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a b s t r a c t

A new control structure with a tuning method to design a PID load frequency controller for power

systems is presented. Initially, the controller is designed for single area power system, then it is

extended to multi-area case. The controller parameters are obtained by expanding controller transfer

function using Laurent series. Relay based identification technique is adopted to estimate power system

dynamics. Robustness studies on stability and performance are provided, with respect to uncertainties

in the plant parameters. The proposed scheme ensures that overall system remains asymptotically

stable for all bounded uncertainties and for system oscillations. Simulation results show the feasibility

of the approach and the proposed method improves the load disturbance rejection performance

significantly even in the presence of the uncertainties in plant parameters.

& 2012 ISA. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The active power and frequency control is referred to as load
frequency control (LFC) which has been used as an effective
ancillary service in power systems for many years [1]. Several
papers have been published to address the LFC [2–4]. For large
scale power systems with interconnected areas, LFC is important
to keep the system frequency and the inter-area tie-line power as
near to the scheduled values as possible. In addition, the LFC has
to be robust against unknown external disturbances and system
model and parameter uncertainties. Many control strategies for
load frequency control in power systems had been proposed by
researchers over the past decades [5–21]. This extensive research
is due to fact that LFC constitutes an important function of power
system operation where the main objective is to regulate the
output power of each generator at prescribed levels while keeping
the frequency fluctuations within predetermined limits. Most of
the reported works of the LFC problem have been tested for their
robustness against large step load change. However, very few of
the published researches deal with parameter uncertainties. In
this paper, a design method for the LFC PID is proposed, which is
able to consider uncertainties in power systems. Even though
by Elsevier Ltd. All rights reserve

x: þ91 361 2690762.

),
many advanced control theories have been established, most
industrial controllers still use conventional applications such as
PI or PID. PID controllers are preferred due to their simple
structures, robustness, applicability over a wide range and easy
in implementation on analog or digital platform [22]. We espe-
cially pay attention in modeling of the power system dynamics
using relay feedback identification method and PID controller
design for the developed model. In the proposed method, a
Laurent series has been used in order to derive the expression
for the controller’s parameters. The proposed scheme leads to
substantial control performance improvement, especially for the
disturbance rejection. Simulation examples are provided to show
the superiority of the proposed design method, compared with
recently reported methods.

For clear interpretation, the proposed control structure is
presented in Section 2. The modeling of power system dynamics,
controller design, simulation results and robustness analysis for
single area power system are given in Section 3. Multi-area power
system is addressed in Section 4 followed by the conclusions in
Section 5.
2. Proposed control structure

The proposed control structure for LFC is shown in Fig. 1 which
has only one controller (Gc). Unlike the conventional LFC control
d.
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Fig. 1. Proposed control structure.
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Fig. 2. Block diagram of a single-area power system.
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structure, the proposed structure uses the controller Gc in the
feedback path. Although, Gc is primarily meant for load distur-
bance rejection, it also takes part in stabilizing the oscillatory
process in the loop. G represents the transfer function of overall
plant. ym is the time delay part and Gm is the transfer function of
the delay free part of the plant model.

The closed-loop transfer function relating the output (y) to the
reference (r) can be written as

y

r
¼

GþGGcGme�yms

Gmð1þGGcÞ
ð1Þ

When the model used exactly matches the plant dynamics,
(1) reduces to

y

r
¼ e�yms ð2Þ

this indicates the system output can reach the setpoint value just
after the process time delay. It is to be noted that the block V

primarily helps in improving the overall servo performance of the
closed-loop system. It is popularly known that for LFC design, the
load disturbance rejection is more important than the setpoint
response [15]. Therefore, the controller Gc has been designed
mainly for power system load disturbances.
3. Single area power system

3.1. Modeling of power system dynamics

A linear model of a single-area power system is shown in Fig 2,
in which a single generator is supplying power to a single-area. In
the present work, non-reheat turbine (NRT) and reheat turbine
(RT) are considered for LFC modeling. The plant model used for
LFC without droop characteristics is

G¼ GgGtGp ð3Þ

where Gg, Gt and Gp are the dynamics of the governor, turbine and
load&machine, respectively. The governor dynamics Gg ¼ 1=ðTGsþ1Þ
and the Load and machine dynamics, Gp ¼ Kp=ðTpsþ1Þ. Non-reheat
turbines are first-order units. The dynamics of the non-reheat turbine
is represented as Gt ¼ 1=ðTT sþ1Þ. Reheat turbines are modeled as
second-order units, since they have different stages due to high and
low steam pressure. The transfer function of the reheat turbine is in
the form of Gt ¼ ðcTrsþ1Þ=ðTrsþ1ÞðTT sþ1Þ where Tr stands for the
low pressure reheat time and c is the portion of the power generated
by the reheat turbine in the total generated power.
The plant model used for LFC with droop characteristic is

G¼
GgGtGp

1þGgGtGp=R
ð4Þ

For LFC, G generally results in higher order plant models which
may be inconvenient for controller design. There are many
process identification techniques suggested by various researchers
[23–25]. In control theory, Majhi [26] introduces a relay based
identification method for reducing a higher order process dynamics
to a low order dynamics with time delay. This technique has been
modified and applied for the first time in power systems to design a
new PID load frequency controller for single-area and multi-area
power system. Therefore, these higher order models are approxi-
mated by lower order transfer functions with time delay using relay
based identification method [26]. Eqs. (3) and (4) can be represented
by the second order transfer function model

G¼
ke�yms

ðT1sþ1ÞðT2sþ1Þ
ð5Þ

Its state space equations in the Jordan canonical form become

_xðtÞ ¼ AxðtÞþbuðt�ymÞ ð6Þ

yðtÞ ¼ cxðtÞ ð7Þ

where

A¼

�1
T1

0

0 �1
T2

2
4

3
5, b¼

1

1

� �
, c¼

k

T1�T2
½1 �1�

when a relay test is performed with a symmetrical relay of height
7h, then the expression for the limit cycle output for 0rtrym is

yðtÞ ¼ ceAtxð0ÞþcA�1
ðeAt�IÞbh ð8Þ

Let the half period of the limit cycle output be t. Then the expression
for the limit cycle output for ymrtrt is

yðtÞ ¼ ceAðt�ymÞxðymÞ�cA�1
ðeAðt�ymÞ�IÞbh ð9Þ

The condition for a limit cycle output can be written as

yð0Þ ¼ cxð0Þ ¼ �yðtÞ ¼ 0 ð10Þ

Substitution of t¼ t in (9) and use of (8) gives the initial value of the
cycling states

xð0Þ ¼ ðIþeAtÞ�1A�1
ð2eAðt�ymÞ�eAt�IÞbh ð11Þ

When tp is the time instant at which the positive peak output occurs
and tpZym, then the expression of the peak output Ap becomes

Ap ¼ cðeAðtp�ymÞxðymÞ�A�1
ðeAðtp�ymÞ�IÞbhÞ ð12Þ

and the expression for the peak time becomes

tp ¼ ymþ
T1T2

T1�T2
ln

1þe�t=T1

1þe�t=T2

� �
ð13Þ

Substitution of A, b and c in (11) and (12) gives

T1ð1þe�t=T2 Þð2e�ðt�ymÞ=T1�e�t=T1�1Þ�T2ð1þe�t=T1 Þ

� ð2e�ðt�ymÞ=T2�e�t=T2�1Þ ¼ 0 ð14Þ

Ap ¼ khð2ð1þe�t=T1 Þ
�T1=ðT1�T2Þð1þe�t=T2 Þ

T2=ðT1�T2Þ�1Þ ð15Þ

Eqs. (13)–(15) are solved simultaneously to estimate ym, T1 and T2

from the measurements of t, Ap and tp. The steady state gain k is
assumed to be known a priori or can be estimated from a step signal
test. Care has been taken to solve the set of non-linear equations so
that convergence may not take place to a false solution.

110
Highlight

110
Highlight

110
Highlight

110
Highlight

110
Highlight

110
Highlight

110
Highlight



−20 0 20 40 60 80 100 120
−70

−60

−50

−40

−30

−20

−10

0

10

Real Axis

Im
ag

in
ar

y 
A

xi
s

Identified
Actual

Fig. 3. Nyquist plots for the power system with NRTWD for example-1.
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3.2. Design of the controller Gc

For easy implementation of PID controller, Gc is considered in
the following form:

Gc ¼ Kc 1þ
1

Tis
þ

Tds

eTdsþ1

� �
ð16Þ

where the derivative filter constant is typically fixed by the
manufacture [27] and e¼ 0:1 throughout the paper. In the
proposed control structure shown in Fig. 1, the nominal comple-
mentary sensitivity function for load disturbance rejection can be
obtained as

T ¼
GGc

1þGGc
ð17Þ

In order to reject a step change in load of power system, the
asymptotic constraint

lim
s-� 1

T1
,� 1

T2

ð1�TÞ ¼ 0 ð18Þ

should be satisfied so that the closed-loop internal stability can be
achieved. The desired closed-loop complementary sensitivity
function is proposed as

T ¼
ða2s2þa1sþ1Þ

ðlsþ1Þ4
e�yms ð19Þ

where l is a tuning parameter for obtaining the desirable
performance of the power system. a1 and a2 can be obtained
from (18) and (19) as a1 ¼ ðT

2
1ðð1�l=T1Þ

4e�ym=T1�1Þ�T2
2ðð1�l=T2Þ

4

e�ym=T2�1ÞÞ=ðT2�T1Þ and a2 ¼ T2
2ðð1�l=T2Þ

4e�ym=T2�1ÞþT2a1.
Using (17) and (19), we get

Gc ¼
ðT1sþ1ÞðT2sþ1Þða2s2þa1sþ1Þ

k½ðlsþ1Þ4�e�ymsða2s2þa1sþ1Þ�
ð20Þ

The resulting controller Gc does not have a standard PID controller
form. Therefore, in order to produce the desired disturbance
rejection controller, the following procedure is employed. Gc can
be approximated by an approximation series in a complex plane,
by expanding it near vicinity of zero. Laurent series has been used
for approximation instead of Taylor or MacLaurin series (where
terms with s0, s1, and s2 appear), Laurent series has been chosen
(because the controller is given by (16), where terms with s0, s�1,
and s1 appear, the series no longer belongs to the Taylor or
Maclaurin type, but becomes Laurent type, with other coefficients
as zeros) because it addresses complex coefficients that are
important especially to investigate the behavior of functions near
singularity. A practical desired disturbance rejection controller
should possess an integral characteristic to eliminate any system
output deviation arising from load disturbances. Therefore, let

Gc ¼
f ðsÞ

s
ð21Þ

or

Gc ¼
gðsÞ

sð1þbsÞ
ð22Þ

Now, expanding Gc in the vicinity of zero by Laurent series

Gc ¼
1

sðbsþ1Þ
� � � þgð0Þþg0ð0Þsþ g00ð0Þs2

2!
þ � � �

� �
ð23Þ

The parameters of Gc obtained from (16) and (23)

Kc ¼ g0ð0Þ
Kc

Ti
¼ gð0Þ

KcTd ¼
g00ð0Þ

2!

8>>>>><
>>>>>:

ð24Þ

 
 

 

where gð0Þ ¼ f ð0Þ, g0ð0Þ ¼ bf ð0Þþ f 0ð0Þ, g00ð0Þ ¼ 2bf 0ð0Þþ f 00ð0Þ, f ð0Þ ¼
1=kð4l�a1þymÞ,

f 0ð0Þ ¼
T1ymþT2ymþðy

2
m=2Þ�T2a1þ4a1l�a2

1þa2þ4T1l�T1a1�6l2
þ4T2l

kð16l2
�8a1lþ8ymlþa2

1�2yma1þy
2
mÞ

and

f 00ð0Þ ¼

48yma2lþ72yma1l
2
�24yma2a1þ48y2

ma1lþ24T2ly
2
m

þ48T2la2þ6T2y
3
mþ48a2l

2

þ48T2lyma1�12T2a2a1þ264T1l
2a1�24T1T2a1ym

�96T1a2
1lþ24T1ly

2
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2
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Thus, Kc, Ti and Td can be obtained from (24).

3.3. Simulation results for single area power system
Example 1. Consider a power system with a non-reheated
turbine and a reheated turbine studied by Tan [17]. The model
parameters are

Non-reheated turbine: KP¼120, TP¼20, TT¼0.3, TG¼0.08,
R¼2.4.
Reheated turbine: KP¼120, TP¼20, TT¼0.3, TG¼0.08, R¼2.4,
Tr¼4.2 and c¼0.35.

The Nyquist plots of the identified and actual models for the non-
reheat turbine without droop (NRTWD) are shown in Fig. 3 to
illustrate the accuracy of the identification method. By selecting
suitable value of l and b, the controller settings (see Table 1)
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Table 1

Identified model Controller parameters

NRTWD 120e�0:4626s

ð28:4952sþ1Þð0:2202sþ1Þ

Kc ¼ 1:0326,Ti ¼ 1:2116,Td ¼ 0:3420

NRTD 250e�0:05s

2:028s2þ12:765sþ106:2

Kc ¼ 1:4978,Ti ¼ 1:1481,Td ¼ 0:1574

RTWD 120e�0:541s

ð23:2137sþ1Þð0:9057sþ1Þ

Kc ¼ 3:6317,Ti ¼ 1:0998,Td ¼ 0:4828

RTD 235:3e�0:035s

1:79s2þ16:9sþ100

Kc ¼ 6:164,Ti ¼ 3:1934,Td ¼ 0:1882

NRTWD, non-reheat turbine without droop; NRTD, non-reheat turbine with

droop; RTWD, reheat turbine without droop; RTD, reheat turbine with droop.
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for the power system with non-reheated and reheated turbines
can be obtained using (24). By the help of extensive simulation
study, l¼ 0:13 and b¼ 0:012 for NRTWD, l¼ 0:11 and b¼ 1 for
NRTD, l¼ 0:05 and b¼ 0:0035 for RTWD and l¼ 0:1 and b¼ 3
for RTD. Figs. 4–7 show the frequency changes of the power
system following a load demand DPd ¼ 0:01. The stability
robustness is tested by changing the parameters (KP, TP, TT,
TG) of the system by 750%. From the simulation results, it is
evident that the proposed method gives improved performance
than Tan’s method.

Example 2. Consider a power system with a non-reheated
turbine studied by Khodabakhshian and Edrisi [15]. The model
parameters are KP¼1.25, TP¼12.5, TT¼0.5, TG¼0.2, R¼0.05.

The Nyquist plots of the identified and actual models are
shown in Fig. 8 to illustrate the accuracy of the identification
method. The PID controller parameters in the case of Khoda-
bakhshian and Edrisi are Td¼0.01, Kp¼36.22, Ki¼2.77 and
Kd¼19.6. For the proposed method, the controller parameters
are obtained as Kc¼55.2051, Ti¼1.1797, Td¼0.5173 by choos-
ing l¼ 0:19 and b¼ 0:3. With these controller settings, a load
demand DPd ¼ 0:02 is introduced at t¼1 s. The corresponding
frequency deviations are shown in Fig. 9. Now, to test the
robustness of the systems, �20% variation in TP and þ10%
variation in KP have been considered simultaneously. The
frequency deviations for perturbed systems are given in
Fig. 10. From the simulation results, it is clear that the proposed
method gives smaller undershoot and settling time than Kho-
dabakhshian and Edrisi’s method.
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Fig. 8. Nyquist plots for the power system with NRTD for example-2.
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3.4. Impact of saturation, windup and derivative kick

Consider the case of a power system with a non-reheated
turbine without droop characteristic. The model parameters are
same as that of example-2. For the proposed method, in order to
get satisfactory closed-loop responses, the controller parameters
are considered as Kc¼41.2454, Ti¼1.7243, Td¼0.4889. With an
actuator saturation non-linear element given by saturation limits
0.03, 0.04 and 0.05, the related responses of the system are shown
in Figs. 11 and 12. When there is an initial load change, the error
signal is initially so large that the control signal quickly reaches
its actuator saturation limit. Even when the output signal reaches
the reference value, which gives a negative error signal due to the
large value of the integrator output. The control signal still
remains at the saturation value, which causes the output of the
system to continuously increase until the negative action of the
error signal begins to have effect. This phenomenon is referred to
as the integrator windup action, which is undesirable in control
applications.

When the output saturates, the integral is recomputed so that
its new value gives an output at the saturation limit. The rate at
which the controller output is reset is governed by the feedback
gain, 1=Tt , where Tt can be interpreted as the time constant
(tracking time constant), which determines how quickly the
integral is reset. When introducing anti-windup in power systems
with derivative action, some care must be taken. If Tt is chosen too
small, the errors can cause saturation of the output, which
accidentally resets the integrator. Tt should be larger than Td

and smaller than Ti. For different Tt, the output signals are
compared in Fig. 13. It can be seen that for smaller values of Tt,
the windup phenomenon can be reduced more significantly.

In industrial applications, the pure derivative action is never
used, due to the derivative kick produced in the control signal and
to the undesirable noise amplification. It is usually cascaded by a
first-order low pass filter. The effect of derivative filter on
frequency deviations and control signals are shown in Figs. 14
and 15, respectively.

3.5. Robustness analysis

A study of robustness analysis is an important task in control
system design because the behaviour of the real system is almost
always different from the behavior of the model. The notion of
robustness expresses the capability of a system to be insensitive
to the effects of parameters variability. From (1), it is observed
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that the robust control performances can be studied by analyzing
Gc as it affects the process model G in a single feedback path. The
type of uncertainties affecting the design of Gc are the parametric
uncertainties such as uncertainty in process gain, time constant
and time delay.

According to the Small gain theorem [28], the closed loop
system for the load disturbance rejection is robustly stable if and
only if

JDmðsÞTðsÞJ1o1 ð25Þ

where TðsÞ is the closed loop complementary sensitivity function
and DmðsÞ is the process multiplicative uncertainty i.e.
DmðsÞ ¼ 9ðGðsÞ� ~GmðsÞÞ= ~GmðsÞ9 where ~GmðsÞ ¼ GmðsÞe�yms. In order
to show the robustness analysis more qualitatively, consider the
process for which the closed-loop complementary sensitivity
function is

T ¼
kKcð1þTisþTiTdð1þeÞs2Þe�yms

ð1þðT1þT2ÞsþT1T2s2ÞðTisþeTiTds2ÞþkKcð1þTisþTiTdð1þeÞs2Þe�yms

ð26Þ

where the controller parameters Kc, Ti and Td are functions of the
tuning parameters l. Now, substituting (19) into (25) yields the
robust stability constraint

a2s2þa1sþ1

ðlsþ1Þ4

�����
�����
1

o
1

JDmðsÞJ1
ð27Þ

for the control structure. where DmðsÞ is the multiplicative
uncertainty bound of the process G. For the process gain uncer-
tainty, the tuning parameter should be selected in such a way that

ðo2l2
þ1Þ2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

o2a2
1þð1�a2o2Þ

2
q 4

9Dk9
k

, 8o40 ð28Þ

For the process time delay uncertainty Dym, the robust stability
constraint for tuning l isffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o2a2

1þð1�a2o2Þ
2

q

ðo2l2
þ1Þ2

o
1

9e�jDyms�19
, 8o40 ð29Þ

If uncertainty exists in both process gain and time delay, the
tuning parameter should be selected in such a way that

ðo2l2
þ1Þ2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

o2a2
1þð1�a2o2Þ

2
q 4 1þ

Dk

k

� �
e�jDymo�1

����
����, 8o40 ð30Þ

If the uncertainty exists in the parameters a1 and a2 then, by
similar analysis, the value of l should satisfy the following
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Fig. 16. Kharitonov’s rectangles for the NRTWD.
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constraint:

JTðjoÞJ1o
a2s2þa1sþ1

Da2s2þDa1sþ1

����
���� ð31Þ

According to robust control theory [29], the closed-loop
performance for load disturbance rejection is robust, the follow-
ing constraints have to be followed by the sensitivity and
complementary sensitivity functions:

JDmðsÞTðsÞþw1ðsÞð1�TðsÞÞJo1 ð32Þ

where w1ðsÞ is the weight function of the sensitivity function,
SðsÞ ¼ 1�TðsÞ. Therefore, the tuning parameter l should be
selected such that the resulting controller satisfy the robust
performance and robust stability constraints.

When modeling a high-order power systems, the model and
parameter approximations cannot be avoided. A study of robustness
analysis is an important task in LFC design because no mathematical
model of a system will be a perfect representation of the actual
system. If the controller tuning is too tight, the closed-loop system
may become unstable with a small mismatch in the system
parameters. Now, we will examine the closed-loop stability property
of the proposed controller design with some mismatch in the plant
parameters. Kharitonov’s theorem is the well-known and simplest
tool for robust stability analysis [30,31]. This theorem has been used
for the robustness analysis considering parametric uncertainties in
the plant parameters. The family of polynomials

P¼ fpðs,qÞ : qAQg ð33Þ

is a set of polynomials pðs,qÞ such that the uncertainty parameter q

is an element of the uncertainty space Q. For a Q, the family is an
interval polynomial family

Xn

i ¼ 0

pðs,qÞ ¼
Xn

i ¼ 0

xis
i9
Xn

i ¼ 0

½li,hi�s
i ð34Þ

where xi ¼ ½li,hi� is an interval with an infinite set of xi regarding
lioxiohi. According to the Kharitonov’s theorem, an nth degree
interval polynomial family is robustly stable if and only if each of the
four Kharitonov polynomials are Hurwitz stable and value sets move
in a anti-clockwise sense through n quadrants of the complex plane
without passing through or touching the origin of the plane. A
polynomial is Hurwitz stable if all roots are located in the left half of
complex plane which is checked with the help of Routh criterion.

 
 

 

Table 2
The roots of Kharitonov polynomials for NRTWD.

K1ðsÞ K2ðsÞ K3ðsÞ K4ðsÞ

�0:56þ j0:8632 �0.9119 �0:1682þ j0:4189 �1.602

�0:56�j0:8632 �0.292 �0:1682þ j0:4189 �0.6671

�0.702 �0:0131þ j0:1537 �0:1628þ j0:0614 �0:0063þ j0:0743

�0:0318þ j0:0332 �0:0131�j0:1537 �0:1628�j0:0614 �0:0063þ j0:0743

�0:0318�j0:0332 �0.0253 �0.014 �0.0502

Table 3
The roots of Kharitonov polynomials for NRTD.

K1ðsÞ K2ðsÞ K3ðsÞ K4ðsÞ

�1.0912 �1.3406 �0.7835 �1.9953

�0:161þ j0:1225 �0:0044þ j0:1417 �0:054þ j0:2093 �0.1495

�0:161�j0:1225 �0:0044�j0:1417 �0:054þ j0:2093 �0:032þ j0:092

�0.0575 �0.1259 �0.0919 �0:032�j0:092

�0.0188 �0.0142 �0.0096 �0.0255
The four Kharoitonov polynomials are given by

K1ðsÞ ¼ h0þ l1sþ l2s2þh3s3þh4s4þ l5s5þ l6s6þh7s7þ � � �

K2ðsÞ ¼ h0þh1sþ l2s2þ l3s3þh4s4þh5s5þ l6s6þ l7s7þ � � �

K3ðsÞ ¼ l0þh1sþh2s2þ l3s3þ l4s4þh5s5þh6s6þ l7s7þ � � �
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Fig. 17. Kharitonov’s rectangles for the NRTD.
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Fig. 18. Block diagram representation of control area i.
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K4ðsÞ ¼ l0þ l1sþh2s2þh3s3þ l4s4þ l5s5þh6s6þh7s7þ � � �

Now, consider the parameters of the non-reheated turbine without
or with droop characteristic as discussed in the previous section. The
parameters (KP, TP, TT and TG) variation of 30% and 20% are
considered simultaneously for NRTWD and NRTD, respectively.
The closed-loop characteristic equation of the system is given by

1þGGc ¼ 0

 
 

 

Area
# 1

Area
# 4

Area
# 3

Reheat thermal 
turbine

Non-reheat thermal 
turbine

Area
# 2 

Reheat thermal 
turbine

Reheat thermal 
turbine

Fig. 19. Simplified diagram of a four area power systems.

Fig. 20. Frequency deviation for four area power syste
The four Kharoitonov polynomials

K1ðsÞ ¼ 357:9498þ449:4338sþ435:6944s2þ54:0864s3

þ2:5926s4þ0:0575s5

K2ðsÞ ¼ 664:7639þ834:6629sþ234:6047s2þ29:1234s3

þ4:8148s4þ0:1067s5

K3ðsÞ ¼ 664:7639þ449:4338sþ234:6047s2þ54:0864s3

þ4:8148s4þ0:0575s5

K4ðsÞ ¼ 357:9498þ834:6629sþ435:6944s2þ29:1234s3

þ2:5926s4þ0:1067s5

for NRTWD and

K1ðsÞ ¼ 260:918þ388:6268sþ130:7567s2þ19:8579s3

þ0:9999s4þ0:0126s5

K2ðsÞ ¼ 391:377þ582:9403sþ87:1711s2þ13:2386s3

þ1:4998s4þ0:0188s5

K3ðsÞ ¼ 391:377þ388:6268sþ87:1711s2þ19:8579s3

þ1:4998s4þ0:0126s5
ms: (a) area 1; (b) area 2; (c) area 3; and area 4.
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K4ðsÞ ¼ 260:918þ582:9403sþ130:7567s2þ13:2386s3

þ0:9999s4þ0:0188s5

for NRTD.
The coefficients of Kharitonov polynomials for NRTWD and

NRTD are checked for Hurwitz condition. It is observed that all the
roots of the Kharitonov polynomials (see Tables 2 and 3) have
negative real part i.e. all roots are in the left half of the complex
plane. From Figs. 16 and 17, it is clear that Kharitonov rectangles
move about the origin in counter-clockwise sense in order to have
the monotonic phase increase property of Hurwitz polynomials.
The graph is zoomed to show what is happening in the neighbor-
hood of the point ð0,0Þ. Since the origin is excluded from the
Kharitonov rectangles (Figs. 16 and 17) it is concluded that the
closed-loop control system is robustly stable. By following a
similar procedure as above the robustness analysis considering
parametric uncertainties in the plant parameters for RTWD and
RTD can be checked.

 
 

 

4. Multi-area power system

A multi-area power system comprises areas that are intercon-
nected by high voltage transmission lines or tie-lines. The trend of
frequency measured in each control area is an indicator of the trend
Fig. 21. Tie line power deviation for four area power syst
of the mismatch power in the interconnection and not in the control
area alone [32]. In case of a decentralized power system, area
frequency and tie-line power interchange vary as power load
demand varies randomly. The objectives of decentralized LFC are
to minimize the transient deviations of these variables and to ensure
their steady state errors to be zero. When dealing with the LFC
problem of power systems, unexpected external disturbances,
parameter uncertainties and the model uncertainties pose big
challenges for controller design. For N control areas (Fig. 18), the
total tie-line power change between area 1 and other areas is

DPtiei ¼
XN

j ¼ 1
j a i

DPtieij ¼
1

s

XN

j ¼ 1
j a i

TijDf i�
XN

j ¼ 1
j a i

TijDf j

2
64

3
75

The balance between connected control areas is achieved by
detecting the frequency and tie line power deviations to generate
the area control error (ACE) signal, which is in turn utilized in the
control strategy as shown in Fig. 18. The ACE for each control area
can be expressed as a linear combination of tie-line power change
and frequency deviation.

ACEi ¼ BiDf iþDPtiei ð35Þ

where Bi is the frequency bias coefficient. The LFC system in each
control area of an interconnected (multi-area) power system should
ems: (a) area 1; (b) area 2; (c) area 3; and (d) area 4.
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control the interchange power with the other control areas as well
as its local frequency. The plant model for multi-area power system
is given by

Gi ¼ Bi

GgiGtiGpi

1þGgiGtiGpi=Ri
ð36Þ

For the tuning of multi-area LFC, the same procedure can be
followed as in single-area LFC tuning.

4.1. Simulation results for four area power systems

The simplified diagram of a four area power systems is shown
in Fig. 19. In the simulation results, area 1, area 2 and area 3 are
denoted as the area with reheat unit, and area 4 is denoted as the
area with non-reheat unit.

The parameters of the non-reheat and reheat units in different
areas are chosen as

Nominal parameters for area 1, area 2 and area 3: TP1 ¼

TP2 ¼ TP3 ¼ 20, TT1 ¼ TT2 ¼ TT3 ¼ 0:3, TG1 ¼ TG2 ¼ TG3 ¼ 0:2,
KP1 ¼ KP2 ¼ KP3 ¼ 120, R1 ¼ R2 ¼ R3 ¼ 2:4, Tr1 ¼ Tr2 ¼ Tr3 ¼ 20
and c1 ¼ c2 ¼ c3 ¼ 0:333.
Nominal parameters for area 4: KP4 ¼ 120, TP4 ¼ 20, TT4 ¼ 0:3,
TG4 ¼ 0:08, R4¼2.4.

The synchronizing constants are T12 ¼ T23 ¼ T31 ¼ T41 ¼ 0:0707
and the frequency bias constants are B1 ¼ B2 ¼ B3 ¼ B4 ¼ 0:425.
The identified model for reheat unit with droop characteristic is
obtained as G¼ 0:9965e�0:5s=ð0:72s2þ1:7sþ1Þ and that for non-
reheat unit with droop is same as that of given in Table 1. By
choosing l¼ 0:7 and b¼ 0:35, the controller settings for area 1,
area 2 and area 3 are Kc ¼ 1:1895, Ti¼1.9090 and Td¼0.5454.
Similarly, the controller parameters for area 4 are Kc ¼ 1:9822,
Ti¼0.5242 and Td¼0.1756 by taking l¼ 0:1 and b¼ 0:35.

To show the performance of the decentralized PID controller, a
step load DPd1 ¼ 0:01 is applied to area 1 at t¼5 s, followed by a
step load DPd3 ¼ 0:01 to area 3 at t¼100 s. Fig. 20 illustrates the
frequency errors of the four different areas. Fig. 21 shows the tie-
line power errors of the four areas. From the simulation results, it
can be seen that the frequency errors, and tie-line power devia-
tions have been driven to zero by proposed controller in the
presences of power load changes.

In order to test the robustness of the controller, the variations
of the parameters of the non-reheat and reheat units in the four
areas are assumed to be 750% of their nominal values. However,
the controller parameters are not changed with the variations of
the system parameters. Fig. 20 illustrates the frequency errors of
four areas with the variant parameter values. Fig. 21 shows the
tie-line power errors of the four areas with the variant parameter
values. From the simulation results, it can be seen that despite
such large parameter variations, the system responses do not
show notable differences from the nominal values. Therefore, the
simulation results demonstrate the robustness of proposed con-
troller against system parameter variations. It is observed that the
proposed decentralized PID controller achieves better damping
for frequency and tie-line power flow deviations in all the four-
areas.

 
 

 

5. Conclusion

The LFC characteristics of a single-area power system with non-
reheat and reheat turbines have been studied. A relay feedback test
has been conducted to estimate the parameters of the power
system. The robustness of the LFC is tested using Kharitonov’s
theorem. The results show that the proposed PID controller with a
new structure gives a better performance than reported methods.
The proposed method is applied to a four-control area power system
and tested with different plant parameters uncertainty scenarios.
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