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Magneto-Motive Force and Performance Comparative Analysis
Research for a Novel Pentacle-Star Hybrid Winding
Five-Phase Induction Motor
Jinhong Li and Dawei Meng*

Abstract—In order to shorten design optimization cycle and reduce the inﬂuence of low-order harmonic
for multi-phase induction motor, two kinds of ﬁve-phase motors — using either a star or pentacle-star
hybrid winding — are proposed based on Y160L-4 three-phase induction motor, which keep the structure
size of the stator and rotor and rated power constant, redesign the winding, and adjust the match
parameters of the stator and rotor slots. Based on the Fourier series expansion method, the time-space
harmonic Magneto-Motive Force (MMF) analytic function of pentacle-star winding was given based on
star winding MMF. According to the analysis for the MMF table of three kinds of induction motors,
pentacle-star winding with 19th-order harmonic has a better performance than star-winding with 9thorder harmonic and three-phase delta winding with 5th-order harmonic. Further analysis suggests that
the harmonic torque generated by the harmonic MMF can be used to improve the electromagnetic
torque, and the eﬀective torque characteristics of the three forms of induction motors are given. Two
kinds of ﬁve-phase motors with diﬀerent winding conﬁgurations can be realized based on the three-phase
motor, and some simulated and experimental results show that the method is feasible, which provides
signiﬁcant value in engineering applications.

1. INTRODUCTION
Due to several advantages, such as lower voltage with high power, lower torque ripple, higher faulttolerance capability, lower DC link current harmonics, and high reliability and eﬃciency, compared
with conventional three-phase motors, multi-phase motors have been used in many ﬁelds, including
electric locomotives, electric ship propulsion systems, aerospace engineering, wind power, and hybridelectric vehicles [1–6]. A ﬁve-phase motor is a typical representative multi-phase motor, which was ﬁrst
proposed in 1969 with inverter-fed voltage source [7].
In high-power fault-tolerant electric drive systems, multiphase machines have been found to be
favorable, due to the various merits oﬀered by such machines [8]. A multi-phase motor can be fed
from either a ﬁve-phase generator or a voltage/current source inverter, but its space vector is greatly
increased, due to the increase of the number of stator phases in the motor. Further, the voltage or current
waveform output by the inverter is not a standard sine wave, but contains a harmonic component which
cannot be ignored, and the produced harmonic Magneto-Motive Force (MMF) has a great inﬂuence
on the operational performance of the motor. Therefore, many research institutes and universities
have paid attention to the following four aspects: 1) the structural design of multi-phase motors, as
good structural design can eﬀectively reduce the inﬂuence of spatial harmonics on motor performance
(e.g., start-up performance and magnetic noise); 2) the relationship between harmonic current and the
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harmonic MMF of multi-phase motors with diﬀerent structure under a non-sinusoidal power supply;
3) how to eﬀectively use the harmonics to improve motor performance; and 4) fault diagnosis and
fault-tolerant control of multi-phase motors [1–14].
Magnetic Finite Element Analysis (FEA) and algebraic equation analysis based on the permeance
model have been used to analyze the harmonic components of air-gap ﬂux density distribution when
designing induction motors [9, 10]. Time and spatial harmonics have been researched using analytical
methods and equivalent circuit methods [11, 12]. Using four stator winding modes combined by even or
odd number phase, symmetric or semi-symmetric winding construction can be analyzed [13]. In order
to reduce the spatial harmonic content of the MMF, a new technique to design a squirrel cage induction
motor has been proposed in a three-phase motor [14]. A star winding ﬁve-phase variable-speed driven
motor has been researched [15]. A combined star-delta winding three-phase induction motor has been
analyzed to resolve the low spatial harmonic [16, 17]. The eﬀects of three stator winding conﬁgurations
for a ﬁve-phase motor have been studied [18]. The phase transposition eﬀect with diﬀerent stator
winding connections in a ﬁve-phase motor has been studied [19]. A fault-tolerant and steady-state
model has been studied in depth for a combined star-pentagon stator winding connection ﬁve-phase
motor [20, 21]. A generalized optimal fault-tolerant control strategy for diﬀerent winding connections
of a ﬁve-phase motor has been proposed [22]. In order to eﬀectively use the existing three-phase motor
structure and reduce the design cost as much as possible, we study the possibility of transforming the
traditional three-phase motor into a multi-phase motor in this paper. A Space Vector analysis method,
slot number phase diagram method and complex analytic method [23] are used to analyze multi-phase
motor harmonic MMF.
The remainder of the paper is organized as follows: Section 2 introduces the realization of two types
of winding conﬁgurations for a ﬁve-phase motor based on the Y160L-4 three-phase motor. Section 3
illustrates the MMF of star winding connection and pentacle-star connection in the ﬁve-phase motor,
and the MMF and electromagnetic torque characteristics for three kinds of motors are analyzed and
compared. Section 4 shows the results of the simulation analysis and the experiment of two kinds of
ﬁve-phase motor. The discussion and conclusion sections follow.
2. TWO TYPES OF WINDING CONFIGURATION FOR A FIVE-PHASE MOTOR
2.1. Two Kinds of Winding Configuration
In order to decrease design and manufacturing costs and maximize the use of existing motor structure
parameters, such as those of the Y160L-4, an idea which transforms a three-phase motor into a multiphase motor is proposed. For a multiphase machine with an odd number of phases n, there are (n + 1)/2
connection alternatives [24–26]. For example, a ﬁve-phase stator winding has three types of winding

(a)

(b)

Figure 1. Star and novel pentacle-star winding conﬁguration for a ﬁve-phase motor. (a) Star winding.
(b) Pentacle-star winding.
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conﬁgurations, namely, star, pentagon, and pentacle. One kind of the winding researched in this paper
is that in Figure 1(a), where the phase shift is 72◦ between adjacent phases. One end of the winding
is the winding overhang (phases A-E), while the other end of winding is connected to all others (the
common point O). Y160L-4 is the most mature three-phase induction motor of China, where Y stands
for the production model; 160 is the central height of the motor from axis to the ground (unit: mm); L
stands for long iron core; and 4 stands for the pole number.
Increasing the number of phases can also provide an eﬀective means to increase the order of the
lowest-order harmonics; the corresponding induced rotor currents due to these ﬂux harmonic components
will be less signiﬁcant. The novel pentacle-star winding conﬁguration shown in Figure 1(b) was proposed
by rewiring windings. Every phase winding was divided into two winding groups; for example, phase
A winding was divided into winding A1 and winding A2. Winding A1 keeps the star conﬁguration,
and winding A2 is shifted in space by one slot (or 18◦ electrical degrees), thus forming a pentacle
conﬁguration.
2.2. Winding Diagram and Main Performance Parameters
Taking the Y160L-4 three-phase induction motor with 15 kW as a benchmark, with the rated power
and the size of the three circles unchanged, two types of ﬁve-phase induction motors (with star winding
conﬁguration and pentacle-star winding conﬁguration) were designed, in which the connection method of
the stator winding, the number of conductors of the stator/rotor, and the slot diagram of the stator/rotor
are redesigned.
Figure 2 and Figure 3 show the wiring expansion diagram of two types of ﬁve-phase motor, namely
conventional star winding ﬁve-phase motor and novel pentacle-star winding ﬁve-phase motor. Table 1
shows the parameters diﬀerence of three types of motors. The other materials and dimensions are the
same as the Y160L-4 three-phase induction motor.

Figure 2. Star winding diagram.
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Figure 3. Pentacle-star winding diagram.

3. TWO TYPES OF FIVE-PHASE WINDING MMF ANALYSIS
3.1. Star Winding MMF Analysis
In order to analyze the MMF of the pentacle-star winding, time and spatial coordinate systems were
given, based on the star winding with concentrated and full-pitch windings and 72◦ (electrical degrees)
between adjacent phases. Figure 4 shows the spatial coordinate system with 40/34, which takes the axis
of the phase A winding as the ordinate, indicating the magnitude of MMF, while the abscissa is placed
on the inner surface of the stator. Counterclockwise is considered the positive direction. α indicates
the included angle between any position on the circumference of the air gap and the axis of the phase A
winding (in the counterclockwise direction). The time coordinate system takes the eﬀective value of the
current as the ordinate, indicating the magnitude of the phase current, and the time t as the abscissa,
where the starting time moment is the maximum value moment when the fundamental current ﬂows
through the phase A winding.
MMF is the function of time and space. When spatial coordinate system is given, for concentrated
full-pitch winding, according to Figure 5, the winding function can be expressed as in
⎧
1
⎪
⎨ N,
0≤α≤π
2
(1)
NA (α) =
⎪
⎩ − 1 N, π ≤ α ≤ 2π
2
where N is the number of turns per coil for phase A.
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Table 1. Diﬀerent parameters of three types of induction motor.
Phase number
3
5
Winding conﬁguration
Delta connection Star connection
Slot ﬁt
36/26
40/34
Winding overhang
3
5
Core length
195 mm
190 mm
Number of conductors in one slot
22
18
Wire gauge

2–2.15 mm,
1–1.18 mm

2–1.06 mm,
2–1.0 mm

Line voltage
Rotor skewed length
Full ratio of stator slot
Line current
Torque
Eﬃciency
Power factor

380 V
11.1 mm (all slots)
77.8%
29.67 A
97.95 Nm
0.8975
0.8561

253 V
0
77%
18.19 A
98.03 Nm
0.904
0.8516

Figure 4.
diagram.

Star winding co-ordinate system

5
Pentacle-star connection
40/34
5
190 mm
18 (star)/34 (pentacle)
2–1.06 mm,
2–1.0 mm (star),
3–0.85 (pentacle)
203 V
0
77% (star), 76.8% (pentacle)
27.86 A
98.08 Nm
0.908
0.8622

Figure 5. Winding function of phase A for star
winding.

According to Equation (1), the Fourier series of the winding function of phase A can be expressed
as in
∞

Nv cos(vα)
(2)
NA (α) =
v=1,3,5...

where Nv is the amplitude of v-order harmonic turns, Nv = 2N sin(vπ/2)/(vπ), v = 1, 3, 5...
In the same way, the current of the winding of phase A can be expressed as in
∞

√
2Iu cos(uωt))
IA (t) =
u=1,3,5...

where Iu is the eﬀective of the u-order harmonic current.

(3)
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The Fourier series is used to give the winding function, expressing the frequency of the spatial
harmonic windings and obtain the u order harmonic current expression, when adopting a non-sinusoidal
power supply. According to the winding function theory of AC motors, the u-order harmonic currents
of every phase winding generated by v-order harmonic MMF can be given as [27, 28]
√
⎧
(α,
t)
=
2Nv Iu cos(vα) cos(uωt)
f
⎪
A(u−v)
⎪
⎪

 

 
⎪
⎪
√
2π
2π
⎪
⎪
⎪
cos u ωt −
fB(u−v) (α, t) = 2Nv Iu cos v α −
⎪
⎪
5
5
⎪
⎪
⎪

 

 
⎪
⎪
√
4π
4π
⎨
fC(u−v) (α, t) = 2Nv Iu cos v α −
cos u ωt −
(4)
5
5
⎪
⎪






⎪
√
⎪
6π
6π
⎪
⎪
cos u ωt −
fD(u−v) (α, t) = 2Nv Iu cos v α −
⎪
⎪
5
5
⎪
⎪
⎪

 

 
⎪
⎪
√
⎪
8π
8π
⎪
⎩ fE(u−v) (α, t) = 2Nv Iu cos v α −
cos u ωt −
5
5
By using the trigonometric transformation formula from integration to diﬀerence, Formula (4) can
be converted to
√







2π
2
2π
f∗(u−v) (α, t) =
Nv Iu cos vα − u ωt −
n
+ cos vα + u ωt −
n
(5)
2
5
5
where n = 0, 1, 2, 3, 4, and ∗ indicates A, B, C, D, or E.
According to Formula (5), each phase harmonic MMF can be decomposed into two rotating MMFs
with the same amplitude, same speed, and opposite directions, which are called forward rotating MMF
and reverse rotating MMF.
The total MMF of the star winding can be obtained by using the superposition principle, as shown
in Formula (6)
⎧ √
⎪
⎪ 5 2 Nv Iu cos(vα + uωt), u + v = 10k, k = 0, ±1, ±2
⎪
⎪
⎨ 2
(6)
f(u−v) (α, t) =
0,
u ± v = 10k, k = 0, ±1, ±2
⎪
√
⎪
⎪
⎪
⎩ 5 2 N I cos(vα − uωt), u − v = 10k, k = 0, ±1, ±2
v u
2
When u = 1 and v = 3, 5, 7, the total MMF generated by fundamental current is zero. When u = 1
and v = 9, 11, the total MMF generated by fundamental current is expressed as
⎧
√
⎪
2
⎪
⎨ f(1−9) (α, t) = 5
Nv Iu cos(9α + ωt)
2
√
(7)
⎪
2
⎪
⎩ f(1−11) (α, t) = 5
Nv Iu cos(11α − ωt)
2
As the moving direction and speed of any point on the MMF are the same, the largest amplitude
point is selected to calculate the angular velocity of the MMF, which satisﬁes
9α + ωt = 0
(8)
11α − ωt = 0
The angular velocity of harmonic motion can be obtained. Furthermore, the angular velocity of the
u-order harmonic MMF generated by the v-order harmonic current of the star winding can be obtained
by adopting the above method, as shown
⎧ vω
⎪
− , u + v = 10k, k = 0, ±1, ±2
⎪
⎨
u
0,
u + v = 10k, k = 0, ±1, ±2
(9)
ωv =
⎪
⎪
⎩ + vω , u − v = 10k, k = 0, ±1, ±2
u
where “+” indicates the forward rotating MMF, and “−” indicates the reverse rotating MMF.
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3.2. Pentacle-Star Winding MMF Analysis
The pentacle-star winding is composed of two sets of ﬁve-phase single-layer concentrated windings.
The ﬁrst winding (A1 set) is connected in star conﬁguration, while the second winding (A2 set) is
connected in pentacle; together, they produce the harmonic MMF. The winding can be considered as
an asymmetrical ten-phase winding or a split-phase dual ﬁve-phase winding. This section mainly gives
the expression of the MMF formed by the fundamental current and subspace harmonic.
The phase voltages and current of the star and pentacle windings satisfy the following
relationship [29, 30]
(10)
VA2 = 1.902VA1
IA1 = 1.902IA2
(11)
where VA2 and VA1 respectively represent the phase voltage of the pentacle and star winding.
Hence, to obtain the same MMF magnitude from the two winding sets, for equal ampere turn for
both windings NC1 IA1 = NC2 IA2 . The relation between the number of turns per phase for the two
winding sets is expressed as
(12)
NC2 = 1.902NC1
where NC1 is the number of turns of star winding A1, and NC2 is the number of turns of the pentacle
winding A2. This gives the same copper volume as in a conventional ﬁve-phase winding. The Fourier
series of the winding functions of the windings A1 and A2 can be expressed as
⎧
∞

2NC1
⎪
⎪
cos(vα)
NA1 (α) =
⎪
⎪
⎨
vπ
v=1,3,5...
(13)
∞

⎪
π
2NC2
⎪
⎪
cos v α −
⎪
⎩ NA2 (α) =
vπ
10
v=1,3,5...
Further, the v-order harmonic MMF generated by fundamental current can be expressed as
⎧
∞

5NC1 IA1
⎪
⎪
cos(vα − ωt)
F (α, t) =
⎪
⎪
⎨ star
vπ
v=1,9,11...
∞


⎪
⎪
⎪
⎪
⎩ Fpentacle (α, t) =

π
π
5NC2 IA2
cos v α −
− ωt −
vπ
10
10
v=1,9,11...

Fstar and Fpentacle represent the MMF of the star winding A1 and pentacle
and NA1 (α) and NA2 (α) represent the winding function of the windings A1
The total air gap MMF distribution is given by
⎧


∞

⎪
(v − 1)π
v−1
10NC1 IA1
⎪
⎪
cos
cos vα − ωt −
π ,
⎪
⎪
⎪ v=1,9,11...
vπ
20
20
⎪
⎨
0,
Ftotal (α, t) =
⎪


∞
⎪

⎪
(v + 1)π
v+1
10NC1 IA1
⎪
⎪
⎪
cos
cos vα + ωt +
π ,
⎪
⎩
vπ
20
20

(14)

windings A2, respectively;
and A2, respectively.
v = 21, 41, ...
v = 19, 21, 39, 41...

(15)

v = 19, 39...

v=1,9,11...

When u = 1 and v = 19, 39, harmonic magnetomotive force generated by the fundamental current is
reverse rotating MMF with angular velocity ω/19 and ω/39, when u = 1, v = 21, 41, harmonic MMF
generated by the fundamental current is a forward rotating MMF with angular velocity ω/21 and ω/41.
Furthermore, the angular velocity of the v-order harmonic MMF generated by a u-order harmonic
current can be obtained by adopting the above method, as shown in Formula (12)
⎧ vω
⎪
− , u + v = 20k, k = 0, ±1, ±2
⎪
⎨
u
0,
u + v = 20k, k = 0, ±1, ±2
(16)
ωv =
⎪
vω
⎪
⎩ + , u − v = 20k, k = 0, ±1, ±2
u
where “+” indicates a forward rotating MMF, and “−” indicates a reverse rotating MMF.
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3.3. MMF Characteristic Analysis
According to the analytic functions of the harmonic MMF of the two kinds of ﬁve-phase windings
obtained in Sections 3.1 and 3.2, as well as the existing Y160L-4 three-phase motor, the MMF tables
of three types of induction motors can be given. In the table, “+” indicates a forward rotating
magnetomotive force, and “−” indicates a reverse rotating magnetomotive force. “F” indicates the
phase advance, and “B” indicates the phase lag. Table 2 shows the MMF for the Y160L-4 type threephase induction motor. Table 3 shows the MMF for the star winding ﬁve-phase induction motor. Table 4
shows the MMF for the pentacle-star winding ﬁve-phase induction motor.
Table 2. MMF for the Y160L-4 three-phase induction motor.
Time Harmonic
u
1
5
7
11
13

v=1
+1.053F
−0.211B
+0.150B
−0.096B
+0.081F

Spatial Harmonic
v=5
v=7
v = 11
−0.211F +0.150B −0.096B
+0.042B −0.030F +0.019F
−0.030B +0.021F −0.014F
+0.019F −0.014B +0.009B
−0.016F +0.012B −0.007B

v = 13
+0.081F
−0.016B
+0.012B
−0.007F
+0.006F

Total MMF
(MMF)
+0.977
−0.196
+0.139
−0.089
+0.076

v = 11
+0.105B
−0.011F
+0.009F

Total MMF
(MMF)
+1.133
+0.038
−0.02
−0.125
+0.103

Table 3. MMF for the star winding ﬁve-phase induction motor.
Time Harmonic
u
1
3
7
9
11

v=1
+1.156F
−0.128B
+0.105B

Spatial Harmonic
v=3
v=7
v=9
−0.128F
+0.072B −0.034B
−0.034F +0.014F
+0.014B
−0.011B

Table 4. MMF for the pentacle-star winding ﬁve-phase induction motor.
Time Harmonic
u
1
3
7
9
11

v=1
+1.200F
-

Spatial Harmonic
v=3
v=7
v=9
+0.1200B
+0.011B
+0.002F
−0.002B

v = 11
−0.002B
+0.002F

Total MMF
(MMF)
+1.200
+0.1200
+0.011
0
0

According to Tables 2–4, the following conclusions can be drawn:
1) When u = v, a synchronous MMF will come into being, which has the same synchronous speed
as the fundamental MMF. The generated MMF can provide a linear superposition, reducing the peak
value of magnetic density and air gap MMF, thus improving the waveform, utilization of iron core
materials, and torque density.
2) When u = v, an asynchronous MMF will come into being, which generates torque pulsation,
increases motor loss and noise, and reduces system performance.
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3) When u > 3 for the three-phase winding, u > 5 for the star ﬁve-phase winding, or u > 10 for the
pentacle-star ﬁve-phase winding, the amplitude and speed of the asynchronous MMF are larger than
that of the synchronous MMF, which should be avoided as the asynchronous MMF will result in high
torque pulsation and loss.
4) The lowest-order harmonic MMF generated by fundamental current diﬀered, among which the
lowest frequency of the three-phase winding was 5th-order; the lowest frequency of the star ﬁve-phase
winding was 9th-order; and the lowest frequency of pentacle-star ﬁve-phase winding was 19th-order;
further, the amplitude was far less than the MMF generated by fundamental current.
3.4. Performance Analysis of Electromagnetic Torque Using Synchronous MMF
According to the Ohm’s Law of magnetic circuit, the relationship of magnetic ﬁeld intensity, MMF, and
magnetic permeability can be expressed as
H = f /Ls
B = kH
f = NI

(17)
(18)
(19)

Electromagnetic Force F can be expressed as
mkf lI
mkf 2 l
kf li
=
=
Ls
Ls
N Ls
Electromagnetic torque Te can be expressed as
F = Bli =

(20)

mkf 2 l D
D
=
(21)
2
N Ls 2
where H is the magnetic ﬁeld intensity, f the MMF, Ls the length of stator closed ﬂux linkage, k the
magnetic permeability, I the current, D the inner diameter of stator, l the eﬀective length of rotor
winding, and m the current conversion factor.
When the permeability, stator inner diameter, and average length of the magnetic circuit are kept
unchanged, the electromagnetic torque is proportional to the square of MMF.
According to the harmonic MMF analyses of the three diﬀerent winding structures in Tables 2–4,
it can be seen that the torque characteristics of the star winding ﬁve-phase motor can be improved by
using the synchronous MMF generated by the 3rd-order harmonic, while that of the ﬁve-phase motor
with pentacle-star winding can be improved by using the synchronous MMF generated by the 3rd-order
and 7th-order harmonics.
Table 5 summarizes the results of the harmonic analysis. Although the synchronous velocity
harmonic M.M.F was small, it allowed for a substantial increase in the output torque of the machine.
Te = F

Table 5. Summary of harmonic MMF for three types of induction motor.
Motor Type
Three phase
Five phase
Five phase

Winding Type
Delta
Star winding
Pentacle winding

Amplitude and Useful Harmonic MMF
v=1
v=3
v=5
v=7
+1.053
+1.156 +0.072B
+1.20
+0.12B
+0.011B

Performance Index
(MMF)2
1.1088
1.1203
1.4545

According to Table 5, the following conclusions can be drawn:
1) Without considering the use of harmonics, the electromagnetic torque of the ﬁve-phase motor
with pentacle-star winding was better than that of the ﬁve-phase motor with star winding, as well as
better than that of the traditional three-phase winding.
2) Under the condition of no harmonic injection, the existing harmonics can be considered to
improve the electromagnetic torque, where the star winding ﬁve-phase motor’s electromagnetic torque
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was 21% higher than that of the three-phase winding, while that of the ﬁve-phase motor with pentaclestar winding was 31% higher than that of the three-phase winding.
3) If the injected 3rd-order harmonic is considered, the improvement of electromagnetic torque is
more obvious. It was obvious that the pentacle-star winding ﬁve-phase motor had a more signiﬁcant
improvement, in terms of electromagnetic torque performance.
4. SIMULATION AND EXPERIMENTAL ANALYSIS
In order to further comprehend the performances of the two types of ﬁve-phase motors, the Finite
Element Analysis (FEA) method was used.
The ﬁve-phase motor model with newly designed slot diagrams of stator and rotor was built based
on Ansys Maxwell software, and the boundary conditions and excitation signals of the ﬁve-phase motor
model are set to analyze its characteristics. Figure 6 shows the magnetic ﬁeld density of star winding
ﬁve-phase motor at diﬀerent moments. Figure 7 shows the magnetic ﬁeld density of pentacle-star
winding ﬁve-phase motor at diﬀerent moments. Figure 8 shows the air gap ﬂux densities of two types
of ﬁve-phase motors. Because of the adjustment of the winding connection mode, the magnetic ﬁeld
density is improved for the pentacle-star winding which can bring in better features.

(a)

(b)

Figure 6. The magnetic ﬁeld density of star winding ﬁve-phase motor, (a) when t = 0.15 s, (b) when
t = 0.175 s.
A ﬁve-phase induction motor of two winding conﬁgurations was made based on a Y160L-4 threephase induction motor with rated power 15 kW.
In order to analyse the performance of two types of ﬁve-phase motor, a prototype system was
supplied by an inverter composed of two three-phase two-level voltage-source inverters sharing the
same DC-link voltage, with each inverter phase leg operating independently. An STM32F407 highperformance microcontroller was used to control the inverter. A three-phase voltage regulator was used
to adjust input voltage to obtain the diﬀerent DC bus voltages shown in Table 1. Figure 9 is the
prototype system.
The simple testing was carried out. Table 6 shows the main performance indexes of star and
pentacle-star ﬁve-phase and Y160L-4 three-phase induction motors.
According to Table 6, the following conclusions can be drawn:
1) The designed two winding conﬁguration ﬁve-phase motor saves on materials such as iron, copper,
and aluminum, which can reduce manufacturing costs.
2) The rated eﬃciency of two types of ﬁve-phase motor is higher than three-phase motor, which
means increased energy eﬃciency.
3) The rated power factor for pentacle-star winding ﬁve-phase motor is the best.
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(b)

Figure 7. The magnetic ﬁeld density of pentacle-star winding ﬁve-phase motor, (a) when t = 0.15 s,
(b) when t = 0.175 s.

Figure 8. Air gap ﬂux density for ﬁve-phase motor: star winding and pentacle-star winding.
Table 6. Performance indexes for three types of induction motor with the same rated power.
Phase Number
Winding Conﬁguration
Iron Weight (kg)
Sator Cu Weight (kg)
Rotor Al Weight (kg)
Ratio peak torque multiple
Rated eﬃciency (%)
Rated power factor
Rated slip

3
Delta connection
97.7
9.98
1.82
2.418
89.72
0.856
0.025

5
Star connection
95.2
9.42
1.62
2.263
90.31
0.851
0.026

5
Pentacle-Star connection
95.2
9.42
1.62
2.525
90.73
0.862
0.026
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Figure 9. Pentacle-star and star ﬁve-phase prototype motor based on Y160L-4.

5. CONCLUSIONS
Through the research in this paper, the following beneﬁcial results were obtained:
1) Based on a Y160L-4 15 kW three-phase motor, keeping the main structural parameters constant,
two types of ﬁve-phase motor can be implemented (using star winding or pentacle-star winding), only
requiring reconstruction of the stator winding, adjustment of the slot numbers for the stator and rotor,
and redesigning of the stator and rotor trough. This method is fast, eﬃcient, and has low cost with
high engineering application value.
2) Based on Fourier series expansion and analytical methods, the harmonic MMFs under nonsinusoidal power supply were given for the star and pentacle-star windings. The two proposed types
of ﬁve-phase motor had better properties than the three-phase motor. For the star and pentacle-star
winding ﬁve-phase motors, the lowest harmonic MMFs produced by the fundamental wave current were
9th-order and 19th-order, respectively, which reduce the eﬀect of motor performance.
3) For the same power driving conditions, considering electromagnetic torque generated by the
harmonic MMF, the ﬁve-phase motors using pentacle-star and star windings had electromagnetic torque
increases, compared with a traditional three-phase motor.
4) Further, according to the three kinds of winding connection-pentacle-star, star, and delta,
pentacle-star winding has the best tolerance. Future work such as phase absence and torque
characteristic will assess the performance of the three motor types through further experimental research.
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