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THE SEMICONDUCTOR SELF-EXCITATION

SYSTEM OF SYNCHRONOUS GENERATOR WITH FUZZY

VOLTAGE CONTROLLER

The synchronous generator voltage control system with a synthesized fuzzy voltage controller has been described. The 
controller has been synthesized with the use of mathematical model taking into account the nonlinearity of synchronous 
machines and semiconductor converters in the excitation system. This distinguishes it from the traditional excitation 
controllers whose synthesis is based on the use of simplified linearized models. The mathematical modeling results allow 
the researchers to compare the control characteristics in the system with the proposed fuzzy voltage controller and in the 
system with traditional voltage controller.
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Electricity is produced mainly by synchronous 
generators. The generator is controlled by regula-
ting the excitation current through the excitati-
on system that performs various functions, among 
which there are as follows:

 To maintain voltage at the control point with 
given accuracy in different modes;

 To intensively damp small oscillations and sig-
nificant post-accident fluctuations occurring 
in the electric power system;

 To ensure a high level of dynamic stability by 
forcing the excitation to a maximum value dur-
ing short circuits and load rise in the external 
electric circuit; and

 To protect the generator. 
Raising requirements for power quality imply 

the improvement of quality of output voltage con-
trol, the enhancement of stability of its operation 
in the electric circuit and damping of oscillations 
at the generator output, which are induced by the 

processes in power grid. Among the factors that 
complicate addressing this urgent problem, there 
are the permanent variations in the terms of op-
eration of electricity generation system caused 
by changing the size and the nature of generator 
load, as well as the presence of nonlinearities in 
actuating paths.

ANALYSIS OF RECENT RESEARCH

Today, for controlling the excitation of PES po-
werful synchronous generators, there are used the 
voltage controllers operating on the basis of pro-
portional-integral (PI) or proportional-integral-
differential (PID) law. These controllers are com-
plemented with circuits for control by other coor-
dinates and their derivatives. Their task is to damp 
oscillations at the generator output and within the 
power grid [1]. In order to synthesize such excita-
tion control systems the simplified models linear-
ized in a certain point are used. They do not ensure 
reliable operation of the system in different modes 
with wide range of coordinate variations.
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Fig. 1. The static system of self-excitation of synchronous 
ge nerator: RT is rectifier transformer; TC is thyristor con ver-
ter; G is generator; CT is current transformer; VT is voltage 
transformer; AEC is automatic excitation controller; and TCS 

is thyristor control system

The results of previous research have proved 
the effectiveness of the use of intelligent control-
lers in excitation control systems. The controllers 
are built proceeding from the theory of artificial 
neural networks and fuzzy set theory. Among the 
advantages of fuzzy controllers, there are the op-
tion of nonuse of system model for the synthesis 
of controller and the robustness to parametric 
perturbations [2], which give rise to the control-
ler application in the synchronous generator ex-
citation control systems [3, 4].

To synthesize the controllers of electromecha-
nical and electric systems it is necessary to have 
information about the system behavior in differ-
ent (including emergency) operation modes. Ob-
taining such information is possible with the use 
of appropriate mathematical and computer mod-
els. Using the simplified linearized models of elec-
tric machines and semiconductor converters leads 
to significant errors of results and does not make 
it possible to adequately reflect the processes in 
all modes of operation of electrical facilities, which 
significantly affects the quality of intelligent con-

trollers designed. In this regard, it is appropriate 
to use the refined models that take into account 
the nonlinearity of electric machines and semi-
conductor converters.

The objective of this study is to verify, by means 
of simulation, the effectiveness of using the fuzzy 
voltage controller in static synchronous genera-
tor excitation control systems.

STATIC SYSTEM OF SELF-EXCITATION

OF SYNCHRONOUS GENERATOR

To adjust the excitation of small- and medium-
capacity synchronous generators the most widely 
used system is static self-excitation system. Its 
block diagram is showed in Fig. 1. The use of 
these systems in semiconductor converters pro-
vides high-speed operation of generator excita-
tion control. However, this system has a disad-
vantage, a limited possibility of forcing the exci-
tation in emergency operation in the case of sig-
nificant voltage slump at the generator output 
and a consequent fall in the input voltage of thy-
ristor converter.

In post-Soviet countries, as a rule, the so-called 
adaptive stabilizers are used to control the PES 
generator excitation. They use a PID voltage con-
troller and numerous feedbacks by spatial deriva-
tives. The operation of such automatic excitation 
controller (AEC) (of ARV-SDP type) is desc ri-
bed by the following equation:

where ΔU
G is deviation of generator voltage from 

target value; Ir is reactive current of generator; IΣr 

is reactive current of group of generators opera-
ting on common buses; Cst is stabilization factor; 
Ccomp is compensation factor of step-up transfor-
mer reactance; U′G is first derivative of generator 
voltage by time; I′f is first derivative of generator 
excitation current; Δf is frequency deviation from 
no minal value at the output of generator; f′ is first 
derivative of frequency at the output of genera-
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Fig. 2. Block schematic diagram of AEC (ARV-SD, ARV-SDP1)

tor; Uf is voltage of generator excitation; Ti is ti-
me constant of integral component.

Given the transmitting functions of the sensor 
system and transmitting tract, the mentioned AEC 
can be represented by block diagram showed in 
Fig. 2 [1]. This block diagram does not contain 
paths for regulation by reactive current of gener-
ator group and compensation of step-up transfor-
mer reactance, which are ignored in many cases.

It should be noted that two components are of-
ten distinguished in the AEC structure, namely, 
the automatic voltage controller (AVC) whose fun-
ction is to stabilize voltage on generator buses and 
the system stabilizer, whose purpose is to influence 
excitement current in such a way as to damp the 
fluctuations at the output of generator. In the 
structure of ARV-SD controller type (ARV SDP1) 
the AVC function is played by voltage actuating 
paths, with excitation current and frequency ac-
tuating paths acting as system stabilizer.

Synthesis of such AEC requires the selection 
of amplification factors for each path, which de-
termine the characteristics of control in different 
modes of operation that, given a quite large num-
ber of these factors, greatly complicates the prob-
lem of synthesis and configuration of the control-
ler. The controller parameters calculated using 
the simplified models of generator unit linearized 

in the vicinity of a working point do not provide 
adequate quality of control indicators in all ope-
ration modes. They require changing the cont rol-
ler parameters depending on the mode, which is a 
difficult task.

In this regard, it is interesting to use intelligent 
excitation controllers based on fuzzy logic theory 
for controlling the generator excitation. Such cont-
roller will be synthesized using refined mathema-
tical models taking into account the non-linearity 
of magnetic conductor of synchronous generator, 
effect of its damper system, nonlinearity of thy-
ristor converter, and discreteness of its valves.

MATHEMATICAL MODEL

OF POWER GENERATING UNIT 

The object-oriented analysis of valve-engine 
systems was used to build a mathematical model 
of static excitation system [5]. An advantage of 
this method is a possibility to create mathemati-
cal and computer models that can operate in real-
time mode while interacting with physical ob-
jects. The given method uses the theory of object-
oriented design and programming, according to 
which the model is represented as a set of objects 
interacting with each other.

The development of a computer model is re-
duced to combination of objects representing the 
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The derivatives of flux linkage are determined 
as follows:

(2)

                                                                    .

The coefficients in equations (2) are determi-
ned as follows:

         
г г г
ee ee ee ei iiL i L iψ = ⋅ + ⋅ , г г

ii ie ee ,L iψ = ⋅           (3)

where Lee
G, Lei

G, Lie
G are derivatives of matrixes Lee, 

Lei, Lie by rotor angular displacement;

                                                       .

Here, Lee is (4 × 4) matrix of mutual inductance 
and self-inductance of stator phase winding and 
excitation winding, where the diagonal elements 
LAA, LBB, LCC, Lff are self-inductances of phase 
winding and excitation winding, with the others 
being mutual inductances of the respective wind-
ings; Lei, and Lie are matrixes of mutual inductanc-
es of damper windings, stator phase winding and 
excitement winding; Lii = (LDD, LQQ) is damper 
winding self-inductance matrix. These inductan-
ces are calculated on the basis of СМ electromag-
netic parameters: Ld, Lad, Lq, Laq, Lsf, LsD, LsQ, and L0.

To take into account the nonlinear characteris-
tics of magnetic conductor the inductance of ar-
mature reaction of salient-pole synchronous ma-
chine on the d axis (Lad) is assumed to be a func-
tion of magnetization current (tabulated by mag-
netization curve) that is determined by the fol-
lowing formula:
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models of typical elements of valve-engine sys-
tems (VES). They are transformers, DC and AC 
machines, valve groups (the cathode and the an-
ode ones), power grid (three-phase, single-phase 
ones), RL-links with EMF, and capacitors.

Using the object-oriented method for develop-
ing a model of complex system, the user deals 
with ready models of system components repre-
sented by multipoles and shaped as objects in-
stead of a set of equations and algorithms. A de-
tailed procedure for the synthesis of mathemati-
cal model using the common multipole element 
models implemented in the object-oriented form 
is described in [5]. In this case, according to the 
design scheme showed in Fig. 3, the object mod-
els of structural elements are the objects imple-
menting the model:

 synchronous machine (SM);
 three-phase transformer (Tr);
 cathode (KVG1) and anode (AVG1) valve gro-
ups (from which the model of thyristor con-
verter is formed);

 Grid (MER).
The design diagram of the power section of ge-

nerating unit with a static system of self-excita-
tion is showed in Fig. 3.

The design model of synchronous machine as 
eight-terminal circuit, which is based on the ap-
proach implemented in the theory of simulation 
of valve-engine systems [6] is showed in Fig. 4. 
The damping system of synchronous machine is 
modeled in the dq coordinates and represented 
by two short-circuited inductances oriented along 
the d and q axes of synchronous machine.

The equation system to describe explicitly the 
poled synchronous machine (Fig. 3) is as follows:

0eeeeee21 =⋅−ψ−ϕ−ϕ iRp ,

                         0iiiiii =⋅−ψ iRp ,                        (1)
where 1ϕ  = (ϕA1, ϕB1, ϕB1, ϕf1), 2ϕ  = (ϕA2, ϕB2, ϕB2, ϕf2) 
are vectors of potentials in connection points; 
Ψee = (ψA, ψB, ψC, ψf)te and Ψii = (ψD, ψQ)t are vectors 
of flux linkage; Ree = diag(rA, rB, rC, rf) is matrix of 
stator winding reactance and excitement; Rii = di ag 
(rD, rQ) is matrix of reactance of damper winding.



9Science and Innovation. V. 10, no. 3, 2014

Scientific Basis of Innovation Activities

Fig. 3. Design diagram of the power section of SM self-excitation system: і0…і22 are currents of structural element electric 
branches, ϕ1…ϕ9 are potentials of independent units of valve-engine system

The equation system (1) after the insertion of 
expressions from (2) is written as follows:

                                                              
. (4)

Having found the expression for piii from the 
second equation of the system and inserted it into 
the first equation, we obtain:

.  (5)

Having taken into consideration that pγ = p0ω, 
where γ is rotor angular displacement in electri-
cal degrees, p0 is number ofpole pairs, ω is rotor 
angular displacement and having denoted that 

let us write the equation system (4) as follows:

(6)

The obtained SM mathematical model (equa-
tion (6)) should be complemented with mechani-
cal condition equation:

                            M + Mn = Jpω,                             (7)

where M is electromagnetic torque of machine, 
Mn is torque attached to the rotor shaft, and J is 
rotor moment of inertia.

The mathematical models of semiconductor con-
verters are based on the following assumptions:

 Power circuits of semiconductor converters are 
considered to be electrical circuits with cons-
tant structure and variable parameters;

 Convector valves are presented as circuit bran-
ches consisting of series-connected reactance r 
and inductance L which are small in the open 
position of the valve and large in the closed po-
sition. The L/r ratios in both states of thyristor 
are assumed to be equal to approximately 10—
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Fig. 4. SM design diagram
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50 times greater than the expected average step 
of numerical integration of differential equati-
ons that describe the electromagnetic and elec-
tromechanical processes;

 Valves shut at the moment when time depen den-
ce of their currents passes through zero chang-
ing the sign from positive to negative value. 
This assumption implies that time of recovery 
of valve turnoff properties is equal to zero;

 The valve opening point is found by solving the 
logic equations describing the valve control sys-
tem (the valves open instantly).
Models of semiconductor converters were pre-

sented as a set of the objects implementing the 
power section models and the object implement-
ing the control system model.

The model of semiconductor converter power 
section is formed of object models of anode and 
cathode valve groups (Fig. 5). The power section 
of cathode or anode valve group is presented as 

two-port terminal device and is described by equa-
tions based on the nodal potential method:

                                                             ,

                                                              ,

                                                              ,

,                       (8)

where і1, і2, і3, and і4 are exterior branch currents; 
ϕ1, ϕ2, ϕ3, and ϕ4 are potentials of exterior poles.

The opening pulses are fed to the thyristors of 
the converter controlling SM excitation current 
synchronously with the rotor angular displace-
ment (in its turn, it determines phase output 
voltage quite precisely). Respectively, the condi-
tions for opening of thyristor converter valves are 
written as follows:

(ТМ(і) > α) ∩ (ТМ(і) < α + Δα) ∩
            (VT(i) > 0) ∩ (IT(i) = 0) = true,            (9)

where ТМ is 6-dimension array whose elements are 
equal to: ТМ(1) = γR; ТМ(2) = γR + 4π/3; ТМ(3) = 
= γR + 2π/3; ТМ(4) = TM(1) + π; ТМ(5) =TM(2) + 
+ π; ТМ(6) = TM(3) + π; γR is rotor angular dis-
placement; VT is array whose elements are the val-
ve voltages; ІТ is array whose elements are func-
tions of the state of the valves (taking on a value 
of 1 when the valve is open and 0 when the valve 
is closed); and Δα is width of the opening pulse.

While studying the modes of no-load initial ex-
citation of synchronous turbo-generator the turbine 
is assumed to rotate with a constant velocity. The 
excitation system parameters used in the calcula-
tions of processes in the system are as follows: for 
synchronous turbine generators (type TGV-200-
2МU3): P

nom = 210 MW; nominal voltage and cur-
rent Unom = 15 750 V, Inom = 9 060 A; no-load excita-
tion current ifn.l. = 715 A; nominal excitation current 
ifn = 1 945 A; active resistance of the stator and exci-
tation windings rst = 0.0024 ohms, rf = 0.174 ohms; 

1

11
1

1
4

1
1

11
L
iRpi

LL
−=+ϕ−ϕ

2

22
2

2
4

2
2

11
L

iRpi
LL

−=+ϕ−ϕ

3

33
3

3
4

3
3

11
L

iRpi
LL

−=+ϕ−ϕ

4
3

3
2

2
1

1
321

4
111111 pi
LLLLLL

=+ϕ−ϕ−ϕ−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++ϕ

3

33

2

22

1

11

L
iR

L
iR

L
iR

++=



11Science and Innovation. V. 10, no. 3, 2014

Scientific Basis of Innovation Activities

Fig. 5. Diagram of anode (а) and cathode (b) valve groups and their design diagram (c)

inductive reactance Hd = 1.997 p.u., Had = 1.723 p.u., 
H′d = 0.34 p.u., and X″d = 0.223 p.u.

For rectifier transformer (RTr, type TSZP-3000/ 
20 VU3): Snom = 2540 kVA; nominal voltage of 
primary and secondary windings U1n = 15750 V 
and U2n = 855 V; no-load current Inl = 0.9%; short 
circuit voltage Usc= 6.5%; and active loss power 
ΔRsc = 22 kW. 

The AEC parameters: KOU = 20; K1U = 0.5; K1If = 
= 1.0; K0f = 0.3; and K1f = 0.8.

STRUCTURE OF FUZZY

EXCITEMENT CONTROLLER 

To ensure synchronous generator voltage con-
trol the structure of fuzzy controller is proposed 
(see Fig. 6).

The fuzzy voltage controller (FVC) exercises 
output voltage control and ensures duty initial 
excitement. To its input there are fed: Δeu differ-
ence between the given and the actual output 
voltage (error of voltage control) and eu is an in-
crease (first derivative) in voltage control error. 
The use of control circuits by voltage and its first 
and, sometimes, second derivative is typical for 
the majority of present-day AEC.

In addition, flexible feedback by generator ex-
citation current (–Δif) is included into the fuzzy 
controller. The inclusion of this feedback makes 
it possible to raise damping properties of the con-

troller, which improves the quality of control of 
excitation current and generator voltage.

The Takagi-Sugeno controller with constant 
outputs is used as basis. The rules of voltage con-
troller are based on the standard MacVicar–Whe-
lan rules as revised.

It is known that the signal at the output of the 
fuzzy controller depends on the generated mem-
bership functions, including their overlapping and 
type, as well as on the chosen method of defuzzifi-
cation. Selected membership functions for the in-
put variables of fuzzy voltage controller are showed 
in Figs. 7 and 8. The formed framework of rules for 
fuzzy controllers is given in Table below. To elimi-
nate fuzziness the gravitational method is used.

According to the selected principle of defuzzi-
fication, increase in output signal of fuzzy voltage 
controller is defined as:

(10)

where μ
1 is membership function for voltage con-

trol error eu; μ2 is membership function for inc re a se 
in voltage control Δeu.

Increase in output signal of fuzzy voltage con-
troller is complemented with a signal proportion-
al to derivative (increase) in excitation current Δif 

рuuΔ =

1 2 11 1 2 21 1 2 12 1 2 22

1 2 1 2 1 2 1 2

(1 ) (1 ) (1 )(1 )
(1 ) (1 ) (1 )(1 )

y y y yμ μ μ μ μ μ μ μ
μ μ μ μ μ μ μ μ
+ − + − + − −

= =
+ − + − + − −

1 2 11 1 2 21 1 2 12 1 2 22(1 ) (1 ) (1 )(1 ) ,y y y yμ μ μ μ μ μ μ μ= + − + − + − −
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Fig. 6. Structure of fuzzy voltage controller

Framework of Rules for Voltage Controllers

Δеu

еu

VV VC VM N DM DMS DS DV

DV –1.2 1.6 5 8 15 15 15 15
DS –1.2 –0.05 0.5 8 8 15 15 15
DM –6 –1.2 0 5 8 8 8 15

N –15 –6 –6 0 5 5 8 8
VM –15 –6 –6 –1.2 0 0 1 8
VV –15 –15 –15 –15 –1.2 –0.05 0.5 5

Fig. 7. Membership function for voltage control error

Fig. 8. Membership function for increase in voltage control 
error

taken with opposite sign. As a result, increase in 
total output signal of FVC is calculated as

,             (11)

where к1, к2 are weights, either constant or vari-
able, depending on the operation mode of genera-

tor (for example, at the initial no-load excitation 
of generator к1 = к2 = 1, while in the case of net-
worked generator к2 grows (as need in feedback 
by excitation current increases), whereas к1 de-
creases, as the generator output voltage varies 
insignificantly.

The FEC configuration settings mentioned abo-
ve were selected on the basis of experimental data 
using mathematical model of SM self-excitation 
system described above.

RESULTS OF RESEARCH

The results of research of electromagnetic pro-
cesses in the system with fuzzy voltage controller 
have been compared with those with traditional sta-
bilizer АRV-SDP1 structured as described above.

Figs. 9 and 10 feature the research results for 
processes in SM self-excitation system in initial 
no-load excitation mode. The research results are 
given for: а) stabilizer, b) fuzzy voltage controller.

In this case, the excitation is of duty nature: 
firstly the signal for SM voltage setting at a value 
of 0.333 U

v is fed in a stepwise manner; as soon as 
SM voltage reaches this value (in about 6.5 s) the 
SM voltage setting signal increases linearly to 
the nominal value; and so does the output voltage 
(Fig. 9).

As showed in Fig. 9, the SM stator phase volt-
ages are slightly different within the range where 
they approach a preset value: in the case of tradi-
tional controller one can observe oscillating pro-
cess with little readjustment of 1.44% which lasts 
1.5 sec. In the case of FEC the SM voltage reach-
es the preset value without readjustment and 

НРЗ 1 рu 2 fu к u к іΔ = ⋅Δ − ⋅Δ
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Fig. 9. SM stator voltage (phase-to-neutral instantaneous values, В) in initial excitation mode: а) stabilizer, b) fuzzy voltage 
controller

Fig.10. SM excitation current (А) in initial excitation mode: а) stabilizer, b) fuzzy voltage controller

Fig. 11. SM stator current (instantaneous value, А) when the generator is networked for 15 s with further load rise (20 s): 
а) stabilizer, b) fuzzy voltage controller

а

а

а

b

b

b
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Fig. 14. Damping winding current on q axis (А): а) stabilizer, b) fuzzy voltage controller

Fig. 12. SM phase voltage envelope (В) when the generator is networked for 15 s with further load rise (20 s): а) stabilizer, 
b) fuzzy voltage controller

Fig. 13. Damping winding current on d axis (А): а) stabilizer, b) fuzzy voltage controller

fluc tuations. The absence of voltage fluctuations 
in the presence of fluctuating excitation current 
(Fig. 10) is explained by influence of generator’s 
damping system.

Figs. 11—14 show the results of research in the 
mode when the generator is turned on for 15 s, with 
further rise in load (during 20 seconds) by 50% of 
nominal voltage. To evaluate the damping proper-

а

а

а

b

b

b
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ties of excitation control system the SM operation 
mode under the most unfavorable conditions, a 
stepwise rise in load has been studied (practically, 
the generator operating in parallel with the net-
work is smoothly loaded with active power due to 
gradual increase in power generated by turbine).

In fact, having compared the system behavior 
when using different types of excitement control-
lers, we can state that in given modes the voltage 
control system with fuzzy excitement controller 
matches the stabilizer in controlling capability. In 
the case of abrupt load the system with FEC pro-
vides lower maximum dynamic error of voltage 
control (2.2% vs. 3%) and lower static error. It 
should be noted that the introduction of flexible 
feedback by generator’s excitation current in the 
structure of system with FEC (and in the system 
with stabilizer as well) is appropriate, inasmuch as 
it prevents deterioration of damping properties 
and growth of oscillability and time of transition.

CONCLUSIONS

1. To design the excitement control systems of 
synchronous machines it is advisable to use refined 
mathematic models that take into consideration a 
nonlinear character of synchronous machines and 
semiconductor converters of the excitement system.

2. A fuzzy voltage controller for the modes of 
initial SM excitement, networking, and stepwise 
changes in voltage has been designed. It matches 
the traditional stabilizer (ARV-SDP1) and en-
sures improved quality of voltage control in the 
above modes (lesser dynamic and static errors, no 
readjustment in initial excitement mode).

3. To improve quality of transition processes it 
is advisable to introduce a reverse feedback by 
excitement current derivative into the structure 
of voltage control system with FVC.
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А.С. Куцик, В.В. Тутка

СТАТИЧЕСКАЯ СИСТЕМА САМОВОЗБУЖДЕНИЯ 
СИНХРОННОГО ГЕНЕРАТОРА С НЕЧЕТКИМ

РЕГУЛЯТОРОМ НАПРЯЖЕНИЯ

Рассмотрена система регулирования выходного нап-
ряжения генератора с синтезированным нечетким регу-
лятором напряжения. Синтез такого регулятора прове-
ден с использованием уточненных математических моде-
лей, учитывающих нелинейность синхронной машины и 
полупроводниковых преобразователей системы возбуж-
дения. Это отличает его от традиционных регуляторов 
возбуждения, синтез которых основывается на использо-
вании упрощенных линеаризованных моделей. Предс тав-
ленные ре зультаты математического моделирования поз-
воляют сравнить регулировочные характеристики в сис-
теме с предложенным нечетким регулятором напряжения 
и в системе с традиционным регулятором.

Ключевые слова: синхронный генератор, система воз-
буждения, нечеткий регулятор.

А.С. Куцик, В.В. Тутка

СТАТИЧНА СИСТЕМА САМОЗБУДЖЕННЯ
СИНХРОННОГО ГЕНЕРАТОРА З НЕЧІТКИМ

РЕГУЛЯТОРОМ НАПРУГИ

Розглянуто систему регулювання вихідної напруги ге-
не ратора з синтезованим нечітким регулятором напруги.

Синтез такого регулятора проведено з використанням 
уточнених математичних моделей, які враховують нелі-
нійність синхронної машини та напівпровідникових пе-
ретворювачів системи збудження. Це відрізняє його від 
традиційних регуляторів збудження, синтез яких ґрун-
тується на використанні спрощених лінеаризованих мо-
делей. Наведені результати математичного моделювання 
дають можливість порівняти регулювальні характерис-
тики в системі з запропонованим нечітким регулятором 
напруги і в системі з традиційним регулятором.

Ключові  слова: синхронний генератор, система збуд-
ження, нечіткий регулятор.
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