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Abstract. Interior permanent magnet synchronous
motors (IPMSMs) have been used extensively in the
transportation, industrial, medical, and military fields
recently because of their many benefits, including high
power density, high torque, and high operational econ-
omy. However, current studies have mainly focused
on using traditional windings for these motors, ne-
glecting the potential improvements in motor perfor-
mance that could be achieved with different winding
types. Therefore, it is crucial to evaluate the perfor-
mance of these motors when using different winding
structures. This paper presents a combination of an-
alytical technique and finite element method to com-
pare the electromagnetic parameters (back electromo-
tive force (EMF), output power and torque, and tem-
perature rise) of IPMSMs with conventional and hair-
pin winding configurations. The validated method is
then applied to a practical V-shape IPMSM with con-
ventional and hairpin winding configurations.
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1. Introduction

Internal Permanent Magnet Synchronous Motors
(IPMSMs) have been widely used in the transporta-
tion, industrial, medical, and military sectors due to
their numerous advantages, such as high torque, high
power density, and high operational efficiency. How-
ever, most prior research has focused on IPMSMs with
conventional windings [1–5]. This is a partial assess-
ment of the potential improvements in motor perfor-
mance that could be achieved by employing different
types of windings. Therefore, it is crucial to evalu-
ate how well a motor performs when using various
winding configurations. In reference [1], the IPMSM
with conventional winding type was presented. In this
study, every component of the magnetic flux chan-
nels was included in the model, particularly the leak-
age flux paths surrounding the permagnent magnets
(PMs). The results showed that the width of the iron
bridge and the level of iron saturation significantly in-
fluenced the distribution of the magnetic field inside
the motor. The validity of the analytical model was
confirmed by the numerical results. In reference [2],
an enhanced analytical technique for computing the
cogging torque and magnetic field in surface-mounted
PMSMs (SPMSMs) that takes into account any eccen-
tric rotor form was presented. Based on the subdo-
main model, the superposition concept of the vector
potential, and the surface-current approach of the per-
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manent magnet (PM), the expected magnetic field in
the surface-mounted PM machines was discussed. In
reference [3], the electromagnetic performance of the
IPMSM with a ∇+U PM configuration was compared
to the normal V + ∇ shape for EV applications. For
this structure, the paper used the finite element analy-
sis (FEA) to maximize basic air-gap flux density while
minimizing total harmonic distortion (THD). In refer-
ence [4] a novel method was developed for an asymmet-
rical V-type rotor configuration to reduce the cogging
torque and torque ripple. The torque ripple and cog-
ging torque were also compared to those of the base-
line model. The results demonstrate that adopting
the proposed rotor considerably reduces both the cog-
ging torque and torque ripple. In reference [5], this
research proposed an asymmetric rotor IPMSM with
strong torque performance and great demagnetization
prevention capacity. Two factors make up this paper’s
main contribution. To increase the torque density and
ability to prevent demagnetization, a unique asymmet-
ric rotor with a shifted magnet axis is presented. In
reference [6], the fractional-slot concentrated-winding
(FSCW) PMSM was thoroughly examined for its ad-
vantages and disadvantages. This paper discussed the
theory and design of FSCW PMSMs. The compara-
tive different types of machines, fault-tolerance rotor
losses, parasitic effects, and IPMSM and SPMSM were
also performed. In reference [7], the authors described
three-phase machine designs with focused windings.
The first section shows structures with a regular slot
distribution and analyzes their performance, as well as
a method for finding the windings. In reference [8], the
paper explained how to develop high-performance per-
manent magnet machines with concentrated windings.
In reference [9], a consequent-pole (CP) PM machine
with an asymmetric magnetic pole (AMP) structure
was proposed to produce decreased torque ripple and
unipolar leakage flux. In reference [10], a study exam-
ined two configurations of twin three-phase windings
based on the Toyota Prius’s IPMSM 2010. It was dis-
covered that in the constant torque range, a winding
structure with single-layer full-pitched (SF) windings
can improve average torque while decreasing torque
ripple. The electromagnetic properties of the two wind-
ing topologies were compared, with one winding set
activated and the other open-circuited.

As presented above, up to now, there have been
many studies on improving the electromagnetic param-
eters of IPMSM and SPMSM using different methods.
However, comparing and evaluating the electromag-
netic parameters of IPMSM with a V-shape rotor type
when using conventional windings and Hairpin wind-
ings has not been presented before. In this research,
a coupling of analytical MATLAB software and the
FEA is proposed for IPMSM with conventional and
hairpin winding configurations. Firstly, an analytical
MATLAB software is first developed to define the ini-

tial/required parameters of the proposed motor. Next,
the FEA is presented to simulate and evaluate elec-
tromagnetic parameters, such as the back electromo-
tive force (EMF), output power, torque ripple, cogging
torque, and temperature rise of the IPMSM. The ob-
tained results will give the electromagnetic improve-
ments of hairpin windings compared to conventional
windings. The validated methods are applied to the
practical IPMSM with a V-shape rotor configuration.

2. Analytical Background

The expression for electromagnetic torque (Te) has
been calculated based on the stator and rotor diam-
eter, power inverter voltage, and currents:

Te =
π

2
D2Lstkσ, (1)

where Lstk is the stack length, D is the rotor diam-
eter, and σ = L/D is defined for the inner rotor be-
tween 0.8 and 1.25. When the rotor is spun, the finite
element grid automatically adjusts, and torque predic-
tion is performed for any stator-rotor relative position.
To obtain acceptable precision while avoiding errors
brought on by element distortion, the impact of the
mesh has been studied. The motor symmetry allows
for the simulation of only one pole.

The equations below express the steady-state stator
voltage in the d-q rotating reference frame [11–13]:

vd = Rid − ωLdiq, (2)

vq = Riq + ωLdid + λmω, (3)

λd = Ldid + λm, λq = Lqiq + λm, (4)

where R is the winding resistance per phase, and Ld,
Lq are the direct and quadrature axis inductances, λm

is the linkage flux of PM along the d- and q- axes,
is the electrical speed, and vd, id, vq, iq are the di-
rect and quadrature axis components of the armature
current and terminal voltage, respectively. The well-
known term “Te” is defined as [14], [15].

Te =
3

2
p[ϕmid + (Ld − Lq)idiq (5)

According to mathematical terms, the cogging
torque (Tcog) is defined as follows and is classified as a
component of the magnetic torque [15]:

Tcog = −1

2
ϕ2 dR

dθ
(6)

where θ is the rotor angle, R is the total reluctance
through the flux channels, and ϕm is the magnet flux
crossing the air gap. The cogging torque (Tcog) will
be zero if the reluctance R does not change while the
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rotor turns. According to this theory, by adjusting the
V-shaped rotor’s structural variables that influence the
reluctance R, the Tcog can be increased. When it comes
to torque ripple (Tripple), a small mismatch between
the back EMF of machine and the current often causes
it. It is important to achieve a sinusoidal back EMF
waveform and sinusoidal air-gap flux density because
the windings of the IPMSM are powered by three-phase
sinusoidal currents. Therefore, it is crucial to consider
the air-gap flux density Bg, which is represented as
follows [16,17]

Bg =
ϕg

Ag
= µ0

Fg

lg
(7)

In this equation, lg represents the air gap equivalent
length, Ag represents the air gap’s cross-sectional area,
µ0 represents vacuum permeability, and Fg represents
the air gap magnetomotive force. Since the electrical
angle “θ” ranges between -90° and 90°, the equaiton (7)
can be written as a periodic function.

Bg = Bmax cos θ = µ0
Fg

lg(θ)
(8)

where Bmax is the maximum air-gap flux density. As
shown in equation (8), a sinusoidal air-gap flux den-
sity distribution can be obtained a maximum value at
the d-axis point by setting θ equal to zero. Further-
more, in the perfect scenario, the air-gap flux density
changes sinusoidally as θ changes. Subsequently, the
air-gap equivalent length lg depends on the θ. The use
of V-shaped PM rotors with varying air-gap equiva-
lent lengths, it is an efficient way to reduce both the
Tcog and Tripple. This is accomplished by creating a
sinusoidal air-gap flux density waveform and the Tcog.
Thus, the Tripple is defined as [18–20]:

Tripple = −Tmax − Tmin

Taverage
100% (9)

where Tmax is the maximum torque, Tmin is the mini-
mum torque, and Teverage is the average torque.

3. Finite Element Analysis

In this part, the FEA is applied for a double V-
shaped (VV-shaped) IPMSM with the hairpin wind-
ing configuration to analyze electromagnetic parame-
ters (magnetic flux field, back EMF, output power, out-
put torque, cogging torque and temperature rise). The
input parameters of the proposed machine are given
fully in Table 1. The stator and rotor laminations of
the motor with model Airways U5 Premium 2020 are
pointed out in Figure 1.

Tab. 1: Input parameters of VV-shaped IPMSM with hairpin
winding configuration.

No Parameters Value Unit
1 Input power 150 kW
2 Hairpin Winding 15.729 kg
3 Core of rotor 7.542 kg
4 Permanent magnet 1.644 kg
5 Shaft 1.43 kg
6 End cap 1.44 kg
7 Voltage 350 VDC
8 Number of pole pair 8 pole
9 Slots of stator 48 slots
10 Diameter of shaft 52 mm
11 Outer diameter of rotor 147.6 mm
12 Inner diameter of stator 149 mm
13 Length of air gap 0.7 mm
14 Stack length of stator 116 mm
15 Stack length of rotor 116.6 mm

Fig. 1: Stator (top) and rotor (bottom) laminations of motor
(Model: Airways U5 Premium 2020).

The modeling of the proposed motor with the VV-
shaped IPMSM with p = 4 is presented in Figure 2.
The detailed hairpin winding structure is pointed out
in Figure 3. The distribution of magnetic flux density
is shown in Figure 4. It can be seen that the magnetic
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flux density near the barriers is the highest, with a
value of 2.103 T compared to other regions. Because
the magnetic flux density due to the current in the
armature windings, was significantly diminished based
on the presence of the bridge space from the flux barrier
and also the angle between two barriers. The inidcation
of barrier angle has been still a challenge for researchers
and designers, so far.

Fig. 2: Model of the proposed motor with VV-shaped IPMSM.

Fig. 3: From the left to right sides: model of convetional and
hairpin winding configuration.

Figure 5 shows the distribution the back EMF wave-
forms of conventional and hairpin winding configura-
tions, which are closer to sinusoidal wave forms. It
can be visualized that the amplitude of the back EMF
waveform for both cases is quite similar, i.e., 113.5 V
and 114.9 V for the convention hairpin windings, re-
spectively.

The comparison of power between conventional and
hairpin winding configurations is shown in Figure 6.

It is clear that within the speed range of 1500 rpm to
5000 rpm, the hairpin winding has a higher capacity
than that of the traditional winding. Specifically, at a
speed of 5000 rpm, the power output is 195 kW for hair-
pin winding and 180 kW for the conventional winding.
When the speed is greater than 6000 rpm, the power
of the two cases is almost unchanged.

Fig. 4: Distribution of magnetic flux density in rotor and stator.

Fig. 5: Back EMF waveform of conventional and hairpin wind-
ing configurations.

Fig. 6: Power comparison of conventional and hairpin winding
configurations.

Figure 7 illustrates the comparison of electromag-
netic torque between conventional and hairpin wind-
ing configurations. Similarly to the power output, in
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the speed range from 0 rpm to 5000 rpm, the electro-
magnetic torque of the hairpin winding is greater than
that of the conventional winding. At the speed of 5000
rpm, the torque is 360 N.m for the conventional wind-
ing and 375 N.m for the hairpin winding. In the same
way, at the greater speed of 5000 rpm, the electromag-
netic torque of the two cases are quite stable.

Fig. 7: Electromagnetic torque comparison of conventional and
hairpin winding configurations.

Fig. 8: Torque and efficiency of hairpin winding configuration.

Another important results on the torque and effi-
ciency of the hairpin winding is presented via the map
shown in Figure 8. It shows that at a range of speed
from 5000 rpm to 6000 rpm, the efficiency can reach
approximately 95%. This also means that the high ef-
ficiency can reach at low speed and low torque. Figure
9 illustrates the temperature rise for both conventional
and hairpin winding configurations. The temperature
at the center of the conventional winding is higher than
that of the hairpin winding, with a range from 30°C to
60°C. The maximum temperature of 110.70C is near to
the connection of the winding, while in the rotor the
temperature is about 75.90C. The minimum tempera-
ture is on the shaft of motor. Additionally, a compari-
son of the electromagnetic properties of conventional
and hairpin windings, showing that the electromag-
netic power, total losses, and efficiency of the hairpin
winding are higher than those of the traditional wind-
ing.

a. Conventional winding.

b. Hairpin winding.

Fig. 9: Temperature rise of conventional (a) and hairpin wind-
ing (b) configurations.

4. Conclusion

In this research, both analytical model and FEA has
been proposed to compare two types of windings (con-
ventional and hairpin windings) of the VV shapes-
IPMSMs. The obtained results on the back EMF,
electromagnetic torque, output power, cogging torque,
torque ripple, efficiency and temperature rise have
pointed out the advantages of using the hairpin wind-
ing compared to the conventional winding as shown
in Table 2. However, hairpin winding also has some
disadvantages compared to regular windings, that is,
the Tcog and Tripple of hairpin winding are larger than
that of conventional winding. Finally, considering the
advantages of the hairpin winding technology, novel
design concepts for improving motor performance are
presented. The obtained solutions allow to reach the
benefits of the hairpin winding technology while simul-
taneously resolving its limitations.
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Tab. 2: Comparison of electromagnetic parameters between the conventional and hairpin windings.

Parameters Hairpin Conventional Nm
Maximum torque 348.57 344.28 Nm
Torque ripple [%] 7.4182 6.0042 %
Cogging torque 7.766 4.0963 Nm

Speed 5677 5975 rpm
Electromagnetic power 150040 148206 Watts

Input Power 155654 141757 Watts
Output Power 152340 139927 Watts

Total losses (on load) 1827.3 1830.1 Watts
Efficiency 98.043 95.617 %

Shaft Torque 355.41 345.64 Nm
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