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Solid rotor induction motor (SRIM) is widely used in many fields due to its sturdy construction, low mainte-
nance costs, and soft mechanical characteristic. A novel SRIM with toroidal winding (N-TWSRIM) is pro-
posed and its equivalent circuit model (ECM) is established herein. The structure of N-TWSRIM is introduced
and its operating principle is analyzed according to the movement of armature magnetic field at different times.
The main structural parameters of N-TWSRIM are given, an equivalent circuit model is established to analyze
performance of motor, and the results of ECM and two-dimension finite element model (FEM) are compared.
Finally, to validate the correctness of operating principle and equivalent circuit model, a prototype of N-TWS-
RIM has been built and experimented. It shows that the experimental results are consistent with the finite ele-

ment and analytical results.

Keywords : equivalent circuit model, operating principle, solid-rotor induction motor, toroidal winding

1. Introduction

The novel solid rotor induction motor with toroidal
winding (N-TWSRIM) consists of novel toroidal winding
and solid rotor. It has the advantages of simple structure,
flexible speed regulation and low maintenance cost [1].
Equivalent circuit model is an important method for
motor design and performance analysis [2-4]. In order to
quickly and intuitively analyze and calculate the perfor-
mance of N-TWSRIM, it is crucial to establish an equi-
valent circuit model.

Due to the particularity of rotor structure, many scholars
have done a lot of research for the analytical solution of
the equivalent circuit model of SRIM. For the linear
solution of the smooth solid rotor, the scholars use two-
dimensional analytical method [5, 6], three-dimensional
analytical method [7, 8] and other methods to calculate.
Two-dimensional analytical method assumes that the
rotor axial length is infinite, the core magnetic perme-
ability is linear, no hysteresis and saturation phenomenon,
and the rotor impedance angle is constant at 45°. Three-
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dimensional linear analytical calculation is mainly used to
solve the end coefficient of the rotor impedance under the
linear condition of the rotor. Solid rotor nonlinear analytical
methods mainly include two-dimensional layering method
[9], two-dimensional finite element [10-12] and so on.
Two-dimensional layering method only considers the
fundamental component of the magnetic field. The finite
element method can consider the rotor saturation at the
same time, but the physical meaning is not clear and the
calculation amount is large.

In this paper, a novel solid rotor induction motor with
toroidal winding (N-TWSRIM) is proposed. For this type
of motor, the improved penetration depth method is used
to calculate the motor parameters. Not only the rotor
magnetic path nonlinearity but also the stator core non-
linearity can be considered. The paper is structured as
follows. In Section 2, the structure and operating principle
of N-TWSRIM is introduced. In Section 3, the main
structure parameters are given, and equivalent circuit
parameters are calculated by penetration depth method,
the results are compared with the finite element method
(FEM). In Section 4, a prototype is manufactured and
tested, the correctness of equivalent circuit model, FEM
and operating principle are verified. Finally, the conclu-
sions of the paper are given in Section 5.
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2. Structure and Operating Principle
of the N-TWSRIM

2.1. Motor Structure

Fig. 1 shows the stator winding wiring diagram and
structure of the N-TWSRIM. The external surface of the
stator core is welded with many pillars, which are con-
nected with flanges. To increase the mechanical strength
of the motor, the flanges are connected to an end cap. The
N-TWSRIM relies on rotor bearings, flanges, and end
caps to support its weight. Different from conventional
motors, the winding of the N-TWSRIM are distributed in
the same radial direction, and a coil is formed by the
inner and outer winding surrounding the yoke of the
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stator. The current in the same side winding has the same
direction. Each phase winding is composed of eight coils
connected in a forward direction. The stator winding way
of N-TWSRIM in this paper is different from the
traditional motor, which can increase the pole pairs. This
way not only can widen the speed regulation range of the
motor, but also can long-term operation under heavy load
or blocked conditions. In addition, the toroidal winding
structure has better thermal diffusivity and lower main-
tenance costs than that of traditional winding. The stator
winding of solid rotor induction motor (SRIM), tradi-
tional solid rotor induction motor with toroidal winding
(T-TWSRIM) and N-TWSRIM are shown in Fig. 2. It can
be seen from Fig. 2 that the stator winding of the N-
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Fig. 1. (Color online) N-TWSRIM (a) Phase winding diagram, (b) N-TWSRIM structure.

@

(b)
Fig. 2. (Color online) Stator winding structure. (a) SRIM, (b) T-TWSRIM, (c) N-TWSRIM.
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Fig. 3. (Color online) Stator winding magnetic field distribution. (a) SRIM, (b) T-TWSRIM, (c) N-TWSRIM.

TWSRIM is different from the one of the other two
motors. It should be noted that not only are the stator
winding of the proposed motor transferred from the stator
tooth to the stator yoke, but also the incoming line ends of
the stator winding is on the same side and have the same
incoming direction.

Fig. 3 shows that the stator winding magnetic field
distribution of three motor. We can see that the number of
pole pairs of the proposed motor has increased, we can
obtain a larger speed range.

2.2. Operating principle

The magnetic field in the motor changed due to the
special winding connection of the N-TWSRIM. As a
result, a new magnetic field is created. The operating
principle is presented as follows.

Fig. 4 shows that the three-phase winding supply
voltage waveform. Table 1 provides a list of the current
directions for the three-phase winding at six time points
(“+” for inflow and “—” for outflow).

Fig. 5 shows the changes in the armature magnetic field
at different times. As we can see from Fig. 3, the com-
parison of the magnetic fields at point 1 and point 2

I 4
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Fig. 4. (Color online) Three-phase winding supply voltage
waveform.

Table 1. Three-phase winding current flow table at different
points.

1 3 4 5 6
A phase + + + - - -
B phase - - + + + -
C phase + - - - + +

shows that the N pole of the armature magnetic field has
no movement, but the S pole moves 120 electrical angles
in the counter-clockwise direction. Compared with the
situations at Point 2 and point 3, The S pole of the
armature magnetic field has no moving position, and the
N pole moves 120 electrical angles in the counter-clock-
wise direction. Compared with the situations at Point 3
and point 4, the N pole of the armature magnetic field has

(d) (© ®

Fig. 5. (Color online) Armature magnetic fields of motor at
different points (a) Armature magnetic field at point 1; (b)
armature magnetic field at point 2; (c) armature magnetic field
at point 3; (d) armature magnetic field at point 4; (¢) armature
magnetic field at point 5; (f) armature magnetic field at point
6.
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Fig. 6. (Color online) air-gap flux density and magnetic field
distribution at different times (a) 0° times; (b) 30° times; (c)
60° times; (d) 75° times; (e) 90° times.

no moving position, and the S pole moves 120 electrical
angles in the counter-clockwise direction. Compared with
the situations at Point 4 and point 5, the S pole of the
armature magnetic field has no moving position, and the
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N pole moves 120 electrical angles in the counter-clock-
wise direction. Compared with the situations at Point 5
and point 6, the N pole of the armature magnetic field has
no moving position, and the S pole moves 120 electrical
angles in the counter-clockwise direction. It can be con-
cluded that the armature magnetic field of three-slot unit
motor forms a pair of poles and changes periodically.

The special winding form makes the magnetic field of
the motor change, and the pole number is doubled. To
analyze the change of N-TWSRIM magnetic field, take 1/
4 N-TWSRIM as an example, Fig. 6 shows air-gap flux
density and the magnetic field distribution at different
times. Comparing Fig. 6a to Fig. 6e, it can be concluded
that when any phase voltage amplitude of the three-phase
voltage crosses zero, the armature magnetic field distribution
area is equal, as shown in Fig. 6a, Fig. 6¢; When the
amplitude of any phase voltage reaches the maximum
value, the armature magnetic field is not equal, as shown
in Fig. 6b and Fig. 6e. As can be seen from Fig. 6d, the
armature magnetic field distribution is a transition phase,
so the magnetic field not obvious. The air gap magnetic
density curve also verifies this phenomenon.

2.3. Major parameter

Considering the particularity of the motor design, the
preliminary design of the motor is based on the design
method of the asynchronous motor. When the preliminary
design is carried out, the stator core uses the Y series
asynchronous motor Y90L-4, the stator core material is

Table 2. Main parameters of N-TWSRIM.

Parameters Values
Rated voltage Uy (V) 220
Rated frequency f(Hz) 50
Stator outer diameter D, (mm) 130
Stator inner diameter D; (mm) 80
Rotor outer diameter D, (mm) 79.3
Length of stator core L¢ (mm) 110
Length of rotor L.¢ (mm) 110
Air gap 6 (mm) 0.35
Stator pole number p 8
Number of stator slots Zor 24
Table 3. Materials information of N-TWSRIM.
Relati
Item Material Conductivity ¢ atl‘{e.
permeability
silicon steel plate
Stator M470-50A 3.2 MS/m 8000
Winding copper 57.7 MS/m 1
Rotor Steel Q235A 5 MS/m 400
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silicon steel plate V200-50B, the stator winding connec-
tion type is Y, the rotor is smooth solid rotor, and rotor
core material is steel E235. The main parameters of N-
TWSRIM are shown in Table 2, the information of
materials is shown in Table 3.

3. Equivalent Circuit Model of
the N-TWSRIM

The smooth solid rotor motor is the most basic structural
model in the solid rotor motor. The calculation of the
equivalent circuit parameters is the basis for studying
other types of solid rotor motors. The equivalent circuit is
the main method to study the electromagnetic theory,
working characteristics and design calculation of solid
rotor induction motor.

The T type equivalent circuit model [5] for N-TWSRIM
is shown in Fig. 7. U; is the input phase voltage, /; is the
stator current, R; is the stator winding resistance, X is the
stator leakage reactance, E is the EMF, X, is the ex-
citation reactance, I, is the rotor current. The rotor
impedance Z, contains the rotor resistance R, and rotor
leakage reactance X.. The equivalent circuit characterizes
the energy transfer relationship between stator and rotor.

One approximate way to obtain the equivalent resistance

Rl —> I Z
— AT
#*
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Fig. 7. (Color online) Equivalent circuit model.
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Fig. 8. (Color online) Schematic diagram of penetration depth.
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of solid rotor depends on the eddy currents’ penetration
depth. As shown in Fig. 8, eddy currents in the rotor are
viewed as evenly distributed currents in the shaded area
within the penetration depth. According to the definition
of penetration depth, the following assumptions are made.

1. It is considered that the rotor eddy flows only in a
thin plate of width 7zD,, thickness A, and length L.

2. The eddy current density along the thickness A is
constant and uniform distributed.

3. The eddy current flows only in the axial direction
and closes at infinity. There is no tangential and radial
eddy current component within the length of L.y.

4. The stator core is not saturated, its magnetic perme-
ability is infinite, and the conductivity is 0.

Equivalent circuit parameters are calculated by penet-
ration depth method [13]. The rotor equivalent resistance
R, converted to the stator side can be directly obtained
from the penetration depth and Ohm's law.

_ ml(N¢1de1)2p L

Rr s ZTCD AKrKeKl (1)
Ny K1) L
x - lefe) ) Lok, @

Where, m, is the number of phases, N, is the number
of series turns per phase, Ky, is the winding factor, s is
the slip, p; is the rotor resistivity, L. is the length of rotor,
K. is the resistance correction factor, K. is the end effect
factor, K; is the correction factor, Kx is the reactance
correction factor.

The eddy currents’ penetration depth A is

A [ 2 :szz :J2pz_l_ 3)
o, S H, @\ LN S My

Where, @, is the source angular frequency, x4 is the
permeability of vacuum, z; is the relative permeability.
K. and K can be expressed as

a’s+ AI
Ko=(1+-5)—=5& “
Le/f 2 1
Ap,
Where, 7is the pole pitch, a= 777, y=a x J1 + (/L) .
D;
Ky =—"— )

bt

Referring to the motor design th eory[14], when the
stator permeability is infinite, the main excitation reactance.

_ 4fpom(Ng1 Ky )2 7L,

X,
Top

m
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The main excitation reactance X, considering the
stator saturation is required to be divided by the saturation
coefficient K on the basis of equation (6).

_ 4fpom(Ng K )2 L
wopK,

X (7

In this paper, the difference between the structure of the
proposed motor and the traditional motor structure mainly
exists in the wiring of the stator winding. Therefore, the
important point of this paper is the parameter calculation
of stator winding. The stator side resistance and reactance
are calculated by equation (1-3).

_ ’ 2N]ZS
R = Kipo o ®)
2
_ m(NKdgl) 2
X, = fu ©)
l,=2(l+2d, + K, 7,) (10)

Where, R; is the stator resistance, X; is the stator
reactance, number of parallel branches, / is the stator
length of winding, p, is the conductor resistivity, 4y is
winding cross-sectional area, Ky, K; are the winding
coefficient and the end coefficient, respectively.

According to the impedance value calculated by the
above formula, some motor performance can be calculated.

p BB

Z, Z,
T, = Pom _ mEyl,
o, 27,

In the case where the stator winding phase voltage is
220 V and the voltage frequency is 50 Hz, the rotor
equivalent parameters of the solid rotor motor of the
toroidal winding are calculated. The results are shown in
Table 4.

The process of solving magnetic fields while considering
saturation is listed below, and Fig. 9 shows the computa-

(11)

(12)

Table 4. Rotor impendence parameter calculation under
different load condition.

Slip value

0.3 557.75 £ 35°
0.4 483.03 £ 35°
0.5 432.03 £ 35°
0.6 394.39 £ 35°
0.7 365.13 £ 35°
0.8 341.55 £ 35°
0.9 322.02 £ 35°
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Fig. 9. (Color online) Computational program diagram of N-
TWSRIM.

tional program diagram of N-TWSRIM.

According to the data given in Table 2, the finite
element model is established, and the two-dimensional
time harmonic electromagnetic field is used to solve
model. The slip range is set from 0.3 to 0.9.

We can calculate some characteristics of the motor,
such as stator phase current, electromagnetic torque, and
rotor copper loss from the equivalent circuit parameters
and characteristic calculation formula. After the stator
phase current is decomposed by Fourier series, the current
amplitude curve at different slip rates is defined, as shown
in Fig. 10(a). The electromagnetic torque curves at different
slip rates are shown in Fig. 10(b). The error between
ECM and FEM is shown in Table 5.

As shown in Fig. 10, the calculation result of the equi-
valent circuit has good consistency with the calculation
result of the finite element method, and the maximum
error does not exceed 15 %. These findings prove the
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Fig. 10. (Color online) Comparative Results of ECM and FEM. (a) Stator phase current at different slip rates, (b) Electromagnetic
torque under different slip rates.

Table 5. Stator current comparison result under different slip.

Stator current Output torque
FEM ECM Error FEM ECM Error

0.3 1.920 1.94 1.03%  0.028  0.03 6.67 %
0.4 1.922 1.95 1.43% 0082 0.10 889%
0.5 1.928 1.96 1.63% 0203 023 11.7 %
0.6 1.930 197  203% 0325 035 7.14%
0.7 1.932 198 242% 0449 047 447%
0.8 1.934 199  281% 0593  0.63 5.87 %
0.9 1.939 2.01 353% 0724 075  347%

Slip

prototype

DL7480

uuoeld Funso j, SurdGojoig

correctness of the equivalent circuit.

4. Result Verification Fig. 12. (Color online) Prototype testing platform.

To verify the accuracy of the results presented above, a
novel SRIM with toroidal winding is designed and manu- In the Fig. 12, The speed and torque of the prototype are
factured. The prototype processing is shown in Fig. 11, measured by the torque-speed sensor. The load torque is
and the motor experimental platform is shown in Fig. 12. provided by the eddy current brake, and eddy current
brake and measuring instrument are connected by the
coupling. The power supply of the prototype is provided
by ABB inverter.

The prototype experiment is carried out under the
condition of the stator winding voltage, RMS voltage of

Table 6. Stator current comparison result under different slip.

Slip ECM FEM Measured
0.3 1.94A 1.920A 2.016A
0.4 1.95A 1.922A 2.019A
0.5 1.96A 1.928A 2.024A
0.6 1.97A 1.930A 2.032A
ST T 4 0.7 1.98A 1.932A 2.042A
winding _winding A 0.8 1.99A 1.934A 2.056A
0.9 2.01A 1.939A 2.070A

Fig. 11. (Color online) Prototype processing.
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Fig. 13. (Color online) Simulation and experimental stator current.
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Fig. 14. (Color online) Torque-slip curve comparison.

220V, and voltage frequency of 50 Hz. The experimental
results are compared with the finite element results. The
rotor parameters on the experimental prototype cannot be
separately measured, so the output torque and stator current
at different slips are selected as comparison indicators.
Fig. 13 shows the stator current curves of the simulation
and experiment at no load and load, respectively. Table 6
gives the analytical, finite element and experimental
current values for different slip.

As shown in Fig. 13, the stator current waveforms of
the simulation and experiment have good consistency, and
the current amplitude has only a small increase under no-

Table 7. Out torque comparison result.

Slip IE:I\CIIIL/I) IEI]\EIX) M?;snli;ed Errorl  Error2
0.3 0.03 0.028 0.029 344% 345%
0.4 0.1 0.082 0.089 1.96% 8.89%
0.5 0.23 0.203 0.211 90% 3.79%
0.6 0.35 0.325 0.333 510% 2.40%
0.7 0.47 0.449 0.459 239% 2.18%
0.8 0.63 0.593 0.617 2.11% 3.89%
0.9 0.75 0.724 0.739 148% 2.03%
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load and full-load conditions. Fig. 14 show the curves of
torque-slip curve under equivalent circuit model, simu-
lation, and experiment. The differences between ECM
results and measured results is shown in Table 7. Error 1
is the error between ECM and FEM, Error 2 is the error
between ECM and Measured.

As shown in Fig. 14, the equivalent circuit model and
simulation results are agreed with the experimental
results, and output torque rises as the slip rate increases.
Thus, the correctness of the equivalent circuit model and
simulation results is verified.

5. Conclusions

In this paper, a novel SRIM with toroidal winding is
presented and studied. It can combine the advantages of a
solid rotor and a toroidal winding, not only for harsh
conditions, but also when a fault (short circuit or open
circuit)) occurred in either coil, the toroidal configuration
can solve this problem by replacing a single coil. So, the
reliability of motor under various faulty conditions was
enhanced. The operating principle of the motor is analyzed
by the change of the magnetic field at different electrical
angles. The equivalent circuit model is given and its
parameters are calculated by the penetration depth method.
The electromagnetic performances including torque and
stator current under different slip are predicted, and the
results are verified by 2D-FEA. At the same time, the
prototype of N-TWSRIM is fabricated and tested. The
results show that the experimental results are consistent
with the two-dimensional finite element results and
analytical results. It can be found that the designed N-
TWSRIM is feasible and the equivalent circuit model of
N-TWSRIM is effective.
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