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Abstract

A systematic procedure for design of variable struc-
ture model following load frequency controller for a
single-area power system has been presented. The
variable structure model following control (VSMFQC)
technique presented in this paper not only guarantees
invariance to a class of parameter variations and dis-
turbances but also possess other attractive features
of variable structure systems (VSS) like robustness
to unknown disturbances, simplicity in design, and
reduced order dynamics when in sliding mode. The
simulation result of the variable structure model fol-
lowing control strategy to load frequency control is
presented by changing all parameters by 30% to 50%
from their nominal values. These results show that
systems performance is robust to parameter variations
and disturbances.

1 Introduction

Load Frequency control is one of the important prob-
lems in electric power system design and operation.
There has been an increasing interest in load fre-
quency control (LFC) problem for better performance
during past 30 years. Many strategies for load fre-
quency control have been proposed in past includ-
ing the concept of variable structure system for both
single-area and multi-area systems [1]-[4], [6]. When
a load frequency controller is designed, one of the
problems encountered is the parametric uncertainty
in the power systems. Therefore, in the design of con-
trollers the uncertainties have to be considered. The
usual design approach for load frequency controller
employs the linear control theory to develop control
law on the basis of the linearized model with fixed
system parameters. However as the system param-

eters cannot be completely known the controller de-
signed based on fixed parameter model may not work
properly for the actual plants. To take these paramet-
ric uncertainties into account several authors have ap-
plied variable structure systems to the design of load
frequency controllers [4, 1, 12]. However their ap-
proach in selecting the parameters of switching vector
is based on trial and error procedure and no system-
atic method is recommended for the proper choice of
switching vector and specifying performance expected
from the system. Several adaptive control techniques
have also been proposed for dealing with parameter
variations [10, 9]. In [15]a robust controller, based on
Riccati-equation approach is presented but they could
not find a robust controller when governer time con-
stant and the speed regulation constant were changed
by 50% from their nominal values. This limitation was
overcome in [16]by combining robust control design
technique, the Riccati equation approach and adap-
tive control design to design a new robust adaptive
load frequency controller for power system. The sys-
tem parametric uncertainties are obtained by chang-
ing parameters by 30% to 50% simultaneously from
their typical values. As in [16], one has to find two
control laws using robust control and adaptive con-
trol technique, the controller design becomes complex
requiring much computations. The VSMFC technique
presented here not only guarantees invariance to a
class of parameter variations and disturbances [7] but
also possess other attractive features of variable struc-
ture systems (VSS) [14]. Young [17, 19] made use of the
theory of VSS in designing AMFC system. Young’s
method not only produces asymptotically stable sys-
tems, but is also capable of prescribing error tran-
sients. In [19]Young has designed an adaptive model
following controller for a multivariable system where
he employs the hierarchy of controls method to achieve
sliding mode on the intersection of the hyperplanes.
In [20]VSMFC techniques has been applied to a third
order single input single output numerical example
where the plant considered is in phase variable canon-



ical form. In this paper we apply this technique to
design a load frequency controller for power system
under parameter variations. This adaptive strategy is
much simpler than approach in [16]. The controller
possess attractive features like robustness to param-
eter variations, modeling errors and unknown distur-
bances, simplicity in design, reduced order dynamics
when in sliding mode. The simulation results of the
variable structure model following control strategy to
load frequency control is presented by changing all pa-
rameters by 30% to 50% from their nominal values to
show efficacy of this control scheme.

The paper is organized is as follows: Section 2 de-
scribes dynamic model for load frequency control.
Section 3 gives a brief review of the concept of variable
structure model following control. The modified vari-
able model following control law for load frequency
controller is proposed in Section 4. Simulation results
and discussions are presented in Section 5 and finally
paper is concluded in Section 6.

2 Dynamic model for load frequency
control

In general the power system model are complex, non-
linear, dynamic systems. The usual practice is to lin-
earize the model around the operating point and then
develop the control laws. Since the system is exposed
to small changes in loads during its normal operation,
the linearized model will be sufficient to represent the
power system dynamics. The block diagram of the lin-
earized model is shown in Fig. 1. The state equations
can be written as,
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Integral control of Af can be given as,
AE =K / Afdt

AL = KAf (4)

where, X1 = Af Incremental frequency deviation in Hz

X2 = AP, Incr. change in generator output power in p.u. MW
X3 = AXy Incr. change in governor valve position in p.u. MW
X4 = AFE Incremental change in voltage angle in radians

AP, Load disturbance in p.u. MW

AP, Incr. change in speed changer position in p.u. MW

T4 Governor time constant in seconds

T¢ Turbine time constant in seconds

T, Plant time constant in seconds

K, Plant gain

R Speed regulation due to governor action in Hz p.u. MW —1

The dynamic model in state variable form can be writ-
ten as:

X = AX + Bu+ FAP,

where,
-1 K, —K,
™ 7t 0 0 0 T{ZP
0 -1 1 0 0

A= T Ty B = 1 B = 0
< 0 Z |’ T, |’ 0
RT, Ty, Ty g 0
K 0 0 0

3 Review of variable structure model
following control

The theory of variable structure control can be ap-
plied for the designing of the adaptive model follow-
ing control systems. This method is referred to as
variable structure model following control (VSMFC)
[20], which not only guarantees the asymptotic sta-
bility of the system but also succeeds in prescribing
the transient response of the error. In VSMFC, the
plant is controlled in such a way that its dynamic be-
havior approximates that of a specified model. The
model is part of the system and it specifies the design
objectives. The actual plant is required to follow the
model. The adaptive controller should force the er-
ror between the model and the plant states to zero as
time tends to infinity.

Consider the plant and model described by,

#(t) = Az(t) + Bu(t) + f(z,u) (6)

T (t) = Ap@m (t) + B (t) (7)

where x is plant state n vector, x,, is model state n
vector, u is the plant control m vector, f represents
nonlinear additive terms, and r is the model input.
The tracking problem is stated as follows:

Given a plant in equation (6), a reference model in
equation (7) and reference input r. Find a control u(t)
which guarantees that the state x(t) perfectly tracks
the reference state x,,(t). The tracking error vector is
e(t) = xm(t) — x(t). We assume that the pair (A, B)
and (A, By,) are stabilizable. The model matrix A,,
is assumed to be stable. The plant matrices A, B,
and the vector f may be uncertain and time varying.
The upper and lower bounds of the elements of these
matrices and f are assumed to be known. It is seen
that:

é=Ane+ (Ayp —A)x+Byr—Bu—f  (8)

Perfect model matching occurs if, for zero initial con-
ditions, the error vector e is null for any input belong-
ing to the class of piecewise-continuous vector func-
tions. The necessary conditions [8, 5] are:

rankB = rank[B, A — A,;,] = rank[B, B,,,]  (9)

The above perfect model following conditions are al-
ways satisfied if the reference model and plant have



similar Lunberger type controllable canonical struc-
ture. In VSMFC design, the switching surfaces are
chosen as:

S =Ge=0, (10)

where ST =[S}, 9, ..., S,]. The controller which en-
sures sliding mode on the intersection of the switching
surfaces is of the form,

u=—-K]V (11)

where

VT =[eTaTrT].

(12)
The design objective is to find switching vector G and
the vectors K which will ensure that sliding mode
occures on S = Ge = 0. G can be obtained by pole
placement problem [19] and K can be obtained by

applying existence condition for sliding mode [14], i.e.,

S5 <0 (13)

4 Synthesis of sliding surface

Basically the switching vector G is obtained by
solving a pole placement problem, i.e., G has to be
selected such that the error system (8) in sliding
mode is asymptotically stable.

Consider the error system of (8). In sliding mode this
reduces to [19]:

¢ =[I — B(GB) 'G]Ae. (14)
By applying the sliding mode condition S = Ge = 0
in equation (14), m error state variables can be elim-

inated and the resulting error system can be trans-
formed into [18]:

ey = (AN — ARG 'Gy)ey, & € R (15)
by the transformation,
ézWez{?,l } (16)
€2
where
_|W _| B _
W—[WZ}, B—{BQ}, Wi{B =0, and
_ All A12
WAmW t= |: A2m1 A72112 } (17)
GW =[G Gy ]. (18)

Now G has to be chosen such that the eigenvalues
of the equivalent error system (15) be placed in the
desired locations. Using the above design strategy, we
first obtain W such that:

0

)

where by is a nonzero scalar. Then G is selected such
that G; and G as in equation (18) make the sys-
tem (15) asymptotically stable with desired error tran-
sients.

WB = { (19)

5 Variable structure model following
load frequency controller design

The plant considered is in equation (5) with the pa-
rameter values as [1, 12],

T,=20s, T, =03s, T, = 0.08s, K, =120 Hz p.u. MW

K=06purad!, R=24Hzpu MW!

The state space model is given by,

—-0.05 6 0 0
A= 0 —3.333  3.333 0
- —5.208 0 —12.5 —12.5
0.6 0 0 0
0 —6
0 0
B= 12.5 iF= 0 (20)
0 0

In order to satisfy the model following conditions we
will convert above system into phase variable form by
using transformation,

Z=TX

in phase variable form. Then the plant in equation
(5) becomes,

Z=TAT'Z + TBu+ TFAP, (21)

where,
0 1 0 0
1 0 0 1 0
TAT™ = 0 0 0 1
—149.985 —106.2327 —42.4545 —15.833
0 0
0 —0.024
TB = 0 TF = 0.0012
1 —0.0001

The model selected was a critically damped model
such that,

Ty = AmTm + Bt (22)
where
0 1 0 0 0
0 0 1 0 0
Am = 0 0 0 1 i Bm= 0
—24 —-50 -35 -—10 24
The switching surface S = Ge is chosen as,
S = Gre1 + Gaea + Gzesz + Guey
S = G1é1 4+ Gaéa + Gsés + Gyéy (23)
where,
€1 = eg
éa = e3+0.0024AP,
63 = eq4—0.012AP, (24)
éy = =24z — 50xm2 — 35xm3 — 1024 + 247 + 149.985x1

+106.2327z9 + 42.4541x3 + 15.833z4 — u + 0.001A Py,



The Switching vector was designed by using pole as-
signment technique as explained in Section 4. The
poles of the matrix [AL! — AL2G;] were chosen as -4,
-6, -8. The transformation matrix considered is a unit
matrix. The switching vector was obtained as,

Gl'=[192 104 18 1 | (25)

The error is defined as,
i=1,2,3,4 (26)

€ = Tmi — T 3
A modified VSMFC law suited to this system is chosen

as,
u=—K'V — kg (27)
where,
K'=[k ke ks ko ks ke kr ks ko |
and

VT:[el €y €3 €4 Tl T2 T3 T4 r}.

The term kjp in control law (27) compensates for

f(z,u) in (6).
Using (24), (26) and (27) equation (13) becomes,
S8 = (ka4 142)Ses + (k3 + 69)Ses

+(k1 —24)Se1 + (kg4 — 10)Seq

+(ks + 125.985)Sx1 + (ke + 56.2327)Sx2
+ (k7 4 7.4541)Sxz3 + (kg + 5.833)Sx4
(

+(ko + 24)Sr + (k10 + 0.0346AP;)S < 0 (28)

The right hand side of the above equation will have to
be less than zero in order to satisfy existence condition
for the sliding mode.

6 Simulation Results and Discussions

Letting each term in (28) seperatley less than zero
we can solve it to obtain the controller gains. The
controller gains were found as,

. 0 if S€1>0 .
kl_{ 25 if Sei <0 kQ‘{

—142 if
0 if

Seaz >0
Ses <0

o | 69 if Ses>0 b — 0 if Ses>0
3= 0 if Ses<0 ' "™ 7T ) 10 if Ses<0
o — —126 if Sz1 >0 fee — —57 if Szoa>0
5= 0 if Szi<0 @ "7 0 if Sz2<0
o — -8 if Sz3>0 he — —6 if Sxzs>0
= 0 if Szz<0 ' "7 0 if Saza<0
o = | 240 Sr>0 - f —0.035AP;if S >0
9= 0if Sr<o0 *F107 0.035AP;if S<0

The initial conditions for the plant were chosen as,
T :$2:$3:$4:0.1.

The initial positions of the reference model were
placed at

Tml = Tm2 = Tm3g = Tma = 0.8.

Simulation studies of the controller were made using
the software package MATLAB. Fig. 2 and 3 shows
the system responses and control torque with nomi-
nal parameters of the system when the system is sub-
jected to a step load change of 0.03 p.u.. The figures
reveals the ability of the controller to drive the sys-
tem to follow the reference model. The robustness
of the controller was tested by changing all the sys-
tem parameters by 30 % to 50% from their nominal
values. However the results presented here are only
for 50%. Fig. 4, 5 shows the system responses and
control torque for 50% parameter variation. It is ob-
served that system remains invariant to the imposed
parameter variation. Inspite of 30% to 50% parameter
variation from their nominal value, the controller has
the ability to follow the reference model which speci-
fies the performance expected from the system.

There is one major drawback associated with variable
structure control, namely chattering. The control sig-
nal emerging from the control law (27) is seen to com-
prise high-frequency components which lead to control
chattering. Chattering, in general, highly undesirable
because it involves extremely high control activity and
furthermore, it may excite high-frequency unmodelled
dynamics [13]. However, this drawback can be over-
come by maintaining sliding motion inside a small
boundary layer neighbouring the switching line [13]
or, as pointed out by Qian and Ma [11], by the inser-
tion of a low-pass filter ahead of the plant to yield a
smooth control signal. Figures 6 and 7 shows the sys-
tem responses and control torque obtained with the
insertion of low-pass filter for 50% parameter varia-
tions. The Figures shows the ability of the low-pass
filter to reduce control chattering. The transfer func-

tion of the low-pass filter used is G(s) = 54130’

7 Conclusion

In this paper, a new design technique based on the
concept of variable structure model following control
is presented to design load frequency controller. It
provides robustness to parameter variations and dis-
turbances. Compared with the schemes of [15] and
[16] this design method is simple and straightforward.
In addition to this, the variable structure model fol-
lowing control (VSMFC) techniques presented in this
paper not only guarantees invariance to a class of pa-
rameter variations and disturbances but also possess
other attractive features of variable structure systems
(VSS) like robustness to unknown disturbances, sim-
plicity in design, and reduced order dynamics when
in sliding mode. These advantages are not found in
[16], as one has to find two control laws using ro-
bust control and adaptive control technique and hence
the controller design becomes complex requiring much
computations. The simulation results of the variable
structure model following control strategy to load fre-



quency control is presented by changing all parame-
ters by 30% to 50% from their nominal values to show
efficacy of this control. These results show that sys-
tems performance is robust to parameter variations
and disturbances.
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Figure 1: Block diagram of single area control
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