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Abstract
This paper addresses a new decentralized robust strategy to adapt the well tested classical automatic
generation control (AGC) system to the changing environment of power system operation under deregulation based on the bilateral AGC scheme. In each control area, the eﬀect of bilateral contracts is taken into
account in a modiﬁed traditional dynamical model as a set of new input signals. The AGC problem is
formulated as a multi-objective control problem, and the mixed H2 =H1 control technique is used to synthesis the desired robust controllers for AGC design in a multi-area power system.
A three area power system example with possible contract scenarios and a wide range of load changes is
given to illustrate the proposed approach. The results of the proposed control strategy are compared with
the pure H1 method. The resulting controllers are shown to minimize the eﬀect of disturbances and
maintain robust performance.
Ó 2003 Elsevier Ltd. All rights reserved.
Keywords: Automatic generation control; Mixed H2 =H1 control; Restructured power system; Linear matrix inequalities; Bilateral contracts

1. Introduction
Currently, the electric power industry is in transition from large, vertically integrated utilities
providing power at regulated rates to an industry that will incorporate competitive companies
selling unbundled power at lower rates. In a deregulated environment, automatic generation

*

Corresponding author. Tel.: +81-6-6879-7712; fax: +81-6-6879-7713.
E-mail address: bevrani@polux.pwr.eng.osaka-u.ac.jp (H. Bevrani).

0196-8904/$ - see front matter Ó 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.enconman.2003.11.018

2298

H. Bevrani et al. / Energy Conversion and Management 45 (2004) 2297–2312

control (AGC) acquires a fundamental role to enable power exchanges and to provide better
conditions for electricity trading. AGC is treated as an ancillary service that is essential for
maintaining the electrical system reliability at an adequate level [1].
In an open energy market, generation companies (Gencos) may or may not participate in the
AGC task. On the other hand, a distribution company (Disco) may contract individually with
a Genco or independent power producers (IPPs) for power in its area or other areas. Currently
these transactions are done under the supervision of the independent system operator (ISO),
independent contract administrator (ICA) or other responsible organizations.
Several control scenarios based on robust and optimal approaches have been proposed for the
AGC system in deregulated power systems. Some research works are contained in Refs. [2–13].
Recently, several reported strategies attempted to adapt well tested classical AGC schemes to the
changing environment of power system operation under deregulation [14–17]. The main advantage of these strategies is in using the basic concepts of the traditional framework and avoiding use
of impractical or untested AGC models.
Following the mentioned attempts, this paper addresses a novel control strategy using a
modiﬁed AGC system. The AGC goals, i.e. frequency regulation and tracking the load changes,
maintaining the tie line power interchanges to speciﬁed values and considering the generation rate
limits, determines the AGC synthesis as a multi-objective control problem. In most reported
robust AGC approaches, only one single norm is used to capture design speciﬁcations. It is clear
that meeting all the AGC design objectives by a single control approach with regard to the
increasing complexity and changing of power system structure is diﬃcult. Furthermore, each
robust method is mainly useful to capture a set of special speciﬁcations. For instance, the regulation against random disturbances more naturally can be addressed by LQG or H2 synthesis,
while the H1 approach is more useful for holding closed loop stability and formulation of physical
control constraints. It is shown that using the combination of H2 and H1 (mixed H2 =H1 ) allows
a better performance for a control design problem including both sets of the above objectives
[18–20].
In this paper, ﬁrst we introduce a modiﬁed dynamical model for a general control area in the
deregulated environment, following the ideas presented in [15–17]. This model shows how the
bilateral contracts are incorporated in the traditional AGC system, leading to a new model. Then,
the AGC problem will be formulated as a multi-objective control problem and solved by the
mixed H2 =H1 control approach to obtain the desired robust decentralized controllers. We applied
the proposed strategy to a three control area example. The results show that the controllers
guarantee robust performance for a wide range of operating conditions. The results of the proposed multi-objective approach are compared with those of the pure H1 controllers (using the
general LMI technique), which show the eﬀectiveness of this approach.
This paper is organized as follows. Section 2 describes the modiﬁed traditional AGC structure
versus the new environment. Technical background on the mixed H2 =H1 control approach is
given in Section 3. Section 4 presents the problem formulation and synthesis framework for a
given control area. The proposed methodology and pure H1 control design are applied to a three
area power system as a case study in Section 5. Finally, to demonstrate the eﬀectiveness of the
proposed method, some simulation results for a set of various contract scenarios are given in
Section 6.
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2. Modiﬁed traditional AGC structure
The traditional AGC is well discussed in Refs. [21,22]. In a traditional power system structure,
the generation, transmission and distribution is owned by a single entity called a vertically integrated utility (VIU), which supplies power to the customers at regulated rates. All such control
areas are interconnected by tie lines. Following a load disturbance within an area, the frequency
of that area experiences a transient change, and the feedback mechanism comes into play and
generates an appropriate rise/lower signal to the turbine to make the generation follow the load.
In steady state, the generation is matched with the load, driving the tie line power and frequency
deviations to zero [17].
In the restructured power systems, the VIU no longer exists, however, the common objectives,
i.e. restoring the frequency and the net interchanges to their desired values for each control area
are remained. In the vertically integrated power system structure, it is assumed that each bulk
generator unit is equipped with secondary control and frequency regulation requirements, but in
an open energy market, Gencos may or may not participate in the AGC problem. Therefore, in
a control area including numerous distributed generators with an open access policy and a few
AGC participators, there comes the need for novel model and eﬃcient control strategies to
maintain reliability and eliminate the frequency error. Here, we introduce a modiﬁed dynamical
model for the traditional AGC system by taking into account the eﬀect of bilateral contracts on
the dynamics, following the ideas presented in Refs. [15–17]. In Ref. [17], a traditional based
dynamical model is proposed for a two control area in a deregulated environment. We have
generalized this idea for a multi-area power system. The new AGC model will need all the
information required in a vertically integrated utility industry plus the contract data information.
The new power system structure includes separate generation, transmission and distribution
companies with an open access policy. Based on bilateral transactions, a Disco has the freedom to
contract with any available Genco in its own or another control area. Therefore, the concept of
physical control area is replaced by a virtual control area (VCA). The boundary of the VCA is
ﬂexible and encloses the Gencos and the Disco associated with the contract.
For simplicity, analogously to the traditional AGC, the physical control area boundaries are
assumed for each Disco, its distribution area and the local Gencos as before. However, the Disco
may have a contract with a Genco outside its distribution area boundaries, in another control area. Similar to Ref. [2], the general theme in our work is that the loads (the Discos) are
responsible for purchasing the services they require. Therefore, the overall power system structure
can be considered as a collection of distribution areas (Discos) as separate control areas interconnected through high voltage transmission lines or tie lines. Each control area has its own AGC
and is responsible for tracking its own load and honoring tie line power exchange contracts with
its neighbours. All the transactions have to be cleared by the ISO or other responsible organizations. There can be various combinations of contracts between each Disco and the available
Gencos. On the other hand, each Genco can contract with various Discos. Similar to the Disco
participation matrix in Ref. [17], let us deﬁne the ‘‘generation participation matrix (GPM)’’
concept to visualize these bilateral contracts conveniently in the generalized model.
The GPM shows the participation factor of each Genco in the considered control areas and
each control area is determined by a Disco. The rows of a GPM correspond to Gencos and the
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columns to control areas that contract power. For example, for a large scale power system with
m control area (Discos) and n Gencos, the GPM will have the following structure.
3
2
gpf 12

gpf 1ðm1Þ
gpf 1m
gpf 11
7
6
gpf 22

gpf 2ðm1Þ
gpf 2m 7
6 gpf 21
7
6
7
6
.
.
.
.
.
7
6
..
..
..
..
..
ð1Þ
GPM ¼ 6
7
7
6
6 gpf
gpf ðn1Þ2    gpf ðn1Þðm1Þ gpf ðn1Þm 7
ðn1Þ1
5
4
gpf n1
gpf n2

gpf nðm1Þ
gpf nm
where gpf ij refers to ‘‘generation participation factor’’ and shows the participation factor of
Genco i in the load following of area j (based on a speciﬁed bilateral contract). The sum of all the
entries in a column in this matrix is unity, i.e.
n
X

gpf ij ¼ 1

ð2Þ

i¼1

Any entry in a GPM that corresponds to a contracted load by a Disco, demanded from the
corresponding Genco, must be reﬂected to the control area system. This introduces new information signals that were absent in the traditional AGC structure. These signals identify that
Genco has to follow a load demanded by which Disco. The scheduled ﬂow over the tie lines must
be adjusted by demand signals of those distribution control areas having a contract with Gencos
outside its boundaries. The diﬀerence between scheduled and current (actual) tie line power ﬂows
gives a tie line power error which is used to compose an area control error (ACE) signal.
Based on the above explanations, the modiﬁed AGC block diagram for control area i will be
obtained in a deregulated environment as shown in Fig. 1. New information signals due to various

Fig. 1. Modiﬁed control area in a deregulated environment.
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possible contracts between Disco i and other Discos and Gencos are shown as dashed line inputs.
Where,
Dfi
frequency deviation,
governor valve position,
DPgi
governor load set point,
DPci
turbine power,
DPti
DPtiei net tie line power ﬂow,
area load disturbance,
DPdi
equivalent inertia constant,
Mi
equivalent damping coeﬃcient,
Di
governor time constant,
Tgi
turbine time constant,
Tti
tie line synchronizing coeﬃcient between areas i and j,
Tij
frequency bias,
Bi
drooping characteristic,
Ri
a
ACE participation factor,
N
number of control areas,
DPLj contracted demand of area j,
DPLoci contracted/uncontracted local demand in area i,
scheduled DPtiei (DPtiei;scheduled ),
w3i
DPtiei;actual actual DPtiei and
w1i ¼ DPLoci þ DPdi
w2i ¼
n
X

N
X

ð3Þ
ð4Þ

Tij Dfj

j¼1
j6¼i

aki ¼ 1

ð5Þ

0 6 aki 6 1

ð6Þ

k¼1

Based on the given idea in Ref. [17], we can generalize the scheduled DPtiei (w3i ) for a N control
area power system as follows.
X
w3i ¼
ðTotal export power  Total import powerÞ
1
0
!
N
n
n BX
N
X
X
X
C
B gpf jk CDPLi
gpf kj DPLj 
ð7Þ
¼
A
@
j¼1
j6¼i

k¼1

k¼1

j¼1
j6¼i

According to Fig. 1, we can write
DPtiei;error ¼ DPtiei;actual  w3i

ð8Þ
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and the elements of vector w4i can be expressed as,
P
w4i1 ¼ Nj¼1 gpf 1j DPLj
..
.
P
w4in ¼ Nj¼1 gpf nj DPLj

ð9Þ

The generation of each Genco must track the contracted demands of Discos in steady state. The
desired total power generation of a Genco i in terms of GPM entries can be calculated as
DPmi ¼

N
X

gpf ij DPLj

ð10Þ

j¼1

In order to take into account the contract violation cases, like as Ref. [15], the excess demand
by a distribution area (Disco) is not contracted out to any Genco and the load change in the area
appears only in terms of its ACE and is shared by all the Gencos of the area (in which the contract
violation occurs).

3. Mixed H2 =H‘ : technical background
In many real world control problems, we are simultaneously following several objectives, such
as stability, disturbance attenuation and reference tracking and considering the practical constraints. Pure H1 synthesis cannot adequately capture all design speciﬁcations. For example, H1
synthesis mainly enforces closed loop stability and meeting some constraints and limitations,
while noise attenuation or regulation against random disturbances are more naturally expressed in
LQG terms (H2 synthesis). Mixed H2 =H1 control synthesis gives a powerful multi-objective design
addressed by the LMI techniques. This section gives a brief overview of mixed H2 =H1 output
feedback control design.
The general synthesis control scheme is shown in Fig. 2. GðsÞ is a linear time invariant system
with the following state space realization
x_ ¼ Ax þ B1 w þ B2 u
z1 ¼ C1 x þ D11 w þ D12 u
z2 ¼ C2 x þ D21 w þ D22 u

ð11Þ

y ¼ Cy x þ Dy1 w
where x is the state variable vector, w is the disturbance and other external input vectors and y is
the measured output vector. The output channel z2 is associated with the LQG aspects (H2 performance) while the output channel z1 is associated with the H1 performance. Let T1 ðsÞ and T2 ðsÞ
be the transfer functions from w to z1 and z2 , respectively, and consider the following state space
realization for a closed loop system.

H. Bevrani et al. / Energy Conversion and Management 45 (2004) 2297–2312
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Fig. 2. Closed loop system via mixed H2 =H1 control.

x_ cl ¼ Acl xcl þ Bcl w
z1 ¼ Ccl1 xcl þ Dcl1 w

ð12Þ

z2 ¼ Ccl2 xcl þ Dcl2 w
The following lemmas express the design objectives in term of LMIs [23]. Interested readers can
ﬁnd more details in Refs. [18–20].
Lemma 1 (H1 performance). The closed loop RMS gain for T1 ðsÞ does not exceed c1 if and only if
there exists a symmetric matrix X1 > 0 such that
2
3
T
Acl X1 þ X1 ATcl Bcl X1 Ccl1
4
ð13Þ
BTcl
I
DTcl1 5 < 0
Ccl1 X1
Dcl1 c21 I

Lemma 2 (H2 performance). The H2 norm of T2 ðsÞ does not exceed c2 if and only if Dcl2 ¼ 0 and
there exist two symmetric matrices X2 and Q such that




Q
Ccl2 X2
Acl X2 þ X2 ATcl Bcl
ð14Þ
> 0; TraceðQÞ < c22
< 0;
T
X2 Ccl2
X2
BTcl
I

The mixed H2 =H1 control design method uses both lemmas and gives us an output feedback
controller KðsÞ that minimizes a trade oﬀ criterion of the form
k1 kT1 ðsÞk21 þ k2 kT2 ðsÞk22

ðk1 P 0; k2 P 0Þ

ð15Þ

An eﬃcient algorithm for solving this problem is available in function hinfmix of the LMI control
toolbox for Matlab [23].
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4. Problem formulation and proposed control framework
A large scale power system consists of a number of interconnected distribution control areas;
each control area may have several Gencos (Fig. 1). The main control framework, in order to
formulation the AGC problem via a mixed H2 =H1 control design, for a given control area is
shown in Fig. 3. Gi ðsÞ denotes the dynamical model corresponding to the modiﬁed control area
shown in Fig. 1. According to Eqs. (11), the state space model for control area i can be obtained as
x_ i ¼ Ai xi þ B1i wi þ B2i ui
z1i ¼ C1i xi þ D11i wi þ D12i ui

ð16Þ

z2i ¼ C2i xi þ D21i wi þ D22i ui
yi ¼ Cyi xi þ Dy1i wi
where
xTi ¼ ½ Dfi

DPtiei

xti

xti ¼ ½ DPt1i

DPt2i



xgi ¼ ½ DPg1i

DPg2i

ui ¼ DPCi ;

and

2

Ai11
Ai ¼ 4 Ai21
Ai31

ð17Þ

DPtni 



ð18Þ

DPgni 

ð19Þ

yi ¼ bi Dfi þ DPtiei  w3i

z1i ¼ g1i DPCi ¼ g1i ui ;
wTi ¼ ½ w1i

xgi 

w2i
Ai12
Ai22
Ai32

w3i

zT2i ¼ ½ g2i Dfi
w4i ;

3
Ai13
Ai23 5;
Ai33

ð20Þ
g3i DPtiei 

wT4i ¼ ½ w4i1
2

B1i11
B1i ¼ 4 B1i21
B1i31

w4i2
3
B1i12
B1i22 5;
B1i32

ð21Þ


w4in 
2

3
B2i1
B2i ¼ 4 B2i2 5
B2i3

Fig. 3. Proposed control framework.

ð22Þ
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c2i ¼


012n
;
012n

0
g2i

g1i
0

C1i ¼ 01ð2nþ2Þ ;
cyi ¼ ½ bi

D11i ¼ 01ðnþ3Þ ;

012n ;

Dy1i ¼ ½ 0

Di =Mi
6 P
¼ 4 2p N Tij
j¼1

3
1=Mi
7
0 5;

1

2

Ai11

D21i ¼ 02ðnþ3Þ ;

D22i ¼ 021

D12i ¼ g3i
0 1


Ai12

1=Tt2i

01n 

1=Mi
¼
0

j6¼i

Ai22 ¼ Ai23 ¼ diag½ 1=Tt1i
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1=Mi
0


2n

1=Ttni 

Ai33 ¼ diag½ 1=Tg1i 1=Tg2i    1=Tgni 
2
3
1=ðTg1i R1i Þ 0 0
6
.. .. 7; A ¼ AT ¼ 0 ; A ¼ 0
..
Ai31 ¼ 4
i13
2n
i32
nn
i21
. .5
.
1=ðTgni Rni Þ 0 0


1=Mi
0
0
B1i11 ¼
; B1i21 ¼ B1i31 ¼ 0n2 ; B1i12 ¼ 02n ;
0
2p 0
B1i32 ¼ diag½ 1=Tg1i 1=Tg2i    1=Tgni ;
BT2i3 ¼ ½ a1i =Tg1i a2i =Tg2i    ani =Tgni 

B2i1 ¼ 021 ;

B1i22 ¼ 0nn ;

B2i2 ¼ 0n1 ;

The H1 performance is used to set a limit on the control set point to penalize the fast change
and large over shoot in the control action signal. The H2 performance is used to minimize the
eﬀects of disturbances on the control area frequency and tie line ﬂow signals. Therefore, it is
expected that the proposed strategy will satisfy the main objectives of the AGC system under load
change and bilateral contracts variation. The g1i , g2i and g3i in Fig. 3 and Eqs. (21) are constant
weighting coeﬃcients that are chosen by the designer to get the desired performance. In the next
section, two sets of robust controllers are developed for a power system example including three
control areas. The ﬁrst one, includes pure H1 controllers based on the general LMI technique,
and the second one contains designed low order controllers based on the proposed mixed H2 =H1
approach (described in Section 3) with the same assumed objectives to achieve desired robust
performance.

5. Case study
To illustrate the eﬀectiveness of the modelling strategy and proposed control design, a three
control area power system, shown in Fig. 4, is considered as a test system. It is assumed that each
control area includes two Gencos and one Disco. The power system parameters are tabulated in
Tables 1 and 2.
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Fig. 4. Three control area power system.

Table 1
Applied data for Gencos
Quantity

Genco 1

Genco 2

Genco 3

Genco 4

Genco 5

Genco 6

Rate (MW)
R (Hz/pu)
Tt (s)
Tg (s)
a

800
2.4
0.36
0.06
0.5

1000
3.3
0.42
0.07
0.5

1100
2.5
0.44
0.06
0.5

1200
2.4
0.4
0.08
0.5

1000
3
0.36
0.07
0.5

1000
2.4
0.4
0.08
0.5

Table 2
Applied control area parameters
Quantity

Area 1

Area 2

Area 3

D (pu/Hz)
M (pu s)
B (pu/Hz)
Tij (pu/Hz)

0.0084
0.1667
0.8675
T12 ¼ T23 ¼ 0:545

0.014
0.2
0.795

0.011
0.1667
0.870

5.1. Pure H1 control design
In order to compare, for each area, in addition to the proposed control strategy, a pure H1
dynamic output feedback controller is developed using Lemma 1. Speciﬁcally, the control design
is reduced to an LMI formulation, and then, the H1 control problem is solved according to the
LMI constraint (13) using the function hinﬂmi provided by MATLABÕs LMI control toolbox [23].
This function gives an optimal H1 controller through minimizing the guaranteed robust per-

H. Bevrani et al. / Energy Conversion and Management 45 (2004) 2297–2312
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formance index subject to speciﬁed constraints and returns the controller KðsÞ with optimal robust
performance index.
The same control framework (shown in Fig. 3) is used for the pure H1 control design but using
only one ﬁctitious output channel (z1 ) as
zT1 ¼ ½ g1i DPCi

g2i Dfi

g3i DPtiei 

ð23Þ

A set of suitable constant weights g1i , g2i and g3i are chosen as 2.5, 1 and 1, respectively. The
resulting controllers are the dynamic type and are given as follows, whose orders are the same as
the size of the area model (here 6).

K11 ðsÞ ¼

4:3183s5  151:5977s4  1591:4874s3  4630:9097s2  3529:211s þ 596:585
s6 þ 42:6561s5 þ 645:1347s4 þ 4262:8509s3 þ 13116:3347s2 þ 16735:9031s þ 5105:7057

K21 ðsÞ ¼

2:7694s5  90:4397s4  858:9605s3  2067:3481s2  668:8242s þ 1214:4936
s6 þ 39:4468s5 þ 545:6694s4 þ 3313:9408s3 þ 9898:8032s2 þ 14038:0905s þ 7342:4697

K31 ¼

4:5755s5  141:8668s4  1343:0582s3  3781:6026s2  2851:0296s þ 366:7874
s6 þ 38:9744s5 þ 552:8201s4 þ 3547:385s3 þ 10743:1064s2 þ 13506:6111s þ 3887:5418
ð24Þ

5.2. Mixed H2 =H1 control design
At the next step, according to the synthesis methodology (mixed H2 =H1 ) described in Section 3,
a set of three decentralized robust controllers is designed. The problem formulation and control
framework are explained in Section 4. The constant weights are chosen to be the same as pure H1
design and both k1 and k2 in Eq. (15) are ﬁxed as unity.
The order of the resulting controllers is 6. Using the standard Hankel norm approximation, the
order is reduced to 3 for each controller with no performance degradation. For example, the Bode
plot of the full order and reduced order controllers for areas 1 and 2 are shown in Fig. 5, which
present the same frequency response for both the original and reduced order controllers. The
transfer functions of the resulting reduced controllers with simple structures are

Fig. 5. Bode plots comparison of full order (original) and reduced controllers: (a) K1mix ðsÞ, (b) K2mix ðsÞ.
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0:0161s2 þ 0:0099s  0:0097
s3 þ 10:9846s2 þ 21:5941s þ 12:1933
0:0147s2 þ 0:0092s  0:0148
K2mix ðsÞ ¼ 3
s þ 10:17s2 þ 19:6734s þ 15:478
0:0167s2 þ 0:0107s  0:0101
K3mix ðsÞ ¼ 3
s þ 12:1815s2 þ 24:9846s þ 14:4173
K1mix ðsÞ ¼

ð25Þ

6. Simulation results
In order to demonstrate the eﬀectiveness of the proposed strategy, some simulations were
conducted. In these simulations, the proposed low order controllers, Eqs. (25), were applied to the
three control area power system described in Fig. 4. The performance of the closed loop system
using the proposed controllers in comparison with the designed full order pure H1 controllers,
Eqs. (24), is tested for the various possible scenarios of bilateral contracts and load disturbances.
Here, because of lack of space, the system responses are shown for two scenarios only, which
include diﬀerent bilateral contracts (GPM) and large load disturbances.
Scenario 1: It is assumed that a large load demand (as a step load disturbance) is requested in
each control area:
DPL1 ¼ 100 MW;
Assume each Disco
2
0:5
6 0:5
6
6 0
GPM ¼ 6
6 0
6
4 0
0

DPL2 ¼ 70 MW;

DPL3 ¼ 60 MW

demand is sent to its local Gencos only, based on the following GPM
3
0
0
0
0 7
7
0:5 0 7
7
0:5 0 7
7
0 0:5 5
0 0:5

The frequency deviation (Df ), power changes (DPm ) and area control error (ACE) of the closed
loop system are shown in Fig. 6a–c. Using the proposed method, the area control error and
frequency deviation of all the areas are quickly driven back to zero and the generated powers and
tie line powers properly converge to speciﬁed values. As shown in these ﬁgures, the actual generated powers of the Gencos, according to Eq. (10), reach the desired values in the steady state.
DPm1 ¼ gpf 11 DPL1 þ gpf 12 DPL2 þ gpf 13 DPL3 ¼ 0:5ð0:1Þ þ 0 þ 0 ¼ 0:05 pu
and
DPm2 ¼ 0:05 pu;

DPm3 ¼ DPm4 ¼ 0:035 pu;

DPm5 ¼ DPm6 ¼ 0:03 pu

Since there are no contracts between areas, the scheduled steady state power ﬂows, Eq. (7), over
the tie lines are zero. The actual tie line powers are shown in Fig. 6d. The diﬀerence between mixed
H2 =H1 and pure H1 controllers will be clear if we apply a set of larger step disturbances under
more complex bilateral contracts.

H. Bevrani et al. / Energy Conversion and Management 45 (2004) 2297–2312
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Fig. 6. Power system responses to scenario 1. Solid (mixed H2 =H1 ), dotted (H1 ): (a) area 1, (b) area 2, (c) area 3, and
(d) tie line powers.

Scenario 2: Consider the following larger demands by Disco 2 and Disco 3,
DPL1 ¼ 100 MW;

DPL2 ¼ 100 MW;

DPL3 ¼ 100 MW

and assume the Discos contract with the available Gencos in other areas according to the following GPM
3
2
0:25 0:25
0
6 0:5
0
0 7
7
6
7
6 0
0:25
0:75
7
GPM ¼ 6
6 0:25 0:25
0 7
7
6
4 0
0:25
0 5
0
0
0:25
The closed loop responses for each area are shown in Fig. 7a–d. According to Eq. (10), the actual
generated powers of the Gencos for this scenario can be obtained as
DPm1 ¼ 0:25ð0:1Þ þ 0:25ð0:1Þ þ 0 ¼ 0:05 pu
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Fig. 7. Power system responses to scenario 2. Solid (mixed H2 =H1 ), dotted (H1 ): (a) area 1, (b) area 2, (c) area 3, and
(d) tie line powers.

and
DPm2 ¼ 0:05 pu;

DPm3 ¼ 0:1 pu;

DPm4 ¼ 0:05 pu;

DPm5 ¼ DPm6 ¼ 0:025 pu

Also, the simulation results show the same values in steady state. The scheduled power tie lines
in the directions from area 1 to area 2 and area 2 to area 3, using Eq. (7) are obtained as
DPtie;1–2 ¼ ðgpf 12 þ gpf 22 ÞDPL2  ðgpf 31 þ gpf 41 ÞDPL1 ¼ ð0:25 þ 0Þ0:1  ð0 þ 0:25Þ0:1 ¼ 0 pu
DPtie;2–3 ¼ ð0:75 þ 0Þ0:1  ð0:25 þ 0Þ0:1 ¼ 0:05 pu
Fig. 7d shows the actual tie line powers, and they reach the above values at steady state. The
simulation results show the validity of the generalized AGC model and demonstrate that the
proposed low order controllers perform robustness better than the full order H1 controllers for a
wide range of load disturbances and possible bilateral contract scenarios.

7. Conclusion
In this paper, the AGC is considered as a multi-objective control problem and a new method
for robust decentralized AGC design using a mixed H2 =H1 approach has been proposed for a
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modiﬁed traditional AGC system model according to bilateral contracts in the restructured power
system. The design strategy includes enough ﬂexibility to set the desired level of performance and
gives a set of simple controllers, which are commonly useful in real world power systems.
The proposed method was applied to a three control area power system and tested under
various load scenarios. The results are compared with the results of applied pure H1 output
controllers. The simulation results demonstrated the eﬀectiveness of the methodology. It was
shown that the designed controllers are capable to guarantee robust performance, such as precise
reference frequency tracking and disturbance attenuation under a wide range of area load disturbances and possible contracted scenarios.
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