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SYNTHESIS OF APOWER FACTOR CONTROL SYSTEM
FOR PARALLEL OPERATION OF SYNCHRONOUS GENERATOR
WITH ANETWORK

In the paper the synthesis of a controller based on fuzzy logic to stabilize the power factor through the control
of excitation of a synchronous generator that operates in parallel with the network. To achieve the aim of the
research a method for the synthesis of a graphic-analytical form of representation the procedure for converting
information arguments in the functional structures of control systems objects as parts of autonomous electric
power systems has been used. It made it possible to form a mathematical model of the power factor control
system and to analyze the system by means of multilevel decomposition to get all the necessary information
about the basic properties of its elements from the standpoint of a general systemic approach. In turn, the
analysis of signal conversion processes at various levels of decomposition in the control system enabled to
study its structural properties and draw a conclusion about the optimality of its structure. When designing a
control system, methods of fuzzy logic theory have been used, which made it possible to consider to the fullest
extent the phenomenon of interconnectedness and nonlinearity of processes in autonomous power stations.
The model of the power station and simulation results of the regulator have been developed. On the basis of
the performed modeling, a comparative analysis of the quality of power factor control using three types of
controllers — a fuzzy controller, a three-position controller and a PID-controller has been carried out. It was
found that the best indicators of the control quality are provided by the controller based on fuzzy logic. The
use of the proposed control system makes it possible to increase the energy efficiency of the autonomous and
ship electric power systems by implementing such a control strategy in which synchronous generators operate

in optimal modes.
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Formulation of the problem. The complexity
of modern power supply systems and the increasing
requirements for the quality of electrical energy in
such systems pose the challenge of a thorough study
of autonomous electric power systems (AEPS), which
also includes ship electric power systems (SEPS), at
various design stages. A continuous increase in AEPS
capacity is a regular trend. An increase in SEPS
capacity, in turn, complicates the procedure of ensur-
ing a given quality of electricity [1, p. 866].

An autonomous electric power system is a set of
interconnected electric power generators, converters,
distribution, regulatory and control devices, as well
as connecting cables and consumers. A current chal-
lenge is to reduce the cost of electricity generation,
which can be achieved by reducing the amount of fuel
consumed by diesel engines, as noted in [2, p. 24].
Electricity consumers are designed to operate at nom-
inal parameters that ensure their high efficiency fac-
tor, reliability indicators, and continuous trouble-free
operation time. The modern development of com-
puter communication systems, data processing, and
automatic control systems for operating procedures
and production complexes poses increased require-
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ments for both the reliability of power supply and the
quality of electricity [3, p. 6].

Analysis of recent research and publications.
There are operation modes of AEPS and SEPS in
which the generator operates in parallel with the net-
work, for instance, in cogeneration units [4, p. 365].
Additionally, ship electric power systems, when
docked in port, are connected to parallel operation
with the coastal network. In such operation modes,
it is required to solve the problem of maintaining an
optimal power factor value for this mode [5, p. 19].
This problem is partially solved by using power dis-
tribution devices, though the power factor depends on
both active and full power, which is also affected by
the reactive power value. It is considered that the net-
work power is much higher than that of the generator.
At a given active power produced by the generator,
the variation in the generator excitation current leads
to a variation in the reactive power supplied to or con-
sumed from the network [6, p. 63]. Reactive power
generation is carried out both by AEPS generators
and by high-voltage overhead and cable transmission
lines (due to their capacitive susceptance), as well as
by specially installed reactive power sources, also
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called “compensating devices” [7, p. 2; 8, p. 121].
This, in turn, leads to the cosq power factor variation.
To maintain a given power factor, one should develop
a control system that would manage the synchronous
generator excitation and maintain the coso value at a
desired level.

The reactive power balance is generally calculated
for the highest load mode. The reactive power that is
produced by power plant generators is determined by
their loading with active power and the power factor
(cos), whose nominal value is about 0.8. Generators
are the basic sources of reactive power and produce
about 60% of the reactive power in SEPS.

Since there is a dependence of consumed reactive
power on the voltage, it is evident that there is an
inverse dependence between these values. The vari-
ation in the reactive power value supplied to the unit
causes a variation in the load in this unit. Therefore,
the required voltage level in separate units of the elec-
trical network can be ensured only by a separate dis-
tribution of reactive powers. Any deviation from the
given distribution of reactive powers causes a devi-
ation of the unit network voltage from the required
level [9, p. 4]. The diesel-generator unit’s nonlinear-
ity requires variation of the parameters of the excita-
tion control pulses to ensure the best control quality
in various operating modes. To solve this problem,
the fuzzy logic math apparatus can be used.

When solving problems of improving electricity
quality in SEPS, simulation along with computational
models is widely used. Currently, it is not possible
to create universal SEPS models that adequately
reflect their properties in various operation modes
[10, p. 13]. Thus, specialized math models describing
separate procedures in SEPS are considered.

At present, when solving control problems in the
autonomous electric power industry, the fuzzy logic
apparatus is widely used. In [11, p. 2156], the effi-
ciency of using a controller based on fuzzy logic to
control the power flow for a solar-wind energy hybrid
system is shown. In [12, p. 1252], a hybrid soft-com-
puting methodology approach for intelligent maxi-
mum power point tracking techniques of a photovol-
taic system under any expected operating conditions
using artificial neural network-fuzzy is considered. In
[13, p. 2044], the fuzzy logic apparatus was success-
fully applied to increase the technical performance of
multi-machine systems, which are controlled using a
direct torque control method. Thus, as a result of the
analysis of scientific publications, it can be concluded
that fuzzy logic controllers can be successfully used
to improve the quality of control and energy effi-
ciency of autonomous and ship electric power sys-

tems. At the same time, these works do not consider
the issues of controlling the reactive power of a syn-
chronous generator during their parallel operation for
a common load, which also confirms the relevance of
this research.

Task statement. This research is devoted to the
development of an electricity quality improvement
system by controlling the power factor when a syn-
chronous generator operates in parallel with the
network. The power factor control is achieved by
adjusting the synchronous generator excitation. The
quality of power factor control using a three-position
controller, a PID-controller, and a fuzzy logic-based
controller is considered.

Currently, there are systems and improved meth-
ods for distributing active and reactive power between
generators operating in parallel on a common load.
Such systems are produced by many foreign com-
panies. The feedback in these systems is provided
for active and reactive powers respectively [14-17].
When there is a load variation in the AEPS and SEPS,
a proportional load sharing between the generators is
done. Thus, the generators’ power factor may have a
non-optimal value. Therefore, the problem of synthe-
sizing a control system that maintains the generator’s
cos@ at a desired level is relevant.

Outline of the main material of the study. A
characteristic feature of the established operating
mode of the electric power system is the simultane-
ity of the processes of generating and consuming the
same amount of power. Consequently, in the estab-
lished operating mode of the AEPS, the balance of
both active and reactive powers is maintained at
each moment of time [18, p. 3]. When the voltage
decreases to about 0.85U,,. the reactive power is
reduced due to a decrease in the magnetizing capac-
ity of induction motors and transformers. On further
decrease in voltage, the induction motors making up
to 60-70% of the complex load, start to slow down
due to their torque reduction. The reactive power con-
sumed by these motors is being increased. Resulting
from an increase in reactive power consumption, the
voltage drop in the network is increased, leading to
a further decrease in the on-load voltage [19, p. 97].
Thus, it is necessary to develop a system controlling
the synchronous generator excitation to maintain a
given cos@. It should also be noted that the known
methods of reactive power control that are used in
solar power plants, in particular, those discussed in
[20, p. 1713; 21, p. 2169], are not applicable to die-
sel-generator power plants. This is due to the fact that
inverters are used in solar power plants, and photo-
voltaic elements are inherently non-inertial in nature,
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they do not participate in regulating voltage or reac-
tive power [20, p. 1716], which cannot be said about
synchronous generators as part of AEPS.

The synthesis of a power factor control sys-
tem of a synchronous generator running in paral-
lel with a network involves the analysis of logical
and dynamic procedures of argument conversion in
control systems. To do this, the method described
in [22, p. 378; 23, p. 319] can be used. Using this
method, a mathematical model of the power fac-
tor control system is synthesized. To determine
the generator power factor value, preliminary in
accordance with the analytical expression (1),
the output voltage U, and current I, of the syn-
chronous generator are converted using functional
structures f{U,,,AU,,) and f{I,,Al,) into analog
signals AU, and Al ,. The maximum values of
these signals do not exceed the dynamic range of
the reference voltage structure [U;] of the functional
structures of analog-to-digital converters f;(ADC)
and f,(ADC). After this, the converted analog sig-
nals of the output voltage AU, and current Al are
converted to the structure of analog logical signals
of the output voltage [U;],,, and the output current
[L;], by comparing them with the structure of the
reference voltages [U;] using functional structures
of the analog-to-digital converters f;(ADC) and
f(ADC) that are analyzed using the functional
structure f,(X). Then, the procedure for calculating
the power factor value is performed. At the same
time, as a result of analyzing the value of the power
factor in the functional structure f(X), the logical
structure [U;],f(U,I,,J10) of the analog signals is
formed with the duration At of the analog signal
transition of the output voltage U, and the current
I, of the generator through the zero level U_,|10.

Ut — AU g AU ) — = Jout?
_.r_.[AI.:ll.'}

out*

out

Ul— =Vl =

}Mﬂ (Uilae AV Lt o) (1)
[ - } (8 Jous =
fanc)
Lout = MlgusMot) = J=" [LjJol

Simultaneously with this procedure, in accordance
with the functional structure (2), using the functional
structure f,(Sign), the structures of analog logical sig-
nals of the output voltage [Uj],,, and the output cur-
rent [1;],,, are analyzed, and a logical analog signal of
positive value +U" is generated, corresponding to the
inductive reactive power of the generator, or a logi-
cal analog signal of negative value -U® is generated,
corresponding to the capacitive reactive power of the
generator.
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Il-_iluui =
f1(Sign) = +UY-U® (2)
[I_i]c-ut =

With the conversions of output voltage U, and
the current I, of the synchronous generator, in
accordance with the equation (3), reference voltage
UL, comparison is performed that corresponds to the
given cosp, with the structure of the reference volt-
ages [Uj]. This value is converted into the structure
of the logical analog signals [U;],,, using the func-
tional structure f;,(ADC). Afterwards, the structure of
the logical analog signals [U],, is logically added
in the functional structure of the integrator f,(X) with
the structure |[U;],A(U.I,,J10) of the logical analog
signals in the equation (1). As a result, both the logi-
cal structure of analog signals [U;], of error ¢ and the
logical structure of analog signals [U ], of the rate of
change d/dn of error ¢ are formed.

-Il-._i]_‘lnl.f([-rulmlrlliﬁj = - |l--_i|E‘

lvcmu - Jﬁ{l‘} (3)
.ﬁ_(ADC'} = [Ujleoso ¥ -=Ad/dn) = [Ujge

U] —

When analyzing the logical structure of the analog
signals [U;], of the error ¢ in the equation (4), using
the functional structure of the reactive power sign
functional structure £,(Sign), either the second logical
analog signal of the positive value +U", correspond-
ing to the inductive reactive power of the generator,
or the second logical analog signal of the negative
value —US, corresponding to the capacitive reactive
power of the generator is formed.

I[Ujle = f(Sign) = (+US-US)1 @)

Afterwards, in accordance with the structure
of the logic elements f,(&)-AND, f,(&)-NOT and
£i(H)-OR in the equation (5), the first and sec-
ond analog signals +U",, —U¢, and +U%,, —US, are
compared, and the corrected logical analog signals
+UL,/-US; are formed.

WHUSUS) =&, =
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In parallel with the analysis of the logical structure
of analog signals [U;], of the error ¢ in accordance with
the equation (4), analysis is performed using a fuzzy
logic functional structure f{Fuzzy) and a sequence of
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pulse signals U(At,T) is generated with a duration At
and a pulse period T, as shown in (6).

L(+UL/-US) =

l “ -_'I-I}'. =

l[l:_i]dc =

flFuzzy) = U(at, Ty (6)

Iout _’ﬂlout:ﬂlout) - |= [L]outT
fitane) = [L] ou =
U] - '

[U] - )=T0Jou =
Soanc) b
Uout _’ﬂUout:ﬂUout) -

U] =A(Sign) -
U 1AAU I 10) = }= [Uile1 =

Ucosq} - fl (E) 1 [Uj] =
ﬁ(ADC)} = [Uj]cosqa = : ﬂd}"dﬂ) = [Uj]da =
[Uj] —

The functional diagram of the automatic control
system based on a fuzzy logic (control system with
a fuzzy regulator) [24, p. 155], which developed in
accordance with equation (7), is given in Fig. 1.

The following is indicated on the diagram: Fuzzy
regulator — the controller based on fuzzy logic;
SC — signals converter; SGExS — synchronous gen-
erator excitation system; SG — synchronous genera-
tor; PFCB — power factor computing block; ADC —
analog to digital converter. The error value “¢”, equal
to the difference between the reference and actual
cos@ values, the “de” error variation rate (the first
derivative) and the coso sign are used as the control-
ler input variables.

= [Uloue = }
l[Ij]out =

To form a mathematical model of a functionally
complete logical and dynamic procedure of sequen-
tial adjustment of the synchronous generator excita-
tion current to stabilize its reactive power, the equa-
tions (1) to (6) are combined. The resulting equation
(7) is given below.

fo(x) = [UjlaU.Iout [ 10)1

= (+UN/-U)1

i(Sign)
=& = |
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f(Demux) = Uq)Z.n(iatn—l)
= Uq)?r.n(iatn—l)

fFuzzy) = U(at.T) =

For each variable, linguistic terms are specified
that correspond to certain ranges of input values. To
determine the limiting values of the error ¢, the prob-
able values of the reference cos¢ and the actual cos
values have been considered. The reference value of
cos¢ is set, so the optimal value that can be set is
cos®=0.3..1. The actual value of cos¢ can take values
from 0.3 to 1. Assuming that the error ¢ has the fol-
lowing limits [-0.7...0.7], five terms are used for the
“error” (&) input variable: NH — negative high, NL —
negative low, Z — close to zero, PL — positive low,
PH — positive high.

For the input variable “d(error)” (de), the bounda-
ries are [-0.2..0.2]. Since the rate of change of error can
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Fig. 1. Functional diagram of power factor control system with a fuzzy logic-based controller
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increase and decrease, therefore, an increase in the rate of
change can be taken as a positive value, and a decrease
as a negative value, respectively. The following terms are
defined: QD — quick decrease, SD — slow decrease, C —
constant, SI — slow increase, QI — quick increase. Fig-
ure 2 represents the membership functions of the “error”
and “error variation rate” variable, respectively.

The output signal frequency and duty cycle are taken
as output linguistic variables. The “frequency” linguistic
variable has [0..4] Hz limits and the following five terms:
Z — zero value, L — low value, M1 — first mean value,
M2 —second mean value, H — high frequency value. The
“duty cycle” linguistic variable has [0%...100%] limits
and the following four terms: Z — zero value, L — low
value, M — mean value, H — high duty cycle. Fig. 3 rep-
resents the membership functions of the “frequency”
and “duty cycle” variables, respectively.

Resulting from simulation, the fuzzy output sur-
faces of the “frequency” and “duty cycle” dependen-
cies on “error”, “error variation rate” and “sign” have
been obtained. Fig. 4, a, represents the surface of the
“frequency” dependence on ¢ and de for the inductive
nature of the load. Fig. 4, b, represents the surface
of the “duty cycle” dependence on ¢ and de for the
inductive nature of the load.

The surface in Fig. 4, a, is symmetrical relative
to the origin point. The minimum frequency value is
observed in the region e=0 and de=0. The frequency

maximums are observed in the area where the “error”
and the “error derivative” are both positive high, and
in the area where the “error” and the “error deriva-
tive” are both negative high. The surface in Fig. 4, b,
is mirrored relative to the origin. The minimum area
is observed approximately at e=0. The Matlab model
of the AEPS for the research of control processes
along with an implemented fuzzy logic-based power
factor controller is shown in Fig. 5.

Research on the effectiveness of using a three-po-
sition relay controller to manage power factor has
been also carried out. Three-position controllers
ensure proper control quality for inertial control
objects with a small delay [25, p. 06016]. The block
diagram of the three-position excitation control sys-
tem of the synchronous generator is shown in Fig. 6.

To obtain the best indicators of the power factor
control quality, it is necessary to optimize the con-
troller. Such controller parameters as the period of
control pulses and their duty cycle are subject to opti-
mization. When optimizing the controller parameters,
the integral quality criterion / is minimized. Table 1
represents the values of the integral control quality
criterion / at different values of the control pulse
interval, as well as at different values of the generator
load (25%, 50% and 75% of rated power).

A three-position controlling procedure is self-os-
cillatory — the controlled value in both transient and
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Fig. 3. The output variables membership functions: a) “frequency”; b) “duty cycle”
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Fig. 4. The surface of the “frequency” dependence on ¢ and de for the inductive nature of the load:
a) frequency; b) duty cycle
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Fig. 5. AEPS Matlab model with power factor fuzzy logic-based controller
steady-state mode periodically changes relative to Table 1
the reference value. Despite this, as can be seen from Values of the integral control quality criterion
Table 1, there are optimal parameters of the controller T,s Lyso, Ly, Ls,
when 7=1s. In addition, by setting the width of the 03 0.0585 0.0417 0.0512
controller dead zone, it is possible to ensure stabiliza- 06 005791 003534 005035
tion of the power factor within specified limits. 09 0.03327 0.02319 002627
In the block diagram in Fig. 6, instead of a 1 0.04324 0.02799 0.02373
three-position controller, a PID controller W1th a 15 0.0463 0.0323 0.0293
pulse output can be used. The output control signals 18 0.0487 0.0342 0.0366
of the regulator are discrete signals to increase and . - . -
. 2.1 0.05229 0.0379 0.04442
decrease the generator output voltage, which are sup- 4 0.05852 0.04375 0.0471
plied to the SG excitation control system. The PID - . - -
controller is quite simply configured to work with a 2.7 0.0596 0.0467 0.0495
specific object and provides satisfactory stabilization 3 0.06295 0.05279 0.054
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Fig. 6. The block diagram of the three-position excitation control system of the generator
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Fig. 7. Oscillograms of cos¢ changes for different controllers:
1 — three-position controller; 2 — PID-controller; 3 — Fuzzy-logic based controller

of the controlled parameter with minor changes from
the specified value. But with sudden changes in the
operating mode of the controlled object or transition
to another operating mode, the quality of the tran-
sient process in a system with a PID controller may
become unsatisfactory. Figure 7 shows oscillograms
of changes in the power factor of the SG, which are
the result of a model study of the operation of various
types of regulators for controlling the power factor
of a synchronous generator during parallel operation
with the network.

The simulation results demonstrated that the most
effective types of controllers are fuzzy logic-based
controller and a PID-controller with optimal param-
eter values, ensuring the fastest transient process
along with the smallest cos¢ deviation from the ref-
erence value.

The use of a power factor control system suggested
in this paper, as well as the method of active power
distribution between generators considered in
[26, p. 371], allows to increase the energy efficiency
of autonomous and ship electric power systems in
parallel modes of operation with the network.

Conclusions. The research examined a method for
controlling the excitation of a synchronous generator,
in which by changing the voltage supplied to the
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excitation winding of the synchronous generator,
stabilization of its power factor is ensured in parallel
operation with the network. To effectively control the
power factor of a synchronous generator, ensuring
the preservation of the asymptotic (dynamic) stability
of the power system, it is necessary to consider
nonlinear models of power facilities and carry out
the synthesis and design of control systems using
methods that fully take into account the phenomena
of interconnectedness and nonlinearity of processes in
power facilities. Inthe absence of complete information
about control objects, as well as information about
the parameters of nonlinear models of power units,
the problem under consideration can be solved using
fuzzy logic. Effective structures of generator power
factor controllers and a Matlab model of AEPS have
been developed to study the quality of operation of
different controllers. For the first time, the structure
of a power factor controller using fuzzy logic has
been developed to control the power factor in AEPS
and SEPS. The implementation of the considered
controllers based on microprocessor technology for
controlling a synchronous generator will improve the
energy efficiency of AEPS and SEPS by reducing the
flow of reactive power between generators when they
operate in parallel with the network.
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Yuikapenko O.0. CUHTE3 CUCTEMHU KEPYBAHHS KOE®INIEHTOM NOTY X KHOCTI
JJISI MAPAJIEJTBHOI POBOTH CUHXPOHHOT'O 'EHEPATOPA 3 MEPEXKEIO

YV cmammi euxonyemuvcsi cunmes pecyisimopa Ha OCHOSL Hewimkoi joeiku 0 cmabinizayii koepiyichma
ROMYIICHOCHE CUHXPOHHO2O 2eHEPAMOPA, WO NPAYIOE NAPATETLHO 3 MePeNiCer0, WLSXOM KePyB8aAHHSL 30V0HNCEHHAM
eenepamopa. s docsicHenHs Memu 00CTIONCEH ST GUKOPUCTNAHO MEmo0 CuHme3y epapoananimuunoi gopmu
npeocmagients npoyeoypu nepemeopeHHs IHQOpMaAYiuHUX apeyMeHmie (OYHKYIOHATbHUMU CIPYKIMYpamu
00°exmig cucmem Kepy8aHHs AK YACMUH ABMOHOMHUX eleKmpoeHepeemuyHux cucmem. Lle dozeonuno cghopmy-
samu MamemMamuiHy Mooenb cucmemi YNpagiHHsa Koe@iyicHmom nomy*cHoCmi ma npogecmu ii aHaniz 3a O0no-
M02010 6a2amopieHeBoi 0eKoMno3uyii 011 ompumans éciei HeoOXiOHoI inghopmayii npo ocrosHi enacmusocmi it
efleMenmi6 3 NO3UYill 3a2anbHO20 CUCTEMHO20 ni0X0dy. Y c6010 uepey, ananiz npoyecie nepemeopeHts CUSHANI8
HQ PI3HUX PIBHAX 0eKOMNO3UYii 8 cucmemi Kepy8anHs 0as 3mMo2y GUGHUM i CMPYKMYPHI 61ACMUBOCMI MaA 3D0-
oumu UCHOBOK npo onmumanvhicms it cmpyxmypu. Ilpu npoexmyeanui cucmemu YApAeuinHsa OYu GUKOPUC-
Mani Memoou meopii Heuimxoi 102iKu, w0 003604ULO NOBHOIO MIPOIO 8PAXysamu seue 83aEMON08 I3aAHOCHI
ma HeniHitiIHOCMI NPoYecié 8 ABMOHOMHUX eleKmpoeHepeemudHux cucmemax. Pospooneno modens agmonommoi
efleKmpoenepeemuyHol cucmemy ma OmpUMAaHo pe3yibimamu MoOemo8ans pobOmu CUHME308AHO20 Pe2yIAmopa
Koegiyienmy nomysicnocmi. Ha ocnosi nposedenoeo Mooentoeants UKOHAHO NOPIGHIbHUL AHATI3 SKOCMI pecy-
JI0BAHHS KOeqhiyienma nomysICHoOCmi 3a 00NOMO2010 MPbOX MUNIG Pe2YIIMOpie — HeUimKo20 peyisamopa, mpu-
nosuyitinoeo pezynamopa ma Ill/]-pecyiamopa. Bcmanosneno, wo Haukpawyi NOKAZHUKY AKOCMI pe2ynt08aHHsA
3abe3neuye pe2ynamop Ha OCHO8I HeyimKoi N02iku. BukopucmauHa 3anponoHO8anoi cucmemu Kepy8aHHs 0ae
3Mo2y nidguwumu eHepeoegh)eKmuHicms elleKmpoeHepeemuyHoi CucmemMu 3a paxyHoxK peanizayii maxoi cmpame-
2ii Kepy8anHs, 3a AKOI CUHXPOHHI 2eHepamopu NPayioOms 8 PeXCUMAax, HAOIUNCEHUX 00 ONMUMATbHUX.

Knrouosi cnosa: xoegiyicum nomyoxcnocmi, CUHXPOHHULL 2eHEPAMOp, CUCHEMA KePYBAHHS, HeuimKa J02iKa,
MOOeNo8aHHA.
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