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This paper presents a new robust decentralized controller based on mixed H2/H1 control technique for
the solution of load frequency control (LFC) problem including superconducting magnetic energy storage
(SMES) in a deregulated electricity environment. To achieve decentralization, in each control area, the
connections between this area and the rest of the system and the effects of possible contracts are treated
as a set of new disturbance signals. In order to minimize effects of load disturbances and to achieve
desired level of robust performance in the presence of modeling uncertainties and practical constraints
on control action the idea of mixed H2/H1 control technique is being used for the solution of LFC problem.
This newly developed design strategy combines advantage of H2 and H1 control syntheses and gives a
powerful multi-objectives design addressed by the linear matrix inequalities (LMI) technique. To demon-
strate the effectiveness of the proposed method a four-area restructured power system is considered as a
test system under different operating conditions. The simulation results with the proposed controller are
shown to maintain robust performance in the presence of SMES unit in two areas at power system and
without SMES unit in any of the areas. Analysis reveals that the proposed control strategy with consid-
ering SMES unit improves significantly the dynamical performances of system such as settling time and
overshoot against parametric uncertainties for a wide range of area load demands and disturbances in
either of the areas even in the presence of system nonlinearities.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Global analysis of the power system markets shows that the fre-
quency control is one of the most profitable ancillary services at
these systems. This service is related to the short-term balance of
energy and frequency of the power systems. The most common
methods used to accomplish frequency control are generator gov-
ernor response (primary frequency regulation) and load frequency
control (LFC). The goal of LFC is to reestablish primary frequency
regulation capacity, return the frequency to its nominal value
and minimize unscheduled tie-line power flows between neigh-
boring control areas. From the mechanisms used to manage the
provision this service in ancillary markets, the bilateral contracts
or competitive offers stand out [1].

LFC goals, i.e. frequency regulation and tracking the load de-
mands, maintaining the tie-line power interchanges to specified
values in the presence of modeling uncertainties, system nonlin-
earities and area load disturbances determines the LFC synthesis
as a multi-objective optimization problem. On the other hand,
increasing size and complexity of the restructured power system
introduced a set of significant uncertainties and disturbances in
ll rights reserved.

: +98 451 5512904.
i).
power system control and operation, especially on the LFC problem
solution. Thus, it is desirable that the novel control strategies be
developed to achieve LFC goals and maintain reliability of the elec-
tric power system in an adequate level. There have been contin-
uing efforts in design of load frequency controller with better
performance according to the change of environment in power sys-
tem operation under deregulation using various optimal and ro-
bust control strategies during the recent years [2–6]. The
proposed methods gave good dynamical responses, but robustness
in the presence of large modeling uncertainties and system nonlin-
earities was not considered. Also, in most of the proposed robust
methods, only one single norm is used to capture design specifica-
tions. It is clear that meeting all LFC design objectives by a single
control approach due to increasing the complexity and change of
the power system structure is difficult.

In this paper, a new decentralized robust control strategy based
on the mixed H2/H1 control technique for solution of the LFC prob-
lem in a deregulated power system is proposed. To achieve decen-
tralization, the effects of possible contracted scenarios and
connections between each area with the rest of system are treated
as a set of new input disturbance signals in each control area. The
proposed control strategy combines advantage of H2 and H1
control syntheses to achieve the desired level of robust perfor-
mance against load disturbances, modeling uncertainties, system
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Nomenclature

F area frequency
Ptie net tie-line power flow
PT turbine power
PV governor valve position
PC governor set point
ACE area control error
a ACE participation factor
D deviation from nominal value
KP subsystem equivalent gain
TP subsystem equivalent time constant
TT turbine time constant
TH governor time constant
R droop characteristic
B frequency bias

Tij tie-line synchronizing coefficient between areas i and j
Pd area load disturbance
PLj�i contracted demand of Disco j in area i
PULj�i un-contracted demand of Disco j in area i
Pm,j�i power generation of GENCO j in area i
PLoc total local demand
g area interface
f scheduled power tie-line power flow deviation (DPtie,sch)
Id inductor current in SMES unit
Ed converter voltage applied to inductor in SMES unit
KSMES gain of control loop SMES
Kid the gain for feedback DId in SMES unit
Tdc converter time constant in SMES unit
uSMES control signal of SMES unit
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nonlinearities and gives a powerful multi-objectives design ad-
dressed by the linear matrix inequalities (LMI) techniques [7,8].
Due to its practical merit, it has a decentralized scheme and re-
quires only the area control error (ACE). When a decentralized
LFC is applied, by reducing the system size the resulting controller
order will be lower, which is ideally useful for the real world com-
plex power systems.

Literature survey shows that, in most of the works concerned
with LFC problem [2–6,9,10] of interconnected power systems
the supplementary controllers are designed to regulate the area
control errors to zero effectively. However, the power frequency
and the tie-line power deviations persist for a long duration. In
these situations, the governor system may no longer be able to ab-
sorb the frequency fluctuations due to its slow response [9]. Thus,
to compensate for the sudden load changes, an active power source
with fast response such as a superconducting magnetic energy
storage (SMES) unit is expected to be the most effective counter-
measure. The reported works [11–15] further shows that, SMES
is located in each area of the power system for LFC problem. With
the use of SMES in all areas, frequency deviations in each area are
effectively suppressed. However, it may not be economically feasi-
ble to use SMES in every area of a multi-area interconnected power
system. Therefore, it is advantageous if an SMES located in an area
is available for the control of frequency of other interconnected
areas.

Also, literature survey shows that, no work has been carried out
for the solution of LFC problem in a deregulated power system con-
sidering an SMES unit. In view of the above, SMES units is used to
demonstrate technical and economic feasibility of them in deregu-
lated power system applications. The energy storage requirement
to damp the frequency oscillations caused by small load perturba-
tions is much smaller. In such cases, the real power transfer takes
place in a very short time. Thus, addition of a SMES unit to the sys-
tem significantly improves transients of frequency and tie-line
power deviations against to small load disturbances.

The proposed control strategy is tested on a four-area restruc-
tured power system. To damp out the oscillations due to load de-
mands and instantaneous load perturbations as fast as possible,
LFC including the mixed H2/H1 controllers is used. Moreover, the
considered interconnected power system contains two SMES units
in areas 1 and 3, respectively. To illustrate effectiveness of the pro-
posed method two scenarios of possible contracts under different
operating conditions are simulated in comparison with the PI con-
troller (which is widely used in practical industries) through some
performance indices in the presence of large parametric uncertain-
ties and system nonlinearities under various area load changes.
The performance indices are chosen as the integral of the time
multiplied absolute value of the error (ITAE) and figure of demerit
(FD). The simulation results show that the proposed controller
achieves good robust performance for a wide range of system
parameters and area load disturbances changes even in the pres-
ence of generation rate constraints (GRC). Moreover, analysis of
controller resulting show hat with considering SMES unit in same
areas dynamical performances of system such as frequency oscilla-
tion and settling time significantly is improved due to any large
load changes.
2. SMES model

The schematic diagram in Fig. 1 shows the configuration of a
thyristor controlled SMES unit. In the SMES unit, a DC magnetic
coil is connected to the AC grid through a power conversion system
(PCS) which includes an inverter/rectifier. The superconducting
coil is contained in a helium vessel. Heat generated is removed
by means of a low-temperature refrigerator. Helium is used as
the working fluid in the refrigerator as it is the only substance that
can exist as either a liquid or a gas at the operating temperature
which is near absolute zero. The current in the superconducting
coil will be tens of thousands or hundreds of thousands of amperes.
No AC power system normally operates at these current levels and
hence a transformer is mounted on each side of the converter unit
to convert the high voltage and low current of the AC system to the
low voltage and high current required by the coil. The energy ex-
change between the superconducting coil and the electric power
system is controlled by a line commutated converter. To reduce
the harmonics produced on the AC bus and in the output voltage
to the coil, a 12-pulse converter is preferred. The superconducting
coil can be charged to a set value from the grid during normal oper-
ation of the power system. Once the superconducting coil gets
charged, it conducts current with virtually no losses [11–16] as
the coil is maintained at extremely low-temperatures. When there
is a sudden rise in the load demand, the stored energy is almost re-
leased through the PCS to the power system as alternating current.
As the governor and other control mechanisms start working to set
the power system to the new equilibrium condition, the coil cur-
rent changes back to its initial value. Similar action occurs during
sudden release of loads. In this case, the coil immediately gets
charged towards its full value, thus absorbing some portion of
the excess energy in the system and as the system returns to its
steady state, the excess energy absorbed is released and the coil
current attains its normal value. The control of the converter firing
angle provides the DC voltage appearing across the inductor to
be continuously varying within a certain range of positive and
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negative values. The inductor is initially charged to its rated cur-
rent Id0 by applying a small positive voltage. Once the current
reaches its rated value, it is maintained constant by reducing the
voltage across the inductor to zero since the coil is superconduc-
ting. Neglecting the transformer and the converter losses, the DC
voltage is given by [15]

Ed ¼ 2Vd0 cos a� 2IdRC ð1Þ

where Ed is the DC voltage applied to the inductor in kV, a is the fir-
ing angle in degrees, Id is the current flowing through the inductor
in kA, RC is the equivalent commutating resistance in kX and Vd0 is
the maximum circuit bridge voltage in kV. Charging and discharging
of the SMES unit is controlled through the change of commutation
angle a. If a is less than 90�, converter acts in the converter mode
(charging mode) and if a is greater than 90�, the converter acts in
the inverter mode (discharging mode).

In LFC operation, the Ed is continuously controlled by the input
signal to the SMES control logic. As mentioned in recent literatures
[11–16], the inductor current must be restored to its nominal value
quickly after a system disturbance so that it can respond to the
next load disturbances immediately. Thus, in order to improve
the current restoration to its steady state value the inductor cur-
rent deviation is used as a negative feedback signal in the SMES
control loop. Based on the above dissuasion, the converter voltage
applied to the inductor and inductor current deviations are de-
scribed as follows:

DEdiðsÞ ¼
KSMES

1þ sTdci
uSMESiðsÞ �

Kid

1þ sTdci
DIdiðsÞ ð2Þ

DIdiðsÞ ¼
1

sLi
DEdiðsÞ ð3Þ

In this study, as in recent literatures, the input signal to the SMES
control logic is considered the ACEi of the same area in power sys-
tem [9]. The ACEi is defined as follows:

ACEi ¼ BiDFi þ DPtie;i ð4Þ
The deviation in the inductor real power of SMES unit is expressed
in time domain as follows:

DPSMESi ¼ DEdiId0i þ DId0iDEdi ð5Þ

This value is assumed positive for transfer from AC grid to DC. Fig. 2
shows the block diagram of SMES unit.

3. Description of generalized LFC scheme

In the deregulated power systems, the vertically integrated util-
ity no longer exists. However, the common LFC objectives, i.e.
restoring the frequency and the net interchanges to their desired
values for each control area, still remain. The deregulated power
system consists of GENCOs, TRANSCOs and DISCOs with an open
access policy. In the new structure, GENCOs may or may not partic-
ipate in the LFC task and DISCOs have the liberty to contract with
any available GENCOs in their own or other areas. Thus various
combinations of possible contracted scenarios between DISCOs
and GENCOs are possible. All the transactions have to be cleared
by the independent system operator (ISO) or other responsible
organizations. In this new environment, it is desirable that a new
model for LFC scheme be developed to account for the effects of
possible load following contracts on system dynamics.

Based on the idea presented in [17], the concept of an ‘Aug-
mented Generation Participation Matrix’ (AGPM) to express the pos-
sible contracts following is presented here. The AGPM shows the
participation factor of a GENCO in the load following contract with
a DISCO. The rows and columns of AGPM matrix equal the total
number of GENCOs and DISCOs in the overall power system,
respectively. Consider the number of GENCOs and DISCOs in area
i be ni and mi in a large scale power system with N control areas.
The structure of AGPM is given by

AGPM ¼
AGPM11 � � � AGPM1N

..

. . .
. ..

.

AGPMN1 � � � AGPMNN

2664
3775 ð6Þ
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Fig. 2. The block diagram of SMES unit.
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where

AGPMij ¼

gpfðsiþ1Þðzjþ1Þ � � � gpfðsiþ1ÞðzjþmjÞ

..

. . .
. ..

.

gpfðsiþniÞðzjþ1Þ � � � gpfðsiþniÞðzjþmjÞ

2664
3775

For i,j = 1, . . . ,N and

si ¼
Xi�1

k¼1

ni; zj ¼
Xj�1

k¼1

mj and s1 ¼ z1 ¼ 0

In the above, gpfij refers to ‘generation participation factor’ and shows
the participation factor of GENCO i in total load following require-
ment of DISCO j based on the contracted scenario. Sum of all entries
in each column of AGPM is unity. The diagonal sub-matrices of
Fig. 3. The generalized LFC schem
AGPM correspond to local demands and off-diagonal sub-matrices
correspond to demands of DISCOs in one area on GENCOs in another
area.

Block diagram of the generalized LFC scheme in a restructured
system is shown in Fig. 3 with considering SMES unit. Dashed lines
show interfaces between areas and the demand signals based on
the possible contracts. These new information signals are absent
in the traditional LFC scheme. As there are many GENCOs in each
area, ACE signal has to be distributed among them due to their
ACE participation factor in the LFC task and

Pni
j¼1aji ¼ 1.

Fig. 4 shows the modified LFC scheme for control area i in a
restructured system. It can be seen from this figure that four input
disturbance channels, di, gi, fi and qi are considered for decentral-
ized LFC design. They are defined as below
e in the restructured system.



Fig. 4. The decentralized LFC scheme for area i in the restructured environment.
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di ¼ DPLoc;i þ DPdi; DPLoc;i ¼
Xmi

j¼1

ðDPLj þ DPULjÞ ð7Þ

gi ¼
XN

j¼1
j6¼i

TijDfj ð8Þ

fi ¼ DPtie;i;sch ¼
XN

k¼1
k 6¼i

DPtie;ik;sch ð9Þ

DPtie;ik;sch ¼
Xni

j¼1

Xmk

t¼1

apfðsiþjÞðzkþtÞDPLðzkþtÞ

�
Xnk

t¼1

Xmi

j¼1

apfðskþtÞðziþjÞDPLðziþjÞ ð10Þ

DPtie;i�error ¼ DPtie;i�actual � fi ð11Þ

qi ¼ ½q1i � � � qki � � � qnii
�T; qki ¼

XN

j¼1

Xmj

t¼1

gpfðsiþkÞðzjþtÞDPLt�j

" #
ð12Þ

DPm;k�i ¼ qki þ apfki

Xmi

j¼1

DPULj�i ð13Þ

DPm,ki is the desired total power generation of a GENCO k in area i
and must track the demand of the DISCOs in contract with it in
the steady state.

Due to Fig. 4, the state-space model for control area i can be ob-
tained as

_xi ¼ Aixi þ Biuuþ Biww0i
yi ¼ Cixi þ Diww0i

ð14Þ

where

xT
i ¼ ½xaix1i � � � xki � � � xnii�; ui ¼ DPci; yi ¼ ACEi

xai ¼ ½DfiDPtie;i

Z
ACEi�; xki ¼ ½DPTkiDPVki�; k ¼ 1; . . . ;ni

w0Ti ¼ ½DPLoc;i gi ni qi �; qi ¼ ½q1i � � � qki � � � qnii
�

Ai ¼
A11i A12i

A21i A22i

� �
; A11i ¼

1=TPi �KPi=TPi 0PN
j¼1&j 6¼i

Tji 0 0

Bi 1 0

26664
37775

A12i ¼
KPi=TPi 0 0

0 0 0
0 0 0

0B@
1CA � � �

KPi=TPi 0 0
0 0 0
0 0 0

0B@
1CA

264
375

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
niblocks
A21i ¼ ½DPT
1i � � �DPT

ki � � �DPT
nii
�;

A22i ¼ diagðTG1i; . . . ; TGki; . . . ; TGniiÞ

DPki ¼
0 0 0

�1=ðRkiTHkiÞ 0 �Kiaki=THki

� �
;

TGki ¼
�1=TTki 1=TTki

0 �1=THki

� �
BT

iu ¼ ½0
T
3�1 BT

1iu � � �B
T
kiu � � �B

T
niiu
�;

Bkiu ¼ ½0 aki=THki� BT
iw ¼ ½B

T
aiw BT

1iw � � �B
T
kiw � � �B

T
ni iw
�

Baiw ¼
�KPi=TPi 0 0 01�ni

0 �1 0 01�ni

0 0 �1 01�ni

264
375

Bkiw ¼
01�3 0 � � �0 � � �0
01�3 b1i � � � bki � � � bnii

� �
; bji ¼

�1=THki j ¼ k
0 j 6¼ i

�

Ci ¼ ½Cai 01�2ni
�; Cai ¼ ½Bi 1 0 �; Diw ¼ ½01�2 �1 01�ni �
4. Mixed H2/H‘ and the proposed control framework

This section gives a technical background about the mixed H2/
H1 control technique. Also, the proposed synthesis methodology
for LFC problem based on the mixed H2/H1 control is given.

4.1. Mixed H2/H1: technical background

In many real world control application, multi-objectives such as
stability, disturbance attenuation and reference tracking under
model uncertainties and practical constraints are followed simul-
taneously. On the other hand, each robust control method is
mainly useful to capture a set of special design specifications. For
instance, noise attenuation or regulation against random distur-
bances is more naturally expressed in LQG terms (H2 synthesis).
Similarly, pure H1 synthesis is more useful for holding close loop
stability and formulation of some uncertainties and practical con-
trol constraints. It is shown that combination of H2 and H1 (mixed
H2/H1) control techniques gives a powerful multi-objectives de-
sign including both sets of the above objectives [7,8]. The synthesis
problem is shown in Fig. 5. P(s) is a linear time invariant system
with the following state-space realization:

_x ¼ Axþ B1wþ B2u

z1 ¼ C1xþ D11wi þ D12u

z2 ¼ C2xþ D21wi þ D22ui

yi ¼ cyxþ Dy1wi

ð15Þ
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Fig. 5. The mixed H2/H1 synthesis structure.
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where x is the state variable vector, w is the disturbance and other
external vector and y is the measured output vector. The output
channels z1 is associated with the H1 performance, while the out-
put channel z2 is associated with the H2 performance.

Denoting by T1(s) and T2(s), the transfer functions from w to z1
and z2, respectively, the mixed H2/H1 synthesis problem can be ex-
pressed by the following optimization problem: design a controller
K(s) that minimize a trade off criterion of the form:

akT1ðsÞk2 þ bkT2ðsÞk2 ða&b P 0Þ ð16Þ

An efficient algorithm for solving this problem is available in LMI
control toolbox of MATLAB [18]. The following lemmas relate the
above optimization control problem to LMI techniques. Assume that
the state-space realization of close loop system is given by as

_xcl ¼ Ac1xc1 þ Bc1w

z1 ¼ Ccl1xcl þ Dcl1w

z2 ¼ Ccl2xcl þ Dcl2w

ð17Þ

Lemma 1. (H1 performance) [8] The closed loop RMS gain for T1(s)
does not exceed c1 if and only if there exist a symmetric matrix X1 > 0
such that

AclX1 þ X1AT
cl Bcl X1CT

cl

BT
cl �I DT

cl1

Ccl1X1 Dcl1 �c2
1I

264
375 < 0 ð18Þ

Lemma 2. (H2 performance)[8] The H2 norm of T2(s) does not exceed
c2 if and only if Dcl2 = 0 and here exist two symmetric matrices X2 and
Q such that

AclX2 þ X2AT
cl Bcl

BT
cl �I

" #
< 0;

Q Ccl2X2

X2CT
cl2 X2

� �
> 0; traceðQÞ < c2

2

ð19Þ
4.2. LFC problem formulation via mixed H2/H1

LFC goals, i.e. frequency regulation and tracking the load de-
mands, maintaining the tie-line power interchanges to specified
values in the presence of modeling uncertainties, system nonlin-
earities and area load disturbances determines the LFC synthesis
as a multi-objective optimization problem. For this reason, the idea
of mixed H2/H1 control synthesis, which gives a powerful multi-
objectives design is used for the solution this problem. The main
yi

di i i i
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+

w'
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_
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u i

WP i
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Δ

8 8 η ζ ρ

Fig. 6. The proposed synthesis framework.
synthesis framework to formulate it as a mixed H2/H1 control de-
sign for a given control area (Fig. 4) is shown in Fig. 6.

In the power systems, each control area contains different kinds
of uncertainties because of plant parameter variations, load
changes and system modeling errors due to some approximations
in model linearization and un-modeled dynamics. Usually, the
uncertainties in power system can be modeled as multiplicative
and/or additive uncertainties [19]. In Fig. 6 the Dui block models
the structured uncertainties as a multiplicative type and Wui is
the associated weighting function. The output channels z1i,1 and
z1i,2 are associated with H1 performance. The first channel is used
to meet robustness against uncertainties and reduce their impacts
on close loop system performance. In the second channel (z1i,2)
WCi sets a limit on the allowed control signal to penalize fast
change and large overshoot in the control action signal with regard
to practical constraints. The output channel z2i is associated with
the H2 performance and WPi sets the performance goal, i.e. zero
tracking error and minimizing the effects of disturbances on the
area control error (ACEi). We can redraw the Fig. 6 as a mixed
H2/H1 general framework synthesis as shown in Fig. 7, where Poi(s)
and Ki(s) denote the nominal area model as given by Eq. (16) and
controller, respectively. Also, yi is the measured output (performed
by ACEi), ui is the control output and wi includes the perturbed, dis-
turbance and reference signals in the control area.

In Fig. 7, Pi(s) is the generalized plant (GP) that includes nominal
models of control area i and associated weighting functions. The
state-space model of GP can be obtained as

_xGPi ¼ AGPixGPi þ B1iwi þ B2iui

z1i ¼ C1ixGPi þ D11iwi þ D12iui

z2i ¼ C2ixGPi þ D21iwi þ D22iui

yi ¼ cyixGPi þ Dy1iwi

ð20Þ

where

wT
i ¼ ½ vi di gi fi qi yref � ; zT

1i ¼ ½ z11i z12i �

Now, the synthesis problem is designing a controller Ki(s) as
shown in Fig. 7 such that Eq. (16) is minimized. It is should be
noted that the order of found controller by this strategy is the same
as size of generalized plant that is typically high in general. In order
to overcome the complexity of computation in the case of high or-
der power systems, appropriated model reduction techniques
might be applied to the obtained controller model. In summary,
the designing steps of the proposed method are

Step 1: Formulation of the LFC problem as a decentralized control
scheme due to Fig. 4 and identify the state-space model
for the given control area.

Step 2: Identify the uncertainty (Wui) and performance weighting
functions (WPi and WCi) for the given area according to
dynamical model, practical limits and performance
requirements.
Wu  i

ui

WCi

WP  i

Ki (s)

z 1, i

z 2, i

z 2 i

y i =ACE i

w i

vi
di

i

i

i
y

Δ

ref

u i = Pci

z i

P  (s)

Pi

oi

8

8
8

Δ

η
ζ
ρ

Fig. 7. The formulation of mixed H2/H1 based control design problem.
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Step 3: Problem formulation as a general mixed H2/H1 control
structure according to Fig. 7.

Step 4: Identify the indexes a, b and solve optimization problem
Eq. (16) using LMI approaches to obtain desired
controller.

Step 5: Reduce the order of result controller by using standard
model reduction techniques.

Step 6: Continue this procedure by applying the above steps to
other control area.

The proposed control methodology in this paper includes en-
ough flexibility to set the desired level of robust performance
and provides a set of robust decentralized controllers which guar-
antee stability of the overall power system. On the other hand, it
has a decentralized scheme and requires only the ACE in each con-
trol area. Thus, its construction and implementation are easy and
can be useful in the real world complex power system.

5. Case study

A four-area power system considering two SMES units in areas
1 and 3, shown in Fig. 8 is considered as a test system to demon-
strate the effectiveness of the proposed control strategy. It is as-
sumed that each control area includes two GENCOs and two
DISCOs except areas two and four have one DISCO. The system
parameters are the same as [20] and given in Appendix.

Simulation results and eigenvalue analysis show that the open
loop system performance is affected more significantly by chang-
ing in the Kpi, Tpi, Bi and Tij than changes of other parameters. Thus,
to illustrate the capability of the proposed strategy in this example,
in the view point of uncertainty our focus will be concentrated on
variation of these parameters. Hence, for the given power system,
we have set our objectives to area frequency regulation and assur-
ing robust stability and performance in the presence of specified
uncertainties, load changes and contract variations as follows:

1. Holding stability and robust performance for the overall power
system and each control area in the presence of 25% uncertainty
for the Kpi, Tpi, Bi and Tij.

2. Minimizing the effects of new introduced disturbances on the
output signals according to the possible contracts.
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Fig. 8. Four-area contr
3. Getting zero steady state error and good tracking for load
demands and disturbances.

4. Maintaining acceptable overshoot and settling time on the fre-
quency deviation signal in each control area.

5. Setting the reasonable limit on the control action signal from
the change speed and amplitude view point.

In the following subsection, we will discuss application of the
proposed strategy on the given power system to achieve the above
objectives for each of the four control areas separately. Because of
similarity and to save space, the first controller synthesis will be
described in detail and for the other control areas, only the final re-
sults would be presented.

5.1. Weighting functions selection

5.1.1. Uncertainty weights selection
As it is mentioned in the previous section, we can consider the

specified uncertainty in each area as a multiplicative uncertainty
associated with a nominal model. Let bPiðsÞ denote the transfer
function from the control input ui to control output yi at operating
points other than the nominal point. Following a practice common
in robust control, this transfer can be represented as

jDuiðsÞWiðsÞj ¼ jðbPiðsÞ � PoiðsÞÞ=PoiðsÞÞj; PoiðsÞ 6¼ 0
kDuiðsÞk1 ¼ sup jDuiðsÞj 6 1

ð21Þ

where Dui(s) shows the uncertainty block corresponding to the
uncertain parameters and Poi(s) is the nominal transfer function
model. Thus, Wui(s) is such that its magnitude Bode plot covers
the Bode plot of all possible plants. Using Eq. (21) some sample
uncertainties corresponding to different values of Kpi, Tpi, Bi and Tij

are shown in Fig. 9 for one area. It can be seen that multiplicative
uncertainties have a peak around the 6.5 rad/s. Based on this figure
the following multiplicative uncertainty weight was chosen for con-
trol design as:

Wu1 ¼
16:13s2 þ 26:22sþ 21:33

s2 þ 0:9sþ 44:07
ð22Þ

Fig. 9 clearly shows that attempting to cover the sharp peak
around the 6.5 rad/s will result in large gaps between the weight
and uncertainty at other frequencies. On the other hand, a tighter
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Performance weighting functions
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fit at all frequencies using a high order transfer function will result
in a high order controller. The weight (22) used in our design give a
conservative design at around the 6.5 rad/s, low and high frequen-
cies, but it provides a good trade off between robustness and con-
troller complexity. Using the same method, the uncertainty
weighting function for area 2, 3 and 4 are calculated as follows:
Weight Area-2 Area-3 Area-4

WPi 0:05s
83ð0:001sþ 1Þ

0:04s
63ð0:01sþ 1Þ

0:03s
93ð0:001sþ 1Þ

WCi 0:01sþ 0:5
280sþ 1

0:01sþ 0:4
300sþ 1

0:01sþ 0:8
480sþ 1
Wu2 ¼
19:7s3 þ 17:32s2 þ 232:1sþ 53:29

s3 þ 4:49s2 þ 41sþ 148:2

Wu3 ¼
68s3 þ 154:9s2 þ 1343:7sþ 1246

s3 þ 31:16s2 þ 84:7sþ 1159

Wu4 ¼
1666s3 þ 3510s2 þ 31414sþ 25311

s3 þ 1150s2 þ 1364:1sþ 36489

ð23Þ
5.1.2. Performance weights selection
The selection of performance weights WCi and WPi entails a trade

off among different performance requirements, particularly good
area control error minimization versus peak control action. The
weight on the control input, WCi, must be chosen close to a differen-
tiator to penalize fast change and large overshoot in the control input
due to corresponding practical constraints. The weight on the out-
put, WPi, must be chosen close to an integrator at low frequency in
order to get disturbance rejection and zero steady state error. More
details on how these weights are chosen are given in [21–23]. Based
on the above discussion, a suitable set of performance weighting
functions for one control area is chosen as

WC1 ¼
0:1s

83ð0:001sþ 1Þ ; WP1 ¼
0:04sþ 0:8

150sþ 1
ð24Þ
-

d

-d

1
TTki

1
s

ΔPTki
ΔPVki
5.2. Mixed H2/H1 control design

Based on the problem formulation and synthesis methodologies
in Section 4, a decentralized robust controller is designed for one
control area using the hinfmix function in the LMI control toolbox.
This function gives an optimal controller through the mentioned
optimization problem Eq. (16) with a and b fixed at unity. The result-
ing controller is dynamic type and whose order is the same as the
size of the GP model (here 11). The order of controller is reduced to
a four with no performance degradation using the standard Hankel
norm approximation. The Bode plots of the full order and reduced or-
der controllers are shown in Fig. 10. The transfer function of the re-
duced order controller with simple structure is given as

K1ðsÞ ¼ �9:86� 10�3

� s5 þ 9:97s4 þ 33:3s3 þ 121:59s2 þ 47:7sþ 1:59
s6 þ 3:87s5 þ 9:44s4 þ 10:87s3 þ 8:35s2 þ 2:67sþ 0:067

ð25Þ
Using the same procedure and setting similar objectives as dis-
cussed above the set of suitable weighting function for the other
control area synthesizes are given in Table 1. The resulting control-
lers can be approximated by low order controllers as follows:

K2ðsÞ

¼ �1:03� 10�2 s5 þ 12:93s4 þ 52:27s3 þ 226:5s2 þ 801:46sþ 1:03
s6 þ 3:51s5 þ 15:9s4 þ 25:6s3 þ 14:85s2 þ 3:02sþ 0:011

K3ðsÞ ¼ 5:14� 10�3 s4 � 8:72s3 þ 17:57s2 � 148:82s� 4:01
s5 þ 1:89s4 þ 21:42s3 þ 32:42s2 þ 22:96sþ 0:077

K4ðsÞ ¼ �4:4� 10�3 s4 � 32:3s3 � 73:03s2 � 1151:25sþ 24:59
s5 þ 5:45s4 þ 22:68s3 þ 35:15s2 þ 15:74sþ 0:034

ð26Þ
6. Simulation results

In the simulation study, the linear model of turbine DPVki/DPTki

in Fig. 3 is replaced by a nonlinear model of Fig. 11 (with ±0.05 lim-
it). This is to take GRC into account, i.e. the practical limit on the
rate of the change in the generating power of each GENCO. The re-
sults in Ref. [16,21] indicated that GRC would influence the dy-
namic responses of the system significantly and lead to larger
overshot and longer settling time. Moreover, from the point view
of economy SMES unit is considered only in one and three areas
of the power system [15]. Thus, affirmative effect of SMES on LFC
is also taken into account in the study. The effect of SMES in the
improvement of LFC at power systems is known in the literatures.
Fig. 11. Nonlinear turbine model with GRC.
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The close loop system performance using the proposed control-
lers in comparison with the conventional PI controllers (which is
widely used for LFC problem in industry) is tested for two cases of
operating conditions in the presences of load demands, disturbances
and uncertainties. In addition, during operation, both the effects of
SMES and mixed H2/H1 controller are investigated together.
6.1. Scenario 1

In this scenario, the closed loop performance is tested in the
presence of both step contracted load demands and uncertainties.
It is assumed that a large step load is demanded by all DISCOs as
follow:

DPL1�1 ¼ 100; DPL2�1 ¼ 50; DPL1�2 ¼ 100;
DPL1�3 ¼ 80; DPL2�3 ¼ 60; DPL1�4 ¼ 100 MW

A case of combined Poolco and bilateral based contracts between
DISCOs and available GENCOs is considered based on the following
AGPM:

AGPMT ¼

0:4 0 0:4 0 0:2 0 0 0
0 0:2 0 0:4 0 0 0 0:4
0 0 0:4 0 0 0:6 0 0
0 0:4 0 0:2 0:4 0 0 0

0:8 0 0 0 0 0:2 0 0
0 0 0 0 0 0 0:5 0:5

2666666664

3777777775
All GENCOs participate in the LFC task. The one GENCO in area 4

only participate for performing the LFC in its area, while other
GENCOs track the load demand in their areas and/or others. Power
system responses with 25% increase in uncertain parameters KPi,
TPi, Bi and Tij are depicted in Figs. 12 and 13 without and with SMES
unit, respectively. Using the proposed method and considering
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Fig. 12. Power system responses to scenario 1 without SMES unit: (a) Frequency d
SMES unit, the frequency deviation of all areas is quickly driven
back to zero and the tie-line power flows properly converges to
the specified values of Eq. (10) in the steady state, i.e.

DPtie;1;sch ¼ �0:02; DPtie;2;sch ¼ 0:016; DPtie;3;sch ¼ �0:016;
DPtie;4;sch ¼ 0:02 pu MW
6.2. Scenario 2

In this case, a DISCO may violate a contract by demanding more
power than that specified in the contract. This excess power is re-
flected as a local load of the area (un-contracted load). Consider
scenario 1 again. It is assumed that in addition to specified con-
tracted load demands and 25% decrease in uncertain parameters,
the one DISCO from areas 1 and 3 demand 0.1 and 0.06 pu MW
as a large un-contracted load, respectively. Using the Eq. (7), the to-
tal local load in all areas is obtained as

DPLoc;1 ¼ 0:25; DPLoc;2 ¼ 0:16; DPLoc;3 ¼ 0:14;
DPLoc;4 ¼ 0:1 pu MW

The purpose of this scenario is to test the effectiveness of the
proposed controller against uncertainties and large load distur-
bances in the presence of GRC. The power system responses are
shown in Figs. 14 and 15 without and with SMES unit. Using the
proposed method and considering SMES, the frequency oscillation
is quickly driven damped and the tie-line power flows properly
converge to the specified value of Eq. (10) in the steady state. As
AGPM is the same as in scenario 1 and the un-contracted load of
areas is taken up by the GENCOs in the same areas, the tie-line
power is the same as in scenario 1 in the steady state. The un-con-
tracted load of DISCOs in area 1 and 3 is taken up by the GENCOs in
these areas according to ACE participation factors in the steady
state.
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eviation and (b) tie-line power changes; solid (mixed H2/H1) and dashed (PI).
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Fig. 13. Power system responses to scenario 1 with SMES unit: (a) frequency deviation and (b) tie-line power changes; solid (mixed H2/H1) and dashed (PI).
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Fig. 14. Power system responses to scenario 2 without SMES unit: (a) frequency deviation and (b) tie-line power changes; solid (mixed H2/H1) and dashed (PI).
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The simulation results in the above scenarios indicate that the
proposed control strategy can ensure the robust performance such
as frequency tracking and disturbance attenuation for possible
contracted scenarios under modeling uncertainties and large area
load demands in the presence of GRC. Moreover, the simulations
represent the positive effect of SMES unit on the improvement of
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Fig. 15. Power system responses to scenario 2 with SMES unit: (a) frequency deviation (b) tie-line power changes; solid (mixed H2/H1) and dashed (PI).

Table 2
ITAE values with the mixed H2/H1 and PI controllers

Test No. Parameter change (%) Scenario 1 Scenario 2

With SMES Without SMES With SMES Without SMES

Mixed PI Mixed PI Mixed PI Mixed PI

1 �25 27.3 50.9 61.3 224.6 126.1 198.7 199.2 596.1
2 �20 28.7 56.3 67.5 245.6 131.1 199.2 210.0 710.0
3 �15 30.2 61.7 73.5 274.5 137.0 178.3 219.4 818.7
4 �10 31.8 67.1 79.1 401.7 143.8 157.7 234.3 886.5
5 �5 33.4 71.2 84.3 519.6 151.1 164.8 256.6 956.6
6 0 35.1 73.1 89.0 510.6 158.1 170.3 284.3 1021.1
7 5 37.0 73.1 93.2 617.8 164.9 182.3 302.6 1240.0
8 10 38.9 75.1 96.5 753.5 171.1 201.0 319.4 1601.7
9 15 40.7 81.1 98.8 847.8 175.8 214.7 345.4 1760.4

10 20 42.6 89.1 99.6 909.2 178.6 229.0 368.7 1864.1
11 25 44.5 93.8 99.3 984.5 181.1 251.3 397.4 2064.2
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the oscillation of frequency due to any load demands and
disturbances.

To demonstrate performance robustness of the proposed meth-
od, the ITAE and FD indices based on the system performance char-
acteristics are being used as

ITAE ¼ 10�
Z 20

0
tðjACE1ðtÞj þ jACE2ðtÞj þ jACE3ðtÞj þ jACE4ðtÞjÞdt

FD ¼ ðOS� 30Þ2 þ ðUS� 10Þ2 þ Ts2

ð27Þ

where overshoot (OS), undershoot (US) and settling time (for 5%
band of the total load demand in area1) of frequency deviation area
1 is considered for evaluation of the FD. The values of ITAE and FD
are calculated for the above scenarios whereas the system parame-
ters are varied from �25% to 25% of the nominal values. The values
of ITAE and FD for operation conditions under the scenarios 1 and 2
are listed in Tables 2 and 3 with and without SMES, respectively.

Examination of these Tables reveals that with the use of a small
capacity SMES unit the system dynamic performances is signifi-
cantly improved by the proposed robust mixed H2/H1 controller
designed in this paper against the plant parameters changes.
7. Conclusions

A new decentralized robust load frequency controller in the
competitive electricity environment using the generalized LFC
scheme model with considering SMES unit is proposed in this pa-
per. Each control area contains different kinds of uncertainties and



Table 3
FD values with the mixed H2/H1 and PI controllers

Test No Parameter change (%) Scenario 1 Scenario 2

With SMES Without SMES With SMES Without SMES

Mixed PI Mixed PI Mixed PI Mixed PI

1 �25 29.5 52.3 131.6 349.3 99.2 251.4 276.2 830.3
2 �20 29.2 58.0 127.6 345.6 100.0 280.7 279.1 902.5
3 �15 28.9 103.1 122.3 381.2 98.0 311.1 306.6 911.7
4 �10 28.6 111.2 118.4 535.0 96.1 357.8 360.7 984.4
5 �5 28.2 118.2 114.0 553.3 94.3 401.2 379.6 1089.3
6 0 27.9 124.3 110.5 625.7 91.5 420.3 342.8 1098.8
7 5 27.5 130.2 107.8 672.7 88.8 438.5 401.9 1127.9
8 10 28.2 136.2 105.9 714.6 86.1 456.7 443.5 1206.6
9 15 28.5 141.4 104.9 714.3 83.5 469.9 499.1 1371.4

10 20 28.8 145.7 135.8 702.1 81.2 476.7 513.6 1507.7
11 25 29.1 150.9 136.1 681.1 79.0 532.8 519.2 1519.3
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disturbances because of increasing the complexity and change of
power system structure. Thus, the LFC problem has been formu-
lated as a decentralized multi-objective optimization control prob-
lem via a mixed H2/H1 control approach and solved by LMI
techniques to obtain optimal controller. Synthesis problem intro-
duce appropriate uncertainties to consider of practical limits, has
enough flexibility for setting the desired level of robust perfor-
mance and leads to a set of relatively simple controllers, which
are ideally practical for the real world complex power systems.

The effectiveness of the proposed strategy was tested on a four-
area power system and compared with the PI controllers under
possible contracts with various load changes in the presence of
modeling uncertainties and GRC. The simulation results show that
the proposed method is superior to the PI controllers and with the
use of a small capacity SMES in some area the dynamic perfor-
mance of system such as frequency regulation, tracking the load
changes and disturbances attenuation is significantly improved
for a wide range of plant parameter and area load changes. The sys-
tem performance characteristics in terms of ‘ITAE’ and ‘FD’ indices
reveal that the proposed robust controller with considering SMES
unit is a promising control scheme for the solution of LFC problem
and therefore it is recommended to generate good quality and reli-
able electric energy in the restructured power systems.

Appendix A. System data

Tables 4 and 5 shows power system parameters.
Table 4
GENCOs parameter

MVAbase (1000 MW)
parameter

GENCOs (k in area i)

1-1 2-1 1-2 2-2 1-3 2-3 1-4 2-4

Rate (MW) 800 1000 1100 1200 1000 1000 900 1000
TT (s) 0.36 0.42 0.44 0.40 0.36 0.40 0.38 0.40
TH (s) 0.06 0.07 0.06 0.08 0.07 0.08 0.085 0.08
R (Hz/pu) 2.4 3.3 2.5 2.4 3 2.4 2 2.4
apf 0.5 0.5 0.6 0.4 0.5 0.5 0.5 0.5

Table 5
Control area parameters

Parameter Area-1 Area-2 Area-3 Area-4

KP (Hz/pu) 120 112.5 125 115
TP (s) 20 25 20 25
B (pu/Hz) 0.425 0.385 0.359 0.425
K 0.63 1.15 0.89 0.29
Tij (pu/Hz) T12 = 0.219, T13 = 0.245, T14 = 0.109, T23 = 0.175
Appendix B. SMES data

L = 2.65 H
Tdc = 0.03 s
KSMES = 100 kV/unit MW
Kid = 0.2 kV/kA
Id0 = 4.5 kA
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