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Abstract - This paper present a comparative study between two regulgtor was made bY_a trial and error, Wh_iCh taok
advanced control techniques, applied on the AVFSS Bystems ot of time and was considered as non-effective thist

of the synchronous generators. The first method tise non- same time, the fuzzy regulator is shown to expdmed t

linear unified Neuro - Fuzzy PSS automated desigsed on areas of small signal stability in comparison with
hybrid technology ANFIS (Adaptive Neuro-Fuzzy Infeeen .
¢ ot (Adap 4 classical AVR-PSS.

System).This technology includes the transformatibrfuzzy . .
system into the adaptive network which has the ptppertrain The first regulator of the second generation, ssigge
itself on a wide range of operating conditions. Usithis in this paper, was developed on the basis of hybrid
technology, it is possible to get quality indexesich are technologies combining the advantages of fuzzyclogi
;'g“é'arbto the results achieved now with the usecoiventional 5,4 Adantive networks [2,3]. The modern neuro zjuz
, but having various gains of stabilization cteds in
different operating conditions. The second metitdd,by using systems (ANFIS [4], NEFCON [3], FuNe, GARIC,
the robust linear kb Stabilizer, who was applied as a test Fuzzy RuleNet) possess both adaptability of fuzzy
control system in this work. The simplest "singlechize— methods and opportunity of training on the givemnada
infinite Bus” (SMIB) system was used for evaluatioh  get |n order to train such a Neuro - Fuzzy PSS, th
effectlveness of the proposed methods. Stabﬂmggesteq in hvbrid technol f Adapti N = Inf
this work have the same structure as the traditioRabksian ybrid technology 0 aptive ) euro uz;y n erenpe
PSS. The simulation results show that a highs pedoces System (ANFIS) was chosen. This method in compariso
using the first regulation technique method (ANFHje to the with other ones has high speed of training, thetmos
physical initial (real) non-linear power system. effective algorithm and simplicity of the software.
Key words: Turbo-Alternator and Excitations, AVR and PSS, 1ne gecond stabilizer of this new generation tfoe
adaptive Neuro - fuzzy algorithms, Robust loop-sigpibo . . .
approach, linear and non-linear control. system AVR — PSS, aimed to improving power system
stability, was suggested in this paper and appied
controller test, was developed using the robusp-oo
. Introduction shaping Ho approach [14-15]. This has been advantage
of maintaining constant terminal voltage and fraoye
Power system oscillations are damped by the irrespective of conditions variations in the syststondly.
introduction of a supplementary signal to the The closed loop is available fordHcontrol. This loop is
Automatic Voltage regulator (AVR) in power dedicated for regulating the terminal voltage of th
system. This is done through a regulator called Synchronous Generator to a set point by controllivey
Power System Stabilizer. Classical PSS rely on field voltage of the machine. TheoHcontrol design
mathematical models that evolve quasi-continuously problem is described and formulated in standardhfor
as load conditions vary. This inadequacy is with emphasis on the selection of the weightingcfiom
somewhat countered by the use of news intellectual that reflects robustness and performances goalsT [&]
adaptive and robust generation of the PSS, and usin proposed system has the advantages of advantages of
numerical methods (fuzzy logic for examples) in robustness against model uncertainty and external
modelling of the power system. Fuzzy logic power disturbances, fast response and the ability tatrejeise.
system stabilizer is a technique of incorporating Simulation results showed the evaluation of the
expert knowledge in designing a controller. Past proposed adaptive NL ANFIS and the robust linear H
research of universal approximation theorem shown stabilizers and make a comparative study betweeseth
that any nonlinear function over a compact set with two advanced generations of control techniqueAR
arbitrary accuracy can be approximated by a fuzzy — PSS.
system. There have been significant research sffort
on adaptive fuzzy control for nonlinear system [16,
19, 22]. First generation of fuzzy regulators 2. Adaptive Learning Fuzzy AVR — PSS Based on
possessing the rather small knowledge base andHybrid Technology ANFIS
including the simplest operations with fuzzy seds h o
been created and recognized as being perspective [L  The development of the PSS automated designing
6]. The choice of membership functions of linguisti Methods using Neuro - Fuzzy identification algarithis
variables and formation of rule base for such a an important direction of automatic excitation coht



perfection, which should provide high quality of
transients in the wide operating conditions.

A. ANFIS Architecture

The parameter set of an adaptive network is the

union of the parameter sets of each adaptive rinde.

order to achieve a desired input-output mapping,

these parameters are updated according to give
g parameters.

training data and a gradient-based learnin
procedure described below.

Suppose that a given adaptive network has
layers and thé&-th layer hast(k) nodes. The node in

thei-th position of thek-th layer can be denoted by
(k; 1), and its node function (or node output) @)5

Since a node output depends on its incoming signals

and its parameter set, we have:

Oik = Oik (Oik_l,...,Og(k_l) ,a,b,c,...) (1)
Wherea, b, ¢ etc... are the parameters pertaining to
this node.

Assuming the given training data set lrRagntries,
we can define the error measure for thdh
(1< p< P) entry of training data entry as the sum
of squared errors:

#(L) 2
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is the mth component ofp-th target

output vector, ancDr;’p is the m-th component of

actual output
vector produced by the presentation mth input

vector. The overall error measureds:y g -
é_zlEp
p=
First we have to calculate error rate e for p-th
dc
training data and for each node out@utThe error
rate for the output node &t; i) can be calculated
readily from equation (2):
oE,
dof,
For the internal node k; i) the error rate can be
derived by the chain rule:

=-2(T,, O, (3)

#(k+1) k+1
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Wherél< k<L —1. That is, the error rate of an

n

the whole training data set has been presentedth®n
other hand, if we want the parameters to be updated
immediately after each input-output pair has been
presented, then it is referred to as the patteamieg
(On-line learning).

Assume that the adaptive network has only one ¢utpu

output= F(1,S) (5)

Wherel is the set of input variables arglis the set of

If there exists a functibhsuch that the
composite functionH o F is linear in some of the
elements ofS then these elements can be identified by
the least squares method. More formally, if thearraater
setScan be decomposed into two se&s= S (6)

Such thatH o F is linear in the elements &, , then
upon applyingH to equation (5), we have:

H(outpu) =H - F(1,5) (7)
Which is linear in the elements 8f . Now given values
of elements ofS;, we can plugP training data into
equation (7) and obtain a matrix equatinn-

AX =B, (8)

Where X is an unknown vector whose elements are

parameters i%. Let\Sz\ =M, then the dimensions &,

X and B are PxM, Mx1, Px1, respectively. Sincé
(number of training data pairs) is usually gredien M
(number of linear parameters), a least squaresatsiof

X, is sought to minimize the squared ef@X - BHZ.

We can now combine the gradient method and the
least squares estimate to update the parameteas in
adaptive network. Each epoch of this hybrid leagnin
procedure is composed of a forward pass and a lzadkw
pass. In the forward pass, we supply input data and
functional signals go forward to calculate each enod
output until the matrice®\ and B in equation (8) are
obtained, and the parametersS@are identified by the
least squares formulas. After identifying paramsetir
S2 the functional signals keep going forward tik tarror
measure is calculated. In the backward pass, tter er
rates (equation (3) and (4)) propagate from theutugnd
toward the input end, and the parametersSihare
updated by the gradient method.

Let consider the fuzzy inference system has twatsp
x andy and one output.

Suppose that the rule base contains two fuzzyeifrth
rules of Takagi an&ugeno'sype:

Rule 1: Ifx is A; andy is By, thenf; = pyx+quy+ry;

internal node can be expressed as a linear Rule 2:If xisA;andyis B, thenf, = px+apy+ra:

combination of the error rates of the
next layer. Therefore for al< k <L and
(k) we can find

Actually, there are two learning paradigms for
adaptive networks. With thieatch learning (off-line
learning), the update action takes place only after

es in the
i< #
by equations (3) and (4).

with a node functiong' = Hy (X)

Then the type-3 fuzzy reasoning is illustrated iguFe
3(a), and the corresponding equivalent ANFIS
architecture is shown in Figure 3(b).

Layer 1. Every node i in this layer is an adaptive node
9)



For i=1-2,orQ =ty () fori =3-4 ,where x ( or total parameters5, being a set of premise parameters and
S being a set of consequent parameters in equatjpn (6
N ; : H(.) and F(.,.)are the identity function and the function
Iln.gwst|c label §mall, large, Etc.) associated Wl_t n of the fuzzy inference system, respectively. Theeethe
this node function. HereOris the membership hybrid learning algorithm described above can tdiag
function of A and it specifies the degree to which without any modification. In the forward pass ofeth
the givenx satisfies the quantifieA.. Usually we  hybrid learning algorithm, functional signals gaviard
choose (1, (X)to be bell-shaped with maximum till layer 4 and the consequent parameters aretifah

by the least squares estimate. In the backward fass
error rates propagate backward and the premise
parameters are updated by the gradient descent.

y) is the input to node, and A, (or B.) is the

equal to 1 and minimum equal to 0, such as the
generalized bell function, In this paper, geneedliz
Gaussian membership function is taken as follows:

uA(X)=/ ( ]2 b (10) B. Design of ANFIS Based AVR and PSS
1{ x-c }

a\

, _ A step-by-step method of designing ANFIS-based
Where{a;, b, ¢} is the parameter set. Parameters in avR is first presented as follows:

this layer are referred to psemise parameters

_ ) ) ) ] a. Choice of input variabletn this step it is decided
Layer 2: Every node in this layer is a fixed node \ynich state variables representative of system mjma
which multiplies the incoming signals and sends the performance must be taken as the input signaldido t

prodzuct out. For instance, _ controller. In this paper, deviation of terminaltage €)

Of = = py () xpg (x),  i=12.  (11] and its derivative {_ de) are taken as input signals of the
Each node output represents the firing strength of dt
ule. ANFIS based AVR.

Layer 3: Every node in this layer is a fixed node. 0. Choice of linguistic variablesThe linguistic values

The i-th node calculates the ratio of theh rule’'s ~ May be viewed as labels of fuzzy sets [10]. In faper,
fiing strength to the sum of all rules' firing SE€VeN linguistic variables for each of the inputiatales

strengths: are used to describe them. These are, LP (Large
. @, ) Positive), MP (Medium Positive), SP (Small Positjve
Oi:w.:leer, =12 (12) ZE (Zero), SN (Small Negative)) MN (Medium

Outputs of this layer will be callesbrmalized firing ~ '\edative), LN (Large Negative).

strengths

Layer 4: Every node i in this layer is an adaptive el
node with a node function =W s B,

O|4=Z?fi =@Q(px+q, +r), (13)
where @ is the output of layer 3, argi, g, r} is Layer 1
the parameter set. Parameters in this layer are L taerz teges
referred to asonsequent parameters
Layer 5: The single node in this layer is a fixed node
that computes the overall output
as the summation of all incoming signals, i.e.,

2.af,
O|5 :z@fi =_i (14)
i Z“f Fig. 3. (a) type-3 fuzzy reasoning,

It is observed that given the values of premise (b) Equivalent ANFIS [9]

parameters, the overall output can be expressed as _ _ _ _ )
linear combinations of the consequent parameters.C. Choice of membership functions: In this design,

The outpuf in Figure 4 can be rewritten as: Gaussian membership functions are used to defiae th
o« @, . degree of membership of the input variables.
f= Y fi+ @+ f,=af +af, = (15) d. Choice of fuzzy modelA zero orderSugenofuzzy
L _ _ _ _ _ model is chosen for ANFIS-based AVR.
—(qu)pl+'(a11y)q%+(wl)r1+(a5x)p2+(a)2y)q2+(a)2)r2 e. Preparation of training data pairin preparing the
Which is linear in the consequent paramefersy, training data pair, the data should be represeetaf

r1, P2, Gz @ndrz. As a result, we hav@being a set of  ifferent kinds of disturbance situations, sucht ttre



designed AVR can be used for highest flexibility characteristic without a need to approximate the
and robustness. In this paper, the input and outputdisturbance model. The design of robust loop — isigap
training data pair for the ANFIS-based AVR are Hw controllers based on a polynomial system philogoph
prepared by simulating the power system with has been introduced by Kwakernaak [10] and Grimbel
conventional AVR under a broad range of small and [11].

large disturbances and for each run the Heo synthesis is carried out in two phases. The first
Conventional AVR is tuned to give best phase is the ¢ formulation procedure. The robustness to
performance. modelling errors and weighting the appropriate inpu

f. Optimization of unknown parameterdsing the output transfer functions reflects usually the perfance
training data matrix, the unknown parameters of the requirements. The weights and the dynamic modétef
Gaussian input membership functions (center (ci) power system are then augmented into an dtndard
and spread (ai)) and the output parameters of eachplant. The second phase is the Bblution. In this phase
rule of zero order Sugeno fuzzy model are the standard plant is programmed by computer design
optimized. Initially, it is assumed that the input software such as MATLAB [12-13], and then the wésgh
membership functions are symmetrically spaced are iteratively modified until an optimal contralléhat
over the entire universe of discourse. Accordingly satisfies the kb optimization problem is found [9].
some initial values for the center and the sprdad o Time response simulations are used to validate the
each input membership function are assumed, results obtained and illustrate the dynamic system
whereas, in case of output for each rule, allahiti response to state disturbances. The effectiverfessch
values are assumed to be zero. Then, the inputcontrollers is examined and compared with using the
parameters are optimized by error back-propagation Non-linear adaptive Neuro — Fuzzy PSS at different
algorithm and the output constants are optimized by operating conditions. The advantages of the prapose
least square method. The tuned AVR thus obtainedlinear robust controller are addresses stabilityd an
IS used in the test systems to obtain a stableuautp sensitivity, exact loop shaping, direct one-stepcpdure
Now, in case of design of ANFIS based PSS, the and close-loop always stable [8].

same procedure is adopted except the following The Ho theory provides a direct, reliable procedure for
differences: synthesizing a controller which optimally satisfies
- The input variables are rotor speed deviatitdm)( singular value loop shaping specifications [7-9heT
and acceleration C&:dj) respectively and the standard setup Qf the control problem consistrafifig a

dt static or dynamic feedback controller such that lthe
output is a voltage signalp¥s Speed deviation and  norm (a uncertainty) of the closed loop transferction
accelerating power deviation can also be chosen asis les than a given positive number under congtthiat

input signal [11]. the closed loop system is internally stable.
- Unlike AVR model, the PSS model is a first order
Sugenduzzy model where pi and gi are non-zero. The robust kb synthesis is carried in two stages:
i. Formulation Weighting the appropriate input —
3 The Robust Loop — Shaping kb Synthesis of output transfer functions with proper weighting
Power System Stabilizer functions. This would provide robustness to
modelling errors and achieve the performance
Advanced control techniques have been proposed requirements. The weights and the dynamic model
for stabilizing the voltage and frequency of power of the system are hen augmented into $fandard
generation systems. These include output and state plant.
feedback control [20], variable structure andraé ii. Solution:The weights are iteratively modified until
network control [21], fuzzy logic control [1,6, 19] an optimal controller that satisfies the o«oH
Robust H2 (linear quadratic Gaussian with optimization problem is found.

KALMAN filter) and robust Ho control [8,15].

Hoo approach is particularly appropriate for the  Figure 5 shows the general setup of the designigmrob
stabilization of plants with unstructured uncertgin ~ where:
[15]. In which case the only information required i  P(s): is the transfer function of the augmentedntpla
the initial design stage is an upper band on the (nominal Plant G(s) plus the weighting functionsitth
magnitude of the modelling error. Whenever the reflect the design specifications and goals),
disturbance lies in a particular frequency rangeidu  u2: is the exogenous input vector; typically cotssisf
otherwise unknown, then the well known LQG command signals, disturbance, and measurementsnoise
(Linear Quadratic Gaussian) method would require ul:is the control signal,
knowledge of the disturbance model [8]. However, y2: is the output to be controlled, its components
Hoo controller could be constructed through, the typically being tracking errors, filtered actuasignals,
maximum gain of the frequency response Yl:isthe measured output.



yi 4. Dynamic Power System Model

u * P (s) * In this paper the dynamic model of an IEEE -

y1 standard of power system, namely, a single machine
connected to an infinite bus system (SMIB) was
considered [1]. It consists of a single synchronous
generator (turbo-Alternator) connected through ralfed
transmission line to a very large network approxada
by an infinite bus as shown in figure 7.

Fig. 5 General setup of the loop-shaping ldesign Ut s ‘e "B
AVR

¥

ui
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Exciter

The objective is to design a controller F(s) fog th
augmented plant P(s) such that the input / output pym——
transfer characteristics from the external inputee PS¢
u2 to the external output vector y2 is desirablee T
Hoo design problem can be formulated as finding a
stabilizing feedback control law ul(s)-F(s).y1l(s) _ o
such that the norm of the closed loop transfer Fig. 7 Block schematic diagram of the used
function is minimized. Standard - IEEE type SMIB Power system

In the power generation system includingoH _ , ,

adjusting the terminal voltage and the other for SPeed variation and the power system acceleration:

regulating the system angular speed as shown on fig X =hw (17)
6. The nominal system G(s) is augmented with X =hP=F,-F o _ _
weighting transfer function \{s), Wsx(s), and W(s) Where x; is the speed deviation and is accelerating

penalizing the error signals, control signals, and power,Pm'andPerepres_ents re;pectively the mechanical
output signals respectively. The choice proper and elegtrlcal power. It is possible to represhatgower
weighting function is the essence ofoHtontrol. A system in the following form [16].

bad choice of weights will certainly lead to a syst X =ax%,
with poor performance and stability characteristics ax, = £(X,%,) + g(x, %)u (18)
and can even prevent the existence of solutiohdo t y=x
Hoo problem. Wherea=1/2H andH is the per unit inertia constant of
Z the machinex=[x; x,] is the state vector of the system
win g andf (xy,%) andg(x,X%) are nonlinear functions andis
Wt i the PSS(Power System Stabilizer) control signal to be

designed. We need to exprelsend g as function of
active powelP and reactive powe.

H, contraller Plant  —2—* 7 The governor time constant is large compared tdithe
Viwr — Fis) O A N B constants of synchronous machine and its excitey, t
power system can be easily be put in the form {a8xn
disturbance| transient period after a major disturbance hasroedun
the system.

Figure 8, shows the proposed regulated excitation

Fig. 6 Simplified block di f th -
9 "mpIMet Dotk diagram 9! the system (AVR and PSS) under Simulink — Matlab [7].

augmented plant includingeticontroller

. o

The control system design method by means of o U—’
modern neuro - fuzzy identification algorithms is pJ
supposed to have some lineap ltest regulator. It is “"
possible to collect various optimal adjustment of
such a regulator in different operating conditions
into some database. Robusb lechnique was used
in this work as a test system, which enables tetra
off regulation performance, robustness of control

effort and to take into account process and ] =
measurement noise [8]. Fig. 8 The regulation System (controller AVR and the

stabilizer PSS) under Simulink - Matlab.
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On the basis of investigation carried out, the main conditions, but more large degree of performances a
points of adaptive Neuro — Fuzzy and robust H much more robustness of the dynamic of power system
PSS automated design methods were formulated [1,are improving and obtained by using the adaptivd-FaN
6]. The nonlinear model of power system can be PSS (figures 9 (b) and (d), due to the initial tioear
represented by the set of different linearized nfeode system study. After appearance of the real noratine
[7-9]. For such models, the robust lineat Fand properties of the power system, especially in theeu -
Adaptive Non-linear ANFIS compensators can be excitation mode (2), the PSShinf quickly loses his
synthesis and calculated by means of MATLAB effectiveness under condition of uncertainties.

Software [12, 13].

The family of test regulators is transformed into ~ Table 1: Damping coefficients:’ in the Close Loop system with
united fuzzy knowledge base with the help of hybrld AVR, HinfPSS and NFCPSS in different operating Canditof
learning procedure. In order to solve the main power system
problem of the rule base design, which called “the

. . o X P
curse of dimensionality”, and decrease the rule bas oo (oW (gﬂ) cmes beness | arcrss
size the scatter partition method [2] was usedhiln 05 085 020 -0.78 -2.18 -2.60
case, every rule from the knowledge base is 05 0.85 065 -048  -2.10 -2.38
associated with some optimal gain set. The 05 08 -025 -0.89  -2.62 -2.85
advantage of this method is the practically unkmiit gz 025 giz 8352’ ;i; ;gg
expansion of rule base. It can be probably needied f : : : e o s
: ditions. which are not 04 08 06 -048  -2.05 -2.10
some new operating condi , 04 085 025 -0.84  -2.14 -2.20
provided during learning process. 0.4 1 020  -0.86 2.42 2.50
03 085 015 -0.66 2.2 -2.30
03 08 065 -0.52 -178 -1.90
5 Simulation Results and Discussion G BNUTCONN EEOE0N EEOVCEN BSUDS 00
0.3 1 020 -0.76  -2.26 -2.30
‘ . , 02 08 015 -0.65  -2.10 -2.10
In the system study type ‘SMIB’ (Single Machine T e T | i p—— o
Infinite bus system), based on “Synchronous 02 085 020 076  -1.88 -1.90
generator—transmission line—infinite bus” the main 0.2 1 020 -0.70  -1.90 -2.00
attention was devoted to receive adaptive Neuro — 0.1 08 020 -068  -1.57 -1.60
Fuzzy Control Power System Stabilizer ‘NFCPSS’ 0. 08 055 -062  -130 -1.40
(based on Hybrid technology ANFIS) and robust H T NS N T e
0.1 1 020 -0.69  -1.50 -1.53

PSS ‘HIinfPSS’, working in the wide spectrum of
operating conditions. The change of operating
conditions corresponds to the wvariation of
transmission line parameter& and the powers of
the generator R;, Qg). Certain attention was
devoted to the problem of the reactive power
consumption (under - excitation modes), which is
very important for all electric power systems. The
illustration with using conventional PSS (Russian
PSS with Strong Action AVR-SA [1,7]), and with
the proposed Robust linearoH controller and
Adaptive Non-linear Neuro - fuzzy PSS method
opportunities is given in Table 1 on the basishef t
damping coefficiente comparison. Adaptive Neuro -
Fuzzy regulator allows receiving the same
performance quality as the application of robust
linear compensator, but without resetting optimal
gain of the regulator.

The electromechanical damping oscillations of
the parameters of the SG under different operating .
mode in controllable power system, equipped by T T igE s o v I g w4
HinfPSS (Red) and NFCPSS (Blue) are given in
Figures 9 (a, b, c, d). Results of time domain
simulations confirm both a high effectiveness at te
robust Ho Regulator, which has various adjustments
of regulation channels in different operating




2. Under-excited mode: Xe=0.5, Pg=0.85, Qg=-0.245 (p.u)  Controller, in comparison with using robustoH

’ ‘ﬁ ==z Controller, showing stable system responses almost
1 insensitive to large parameter variations. Thigrigg

control possesses the capability to improve its

performance over time by interaction with its

environment. The results proved also that good

performance and more robustness in face of uno&dsi

. ] , S with the Non - Linear adaptive stabilizer (NFCPSI),

e S TR Mg " ¥ comparison with using linear robustdHcontroller, due

| {L == to the initial non-linear power system.
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Appendix

= the used Power System model:

0= uhw

w=(P._R)/M

E‘c‘] = (B — (X4 _X‘d)id - Ecl1)/To;o

. 1

Ew = T_(KA ref ~ Vi +Voss) ~ Eg)
A

Vy =V sind + Ry —Xxd,

V, =V €080 + R, + X,

Vo=V Yy
T.= E;iq — (%~ Xl dlq
= Parameters of power system study:
X4=2.56 pu, %= 2.56, R= 8.44 10" pu, %=2.458 pu,
X'¢=0.3361, X"4=0.3423, X"'=0.3316, Tx'=4.14 sec,
H=6s, %=0.12 pu, \.=1 pu, Uf0= 9.6523 10 pu.

* AVR and PSS parameters:

Ta=0.05, K= 50, f= 50Hz,-15Ef0< E,, < 3Ef0
- 02pusU 4 < 02pu,



