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ABSTRACT

The aim of this paper is to examine the effect of inclusion of a
linear quadratic Gaussian controller instead of the
conventional AVR with the existence of a PSS for improving
the dynamic stability of power system. The present work
introduces a computational methodology that adopted a
Linear Quadratic Gaussian (LQG) controller to control the
generator. In this method the models of both the synchronous
generator and the PSS were assumed to be Linear, depending
on this method the controller power consumption was
minimized depending on some performance index, which is
assumed to be Quadratic. The Two Degree of Freedom
(2DOF) structure was adopted, in which two controllers are
used, the first one is the LQG controller and the second one is
the integral controller. The proposed controller has been
checked and investigated with simulations run under Matlab
environment on single machine infinite bus (SMIB) system
and compared with the traditional design methods. From these
results, it is clear that the LQG controller can enhances the
steady state stability very clearly. The results also show that
the use of the LQG, controller increases the damping torque
that substitutes the need to the Power System Stabilizer (PSS).
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1. INTRODUCTION

The voltage regulator is the intelligence of the system and
controls the output of the exciter so that the generated voltage
and reactive power change in the desired way. In earlier
systems the voltage regulator was entirely manual. Thus the
operator observed the terminal voltage and adjusted the field
rheostat (the voltage regulator ) until the desired output
conditions were observed. In most modern systems the
voltage regulator is a controller that senses the generator
output voltage (and sometimes the current) then initiates
corrective action by changing the exciter control in the desired
direction [1]. Rotating electrical machines play a very
important role in the world’s industrial life. In petrochemical
and power utilities, the failure of critical rotating machines,
such as motors or generators cost a lot of money. This is due
to the loss of energy production, high emergency maintenance
cost and lost revenues [2]. During the 1950s and into the
1960s, many power generating plants were equipped with

continuously acting automatic voltage regulators. As the
number of power plants with automatic voltage regulators
grew, it became apparent that the high performance of these
voltage regulators had a destabilizing effect on the power
system. Power oscillations of small magnitude and low
frequency often persisted for long periods of time. In some
cases, this presented a limitation on the amount of power able
to be transmitted within the system. Power system stabilizers
were developed to aid in damping of these power oscillations
by modulating the excitation supplied to the synchronous
machine [3]. The prime mover plays a vital role in
contributing to the stability of the whole system. Optimum
transient responses of a closed loop control system to an
external disturbance depends not just on the transfer function
of the excitation controller, generator and sensors but also the
speed/load controller as well [4]. Many researchers spot the
light on the design of the AVR PSS systems, [5] Presents an
on-line optimal approach for dynamic stability assessment of
single-machine infinite-bus system. The approach is based on
estimating the synchronizing and damping torque Coefficients
of the synchronous machine. While [6] Shows the effect of
changing the roots of the characteristics equation to a desired
location in the complex plane, also in this research it is shown
how this technique can improve the stability of a synchronous
generator connected to infinite bus, authors in [7] presented a
novel neuro controller for a synchronous generator based
feedback signals from voltage, speed, active and reactive
power. This controller is consists of two independent
controllers’ i.e. transient controller and voltage regulator.
Examining the effect of inclusion of a power system stabilizer
(PSS) in improving the dynamic stability of different power
systems has been studied in [8]. A nonlinear dynamic model
of PSS is applied here to study two electrical network
configurations in order to show the influence of PSS
controller to damp unstable inter-area electromechanical
modes. In [9] the author presented a new structure for the
AVR of the power system exciter is proposed and designed
using digital-based LQR. Robust control is a very active
control design tool especially when the system is MIMO and
subjected to uncertainty and disturbance, standard H-infinity,
p-synthesis, and recently LMI are all robust control
techniques [10, 11, 12]. Many successful and powerful
optimization methods and algorithms have been employed in
formulating and solving the problem of AVR and PSS design.
These optimization methodologies and techniques are widely
diverse and have been the subject of ongoing enhancements
over the years like swarm optimization techniques [13, 14,
15]. This paper is organized as follows: section 2 presents the
mathematical modeling of the complete power system
excitation module together with the machine dynamics.
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Controller design based on LQG technique is illustrated in
section 3, while the results are discussed in section 4, the
conclusion is given in section 5.

2. POWER SYSTEM MODELLING

For any electric power system dynamic study, a proper
mathematical model must be chosen. There are only a limited
number of system components important to the dynamic
study: the synchronous generator, the governor, PSS, and the
excitation system. Fig.1 is representing the system structure
including the PSS unit [16].
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Fig 1: Block diagram of the power system model.
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The performance of the excitation control system depends on
the characteristics of excitation system, the generator and the
power system. The basic function of the power system
stabilizer (PSS) is to add damping to the generator rotor
oscillations by controlling its excitation using auxiliary
stabilizing signal(s). To provide damping, the stabilizer must
produce a component of electrical torque in phase with the
rotor speed deviations. Since the purpose of a PSS is to
introduce a damping torque component, a logical signal to use
for controlling generator excitation is the speed deviation. A
simplified model describing the system dynamics used in this
study is given by the following state space equations [1, 4,
16].
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and the state wvector x of fig. 2 is defined as
x:[Acor A6 AE'" AE, Av, Avs]T
where A refers to incremental change, and Aw, is the

speed deviation, AJ incremental change in rotor angle,
AE' incremental change in quadrature voltage, AE,,
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incremental change in exciter voltage, Av, incremental
change in PSS washout voltage, Av, incremental change in

PSS output voltage. The detailed derivation of the above state-
space matrices can be found in [1, 4, 16]. The values of the
parameters of the above system are given in table 1.

Table 1. Typical data of the power system model

GENERATOR

KD Damping factor 0

K1 Synchronous machine | 0.7643 p.u.
factor

K2 = 0.8649 p.u.

K3 = 0.323 p.u.

K4 = 1.4187 p.u.

K5 = -0.1463 p.u.

K6 = 0.4168 p.u.

T3 field circuit time 2.365sec

constant

2H Mechanical starting | 3.5 sec
time

fo frequency 50 Hz

EXCITER

KA Conventional AVR 30
gain

KE Exciter gain -0.02

TE Exciter time constant | 0.56 sec

POWER SYSTEM STABILIZER

KSTAB | PSS gsain 9.5

Tw Woashout time constant | 2.6 sec

T1 Phase compensation | 0.4 sec

time constant
T2 Phase compensation | 0.033 sec
time constant

The damping and synchronizing torque factors of tables 2, 3,
and 4 are computed using the formulas[4]:

|
w,=|Ks =2 radls 1)
*2H

=i Ko 1 Ko @)
22Ho, 2 [K 2Ho,

3. PROPOSED LQG CONTROL FOR
STABILITY ENHANCEMENT

The design of optimal feedback control systems for linear
plants by using quadratic penalties on the state and control
variables represents one of the most studied classes of
problems in dynamic deterministic and stochastic optimal
control theory. From a theoretical perspective, the so-called
the Linear-Quadratic-Gaussian (LQG) problem (the H,
problem, as it is called these days) offer elegant
methodologies amenable to numerical solution using general-
purpose CAD software. LQG control can be classified as an
optimal control developed to achieve certain optimal
performance. This could be well defined and easily
formulated as optimization problems [17]. The proposed LQG
controller structure is given in fig. 2. It consists of a feedback
link that cascaded two main blocks namely the LQR (K) and
the Kalman Filter (K¢). The reason for including the K, is to
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substitute for the noise, accurate plant models were frequently
not available and the assumption of white noise disturbances
(which is assumed Gaussian-distributed) has been taken to be
corrupting the process. So the LQG problem and its solution
can be separated into two distinct parts, LQR design and
Kalman filter Design. Note that the state-space matrices in
fig. 2 are that of the excitation-PSS system given in section 2.

Plant noise :
Measurement noise

Firs j'
/ Kk P = s Bu L X, C bCh y

Fig 2: Proposed 2DOF LQG Control Structure for
excitation system.

The design procedure for 2DOF LQG controller is
summarized as follows [17]:

1. Design an LQR control law u = —KXx which
solves the following problem,

X = AX+ Bu

ee]

Jouar) = I(XTQX+ Ru®)dt,. Q=0, R>0
0
i.e., compute
A"P+PA—PBR'B'P+Q=0,P>0,

2. Design a Kalman filter for the given plant, i.e.,
R =AR+Bu+K_(y—9).
y = CR , Where
P,AT + AP, +Q-PC'R'CP, =0,
P, >0, K,=PC'R™

3. The LQG control law is given by U = —KX , i.e.

£ =(A-KB—-K,C)X+K,Yy
u=-Kx
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%= AR+ Bu+ K, (y—CX)
u=-Kx

}

4. PERFORMANCE EVALUATION OF
THE PROPOSED LQG CONTROLLER

To demonstrate the effectiveness and robustness of the
proposed 2DOF LQG controller, A 555MW turbogenerator
whose details are given in table 1 connected to infinite busbar
system has been taken as a case study. Changing the value of
KA from 1 to 91, and for these changes evaluating the values
of the KS, KD and the time domain specifications, as given in
table 2. Fig. 3 shows the plotting of the output terminal

voltage E, versus t for KA = lin the presence of PSS. The

standard LQG design structure, which is a 1DOF, does not
give a controller with integral action. The mathematical model
which represents the AVR designed depending on 1DOF
LQG is the same as that of 2DOF LQG except that the
integrator in the feed-forward path is removed. The values of
Ks and Kp and the time domain specifications evaluated using
1DOF LQG controller are presented in table 3. The
mathematical model which represents the AVR designed
using 2DOF LQG and the generator has been simulated under
MATLAB environment. The values of Kg and Ky and the
time domain specifications evaluated using this structure are
given in table 4. Fig. 4 shows the plotting of the output

terminal voltage E, versus t. What is obvious in the LQG

technique (both 1DOF and 2DOF) is the large value of the
damping torque, and the time domain specification (control
performance) is enhanced in the 2DOF LQG controller over
that of 1DOF LQG one due to the effect of integral action.
Table 5 shows a comparison between the proposed and
conventional methods for calculating damping factor.
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Fig 3: Terminal voltage of the generator with KA=1 for AVR+PSS.
1.5 T T T T T
AVR+PSS
1DOF LQG
2DOF LQG
1 IIPIPIPT TY PR PN s h N
05k —
0 | | | 1 |
0 10 20 30 40 50 60

Time (seconds)

Fig 4: Terminal voltage of the generator using proposed LQG based AVR deign.
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Table 2. Conventional AVR + PSS results.
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Kstotal= Peak
KA o)n md g ts KS Kl:-t ;(S KD tr Ampl %Mp
1 | 037|036 | 0.2650 | 37.2 | 0.002 | 0.7668 | 1.395 3.4 1.43 8.64 | 42.2
10| 1.2 | 1.2 | 0.0819 | 39.7 | 0.026 | 0.7910 | 1.3759 | 0.866 | 1.78 258 | 775
20 | 1.71 | 1.71 | 0.0563 | 40.7 | 0.054 | 0.8185 | 1.3478 | 0.585 | 1.86 192 | 85.6
30 | 211 | 2.11 | 0.0445 | 419 | 0.082 | 0.8469 | 1.3145 | 0.484 | 1.89 147 | 89.4
40 | 246 | 2.45 | 0.0371 | 43.6 | 0.112 | 0.8766 | 1.2777 | 0.427 2 1.27 | 100
50 | 2.77 | 2.77 | 0.0316 | 44.3 | 0.142 | 0.9067 | 1.2254 | 0.389 2.1 1.12 | 110
60 | 3.08 | 3.07 | 0.0271 | 46.1 | 0.176 | 0.9404 | 1.1686 | 0.361 | 2.18 1.08 | 118
70 | 3.37 | 3.37 | 0.0230 | 50.3 | 0.210 | 0.9751 | 1.0851 | 0.337 | 2.24 | 0.987 | 124
80 | 3.67 | 3.67 | 0.0186 | 55.7 | 0.250 | 1.0143 | 0.9557 | 0.319 | 2.29 | 0.981 | 129
90 | 4.00 | 4.00 | 0.0127 | 73.8 | 0.297 | 1.0613 | 0.7112 | 0.303 2.3 0.97 | 130
91 | 404 | 404 | 0.0119 | 81 | 0.303 | 1.0673 | 0.6731 | 0.301 | 2.31 | 0.957 | 132
Table 3. AVR design using 1DOF LQG.
Kstotal Peak
oy My 4 ts Ks “K1+ Ks KD tr Amp. tp | %MP
1.12 | 0.968 | 0.507 | 17.2| 0.0233 | 0.78759 | 7.9498 | 1.51 | 1.35 | 4 35.1
Table 4. AVR using proposed 2DOF LQG.
Kstotal Peak
Oy om ¢ ts Ks “K1+ Ks KD tr Amp. tp | %MP
1.12 | 0.968 | 0.507 | 5.92 | 0.0233 | 0.78759 | 7.9498 | 2.04 | 1.08 | 446 | 8.04
Table 5. Comparison of daming factor values calculated using different methods
Technigues Damping torque coefficient in

p.u. torque/p.u. speed deviation

Conventional AVR

Max=1.395 to Min=0.0333

Conventional AVR + PSS

Max=1.395 to Min=0.6731

1DOF LQG technique

7.9498

2DOF LQG technique

7.9498
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5. CONCLUSION

In this work a study of a simulated mathematical model for
the excitation system together with the synchronous machine
has been introduced. A controller based on a two degree of
freedom Linear Quadratic Gaussian (2DOF LQG) has been
proposed and designed to control generator terminal voltage.
This technique, which depends on the LQG, gives best
damping torque in addition to improving time domain
performance of the system in comparison with the traditional
techniques. The increased value of the damping torque
improved the stability of the whole system against plant and
measurement noise. The proposed 2DOF LQG controller
showed excellent results as compared to the conventional
AVR+PSS and 1DOF LQG and can be considered as
promising tool for the control design of the excitation system
not just on SMIB but to multi-machine power systems too.
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