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ABSTRACT

This paper introduces a computational methodology that
adopted a method of Linear Quadratic Gaussian (LQG)
controller as Automatic Voltage Regulator (AVR) and
Governor to control the generator terminal voltage and the
turbine speed. In this method the models 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. This method was
taken into account the noise and the disturbance in view,
considered its distribution as Gaussian. The two degree of
freedom (2DOF) structure was adopted, in which two
controllers are used. The effectiveness of the proposed control
action is demonstrated through some computer simulations on a
Single-Machine Infinite- Bus (SMIB) power system.

To accommodate stability requirements, a mathematical model
for the generator and the turbine was derived based on the two-
axis theorem and starting from the swing equation. Results
obtained show that adopting such a controller enhanced the
steady state and transient stability.

Keywords
LQG control, generator and turbine modeling, two degree of
freedom, damping torque

1. INTRODUCTION

The oldest power generating plants were supplied with
continuously acting automatic voltage regulators.

When the number of power plants with AVR increased, it
became obvious that the high performance of these voltage
controllers or regulators had a destabilizing effect on the power
system. Power oscillations of small magnitude and low
frequency often sustained for long durations of time. In some
cases, this presented a restriction on the amount of power that
can be transmitted within the system. Power system stabilizers
were developed to add damping torque coefficients of these
power oscillations by modulating the excitation supplied to the
synchronous machine [1].

The prime mover plays an essential role in causative to the
stability of the whole system. Optimum transient response 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

2.

Keeping frequency within adequate limits requires to
continuously maintaining a balance between resources and
loads. This security action is performed by the Load Frequency
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Control (LFC). The LFC induces output variations to generating
units, through the operation of Speed Governor, Automatic
Generation Control (AGC) and through operator actions [2].

Latest efforts in designing the power system controllers are
based on some adaptive and optimal control techniques like

Artificial Neural Network (ANN), Fuzzy logic, Genetic
algorithm, Pole placement, Linear Quadratic Regulator (LQR)
and on the robust controllers like LQG (H2) and (Hx).

R. Asgharian and D.C. Macdonald [3] suggested an optimal
linear control system for designing auxiliary signal controllers
for turbine generators. The design take into the concern the
torsional mode oscillation of the rotor to obtain the best
performance.

Ranjan Vepa [4] proposed a nonlinear rotor-side controller
(RSC) for a wind turbine generator based on nonlinear, LQG
optimal control theory. The goal is to express the synthesis of a
maximum power point tracking.

Youssef A. Smailli and Ali T. Alouani [5] investigates the
application of H-infinity optimal control theory for designing
the supplementary excitation and governor control system to
improve the stability and performance robustness of an electric
power system.

M. Djukanovic et. al. [6] presents a design technique of a new
adaptive optimal controller of the low head hydropower plant
using artificial neural networks (ANN). Results obtained on the
non-linear mathematical model demonstrate that the effects of
the NNC closely agree with those obtained using the state-space
multivariable discrete-time optimal controllers.

F. Fatehi etal. [7] presents a combined system identification
and controller design methods to dampen low-frequency
oscillations in multimachine power systems with Linear
quadratic Gaussian controller design with loop transfer
recovery.

Gui-chen Zhang [8] proposed an LQG control scheme for
output power leveling with unknown dynamics for running of
unstable speed exhaust turbine generator using main engine
waste heat by high turbulence intensities,

Feilat and Younan [9] 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.
The coefficients are estimated from the time responses of the
changes in the rotor angle, rotor speed, and electromagnetic
torque. These coefficients can be used as indices to provide



insight into the relative stability of the synchronous machine.
This approach results in a remarkable reduction in the
computational complexity associated with this problem and
hence allow for on-line implementation needed for continuous
monitoring of the dynamic stability indices.

T. C. Yang et al. [10] designed a decentralized robust load
frequency control (LFC) for interconnected power system. This
design based on a new Linear Quadratic Regulator design
approach.

The interest in designing the optimal and robust controllers has
increased tremendously in the last few years because of its
rigidity and stability.

In this paper, a mathematical model or a state equation of the
turbine and the generator in its standard form has been
developed, which is based on the two-axis theorem and starting
from the swing equation. This model can be used to simulate
the machine behavior under healthy (steady-state) and faulty
conditions (transient-state).

2. SOFTWARE IMPLEMENTATION

In this paper to investigate the effectiveness of adopting the
LQG controller as AVR and as Governor, the conventional
AVR and the conventional Governor was also adopted for
comparison. The two degree of freedom 2DOF structure was
used in designing the LQG controller. Controller performance
will be expressed in terms of performance indices used in
feedback control system theory. A 555MW turbogenerator
whose details are given in the Appendix A is taken as an
example to which the software is employed.

3. TURBINE & GENERATOR
MATHEMATICAL MODELLING

Depending on the swing equation viewpoint which is the
equations of central importance in power system stability
analysis are the rotational inertia equation describing the effect
of unbalance between the electromagnetic torque and the
mechanical torque of the individual machines.[2]

When there is un unbalance between the torque acting on the
rotor, the net torque causing acceleration (or deceleration) is

T, =Ty -Te @)

The combined inertia of the generator and prime mover is
accelerated by the unbalance in the applied torques. Hence, the
equation of motion is:

d
J ‘;)tm =Ta=Tn—Te 2
The swing equation then can be expressed as two first order

differential equations, becomes

d(Aw 1 - = _
%:ﬁ(—rm —Te —KpAay) &)
dd _

E :(DOA(Dr (4)

The block diagram form representation of equations 3 and 4 is
shown in Figure 1.
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Fig. 1 Block diagram representation of swing equations

Linearizing and writing (3) and (4) in the vector-matrix form,
obtain

d[re,] | =Ko =Ks Mae,7 [ L 5)
ditl as [T12H  2H | o1t 2H ATp,
®, 0 0

where

Ks= Synchronizing torque coefficient in pu torque/rad
Kp=Damping torque coefficient in pu torque/pu speed deviation
H= Inertia constant in MW.s/MVA

Aw, =Speed deviation in pu = (o, - ©, )/ ®,

Ad =Rotor angle deviation in elect.rad

wo,=Rated speed in elect.rad/s=2xf,=314 for a 50Hz system.
Depending on the previous derivations, and inserting the effect
of the exciter, then complete model for the exciter-generator can
be given as below in Figure 2.
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Fig. 2 Exciter generator model

In the vector-matrix form, the effect of excitation circuit can be
given as follows, which represents the whole matrix of exciter-
generator.

Ko K oKy
N 10 (6)
dl a8 Yk A5 | |20 Tam,
P BTN VR L I I
dt T, T, 0 KA |L'ref
AEg o “KAKs —KAK; -Ke A | o T
TE TE TE

In the same manner as in the previous derivations, the complete
model for the governor-turbine can be given as in Figure 3.
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And the damping ratio is
1 K, 1 Ko

== ——
22Ho, 2 ,KSZH%

In specifying the transient-response characteristics of a control
system to a unit-step input, it is common to name the; Delay
time, tg; Rise time, t,; Peak time, t,; Maximum overshoot, Mp
and Settling time, t.

2Hs+ K,

APy
Fig. 3 Governor-turbine model

Also in the vector-matrix form, the governor-turbine system can
be given as follows:

(=Ko o o Fwe Fe Fip]
2H 2H 2H 2H _ _
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4. PERFORMANCE EVALUATION OF
DESIGN THE CONVENTIONAL AVR &
GOVERNOR

The mathematical model, which represents the exciter-generator
and the governor-turbine, has been programmed using
MATLAB 7.0 programming language.

It can be seen that from (6), which represent the model, that KA
is a regulator or amplifier as shown in Figure 2.

The input will be taken to be as the V¢ only, assuming AP,,=0
(i.e. constant, there is no change in the mechanical power).

The output in the state-space can be taken arbitrary, for this
model the terminal voltage AE; is taken to be an output and can
be given as:

AE; = KgAS + KgAE' ®)
or in state-space
Ao,
AS
AE'
AE g4

Changing the value of KA, and for these changes evaluating the
values of the Ks, Kp, and the time domain specifications
evaluated are shown in Tablel.
Ks, Kp can be given as follows:

o= /Ks Do radls (9)
2H

AE =[0 Ks Kg 0]

TABLE 1 CONVENTIONAL AVR

0,
KA | o | t K, KSE‘;': Ko Zﬁ%k t /‘"VF"
K

1 1037 | 37.2 | 0002 | 0766 | 1.39 | 1.43 | 8.64 | 422
10 | 12 | 398 | 0026 | 0791 | 1.35 | 1.78 | 2.58 | 77.8
20 | 1.71 | 425 | 0054 | 0818 | 1.29 | 1.86 | 1.92 | 86
30 | 211 | 448 | 0082 | 0846 | 1.23 | 1.0 | 1.47 | 901
40 | 246 | 475 | 0412 | 0876 | 1.15 | 2.01 | 1.27 | 101
50 | 277 | 511 | 0142 | 0906 | 1.05 | 2.41 | 112 | 111
60 | 3.08 | 573 | 0176 | 0.040 | 0.4 | 2.19 | 1.08 | 119
70 | 337 | 691 | 0210 | 0.975 | 0.78 | 2.25 | 0.98 | 125
80 | 367 | 968 | 0.250 | 1.014 | 0.54 | 2.26 | 0.08 | 134
90 | 3.99 | 504 | 0295 | 1.059 | 0.0 | 2.31 | 0.87 | 135
91 | 4.03 | 1590 | 0.301 | 1.065 | 0.03 | 2.33 | 0.86 | 140

Figure 4 and Figure 5 shows the plotting of the output terminal
voltage E; versus t for number of KA values

From the evaluated table and graphs it is shown that the
damping is low, and if the gain of the regulator increased then
the damping will be less.

AVR Characteristic when KA=1
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Fig. 4 Terminal voltage of the generator with KA=1
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Fig. 5 Terminal voltage of the generator with KA=20

It can be also seen that from (7), which represent the governor-
turbine model, as shown in Fig. 3, the input will be taken to be
as the AP, which can be changed as 6%, 8%, 10% and 15% and
assuming AP =0. The output will be chosen to be the changes
in mechanical power AP, and the frequency response Aw, as
shown in Figure 6.

Governor when 6%,8%,10% and 15% change in Delta PL
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Fig.6 Ao, and AP, change for all load changes

The time domain specifications from Figure 6 can be given
in Table 2 and Table 3.

TABLE 2 TIME DOMAIN SPECIFICATION FOR
CONVENTIONAL GOVERNOR FROM Aw, GRAPH

%aAR |t Z;apk t, | %M,
6 109 | 00715 | 1.92 | 275
8 109 | 00953 | 1.92 | 275

10 10.9 -0.119 1.92 275
15 10.9 -0.17 1.92 275
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TABLE 3 TIME DOMAIN SPECIFICATION FOR
CONVENTIONAL GOVERNOR FROM AP,, GRAPH

%ar |t :fnapk t, | %M,
6 9 | 0608 | 336 | 448
8 9 | 0811 | 336 | 448
10 9 | L0L | 336 | 448
15 9 | 145 | 336 | 448

5. LQG CONTROLLER DESIGN BASED
ON SEPARATION PRINCIPLE

The following steps give the design procedure followed in
the design of the LQG controller given in Figure 7 that used
here. [11, 12, 13 and 14]

Reference r — Plant y

>

LOR Control Kalman Filter

Fig. 7 Block Diagram of the Proposed LQG Control Law

e Design the (Linear Quadratic Regulator) LQR control law
U = —KX which solves the following Problem,

X=Ax+Bu,

Jiuor = | (xTQx+Ru?)dt, Q=0, R) 0
0

i.e., compute
ATP+PA-PBRBTP+Q=0,P) 0,
K=R'B"P
. Design a Kalman filter for the given plant, i.e.,

X=A+Bu+K.(y-9),
y =CX , where
P,AT + AP, +Q-P,CTR™CP, =0, P,) 0,
K, =P,CTR™

. The LQG control law is given by U = —KX ,L.e.,
{f( = AR+ Bu+K,(y—-CX)
u=-KX
Then,

%=(A-KB-K.CC)R+K.y
u=-Kx

. Designing the second controller for the 2DOF LQG
which is the integrator



6. TWO DEGREE OF FREEDOM LQG
CONTROLLER

For the (2DOF), consider the system shown in Figure 8, where
Gp(s) is the transfer function of the plant, for this system, closed
loop transfer function Gy,, Gy, and G4 are given respectively as
follows:[15, 16 and 17]

_Y(s) Gc1Gp
r - - ]
" R(s) 1+(Ggy+Gey)Gp
_Y(s) Gp

d = = ,

¥ D(s) 1+(Gey+Gcy)Gp
_Y(s) _ —(Gc1+Gc2)Gp

™ N(s) 1+(Gg1+Gc)Gp

D(s)
3 Gea(s) 7 Go(s) )
R(s)
B(s) Gea(s)
¥ B(s) . NES)
Fig. 8 Two Degree of Freedom Control System
Hence,
Gy -G
_ _ “yd P
Gyr - GCled ' Gyn - G—
P

In this case if Gyq is given, then G, is fixed, but Gy, is not fixed,
because G¢; is independent Gyq. Thus, two closed loop transfer
functions among three closed loop transfer functions Gy, Gyy,
and Gy are independent. Hence, this system is two degrees of
freedom control system.

It will be seen in such a two degree of freedom control system,
both the closed loop characteristics and the feedback
characteristics can be adjusted independently to improve the
system response performance.

The strategy used in this work is to design the proposed two
degree of freedom LQG and including an integrator action as
shown in Figure 9 (i.e. first controller is LQG and the second
controller is the integrator). The integral control of the system
eliminates the steady state error in the response to the step
input.

Under integral control action the control signal (the output
signal from the controller) at any instant is the area under the
actuating error signal curve up to that instant. The control signal
can have a nonzero value when the actuating error signal (r-y) is
zero.
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Fig. 9 Two Degree of Freedom LQG

7. PERFORMANCE EVALUATION OF
DESIGN THE PROPOSED 2DOFLQG

AVR & GOVERNOR

Designing the AVR using the 2DOFLQG gives the values of Kg
and Kp and the time domain specifications which are given in
Table 4.

TABLE 4 AVR USING 2DOFLQG

Measurement noise

r 4 . 1
/ -K Lx:AerBu a C—@}’

ted

) L Ks KK ]S_t_itilzs Kb :renapk tp %Mp
1.12 | 5.92 | 0.023 0.7875 7.949 1.08 4.46 8.04

Figure 10 shows the plotting of the output terminal voltage
E, versus t. What is obvious in this technique is the value of the
damping torque, which is still high, and the time domain
specification (control performance) is enhanced due to the
effect of using the LQG controller and the integral controller.

AVR using 2DOF LQG

14

0.8H -

Delta Et

0.4+ -

0.2 4

0 r r r r r r r r r

0 5 10 15 20 25 30 35 40 45 50
Time (sec)

Fig. 10 Terminal voltage of the generator with 2DOF LQG AVR

Designing the Governor using 2DOFLQG gives the time
domain specifications shown in Table 5.




TABLE 5 TIME DOMAIN SPECIFICATION FOR
2DOFLQG GOVERNOR FROM Ao, GRAPH

Peak

% AP, t; t, amp. t, %Mp
6 269 | 0043 | -0017 | 0.66 464
8 27 | 0033 | -0018 | 06 518
10 294 | 0026 | -0020 | 0.48 567
15 294 | 0019 | -0023 | 042 661

TABLE 6 TIME DOMAIN SPECIFICATION FOR
2DOFLQG GOVERNOR FROM AP, GRAPH

% AP t, t, :;%k. t, %M,
6 3.59 0.539 0.101 1.68 52
8 358 | 0481 | 0104 | 15 555
10 368 | 0442 | 0106 | 138 | 581
15 3.76 0.389 0.109 1.26 62

Figure 11 shows the plotting of Aw, and AP, for 6%, 8%,
10% and 15% of AP, change versus t on the same graph. As

seen also the integral action has been enhanced the time domain
specifications (control performance).

Governor when 6%, 8%, 10% and 15% change in Delta PL
OL T T T T T

oot fi) /,,,,, 1

Delta WR

0 1 2 s 4 5 6
Time in Sec (sec)
Governor when 6%, 8%, 10% and 15% change in Delta PL

e

Delta PM

r r r r

Time in Sec (sec)
Fig. 11 Aw,and A P, change for 6%, 8%, 10% and 15%
of the load change using 2DOFLQG Governor

8. CONCLUSION

In this paper a controller based on a two degree of freedom
Linear Quadratic Gaussian (2DOFLQG) designed to control the
generator voltage via the AVR and the turbine speed via the
governor, this controller has been compared with the
conventional one. The plant noise and the measurement noise
were considered. This technique which depends on the
2DOFLQG gives best damping torque, synchronizing torque
and time domain specification with comparison with the
conventional techniques, shown clearly in Tables (1, 2, 3, 4,5
and 6 which leads to improving the stability of the whole
system.
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APPENDIX A

GENERATOR
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S(Apparent power)

P (Active power)

Q (Reactive Power)

555MVA
0.9 p.u.

0.3 p.u(overexcited)

E; (Terminal voltage) 24 kV or 1p.u.
Speed 50S?
Frequency 50 HZ
Eg (Infinite bus 0.995 p.u.
voltage)

Connection Y

H 3.5 MW.s/MVA
Kp 0

Ky 0.7643 p.u.
K, 0.8649 p.u.
Kz 0.323 p.u.
K4 1.4187 p.u.
Ks -0.1463 p.u.
Ksg 0.4168 p.u.
T, 2.365s
EXCITER

KA 30

Tr 0.02s
Ke -0.02

Te 0.56
TURBINE

KG 20 MW/Hz
Fup 0.3

Fip 0.4

Fip 0.4

Tsr 0.1s
Tsm 0.3s
Ten 0.18s
TRH 78

Tco 0.4s
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