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An Improved Result on H ., Load Frequency Control
for Power Systems With Time Delays

Hao Shen
and Victor Sreeram

Abstract—Due to the increasingly marketized demands of power
systems, the dedicated communication channel used by the tradi-
tional load frequency control (LFC) scheme is ineluctably replaced
by highly open communication networks, which may introduce
constant, and time-varying delays. Hereupon, for those two kinds
of communication methods, this article explores the LFC problem
of power systems in consideration of constant, and time-varying
delays. By utilizing the Lyapunov stability theory, and an improved
inequality technique, some criteria for guaranteeing the stability,
and the specified H, performance of the closed-loop system are
obtained, and a PID-type controller with the consideration of time
delays and disturbance is designed. The case studies take one-area
delayed LFC scheme and the traditional/deregulated three-area
LFC scheme as examples to discuss the relationships between
the maximum allowable delay, and the controller gain as well
as the relationships between time delays, and the minimum H
performance index, respectively. Finally, the effectiveness of the
method proposed is verified, and the comparison results show
certain advantages of the method presented in this article over the
existing literature.

Index Terms—H ., performance, load frequency control (LFC),
power systems, static output feedback control (SOFC), time delays.

I. INTRODUCTION

OAD frequency control (LFC) is a mechanism for main-
L taining frequency and power interchange with adjacent ar-
eas ata predetermined value, which occupies a special position in
power systems due to its excellent ability [1]-[4]. However, with
the development of the power market demand, one of the primary
challenges that cannot be ignored is to integrate the three aspects
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including computing, communication, and control into the sys-
tem operation and control with a suitable level. Among them,
as the infrastructure for the integration of power systems and
information technology, the communication networks have been
attached increasing importance to the current development of the
smart grid [S]-[9]. The traditional LFC scheme typically adopts
the dedicated communication channel to realize the exchange
and transmission of information. However, due to the growing
size of power systems and the increasingly dispersed control
services, obviously, it cannot effectively meet the requirements
of power systems. Compared to the dedicated communication
channel, a superior communication infrastructure is urgently
needed by the market. Modern LFC scheme generally prefers
open communication networks because of their low cost and
flexibility [10], [11]. But there are always two sides of a coin,
and the adoption of open communication networks will be also
accompanied by some intractable problems. In contrast with the
neglected constant delay caused by the traditional proprietary
communication channel, the application of open communica-
tion networks not only brings the former but also introduces
time-varying delays, which results in some gaps in the open
communication networks and promotes us to probe it.

With the adoption of open communication networks, large
amounts and large-scale of information exchange can be real-
ized; however, some problems may emerge, including data loss,
disorder, and updates of area control error signals, which are the
main reason for delays. In addition, failure of the communication
channel itself may resultin data loss or unavailability, and the un-
predictability and randomness of such communication failures
may be treated as a kind of delays equivalently [12]-[16]. As is
known, as an unreliable factor in the system, time delays cannot
be ignored in some situations [17]-[19]. It may lead to a decrease
of the dynamic performance, and even cause the instability of the
system. Subsequently, the instability of the LFC scheme implies
that the control result fails to meet the control standard, which
may make a negative impact on the stable operation of power
systems. The LFC scheme with communication channels can
be treated as a typical delayed system. As far as the stability
analysis of the system is concerned, it is of great significance to
seek the maximum tolerable value of delays under the premise
that power systems with the LFC scheme are stable. At present,
the stable operation of power systems has attracted the attention
of increasing scholars.

Observing the equation characteristics of the system, it is not
difficult to know that the stability of power systems can be judged
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by calculating the eigenvalues. Apart from that, the Rekasius
substitution [20], Schur—Cohn methods [21] are common meth-
ods for calculating the upper bound of delays. However, when
it comes to the stability analysis and control problems of the
systems with time-varying delays, some methods may fail. Nat-
urally, time-domain analysis based on Lyapunov stability theory
and linear matrix inequality (LMI) technology has received
increasing attention [22]-[24]. For further reducing the con-
servatism of stability criteria of the systems with time-varying
delays, several inequality techniques have been gradually de-
veloped, including Jensen inequality, Wirtinger inequality [25],
and integral inequality based auxiliary function [26]. To reduce
the conservatism of the result, a more generalized inequality
technique is applied in this article.

In addition, with the development of modern power systems,
their complexity and uncertainty have been rising, and many su-
perior control methods for the LFC scheme have been proposed,
such as robust control [27], [28], genetic algorithms [29], [30],
and sliding-mode control [31]. However, in practical applica-
tions, the PI-type or PID-type controller is still considered as the
first choice mainly because of its simplification and efficiency.
What distinguishes it from other control schemes is that it
does not require complex state feedback or high-order dynamic
controllers. Regrettably, the effects of time delays are ignored
in many studies, especially in the controller designs. Based on
the above-mentioned series of discussion, the H., LFC issue for
power systems with time delays is studied in this article, and the
main contributions are divided into the following two aspects.

1) The stability of the one-area delayed LFC scheme with
a PI-type controller is analyzed, and the corresponding
stability criterion is improved by using the Lyapunov
stability theory and the optimized inequality technique. In
addition, the relationship between the maximum allowable
delay and the controller gain is discussed and summarized,
which can be used as auxiliary conditions for the LFC
design and adjustment.

2) For the traditional and the deregulated three-area LFC
schemes, the PID-type controller is designed to ensure the
stability of the system under the condition that delays are
less than the present value, and to guarantee the optimal
H, performance index of the closed-loop system (CLS).
Meanwhile, time delays introduced by communication
networks are considered in the design phase of the con-
troller, including constant and time-varying delays.

Notations: The notations used in this article are standard and
consistent with [32]; hence, they are omitted here.

II. PROBLEM FORMULATION
A. One-Area LFC Scheme

The common LFC scheme model of one-area can be expressed
as

Z(t) = AZ(t) + Bu(t) + Fu(t) {
§(t) = Cx(1) o

where

z'(t) = [Af AP, AP,]
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TABLE I
EXPLANATION OF TERMINOLOGIES

Terminology Meaning
APy; deviation of load
AP ki deviation of generator mechanical output
APgr; deviation of valve position
fi deviation of frequency
D; generator unit damping coefficient
M; the moment of inertia of generator unit
Ry speed droop
Tyri time constant of the governor
Tiki time constant of the turbine
Bi frequency bias factor
Qg ramp rate factor
APpje_i tie-line power exchange
ACE; area control error (ACE) of area ¢
d;(t) time delays of area ¢
tie-line synchronizing coefficient
Tij between area ¢ and area j
D 1
S -
y(t) = ACE, A = 01 -7 Ttl
rr, Vo7,
1 T
_ o I-x| (8
B= |0 | .F=] 0 |.C=|0
i 0 0

with the explanations of some terms described in Table I. Since
there is no power exchange of network tie lines in one-area LFC
scheme, the ACE can be expressed as

§(t) = ACE = SAf )

where 5 > 0. With ACE being the input of the controller, con-
sider a common PI-type controller in the following form:

u(t) = —KpACE — K; / ACE 3)

in which Kp and K are the proportional gain and the in-
tegral gain of the controller, respectively. Defining (¢) 2
[g(t) [y)]", K 2 [Kp K;|, and taking time delays caused
by control signal transmission into account, formula (3) can be
re-expressed in the following form:

u(t) = —Kj(t —d(t)) @

where d(t) represents time delays, and 0 < d(t) <d,

d(t) < pu<1. By defining a new state variable &(t) 2
[Af AP,, AP, [ ACE]T and considering the PI-type control
problem as the output feedback control problem, introducing
the controller (4) into system (1), the following CLS can be
obtained:

{ #(t) = A2 (t) + Ba(t — d(1)) + Fuw(t) )
g(t) = C2(t)
where
T RS [
@ 0 —7 0 0
B0 0 0 0
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0 00 O 301"
. 0 00 O . 00
b= —#E00 -5 C=1o0

0 00 0 01

B. Traditional N-Area LFC Scheme

The model of the ¢th area in the traditional N-area LFC
scheme can be expressed as

yi(t) = C:’yzxz(t) (6)
where
I;T(t) - [Afu Aptif:7i7 APmli7 cee 7APmnia

APgh‘, »A-Pgni]

N
wl = [wy; wy | = | APy Z Ti;Afi

Jj=1,j#i
~ A 1‘:112i 0 ) 0
Ai= 1 0 Ay Aoz | Bi=| 0
| Az1; 0 Ass; Bs;
w0 | u=[s100]
~ , Cpi=[8100
FE=10 —2n|, 2
o o | Di=[1000]
N [ =D; 17 1.1
A = M; M; Aqo; = M; M;
1 27‘( Z;'V:Lj;ﬁi Tij 0 ’ 12 O . O

. 1 1
Aggi = —Azm = diag { E» ACE, _Ttni }

. 1 1
A33:dia {— goeeey }
! & Tgli Tgni
-t .. __1 7 _ _ .
A3111 _ { Tg(l]iRu Tg6iRni :| ,B3; = |:$gllzi %]

and the explanations of some terms are described in Table I.
The relationship among the ACE; of each area Af; and
AP;._; is considered as a linear combination as follows:

ACE; = BiAf; + APe_;. @)

Different from the common PI-type controller in one-area LFC
scheme, this article considers the following form of PID-type
LFC controller:

d

—ACE;. (8
g ACEi (®)
By transforming the PID control problem into the SOFC
problem, the state-space model (SSM) of the CLS can be
attalned Deﬁne v1rtual vectors &;(t t) [yl yZ

yl - fyz dtyi ( )]T’ and Zl(t) - [ellziT(t)
€9; f y,L ] s where €1; and eg; are weights scalars, and by

Uz(t) = —KPiACEi - KH /ACEzdt - KDj,
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adjusting them, the desired performance can be guaranteed.
The CLS (X) can be rephrased as

Tilt) = Aiilt) + Agidi(t — di(t)) + Buiw;
3i(t) = Cyii(t) + Ciwy ©)
%(t) = D;Zi(t)
where
Ai = |: 142 8:| aAdi = 7B1Kzéyz
Yy
5 _ lewDi 0] 5 _[B
o [ 23]
Bwi = Fz - BszOz>Ki = [KPz KIZ KDi}
) Cyi 0] Bl - 0
Cyi: ~O~ 1.k = 0 ,Ci = ~0~
Cyi4; 0 CyiF;

C. Deregulated N-Area LFC Scheme

Due to the development of the power industry, the modern
power systems are in a state of deregulation, and each Generation
Company (Gencom) can sign contracts with diverse Distribution
Company (Discom) within or outside the Gencom area. These
signed contracts can be represented by an augmented generation
participation matrix (AGPM). The LFC scheme consists of [V
areas, each of which covers n Gencoms and m Discoms, and
its AGPM can be expressed as below for a; = n(i — 1) and
bj=m(j—1),i=1,2,....,N,j=12,....,N

AGPMy; ... AGPM,
AGPM = : . : (10)
AGPMyq --- AGPMuynN
with
gpfaﬂrl,bfrl gpfa7‘,+1,bj+m
AGPM;; = : : :

gpfaﬂrn,bﬂrl ce gpfa,1+n,bj+m

and gpf; ;, represents the power generation proportion of Gen-
com [ in the total load demand of Discom k presented in the
contract.

The corresponding new load demand signals in the signed
contract are represented by the red dotted lines in Fig. 1, which
can be regarded as the additional disturbance of the traditional
LFC scheme. They are processed as shown in [33]

wy; = APy + APr;
= ZAPULJ z+ZAPL] —1i
N
wy; =y TiAf
Jj=1,j#i
N
ws; = Z AP, ik, sch
k=1 ki
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e
APjici

Fig. 1. LFC scheme structure of area .
TABLE II
EXPLANATION OF TERMINOLOGIES
Terminology Meaning
APr; contracted requirements
APy; uncontracted requirements
APr;_; contracted requirements of Discom j in area %
APyrj—i uncontracted requirements of Discom j in area ¢

presupposed power tie-line

AP, tie,ik,sch exchange between area 7 and k

APy, g power generation desired of Gencom k in area ¢
T
Wy; = [w4i,1 cer Wagk w4i,n]
n m
AP ik, sch = E E 9P faiti b+t APrLi—k
j=1t=1
n m
=YD 9pfarribirtAPL
j=1t=1
APtiefi = A]Dliefi,aclual — W34
N m
Wai fp = E E IPfai b+t APLtj
j=11t=1
m
APy i = Wik + O g APy

j=1
where some terms are explained in Table II.
The SSM of area i is constructed as follows:
xl(t) = /L(El(t) + Biu(t — dz(t)) + Flwi
yi(t) = Qyzzz(t) + Cwiw;
zi(t) = Dixi(t)

Y

where z;(t), y;(t), and z;(t) are consistent with ones given in
model (6), in addition

B Fin 0 R 1 1
Fi: 0 ~0 ,Fi32:diag{T -7“.’T }
0 Fi32 gle gln
. ~- 1L 0 0] =~
L= M; J— _
Fi { 0 —ox 0} , Cui [O 1 0]

T _ T T T, T
w; = [wu Wy; W3y w4i]'

Naturally, the CLS (f)) can be obtained as
7i(t) = A (t) + Agidi(t — di(t)) + Buiws
( 9 (12)
i(t
where #;(t), §;(t), Zi(t), A;, Ags, C’yi, and D; are consistent

with ones given in model (9), and other matrices are defined as
below

) = Cyii
) = Dii;(t)
)

_ . . . E1l A7 . S

Byi = F; — B{K;C;, F; = {C’j G = [CToEfCy ]
In conclusion, the CLS () and the CLS () can be uniformly
expressed as the following CLS (3):

{ i(t) = Ax(t) — BKCyz(t — d(t)) + Byw(t)

+(t) = Da(t) (13

where d(t) represents time delays, and 0 < d(t) < d, d(t) <
u<1

Remark 1: Frequency stability is an important indicator to
measure the power quality in power systems. The deviation of
the exchange power of the tie line between systems and the
fluctuation of the system frequency may be caused by any sudden
changes in load. Therefore, the LFC scheme is urgently needed
in order to guarantee the power quality. In this article, the LFC
issue of power systems is studied mainly aiming at the time
delays caused by two communication methods.

A definition and a lemma need to be displayed here before we
proceed with the next step of calculation and discussion.

Definition 1: [34] The system is considered to be asymp-
totically stable and meets the H,, performance index + if the
following conditions are met.

1) The system is asymptotically stable when the disturbance
input is not taken into account (i.e., w(t) = 0).

2) For any nonzero disturbance, given a positive scalar ~,
the following inequality is satisfied under zero initial conditions
(x(t) = 0,t € [—d,0]):

0= /0 2" ()z(@) — y*w” (e)w(a)]da < 0. (14)
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Lemma 1: [32] Given a matrix Z(€ R™*™) > 0, if there ex-
ists any matrix 7, € R™*™(, =0,1,2,...,H,and H € N)and
avector) € R™, such that for any continuous and differentiable
function e(-) from [a, b] to R™, the following inequality holds:

- / ' ()T Zé()da

b
< Z [QxHeH VTem + Tﬁ) n'TrZ ' Tn|  (15)

where
U [eT(b) e (a)] T, H=0
" [eT(b) €T (a) 20T - 20T 1" H >0
a [[I-T] H=0
b () = {[ NHIJH I oM, H>0
coa [ =2+ 1) = (=D)L <k
THr = 0, > k41
K = [ K K+ K a—a\"
w2 e[ (5) (1)) (%)
7=0

v, £ / " U (@)e(a)dar

Remark 2: As a powerful tool in studying the stability issue
of power systems with time delays, the inequality technology
cannot be underestimated. The Jensen inequality, as well as the
Wirtinger-based integral inequality, is commonly used in some
previous references. Differently, a further improved inequality
is employed in this article to reduce the conservatism of the
results. By adjusting the value of H, the conservatism brought by
the above-mentioned two inequality techniques may be reduced
effectively. What is worth mentioning, the selection of 7 also
plays a significant role in reducing the conservatism. If more
state variables are introduced to 7, the results will be less
conservative.

III. MAIN RESULTS

In order to make the calculation process more concise, some
expressions are given in advance as below

T
p(t) 2 [of (1) v3 (1) ¥3 (1]
CC(t) I, -I, 0 0
( —d) I, I, 0 —6I,
i L
palt) £ 5 e
K=o e t?;‘)i—l) z(a)do
[ g e
r-Y 90— t+
3D = gy Jiman @ — Del@)da
i w(t)

£ diag{Z,32,5Z}, R, = diag{R,3R,5R}
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er 2 [Onsxir—1yn In Onxs—ryn |, 7 =1,2,...,8
e = [Onxu—tyn In Opx(9—ryn | 6 =1,2,...,9
ls 2 [Onx(w-1)n In Onx(10-wyn | @ =1,2,...,10
52 [ o of CS]T,§é [ ef el e]h

A. H Performance Analysis

Theorem 1: For given positive scalars -, d, 1, assuming there
exist matrices P > 0, Q1 > 0, Q2 > 0, Z > 0 and matrices
1713 x10, }723X 10 the system (X) is asymptotically stable and meets
an H, performance index +, if the following conditions hold:

[A dyy"

(>

0, g ] <0 (16)
* = Zu 13x13

P
>

<0 a7

A dy”
T % —Zy,

:| 13x13

>
[l

AM+As+As+As+As

sym{l{ PAl; — 1T PBKC,ly + 1] PB,ls}

& 1T Qals — (1 — )l Qalo + 11 @1l + 15 Quls
sym{dl'TTI"Y; + dT3T17 Yy}

dif A" Zlg + dif BL Z1g — diy CL KT BT Zly

ot >
@ o —
> > e

Ay 2
As 2 —1T~2T11s — 1T Zlg + 17D 1o + 17, 140

Proof: Choosing the appropriate Lyapunov—Krasovskii func-
tional (LKF), we have

V(t) = Vi(t) + Va(t) + Vs(t) (18)
Vi(t) = 2T (t)Px(t) (19)
v - [ tdm " (0)Qar(0)da
+ /t 27 (a)Q1x(a)do (20)
d/ /+5 ()dadp. 1)

Taking the derivative of the functional, and the following for-
mulas can be easily obtained:

Vi(t) = sym{z" (t) Pi(t)}
= sym{z" (1) PAz(t)
— 2T (t)PBKC x(t — d(t)) + 2T (t) PB,w(t)}
= T (t)[sym{el PAe; + el PB,es
— T PBKC ea}]o(t) (22)
Va(t) = & (£)Qax(t) + ™ (t) Qua(1)
et (t — d)Qua(t — d)
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— (1= d(t)x" (t — d(t))Qaa(t — d(t))
=" (t)[e] Qaer — (1 — d(t))ed Qaes

+e] Qrer + e Qreslp(t) (23)
t
Va(t) = 2T (8 Za(t) — d / iT(0) Zi(a)da.  (24)
t—d

Combining with Lemma 1 and setting [ = 2, the following
expressions hold:

t—d(t)

— d/:dx'T(a)ch(a)doz = fd/t i’ (a) Zi(a)da

—d

t
4 /
t—d(t)

t—d(t) B
- d/ i’(a) Zi(a)da
t—d

< ST (B dsym{TTITY:} + (d — d(6) YT Z, Y2 (t)
(26)
—d t 2T () Zi(o)do
/t PRACLED

<" (Od(sym{T3TITYa} +d(6)Y5 2, YVa)le(t)  27)
where Y7 and Y, are matrices with appropriate dimensions and
[Y1 0342], V2 2[5 032

[eF el e eF]" Ty 2 [ef eF ef eF]"

v, &

Iy

(>

Poa ()T e ]
Since d(t) < p, the following inequality can be obtained:
V(t) < T (O)fA1 + Az + Az + d[d(t) Yy Z,' Yo

+(d—dW)Y Z, Ye(t) + d*iT (1) Zi(t) (28)

where
A £ sym{elTP.Ae1 — elTPBICCyeg + elTPBweg}
Ay 2 eTQoer — (1 — p)ed Qoes + el Qrer — el Qres
Az & sym{dT{TITY; +dT3TITYs ).

Based on the above-mentioned calculation, it is not difficult to
get the following inequality:

E=V(t)+ 2" (1)2(t) — Y (H)w(t)
< goT(t){Al + Ay + A3 — 65’72168
+d[(d — d(t)Y" Z,' Yy + d(t)Yy Z, Yo }o(t)
+ a2 (1) Zi(t) + 2T (t)2(t). (29)

Combining with Schur complement, one can get the following
inequality from inequalities (16) and (17):

= <0. (30)
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Due to 0 < t < oo, associating with (14), it has
V(F)-V(0)+ / 2T (a)z(a)da — 'yz/ w’ (a)w(a)
0 0

da < 0. €29)

Since V' (c0) > 0, V(0) = 0, then

/OO 2T (a)z(a)da — 2 /OC wl (@) w(a)da <0 (32)
0 0

which indicates that the system (3) meets the H, performance
index. This completes the proof of Theorem 1. |

B. Controller Design Depends on LMIs and ICCL Algorithm

Theorem 2: For given positive scalars v, d, ji, assuming there
exist matrices S > 0, @1 > 0, QQ > 0, R > 0 and matrices
V10 v 210 the system () is asymptotically stable and has
an H, performance index - against disturbance, if the following
conditions hold:

A ayf
[* SRS <0 53

:| 13x13

<0

o
[A dYy (34)

* _SRwls} 13x13

where
jx S
A 2

Ay + Ay + Az + Ay + As

sym{IT ASl; — 1T BKyly + 1T B,ls}
Ay 2 1TQ00l — (1 — )i Qalo + 1T O1 1y — 120115
As 2 sym{dITTI"Y; + dD3T17 V)

Ay 2 diTSATly — diT KTB 1y + dIT BL1e —

w lg—‘ng
As & 1115 + 17D 1o — 1y 1o

with the controller gain matrix calculated by

K = Ky(CyS)*t (35)

where the generalized inverse of (CyS) is expressed as (Cy.S) ™.

Proof: For ©; and Oy given above, multiply by diag
{p~Y,p-tptptptoptp iz 1, P P
P71} and its transpose on the left-hand side and right-hand
side, and define the following new matrices:

S& p'RE&2Z' Ky 2 KC,S

Qs

Through this series of means, conditions (16) and (17) can be

converted to (33) and (34) successfully, and the controller gain
can be calculated by (35).

Obviously, the matrices in S R;lS are unknown, and need to
be determined. So the conditions in Theorem 2 are no longer
conditions based on LMIs and cannot be processed simply by
the convex optimization algorithm. In addition, this nonconvex

problem can be transformed into the nonlinear minimization
problem.

Minimize trace{SS + RR + OO}

(1>

PQ.P LY, AP Y, Pt =12

(36)
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S>0Q1>0Q2>0R>0

Ale] {AdY2 <0
subjectto ¢ [O S ST (37)

* R 20 % S =0

‘R T 01

| * R 20, * O = 0.

The controller gain matrix can be obtained by combining the
ICCL algorithm and the LMIs, as described in the following
algorithm. |

Algorithm 1: Acquisition of the Controller Gain.

Input: A set of system parameters; a delay upper bound d;
an H, performance index y
Output: The controller gain K

1:  Construct LMIs (16), (17) and (37);

2:  Solve the LMIs (37);

3: if condition (37) is feasible, then proceed to the step 6;

4: else reset the Input;

5: endif

6: Solve the nonlinear minimization problem: Minimize
(36) subject to LMIs (37);

7:  Solve the controller gain K by using (35);

8:  Substitute the obtained gain K into LMIs (16) and

(17);
9: if conditions (16) and (17) is feasible, then proceed to
the step 12;
10: else Skip back to step 2;
11: endif
12: Return K.

Remark 3: Combining Algorithm 1 with the binary search
technique shown in Fig. 2 , the controller gain can be optimized.
Algorithm 2 is used to further illustrate the method, in which
the most important step is to find a controller gain that meets
the performance index before reaching the maximum number
of iterations. In other words, a step that cannot be omitted
is to check whether the obtained controller gain solves the
nonlinear problem while ensuring the feasibility of conditions
(16) and (17).

Remark 4: Based on the optimized Algorithm 2, the gain of
the PID-type controller, in this article, is determined according
to the minimum H, performance index, ensuring that the CLS
has a good antiinterference ability while operating stably. The
controller designed in this article relies on LMIs and ICCL
Algorithm, and its feasibility is verified by MATLAB software.
At present, there are various methods to verify the effect of the
controller [35], which is also one of the research directions we
will devote to in the future.

Remark 5: Tt is worth mentioning that when the delay does
not reach a certain value, the feasibility of the LMIs can be guar-
anteed. The corresponding value is usually called the maximum
allowable time delay, which is difficult to be determined due to
the variability of system models and parameters. In the design
of the LFC scheme, the communication channel used in actual
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Give the system parameters
Presuppose the delay upper bound d
Set an accuracy coefficient v,

Set a search interval [y, ym]

A

Yiest = (Yln+yM)/2

yes

Ymin = Ytest

End

Fig. 2. Binary search optimization for solving optimal performance index.

power systems largely determines the preset delay upper bound,
which is generally small and less than the tolerable delay upper
bound of the system. Therefore, it is natural to use the proposed
method to the designed LFC scheme in power systems.

C. Delay-Dependent Stability Criterion for One-Area System

Corollary 1: For giyen scala{sa >0,0 > 0,)\.72 0, assuming
there exisE matrices Q2 >0,0Q, >0, P>0, Z>0 and any
matrices 39, Q3*%) E, G, the system (5) is asymptotically
stable if the following conditions hold:

(1>

Uy

{T dar (38)

|
w112x12

* —7
|
12x12

(1>

Uy

[T dQ¥ (39)

* — Ly
where

T4
T, &
T, &
Ty 2
T,
Ts 2

Ti4+Yo+T3+7Ty+ 75

sym{cI PAc; — ¢F' PBey + ¢F Peg)

el Qact — (1 — p)cd Qaca + ¢f Qrer + 3 Qies
sym{dXT Iy + axi T’ Q)

deT AT Zeg + dek BT Zeg + del Zeg — del Zeg
AaQClTETEcl + )L@QCgGTGCQ — ACSTICg.

Proof: The proof process of Corollary 1 is similar to
Theorem 1, so it is omitted here. ||
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Algorithm 2: Optimization of the Controller Gain.

Input: A set of system parameters; a delay upper bound d;
a search interval [, yas]; an accuracy coefficient v,;
the upper bound of the number of iterations ¢4z

Output: K,

11 Set Yiest = yar; Count = 0;

2: if condition (37) is feasible, then go to step 8;

3: else

4: if Count = 0, then cannot find a suitable solution,
end algorithm;

5: else go to step 14;

6: end if

7: endif

8:  Set Count = 1; ¢ = 0; and extract initial values O,.,

S., R., O., S., R, from solutions of (37);
9:  Solve the nonlinear minimization problem: Minimize
(36) subject to LMIs (37);
10: Obtain K by (35), substitute the obtained controller
gain K into LMIs (16) and (17);
11: if conditions (16) and (17) are feasible, then
Ymin = Vtest; YM = TVtests

12:  else
13: if ¢ < cpas, thensetc=c+1,0, =0, S, =
S,R.=R,0.=0,S.=S5,R. = R, and go to
step 8;
14: else Ym = Vtests
15: end if
16: end if
17 if |y — var| < Yeo, then output K,y = Kopy, g0 t0
step 20;
18: else st = |vm + Yar|/2, and reverse back to step
2;
19: end if

20: Return K.

Remark 6: It is worth noting that when power systems en-
counter the unknown external load disturbance, it can be con-
sidered as a nonlinear perturbation of the current and delayed
state vector as follows [36]:

Fu(t) = f(&(t),&(t - d(1)))
which meets the following condition:

£ (&(2), &(t = d@))]] < ell2(D)]] + 6]|2( = d())]]  (40)

where ¢ and 6 are known nonnegative scalars. A more general-
ized form of the condition is adopted and shown as follows:

Fr(@), 2t — d(1) f(2(t), 2(t — d(t)))

(4D
< 22T ETEZ(t) + 0227 (t — d(t))GTGx(t — d(t))

in which £ and G are both known constant matrices with
appropriate dimensions. The influence of load disturbances on
power systems can be concretized by nonnegative scalars ¢, 6
and matrices F, G.
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The traditional power system
|
Area 1 Area 2 Area 3
|
[ [ [
Generator A Generator D Generator G
Generator B Generator E Generator H
Generator C Generator F Generator [
(a)
|
Area 1 Area 2 Area 3
r 1 r } r |
Gencom A Gencom C Gencom E
Gencom B Gencom D Gencom F
Discom a Discom ¢ Discom e
Discom b Discom d Discom f
(b)
Fig. 3. Composition of power systems. (a) Traditional power system. (b)

Deregulated power system.

D. Summary of Analysis Steps

The whole article mainly involves the H,, performance anal-
ysis of the CLS (X)) and its PID-type controller design, as well
as the improvement of stability criterion for one-area delayed
LFC scheme. It can be divided into the following steps.

Step 1. Model Establishment: Considering a PID-type con-
troller as a static output feedback controller, and the CLS model
such as the system () is established.

Step 2. H, Performance Analysis: By constructing an LKF
and using an enhanced inequality technique, based on the above-
mentioned system model, stability criterion, which can ensure
that the system satisfies H, performance, is obtained.

Step 3. Controller Design: Utilizing the above-mentioned
results and according to Algorithm 2, an optimized controller
can be obtained.

Step 4. Stability Analysis of One-Area System: By using non-
negative scalars ¢, 6, and matrices F/, G to quantify the impact
of load disturbance on power systems, the delay-dependent
stability criterion is obtained.

Step 5. Case Studies and Comparisons: The validity and su-
periority of our method can be fully proved by the comparisons.

IV. CASE STUDIES

In this section, first, taking the one-area LFC scheme as an
example, the relationships between different types of delays
and controller gain are discussed. Then, the model of the tra-
ditional/deregulated power systems in Fig. 3 is analyzed.

A. Case 1: One-Area LFC Scheme

Consider the system parameters of one-area, as described in
Table III. Suppose the time delay d(t) as two cases: constant
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TABLE III
PARAMETERS OF ONE-AREA LFC SYSTEM
Parameter [ R D M(s) Ti(s) Ty(s)
One-area 21  0.05 1.0 10 0.3 0.1
TABLE IV
MAXIMUM ALLOWABLE DELAY d FOR LFC SYSTEM
Methods pnw=0 n=20.9
Kp Ky Corollary 1 [15] Corollary 1 [15]
0.2 0.2 9.97 6.53 6.14 3.23
0.2 0.4 5.50 3.32 3.44 1.43
0.2 0.6 3.86 2.10 2.53 0.96
0.4 0.2 7.57 5.38 2.15 0.88
0.4 0.4 4.45 2.83 2.00 0.78
0.4 0.6 3.25 1.91 1.80 0.67

delays (ucps = 0) and time-varying delays (upyps = 0.9). In
these two cases, the maximum allowable delay is explored to
ensure the stability of the system, and its relationship with the
controller gain is discussed. Set the parameters € = 0, § = 0,
and £ = G = 0.11. With the help of MATLAB software, the
maximum allowable delay under diverse values of controller
gains (K p, K1) can be obtained. The specific data are described
in Table IV . Based on the calculation results given in Table IV,
the relationship between the controller gain and the maximum
allowable delay can be summarized, and the influence of differ-
ent delay types on the maximum allowable delay under the same
controller gain can be understood. It is not difficult to find from
Table IV that for any type of delays and fixed proportional gain
K p, the maximum allowable delay decreases as the integral gain
K increasing. And when a fixed controller gain is guaranteed,
the maximum allowable delay obtained is generally relatively
small when the type is time-varying delay. These changing rules
can be used as auxiliary conditions for the design and adjustment
of the LFC scheme. Through the comparison of the data in
Table IV, the maximum allowable value calculated based on our
method is larger, which reflects the effectiveness and superiority
of the method proposed.

Next, take the traditional/deregulated power system model in
Fig. 3 as an object and analyze its performance. The selected
system parameters are as follows:

(0.4 0.44 0.3 0.08 0.06 0.07
T, = [0.36032 04 |,T, = |0.06 0.06 0.07
10.42 0.4 0.41 0.07 0.08 0.08
[ 3 2.7273 2.8235 0406 0
R= | 3 26667 3 ,a= 104 0 05
133 25 29412 0.20.40.5
[ 0 02025
T= 102 0 012
10.250.12 0
D = [0.0440 0.0440 0.0460 |
M = [0.4867 0.5477 0.4784] .
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TABLE V
OPTIMIZED CONTROLLER GAIN FOR TRADITIONAL LFC SYSTEM WHEN d = 2

Area 1 K in [23] Ko

Kp Kr Kp Kp Kr Kp
=0 -0.0058 0.0822 0.0008 0.0076 0.0985 0.0034
pn=0.5 -0.0050 0.0844 0.0007 0.0070 0.1008 0.0037

. % Z
" ; %

o
w
a
o
N
a
©

(a)

%\N

d=3 d=5 d=7 d=9

(b)

Fig. 4. Minimal i, relative to the delay d of traditional power system.

B. Case 2: Traditional Three-Area LFC Scheme

In this case, much attention is focused on the following two
aspects.

1) Design of the Controller: Taking area one as an example,
the upper bound of time delays is preset as 2 s, and d(t) is
considered as constant (ucps = 0) and time-varying (upyps =
0.5) delays, respectively. Setting ~,, = 0, vy = 100, 7., =
0.5, cmax = 20, and by referring to the process given in Algo-
rithm 2, the controller gain described in Table V can be obtained
effortlessly.

2) Analysis of H., Performance: In combination with Algo-
rithm 2, the minimal H, performance index 7, of the CLS
(2) is listed in Fig. 4, which can be obtained.

From Fig. 4, the variation trend of the value of ~y, is
consistent with the change of delays, i.e., with the increase of
time delays, the value of vy,;,, also increases. In addition clearly,
under the same conditions (the same delay upper bound d),
taking pucps = 0, the value of vy,i, obtained is less than the one
when taking pryps = 0.5 generally. Besides, a phenomenon that
cannot be ignored is that different kinds of delays have various
influence on the value of the performance index 7,,;,, . Obviously,
the effect of constant delays is relatively small compared to that
of time-varying delays. Through the comparison in Fig. 4 (a) and
(b), itis not difficult to find that the controller K is better than the
controller K in guaranteeing H, performance of the system,
that is, the CLS (i]) with controller K2 has superior resistance
to interference. This also facilitates practical applications.

C. Case 3: Deregulated Three-Area LFC Scheme

Similarly, taking area one as an example, this article will focus
on the following two aspects.
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TABLE VI
OPTIMIZED CONTROLLER GAIN FOR DEREGULATED LFC SYSTEM WHEN d = 2

Area 1 K3 in [23] Ky

Kp Kr Kp Kp Kr Kp
=20 -0.0015 0.0973 -0.0020 -0.0040 0.1235 0.0008
pn=0.5 -0.0016 0.0963 -0.0016 -0.0045 0.1205 0.0015

50

40 Vﬂz(‘

30

Vmin 24 v/
Y Y

7

e

I
N

I
IS
T

I
o

60
pn=0.5
40

V/

N\

-

d=6 d=8

Fig. 5. Minimal i, relative to the delay d of deregulated power system.

1) Design of the Controller: Presetting the upper bound of
the time delay as 2 s, and setting 7, = 0, var = 100, 7o =
0.5, and cax = 20, according to the steps in Algorithm 2, it is
not difficult to obtain the PID-type controller gain in Table VI.
Moreover, when all parameters remain the same, the gain of the
controller obtained by using the method in literature [23] is also
listed in Table VI.

2) Analysis of H, Performance: Setting jicps as 0 and ppyps
as 0.5, respectively, the minimum H,, performance index corre-
sponding to different time delays can be observed according to
Fig. 5. It can be found that the results are similar to that in Case 2.
As time delays increase, the minimum value of the performance
index increases accordingly, and the influence of time-varying
delays on the performance index is greater than that of constant
delays under the same situation.

By combining the results of Case 2 and Case 3, and com-
parisons shown in Fig. 4 (a) and (b) and Fig. 5 (a) and (b),
respectively, under the same delay conditions, the minimum
Ymin Of the robust performance index obtained by using our
method is smaller than the one obtained by using the method
in [23] whether in the traditional LFC system or the deregulated
LFC system. Noted that a smaller value of v,,;;, means a better
H, performance of the system. Naturally, a conclusion can be
clearly revealed, that is, the controller K5 and the controller
K, are better than the controller /; and the controller K3 in
guaranteeing H., performance of the system, i.e., the CLS (X)
with the controller K5 and the CLS (f]) with the controller
K, have superior resistance to interference. According to the
above-mentioned cases, the superiority of our method is verified
fully.

V. CONCLUSION

In this article, the relationship between the maximum al-
lowable delay and the controller gain has been analyzed for
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one-area delayed LFC scheme. Then, with the assistance of
Lyapunov stability theory and a further enhanced inequality
technique, a PID-type controller has been designed for the tra-
ditional/deregulated three-area LFC scheme, which can ensure
that the CLS keeps the I, performance index to the minimum
level while ensuring that the system remains stable when the
delay is less than the preset value. Furthermore, in order to
approach the actual situation, time delays introduced by more
open communication networks have been stressed during the
design phase of the above-mentioned controller. At present, due
to the importance of power systems, their stability analysis and
control have always been a topic of concern, which motivates us
to carry out around it in the future.
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