Afyon Kocatepe Universitesi 1(2) 131-142 Afyon Kocatepe University
FEN BILIMLERI DERGISI 1999 JOURNAL OF SCIENCE

INDEPENDENT DECENTRALISED ROBUST LOAD
FREQUENCY CONTROLLER DESIGN

Hasan CIMEN
AKU, Teknik Egitim Fakiiltesi, AFYON

ABSTRACT

The decentralised load-frequency controller design problem concerned is
translated into an equivalent problem of decentralised controller design for a
multi-area multi-input multi-output (MIMO) control system.

It is shown that subject to a condition based on the Structured Singular Values
(SSVs), each local area  load-frequency controller can be designed
independently . The stability condition for the overall system can be stated as to
achieve a sufficient inter action margin.

It is demonstrated by computer simulation that within this general framework,
each local area controller can be designed to achieve satisfactory performances
for a sample two-area power system even each design method is different.
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BAGIMSIZ, YEREL KONTROLOR DiZAYNI

OZET

Yerel yiik-frekans kontrolér dizayn problemi gok-giris ve gok-gikish gok
bolgeli sistemler igin esdeger yerel kontrolér dizayn problemine doniistiiriildi.

Yapilandinilmig tekil degerlerle ilgili bir sarta bagl olarak bagimsiz yerel
kontroldrlerin dizayn edilebilecegi gosterildi. Bu sart tiim sistemin stabilite sart1
i¢in belirli bir karsilikli etkileme sinirt olarak belirlendi.

Bilgisayar simulasyonlar da gosterdi ki, bu genel yaklagim iginde , her bir yerel
‘bolge kontroldrii yeterli bir performans saglamak ig¢in her lokal kontrolsr
dizayn metodu degisik olsa bile dizayn edilebilir.

Anahtar Kelimeler: Saglam, Yerel, Yiik frekans, Gii¢ sistemi
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1. INTRODUCTION

In the dynamical operation of power systems it is usually important to aim
for decentralisation of control action to individual areas. This aim should
coincide with the requirements for stability and load-frequency scheduling
within overall system. In a completely decentralised control scheme, the
feedback controls in each area are computed on the basis of measurements
taken in that area only. This implies that no interchange of information
among areas is necessary for the purpose of load-frequency control (LFC).
The advantages of this operating philosophy are apparent in providing cost
savings in data communications and in reducing the scope of the monitoring
network.

Another important issue in the load-frequency controller design is
robustness. An industrial plant such as a power system always contains
some uncertainties. Several authors [1-3] applied the concept of variable-
structure system (VSS) to the design of load-frequency controllers. Various
adaptive control techniques [4-6] were proposed for dealing with parameter
variations. Recently, there are also publications in applying a Riccati
equation approach to the stabilisation of uncertain linear system [4, 8] to the
LFC design. All the proposed methods with consideration of robustness are
based on the state-space approach. It is known that, although the load
frequency control for multi-area power systems can be naturally formulated
as a large-scale system decentralised control problem, it can be translated
into an equivalent problem of decentralised controller design for a Multi
Input Multi Output (MIMO) control system [8].

In this paper, structured singular values are used in a different way from
those commonly used in the robust literature [9-13]. It is shown that subject
to a condition based on structured singular values, each local area controller
can be designed independently. The stability condition for power systems
with local area controllers can be stated as to achieve a sufficient interaction
margin proposed in [8, 14], and sufficient gain and phase margins defined in
classical feedback theory during each independent design. It is shown that
within this framework it is possible to design each local area controller with
different design method to achieve satisfactory system performances.
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2. SAMPLE SYSTEM

A state-space model for the system of sample two-area system can be
constructed as [8, 18 ]

x = Ax + Bu

Y Cx (1)

whcareu:[u1 uz]r;y=[y1 )’Q]T:[Af1 ,Afz]TQ
x:[Af1 AP, AF;, AP, AF,, Af, AR, AF;, APcz]r" '

The system matrices and parameters are given in references [8, 14,16 ]

The system is stable and the control task is to minimise the system
frequency deviation Af; in area 1, Af, in area 2 and the deviation in the tie-
line power flow AP, between the two areas under the load disturbances
APp; and APp, in the two areas. Since the system parameters for the two
areas are identical and the AP, is caused by Afi-Af, the system performance
can be mainly tested by applying a disturbance APp; to the system and
observing the time response of Af;. Some simulation results for Af; when a
step disturbance of APp;=0.01pu is applied to the system are plotted in
Figures 2, 3 and 4 as dashed lines.

3. TRANSFORM INTO EQUIVALENT DESIGN PROBLEM

In general, an m-area power system load-frequency control problem can be
modelled as a large-scale system consisting of m subsystems

X = Amx + B u
(2)
y=C, x

where  w=[uq, w,l3y=01m v F =[0f 1o AFF x=[X1,....Xm]" and x;
are the state variables for i th area (i th subsystem). The sample system used
here is a special case of m=2. An mXm transfer function matrix G(s) linking

U(s)=[u,(s),...., um(s)]" and Y(s)=[y(s),..., Ym(s)]" :
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Y()=G&U)  GG) =g, jurm] 3)
can be calculated as
G(s)=C,(sI-A )'B, 4

The design of m decentralised local controllers now becomes the design of a
mXm diagonal matrix K(s)=diag[k(s)]i=1....» [8,13,15].

......

If all g;i(s)(i#)) in G(s) were equal zero, each controller could be designed
independently just as if it were in a SISO system . However, since
8i(s)(i#f) are not zeros, following question must be resolved, i.e. if each ki(s)
(i=1,..., m) is designed to form a stable closed-loop system, what are the
additional conditions which can guarantee what the global system is stable?

In [15], a transfer function G(s)=[gi(s)];j=12..m» for a mxm MIMO plant is
composed into

G(S) = G(S) + G(S) ©)

in G(s) are zeros and off—dlagonal elements in G(s) are equal to those in
G(s). Using the notations

E(s) =G(s)G™'(s) (6)
H(s) = GOK()A+G(9)K(s)™" = diag[h ()]  (7)
H(s) = G()K(s)A+G()K(s))™ ®)

where K(s)=diag[k,.(s)],.=1,2,_.m‘ is a diagonal transfer function for a

decentralised controller; ﬁ(s) or H(s) is a closed loop transfer function

matrix for a feedback system consisting of K(s) and é(s) ,or K(s) and
G(s), respectively. The following theorem is proved in [15]:
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The closed-loop system H(s) is stable if

(c-1) G(s) and é(s) have the same number of right half plane poles

(c-2) ﬁ(s) is stable, and

(©3) |, (Gw)| < ™ EGW)YW(E =1,2,...m)

where [l denotes magnitude and i denotes Doyle’s structured singular value
with respect to the decentralised controller structure of K(s) .

.This theorem gives sufficient conditions for the system H(S) to be stable if

the controller design is based on the fully non-interactive model é(s) , l.e.

each k(s) is designed, independently, based on an SISO model g;(s). In
particular, condition (c-3) states that the magnitude of the frequency
response of SISO closed-loop transfer function

h.(s) =k.(s)g,(s)/(1+k,(s)g,(s) must be less than the value of a scalar
frequency dependent function 1~ (E(jw)).

We specify the stability conditions [17] as:

(r-1) Condition (c-4) is satisfied with a sufficient margin. This can be
checked by plotting Ih,.( jw)| and ' (E(jw))on the same graph and an
interaction margin for loop i can be defined as the shortest vertical distance
between the two curves.

(r-2) There are sufficient gain and phase margins in each SISO loop
for the stability. This can also be checked by a Bode or Nyquist plot of

k,(jw)g; (jw).

The interaction margin is therefore checked by the frequency responses of
,q"(E(jw)) and |h;(jw)l. A plot of M"(E( jw)) for plant G(s) is given in
Figure 1 as a solid line.

4. LOCAL CONTROLLER DESIGN

Within the general framework of the independent design subject to some
conditions given in Section 2, different controller design methods may be
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applied to the local area load-frequency controller design. It is assumed that
first area local controller is a state-space based controller, second one is a
simple phase-lead compensator.

State-space controller design is based on Aldeen and Crusca’s approach
[17]. This proposes a systematic way to choose weighting functions. This
approach adopted here and the feedback gains are obtained are;

k =[2.051 2455 2.189 —10.549]

The closed-loop transfer function 4;(s) can be obtained by first connecting
the above state feedback k to the state-space model used to calculate g;1(s), (
the A matrix, the first column of the B matrix and first row of the C matrix
in equation (1)), then finding the resulted. closed-loop system transfer

function. The frequency response of |hl( jw)| is plotted in Figure as a

dashed line. The interaction margin obtained is 5.26 db at a frequency of w =
3.39 rad./sec. '

too T T T T T T

Gain (d8)

Frequency (rad/sec)

Figure 1. Bode plot of ,u'l(E(jw))(—) and h(--)

Within the general framework of the independent design subject to' some
conditions given in Section 2 ,different controller design methods may be
applied to each local area load frequency controller design. For the open-
loop frequency response of g11(s), a phase-lead compansetor can be designed
to increase the gain and phase margins. From the classical feedback: control
point view, such increase means an improvement in the system robustness
[9]. The principles and techniques for the phase-lead compensator design are
well established [13]. Applying these with some trial and error to our system
g11(s), a phase-lead compensator with the transfer function
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= 0.75+0.7

(i=12)
s +85

is designed. The gain margin is increased from 2.88 to 17.8 db and the phase
margin is increased from 32 to 89°. The interaction margin defined before is
6.34 db at a frequency of w = 2.95 rad./sec.

6. SIMULATION RESULTS

To test system performance, a step load disturbance of APp=0.01pu is
applied to area 1 and the system output of Af; is observed. An integration-
absolute-error-time (IAET) criteria of the following form is also used:

J

20
e = 1000 [|Af(0)|rdt (19)
0

In the simulation study, the linear model of a nonreheating turbine AP/APg
in Figure 1 is replaced by a nonlinear model with 3=0.015

[ 8, 14 1. This is to take into account the generating rate constrain, i.e. the
practical limit on the response speed of a turbine, which was not considered
in some early publication [18, 19].

A number of simulations, using the nominal plant parameters and those with
all plant parameters changed by some percentage, have been carried out for
two different cases. The J;, values obtained are listed in Table 1, where

(1) Case A: two different controller designed in section 6 based on LQR
and phase-lead design which are added to first area and second area
respectively, :

(2) Case B: no additional controller is connected to the system.

Some selected time response plots are given in Figures 2, 3, and 4; solid
lines are for Case A and dashed lines are for Case B. Similarly, deviation in
the tie-line power flow AP, between the two areas under the load
disturbances APp;=0.01pu is also checked.
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Table 1. J;, values

Test Parameter Case A Case B
Changes %
0 0 3.5 11.6
1 +5 3.8 16.3
2 -5 - 31 8.4
3 +10 4.0 23.4
4 -10 3.3 6.5
5 +15 4.3 32.8
6 -15 3.3 4.9
7 +20 4.7 45.7
8 -20 3.3 4.4
9 +25 5.5 649
10 -25 34 4.9
11 +30 6.2 89.1
12 -30 3.6 5.4
o.01 T T T
0.005} - .
g 0 /:_L\ /L\ P “'(,
Jaomsf -7 0 SRR SRR S
'é' -0.01
Eooshfl - - -, e e s e e e e
o0y - - - - S SRR S
00257 5 10 15 20
time(sec)

Figure 2. Af; response for Test No. 0

An TAET criteria of the following form is used:

20
J ;o =100 [|AP,,(1)edt (20)
0

The results for the two cases are given in Table 2.
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Figure 3. Af; response for Test No. 11
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Figure 4. Af; response for Test No. 12

The results in Tables 1 and 2 show that, in comparison with no additional
controller and with the controllers designed by the methods, the system
performance significantly improved and that this performance is robust
against the plant parameter changes.
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Table 2. J,;, values

) Test Parameter Case A | Case B
Changes %
0 0 1.1 4.2
1 +5 1.2 5.5
2 -5 1.1 3.3
3 +10 14 7.7
4 -10 1.1 2.8
5 +15 1.4 11.1
6 -15 1.1 2.5
7 +20 1.5 15.8
8 -20 1.1 2.3
9 +25 1.7 22.4
10 -25 1.2 2.3
11 +30 1.9 30.6
12 -30 1.3 2.4

7. CONCLUSION

A robust decentralised power system load-frequency controller design
approach has been proposed in this paper. In addition to the local controller
design methods presented in this paper and previous papers [8, 14] , other
design methods may also be applied. Other possible designs are currently
under investigation. Due to the nature of independent design subject to
some conditions, the proposed design approach and the other methods can
be applied to a general m-area power system. It is shown that proposed
approach can be used to design local controllers independently even they are
designed with different methods.
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