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Abstract—There is significant practical and scientific interest in synchronous reluctance motors with a trans-
versally laminated anisotropic (TLA) rotor. TLA rotor core has a transverse lamination, internal grooves and
highly saturated areas. The configuration of rotor slots is complex and varied. It is an urgent task to develop a
parametric model of a synchronous reluctance motor with a TLA rotor designed to calculate steady-state and
transient engine operating conditions. A classical parametric model of a synchronous reluctance motor is
used that is based on the theory of two reactions. The presented method for calculating the parameters of a
model of a synchronous reluctance motor with a TLA rotor is based on the results of a field calculation of two
static states of a magnetic field. Calculations of steady-state conditions of a synchronous reluctance motor are
performed according to engineering formulas, which are obtained from the equation of voltage equilibrium
in the stator phase. To calculate the transient modes of a synchronous reluctance motor, the Park—Gorev
equations were used. Field models of the synchronous reluctance motor under study are presented for axial
and transverse rotor positions. The magnetic field’s main harmonics in the gap and their dependences on the
armature current are calculated. Formulas are given for calculating the armature winding inductive parame-
ters and a synchronous reluctance motor operating characteristics. Differential equations used to calculate
processes in a synchronous reluctance motor are presented. Using a parametric model, the operating charac-
teristics of a synchronous reluctance motor, the process of frequency starting, and the electromechanical pro-
cess of a synchronous reluctance motor’s operation with an asymmetrical power supply are calculated. Cal-
culation results are compared with the field modeling results of a synchronous reluctance motor with a TLA
rotor in the Ansys Maxwell environment. The classical parametric model of a synchronous machine based on
the theory of two reactions allows one to quickly and accurately analyze the steady-state and transient oper-
ating conditions of a synchronous reluctance motor with a TLA rotor under various power and mechanical
load conditions, including abnormal ones.

Keywords: synchronous reluctance motor, operating characteristics of synchronous reluctance motor, trans-
versally laminated anisotropic rotor, parametric model, steady-state engine operating conditions, transient
engine operating conditions
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INTRODUCTION

Synchronous reluctance motors (SRMs) with a
transversally laminated anisotropic (TLA) rotor have
become more widespread in automatic control sys-
tems [1, 2]. The advantages of SRMs are low cost, high
efficiency, ability to accurately control speed over a
wide range [3], and small torque pulsations [4]. In [5—
7], it is shown that the energy efficiency and energy
intensity of SRMs are greater than those of asynchro-
nous motors. The design features of the SRMs are that
the TLA rotor core has a transverse lamination, inter-
nal grooves, and highly saturated areas. The configu-
ration of grooves in various SRMs is complex and var-
ied. In [8, 9] and in many other works, it is shown that,
to control SRMs, it is advisable to use the a parametric
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model of the engine, the parameters of which should
be calculated taking into account the saturation of
steel sections.

In [10], it was proposed to calculate the SRM
parameters based on the parameters of an asynchro-
nous motor, the stator of which corresponds to the sta-
tor of SRM being considered. When calculating the
parameters of an asynchronous motor’s equivalent
circuit, its catalog data were used. In [11], it is shown
that, when constructing of a control systems for a
reluctance electric machine, it is necessary to take into
account the change in the values of an armature wind-
ing’s parameters during an electric drive operation. An
algorithm for identifying parameters in a stationary
mode of machine operation has been obtained. In [12,
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Fig. 2. SRM vector diagram.

13], an analysis and optimization of SRM’s rotor
design was carried out based on calculations of the
SRM’s electromagnetic field in the machine’s station-
ary operating mode. In [14], the SRM inductive
parameters were calculated based on electromagnetic
field’s calculations.

Developing a parametric model of an SRM with a
TLA rotor intended for calculating steady-state and
transient engine operating conditions is an urgent task.
The SRM model parameters should be determined
based on the electromagnetic field calculations, which
makes it possible to take into account the machine’s
design features and changes in the saturation of a mag-
netic circuit depending on the armature current mag-
nitude.

When modeling processes in an SRM with a TLA
rotor, a classical SRM model based on the theory of
two reactions can be used. A method is given below for
calculating model parameters based on the results of
field calculations of two static states of a magnetic
field, a field models of the investigated SRM at axial
and transverse rotors’ positions are described, the
main harmonic magnetic fields in the gap and their
dependence on the armature current are calculated,
and formulas for calculating the inductive parameters
of an armature winding are given.
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To calculate the steady-state operating modes of an
SRM with a TLA rotor, engineering formulas were
used obtained on the basis of the voltage equilibrium
equation in the stator phase, in addition to calcula-
tions of transient regimes being performed based on
the Park—Gorev equations. Using a parametric
model, the SRM operating characteristics, the process
of frequency starting, and the electromechanical pro-
cess of SRM operation with an unbalanced power sup-
ply were calculated. The calculation results are com-
pared with the field modeling results of a synchronous
reluctance motor with a TLA rotor in the Ansys Max-
well environment.

MATERIALS AND METHODS

Figure 1 shows the design of a synchronous reluc-
tance motor being studied with a TLA rotor. The
engine technical parameters were a rated power of
75 kW, rated phase voltage of 380 V, rated phase cur-
rent of 86 A, rated speed 1500 of rpm, three phases,
and supply voltage frequency of 50 Hz.

SRM Parametric Model

The model for the steady-state synchronous oper-
ating mode of an SRM is the voltage equilibrium
equation in the stator phase for the effective values of
voltages and currents on the space—time complex
plane:

U= jl,x, +j1qxaq + jlx, + In. @9

This equation corresponds to the vector diagram of
the SRM presented in Fig. 2.

Model of SRM in transient operating modes is the
system of Park—Gorev differential equations written in
the d, g, 0 axes (the d axis leads the g axis):

u, = ¥, +igh + Y,
dt
a¥, . o
u =—2+irp— ;
q dt q'l Wd

di,
_: 0.
Uy = igh + Ly —;

dt (2)
M., =M, + gL
dt
M., =1.5pGi¥, —i,W,);
x, (I x,(1)
Yo :ﬁ]d’ =1,
[0) (O]

The resistances used in Eqgs. (1) and (2) are the
parameters of SRM with TLA rotor. The inductive
reactances of armature reaction along the axial and
transverse axes x,, and x,, depend on the TLA rotor’s
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(b)

Fig. 3. Field models of SRM for two rotor positions:
(a) transverse position; (b) axially position.

design, the magnetic circuit’s saturation, and, accord-
ingly, the armature current’s magnitude.

RESULTS
Calculation of Parameters of an SRM with a TLA Rotor

To determine dependences x,,, = f(1,), x,, = f(1,), a
field calculation of the magnetic field’s two static
states was performed—for the rotor’s transverse and
axial positions (Fig. 3).

Figure 3 shows the boundary conditions for the
vector magnetic potential and the magnetic induction
line. On the armature’s outer diameter and for the sides
of an axial field model, the Dirichlet boundary condition
is chosen; for the transverse field model’s lateral sides,
the condition of odd periodicity is chosen.

Figures 4 and 5 present the results of field calcula-
tions: the magnetic induction wave on the working
gap’s middle line and its first harmonic wave at the
magnetic circuit’s different saturation.

Figure 6 shows the amplitude’s dependences of the
first spatial harmonic of magnetic induction in the gap
on the armature phase current B, = f(1,) and B, = f(1,).
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Fig. 4. Transverse wave of magnetic induction in the work-
ing gap and its first harmonic B,: (a) in the absence of sat-
uration in the magnetic circuit; (b) at maximum saturation
of the magnetic circuit.

Dependences B, = f(1,) and B, =f(1,) are used to

calculate the inductive reactance of an armature reac-
tion. The following are calculated:

+ axial and transverse armature fluxes, Wb:
2 . 2 .
(I)ad = _Bd118T3 (Daq = —Bqlls’[,',
o b

« axial and transverse EMF of an armature reac-
tion, V:

E,, = 2nfwk.®,,;
E,, = 2nfwk.®,,;

aqs

* inductive resistance of armature reaction, Q:

X Ead . — Eﬂq .
ad — 5 aqg — 5

la I q
+ armature winding inductive leakage resistance, :

X5 = 1.58L(ﬁ)2’—5(xP + A +Ap);
100\100/ pgq

» armature synchronous inductive resistance, £2:

Xy = Xgq +Xc, X,

y = Xgg T X5

As aresult, the dependences of resistance on arma-
ture current were obtained:

xg=f(La); x,=f(1,) 3)

Performance Calculation

To calculate the SRM’s performance characteris-
tics, Eq. (1) is used. Angle © is chosen as an independent

No.2 2024
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Fig. 5. Axial wave of magnetic induction in the working
gap and its first harmonic By;: (a) in the absence of satu-
ration in the magnetic circuit; (b) at maximum saturation
of the magnetic circuit.
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Fig. 6. Dependences of amplitude of the first spatial har-
monic magnetic induction in the gap on armature phase
current By =f(1;) and B =f(1,).
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Fig. 7. Dependence of effective armature current on load
angle / =f(0O).
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variable—the angle between supply voltage vector U and
transverse axis ¢, which is shown in Fig. 2. Performance
is based on load angle © ranging from 0° to 90°.

From the vector diagram presented in Fig. 2, the
formulas are obtained for calculating an axial and
transverse armature currents, A:

_ Uy, (x,(I)cos(©) — 1sin(©))

B i+ x(Dx,(1)

/- U, (x,(1)sin(®) + 7, cos(0))
! i+ x,(Dx, () '

Currents calculated using formulas (4) are used to
clarify the values of inductive reactances using depen-
dences x, = f(1;) and x, = f(1,). Current calculations
and resistance refinement are repeated until the cur-
rent values in the current and previous iterations no
longer differ.

The following are calculated:
» armature phase current, A:

1=\’ +1;

* reactive torque, N m:

MZM(L_L
2w

Iy

C))

J sin(20);

X, X4

* active power consumption, W:
U’ U’
_ m ph(xd - xq) muonh |

2 b
K+ XX,

sin(20) +

1
27 + X4X,)

* electromagnetic efficiency, %:
P
= —m % 100;
n P,

1
» power factor, rel. units:

h (5)
mU,, 1
Figures 7—11 present the performance characteris-
tics of SRMs studied with a TLA rotor calculated using
formulas (4)—(5), as well as analogous characteristics
obtained as a result of field calculations in Ansys Max-
well.

cosQ =

Calculation of Transient Processes in an SRM

Transient processes in an SRM are calculated by
numerical integration of system of differential equa-
tions (2). Dependences of the instantaneous values of
an axial and transverse armature currents on the cor-
responding flux linkages are used. These dependences
i, =y, and I,= f(y,) are shown in Fig. 12. They are
determined at the stage of calculating the SRM
parameters.

No.2 2024
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Table 1. Energy indicators in steady-state operation

Energy indicators| Engineering calculation | Field calculation

0.977 0.971
0.771 0.732

1M, rel. units

cosQ, rel. units

Table 2. Energy indicators in steady-state operation with
unbalanced power supply

Energy indicators| Engineering calculation | Field calculation

0.974
0.74

0.964
0.728

1, rel. units

cosQ, rel. units

Calculation of the electromechanical process of an
SRM'’s frequency starting with a TLA rotor has been
carried out. Scalar control of the starting process is
implemented: the amplitude and frequency of supply
voltage linearly increase to nominal values within one
second and then do not change. At moment of time
t=1.5 s, there is a “surge” of the rated load M, =
478 N m. The braking torque magnitude depends on
the rotor’s angular speed according to the nature of a
fan load:

Field calculation
— Engineering calculation

M, Nm
900 -

720 -
540 -
360
180

1 1 1 1 1
0 15 30 45 60 75 90
0, deg

Fig. 8. Dependence of electromagnetic torque on load
angle M = f(©).

cos(, rel. units
0.80

Field calculation
— Engineering calculation

0.64
0.48
0.32
0.16

| Il | Il Il
0 15 30 45 60 75 90
®, deg

Fig. 10. Dependence of power factor on load angle cos@ =f0).
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2
My =M, (ﬂj .

n

Steel and mechanical losses were not taken into
account. Calculation results of the SRM parametric
model (engineering calculation) are compared with
similar results of field calculations. Figure 13 shows
the change in rotor speed during the process of SRM
frequency starting, Fig. 14 shows the change in elec-
tromagnetic moment, and Fig. 15 shows the change in
current in the armature phase.

The machine’s energy indicators are calculated
after the start-up process is completed using the fol-
lowing formulas:

I
L[ oy
_P_ Tior .
n -~ 1. )
A 1, . S
; J. (I/lAlA + ”BIB + Mclc)dt
t—T
I
1 I (Upin + ugiy + Ucic)dt
A thfr
cosQ =— =
P, kKW Field calculation
150 - — Engineering calculation
120 +
90 +
60 -
30+
Il Il Il Il Il
0 15 30 45 60 75 90

®, deg

Fig. 9. Dependence of active power consumption on load
angle P; = f(©).

Field calculation
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1 1 1 1 1
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®, deg

Fig. 11. Dependence of efficiency on load angle n = f(©).
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Fig. 12. Dependences of instantaneous currents on instan-
taneous flux linkages iy = f{y,) and I, = f(y,).
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Fig. 16. Rotor speed with asymmetrical supply voltage.
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Fig. 17. Electromagnetic torque with asymmetrical supply
voltage.
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Fig. 18. Voltage and current in the stator phase with an
asymmetrical supply voltage.

Calculation of Asymmetric SRM Operating Modes

Transient and steady-state processes in asymmetri-
cal operating modes of the SRM are calculated by
numerically solving system of equations (2).

Figures 16—18 and Table 2 present the results of
calculating the steady-state electromechanical process
of operation of an SRM with a TLA rotor with an
unbalanced supply: in one of the phases, the ampli-
tude and phase of voltage are changed by 5%. The
parametric model calculation results for an SRM
(engineering calculation) are compared with the simi-
lar results of field calculations.

CONCLUSIONS

A synchronous machine classical parametric
model based on the theory of two reactions, as well as
a method for calculating model parameters based on
the results of field calculations of two static states of
the magnetic field, allows one to quickly and effi-
ciently analyze the steady-state and transient operat-
ing modes of a synchronous reluctance motor with a
TLA rotor under various conditions of power supply
and mechanical load, including abnormal ones.
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