their area, demand signals must adjust the
scheduled flow over the tie lines. This change in scheduled
flow produces a tie line power error which is used to derive
ACEs for the control areas involved. Based on all
abovementioned ideas, a block diagram for an AGC in a
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Figure 2 : Two area system (deregulated scenario)

deregulated system can be conceptualized and depicted as
in figure 2. Structurally it is based upon the idea of [1].
Dashed lines show the demand signals.

3. Simulation Results of Two-Area System in
the Deregulated Environment

A two-area system is used to illustrate the behavior of the
proposed AGC scheme. The data for this system is taken
from [3].

Case 1 : Base case

Consider a case where the GENCOs in each area participate
equally in AGC, i.e. ACE participation factors are apf1

=0.5, apf2=1-apf1=0.5; apf3=0.5, apf4=1-apf3=0.5.
Assume that the load change occurs only in area I. Thus,
the load is demanded only by DISCO1 and DISCO2. Let the

value of this load perturbation be 0.1 pu MW for each of
them.

DPM  =  

0 .5 0 .5 0 0

0 .5 0 .5 0 0

0 0 0 0

0 0 0 0

 
 
 
 
 
  

Note that as DISCO3 and DISCO4 do not demand from any
GENCOs, corresponding participation factors (columns 3
and 4) are zero. DISCO1 and DISCO2 demand identically
from their local GENCOs viz. GENCO1 and GENCO2. The
frequency deviations in area I and II, actual tie line power
flow in a direction from area I to area II and the generated
powers of various GENCOs following a step change in the
loads of DISCO1 and DISCO2 are shown in figures 3.A, 3.B
and 3.C respectively.



Figure 3.A

Figure 3.B

Figure 3.C
Figure 3 : Base Case Simulation

The tie line power goes to zero in the steady state as there
are no contracts of the DISCOs in one area with the
GENCOs in other areas. In the steady state, the generation
of each GENCO matches the demand of the DISCOs in
contract with it. e.g. GENCO1 generates

4
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1

( _ _ _ _ _' ')* 0.1d
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pu MW load of DISCO d cpf pu
=

=∑ .

As GENCO3 and GENCO4 are not contracted by any
DISCOs, their generation change is zero in the steady state.

Case 2

Consider a case where all the DISCOs contract with the
GENCOs for power as per the following DPM,

    DPM  =  

0.5 0.25 0 0.3

0.2 0.25 0 0

0 0.25 1 0.7

0.3 0.25 0 0

 
 
 
 
 
  

Assume that the total load of each DISCO is perturbed by
0.1 pu and each GENCO participates in AGC as defined by
following apfs:
apf1=0.75,apf2=1-apf1=0.25; apf3=0.5, apf4=1-apf3=0.5.

Figure 4.A

Figure 4.B

Figure 4.C
Figure 4 : Simulation with demand from DISCOs

DISCOs in area I demand 0.08 pu MW from the GENCOs
in area II. (This is obtained by summing the entries in the
lower left block of the DPM matrix.) Likewise, DISCOs in



area II demand 0.03 pu MW from the GENCOs in area I.
(This is given by the top right block of the DPM matrix.)
The tie line power settles down to the net scheduled value
viz. 0.05 pu MW from area II to area I (Figure 4.B). Again,
as in the base case, GENCOs generate power equal to the
contracted demands of the DISCOs. (Figure 4.C).

Case 3 : Contract violation

Consider case 2 again except that DISCO1 demands an
additional 0.1 pu MW which is not contracted out to any
GENCO.

Figure 5.A

Figure 5.B

Figure 5.C
Figure 5 : Simulation with an Uncontracted Load

The uncontracted load of DISCO1 reflects in the
generations of GENCO1 and GENCO2. Thus, this excess
load is taken up by the GENCOs in the same area as that of

the DISCO making the uncontracted demand. GENCO3 and
GENCO4 generate to satisfy their own demands as in case 2
and are not affected by this excess load (figure 5).

4. Trajectory Sensitivities and Optimization

The two-area system in the deregulated case with identical
areas can be optimized with respect to system parameters to
obtain the best response. Figure 2 shows a closed loop
system with feedback that is derived from the states of
frequency deviations and the tie line power flow deviation.
The parameters involved in the feedback are the integral
feedback gains (K1=K2=K) and the frequency bias
(B1=B2=B). The optimal values of K and B depend on the
cost function used for optimization [11]. The integral of
square error criterion is chosen for this case [3],

22
, 1

0

[ ( ) ( )]tie errorC P f dtα β
∞

= ∆ + ∆∫
The ‘equi-B’ cost curves can be plotted as shown in figure
6 assuming α=1 and β=1. The optimum values of K and B
correspond to the point where the curves reach the
minimum.

Figure 6
The cost curves in figure 6 correspond to the case of AGC
in the deregulated environment where DISCO1 and DISCO2

contract to have 0.05 pu MW equally from the local
GENCOs. Thus, the contracted load perturbation in area I is
0.1 pu MW. DISCO1 demands an excess (uncontracted)
load of 0.1 pu MW. DISCO3 and DISCO4 do not have
contracts with any GENCO. The cost function is plotted
against K for various values of B to obtain equi-B curves as
shown in figure 6. It is found that the optimum values of the
parameters K and B are consistent with those obtained from
the optimization of the case of two-area traditional AGC
system i.e. the two-area system in the ‘Vertically Integrated
Utility’ environment with only one generating unit in each
area [3].



The optimal parameter values given above were obtained
by evaluating the cost function for many sets of parameter
values. A more systematic approach to the optimization can
be achieved by using trajectory sensitivities in conjunction
with a gradient type Newton algorithm.

The closed loop system of the form in figure 1 or figure 2
can be characterized in the state-space as follows.

cl clx A x B u
•

= + (1)

where    x : states
Acl : closed loop A matrix
Bcl : closed loop B Matrix
  u : pu MW load change of DISCOs

Differentiating with respect to a parameter λ,

( ) ( ) ( )cl cl clx A x A x B uλ λ λ λ

•
= + + (2)

where the subscript ‘λ’ denotes a derivative. Equations (1)
and (2) can be solved simultaneously to obtain trajectory
sensitivities xλ.

Gradient Type Newton Algorithm

Optimization of the deregulated AGC system used
trajectory sensitivities in the following way:

λ = [ K   B ]T (parameter vector)

22
, 1

0

[ ( ) ( )]tie errorC P f dtα β
∞

= ∆ + ∆∫     (the cost function)

λo = [ Ko   Bo]
T (guess values)

Do until converged with required accuracy:

1. Using the latest λ, simulate the system along with
trajectory sensitivities i.e.

, ,1 1, , ,tie error tie errorP Pf f

K K B B

∂∆ ∂∆∂∆ ∂∆
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3. Update parameters,

1[ ( )] . ( )fH fλ λ λ λ−= − ∇
End

When this procedure is applied to the two-area system in
the deregulated case, the optimum values of the parameters
match with those obtained by plotting ‘equi-B’ cost curves.
This ‘trajectory sensitivity approach’ to optimization will
be useful for any general control strategy, particularly when
nonlinearities are involved.

5. Conclusions

AGC provides a relatively simple, yet extremely effective
method of adjusting generation to minimize frequency
deviations and regulate tie-line flows.  This important role
will continue in restructured electricity markets.  However
some important modifications are necessary to cater for
bilateral contracts that span control areas.

Bilateral contracts can exist between DISCOs in one control
area and GENCOs in other control areas.  The scheduled
flow on a tie-line between two control areas must exactly
match the net sum of the contracts that exist between
market participants on opposite sides of the tie-line (taking
account of contract directions).  If a contract is adjusted, the
scheduled tie-line flow must be adjusted accordingly.

The concept of a ‘DISCO Participation Matrix’ (DPM) is
introduced in the paper.  The DPM provides a compact yet
precise way of summarizing bilateral contractual
arrangements.

The modeling of AGC in a restructured environment must
take account of the information flow relating to bilateral
contracts.  Clearly, contracts must be communicated
between DISCOs and GENCOs.  However it is also
important that information regarding contracts is taken into
account in establishing/adjusting the tie-line setpoints.
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