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Abstract: This article present a comparative study between two advanced robust frequency control strategies and tl
implementation using our created Graphical User Interface (GUI) under MATLAB: the first method based on looy
shaping H optimization technique and the second on robystd#trol method (LQG controller associated with
KALMAN filter), and applied on automatic excitation control of synchronous generators, to improve transien
stability and robustness of a single machine- infinite bus (SMIB) system operating in different several conditions. T
computer simulation results (static and dynamic stability), with test of robustness against machine paramet
uncertainty (electric and mechanic), have proved that good dynamic performances, showing a stable system respc
almost insensitive to large parameters variations, and more robustness using satnrgtrafler in comparison with
H,approach by exploitingur developed GUI interface in this work.

Key words:Synchronous machines and Excitations, AVR and PSS, advanced frequency control techniques, LC
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I. Introduction

Power system stability continues to be the subject of gre&pncent_rated. Remz_arke_lble efforts have been devoted to design
interest for utility engineers and consumers alike and remair@Propriate PSS with improved performance and robustness.
one of the most challenging problems facing the powef hese have led to a variety of design methods using optimal
community. Power system oscillations are damped by thgontrol [2] and adaptive control [3]. The shortcoming of these
introduction of a supplementary signal to the excitation systeffiodel-based control strategies is that uncertainties cannot be
of a power system. This is done through a regulator callegonsidered explicitly in the design stage. More recently, robust
power system stabilizer. Classical PSS rely on mathematic&Pntrol theory has been introduced into PSS design which
models that evolve quasi-continuously as load conditions varfllows control system designers to deal more effectively with
This inadequacy is somewhat countered by the use of fuzZjodel uncertainties [4, 5, 6 and 7]. .
logic in modeling of the power system. Fuzzy logic power The first stabilizer of this new generation for the system
system stabilizer is a technique of incorporating experfVR — PSS, aimed to improving power system stability, was
knowledge in designing a controller [1]. developed using the robust loop-shaping ldpproach [14

The Power System Stabilizer (PSS) is a device thatd]-This has been advantage of maintaining constant terminal
improves the damping of generator electromechanicaroltage and frequency irrespective _of cor_1d|t|ons variations in
oscillations. Stabilizers have been employed on largdhe system study. The closed loop is available forddntrol.
generators for several decades; permitting utilities to improvéhis loop is dedicated for regulating the terminal voltage of
stability constrained operating limits. The input signal ofthe Synchronous Generator to a set point by controlling the
conventional PSS is filtered to provide phase lead at thild voltage of the machine. ThexHcontrol design problem
electromechanical frequencies of interest (ie , 0.1 Hz to 5. described and formulated in standard form with emphasis on
Hz). The phase lead requirement is site-specific, and ihe selection of the weighting function that reflects robustness
required to compensate for phase lag introduced by the closed?d performances goals [8]. The proposed system has the
loop voltage regulator. advantages of robustness against model uncertainty and

The PSS conventional and the PSS control based on rodfternal disturbances, fast response and the ability to reject
locus and Eigenvalue assignment design techniques have bd&HS€- o
widely used in power systems. Such PSS ensure optimal The second regulator was suggested in this paper was
performance only at a nominal operating point and do nd#€veloped by using the Linear Quadratic - Gaussian (LQG)
guarantee good performance over the entire range of ty{@ntrpl scheme (has the same strugture as the_tradmonal
system operating conditions due to exogenous disturbancB4issian type PID AVR-PSS [9]), consists of an optimal state
such as changes of load and fluctuations of the mechanicigedback gain and a KALMAN state estimator, and
power. In practical power system networks, a priori€quivalently in this paper on a robust ¢ontroller ‘H,PSS,
information on these external disturbances is always in th&as applied as a test control system
form of a certain frequency band in which their energy is
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Simulation results shown the evaluation of the proposed X
linear control methods based on advanced frequency Iy E
techniques applied in the automatic excitation regulator of ¢ VARV q
synchronous generators: the robust loop-shaping lidear U,
stabilizer and robust Hcontrol schemes against system
variation in the SMIB power system, with a test of robustness ®
against parametric uncertainties of the synchronous machines,

and make a comparative study between these two new )
generations of control techniques for AVR — PSS systems. | X g

q E-v
2 Dynamic Power System Model VoV d

_Ud

2.1. Power System description

In this paper the dynamic model of an IEEE - standard of
power system, namely, a single machine connected to ar . . N . ,
infinite bus system (SMIB) was considered [10]. It consists o ;?,;ims i}i‘cvj‘i'ti”(tp,i’ﬁﬁféﬂié{}“ ‘,’1'1'2320“ fhe synchronous machine wih
a single synchronous generator (turbo-Alternator) connected
through a parallel transmission line to a very large network
approximated by an infinite bus as shown in figure 1. - Currants equations:

Iq: Uq_ q)/Xd Ilq:(q)lq_q)aq)/xsrlq

ol A > xe SEE Id =-Us—E )X, = (Poq = Pag) X (1)
> f:' ; = @ld - ad )Xsr _((D q)ad)/x
e 4
- X .
I o T }/X }/Xsfd X ad fq % sq X " E
. ag
N 1 s e N O
w + +
xad xsf X sfd X ad X sfq

B. Flow equations:
Fig. 1. Standard system IEEE type SMIB with excitation control of powerful

synchronous generators . . " N
O, FEHX, X, @, = E;+ (X, -X ),

2.2. The permeances networks modeling (Park-Gariov) of (=@ T( R, 1q) =@ T(_ qulzq)dt (3)
powerful synchronous generators 0

In this paper we based on the permeances networly =@ I( Rily +Ujo it @3 = I Ruas )
modeling ofpowerful synchronous generators for eliminating
simplifying hypotheses and testing the control algorithm. Thec, Mechanical equations
PSG model is defined by equations and Figure 2 and 3 below

10]: -
1ol dJ:(w—a)s)dt , 8= w” b (4)
wS
- . . da
A, M-*M ,*M.=0 avecM ;: momentdinertie { -j dt]
N d d
" T E g Tvd—s+(¢adlq—¢aqld)=MT ou T, s=M.-M, (5)
dw P,
— =M
J a w
11d é Xid
2.3. Models of regulators AVR and PSS:
v T g e xa aa The AVR (Automatic Voltage Regulator), is a controller of
B fvv\q m (YV\/\ v the PSG voltage that acts to control this voltage, thought the
i i - exciter .Furthermore, the PSS was developed to absorb the
—

2q va g generator output voltage oscillations [11].

In our study the synchronous machine is equipped
by a voltage regulator model "IEEE" type — 5 [12, 13], as is
shown in figure 4.

Fig. 2. PARK Transformation of the synchronous machine

E-ISSN: 2224-2856 532 Volume 10, 2015



WSEAS TRANSACTIONS on SYSTEMS and CONTROL

Ve

PK,

1+ pT,
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About the PSS, considerable’s efforts were expended for
the developpement of the system. The main function of a PSS

. Vo=V

_VF

ref

is to modulate the SG excitation to [10,11, 14].
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Fig.5. A functional diagram of the PSS used [8]

In this paper the PSS signal used, is given by: [15]

) :Vz _Vl L ) .
V1 T1 +T1V2 ’
VAL Ty,

T. TV

%vl; V. =K. Ainput

V.

V.=

Ainput =

AP, [P

or

AW = Whan™ s
and

Al =11
and

AU =U,-U,,

24. Simplified model of system studied SMIB

(6)

(7
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Figure 7 [15]

As command object we have synchronous generator with
regulator AVR-FA (PID with conventional PSS), an excitation
system (exciter) and an information block and measures
(BIM) of output parameters to regulate

SG .

Exciter

AVR+PSS

7
3

Af, £, Au, U’ Aff, if’, AP
BIM

Us
cedeegassassasss eqeces
RobustController :
H., or H; .
.
L

Fig. 7. structure of the powsystem withe robust controllersd

1. THE ROBUSTPSSBASED ONLOOP—SHAPING H,,
OPTIMIZATION

3.1. The H theory:

Advanced control techniques have been proposed for
stabilizing the voltage and frequency of power generation
systems. These include output and state feedback  control,
variable structure and neural network control, fuzzy logic
control [16, 17, 18], robust Hlinear quadratic Gaussian with
KALMAN filter) and robust H, control [19,20].

H., approach is particularly appropriate for the stabilization
of plants with unstructured uncertainty [20]. In which case the
only information required in the initial design stage is an
upper band on the magnitude of the modeling error. Whenever
the disturbance lies in a particular frequency range but is
otherwise unknown, then the well known LQG (Linear

We consider the system of figure 6. The synchronouguadratic Gaussian) method would require knowledge of the

machine is connected by a transmission line to infinite bugisturbance

model.However, .H controller could be

type SMIB. Re: A resistance and Le: an inductance of thgonstructed through, the maximum gain of the frequency

transmission line [10].

Re
Va

Le

Vs €0

Fig.6. Synchronous machine connected to an infinite bus network

We define the following equation of SMIB system

0
Vown = PV =42 V.

cos

-sin b -a)

-a

+L.

M + X s

: }
-,
i

(8)

3.3 Structure of the poweystem with robust controllers,H

and H,

response characteristic without a need to approximate the
disturbance model. The design of robust loop — shaping H
controllers based on a polynomial system philosophy has been
introduced by Kwakernaak [19].

H,, synthesis is carried out in two phases. The first phase is
the H, formulation procedure. The robustness to modelling
erors and weighting the appropriate input — output transfer
functions reflects usually the performance requirements. The
weights and the dynamic model of the power system are then
augmented into an Hstandard plant. The second phase is the
H,, solution. In this phase the standard plant is programmed by
computer design software such as MATLAB [21-22], and then
the weights are iteratively modified until an optimal controller
that satisfies the Hoptimization problem is found.

Time response simulations are used to validate the results

The basic structure of the control system a powerfubbtained and illustrate the dynamic system response to state

synchronous generator with the robust controller shown imlisturbances.
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examined and compared with using the linear RobusP8S voltage and the other for regulating the system angular speed
at different operating conditions of power system study [23] as shown on figure 9. The nominal system G(s) is augmented
The advantages of the proposed linear robust controller amth weighting transfer function W), Wi(s), and W(s)
addresses stability and sensitivity, exact loop shaping, diregenalizing the error signals, control signals, and output signals
one-step procedure and close-loop always stable [19]. respectively. The choice proper weighting functions are the
essence of Hcontrol. A bad choice of weights will certainly
The H, theory provides a direct, reliable procedure forlead to a system with poor performance and stability
synthesizing a controller which optimally satisfies singularcharacteristics, and can even prevent the existence of solution
value loop shaping specifications [24-8]. The standard setup ¢ the H, problem.
the control problem consist of finding a static or dynamic )
feedback controller such that the H-INFINITY norm (a Wi(s) “
uncertainty) of the closed loop transfer function is less than
given positive number under constraint that the closed looj Wa(s)
system is internally stable.

v

The robust H synthesis is carried in two stages: Wagrer *

sy

Plant 7.
Vo X+ > Heo controller , Vi » Wi(s) _"

a. Formulation Weighting the appropriate input — output —— F(s) G(s) ™

transfer functions with proper weighting functions. This ’

would provide robustness to modeling errors and lhsturlmmeT

achieve the performance requirements. The weights an

the dynamic model of the system are hen augmented

into H-INFINITY standard plant. Fig.9. Simplified block diagram of the augmented plant including H
b. Solution: The weights are iteratively modified until an controller

optimal controller that satisfies the.,Hoptimization The control system design method by means of modern

problem is found. robust H-infinity algorithm is supposed to have some

linear conventional PID test regulator.
Figure 8 shows the general setup of the problem design
where: P(s): is the transfer function of the augmented plant It is possible to collect various optimal adjustment of such a
(nominal Plant G(s) plus the weighting functions that reflecte€gulator in different operating conditions into some database.
the design specifications and goals), Traditional Russian Power system stabilizer (realized on PID
Uy is the exogenous input vector; typically consists ofSchemes) was used in this work as a test system, which
command signals, disturbance, and measurement noises, ~ €nables to trade off regulation performance, robustness of
u.: is the control signal,,y is the output to be controlled, its control effort and to take into account process and
components typically being tracking errors, filtered actuatofmeasurement noise [25,26].
signals, y: is the measured output.
3.2GLOVER - DOYLE algorithm to synthesize

arobust stabilizer H..-PSS

b —» — V>
P(S) Problem solving of standard control is proposed as follows
> [24]:
th Y1 1. Calculates the Standing regime established (RP) ;
2. Linearization of the control object (GS+PSS+AVR)
3. The main problem in kb control and the definition of the
F(s) [« control object increased P(s) in the state space:
3-1. Choice of weighting functionds, W, W,
3-2. The obtaining of the command object increased from
weighting functiondn,  s.
4. Verify if all conditions to the ranks of matrices are satisfied,
if not we change the structure of the weighting functions;
g Choosing a value gf(optimization level) ;
6. Solving two Riccati equationshich defined by the two
matrices H and J of HAMILTHON;
. Reduction of the regulator order if necessary
. By obtaining optimum values and two solutions of Riccati
equations we get the structure of controllesotand the roots
glf the closed loop with the robust controller;

Fig.8. General setup of the loop-shapingdésign

The objective is to design a controller F(s) for the
augmented plant P(s) such that the input / output transf
characteristics from the external input vectptaithe external
output vector y is desirable. The Hdesign problem can be
formulated as finding a stabilizing feedback control la{g}
F(s).yi(s) such that the norm of the closed loop transfe
function is minimized.

In the power generation system including ¢bntroller, two
feedback loops are designed; one for adjusting the termin
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9. We get the parameters of robust controllgiitlinear form e by v
'LTI (SS state space, TF transfer function or ZPK zeros - pol | i 1 L
. 1 I y
- gains) R B Kalman : Plant —
1
|

10. The simulation and realization of the stability study anc, 1| filter |7 K
robustness of electro-energy system under differer | [ Smm—/— ___ _ ___

functioning conditions. LQG regulator

The synthesis algorithm of the robust controlleso H

proposed in this work is clearly shown schematically by thesig.11. Optimal LQG regulated system with Kalman filter.

flow chart of Figure 10 The goal is to regulate the outpusround zero. The plant

is driven by the process noiseand the controlsl, and the

e regulator relies on the noisy measuremewnts = y+v to
(@S+AVR) H Sen (SIAVRIPSS 1) ]é generate these controls. The plant state and measurement

SMULINK - MA TLAB eq_uations are of the form:
{)(D= A9 (1) + B(Hu(t) + v(t) 10
obust Control - = +
e, | _seindh | | Slommwium %(9 = Cx(0) +wlt)
\g Bothw andv are modeled as white noise.
In LQG control, the regulation performance is measured
Reduction . . .
* by a quadratic performance criterion of the form:
s tpoontes 0 b= [( % Qx 0 Ru+2X Nu)dt (1)
0
v The weighting matrice®, N andR are user specified and
[ [ABCD] robus controller ] define the trade-off between regulation performance and
W control effort.
[ ot o e reguee ] The LQ-optimal state feedbaok—kx is not implemental
without full state measurement. However, a state estirkate
v canbe derived such that = -kx remains optimal for the
RC in the form LTI (SS, TF, ZPK) output-feedback problem.
(SS state space; TF: Transfer function, ZPK: Zero - Pole-gaf) This state estimate is generated by the Kalman filter:
Fig.10. Synthesis algorithm robust controller of the excitation for a dx _ Y
single machine at Ax+ Bu+ L(y, - Cx—Du) (12)

Thus, the LQG regulator consists of an optimal state-
] feedback gain and a Kalmastate estimator (filter),
4 The Robust H,-PSS Design Based on LQG shown in figure 7

Control and Kalman Filter On the basis of investigation carried out, the main points
of fuzzy PSS automated design method were formulated [17].

The control system design method by means of moderhhe nonlinear model of power system can be represented by
FSM algorithms is supposed to have some linear test regulatfte set of different linearized models (10). For such models,
It is possible to collect various optimal adjustment of such #e linear compensator in the form of = —Kx can be
regulator in different operating conditions into some databaseaiculated by means of LQG - method. The family of test
Linear — Quadratic — Gaussian (LQG) control technique igegulators is transformed into united fuzzy knowledge base
equivalent to the robust ;H regulator by minimizing the With the help of hybrid learning procedure (based variable
guadratic norm of the integral of quality .In this work, theStructure sliding mode). In order to solve the main problem
robust quadratic kicontroller (corrector LQG) was used as a0f the rule base design, which called “the curse of
test system, which enables to trade off regulatiodimensionality”, and decrease the rule base size the scatter
performance and control effort and to take into accour@tition method [29] was used. In this case, every rule from
process and measurement noise [27,28] LQG desi knoWIedge base is associated with some Optlmal gain set.

requires astate_space model of the p|ant: he advantage of this method is the praCtica”y unlimited
expansion of rule base. It can be probably needed for some
dx _ Ax + Bu new operating conditions, which are not provided during
dt 9 learning process. Finally, the robust, Hstabilizer was
y=Cx + Du obtained by minimizing the quadratic norfwm|?> of the

Wherex, u, yis the vectors of state variables, control i”p“tsfntegral of quality Ju) in (11), where

and measurements, respectively. ZFs My and Z:[i 970 Rl’ZJ s= ja [17]. 13
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5 The Simulation Result Under GUI/ Matlab B) A Created GUI/MATLAB
To analyzed and visualized the different dynamic

A) Creation of a calculating code under MATLAB /  behaviors we have creating and developing a “GUI”

SIMULINK (Graphical User Interfaces) under MATLAB .This GUI allows
as to:

» Perform control system from PSS, 4RSS and k&
PSS controller;

* View the system regulation results and simulation;

» Calculate the system dynamic parameters ;
Test the system stability and robustness;
Study the different operating regime (under-excited,
rated and over excited regime).

The different operations are performed using our realized

Graphical interface GUI-MATLAB and shown in Figure 13.

The“SMIB” system used in our study includes:

» A powerful synchronous generator (PSG) ;

e Tow voltage regulators: AVR and AVR-PSS

connected to;

* A Power Infinite network line

We used for our simulation in this paper, the SMIB
mathematical model based on permeances networks model
culled Park-Gariov [10, 15], and shown in Figure 12.

. Goto 10

Cliques deux fois edessous pour

From2 visualiser les courbes et les
4> Goto 11 . parametres déssirées
From 19 ﬂ '&?\ H
' s I
From11 4 80 Goto 3 @ From7
e delta TBB 200
Goto 6 B EED
From 12
AVR-FA delta TBB 200
Goto > < From13 3
Réseau
Goto12 ‘ le glissment I ‘ TBB 500 I
g TBB 500
v
9 Constant 4
Constant 3
coos = 8720
Dot Product erreur %
From16 Pe TBB 720
From 1
u
Math Ug . la tension Ug TBB 1000
Function
Clock1 From 17 From 3 From4 From 5 From6 From8 From 10 From9 Constant 5 4@ Ug TBB 1000

g1
To Workspace

Figl2. Structure of the synchronous generator (PARK-GARIOV model) with the excitation controller under [13].
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Fig.13. the comparative study using the developed GUI under MATLAB
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C) Simulation result and discussion

The following results (Table 1 and figure 13, 14 and 15} o=t
were obtained by studying the “SMIB” static and dynamic ...,

Stability study

performances in the following cases:
1. SMIB in Open Loop (OL)

2. Closed Loop System with the conventional stabilizer PSS—
FA and robust control HPSS,H2-PSS [15].
We simulated three operating: the under-excited, the ratedls

and the over-excited.

Our study is interested in the ppowerful synchronous .U

Kabi Wahiba, Ghouraf Djamel Eddine, Naceri Abdellatif

0.996—

0.992—

osol

e temps en sec
la courbe de glissment

1

0s

Pss-Hint ||
[
— =

Generators of type: TBB-200, TBB-500 BBC-720, TBB-1000 -:
(parameters in AppendiflL5]. .
Table 1 presents the  TBB-1000 static and dynamic

performances results in (OL) and (CL) with PSSe HPSS,
and H-PSS for an average line (Xe = 0.3 pu), and an activFig .14. functioning system in the under-excited used of TBB-1000 connected
power P=0.85 p.u , for more details about the calculatino @average line with+PSS , k-PSS,PSSand OL (stability study)

15

le temps en sec

parameters see GUI-MATLAB created in the Appendix . R e
Where: € %: the static error, LR SR e R e
§ :the setting time V A _p_ R
L |

TABLE 1 THE “SMIB “STATIC AND DYNAMIC PERFORMANCES

The static error %

Q OL PSS PSS-H: PSS-Hoo
-0.160 Unstable -3.761 -1.620 negligible
-0.222 Unstable -3.731 -1.629 negligible e b __
0.2139 -9.2442 -3.855 -1.487 negligible —= ] i B
0.1634 -9.2354 -3.759 -1.235 negligible B I Pl
0.5746 -8.2095 -3.470 -0.687 negligible e ”ss“”" . i‘ J—
0.5663 -8.2080 -3.442 -0.656 negligible R

The setting time for 5% |

Q OL PSS PSS-H> PSS-Hoo AL -t-- 4‘
-0.160 Unstable 1,704 0.835 0.213 s - -
-0.222 Unstable 1,713 0.884 0.246 i 4‘ J l
0.2139 - 1,617 0.805 0.222 TN T T T T T
0.1634 - 1,706 0.794 0.201 L L L L !
0.5746 14,320 2,041 0.964 0.315 1o temps en see fetempsen'sec
0.5663 14,423 2,080 0.973 0.329

Fig .15. functioning system in the under-excited used of TBB-1000 connected
to a average line Wlth #PSS , B -PSS,PSSnd OL (robustness tests)

In the Figures 14,15 and 16 show an example of simulationesy - -+ - -+~ -7~
result with respectively: 'Ug' the stator terminal voltage, 'Pe" . -~ -+ i -
the electromagnetic power system, 's' variable speed, ‘delta’ |
The internal angle; for powerful synchronous generators TBB—

1000 with P = 0.85, Xe = 0.3, Q1 =-0.1372 (pu)

* robustnesstests

In a first step we performed a variaticglsctrical parametric "
(increase 100% of R). Then, we performed a variations :
mechanical parametric (lower bound 50% of inertia J) :
The simulation time is evaluated at 6 seconds.

We present in Figure 15 (for electrical uncertainties) and”
Figure 16 (For mechanical uncertainty) o8

Fig .16.functioning system in the under-excited used of TBB-1000 connected
to a average line with #PSS , K -PSS,PSSand OL (robustness tests)

3
e temps en sec
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From the simulation results, it can be observed that the use 51
H» -PSS improves considerably the dynamic performances
(static errors negligible so better precision, and very short
setting time so very fast system, and we found that after felf!
oscillations, the system returns to its equilibrium state even in
critical situations (specially the under-excited regime) and
granted the stability and the robustness of the studied systemyz)

6 Conclusion

This paper proposes tow advanced control methods bas&d
on frequency techniques: Robust loop shaping &hd robust
H, approach’s (an optimal LQG controller with Kalman
Filter), applied on the system AVR - PSS of synchronouég]
generators, to improve transient stability and its robustness of
a single machine-infinite bus system (SMIB). This conceptyg)
allows accurately and reliably carrying out transient stability
study of power system and its controllers for voltage and
speeding stability analyses. It considerably increases the
power transfer level via the improvement of the transientll]
stability limit.
The computer simulation results have proved the efficiency
and robustness of the RobustoHapproach, in comparison
with using robust B Controller, showing stable system [12
responses almost insensitive to large parameter variations.
This robust control possesses the capability to improve itg3]
performance over time by interaction with its environment.
The results proved also that good performance and more
robustness in face of uncertainties (test of robustness) with the
linear robust H stabilizer (H- PSS), in comparison with using [14]
the linear robust K controller (optimal LQG controller with
Kalman Filter). After appearance of the real (non-linear)
properties of the power system, especially in the under [15)
excitation , the H2PSS quickly loses his effectiveness under
condition of uncertainties; in the time where PISS improve
its efficiency, enhance dynamics performances of powed6]

system and provides more robustness of its stability. 17
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