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Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of geology and technical
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the
most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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DEVELOPMENT OF A VARIABLE-STRUCTURE
CONTROL SYSTEM FOR SERVO DRIVE
OF SOLAR PHOTOVOLTAIC PLANT

Abstract. The dynamic properties of servo drive of solar photovoltaic plant are investigated in the article.
Mathematical models for a single-circuit servo drive of solar photovoltaic plant have been developed.The variable
structure system for the servo drivehas been developed, whichimproves the qualitative characteristics of the transient
processes in servo driveand leads to a decrease in the sensitivity of the control system to a change in its parameters.A
schematic diagram of the model is made in MATLABsoftware.

Key words: Servo drive, mathematical model, solar photovoltaic plant, single-circuitsystem, MATLABsoft-
ware.

I. Introduction. One of the most important ways to improve the efficiency of solar power plants is to
optimize the servo drives, operating in a continuous mode oftrackingforthe Sun, by energy indicators
[1-4].

The analysis of energy indicators of various motors and power losses, depending on the generalized
parameters of the electric drive, made it possible to determine the electric drives most adapted to the
system load [5-7]. However, the electric drive control system does not provide the appropriate accuracy
and quality of transient processes of the servo drives. In addition, it should be pointed out that the
technical implementation of the servo drive control systems causes certain difficulties [8, 9].

The main disturbing effects on the solar plant drive were considered in works of scientists Ovsyan-
nikov E.M. and Sorokin G.A. [8, 10]. But they did not consider in their works the matter related to the
accuracy, speed of electric drive output coordinatedevelopment, and the effect of parameter changes on
the transient processes of this electric drive.

Moreover, it should be noted that this servo drive of solar photovoltaic plant (SD SPVS) system does
not take into account the decrease in the control system sensitivity to a change in its parameters in order to
stabilize the system [11].

Purpose of this paper is to improve the energy indicators of servo drive, create a variable-structure
control system that provides insensitivity to changes in control system parameters and reduces the
electricity consumption for compensationof the disturbing effects.

Methods. To solve the tasks, the methods of mathematical analysis, theories of automatic control,
mathematical and computer modeling were used.

II. Main body. The functional diagram (figure 1) is represented as a linearized schematic diagram,
since the kinematic circuit of the servo drive of solarphotovoltaic station (SDSPVP) is a nonlinear element
with a dead band.

Based on the transfer functions of the structural diagram (figure 1), the following differential equa-
tions can be written in the increments.
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Figure 1 — SPVS SD schematic diagram

Technical and design parameters were used for ME215DC motor with the following parameters:

Magnet base - 4;

Purpose - antenna drive;

U Voltage - 12 V;

Power - 30 W;

Rotational speed - 2000 (rpm);

Weight - 1.4 kg.

For a DC motor with independent excitation (according to transfer functions), we represent two
differential equations with well-known accepted assumptions [12]:

dAw g
dt

where Aw,, — armature speed; Al — armature current; AM  — load torque increment; J — moment of

J =k, Al —AM,, (1)

inertia; k,, — coefficient of proportionality between the motor torque and armature current and the
equation of electromotive force(emf) in the armature circuit.

dAl
T}IFZk}](AUH—CACI))—I, (2)

where AU — voltage increment at converter output; Tgq — armature electromagnetic constant; k —
coefficient (k,=1/r,); r, — resistance of the motor armature circuit; ¢ — coefficient of proportionality

between emfand w.
Differential equation of the voltage converter will be as follows:

dAU,
dt

where K, — converter transfer coefficient; Ks — amplification coefficient; Ty, — time constant of the

compensating element; @,,;, — preset angle of rotation of solar plant servo drive; ®,; — angle of actuator

shaft.
In turn, the angle derivative (®,;) of the actuator shaft can be represented by the equation

dA®
THB = Aw[/IB , (4)

where Aw,; — actuator shaft angular speed increment.

T, =K, K;,A®, —K, KT Aw, — K KAO,, 3)
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Differential equation for o,, will be as follows:

dA@,,
uB 4,

+ BrpsA@,; =AM, + AM ,, ()

where AMy — rotation angle moment increment; AMp — shaft rotation moment increment; f,,, —

shaftfriction coefficient; Tyg — time constant.
The differential equation of AMymoment taking into account the harmonic linearization for the
actuating link with deadband [13, 14] and taking into account the coefficient Ck ywill be as follows:

dAM dAw
i ~= CK‘U -q(a)((T, Y

where Cy; — elasticity coefficient.

dAw,,

+Aw,,) - (T, +Awp,)), (6)

2
qla)=k— %(arcsin(é) + b 1- b—) .
V4 a a a

Thus, the system of linearized differential equations describing the processdynamicsin the solar plant
servo drive will beasfollows [7]:

dAw
A :lAM—lAMy ,
dt J J
dAl k k. k 1
A AN, - A —— AL,
T, T, T,
dAUH _ KK A@)m_TmKHKG Ao, KK A@ﬂB, 7
dt . T, T,
de
a Ao
%zi(AMWLAMB) Brrs Aw,, |
dt T, T
dAM dAw dAw
d = :CI(.U -q(a)((T, o7 +AwDB)_((To7M+A p)) -

Based on the set of equations (7), a model is developed. The same schematic diagram of the model is
shown in figure 2 as provided in MATLABsoftware.
L]
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Figure 2 — Schematic diagram of SD SPVPmodel in MATLAB
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The oscillogram G(¢) obtained as a result of modelling is shown in figure 3.

35
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Figure 3 — Transient process of the angle ofrotation between reference and maintenance axesof actuator shift

As can be seen from figure 3, the overshoot value is 60%, the control time is 6s, and the number of
oscillations is 3 that do not meet our requirements for accuracy and speed.

In this regard, a variable-structure system [11] was developed based on the single-circuit SDSPVP,
which makes it possible to improve the quality of the transient processes and reduce the system sensitivity
to changes in its parameters.Before considering the schematic diagram of a solar plant servo drive with a
variable structure, let'sconsider the functional diagram in figure 4.

It should be noted that the functional scheme of SDSPVPin the variable-structure system (VSS)uses a
relay element and a signalcomparison element by current and angular velocity rpm [17, 18].

Increase inaccuracy of tracking and quality of the transient processes intheservo drives (SD) of solar
photovoltaic plant(SPVP)is one of the main tasks for designing a control system for this plant.

Figure 1 shows a schematic diagram of a single-circuit SDSPVP where DC motor, Wy — compen-
sating element, M — motor torque and armature rotational speed.

This diagram of SDSPVPuses a proportional-integral-differential control law to compensate external
disturbances for the accuracy of task development.

v
K, l Vi
Up | ol 4 DT mp ) 4,%)_, K, o) 2o y ! |“a)
—* T.p " 147, p v Prur
.y " “ v
a3 K,
r 3
i =
X Ky la— __||_ [+ —| - X )
Mﬂ
1l 1 ,_é‘_, 1/ |
? | Ou | TuP+Fes u,"_ T

Figure 4 — Schematic diagram of single-circuit SDSPVS with VSS
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However, this does not take into account the quality and sensitivity of the control system to chan-
gesinits parameters in order to stabilize the system. In this regard, based on the SDSPVPabove, a variable-
structure system (VSS) is used, which makes it possible to improve the quality and sensitivity of the
system.

The schematic diagram of single-circuit SDSPVPwith VSSis shown in figure 4.

The schematic diagram of SD SPVPmodel with VSSin MATLAB is shown in figure 5.

i
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Figure 5 — Schematic diagram of SD SPVPmodel with VSS InMATLAB

The schematic diagram of VSS in figure 5 is represented by transfer functions of motor, gearbox and
PIDelement (proportional-integral-differentiating element), two blocks of multiplication and three
nonlinearities.

VSS operates according to the following principle: at some time, the feedback links are turned on in
turn, and, therefore, the time of transient processes, overshoot value and number of oscillations reduce.

As a result of modelling, a transient process of the angle of rotation between reference and deve-
loping axes of SD SPVP model with VSShas been obtained.

As can be seen from figure 5, the overshoot value is zero, number of oscillations is zero, control time
is 4s. Comparing the obtained curve of the transient process (figure 6) with the curve of the transient

Figure 6 — Curve of transient process of the angle of rotation betweenreference and developing axes of SD SPVP with VSS
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process in figures 7 and 6, we note that the qualitative characteristics of the transient process in figure 7
are much better than at the figuresabove. It should be noted that the obtained curve of the transient process
in figure 7 coincides with the experimental one within 5%.

As a result of VSSapplication, we were able to ensure a minimum effect of disturbing effects on SD
SPVP, improve the quality and reduce the sensitivity to changes in its parameters [17, 18].

[}

1
0 I 2 3 4 5 6 7 8 9 10

Figure 7 — Curve of transient process: 1 - experimental curve, 2 - curve obtained in the model

As a result, energy is spent less forcompensationof disturbing effects, i.e.the drive becomesoperating
in the energy-saving mode [19, 20].

Comparing the nature of the transient processes in SD SPVPmodel (figure 3), it can be noted that the
qualitative characteristics of transient processes of the armature rotation speed and the motor torque in SD
SPVPwith VSS are much better, as the amplitude of their oscillation and the control time reduce. This
circumstance makes it possible to significantly improve the tracking accuracy and quality of the transient
processes in the servo drive of solar photovoltaic plant.

Conclusions.

1. Mathematical models for single-circuit SD SPVP have been developed.

2. Thevariable-structure system for servo drivehas been developed that improves the qualitative
characteristics of SD transient processes and leads to a reduce in the control system sensitivity to changes
in its parameters.

3. The variable-structure system provides high speed in development of preset angle of rotation of SD
SPVP. As a result, less energy is spenton compensation of the disturbing effects, and the drive becomes
operating in the energy-saving mode.

4. The modelled and experimental curves of transient process of the angle of rotation between the
reference and developing axis of SD SPVP with VSShave been obtained.
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AnHoTanus. Makanana KyH (OTO3JICKTP CTAHIUACHIHBIH OaFyIIbl JICKTPKETE HIH TUHAMUKAJIBIK KaCHETTepl
3eprrenred. KyH (oTosekTp cTaHUMSCHIHBIH Oip KOHTYpPJIbI OaryIlbl SJIEKTPXKETETiHIH MaTeMaTHKAJIbIK YIriiepi
azipnenreH. Kanaranaymsl anekTpKeTeriHiH KypbUIbIMBI alHBIMAJIBI JKyHeci a3ipienni, on DKXK aysicnians! mpornec-
TEpiHiH canaJblK CUMaTTaMaJIapblH apTTHIPA/Ibl JKoHE OacKapy *KYHECiHiH OHBIH IapaMeTpJIepiHiH e3repyiHe KaThICThI
ce3iMTaIBIFBIHBIH ToMeH ieyiHe okeneni. MATLAB nporpamMacsiiia yaATiHIH KYPBUIBIMIBIK CYJIOACH! 931pIIeH .

Tyiiin ce3aep: OaryIIbl ANEKTP KETEri, MATEMATHKAJBIK YiTi, KYH (DOTORIEKTP CTAHIIICH], Oip KOHTYPIBIK
xkyite, MATLAB nporpammachsl.
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PA3ZPABOTKA CUCTEMbBI YIIPABJIEHUSA C NEPEMEHHOM CTPYKT}’POﬁ
CIEJAIIETO 3JIEKTPOITPUBOJA COJTHEHHOU ®OTOJEKTPHYECKOU CTAHIIMA

AnHoTanus. B craTtpe mccienyroTcs TMHAMHYECKIE CBOHCTBA CIIEASAIIETO AIIEKTPOIPUBO/IA COTHEUHON (POTO-
ANIEKTPUUECKOil cTaHmu. Pa3paboTaHbl MaTeMaTHYECKUE MOJIENH ISl OJIHOKOHTYPHOTO CJIEASIIEro AJIEKTPOIPUBOIA
cojyiHe4HOU (hoTOANIEeKTpUUecKoi craHuuu. Pa3paboTaHa cucTeMa ¢ MEepeMEHHON CTPYKTYPOIl CIEISIIEero 3JIEeKTPo-
MIPHUBO/A, KOTOPAasl MOBHIMIAET KAYECTBEHHBIE XapaKTEPUCTHKH MepeXoaHbix mpoueccoB COIl u mpuBOANT K YMEHb-
[IEHUIO YYBCTBUTEJIBHOCTH CHUCTEMBI YIPaBIEHHUS K M3MEHeHHUIo e€ mapameTpoB. [locTpoeHa CTpykTypHas cxema
Mozenu B mporpamme MATLAB.

KaloueBble cioBa: ciesuuid 3JIeKTPONPUBOJ, MaTeMaTHuecKas MOJENb, COJIHEYHas (OTOIIEKTpHUYECKas
CTaHLUsA, ONHOKOHTYpHas cucteMa, nporpamme MATLAB.
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