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Abstract: This manuscript examines the output characteristics of a dual three-phase synchronous
reluctance motor (DT-SynRM) according to two winding arrangements under normal and half-control
modes. In the case of the DT-SynRM, it can operate by using all of the dual three-phase systems (the
normal control) or one of the dual three-phase systems (the half control). In this paper, conventional
winding function theory (WFT) is applied, because the output characteristic can be predicted by the
inductance behavior. According to the WFT, the inductance value can be affected by the winding
function, the turn function, and the inverse air gap function. As a result, the rotor barrier shape as well
as the winding configuration are the most important factors that have an effect on the performance
of the DT-SynRM. Therefore, the effect of the rotor barrier design on the performance is analyzed
when the winding configuration and control mode are different. Finally, the validity of the torque
characteristic is substantiated through experimental verification.

Keywords: dual three-phase machine; inductance; synchronous reluctance motor; winding function;
turn function; rotor barrier; rotor design

1. Introduction

Multi-phase motors have been utilized in military equipment, aircraft, and electric
vehicles, because these motors have a variety of advantages, such as high performance,
redundancy, reliability, and fault tolerance capabilities [1–5]. In particular, the interest in
multi-phase motors in the field of electric vehicles has increased as the power level has
increased [6–8]. Among the multi-phase topologies, the multi-three-phase (MT) machine
is more popular than the four-phase, five-phase, and seven-phase machines because it
exhibits high reliability and employs commercial standard three-phase inverters [9–14].
In particular, in the case of a dual three-phase (DT) motor, when there are occasionally
worse conditions, such as faults, it can work only using the half-three-phase system [15,16],
and this is defined as the half-control (HC) mode. If the motor operates under the HC
mode, the torque characteristic will be reduced, compared with the whole dual-three-phase
system. Therefore, it is necessary to predict the characteristics of the motor under the HC
mode conditions.

In the case of n-phase electric motors, n2 stator phase inductances exist [17]. For
example, a three-phase motor has nine stator phase inductances. In a DT motor, there are
thirty-six stator phase inductances. Although the number of phases compared with the
three-phase motor is doubled, the number of inductances is quadrupled. Therefore, in
order to analyze the characteristics of DT motors, it is helpful to compute the inductance
components. To obtain the inductance behaviors, winding function theory (WFT) is applied
in this paper. WFT is simple and has a lower computational cost [18,19] compared with
the finite element method (FEM). Thus, it is commonly used in many studies to calculate
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the inductance. According to WFT, the inductance value can be affected by the winding
function, the turn function, and the inverse air gap function [20–22], and it has an effect
on the output characteristic. Therefore, the torque characteristic based on the winding
configuration and the rotor barrier design is analyzed using WFT.

The conference paper [23] discusses the analysis of a DT-synchronous reluctance motor
(DT-SynRM) by WFT, and the main focus of [24] is to show the fault characteristics of a DT-
SynRM. Unlike previous studies, this paper explores the correlation between the winding
configuration and the rotor design factor in relation to the control mode. Specifically, an
eight-pole 36-slot DT-SynRM is selected to analyze the characteristics based on the winding
configuration and control mode. This study describes the inductance behavior and torque
characteristics using the conventional WFT while optimizing the rotor barrier design. The
inductances of the DT-SynRM are calculated for different winding configurations. Based on
the typical three-phase system, the winding sectors of the eight-pole 36-slot model are split
into four sections. As shown in Figure 1, the winding masses of the ABC-system and XYZ-
system are defined as winding-1 and winding-2, respectively, and the two different winding
configurations are defined as W1122 and W1212, respectively [23,24]. Experimental tests
on the W1122 and W1212 models are conducted under normal and HC mode conditions to
verify the computation and analysis results. For the experiment, a prototype is developed
that accommodates both winding configurations.

Winding_1Winding_1

Winding_2Winding_2

(a)

Winding_1Winding_2

Winding_2Winding_1

(b)

Figure 1. Winding configurations. (a) W1122 model, (b) W1212 model [23].

2. DT-SynRM

The eight-pole and 36-slot DT-SynRM is chosen to verify the analysis of the DT-SynRM
according to the winding configuration and control mode. A full model, including the
stator and rotor parts and its winding part (WP), is shown in Figure 2 [23].

(a) (b)

Figure 2. Analysis model. (a) The whole scheme of the DT-SynRM [23] and (b) the winding part (WP).
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In the case of the eight-pole and 36-slot DT-SynRM, the winding layout is repeated in
the same pattern four times. Therefore, the stator can be divided into four WPs. Depending
on how the input source is applied to these four WPs, the W1122 and W1212 models are
determined. The winding layouts of the two models are shown in Figure 3. As a result, in
the case of the W1122 and W1212 models, the winding arrangements according to the WPs
are identical, but the order of the input sources is different.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

A1 +

B1 - B1 +

C1-C1+ C2-C2+

B2 - B2 +

A1 - A2 + A2 -

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

X1 +

Y1 - Y1 +

Z1-Z1+ Z2-Z2+

Y2 - Y2 +

X1 - X2 + X2 -

[ WP1 ] [ WP2 ] [ WP3 ] [ WP4 ]

(a)

[ WP1 ] [ WP2 ] [ WP3 ] [ WP4 ]
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

A1 +

B1 - B1 +

C1 -C1 + Z1-Z1+

Y1- Y1+

A1 - X1 + X1 -

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

A2+

B2- B2+

C2-C2+ Z2 -Z2 +

Y2 - Y2 +

A2- X2 + X2 -

(b)

Figure 3. Winding layout. (a) Winding of W1122 model and (b) winding of W1212 model.

When conducting an experiment, the winding configuration can be changed by using
a winding tap, as shown in Figure 4. The winding tap is located at the upper side of the
stator. Since all windings are divided into four WPs, each WP is selected according to the
winding configuration type, which is the W1122 or W1212 model.

(a) (b) (c)

Figure 4. Winding tap scheme. (a) For W1122, (b) for W1212, and (c) for experimental setup of W1122.



Electronics 2024, 13, 2821 4 of 14

The specifications of the motor are presented in Table 1 [23]. The rated power is 1.6 kW
and the rated torque is 11Nm when the rated voltage and current are 400 V and 8Arms,
respectively. In addition, the geometric parameters of the eight-pole, 36-slot DT-SynRM are
shown in Table 2. W1122 and W1212 have the same geometric parameters except for the
winding configuration.

Table 1. Specifications of motor.

Item Unit Value

Rated Power kW 1.6
Rated Voltage V 400
Rated Current Arms 8
Rated Speed RPM 1000
Rated Torque Nm 11

Table 2. Geometry of motor.

Item Unit Value

Stator

Number of Slots - 36
Stator Outer Diameter mm 170
Stator Inner Diameter mm 115
Stack Length mm 85
Air-Gap Length mm 0.4

Rotor Rotor Outer Diameter mm 114.2
Number of Poles - 8

Winding

Number of Turns per
Tooth turns 22

Parallel Path - 1
Fill Factor % 40
Phase Resistance 2.5

3. Inductance Behaviors

The torque equations of the DT-SynRM can be classified into Tabc, Txyz, and Tmut,
according to the inductance structure, and they can be calculated as in (1)–(3).

• Tabc is the torque component generated by only the ABC-system, which can be cal-
culated as the product of the current and inductance in the ABC-system as follows:

Tabc =
3
2

p([Iabc]
′D[Labc][Iabc]) (1)

• Txyz is the torque component generated by only the XYZ-system, which can be cal-
culated as the product of the current and inductance of the XYZ-system as follows:

Txyz =
3
2

p([Ixyz]
′D[Lxyz][Ixyz]) (2)

• Tmut is the torque component generated by only the mutual components between the
ABC- and XYZ-systems, which can be calculated as

Tmut =
3
2

p([Iabc]
′D[Mm][Ixyz]

+ ([Ixyz]
′D[Mm][Iabc])

(3)

• Ttot is the total torque, which can be calculated as

Ttot = Tabc + Txyz + Tmut (4)

where p is the number of pole pairs; [Iabc] and [Ixyz] are, respectively, the current vectors
of the ABC- and XYZ-phases; [Labc] and [Labc] are the inductance vectors of the ABC- and
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XYZ-phases; D is the derivative with respect to the electrical angle; and [Mm] is the mutual
inductance between the ABC- and XYZ-phases.

In the torque equations, the factor that varies depending on the winding configuration
is the inductance. Therefore, the inductance is an important value for the prediction of the
characteristics of the DT-SynRM. In order to calculate the inductance, the conventional WFT
is used in this paper. Since WFT has advantages, such as simplicity and fast computation,
it is often used in many studies for the analysis of the performance of motors [18–22].
WFT uses numerical functions depending on the geometry and the winding layout of
the machine. Through the turn function and winding function, the self-inductance and
mutual inductance can be calculated. Here, the turn function is a distributed function of
the turn number of the stator and the winding function is a distributed function of the
current density of the conductor. In addition, when calculating the inductance value, iron
saturation is ignored in this paper.

Using these functions, the stator inductances are calculated as

Lij = µ0 · r · lstk ·
(∫ 2π

0 g−1(θ)ni(θ)Nj(θ)dθ
)

(5)

where ni(θ) and Nj(θ) are the turn function and the winding function; i and j are the phase
of the turn function and the phase of the winding function; r and lstk are the radius of the
rotor and the stack length; g−1(θ) is the inverse air-gap function; θ is the mechanical angle.

Figures 5 and 6 describe the turn function and the winding function of W1122 and
W1212 for only the ABC-system [23]. This is because the function aspects of the XYZ-
system are the same as those of the ABC-system. However, the phase difference has to be
considered when the inductance is computed. As a result, the magnitude value between
the W1122 and W1212 models is identical and an angle difference only exists between the
first and next turns.
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Figure 5. ABC-phase of W1122. (a) Turn function and (b) winding function [23].
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Figure 6. ABC-phase of W1212. (a) Turn function and (b) winding function [23].
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In this paper, only the fundamental component of the inductance value is considered
to calculate the torque characteristics. Additionally, to evaluate the accuracy of WFT, the
inductance values resulting from WFT are compared with those from the FEM.

Figure 7 shows the self-inductance and mutual inductance behaviors of the ABC-
system for the W1122 model. It is shown that the mean value of self-inductance for WFT
is slightly lower than that of FEM, as shown in Figure 7a. Otherwise, it is confirmed that
the amplitude of the mutual inductance for WFT is similar to that of FEM, as shown in
Figure 7b. In the case of the mutual inductance between the ABC- and XYZ-systems, it is
shown that both the mean and amplitude values of WFT are similar to those of FEM. In
particular, it is confirmed that the mutual inductances of the XYZ-system with the A-phase
are relatively low compared to the self- and mutual inductances of the ABC-system, as
shown in Figure 7c.
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Figure 7. Inductance behaviors of W1122. (a) Self-inductances of ABC-system, (b) mutual inductances
of ABC-system, and (c) mutual inductances of XYZ-system with A-phase.

Figure 8a,b show the self-inductance and mutual inductance behaviors of the ABC-
system for the W1212 model. It is confirmed that the WFT and FEM results for the
ABC-system are similar to the results for W1122, but the mutual inductance between
the XYZ-system and A-phase in Figure 8c is quite different from that of W1122. The mutual
inductance of W1212 is higher than that of W1122. The mutual inductances are considered
not only within the ABC-system, but also between the ABC- and XYZ-systems. As a result,
the amplitudes of the self-inductances of the W1122 model are slightly higher than those of
the W1212 model; on the other hand, the amplitudes of the mutual inductances between
the ABC- and XYZ-systems of the W1122 model are somewhat lower than those of the
W1212 model. This has an effect on the torque characteristic.

The difference in the inductance behaviors between the W1122 and W1212 models
results in the torque characteristic, as shown in Figure 9. As a result, the total average
values of both models are the same, but each value is different. The Tabc.avg and Txyz.avg of
the W1122 model are higher than those of the W1212 model, whereas the Tmut.avg of the
W1122 model is lower than that of the W1212 model.
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The DT-SynRM works with two three-phase VSI systems; thus, it has a greater capa-
bility to implement various control strategies compared to three- or five-phase machines.
The output characteristics of the motor can be controlled between around 50% and 100% of
the rated performance by controlling only one three-phase system. This is referred to as the
half-control mode (HC mode). Figure 10 shows the torque characteristics under HC mode,
which fed only the ABC-phase. We consider only the torque component of the ABC-system.
Therefore, the Tabc is the Ttot. As mentioned above, the W1122 model has a very similar
average torque to the W1212 model.

(a) (b)

(c)

Figure 8. Inductance behaviors of W1212. (a) Self-inductances of ABC-system, (b) mutual inductances
of ABC-system, and (c) mutual inductances of XYZ-system with A-phase.
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Figure 9. Torque characteristics with 8A under normal conditions. (a) W1122 and (b) W1212.
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Figure 10. Torque characteristics with 8A under HC mode conditions. (a) W1122 and (b) W1212.

4. Performance Comparison According to Barrier Design

Referring to Equation (5), the performance is affected by not only the winding and
turn functions but also the inverse air-gap function. Since the inverse air-gap function is
affected by the salient pole, this aspect results in the torque characteristic. Therefore, it is
important to analyze the torque characteristic according to the rotor design. The air−gap
length distribution of the DT-SynRM is shown in Figure 11, and it is applied to the inverse
air-gap function.

0
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240

270

300

330

0

2 10-3

4 10-3

6 10-3

8 10-3

Figure 11. The air-gap length distribution.

When the rotor barrier is designed and optimized, the parameters related to the
inductance between the d-axis and the q-axis are utilized [25–27]. In order to analyze the
performance change depending on the design factor simply and quickly, the design factor
k is chosen, as shown in Figure 12. In this paper, we assume that the barrier length at the
d-axis and the q-axis is fixed. Only changes in characteristics according to the length and
thickness of the flux path are analyzed. As shown in Figure 13, the rotor barrier is changed
by the k factor. The average torque and torque ripple of the W1122 and W1212 models are
compared according to the factor and control conditions.

Figure 14 shows the comparison of the torque characteristics under normal conditions
and shows the average torque and torque ripple according to the winding configuration
(W1122 and W1212) with respect to the design factor k.

Based on the analysis results, the change patterns of the two models according to the
design factor k are highly similar. More specifically, it is found that the average torque
increases as the k value increases in both the W1122 and W1212 models. Additionally, it is
found that the torque ripple decreases up to k = 2.5 and then increases from k = 3.

When the W1122 and W1212 models are operated under the HC mode conditions, the
torque characteristics according to the factor are as shown in Figure 15.
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Figure 12. The design factor of the rotor barrier.

Figure 13. The barrier design with the factor.

(a) (b)

Figure 14. The torque characteristics under normal conditions. (a) W1122 model and (b) W1212
model.

In both the W1122 and W1212 models, it is observed that the average torque increases
up to k = 2.5 and decreases thereafter from k = 3.0. Regarding the torque ripple, it decreases
up to k = 3.5, after which it begins to increase again from k = 4.

Compared to normal conditions, the output characteristic of the two models changes
differently depending on the factor. Therefore, when designing a DT-SynRM, which offers
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the advantage of being able to operate in HC mode even if one three-phase system fails,
the winding configuration and rotor shape characteristics should be considered under HC
mode conditions.

(a) (b)

Figure 15. The torque characteristics under HC mode conditions. (a) Average torque and (b) torque
ripple.

5. Experimental Results

A prototype is manufactured to conduct the experiment, and the experimental model
is shown in Figure 16. The specifications of the motor are the same as shown in Tables 1
and 2. The winding tap is located at the top of the motor to change the winding configura-
tion. In order to evaluate the characteristics of the DT-SynRM according to the winding
configuration and control mode, the torque characteristics of the W1122 and W1212 models
are measured through an experiment.

(a) (b)

Figure 16. Prototype. (a) Manufactured model and (b) rotor part.

Figure 17 shows the the experimental setup, which consists of the test motor, the motor
for load, the DT inverter, and the dynamo setup. This study uses only one three-phase
inverter, and the motor windings of the ABC- and XYZ-systems are connected in parallel
to obtain a simple experimental setup.

Figure 18 shows the torque behaviors under normal conditions. Figure 18a shows the
maximum torque per ampere (MTPA) characteristics, Figure 18b shows the torque map for
various d-q currents, and Figure 18c shows the torque behavior at 8A determined by MTPA.
It is verified that the average torque under normal conditions is 11.4 Nm, when the input
current is 8A. When compared with the analytical results, it was confirmed that there was
an approximately 10% difference in the average torque. This discrepancy arises because
the exact inductance values and inverse air-gap were not used in the analysis. However,
the two models under normal conditions have the same average torque behavior.
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Figure 17. Experimental setup.
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Figure 18. Torque characteristics in experiment under normal condition. (a) Torque according to
current angle, (b) Torque map for various d-q currents, and (c) Torque under normal condition.

Figures 19 and 20 show the torque behaviors of the W1122 and W1212 models under
the HC mode conditions. Figures 19a and 20a show the maximum torque per ampere
(MTPA) characteristics. Figures 19b and 20b show the torque maps for various d-q currents,
and Figures 19c and 20c show the torque behavior at 8A, as determined by MTPA. As a
result, the torque characteristics of the two models according to the current angle show
different aspects. Therefore, the control method must be used differently depending on
the winding configuration in the HC mode conditions. Moreover, it is confirmed that the
torque of the W1122 model is still higher than that of the W1212 model, as shown in the
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analytical results. This means that the performance predicted via the analytical results
matches with the experimental results.
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Figure 19. Torque characteristics of W1122 model in experiment under HC mode conditions. (a)
Torque according to current angle, (b) Torque map for various d-q currents, and (c) Torque under HC
mode condition.
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Figure 20. Cont.
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Figure 20. Torque characteristics of W1212 model in experiment under HC mode conditions.
(a) Torque according to current angle, (b) Torque map for various d-q currents, and (c) Torque
under HC mode condition.

6. Conclusions

This paper analyzed the performance of a DT-SynRM according to the winding config-
uration under different control modes. The analysis was conducted considering not only
the winding configuration but also the rotor design factor. Additionally, we evaluated the
analysis results through an analytical method, a simulation, and an experiment. In the case
of the DT-SynRM, the winding configuration can be composed of the W1122 and W1212
models. The torque behaviors of each model were analyzed under normal conditions and
HC mode conditions. In addition, a performance comparison of the two models according
to the rotor design factor was conducted. As a result, the torque characteristics obtained by
the analytical method and the experiment were compared.

Overall, when the motor is operated under normal conditions, the performance of
the two models according to the design factor is not different; however, in the case of
the HC mode conditions, the design factor had an effect on the performance. Therefore,
when designing a DT-SynRM, it is verified that the rotor shape change with each winding
configuration is an important factor to consider regarding the output value.
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