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Abstract

The power system stabilizer (PSS) is capable of improving network stability by damping oscillations.
PSSs generate control signals for exciting system which are used to damp volatility resulting from
impairment of the power system. To overcome the shortcomings of the conventional power system
stabilizers by the use of feedback linearization control (FBLC) and H-infinity (H«) robust optimal
control, two synchronous generator exciting system controllers were designed. The main objective is
to design these controls to adjust the voltage and improve the stability of the power system small
signal simultaneously despite uncertainty and disruptions to enter the power system. The simulation
results obtained by MATLAB in a single machine to infinite bus (SMIB) system show that control
proper functioning in different operational conditions, and are designed to be an appropriate
alternative to conventional with automatic voltage regulator (AVR).

Keywords: FBL Control, Ho Control, Power System Stabilizer, Small Signal Oscillations, Small
Signal Stabilization.

1. INTRODUCTION

Security of the rotor angle stability and power system [1,2]. For this reason, a

generator voltage regulation after the signal
abnormalities even a small one, are intended
as two important factors in determining the
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conventional power system is equipped with
AVR to regulate generator voltage and
provide security of the power system
stability, and also it is equipped with power
system stabilizer (PSS) [3,4].

PSSs are wused in these large
interconnected systems for damping out low-
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frequency oscillations by providing auxiliary
control signals to the generator excitation
input [5,6].

But there are two problems with
AVR+PSS conventional design [7,8]:

(@) The conventional AVR and PSS are
designed separately, while the two strategies
are applied simultaneously through the field
voltage. As a result, simultaneous access to
goals through voltage setting and stability
securement is not possible.

(b) The performance of the conventional
AVR+PSS is strongly dependent on the
system operating point and in case of a sign-
ificant deviation from the operating point, its
performance is greatly weakened.

To overcome the above problems, the
feedback linearization control (FBLC) has
been extensively applied for the design of the
synchronous generator exciting system so far
[9,10]. In this method, the designer first
defines a controlling law with one or several
specific goals [11,12]. Voltage regulation and
securement of the rotor angle stability are of
the most important goals of control, but only
the damping of the rotor angular oscillations
after the occurrence of disturbances has been
the goal of the designer in the initial designs;
for this reason, these controllers play a weak
performance in voltage regulation [13,14].

An exciting system controller in a FBL
method is presented in [15] performing
simultaneous voltage regulation and power
system stabilization after small signal distur-
bances, but by an increase in the reactance of
the transmission line, the damping torque
applied to the power system by this controller
is reduced and by its increase from a definite
value, the power system will be unstable.
Another controller in [16] is designed by FBL

method. Since the g axis current can have a
very small value in low frequency oscill-
ations, the exciting field voltage will get
larger which is considered a basic problem
for this controller.

A new control law is presented in this
paper in which the problem of the existence
of iq current in the control law denominator is
solved. Also, this control law can properly
damp the small signal oscillations within an
extensive range of the power system
operating conditions. One of the methods
presented so far for the solution of the
conventional PSS+AVR problems, is the Hoo
resistance optimal control. The Hoo method is
presented for the stable design of the power
system in many references like [17,18]. An
example of this method is reviewed in [19].
The goal for the design of this stabilizer is to
regulate the voltage and secure the power
system stability simultaneously. In the design
of this stabilizer, two first-order weighting
functions are first designed by the normaliz-
ed-coprime factorization (NCF) method for
the improvement of the controller perfo-
rmance. Then, by the use of the power system
third-order linear model and considering the
weighting functions, a fifth-order stabilizer is
designed. The problem of this design is an
increase in the order of the power system and
an increase in complexity due to the presence
of weighting functions. Due to the weighted
functions, it increases the design complexity
of the power system. For this reason, the
design performed by the Hoo method is in a
manner that there is no need for higher than
the first-order weighting functions in this
paper. This fact prevents an increase in the
order of the controller and the complexity of
the power system.
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The issues presented in this paper are
classified as follows: In the second section of
this paper, the employed power system model
is explained. In the third section, the exciting
system controller design performed by the
FBL method is presented. In the fourth
section, the exciting system controller design
performed by Hoo method without the use of
weighting functions is described. In the fifth
and the sixth sections, the results of
simulations and conclusion are presented,
respectively.

2. POWER SYSTEM MODEL

Power system is a highly complex and non-
linear system [19,20]. The single-machine to
infinite-bus (SMIB) power system configur-
ation shown in Fig. 1 is considered for this

govetnor

synchronous

P .
EEF turbine generator

study [21,22]. Ut and Ug are the terminal vo-
Itage of synchronous machine and infinite-
bus voltage. Er and Ur are the electrical field
output voltage and reference voltage. The
conventional third-order model of synch-
ronous machine is described by the electrom-
echanical swing equation and the generator
internal voltage equation [23,24]. The dyn-
amic of the generator can be expressed by the
following differential equations [25,26]:
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Fig. 1. Single-machine to infinite-bus power system.
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where § is angle load, Jv is the generator
inertia constant, Kp is the inherent damping
constant, or is angular velocity, Te is output
electrical torque, Twm is input mechanical
torque, E'q is voltage proportional to direct
axis flux linkages, X'q is direct axis transient
reactance, ig is direct axis component of
armature current, T'go is the d-axis open
circuit transient time constant, Xq is direct
axis component reactance and y is the base
electrical angular velocity [27,28]. For AVR
and PSS controllers, the most commonly
used types are the IEEE type 1 for the AVR
and the lead-lag-based structure for the PSS.
However, other existing types could provide
better results in terms of damping of power
oscillations [29,30]. The electrical power
delivered by a generator is given by [31]:
EU;
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The terminal voltage magnitude Ut can
be expressed as:

U, =

XqUBsiné)2 .\ X;,UBCQS5+ XEEC")2 (5)
Xy + Xe Xq + Xe

The real power derivative and the voltage
derivative of the synchronous generator bus
required for the design of the controller
through FBL method are as follows:
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3. DESIGN OF THE EXCITING
SYSTEM BY FBL METHOD

The following nonlinear control law is
presented in [32] and [33] for the control of
the synchronous generator exciting system:

Ve (1)

LD do T X_ 1% (1) @)

+Py

+(Xg =X 1y (1)

where vi(t) is the control law input. The
above equation is true for 1g=0. The q axis
current is negligible in low frequency osci-
llations. Since the g axis current is inserted in
the denominator of the control law, the output
of the control law or the very exciting field
voltage during low frequency oscillations
will be very large which is considered as a
great drawback (defect, shortcoming) for the
controller.

To remove this problem, a new control
law is presented in this paper. To obtain the
new control law, first a new input should be
defined. There is no specific method to define
the input and its selection is done
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innovatively, but two points should be taken
into consideration in selecting the input: 1-
The defined input should be selected in a way
that the nonlinear sections of the real power
derivative and the voltage derivative of the
generator bus are cancelled. 2- Since the
control law is obtained by the solution of the
input equation, the new input should be
defined in a way that an optimal control law
is ultimately obtained. The optimal control
law is a law that can provide the required
damping torque for the power system within
a wide range of working conditions and also
the problem of the presence of Iq current in
its denominator is removed. With regard to
the two above points, a new input is defined
as follows:

With regard to the new input equation (9),
the real power derivative and the voltage
derivative of the generator bus can be
rewritten as follows:

E U |
_pE(t):M L--Do, (1)
dt X, + X T, 10)

l t)=Ao, (t 3 t
T Vi (t) = mr()+T- v (1)

do do

%UT (t)= {f1+Af2£l—(_ll_—l)j}wr

fl f,l
+%vf (t)=Bo, (t)+%vf (t)

do do

(11)

Equations dPg/dt and dUt/dt are
linearized by the application of the new input
and can be used in the linear control theory.
By solving equation (9), the new control law
IS obtained as follows:

E.UgCOSS
E, () =V, (t) + E, (1) - —=

O (t) (12)

In the above equation, vi(t) is the control
law input. To secure the internal stability of
the input system, the control law is obtained
by the use of the second-order linear
regulator in this paper. To obtain the input of
the control law by the use of the second-order
linear regulator theory, the equations of
system state should be first written. The state
variables are selected with regard to the
control objective. The state variables of the
system can be defined according to the
following two states:

1) Rotor angle, rotor angular speed,

synchronous generator real power

X:[S,O)r,PE]T.

2) Generator terminal voltage, rotor

angular speed, synchronous generator

real power X=[Ur,cr,Pe]",

In the first state, the main goal of the
controller is to secure the stability of the rotor
angle with no attention to the voltage
regulation. The system state spatial model is
as follows:

X = AFBLX + BFBLVTJ (13)

where X is vector of state variables. The
system matrix (Arsr), control vector of
equations (BreL) and controller input (Vi)
are given by:

0 o, 0
-Ky, -1
=0 2 — 14
Aa =0 T2 (14)
0 A 0
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0

Bes, =| 0 (15)
lq
| Teo

Vs = K A5 +K Ao, + K AP, (16)

To have access to optimal voltage
regulations in the second state, the generator
bus voltage is considered as one of the state
variables instead of the rotor angle. In this
state, the performance of the controller is
better than that of the previous state. The
system state spatial model will be as follows:

_ , f -
To
Bee, =| O (19)
1o
L "do |
Vi =K, AU +K Ao, + K AR (20)

In [34], the calculation of the input
coefficients of the control law (Kss, Kws, Kps)
and (Kw, Koy, Kpv) using theory of the second
order linear regulator has been presented in
detail. The main goals in the first and second
attitudes are improvement of the rotor angle
stability and voltage regulation of the
generator bus, respectively. The voltage
regulation and stability improvement have
conflict with each other inherently. The
membership functions (19) are used for
elimination of this inherent conflict and
achievement of the transient stability and
voltage regulation are given by [35]:

X = Agg X +Beg Viy (17)
where:
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Fig. 2. Membership functions
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Fig. 2. Manner of the controller performance with the membership functions.

1
nv(z)= (1_ 1+exp(-120(z _1))]

(21)

[coris)
uS(z)=1-pv(z) (22)
2=\Jo, (A@) +, (AS)’ (23)

or and a2 are the positive and constant
coefficients and they are chosen based on the
goals of the design which are voltage
regulation and improvement of the transient
stability. Membership functions are shown in
Fig. 2.

In this situation, the input of the control
law is as follows:

Vi=ps Vi +pv Vv

(24)
=KvAV + KsAd + Ko Aw + KoAP

The manner of operation of the excitation
system controller has been shown in Fig. 3.
The behavior of the controller which has been
presented using membership functions is
simply understandable considering Fig. 3.

4. CONTROL LAW APPLICATION IN
PHILLIPS-HEFFRON MODEL

To apply the control law to the standard
Phillips-Heffron model, the control law
should first be linearized around the
operating point. Then, all the variables
should be rewritten in terms of the state
variables of standard Phillips-Heffron model
(,E,5) [36,37]. The linearized equation of
the control law (16) is as follows:

AEF =Vi + AE's+(Xa — X8)Ala— AAw  (25)
The linearized Id is as follows [38]:
Ald = Fd A5 +Yd AEq (26)

By inserting equation (22) in (21), we can
write:
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AEF = Vi + AE's+ (Xa— X'a) Fd AS @7
+(Xo—X'a) YdAE'q— AA®

Now, the control law input, i.e. Vi should
be inserted in equation (23):

AEf = —Kv AV - Ks A8 — Ko A — KpAP
+AE'q+(Xa— X'a) Fd AS (28)
+(Xd—X'd)YdAE'q— AAw

The voltage error can be defined as
AV = AVt —AVref | The linearized P and Vt are
as follows:

AP = K1Ad + Kqu 29)

AVt = KsAd + KGEq (30)

With regard to the voltage error and
equations (25) and (26), control law (24) can
be rewritten as follows:

AEe = Vi + AEq +(Xd —X’d) Fd AS

(31)
+(Xd —X'd)Yd AE'g- AAw

AEr = KFBL[-G545 — G6AE'q

(32)
+GDAco+AVref]

where Gs, Gs and Gp are given by:

Ks+ KpKl—I-(Xd—X&)Fd

G5 =Ks+

Kv
1+ KpKz—i—(Xd—Xh)Yd
G.=Ks+
6 Kv
-Ko— A
G =
D Kv

Fig. 4 shows the block diagram of
equation (28). Fig. 4 is linear as the AVR
block diagram, except that this block diagram
includes an extra component of speed
changes (Aw).

™
AEg

Fig. 3. Structure of the control system proposed on the basis of AVR.
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Fig. 4. Phillips-Heffron model consisting of linearized control law.

This extra component acts like a power
system stabilizer and compensates the
shortage of the system damping. This extra
component is specified with a dotted circle.
The proposed linear output feedback based
on AVR can be interpreted as a fast-exciting
system with a little time constant and KFBL
gain. Two negative components affect the
torque angle circle; the first from the rotor
angular deviation A5 shown with G5 gain
and the second from the flux linkage
deviation AE@ shown with G6 gain. G5 and
G6 are equal to K5 and K6 of standard
Phillips-Heffron model. The SMIB block
diagram along with the linearized control law
is shown in Fig. 5.

5. EXCITING SYSTEM DESIGN BY H-
INFINITY METHOD

A specific illustration of the system named
the standard illustration is used in the Ho
standard problem. To solve a variety of
problems brought up in the Hoocontrol

method, first these problems should be
illustrated in a standard form. Standard
illustration of Hoo controller and the manner
of obtaining K(S) stabilizer controller are
presented in references [39]. With the goal of
simultaneous damping of the power system
oscillations and regulation of the generator
terminal voltage, a robust stabilizer is
presented through the Hoo method. Fig. 6
shows the proposed standard Hoo controller.

ATy g = 1
W, { -
| AB i
:FI:S:I 4_{-— Tg 40

—ﬂ:g o—=
N

Fig. 5. The structure of the proposed Hoo
controller.
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With regard to this figure, the changes of
AUR reference voltage and those of the ATwm
input torque are considered as the
troublesome input or the very disturbance
input.

To have access to simultaneous voltage
regulation and improvement of rotor angle
stability, the AVt generator terminal voltage
changes and those of Adrotor angle are
selected by the application of suitable
coefficients of nv and ns as the regulated
outputs. Also, by performing different
simulations, it has been specified that if the
feedback output is considered as one of the

z] =[n,AV,n5A8,1,AU] (34)
Y = Ao (35)

The nv, ms and my are constant weights
selected by the designer with regard to the
control goals.

The F(s) state space model of the
proposed controller can be written as follows:

X:Ax+Blw +B2 u
F(s):«Z=Clx+Dllw+D12u
Y =C2x+D21lw + D22 u

A | Bl B2
regulated outputs, the performance of the . F(s)-|C1[D1L DI12|- (36)
controller will be a lot better and more robust. S5 1 D21 D22
The changes of Awr rotor angular speed is - 0 o 0 o 0 11
either measured as the output or considered Ky D Ky 1
as the very input controller. The Wi m o am |m ° 0
- - A 1
disturbance input vector, the Z; regulated (ke + knKo) (o +kaKe) K | Kn
output vector, and the Y measured output . Y T 7T
vector are considered as the following in this nvKs 0 nvKs 0 0
paper: s 0 0 0 0 0
0 0 0 0 0
w] =[ATy, AUR] (33) 0 1 0 0 0 0|
AT + N T Aw|w, Ao
AL k%—_’ prEs s 1 1
K4 5
K2 K(S) =
AE'q £

1+ E3T dal

Ks

Fig. 6. The block diagram of the standard Phillips-Heffron model along with the Hoo robust stabilizer.
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Table 1. Classification of the power system on
the basis of the reactance of the transmission

line.
Transmission system Xe(pu)
Weak Xe=0.6
Medium 0.3<Xe<0.6
Strong Xe< 0.3

In the above state space model, A is the
state space model of standard Phillips-

Heffron model with the X = [43.40.4E] gtate
vector. Also, u is the control input (stabilizer
output signal). The block diagram of the
standard Phillips-Heffron model along with
Hoorobust stabilizer are plotted in Fig. 7. In
the Hoo method, the order of the controller is
equal to that of the open-loop system in
addition to the sum of the order of the
weighting functions. Since the weighting

functions in this design are of zero-order, the
order of the presented stabilizer is equal to the
number of the system state variables.

In this paper, the voltage automatic
regulator dynamics is selected as the KA
constant gain. In this method, contrary to the
design of the conventional power system
stabilizer, the AVR dynamics is taken into
consideration and the K(S) is designed with
regard to this dynamic; as a result,
simultaneous regulation of the voltage and
securement of stability is possible.

6. SIMULATION RESULTS

The transmission system can be divided into
three systems of strong, medium, and weak
with regard to the size of the impedance
between the infinite bus and the (Xe)
generator as shown in Table 1 [40].
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g 8

51.94

51-9 | | |
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Time(s)

Fig. 7. Rotor angle changes, 10% change in the input torque, strong transmission system.
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Fig. 9. Rotor angle changes, 10% change in the input torque, medium transmission system.

The type of the transmission system is
considered as an important factor in the
performance of the controllers. For example,
a controller might have an acceptable
performance under strong and medium
transmission system, but in a state of a weak
transmission system, its performance might
be unacceptable. For this reason, to
demonstrate that the controllers enjoy

satisfactory performance under strong,
medium, and weak transmission system
conditions, the performance of these two
controllers are studied under the three states
of strong, medium, and weak transmission
systems.

Figs. 8 and 9 illustrate the rotor angle
changes and generator terminal voltage of the
strong transmission system due to an increase
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of the input torque by 10%. By the
application of FBL controller, the amplitude
of oscillations is less and they are damped
faster and voltage regulation is more precise.
With regard to Fig. 9, after the 10% change
in the input torque, the voltage value of the
generator bus with the FBL controller
remains exactly at 1 pu, but the voltage drops
with the other two controllers.

Figs. 10 and 11 show the medium system
response. Fig. 10 shows the rotor angle
changes due to a 10% reduction in the input
torque and Fig. 11 shows the rotor terminal
voltage due to a 10% increase in the reference
voltage. In this state, the time duration
required for the power system response to
reach its final value is the same in the two
proposed controllers. Also, as in the previous
state, regulation of the FBL controller voltage
IS more precise.

In this state, the amplitude of oscillations
of Hoo controller is less than that of the FBL
controller, but it reaches its final value after

about 2.5 seconds with the two power system
controllers.

The interesting point to note is that the
performance of the conventional AVR+PSS
is very undesirable under weak transmission
system.

The main uncertainty in a power system
is related to the impedance change between
the infinite bus and the generator. The most
important factor of impedance change relates
to the disconnection of the transmission line.
The disconnection of transmission lines can
cause the change of the system from one kind
to another; for example, by the disconnection
of one of the transmission lines in a medium
system, Xe might get somewhat greater and
the transmission system becomes weak. To
study the rate of the resistance of the
controllers proposed relative to the Xe
parameter, their performance is studied after
the disconnection of one of the transmission
lines in the three states of transmission
system.

— Proposed FBL
112 I il Hoo Controller
' |- Linear AVR+PSS

= 14F : :
=
]
[=10]
&1.08 |
=
> N
— 106} ; |
E
2

1.02 _ |

1 : : . . L l I i
0 1 2 5 : . -

5
Time(s)

Fig. 10. Terminal voltage changes, 10% change in the input reference voltage.
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Fig. 11. Rotor angle changes, 10% change in the input reference voltage, weak transmission system.
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Fig. 12. Terminal voltage changes, change in the input reference voltage, weak transmission system.

With regard to Figs. 14 and 15, both FBL
and Hoo controllers have somewhat similar
performance in damping the voltage
oscillations and the angel of the generator
rotor connected to the strong and medium
transmission systems, but still the FBL
controller voltage regulation is better. With

regard to Figs. 16 and 17, the performance of
Hoo controller in damping oscillations is
better than that of FBL controller in the state
of weak transmission system, but in this state
too, regulation of FBL controller voltage is
more precise.
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Fig. 13. Rotor angle changes, 10% change in the input torque, strong transmission system with the
disconnection of one of the transmission lines.
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Fig. 14. Rotor angle changes, 10% change in the input torque, medium transmission system with the

disconnection of one of the transmission lines.

For a closer study and better comparison is used. The system oscillation modes and
of the performance of the proposed damping coefficients at three operating
conventional AVR+PSS, FBL, and Hoo points (appendix 3) are obtained for all the

controllers, the analysis of the specific values three types of the transmission system. Table
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Fig. 15. Changes of the rotor angle, 10% change in input torque, weak transmission system with the

disconnection of one of the transmission lines.
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Fig. 16. Changes of the terminal voltage, 10% change in the input reference voltage, weak
transmission system with the disconnection of one of the transmission lines.

2 shows these values for the ordinary disconnection of one of the transmission
transmission system and Table 3 presents lines.
them for the transmission system with the
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In all the states, it is clear that the
controllers  presented have an ideal
performance and have better performance
relative to the conventional AVR+PSS. In a
power system with the conventional
AVR+PSS, the damping coefficient is
significantly reduced by an increase in the
transmission line reactance meaning a
reduction in the damping torque applied to
the power system. But, by an increase in the
transmission line reactance in the proposed
Hoo robust controller, the damping torque
applied to the power system is increased
showing the controller resistance to Xe. An
increase in the reactance of the transmission
line in FBL controller results in a decrease in
the damping torque applied to the power
system, but this reduction is not so great and
brings about no problem for the controller.
Only in the state of strong transmission

system the damping torque applied to the
power system by the FBL controller is more
than that applied to the Hoo controller, but in
the medium and weak transmission systems,
the damping torque applied to the power
system by the Hoo controller is more than that
applied to the FBL controller. The
performance of the two proposed controllers
in damping the oscillations is relatively equal
in the state of the medium transmission
system, but in the state of the weak
transmission system, the superiority of the
Hoo robust controller in damping the
oscillations of the power system is more
evident than that of the FBL controller. The
noticeable point is that in all the states,
voltage regulation performed by the FBL
controller is more precise than that performed
by the other two controllers.

Table 2. Mechanical mode of oscillation modes and damping coefficients
of the power system by the application of the exciting system controller.

Controller Stiff Median Weak
FBL -2.92+j7.034 (38.34%) -2.01+j6.45 (29.7%) -1.4417+j5.63 (24.79%)
He, -2.014j5.45 (34.57%) -24j4.91 (37.72%) -1.684j4.35 (36.03%)
CPSS+AVR -1.315+j5.16 (24.7%) -0.994j4.79 (20.31%) -0.684.52 (3.7%)

Table 3. Mechanical mode of oscillation modes and damping coefficients
of the power system by the disconnection of one of the transmission lines by the application
of the exciting system controller.

Controller Stiff Median Weak
FBL -1.24j5.22 (22.35%) -1.08+j4.87 (21.61%) -1.014j4.054 (20.34%)
Heo -1.14+j4.54 (24.35%) -1.29+j4.21 (29.3%) -1.35+j3.54 (32.82%)
CPSS+AVR -0.74j4.42 (15.68%) -0.64+j4.13 (15%) 0.49+j3.57 (13%)
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One of the important points in selecting
the type of controllers is the complexity and
the order of the controller. The Hoo
controller is more complex compared to the
two other controllers and its order is higher.
The order of this controller is 3 and by
applying it to the power system, the order of
the system will increase to 6. The FBL
controller does not increase the order of the
system at all and with this controller the
power system remains at order 3.

The conventional stabilizer of the power
system is at least at order 2 and in complexity
it is simpler than the Hoo robust controller.
By the application of this controller to the
power system, the order of the system
converts to 5. It can be concluded that the
FBL controller is much simpler than the other
two controllers.

7. CONCLUTION

Two controllers for synchronous generator
exciting system were designed and compared
by FBL and Hoo methods in this paper. The
use of the second-order linear regulator in
FBL method results in the guaranty of the
internal stability of the system; also, the use
of the membership functions removes the
inherent opposition between the voltage
regulation and stability securement while the
response of the system will be softer and
better. The weighting functions were not used
in the Hoo method for the design of the
controller. This fact not only did not have a
negative effect on the performance of the
controller, but it also resulted in the reduction
of the order of the controller and the power
system. In all the states, the voltage
regulation performed by the FBL controller is

more precise than that performed by the Hoo
controller. From the view of damping the
power system oscillations with the strong
transmission system, the performance of the
FBL controller is better than that of the Hoo
controller. In the state of the medium
transmission system, the performance mean
of the two controllers is almost similar and in
the state of the weak transmission system, the
Hoo controller performance is better than that
of the FBL controller. The results of
simulations and analysis of the specific
values show that the new control law and the
presented Hoo stabilizer are able to apply the
required damping torque to the power system
within a wide range of working conditions
and regulate the generator bus voltage like a
fast stimulator with small time constant. The
most important uncertainties relate to the
change in the operating point and also the
uncertainties resulting from the disturbances;
the presented controllers prove to have
optimal ~ performance  against  these
uncertainties. The two proposed controllers
have better performance than the
conventional PSS+AVR within a wide range
of power system working conditions and can
be suitable replacement for it.
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