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DESIGN OF A CIRCUIT-FIELD MODEL OF A CLOSED-LOOP ELECTRIC
DRIVE SYSTEM BASED ON A SWITCHED RELUCTANCE MOTOR

PO3POBKA JIAHIIIOIOBO-IOJILOBOI MOJIEJII 3AMKHEHOI CUCTEMHU
EJIEKTPOIIPUBOJIA HA BA3I BEHTUJIBHOI'O PEAKTUBHOI'O IBUT'YHA

The distribution of switched reluctance motors (SRM) is due to their specific properties: high
reliability due to the absence of sliding contacts, precise positioning, wide range of regulation. These
properties allow the use of SRM in various adjustable electric drives in conjunction with semiconduc-
tor control systems. The complexity of the study such systems is a correct representation of both, the
control system and the motor, taking into account their mutual influence and energy exchange. In ad-
dition, as a rule, SRM have a rather specific design, which limits the use of classical methods for their
calculation and causes the use of numerical methods. The paper presents a mathematical model of a
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closed loop drive system on the rotor position and speed, based on the SRM. As a result of the unifica-
tion of the SRM field model constructed on the basis of the Laplace and Poisson equations and the
circuit model of the control system, a circuit-field mathematical model is obtained. The mathematical
model takes into account the design features of the motor and allows to explore a drive system in dy-
namic modes of operation. An algorithm for switching power inverter keys for four phases of the SRM
is developed. From the obtained values of magnetic induction and tension tensors the electromagnetic
moment of the motor calculated. Electromagnetic and electromechanical parameters of the serial
SRM-57-100-4 in the start-up mode obtained for the proposed model.

Keywords: switched reluctance motor, closed loop electric drive system, control system, finite
element method, dynamic operation mode, start mode.

Enexmponpusoou (EII) na 6a3i eenmunvuux peaxmusHux ogucynie (BPI]) € megio emHorw
CKIA008010 8UCOKOMEXHON02TuH020 yemamKysanHs. Taxi EII 3nHaxo0same 3acmocyants y pisHOMaHi-
MHUX APUCMPOSX. pOOOMU, MeOuuHe YCIMAMKYSAHHs, 8epCamu 3 YUCI08UM NPOSPAMHUM 3abe3ne-
yennsam, komn romepua mexuixa. Ilowupenns BP/[ oOymosiene ixnimu eracmusocmsamu: npeyusitine
NO3UYIOHYBAHHS, WUPOKULL OiANA30H Pe2yNIo8aHHs, GUCOKA HAOTUHICMb. V 36 513Ky 3 YyuM AKmMYyanbHUM
€ 00CNIONCEHHS XAPAKMEPUCTIUK | eleKmpoMacHImHux napamempie BPI] y cknadi keposanozo EII.

Ilpu cmeopenni EIl na 6azi BPI] sunuxae neoOXiOHiCmb Y3200M4CeHHs eleKMPOMEXAHIUHOL Ul
CXeMOMEXHIYHOT YACmUn 3 YPAXy8aHHAM iX 63AEMHO20 6NAU8Y. [0 OCHOBHUX MPYOHOWI6, WO BUHUKA-
omb npu nobyoosi xopexmuoi mooeni “‘cucmema xepysanns — BPJ/”, mooicha ionecmu: HeobXio-
HICMb 8PAXYBAHHS 83AEMHO20 €HEP2OOOMIHY MIdC OB8USYHOM | IHEEPMOPOM, CKIAOHICMb KOHCMPYKYIL
BPJ], obymosnena 3youacmoo cmpykmypo cmamopa i pomopd, HeliHilUHICMb 61acCmugocmett Ma-
mepianis, HeCUHYCOIOANbHICMb THOYKYIL Y ROBIMPAHOMY NPOMIJICKY MIJC CIAMOPOM i pOmMOpOM.

Y pobomi posenanyma nanyrocoeo-noavoea mamemamuyura mooenv EIT na 6azi BPI] SRM-57-
100-4, wo 3naxo0ums 3acmocy8ants 6 anapami wmyuHoi eenmuaayii nezens cepii “bpuz-T”.

Jlna pospaxyuxy xapaxmepucmux i erekmpomacHimuux napamempie BPI] suxopucmano me-
MO0 KiHYesuUX eleMeHmis, Wo 0036015€ KOPEKIMHO ONUCAMU CKIIAOHY 2e0MEempiio 08USYHA 3 YPAX)YE8aH-
HAM HeNHIUHUX 81ACMUBOCMEN MAMEPIANie Yy CIayiOHApHUX [ NepexiOHux pexcumax pooomu.

Memoro pobomu € cmgopenHs 1any02080-N0Ab080I Modeni 3amkuenoi cucmemu EIl na 6a3i
BP] ona docridsicenus nepexionux pexcumis pooomu 3 ypaxy8anHim eHepeooOMIHY Midc IHBePmMOPOM
i 0sueynom. Kpim ineepmopa ti BP/] enekmponpugoo sxnouae cucmemy Kepy8aHHus, wjo CKiadoacmvbcs
3 3a0amMYuUKa WEUOKOCMI, 0amuuKa NOJONCEHHS POMOpd, OAMYUKA WEUOKOCMI, OamMYuKa Cmpymy
obmomxku cmamopa, cunogozo IGBT xomymamopa, cucmemu Kepy8auHs KOMYmMamopom, 360pOmHO20
38 "A3KY 30 NOAONCEHHAM POMOPA, 360POMHO20 36 SI3KY 3d WLEUOKICIIO.

06 ’eonasuiu norwogy moodenv BPJ[ i3 1any0206010 MOOEIO CUCMEMU KePYBAHHS, OMPUMAHO
JIGHYI02080-NONIbOBY MOOEb 3AMKHEHOI CUCmeMU eleKMPOonpuUeo0a 3i 360pOMHUM 38 S3KOM 30 WEUO-
Kicmio 1l noaoxcenuam pomopa. Ha ocnogi pospobnenoi mamemamuunoi mooeni UKOHAHO pO3paxy-
HOK pexcumy nycky BP/] 0o wieuoxocmi 3a60anus. Y pe3ynomami MoOento8anHs OmpUMano 3a1eiCHo-
cmi Kyma nosopomy pomopa, eieKmpoMacHimHo20 MoMenmy it cmpymig y ¢pasnux oomomxax BP/].

Knrouosi cnosa: senmunvrull peakmugHutl 08USYH, 3AMKHEHA CUCmeMa eleKmponpueooy, Cu-
cmema KepyeauHs, Memoo KiHYegux eleMeHmis, OUHAMIYHULL PEXCUM, NYCKOBULL PENCUM.

Problem’s Formulation

Electric drives (ED) based on switched reluctance motors are an integral part of high-tech
equipment. These drives are used in a variety of devices: robots, medical equipment, CNC machines,
copying and computer equipment. The spread of SRM is due to their properties: precision positioning,
wide control range, high reliability. In this regard, it is imperative to study the electromagnetic para-
meters and characteristics of the SRM as part of controlled electric drive systems.

Analysis of recent research and publications

Recently, a lot of scientific literature has been devoted to the study of SRM [1—6].

In research [2] an electric drive system based on a SRM include an asymmetric four-phase
power converter is considered. Based on mathematical modeling, the authors proposed a special con-
verter control algorithm that provides improved performance compared to standard PI and fuzzy logic
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control. The reliability of the proposed algorithm is confirmed by the results of modeling in the MAT-
LAB system by perturbation of mechanical parameters and external load.

Paper [4] is devoted to the study of SRM characteristics. The authors proposed a three —
dimensional mathematical model of the motor with number of poles 6/4. Applying the Magnet CAD
modeling environment, the value of SRM static moment calculated using finite element method
(FEM). The model takes into account the end effects, scattering fields, the mutual inductance of the
phases stator and rotor. Based on similar calculations for the two-dimensional model, a comparative
analysis of SRM error parameters presented.

In [1], a parametric model of a switched reluctance generator (SRG) based on the finite ele-
ment method is proposed. Using the ANSYS computing environment, the authors calculated the cha-
racteristics of a generator, obtained the transients of phase currents in the windings, analyzed the input
and generated electric power. Based on the calculation of transients for a SRG with number of poles
8/6, the distribution curves of magnetic induction in the stator, rotor and in the poles are obtained,
losses in steel for hysteresis and eddy currents are calculated. The authors found that the distribution
curves of magnetic induction have a non-sinusoidal character, what affect for power losses. Based on
the simulation results, in paper recommendations are formulated that can be taken into account when
developing the SRG.

The paper [3] is devoted to the problem of the noise appearance in a SRM as a result of radial
electromagnetic forces acting on the stator and rotor. In the article have shown that radial forces are
the cause of vibration of the stator and rotor, what is the reason for the creation of a new design with
enlarged poles. In addition, the proposed design of the SRM has an increased electromagnetic moment
and reduced scattering fluxes, and the motor windings are placed in layers isolated from each other.
The proposed SRM was investigated by the finite element method using the ANSYS Maxwell-3D
computing environment, parametric analysis was performed in ANSYS-RMxprt.

The paper [5] presents an original approach to modeling a three-phase SRM with a pole ratio
6/4. Using the MATLAB/Simulink computing environment, the authors performed a numerical analy-
sis of a SRM characteristics based on 2D nonlinear tables obtained as a result of flux linkage and static
torque calculating. In addition, the hysteresis issues are considered, SRM current control algorithms
are studied.

In research [6], a three-dimensional SRM model with a pole ratio of 8/6 is considered. Using
the ANSYS, phase flow couplings, magnetic vector potential and magnetic flux density are calculated
for various rotor positions and current values in the stator windings. Based on the simulation results,
conclusions are made for the optimization of the design of the SRM and the materials used.

Formulation of the study purpose

When creating an electronic device based on SRM, there is a need to coordinate the electro-
mechanical and schematic parts, taking into account their mutual influence. The main difficulties that
arise when constructing a correct “control system — SRM” model are as follows: the need to take into
account the mutual energy exchange between the motor and the electronic switch, distinct gear struc-
ture of the stator and rotor of the SRM, nonlinear properties of materials, non-sinusoidal induction in
the air gap.

The paper considers a circuit-field mathematical model of electric drive based on the SRM-57-
100-4 produced by “Elektrotekhnika” LLC (Mykolaiv city), used in the artificial lung ventilation ap-
paratus “Breeze-T”. The magnetic system of the SRM is made with a stator to rotor pole ratio of 8/6,
the stator and rotor packages are made of electrical steel grade 2211, the thickness of the plates is 0.5
mm. The active length of the stator and rotor is 28 mm. The design parameters of the motor are shown
in Fig. 1, its technical data are presented in Tabl. 1.

Table 1. Technical data of the SRM

Rated torque, N'm 0.05
Rated power, W 21
Rated voltage, V 24
Maximum rotation speed, rpm 4500
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Continue of the table 1

Maximum torque, N-m 0.1

Depth of regulation 1:500
Moment of inertia of the rotor, kg'm” 0.0000055
Weight, kg 0.75
Cooling method 1C0040
Degree of protection 1P54

Fig. 1. SRM stator and rotor plates

To calculate the characteristics and electromagnetic parameters of the SRM, the finite element
method was used, it allows us to correctly describe the complex geometry of the motor, taking into
account the nonlinear properties of materials in stationary and transient operating modes. The follow-

ing assumptions were made:

1) the frequency converter model is presented in the form of an ideal inverter, which is po-
wered by a constant voltage source of infinite power;

2) the motor model is flat and is considered in a rectangular coordinate system;

3) the current density in the winding is distributed evenly over the entire cross-section;

4) small structural details (technological grooves, fastening recesses and holes) have been

simplified.

—

i

i

0 15 30 45 60 75 eldegrees

Fig. 2. Switching schedule of inverter
switches

The purpose of the paper is to create a cir-
cuit-field model of a closed-loop ED system based
on the SRM 57-100-4 in order to study transient
operating modes taking into account the energy
exchange between the switch and the motor.

Presenting main material

In a frequency converter, electromagnetic
processes depend on a number of factors: the load
connection, its nature, the valve switching algo-
rithm, and the inverter circuit. Let’s consider a
model of a unipolar converter with a DC link.
When switching inverter switches in unipolar
mode, the voltage graph is a constant-sign pulse
function with a switching period of 60 el. degrees
(Fig. 2).

Mathematically, the impulse function can
be described by equations of the following form:
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where u,, —

(1)

voltage of the power source corresponding phase winding of the inverter; 6 =Q -t —

time in angular units determined by the frequency (2 of the inverter output voltage.
Based on the mathematical model considered in [7], the system of equations describing the

SRM can be represented as follows:

—VX( vV X;l)= - U(——a—AJ—rotor;
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where V. — del operator; v — specific magnetic resistance of steel; A— vector magnetic potential;

x — index of the corresponding phase winding; i — current in the phase winding; N,,,,S

,» — number

of turns and cross-section area of the phase winding; o — specific electrical conductivity of the ma-

terial; v — rotor rotation speed.
In a rectangular two-dimensional

coordinate system, equations (2) are transformed to the

form:
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System (3) must be supplemented with voltage equilibrium equations for each phase winding

3 Nyl| o4 dfi.}
(i) =[re i) + =2 5 Sja—ds L~ 4)
and the basic equation of the dynamics of rotational motion
dw
M-M.=J—, 5
= )
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where {u,} is the vector of phase voltages; [rx] is matrix of ohmic resistances of the phase winding
of the motor; {ix} is a vector of currents in phase windings; L, is an inductance of the frontal parts; /

is a length of the conductor; Mis the magnitude of the electromagnetic moment; M. is a static mo-

ment of resistance on the shaft; J is a moment of inertia of the rotor; u is an angular speed of rota-
tion of the rotor.
The problem of solving system (3) is reduced to the boundary value problem of solving the

Poisson’s equations with respect to the vector magnetic potential A . Let us reduce the boundary value
problem to a variational one and apply FEM. In this case, system (3) is transformed to the form

SXA+Nxéé=th
ot

where S, C, N are defined in [7].
Having determined the values of magnetic induction at each point in the field of the SRM re-
gion, the electromagnetic torque acting on the rotor can be calculated through stress tensors:

M =§[FT, Jas =g, M, +a,M, +3,M, ,

where

S
My =GyM = (2T, —XT,, )dS ;
S

M, =q,M= §(XTny -yTx )dS .
N

Here Ty, Ty, Ty are the components of

the tension tensor along the axes of the coordinate
system.

In addition to the voltage inverter and the
SRM, the considered electric drive includes a con-
trol system (Fig. 3), consisting of: 1) speed con-
troller; 2) rotor position sensor; 3) speed sensor;
4) stator winding current sensor; 5) power IGBT

I
8 switch; 6) switch control systems; 7) feedback on
rotor position; 8) speed feedback.
Fig. 3. SRM control system By combining the field model of the SRM

with the chain model of the control system
(Fig. 4), we will obtain a chain-field model of a closed-loop electric drive system with feedback on the
speed and position of the rotor. Receiving information about the current position of the rotor and its
speed based on the readings of the corresponding sensors, the control system generates constant-sign
pulses with a phase sequence B-C-D-A4 with a displacement of 15 el. degrees entering the power inver-
ter. The inverter connects the corresponding phase winding of the SRM to the +24V direct current vol-
tage source.

Based on the developed mathematical model, the startup mode of the SRM 57-100-4 was cal-
culated up to a set speed of 157 rad/sec. As a result of the simulation, the dependences of the rotor ro-
tation angle (Fig. 5), electromagnetic torque (Fig. 6), and currents in the phase windings (7) were ob-
tained. Fig. 8 shows graphs of the distribution of magnetic induction in the cross-section of the SRM
for different moments of time.
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Fig. 7. Graphs of current transient process in the phase windings of the SRM
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Fig. 8. Distribution of magnetic flux density in the SRM section

Conclusions

Based on the results obtained, the following conclusions can be made: 1) the finite element
model of the SRM can be combined with the chain model of the power switch and its control system,
thereby forming a closed electric drive system with feedback on the rotor position and the speed of the
SRM; 2) it follows from Fig. 5—7, that the use of a closed ED system makes it possible to ensure an
almost linear change in the rotor position. In this case, a fivefold jump in the starting torque is ob-
served over a time period of 10 ms. Further acceleration of the motor is accompanied by a decrease in
the starting torque with its subsequent stabilization at the level of 0.025—0.05 N-m; 3) it is found that
the motor reaches the required reference speed in 35 ms. In this case, the starting current increases to
1.7 A with a subsequent decrease to 0.5 A; 4) over a period of time of 36—38 ms and 42—44 ms, a
decrease in current and electromagnetic torque is observed to 0 A and 0 N- m, respectively, which is
explained by the switching off of certain phase windings of the motor by the inverter based on signals
from the control system when the rotor speed of the SRM is increased above given.
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