Robust Stabilization of a Steam Power Plant
Oscillations

Ibrahim.Y.Ibrahim, Mahmoud.M.Elmetwally

Electric Power Department
Faculty of Engineering, Cairo University
Giza, Egypt
eng.ibrahimyoussef89@yahoo.com
Mh_metwally@yahoo.com

Abstract—the objective of this paper is to propose a new approach
to robust stabilization of power system oscillations with unstable or
lightly damped rotor modes taking into consideration the steam
turbine and Governor response. A stabilizing robust controller
using Ho optimal control is designed for a steam turbine SMIB
along with heffron phillip's K model. Also CPSS and FLC are
designed for SMIB along with heffron phillip's K model. The
simulation results show the best performance adjusts by robust Ho
control.

Keywords: power system (PS) - power system stabilizer (PSS) -
Conventional power system stabilizer (CPSS) — single machine
infinite bus system (SMIB) — Fuzzy logic controller (FLC) - High
pass filter (HPF)-Automatic voltage regulator (AVR).

Nomenclature.
AE deviation of rotor angle
AW deviation of synchronization speed
AEgq deviation of field voltage
AEq’ deviation of internal quadrature voltage
M damping
D moment of inertia
KK Heffron — Phillips constants
Vio direct axis voltage
Vgo quadrature axis voltage
X, transmission line voltage
I quadrature axis reactance
X4 direct axis reactance
E, internal voltage
Xy transient direct axis reactance
AVies deviation of reference voltage

Hany Abdelfattah
Electric Power Department
Faculty of Industrial Education, Suez University
Giza, Egypt
hany ayta@yahoo.ca--hanyaboayta@gmail.com

Iy, quadrature axis current
\}t' terminal voltage
Ka amplifier gain
Ty The amplifier time constant
T 4o The generator time constant
AT, The deviation of mechanical torque
AT, The deviation of electromagnetic torque
d The disturbance

L INTRODUCTION

A steam turbine is a device that extracts thermal energy
from pressurized steam and used it to do mechanical work on
a rotating output shaft. Its modern manifestation was invented

by Sir Charles Parsons in 1884 [4].

It is particularly suited to be used to drive an electrical
generator about 90% of all electricity generation in the united

states 1996 is by use of steam turbine [4].

Power system stability is a complicated subject that has
challenged electrical power engineers. The stability of power
systems was first recognized as an important problem in 1920
[1, 3]. The linear control for a linear model of the power

system is used in the most PSSs.
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The CPSS is used a lot in generation systems and give a
shared in the increasing of the dynamic stability of power
systems [1], [6], [7]. A linearized model of the power system
is used to determine the CPSS parameters. As power systems
are highly nonlinear systems, its parameters that change with
time, the CPSS design cannot warranty its performance in a

practical operating for power systems [1], [14], [17].

In recent years there has been an increasing interest for
using developed control designs in PS like Hoo control,
nonlinear control, FLC and neural control [1], [5], [8], [10],
[12], [18-20].The goal of these studies is to achieve stability

and performance robustness.

To include the model performance in a practical operating
at the controller design stage, modern robust control methods
have been used in recent years to design PSS [15], [16]. The
resulting PSS can guarantee the stability for all operating
points with respect to the nominal system and has good
oscillation damping ability. The Hoo optimal controller design
is relatively simpler in terms of the computational burden [11],

[13].

In this paper make design for a robust controller to
stabilize of a single machine infinite bus power system using
The Hoo controller [9]. The proposed robust method is
compared with the CPSS and FLC control methods.
Simulation results show that the proposed method guarantees
robust performance under a wide range of operating

conditions [1].

The rest of the paper is organized as follows. Section 2
presents the dynamic model of a Steam turbine power plant.
Section 3 provides the classical controller CPSS. In section 4
the controller is developed based on the FLC. A design of
robust Hoo proposed controller is presented and the stability of
the overall closed loop system is derived in section 5.
Simulation results and discussion are given in section 6, and

finally the conclusions.

II. DYNAMIC MODEL OF A STEAM TURBINE
POWER SYSTEM
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Figure 1. Steam Turbine Power System

A. DYNAMIC MODEL OF A STEAM TURBINE
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Figure 2. Single Re-heater Tandem compound steam turbine

Where C.V is control valve, 1.V is intercept valve for re-
heater.
The control valves modulate the steam flow through the

turbine for load/frequency control during normal operation.

Tcu is the time constant for the response of steam flow to

a change in control valve opening.

The intercept valve is normally used only for rapid control

of turbine mechanical power in the event of an over speed.



Try is the time constant for the steam flow into the L.P

section.

Tco is the time constant for the steam flow into the

crossover piping.
AV,
1
—> o 1+5Tcy Fue
O | s
t v ATy
—
L F
Pl 1+5Tg v
Figure 3. Block Diagram For A Steam Turbine
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Typical values of parameters of the model:-

Fyp = 0.3
Ty = 0.3

Fp=03

Fp =04

The control valve signal (Governor):-
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Figure 4. The Block Diagram for Governor

Where T, is the time constant for governor response, in

this study neglect it

B. DYNAMIC MODEL OF A SMIB

The SMIB system can be considered as a theoretical
simple system that allows studying the electromechanical

interaction between a single generator and the power system.

Figure.1 shows a SMIB power system (kundur, 1993) [4],
A non-linear dynamic model of the system is calculated by
neglecting the transients of generator, and the resistances of
transformers and transmission lines (Kundur, 1993). The non-

linear dynamic model of the system is given as eqs [1-4].

Non-linear dynamic model:

W = (P, — P, — DAW)/M ©)
5 =w,(w—1) (3)
Ey'= (—Eq + Era)/Tao' “
R ®)

Atper-unit P,, = T,andP, = T,

Linearizing the non-linear dynamic model around the nominal

operating condition to obtain the linear dynamic model

The linearized model of the system is obtained as eqs [5-8]

(Kundur, 1993).

Linear dynamic model:

NS = w,Aw (©6)

Avp = ATm—AAT;—DAW o

AEq "= (—AEq + AEfd)/TdO ! ®)
. _ _AEfd+KaAVTef

Ay, = o atres ©)



So the full system (steam turbine power plant) state space is:
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Figure 5. Block Diagram For A Steam Turbine Power System

III.  CPSS TECHNIQUE

The CPSS structure is illustrated in figure 6.
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Figure 6. Structure of CPSS

The gain determines the amount of damping. The washout
stage is HPF, and used to solve the oscillations in speed and

block the dc offsets [1].

The compensation consists of two lead - lag
compensators. The torsional filter is added to reduce the effect
on the torsional dynamics of the machine while block the
voltage errors [2, 3].The block diagram of HP model with
CPSS as shown in figure 7.
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IV. FLCTECHNIQUE

The speed and acceleration deviations are input variables
and reference voltage is the output variable for FLC. The

acceleration signal can be calculate from shaft speed signal

[1].

Aw(k)—Aw(k—1)

Aw(k) = i

an
All input and output variables are seven linguistic fuzzy:

there are three types of negative LN- MN- SN (large —

medium — small), ZE (Zero), and there are three types of

positive SP -MP -LP (small-medium-Large) [1].

The membership functions are triangular. The variables
multiply with gains Ky, Kyz,Kysz so that their value lies

between -1 and 1.

The speed and acceleration deviations results in 49rules

for this model. All the rules shows in table 1.

The block diagram of HP model with FLC as shown in figure
8.

TABLE 1. RULES BASE OF Fuzzy LOGIC CONTROLLER:
Anc®
peo~w | LN | MN | SN | ZE | sP | mMP | LP
LN
IN | LN | LN | LN | MN | SN | ZE
MN IN | MN | MN | MN | SN | ZE | SP
SN
LN | MN | SN | SN | zZE | sP | mP
ZE IN | MN | SN | zZE | sP | MP | LP
SP
MN | SN | ZE | sP | sp | MP | LP
mp SN | ZE | SP | MP | MP | MP | LP
Lp ZE | sSP | MP | LP | LP | LP | LP
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Figure 8. Heffron Phillips model with FLC
V. H_ FEEDBACK GAIN CONTROLLER

Consider the block diagram for SMIB system described by

V Indicate the signal that affects the system and cannot be
impact by controller, v is called generalized disturbance,
zdenote the signal that allows to describe whether a controller
has certain in demand properties, zis called controlled
variable, udenote the output signal of the controller, the so-
called control input. y denotes the signal that enters the
controller, the so-called measurement output [1].

The closed loop system:

z = f(G,K)v (12)




The transfer function f(G, K) given by:

f(G,K) = Gy1 + Gy, (1 — KG;2) 'KGyy (13)
Finding a controller K is the main problem of H,, control,
K controller used to stabilize the plantG

Jo(K) = (G, K) Il (14)
Where lIf(G, K)Il,, is the H,,norm. The control problem is

most comfortable solved in the time domain; The direct

minimization of the cost J,,(K) is a very hard problem.

Jo(K) <y (15)

For a given y> 0. This condition used to determine a
specific controller which achieves the bound (15). The
conditions can be used for checking the capability of incidence
for (15) for different values, to determine the minimum of
Joo(K). Such a procedure is called y -iteration. In terms of the
worst-case gain can be measure the performance of H,, in
terms of L2-norm,

1,(K) = Sup Iz,

livil,

#0 (16)

The performance bound (15) is thus equivalent to

<y all v#0 (17)
vil,

L(v,u) = lIzllZ —y2IIvliZ < 0 allv#0 (18)
By Parseval's theorem of the L2 — norm, the equivalent
equation to (18)

L(v,u) = _|'0°°[ZT z—y?vTvldt <0 allv#0 (19)

In H full information feedback controller, the realizations
of the transfer matrices G are taken to be of the form:

A B, B,

¢C=¢ 0 b

(20)
The following assumptions must be satisfied:

@) (A, B,) are stabilizable

(ii) D are full column rank with [ D O] unitary.
Giy 6= A _CJW' EE)Z have full column ranks for all v |

Theorem 1 [11].

Suppose Gare given by (26) and satisfy (i), (ii) and (iii). Then
the following two statements are equivalent [11]:

(a) For SMIB system a state feedback gain controllers K
exist such that the resulting closed-loop systems, with

transfer matrices T, are internally stable and have H,
norm less than y. i.e. TNl <7y.

(b) There exist positive semi-definite real symmetric
solutions Gof the algebraic Riccati equation for system

ATG + GA — (GB,CTD)(DTD)~1(BIG + DTC) +

Yy 2GB;BJG+CTC=0 @2n
Such that the following matrices are stability:
A—B,(D™D)"1(BIG + DTC) + y2B,BJG (22)

If G satisfy the condition in part (a) exist, then the controller
for SMIB system satistying part (a) are given by:

K =—(DT™D)~*(BIG + D'C) (23)
The control is now
u = Kx (24)
Which guarantees the stability of the system.
State space model of SMIB system as follow:
X=Ax+Bv+B,u (25)
z=Cx+Du (26)
Where
NS
Aw
AEy’ AP,
= q =di = ref
X=| AEg | v = disturbance, u AV,
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laT, |
And
A
r 0 W, 0 0 0 0 7
_Kl _Kz 1
w2 9w 0 0 M
_K4 _'K3 1
—_— 0 - 0 0
Tdo’ Tdo, Tdo’
= [—K,;K —K,Kg -1
= als 0 ale 1 0 ol
Ta Ta Ta
o L o o e 0
RTcy Ten
—F Tey — FupT, -1
0 HP 0 0 co —Ffuplpn  —1
RTcy TruTcn Try




_00_

0 0 0

o o 1]

Ka
BZZOT_aaBIZIgL

1

TCHO lOJ

LiL: T 0
Ty

10000 0 00
[0100001 [oo]
001000 00
C_|0001oo|' D=10 o
looooooJ [10J
000000 0 1

We calculate a H full information controller that achieves
the infinity norm final y for the interconnection structureG.The
value achieved of y is 866.4169 and the Hfull information
controller K is
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The block diagram of HP model with feedback

Hcontroller as shown in figure 9.

VI. SIMULATION RESULTS AND DISCUSSIONS

In order to study the performance of the system with
CPSS, FLC, and H,, control, at Nominal operating condition.

All these conditions are made with 10% step change in
mechanical input (Aw = 0.1).

The CPSS has been designed and obtained as

__ K(T4S+1)
cpss = K(Tis+D (28)
Where K=35T,=03, T,=0.1

Figures 10, 11, 12, 13 show the dynamic responses for
speed, and angle deviations with controllers (CPSS, FLC, Ho
optimal controller).

From these figures, It notice that the least values for
overshoot and settling time occurred in Heo optimal controller.
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Figure 9. Heffron Phillips model with H.. optimal controller

Figure 10. Dynamic responses for speed deviation



Deviation of rotor angle
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Figure 11. Dynamic responses for angle deviation

T T T T T T T T T

Robust
Fuzy ||
——— System
——CPSS

2 4 6 8 10 12 14 16 18 20
Time sec.

Figure 12. Dynamic responses for AE,

400 T

Fuzzy
300 ——— System| -
——CPsS
e RObUSE
200
2
i
5 100
§
N IBEN oA -
8 TV v
AN
200 - -t |
300 b—— L — L - : 1 1 J
0 2 4 6 8 10 12
Time sec.
Figure 13. Dynamic responses for AEg,
TABLE I Comparison The result for Speed Deviation
Design method Settling time Overshoot
CPSS 1.8 -0.0556
Hoo 1.75 -0.01327
FLC 3.57 -0.08937
System 16.5 -0.08798
TABLE IIl.  Comparison The result for Angle Deviation
Design method Settling time Overshoot
CPSS 2.333 3.899
Hoo 10 3.405
FLC 5 5.467
System 20 5.52




TABLE IV.  Comparison The result for EgDeviation

Design method Settling time Overshoot
CPSS 247 3.746
Heo 7.1 -0.3372
FLC 5 1.073
System 15 -0.5609

TABLE V. Comparison The result for Ef;Deviation

Design method Settling time Overshoot
CPSS 150< 354.6
Heo 7.6 28.68
FLC 9 49.32
System 150< 14.73

VII. CONCLUSIONS

The robust linear state feedback controller, fuzzy
controller and power system stabilizer have been designed to
globally asymptotically stabilize for single machine infinite
bus power system. The most fast recovery for this change in
the speed without a lot of effect in the induce voltage, field
voltage, and the angle appear in the H,, optimal controller, so
the effectiveness of the proposed technique (Hoo optimal
controller) than other techniques.

VIII. REFERENCES

[1] Ibrahim.Y.Ibrahim, Hany Abdel Fattah, and Mahmoud.M.Elmetwally,
“Robust Stabilization Of A Single Machine Power System
Oscillations”, at MEPCON Conference, 2016.

[2] S. Boroujeni, R. Hemmati, H.Delafkar and A.S.Boroujeni, "Optimal
PID power system stabilizer tuning based on particle swarm
optimization", at Indian Journal of Science and Technology ,Vol. 4, No.
4, April 2011, pp.379-383.

[3] P.PAVAN, M. RBABU, and S. SWATHI, "Dynamic analysis of Single
Machine Infinite Bus System using Single input and Dual input PSS",
IEEJ, Vol. 3,No. 2,2012, pp. 632-641.

[4] P.Kundur, "Power system stability and control", McGraw-Hill, (1993).

[5] A.Shekhar, andRekha,"Design of Robust Power System Stabilizer For
SMIB System Using Nevanlinna-Pick theory",IOSR-JEEE,Vol 3, 2012,
pp. 01-07.

[6] A.S.Ranjan Swain, A.K.Swain, and A.Mohapatra,"Design of power
system stabilizer", thesis, Department of Electrical Engineering
National Institute of Technology, Rourkela, may 2012.

[7] A.A.Zea,"Power system stabilizers for the synchronous generator",
thesis, CHALMERS university of technology, Goteborg, Sweden 2013.

(8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

J. L. CORCAU, L. DINCA, A. STANGA and T. L. GRIGORIE,
"Robust Control Design of Power System Stabilizer Using Fuzzy Logic
Controller", at Advances in dynamical systems and control, 2010,
PP.174-178.

J. L Corcau, and E. Stoenescu, "Fuzzy logic controller as a power
system stabilizer", at International Journal of circuits, systems and
signals processing,Issue 3, Vol.1, 2007, PP. 266-273.

YaserBigonah, FatemehJamshidi and HamedAgahi, "Designing
Advanced and Robust Controller for Power System Stabilizer by Linear
Matrix Inequality Theory Improve Dynamic Stability", International
Journal of Review in Life Sciences,ISSN 2231-2935, 2015,PP. 53-58.

R. Errouissi, M. Ouhrouche, W.-H. Chen, and A. M. Trzynadlowski,
“Robust cascaded nonlinear predictive control of a permanent magnet
synchronous motor with antiwindup compensator”, IEEE Trans. Ind.
Electron., vol. 59, no. 8, Aug. 2012, pp. 3078-3088.

A. Kuperman and Q.-C. Zhong, “Robust control of uncertain nonlinear
systems with state delays based on an uncertainty and disturbance
estimator”, Int. J. Robust Nonlinear Control, vol. 21, no. 1, Mar. 2010,
pp. 79-92.

B. Ren and Q.-C. Zhong, “UDE-based robust control of variable-speed
wind turbines”, in Proc. 39th Annu. IEEE IECON, Vienna, Austria,
2013, pp. 3818-3823.

M. A. Mahmud, M. J. Hossain, and H. R. Pota, "Effects of large
dynamic loads on power system stability", International Journal of
Electrical Power & Energy Systems, vol. 44, 2013, pp. 357-363.

H. Ye and Y. Liu, "Design of model predictive controllers for adaptive
damping of inter-area oscillations", International Journal of Electrical
Power & Energy Systems, vol. 45,2013, pp. 509-518.

M. B. A. Jabali, M. H. Kazemi, and S. Joudaki, “A proposed approach
for modeling of power system uncertainties to design robust PSS", in
Electrical Engineering (ICEE), 2013 21st Iranian Conference on, 2013,
pp. 1-6.

A.L. Elshafei, K.A. El Metwally, A.A. Shaltout, “A variable-structure
adaptive fuzzy logic stabilizer for single and multi-machine power
systems”, Control Engineering Practice, Vol.13, 2005, pp. 413-423.
A.A. Abou El-Ela, M.A. Bishr, SM. Allam, R.A. El-Sehiemy, “An
emergency power system control based on the multi-stage fuzzy based
procedure”, Electric Power Systems Research, Vol.77, 2007, pp. 421—
429.

T.S. Chung, and F. Da-zhong, “Fuzzy logic controller for enhancing
oscillatory stability of AC/DC interconnected power system”, Electric
Power Systems Research, Vol.61, 2002, pp. 221-226.

Y.-J. Lin, "Proportional plus derivative output feedback based fuzzy
logic power system stabilizer", International Journal of Electrical
Power & Energy Systems, vol. 44, 2013, pp. 301-307.

Appendix

The nominal parameters of the system are listed in Table 5.

TABLE VL the nominal parameters of the system

e némin 1 parar hi | sirsterr
o oft c

AMao M_I/MVA 257’_ '5 sec ):‘5111 68 p,
Generator .. nB v —
;| 1 8, I =
xa 16 »' xa 03 » =
Excitation -
.. =50 ... =002
system @ =
. [e]
Transformer ., =01 .
- Pon
Transmission _ xe oo
lines Xtel - 0'5 ' e Xtez - 0'9 '
Operation e 2 5 5
perat =105 =10%. =02
condition e = P =) =
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