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Abstract 

This paper presents an advanced control approach for a synchronous generating unit based 

on the combination of an adaptive controller and a static var compensator (SVC). The considered 

electrical power system consists of a turbogenerator connected to an infinite bus via a step-up 

transformer and a double circuit transmission line. Firstly, a fairly detailed model of the system is 

built to simulate system performance at various operating points using MATLAB-SIMULINK 

environment. A performance criterion has been considered and a recursive least square (RLS) 

algorithm is utilized to determine the parameters of the proposed adaptive controller. This control 

algorithm is preferred for its simplicity and it is more suitable for online applications. SVC is 

inserted at the generator terminal for power oscillation damping and stability improvement with 

fast acting voltage regulation. The system performance with and without the control strategy is 

evaluated and the results are presented in a comparative form with conventional control systems. 

The results obtained over a wide range of operating points show that a significant improvement of 

performance can be achieved via a combination of adaptive and SVC controllers with enhanced 

damping and voltage recovery. The results presented in the paper are of prime importance to 

engineers in power systems utilities, forming a guide to improve performance. 

 معوض وكذلك (APSS)حاكم متكيف  ازدواج بينعلى  تعتمد متزامن طريقة تحكم متطورة لمولد هذا البحث يقدم

 القومية بالشبكة مولد متزامن متصل من المعنى بالدراسة نظام القدرة يتكون . حيث(SVC)القدرة غير الفعالة الساكن 

يتم أوالً بناء نموذج رياضي مفصل للنظام لدراسة أداء النظام عند . مزدوجخط نقل رافع للجهد و محول من خالل
تصميم بارامترات الحاكم المتكيف . ويتم عند  MATLAB SIMULINKنظام محاكاة نقاط التشغيل المختلفة باستخدام

التعرف على مكافئ النظام. ويتميز نظام التحكم المقترح  ليتم (RLS) باستخدام طريقةاألخذ في االعتبار معاير األداء و

عند  (APSS)حاكم المتكيف الالحصول على نتائج أداء النظام باستخدام وتم  .للتطبيقات العمليةبالبساطة وأنه مناسب للتحكم 
تم الحصول على نتائج المحاكاة للنظام على نطاق واسع من نقاط . و(SVC)مختلف االضطرابات مع أو بدون المعوض الساكن 

حاكم الالنتائج تحسين أداء النظام من ناحية الخمد واالستقرار باإلضافة لشكل الجهد وذلك باستخدام وقد اوضحت التشغيل 
 .االخرىبالمقارنة مع الحاكمات التقليدية  (SVC)مع المعوض الساكن  (APSS)المتكيف 

Key-words: SVC, APSS, FACTS, CPSS, RLS 

 
1. Introduction 

Control strategies for electric power 

interconnections play a prominent role in reliable and 

stable operation of power systems. Growth in the 

interconnections such as the interconnections 

between the operating plants and distribution stations 

or substations create a growing need for flexibility, 

reliability, fast response and accuracy in the fields of 

electric power generation, transmission, distribution 

and consumption [1]. To improve the power system 

performance and to extend its operational margin of 

stability during the steady-state and transient 

conditions, power systems are equipped with 

different types of control systems [2]. Excitation 

control using automatic voltage regulator (AVR) and 

speed governor (SG) systems represent the basic 

conventional control strategies [3]. While the 

conventional speed governor systems (SG) is 

required for keeping the droop characteristics, the 

AVR with a high gain is required to maintain the 

terminal voltage within a recommended tolerance 

(±0.5%) [UK standard] [2]. unfortunately, both speed 

governor and high gain AVR add negative damping 

to the systems, leading to a detoriation in 

performance [4]. Subsequently, conventional power 

system stabilizers (CPSS) are added to substitute for 

the adverse effects of SG and AVR systems [5]. 

 The basic function of conventional control 

system is to add positive damping to the rotor 

oscillations using an auxiliary stabilizing signal. It 

Provides the electrical damping torque in 

phase with the speed deviation to improve power 

system damping. The common type is the 

conventional power system stabilizer (CPSS) which 

introduced to improve system performance and 

stability during normal and abnormal conditions [6]. 
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However, CPSS has fixed-parameter designed for a 

specific operating point, which generally cannot 

maintain the same improvement of performance at 

other operating points.  Moreover, it requires a 

linearized model for the controlled system [7].  

The configurations and techniques of the 

power systems are changed over the time, while the 

CPSS parameters are optimum for only one of these 

operating points [8]. A more sophisticated controller 

which can maintain good damping over a wide range 

of operating conditions is therefore needed. This can 

be achieved by tuning the parameters of the 

controller on-line based on real time measurements 

[9].  

Adaptive PSS (APSS) offers a good 

alternative. The function of APSS is to adapt its 

parameters while the system moves from one 

operating point to another. Therefore, the adaptive 

controller has a potential to improve power system 

performance and stability [10]  

This paper presents an approach for 

improving system performance over a wide range of 

operating conditions based on combining the 

advantages of adaptive control and FACTS 

capability.  

The adaptive stabilizer proposed in this study is 

based on the minimization of a suggested 

performance index. The recursive least square 

squares identification algorithm is utilized to estimate 

the model parameters every sampling interval. 

Flexible ac transmission systems (FACTS) are 

playing an increasingly important role in electrical 

power systems. FACTS devices have been widely in 

operation. Ratings range from 60 to 600 MVAR [11].  

The basic function of FACTS devices is to enhance 

the power system stability, performance and to 

improve power system damping. FACTS devices can 

be classified based on the way they are connected to 

the power system, into Series, Shunt, and 

Combination of Series-shunt devices [12].  

SVC can be considered as a “first generation” 

FACTS devices and uses thyristor controllers 

consisting of a combination of fixed capacitor in 

conjunction with thyristor-controlled reactor[13]-

[14]. SVC is a shunt-connected static var generator or 

absorber whose output is adjusted to exchange 

capacitive or inductive current so as to maintain or 

control specific parameters of the electrical power 

system (typically bus voltage). The combination of 

both techniques is described subsequently. 

2. System modeling  

The system consists of a synchronous 

generator connected to an infinite bus through a step-

up transformer and a double circuit transmission line. 

The generator is driven by a steam turbine with fast 

valving system and is excited using a fast acting 

thyristor exciter. A schematic diagram of the power 

system considered in this study is shown in Fig.1. A 

description of the individual elements of the system 

is given subsequently and the parameters are shown 

in the Appendix. 

Governor

Ug

Steam

Steam

valve

Ue

Turbine Generator

Transformer
Large Power system

Exciter

T .Lines

Fig.1 Schematic diagram of a turbo generator system 

2.1. Generator 
Based on park's model used d-q axes 

transformation, a Full-detailed seventh-order 

nonlinear mathematical model representation is 

established to represent this power system. The 

differential equations are arranged as a set of first 

order equations as following [15]: 

 ̇=ω                                                           (1) 

ω ̇ = 
𝛚ₒ

2H
 (Tm-Te)                                           (2) 

Te=ψd iq-ψq id                                          (3) 

ψ̇
f
 =  ωₒ(Efd 

Rf

Xfd
 -if RF)                                (4) 

ψ̇
d
=  ωₒ(vd+id Ra+ψq) +ω ψq                      (5) 

ψ̇
q
=  ωₒ(vq+iq Ra-ψd) - ω ψq                       (6) 

�̇�𝐷=- ωₒiDRD                                              (7) 

�̇�𝑄 =- ωₒiQRQ                                             (8) 

The transmission system is considered as 

short line. So, it could be approximated by a series 

lumped resistance and reactance. The d-q machine 

terminal voltage equations related to the infinite bus 

are: 

Vd=Vb sin +id Re-iq Xe                            (9) 

Vq=Vb cos +iq Re+id Xe                          (10) 

Where Re=RT+RL. 

The turbine and governor system is shown in 

Fig. 2. It represents a simple steam turbine model 

with a single gain, Kt, and time-constant; Tt [16]. The 

speed governor is also considered with single gain Kg 

and single time-constant Tg. 

UR
+
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Ug

Governor valve

µg

Turbine

TM

ω/ωo

1

0

Kg

1 + S Tg

Kt

1 + S Tt

1

%  Droop

 
Fig. 2 Representation of turbine and governor system 

 

2.2. Excitation System 

Various types of exciters have been used with 

large generators the used exciters are rotary and static 
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exciters. The static exciter is a thyristor exciter, 

which provides very fast response [17,18]. In this 

study, the steam generating unit is equipped with a 

fast acting thyristor exciter. An automatic voltage 

regulator (AVR) with high gain is used to maintain 

the terminal voltage deviation within a tolerance 

value of 0.05 p.u. as load condition varies. The block 

diagram of the excitation system is shown in Fig .3. 

Under heavy load conditions the continuously acting 

voltage regulators may produce a negative damping. 

To eliminate this effect and to improve the system 

damping, an artificial means of producing torques in 

phase with the speed are introduced. The network 

used to add a stabilizing signal is called power 

system stabilizer (PSS). The PSS is a lead-lag 

network with two time constants T1 and T2 and gain 

Gs. The transfer function of the PSS is shown in Fig 

.3 

 

 
Fig .3 block diagram for the Excitation system 

2.3 Simulation results of conventional controllers 

 

 

 
Fig. 4 system response to 3-phase short circuit for 

120 ms at lagging p.f. 

 

4 Adaptive stabilization 

4.1 Modeling of system output 

Considering that the system output is sampled 

at discrete intervals of time leading to the following 

output equation: 

y(k) = ∑ [ai y(k − i) + biu(k − i)]
𝑛

𝑖=1
        (11) 

Where y(k) and u(k) are the sampled system output 

and input  at time kTs respectively. Ts is the sampling 

period, k is an integer, n is the model order, ai and bi 

are the model parameters to be estimated every 

sampling period  

4.2 Performance index 

I(k)=[𝑦(𝑘 + 1)]2 + 𝑞′[
𝑑𝑦(𝑘+1)

𝑑𝑡
]2+r[𝑢(𝑘)]2    (12) 

By taking into consideration the system output and 

its first derivative as well as the control effort. Thus, 

the performance index, )(kI  defined for the 

conventional synchronous generator was of the form 

in Eq (12) 

 [19]. 

Where (q', r) are positive weighting constants to be 

properly pre-specified.  
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4.3. Control law 

To simplify the minimization task, the first 

and second derivative terms in Eq (12) and Eq (19) 

are replaced by their following approximations: 

𝑑𝑦(𝑘 + 1) 𝑑𝑡⁄ =[𝑦(𝑘 + 1) − 𝑦(𝑘)] 𝑇⁄                    

(13) 

d2y(k + 1) dt2⁄ = [y(k + 1) − 2y(k) + y(k + 1)] T2 ⁄
(14) 

The performance index then takes the form: 

I(K)= [𝑦(𝑘 + 1)]2+q1 [𝑦(𝑘 + 1) − 𝑦(𝑘)]2+r[𝑢(𝑘)]2                                             
(15) 

Where
2'

1 / sTqq  . Substituting y(k+1) from Eq 

(11) into Eq (15), and setting 
)(/)( kukI 

 to zero 

yields, after some mathematical manipulation, the 

following optimal control signal: 

u(k)=[𝑏1𝑞1𝑦(𝑘) − 𝑠1(𝑘)] [𝑟 + 𝑏12(1 + 𝑞1)]⁄ (16) 

Where: 

𝑠1(k)= 𝑏1(1+𝑞1).[∑ 𝑎𝑖y(k + 1 − i) +𝑛
𝑖=1 ∑ 𝑏𝑖u(k +𝑛

𝑖=2

1 − i)                                 (17)  

By taking into consideration the system output and 

its second derivative (acceleration) as well as the 

control effort. The following performance index is 

suggested. [20]. 

I(k)=[𝑦(𝑘 + 1)]2 + 𝑞′′[
𝑑2𝑦(𝑘+1) 

𝑑𝑡2 ]2+r[𝑢(𝑘)]2 (18) 

Where ),( " rq  are positive weighting constants to 

be properly pre-specified. Substitute from Eq (14) 

into Eq (18) and from Eq (11) into Eq (18). Then the 

performance index takes the form: 

I(K)= [𝑦(𝑘 + 1)]2+q2 [𝑦(𝑘 + 1) − 2𝑦(𝑘) + 𝑦(𝑘 −
1)]2+r[𝑢(𝑘)]2                                      (19) 

Where q2=q''/Ts
4
, setting 

)(/)( kukI 
 to zero 

yields, after some mathematical manipulation, the 

following optimal control signal: 

u(k)=[𝑏1 𝑞2 (2 𝑦(𝑘) − 𝑦(𝑘 − 1)) − 𝑠2(𝑘)] [𝑟 + 𝑏12(1 + 𝑞2)]⁄   
                                                                   (20) 

Where: 

𝑠2(𝑘)=𝑏1(1+𝑞2)[∑ 𝑎𝑖  y(k + 1 − i) +𝑛
𝑖=1  

∑ 𝑏𝑖  u(k + 1 − i)𝑛
𝑖=2  ]                                     (21) 

4.4. Recursive Least Squares Identifier 

Several methods of identification can be used 

to obtain an estimate for the model parameters for 

example [21]:  

-Recursive Least Squares (RLS) identification 

-Recursive Extended Least Squares (RELS) 

identification 

-Recursive Maximum Likelihood (RML) Method 

-The Bayesian Estimation 

-The Square Root Filtering 

-Kalman Filter as Parameter Estimator 

Among different identification algorithms for on-line 

identification, Recursive Least Squares (RLS) 

methods have the advantages of simple calculation 

and good convergence properties. Most adaptive 

systems are based on recursive identification. As 

shown in Fig. 5 

System

Regulator

RLS Identifier

Fig.5 a general scheme for RLS 

 

The objective of the identification process in 

the proposed stabilizer is to specify values for the 

unknown parameters (ai, bi) so that the discrete-time 

model (identifier model) given by Eq (11) represents 

the synchronous generator system dynamics 

satisfactorily around a quiescent operating point. A 

modified version of the RLS identification algorithm 

is used to estimate the model parameters at every 

sampling interval based on the system input and 

output data [22]. The principle of the least squares 

method is the choose of the model parameters (ai, bi) 

so that the sum of the error squares between the 

actually observed value (system output) and the 

computed value (model output) is minimized [23]. 

. By defining a vector of the model parameters θ (k) 

as: 

θ(k)= [a1, a2,……., an   , b1, b2;       , bn]
T
                                    

(22) 

And a vector of the system input-output data ϕ (k) as: 

Φ(k)=[𝑦(𝑘 − 1), 𝑦(𝑘 − 2), 𝑦(𝑘 − 𝑛), 𝑢(𝑘 −
1), 𝑢(𝑘 − 2), 𝑢(𝑘 − 𝑛)]𝑇                  (23) 

The RLS identification algorithm for the parameters 

estimation can be summarized as follows [24]. 

e(k)=y(k)-ϕ
T
(k) θ(k-1)                                    (24) 

𝐾(𝑘) =
P(k−1) ϕ(K)

λ+ϕ
T(k)P(k−1)ϕ(k)

                                 (25) 

𝑃(𝑘) =
[I−K(K)ϕ

T(k)]P(k−1)

λ
                              (26) 

θ(k)=θ(k-1)+K(k).e(k)                                     (27) 

Where P is the covariance matrix, K is the gain 

vector and λ is the forgetting factor which lies 

between 0 and 1. The criterion of the RLS 

identification is to determine the most likely value, 

θ(k). 

4.5 Simulation Results 

Fig. 6 and Fig. 7 show the system response to a 3-

phase short circuit for 120 ms. The system response 

with PSS is compared with adaptive controllers. Fig. 

6 shows the response when past adaptive n=3 is used 

while, Fig. 7 shows the response with utilizing the 

proposed adaptive n=3. From this results the APSS is 

better than conventional PSS (lower first swing, 

lower steady state error and more stable), but also 

shows that the performance of proposed APSS is 

better than that of past APSS with the same model 

order. The Figures show also the parameters 

variation with time, the parameters started with 
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constant values then after short circuit occurrence 

they oscillate and reach to their final values.   

 

 

 

 

 
Fig 6 system response to 3-phase short circuit for 

120 ms at lagging p.f. 

 

 

 

 

 
Fig 7 system response to 3-phase short circuit for 

120 ms at lagging p.f. 
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5. Addition of Static VAR Compensator 

5.1 SVC Structure 

In its simplest form, the SVC consists of a 

Thyristor Controlled Reactor (TCR) in parallel with a 

bank of capacitors. From an operational point of 

view, the SVC behaves like a shunt-connected 

variable reactance, which either generates or absorbs 

reactive power in order to regulate the voltage 

magnitude at the point of connection to the AC 

network [25, 26, 27].It is used extensively to provide 

fast reactive power and voltage regulation support. 

The firing angle control of the thyristor enables the 

SVC to have almost instantaneous speed of response. 

A schematic representation of the SVC is shown in 

Fig. 8 where a three-phase, three winding transformer 

is used to interface the SVC to a high-voltage bus. 

The transformer has two identical secondary 

windings: one is used for the delta-connected, six-

pulse TCR and the other for the star-connected, 

three-phase bank of capacitors, with its star point 

floating. The three transformer windings are also 

taken to be star-connected, with their star points 

floating. The SVC can be considered as a variable 

susceptance. 

The block diagram shown in Fig. 9 represents 

the SVC with lead-lag controller. A conventional 

lead-lag controller is installed in the feedback loop to 

generate SVC stabilizing signal. The susceptance of 

the SVC (BSVC) is governed by the following 

equation [28]: 
𝑑𝐵𝑠𝑣𝑐

𝑑𝑡
=

1

𝑇𝐹
[𝐾𝐹(𝐵𝑟𝑒𝑓+𝑈𝑠𝑣𝑐)- 𝐵𝑠𝑣𝑐]                     (28) 

Where: KF, TF are the gain and time constant of the 

SVC, respectively and Bref is the reference 

susceptance of the SVC. Usually KF and TF are kept 

constant at 1.0 and 0.05 sec, respectively. Fig 10 

shows Matlab-Simulink model of SVC. 

A

B

C

Bsvc

TCR FC  
(a) Three-phase 

representation 

(b) Equivalent circuit 

Fig. 8 Representation of SVC comprising fixed capacitors 

(FC) and thyristor controlled reactors (TCR) 

KF

1+TF S

ksvc

1+t1 S

1+t2 S

Bref

Usvc

Bsvc

Feed back signal

Umax

Umin

Bmax

Bmin

Fig. 9 SVC with lead-lag controller 

 
Fig. 10 MATLAB-SIMULINK model of SVC 

5.2. Simulation Results 

To achieve a higher level of accuracy in the 

predicted results and draw a general conclusion from 

the results, detailed representation were made for all 

system components. The transient performance of the 

simulated non-linear system with the conventional 

excitation control (AVR and PSS) and when the new 

controller (APSS) to the system added were 

examined for symmetrical three-phase short circuit 

(120 ms duration) at the transformer high voltage 

side. Initially, the simulation results are obtained in 

comparative form using (CPSS Vis APSS) as shown 

in Figs.(6) and (7) taking the effect of AVR with both 

APSS and CPSS. These results illustrate that the best 

performance of the system obtained with the APSS 

as it provide good damping to electromechanical 

mode of oscillations and all system variables quickly 

return to their initial values. Then the simulation 

results are obtained in comparative form using 

(APSS Vis adding SVC) as shown in Figs. (11) and 

(12) the results show that by adding SVC to the 

adaptive controller the stability is increased in form 

of the first swing is less and the steady state error is 

also decreases. 
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Fig. 11 system response to 3-phase short circuit for 

120 ms at lagging p.f. 

 

 

  

 

 

 
Fig. 12 system response to 3-phase short circuit for 120 ms 

at lagging p.f. 

 

6. Conclusions 

This paper describes the implementation of a 

control strategy for a turbogenerator unit. The 

strategy is based on a combination control algorithm 

of an adaptive PSS and SVC. Two adaptive control 

laws have been tested using MATLAB-SIMULINK 

and both controllers are suitable for on-line control 

application. An adaptive technique is used to tune the 

control parameters during transient period with the 

object of minimizing settling time and improving the 

damping characteristics. Though the fact that a 

stabilizing signals drived from shaft acceleration 

provides better performance, the two control laws 

give similar results. This shows that the parameter 

tuning is very efficient and fast in determining the 

optimal parameters. The results also show that the 

addition of SVC extends the stability margin. The 

results presented in the paper show a novel trend to 

guide power system engineers for optimal utilization 

of generating power stations.  

 

7 List of Symbols 

𝑝  The derivative operator‘d/dt’ 

𝜔0 Angular frequency of the infinite bus 

𝜔 Angular speed deviation of the rotor 

Ψ𝑑 , Ψ𝑞  Stator flux linkages in d- and q- axis circuits 

𝑉𝑑 , 𝑉𝑞 Stator terminal voltage in d- and q-axis circuits 

id, iq Stator currents in d- and q- axis circuits 
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Ra  Stator resistance 

Rf ,  if Field circuit resistance and current 

 𝑋𝑒 ,  𝑟𝑒  Combined reactance and resistance of 

transformer and transmission lines 

𝛿 Rotor angle 

Tm Input mechanical torque 

Te Output electrical torque 

KF, TF are the gain and time constant of the SVC, 

respectively 

Bref is the reference susceptance of the SVC 

P is the covariance matrix 

K is the gain vector  

λ is the forgetting factor 

y(k) and u(k) are the sampled system output and input  

Ts is the sampling period 

k is an integer 

n is the model order 

ai and bi are the model parameters 

Appendix: 

1) Machine parameters (p.u): 

H=3.25                          X𝑑=2.0 

X𝑎𝑑 = 1.86                   X𝑞=1.91                

X𝑎𝑞 = 1.77                   X𝐾𝑄=1.96 

X𝑓𝑑 = 1.97                   X𝐾𝐷=1.94 

R𝐾𝑄 = 0.0084             R𝐾𝐷 = 0.0078 

r𝑎 = 0.005                      Te = 0.5 

r𝑓 = 0.0015          R=0.04 p.u. HZ/MW 

2) Transmission system: 

 𝑋𝑇 = 0.1  p.u.          𝑅𝑇  = 0.038 p.u. 

 𝑋𝐿   = 0.35 p.u.        𝑅𝐿 = 0.025 p.u. 
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