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Abstract— This paper presents some interesting simulationlte®f a single machine infinite-bus system, \iuttzy
logic based power system stabilizer (FLPSS). A eoisgn is also made between the FLPSS and conveahtmmwer
system stabilizer (CPSS). In CPSS, one input sigwealrotor speed deviation is used. However, i8S, two input
signals were used. The control input signals usefLiPSS are real power deviation and derivativpoiver deviation.
It was found that FLPSS performs better than CR&8vever different operating points need to congddn both the
cases to make a firm conclusion. Apart from itditgttio give satisfactory operation at differenteypting conditions, it
is possible to feed multi signal as control inpintsFLPSS. FLPSS design can be improved furthercdmsidering
fuzzification and defuzzification methods and clagngther parameters.

Keywords— Fuzzy logic controller, Power System OscillationdPower System stability, Power System Stabilizer.

eigenvalues associated with the power system mofles
1. INTRODUCTION oscillation by adjusting the stabilizer pole androze
locations in the s-plane. This approach gives aiuit
. ; ; . insight to performance by working directly with the
persisted fc_)r .'°f?9 periods of time and in SOME £ase closed-loop characteristics of the system, as cgpds
presented limitations on power transfer capabifgwer . open-oop nature of the phase compensation

system stqbili;ers were developed to aid in dampingtechnique, but is more complicated to apply, paldidy
these oscillations via modulation of the generator;, iha field.

excitation [1].

The basic function of a power system stabilizetois
extend stability limits by modulating generator igiion
to provide damping to the oscillations of synchnasio
machine rotors relative to one another. Theselasoihs
of concern typically occur in the frequency rande o

ahpproxma_lltlely 0.210 2':.3 I-.|z,handb|_r|1.3uff|C|ent dampof  ejated by the dual concepts of fuzzy implication ghe
these oscillations may limit the ability to transipower. ., yhqsitional rule of inference. In essence, thie,

To provide damping, the stabilizer must prc_)dl_Jee aFLC provides an algorithm which can convert the

component of electrleal_ torque on the rotor whishni linguistic control strategy based on expert knogkd

phase. with speed variations [2], [3]'. [4]_’ [5], 16] into an automatic control strategy. Experience shthat
Tuning of supplementary excitation controls for 4o F ¢ yields results superior to those by corioeat

stab_ilizing system modes Of_ oscillation ‘has beea th ;g algorithms. In particular, the methodolagfythe
subject of much research during the past 20 toe#sy | ¢ appears very useful when the processes are too

Two basic tuning techniques have been successfully,,mpiey for analysis by conventional quantitative
utilized with power system stabilizer applicatiopiiase  gchniques or when the available sources of inféirma
compensation and root locus. Phase compensation e interpreted qualitatively, inexactly, or uneénty.
consists of adjusting the stabilizer to cem_penﬁzatehe Thus fuzzy logic control may be viewed as a steyato
phase lags through the generator, e_x_0|tat|on sysamm_ a rapprochement between conventional precise
power system suc.h that _the stablhz.er path providesyihematical control and human-like decision making
torque changes which are in phase with speed clsan_ge The fuzzy logic based PSS was proposed in [8] used
This is the most straightforward approach, easHthO real-time measurements\c. (generator speed

understood and implemented in the field, and thestmo deviati dAG lerati the input sianal. |
widely used. Synthesis by root locus involves gidfthe via lon) andAa(acceleration) as € Input signa’. in
this paper, however, FLPSS uses active power dewmiat
and its derivative as the input signals.
The power system stabilizer is a supplementaryrobnt
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Oscillations of small magnitude and low frequenégio

Fuzzy logic is much closer in spirit to human thimk
and natural language than the traditional logigateams.
Basically, it provides an effective means of caipigithe
approximate, inexact nature of the real world [7].
Viewed in this perspective, the essential parheffuzzy
logic controller (FLC) is a set of linguistic coatrrules
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observable is a good candidate for input signal. The power system model is linearized at a particula
When consider the nature of the two input signals,equilibrium point to obtain the linearized systerodual

speed and electrical power [4]. In general theybave given in the state-space form

some steady-state value, and may change slowly over

long periods of time. For this reason, as is noyddne AX = AAX + BAu, Ay = CAx (1)

in most PSS designs, a high pass filter is appbeoth

inputs. This filter is also called a washout fijtemce it

“washes out” or eliminates the low frequency signal

The form of the washout filter is as follows:

where A denotes the perturbation of the states, input,
and outputs from their equilibrium values, with

sT, X= [5 w Ey ¢4 By Yy VR]T 2
(L+sT,)
y=Mem @ RJ (3)
whereT,, is the washout time constant, normally set in . _ . .
the range of 2 to 15 seconds. This gives a break The matrices for (1) derived from typical machine
frequency of IT,, rad/sec. If T, is 10 seconds, then the parameters are given in Appendix A. The dominaiepo
filter breakpoint occurs 0.0159 Hz, well below e  Of (1) are the real poles = -0.105 associated with the
mode frequencies. field voltage response, and the electromechanseehg)
In reference [11], the author was discuss themodes=-0.479%j9.33 with a small damping ratié =

experience in assigning PSS projects in an undéwgt®@ o513 representing the oscillation of machineirega
control design course to provides students with aiha infinite bus.

challenging design problem using root-locus, fremye

domain, and state-space me_thods. In th|s_ Papeoped e machine speed passed through a washout fitetr a
an advanced techniques using fuzzy logic contrdler  ceyeral panks of torsional filters. The washout
damp power system osglllano_n. Thus parameter Of(derivative) filter 1&/(10s + 1) is a high-pass filter
conventional PSS is obtained in [11]. The MATLAB having a dc gain of 0, such that in steady stie RSS
package, with the Fyzzy Logic Toolbox and Simulink, path is not active. The aggregate phase lag effetie
was used for the design [13]. torsional filters is represented by:

The input signal to a speed-input PSS is derivethfr

2. POWER SYSTEM MODEL 1
Gior () =

(4)

A single-machine infinite-bus system in (Fig. 1) swa
used as the design model [11], usually used agirdte
step in designing an excitation system control dor  The speed input stabilizer consists of a washagest

power plant delivering an electric power [12]. The a double lead/lag stage, and a filter to attentegé
machine model includes sub-transient effects, ded t frequency components [1].

field voltage actuator is a solid state rectifiithe ] ]
machine delivers the electrical powes to the infinite ~ Convention control design

bus. The voltage regulator controls the inptb a solid-  starting from (1), we were required to first use th
state rectifier excitation, which provides thedigfoltage  terminal bus voltage signalem to design a high-gain

to maintain the generator terminal volta¥em at a  yoltage regulator (VR). Because the VR destabilitresl
referenced Value/ref. The states for the machine are its Swing mode, a PSS using the machine Speed deviation
rotor angled, its speedw, and its direct- and quadrature- sjgnal was used to add damping to the swing moHe. T
axis fluxes Ey,¢q,Eq, andy, . The exciter is modeled feedback control system block diagram implemented i
Simulink is shown in Fig.2.

1+ 0.061s+ 0.001 72

with the voltage statevg. All of the variables are
normalized on a per-unit (p.u.) basis, exceptdarhich

is in radians.
W
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machine ferm Waltage
V. P, I5:+14 W = B
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Fig.2. Simulink diagram of conventional power syst@
Fig.1. Single-machine infinite-bus system. stabilizer.
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The process was specified in several tasks [11]:

(R1) For a 0.1-p.u. step iV, simulate theViem

response of the open-loop system equation. (1puDt
s. Then with the PSS-loop open, repeat the sinauldtir

equation (1) controlled by a proportional VIR,(s) =K,

with K, = 10, 20,..., 50.

(R2) Make a root-locus plot of the voltage regulation
loop using the proportional controller and find tiain

Ky, when the lightly damped swing mode becomes
unstable.

(R3) Apply a PI controller for the VR

K,

g

Ky (8) =Kp (s) =Kp @+ )

and plot the closed-loOWem response to a 0.1-p. M,
step input. Select the parameters fromkKQ< K, and 0.1
< K, < 10 such that the rise timgis$ less than 0.5s and
the overshoot M is about 10%. These specifications
reflect the requirements of modern high-gain VRs.
Detailed discussions of the rest design can beddnn
[11]. Fig.3 shows responses of terminal voltagstép in
0.1 pu Vi open loop and closed loop fdf,=10,
20,...50.

From [11], transfer function of CPSS is

nunt(s) _ 2214§s” + 588s+8.6434
der(s) s?+698s+121801

Detailed discussions of PSS design technique based

the synchronizing and damping torque concept can be

found in many references such as [1], [4]. In tI&SP
projects these ideas were translated into procedia
could be followed by students with basic contradteyn
design skills.
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Fig.3. Vierm responses to step in 0.1 pV,, open loop and
closed loop forK,=10, 20,...50.

3. FUZZY LOGIC CONTROLLER (FLC)

Fuzzy logic controllers are rule-based controllg8].
The structure of the FLC resembles that &hawledge

based controller except that FLC utilizes the pgles of
fuzzy set theory in its data representation andoifsc.
The basic configuration of the FLC can be simply
represented in four parts, as shown in Fig. 5.

Knowledge base

Crisp Fuzzy Fuzz Cris|
Fuzzifier Inference eng\ne_y> Defuzzififier P
Controller Controller

outputs

inputs
FLC

Fig. 5. Schematic diagram of the FLC building blocks

Fuzzification module the function of which are,
first, to read, measure, and scale the controbbéei
(e.g. speed, acceleration) and, second, to transfor
the measured numerical values to the corresponding
linguistic (fuzzy) variables with appropriate
membership values.

Knowledge basewhich includes the definitions of
the fuzzy membership functions defined for each
control variables and the necessary rules thatifgpec
the control goals using linguistic variables.

Inference mechanismwhich is the kernel of the
FLC. It should be capable of simulating human
decision making and influencing the control actions
based on fuzzy logic.

Defuzzification modulewhich converts the inferred
decision from the linguistic variables back to
numerical values.

Justification of Fuzzy Control Rules

There are two principal approaches to the derivatib
fuzzy control rules [7]. The first is a heuristiethod in
which a collection of fuzzy control rules is formég
analying the behavior of a controlled process. The
control rules are derived in such a way that theaden
from a desired state can be corrected and the aontr
objective can be achieved. The derivation is purely
heuristic in nature and relies on the qualitative
knowledge of process behavior. The second apprizach
basically a deterministc method which can
systematically determine the linguistic structured/ar
parameters of the fuzzy control rules that satidfy
control objectives and constraints.

For example, Fig. 6 shows the system response of a
process to be controlled, where the input variabfethe
FLC are the errorE) and error derivativedE). The
output is the change of the process inpGt).( We
assume that the term sets of input/output variahiae
the same cardinality, 3, with a common term {negati
zero, positive}. The prototype of fuzzy control eslis
tabulated in Table 1 and a justification of fuzantrol
rules is added in Table 2. The corresponding rdle o
regioni can be formulated as rug and has the effect of
shortening the rise time. RuR; for regionii decreases
the overshoot of the system’'s response. More
specifically:
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2 Table 3. Prototype of Fuzzy Control Rules with Term
c Error (E) =Set point - Actual SetS NB, NM, NS, ZE, PS, PM, PB}

15+ Actual Derivative of Error (DE)=dE/dt
T Rule No. E DE CI Reference Point
4

1 PB ZE PB a

2 PM ZE PM e

3 PS ZE PS i

4 ZE NB NB b

eSS 5 ZE NM NM f

6 ZE NS NS ]

7 NB ZE NB c

8 NM ZE NM g

9 NS ZE NS k

Time 10 ZE PB PB d

11 ZE PM PM h

. o 12 ZE PS PS 1
Fig.6. Rule justification by step response. 13 7E 7E 7E set point

R: If (Eis positive andDE is negative)
ThenrCl is positive, Table 4. Rule Justification with Term Sets NB, NM,

Ri: If (Eis negative an®E is negative) NS, ZE, PS, PM, PB}

TherCl is negative.

Rule No. E DE Cl Reference Point

Better control performance can be obtained by using —
finer fuzzy partitioned subspaces, for examplehwite 14 PB NS PM i (rise time)
term set {NB: negative big, NM: negative medium,:NS I3 Ps NB NM '(0V3{§h°°‘)
negative small, ZE: zero, PS: positive small, PM: 16 NB PS NM 1
positive medium, PB: positive big}. The prototypeda 17 NS PB PM 1
the justification of fuzzy control rules are alsiven in 18 PS NS ZE ix
Table 3 and Table 4. 19 NS PS ZE xi
Table 1. Prototype of Fuzzy Control Rules with Term 8ts Design two input signals of FLC

{Negative, Zero, Positive} ) L . .
In this paper, crisp input values used in FLC aetive

power deviation and its derivative. The membership

RuleNo. E  DE Cl  Reference Point function and range of two input signals shown ig.F
| P 7 P ae i and Fig. 8.
2 z N N b £
3 N Z N c,g. k
4 4 P P d.h 1
5 Z Z Z set point
N Zero P
1.0

Table 2. Rule Justification with Term Sets {Negatie,
Zero, Positive}

Rule No. E DE Cl Reference Point -0.08 -0.06 0 0.06 0.08
6 P N P i (rise time), v Power deviation (E)
7 N N N ii (overshoot), vi Fig.7. Three fuzzy sets of power deviation.
8 N P N iii, vii
9 P P P iv, viii
10 P N 7 ix The membership function of stabilizing fuzzy set
11 N J2 7 xi shows in Fig. 9.
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N Zgro p
1.0
-0.8 -0.6 0 0.6 0.8
Derivative of power
deviation (DE)

Fig.8. Three fuzzy sets of derivative of power deian.

1.0 N Zgro P
-0.25-0.02 0 0.2 0.25
Stabilizing signal
(VPSS)

Fig.9. Three fuzzy sets of stabilizing signal (VPSS)

Table 5. Nine Fuzzy Control Rules for generate
stabilizing signal

Derivative of power
derivative (DE)

N 7 P
@ | N N N N
g
8
2 Z N | 7 p
[}
o
53
z P P P P
(=¥

The entries of matrix in Table 5 refer to the staing

signal as conditions of active power deviation atsd
derivative.  Using Fuzzy Logic Toolbox [13] and
Simulink drawing diagram show in Fig. 10. The
parameters of FLPSS structure is choose fumayndani
type, AndMethod using ‘min’, OrMethod using ‘max’,
ImpMethod using ‘min’, AggMethod using ‘max’, and

DefuzzMethod using ‘centroid’.

4. SIMULATION RESULTS

Figure 11 shows a schematic diagram of the teseisys
with CPSS and FLPSS. In order to trigger weak nmde
oscillation, the system was perturbed with 0.1 §tep

change in reference voltage.

: <Y
Wierm
36s+14 ot W= feetBu
-
= w = CutDu : y
:{Ef Valtage Regulator  State-Space e
Ep kMU= P controller E
10s P o
r -t
m =
fashout
dusdt
FLESS Mux Filter
Crerivative

Fig.10. State space model of power system with FLPSS

Vit + Voltage Vi oL \'I P
1 € Exciter [ 2 (") Y
regulator Aw | Transmission I;
Synchronous v line
term

machine
CPSS A
AR,
FLPSS .
AP,

Fig.11. Single-machine infinite-bus system with C&S and
FLPSS.

Figure 12 shows power deviations of generator for a
three cases, namely with PSS, with conventional PSS
(CPSS) and Fuzzy Logic based PSS (FLPSS). As can be
clearly seen from the response, the system witR&8$
is leading to oscillation with frequency aroundHz5and
it takes more than 10 seconds for damping oscitiati
With CPSS the oscillation triggered by step chaigye
reference voltage is damped within 4 seconds. Hewev
when FLPSS is introduced in the system, thoughithe
taken for damping oscillation is the same the CP&®,
the amplitude of oscillation is lower. It should beted
that here FLPSS performance can be improved fubther
applying different membership function and also by
considering better control input signals as FLP&8 c
accommodate many control input signals.

0.1

cpss
0.08 — — — FLPSS
No PSS

LMY
3 HH

-0.08 B

Power deviation (pu)

0.1 I I I I I I I I I
0 1 2 3 4 5 6 7 8 9 10

Time (s)

Fig.12. Active power deviation responses to step .1 pu
Vref-

Similar pattern of responses can be observed or rot
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speed deviation and excitation voltage as showfigs.

13 and 14, respectively.

cpss
- -~ FLpss ||
No PSS

Rotor speed (pu)

Time (s)

Fig. 13. Rotor speed deviation responses
Vref-

to step @l pu

Excitation voltage (pu)

T
CPSS
— -~ FLPSS H
No PSS

05 I I I I I I I
0

Time (s)

8 9 10

Fig.14. Excitation voltage responses to step in Opli Vs

0.08

0.06

0.04{

0.02

‘
CcPSS
- - - FLpss|]

-0.02

Power deviation (pu)
o

-0.04

-0.06 -

0.08 I I I I I I I
0

1 2 3 4 5 6 7
Time (s)

8 9 10

Fig.15. Active power deviation responses to step .1 pu

Vref .

Figures 15 to 17 compare performances of CPSS an
FLPSS. The time taken for damping and amplitude of

80

oscillation are clear. As can be seen from figahestime
taken for damping oscillation is slightly bettertire case
of FLPSS and the amplitude of oscillation is ab50f6
less than the case with CPSS. It should be notedlthat
power deviation and its derivative are used asrobnt
input signals.

cPss
- - - FLPSS

Rotor speed (pu)

25 I I I I I I I I I
0 1 2 3 4 5 6 7 8 9 10

Time (s)

Fig.16. Rotor speed deviation responses to step thl pu
Vref-

cPss
- - - FLPSS

Excitation voltage (pu)

Time (s)

Fig.17. Excitation voltage responses to step in Opll Vs

5. CONCLUSION

The paper presents fuzzy logic-based PSS design for
oscillation damping. It systematically explains steps
involved in fuzzy logic control design for oscilia
damping in power system.

A comparison between the FLPSS and the CPSS
shows that the FLPSS provides better performanae th
CPSS. The results show that the proposed FLPSS
provides good damping and improves the dynamics.

Unlike the classical design approach which requires
deep understanding of the system, exact matherhatica
models, and precise numerical values, a basicrieatu
(tlhe fuzzy logic controller is that a process can be
controlled without the knowledge of its underlying
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dynamics. The control strategy learned through APPENDIX

experience can be expressed by set of rules tisatide  AppENDIX A: STATE-SPACE MODEL.
the behavior of the controller using linguistic nhe.

Proper control action can be inferred from thierbhse Parameters of matrix A, B, C and D are used intéise
that emulates the role of the human operator or &\ stem as followin
benchmark control action. Thus, fuzzy logic conénd y 9
are suitable for nonlinear, dynamic processes foickw

. : As[ O 377.0 0 0 O 0 0;

an exact mathematical model may not be available. 20.246 -0.156 -0.137 -0.123 -0.0124.0546 O :
Using the principles of fuzzy logic control, a PB&s 0.109 0.262 -2.17 2.30 -GD1-0.0753 1.27:
been designed to enhance the operation and syadfilé 458 0 300 -343 0 0 0;

power system. Results of simulation studies look -0.161 0 0 0 -844 6.33 0;

promising. -1.70 0 0 0 152 -215 0;
-33.9 -231 6.86 -59.5 .5 6.63 -114]
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