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An improved hybrid ventilation method of interior permanent magnet synchronous motor (IPMSM)
is proposed to improve its thermal and electrical characteristics. Increasing motor temperature
affects the stator winding and the permanent magnet (PM) inserted in the rotor. The water jacket
method was proposed in different traction systems; however, the total weight and cost were
increased. To increase the effectiveness of the cooling system, stator and rotor ducts are inserted to
increase heat exchange between inner parts and external cooling water. One-layer ducts are inserted
into the stator and two-layer ducts are inserted into the rotor. However, the ducts may affect the flux
density in the rotor and stator which increases saturation level and degrades the electromagnetic
performance. Optimum design is performed to determine the size of the stator and the rotor ducts.
The effect of the designed ducts on electromagnetic and thermal performance is analyzed using two-
dimensional finite element method. The performance of the proposed method is evaluated under
short transient and standard duty cycle operation. The numerical results show effective reduction in
stator winding and PM temperature. Under short peak power transient, the maximum temperature of
the PM decreases from 78 to 60 °C and the maximum temperature of the stator winding decreased
from 177 to 167.9 °C. During long transient, the temperature of PM and stator winding are 85 °C

and 101 °C, respectively.

1. Introduction

Increasing energy needs and global warming concerns have
ushered in the development of electric vehicle (EV) technology
[1]. The global demand for EVs is increasing with time because
EVs are considered as one of the main solutions of energy and
climate problems. Many traction systems of pure and hybrid
electric  vehicles are propelled by permanent-magnet
synchronous motors (PMSMs) [2-8]. The features of PMSM,
such as high-power density, torque density, high efficiency, low
noise, and maintenance-free operation, make it an ideal choice
for EV applications. However, PMSMs still suffer from some
drawbacks as follows:

i. The mechanical integrity of the rotor, especially the
surface-mounted permanent magnets (PMs) type, has a
problem for high-speed operation. Using interior
permanent magnet synchronous machines (IPMSMs)
overcome the problem of high speed where the PMs are
inserted inside the rotor core [2-4].

ii. Because of the inherently uncontrollable PM flux, the
constant-power operating range is limited. Using highly
advanced control algorithms such as vector control and
direct power/torque control extended the constant
power range to acceptable range [4-8].

iii. In case the machine is not properly designed or
operated, the PMs may be accidentally demagnetized

by high armature reaction field or under high operating

temperatures [9- 12].
Different solutions have been studied to improve the IPMSM
performance and avoid the effect of temperature and
demagnetization problem. In [9], the effects of PM dimension on
the demagnetization characteristic are investigated. Analytical
method is proposed to obtain minimum PM volume taking the
machine anti-demagnetization ability into consideration. In [10],
PM demagnetization characteristic is analyzed considering the
recoil line to establish a base capable of securing the reliability
of IPMSM for traction. In [11], to overcome PM
demagnetization, a V-type combined pole IPMSM is proposed.
Influences of magnetic-pole geometry on electromagnetic
performance are investigated. To reduce the risk of PM
demagnetization during assembly, a magnetizing device to
magnetize V-type rotors is designed. The thermal circuit of the
PMSM is established and the demagnetization characteristics of
the machine at different temperatures are analyzed [12].

High cooling capacity liquid cooling is used by means of liquid
circulation in a cylindrical water jacket [13]. The heat generated
from the electric motor must be absorbed by the coolant
circulating in the water jacket and moved to the radiator. A
mixture of ethylene glycol and water of ratio 50-50 is proposed
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to be used as a cooling liquid to dissipate about 5500 W of heat
at temperature difference of 15 °C between the inlet and outlet of
coolant at constant mass flow rate. The resistance of copper wire
increases as temperature increases and the permanent magnet
can lose its magnetism, and the power loss is significantly
affected by high temperature. The proposed model in [14]
mentioned that the maximum temperature in the 35 kW motor
was 120 °C at the stator winding but it is intrinsic to maintain the
outlet temperature of cooling water for motor and its drives
below 60 °C applying coolant flow rate of 11.2 I/min by a water
pump. An evaluation of electromagnetic and thermal
performance for traction motor that used in electric vehicles has
been conducted in [15]. To perform the analysis, two different
driving cycles are applied to urban and highway driving
conditions by using three different motors. The thermal analysis
evaluates the working conditions of the magnet and the windings
for the motors and represents the effect of temperature on the
performance then provides suggestions for traction motor design.
It is concluded that forced cooling is required to enhance the
motor performance by cooling down the winding temperature.
As a modification of an IPM motor, a finned housing without
forced cooling and with water cooling have been applied to
improve the traction motor performance in [16]. Using
conductors with high thermal conductivity insulation can reduce
temperature and the cooling process has been enhanced by
applying forced cooling with the suitable flow rate to reduce
winding temperature. The magnetic losses and heat generation
give an indication of the performance and the life expectancy of
the traction motor [17]. Extremely high temperatures rapidly
damage the insulation and reduce the function of some essential
components such as winding conductors and demagnetize the
motor permanent magnet. Hence, reducing the temperature of
the rotor may boost motor efficiency. To achieve the cooling
process, thermal design is carefully considered for both passive
and active cooling methods.

In this paper, a new hybrid cooling method is proposed for
cooling of V-type IPMSM machine. The main cooling method is
using an external water jacket cooling system. To improve the
cooling process, ventilation ducts are inserted into the stator and
rotor cores. One layer of ventilation ducts is inserted in the stator
and two layers of ventilation ducts are inserted in the rotor. The
main function of the ducts is improving heat exchange between
inner parts and external parts. Determination of the ducts place
and cross section area is important to avoid core magnetic
saturation. However, the duct area can increase core magnetic
saturation which increases motor temperature and degrades
performance. The cross-section area of the ducts is optimized to
improve cooling and avoid magnetic saturation. The
electromagnetic and thermal performance is analyzed under
different operating conditions using 2-D finite element method.

2. IPMSM design
Cross-section view of the proposed IMPSM is shown in
Figure la. The motor has two layers of PMs inserted in the rotor

core. The inner layer is V-type PM while outer layer is
tangential type. The stator winding is a conventional three phase
winding. Outer water jacket cooling system was proposed. In
this paper, the stator and rotor ducts are inserted as shown in
Figure 1b. The dimensions of the proposed IPMSM are given in
Table 1.

The stator and rotor cores are made of silicon steel M250-35A.
The PMs are made of Sintered Neodymium-Iron-Boron Magnets
(N42UH). The stator winding is made of annealed copper. The
thermal conductivity, specific heat and density of the different
materials are given in Table 2. For stator winding, temperature
coefficient of resistivity of copper = 0.00393 and its resistivity
1.724e-8 at 20 °C.

a. IPMSM without ducts

b. IPMSM with ventilation ducts.
Figure 1: Cross-section view of old and proposed topologies

Table 1: IPMSM dimensions

Parameters Value Parameters Value Parameters Value

Stator outer | 250 Stack 100 mm Tooth width | 4.5

Dia. mm length mm

Stator bore 175 Air gap 0.8 Slot depth 19
mm length mm

No. Of solts | 72 Rotor type Interior V+ | Slot corner 1 mm

Tangential Raduis

No. Of 8 Shaft Dia 45 mm Tooth Tip 1 mm

poles [F] depth

Shaft Dia. 55 Shaft Dia 45 mm Slot 3 mm

[R] opening
Motor 240 Slot type Parallel Tooth Tip 40
length mm angle Deg.

Table 2: Thermal characteristics of motor materials

Component Material Thermal Specific Heat Density
conductivity kl/kg/°C kg/m?
W/M/C

Stator/Rotor | M250-35A 30 0.46 7650

lamination

Stator Copper 401 0.385 8933

winding (Annealed)

Magnet N42UH 7.6 0.46 7500




3. Motor loss

The losses in the IPMSM are the source of heat. There are
copper loss, magnet loss, iron loss, and mechanical loss. The
relationship between input power (P,;,), output power (P,,.) and
power loss (P,ss) are expressed as:

Pin = Pout + Bloss (1)
(2)

where, P. is the copper loss, Py, is the permanent magnet loss,

1:)loss = l:)c + l:)prn + Piron + l:)mech

Piron 18 the iron loss in cores of stator and rotor, and Pyecp, 1S the
mechanical loss includes friction and windage losses.

3.1. Copper loss

Due to copper resistivity, an amount of power is lost in the
winding when current flowing in it. The power loss raises the
winding temperature which in turn increases winding resistivity.
At high frequencies or high speeds, the resistance increases
because of a skin effect phenomenon. The copper loss in three
phase IPMSM can be expressed as:

_ 22
P. = 3ignRpn 3)
The variation of stator resistance with temperature is based on
temperature coefficient of copper:

Rph = Rref (1 + (X(T - Tref)) (4)

Where, iph is the root-mean-square value of phase current, and
Rph is the phase winding resistance, Rrr is the phase winding
resistance at 20 °C; o is the temperature coefficient of copper
(which is 0.004/°C); and T is the winding temperature. The
temperature of the stator winding under drive cycle reaches 160
°C.

The estimated stator resistance of the proposed IPMSM at 100
°C = 0.008557 Ohms/Phase.

At peak power, the phase current = 560 Arms.
The copper loss= 3*5602*0.008557 = 8.05 kW.
3.2. PM loss

The loss in the PM is mainly due to the time-varying
magnetic field. The known two terms of magnet loss are
hysteresis and eddy current losses. Both types depend on the
operating point of the PM, operating frequency and air gap flux
density. Because of the non-sinusoidal stator current (time
harmonics) and nonuniform air gap flux (space harmonics), the
air gap magnetic field has fundamental and harmonic
components which increase magnet and core loss.

The magnet loss is usually calculated by [19]

P.==L_T

pm ~ 5, ~pm ‘pm

W, B2F? )
Where Lym, Tpm, Wpm are the PM length, thickness and width,
respectively. o is the electric conductivity of the magnet material,
B is the air gap flux density, and F is the harmonic component
frequency. Figure 2 shows the waveform of the sinusoidal flux
density. It is shown that the waveform has different harmonic
components which increase PM loss.
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Figure 2: Air gap flux density at loading (peak power)

At high-speed operation and high frequency, eddy current
loss is the main loss in PMs. The higher-order time harmonics of
the current waveform is basically generated by the inverter. The
rare-carth neodymium (NdFeB) magnet, which is used in the
proposed IPMSM, its Curie temperature is 330 °C, above which
the magnet is totally demagnetized. However, the magnet
temperature is not allowed to rise higher than 100 °C to prevent
irreversible demagnetization when the coercivity and remanence
of the magnet deteriorate during the EV operation.

B-H curve of PM material (N42UH) at different operating
temperature degrees is given in Figure 3. At 100 °C, residual
flux density B~=1.2 T and Hc = 0.9%10° A/m and polarization
J=1.18. The non-linear demagnetization characteristics for
magnets used can be expressed as [18]

B, = B, + uopi, H — E. e kalka*i)
(6)

where B is the total flux density of the magnet, B is the
magnet's residual induction (which is calculated at the
appropriate temperature using ), po is the permeability of free
space. W is the magnet's relative permeability = 1.05, H is the
demagnetizing field strength, E is a dimensional conversion
factor E = 1 T, and k; is the Squareness Factor = 6e-5 , k; is a
constant defined by [18]:

ky = = [(B, + Gty — DityHey) 2] /ey — Hey @

where H; is the magnet's intrinsic coercivity (which is
calculated at the appropriate temperature)

The temperature dependence of B; and Hy is encoded through
the relations [18]:

a-(Tmag temp _TmrEf)
100

B, Mag temp — B, Tref (1 + 3
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)

ﬁ-(Tmagtemp _Tmref))

HC] Mag temp - HC]Tref (1 + 100

The reversible temperature coefficients (RTCs) can be estimated
as follows:
(Br Tref —Byr Mag temp)

a= (10)

By Tref (Tmag temp_Tmref)

(HC]Tref_HC] Mag Temp)

(11

Hc]TrEf(Tmag temp_Tmref)

where, Bimer is the residual induction (at the reference
temperature Trer = 20 °C) = 1.31 as shown in figure 3. Hey is the
intrinsic coercivity at the reference temperature = 1.99¢6, the
reversible temperature coefficients a = - 0.12 and f = - 0.46.

Demagnetization Curvesfor N4ZUH

v = B(20°C)
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Figure 3: Demagnetization curves of PM material N42UH at different
temperature degrees [11]

3.3. Core loss

Time varying magnetic field generates power loss in the
motor core. The main two terms of core loss are hysteresis loss
and eddy current loss. In turn, core loss is proportional to motor
speed or frequency. The two terms of core losses can be
estimated as:

P =Py+ P =knfBrax + keszrznax (12)

Where, ki, and ke are the material-dependent coefficients of
hysteresis loss and eddy current loss, which depends on
magnetic core characteristics and core lamination thickness. Biuqx
is the maximum air flux density, and » is a material-dependent
exponent between 1.5 and 2.5.

The manufacturer’s data sheet usually provides core loss curves,
which allow estimation of the material-dependent coefficients in
the core loss polynomial as a function of flux density and
frequency. Here, only the fundamental sinusoidal current was
considered. Figure 4 shows the data sheet of the proposed core
material (M250-35A). For the same motor speed, the core loss

decreases as temperature rises. This is due to the
demagnetization effect of the magnet when the temperature rises.
M250-35A (Steel)

Steinmetz loss method being used

Minor loop hysteresis loss coefficient (Kc). |0.65

Lamination thickness {mm}): (035

Steinmetz Coefficients:

Hysteresis loss coefficient (kKh):

Eddy cument loss coefficient (Keddy):
Alpha exponent for hysteresis loss:
Beta exponent for hysteresis loss: I:l

Bertotti Coefficients:

Excess loss coefficient (Kexc): |0.00138
Alpha exponent for hysteresis loss:
Hysteresis loss coefficient (Kh): [0.00468

Figure 4: Data sheet of silicon steel M250-35A [11]
3.4. Mechanical loss

Mechanical losses are a consequence of bearing friction
losses, windage losses of rotating rotor, and ventilator losses.
Bearing losses depend on the shaft speed, type of bearing,
lubricant properties and the load on the bearing. Bearing
manufacturers give guidelines for calculating bearing losses.
Bearing friction losses are [19]:

B, = 0.5QuF,D (13)

Where, 2 is the angular frequency of the shaft supported by a
bearing, u the friction coefficient (typically 0.08 — 0.20 for steel-
on-steel sliding contact surface combination), F} the bearing
load and D is the inner diameter of the bearing.

Windage losses are due to the friction between moving parts and
surrounding air so depends on rotor speed. The windage losses
are; the losses in the air gap and the losses at the ends of the
rotor. The air-gap part of the rotor can be modeled as a rotating
cylinder in an enclosure. Gives an equation for the power
associated with the resisting drag torque of the rotating cylinder.
Pow = %chnme;*lr (14)
where, k is a roughness coefficient (usually k& = 1-1.4, for a
smooth surface £ = 1,), Cy the torque coefficient, p is the air
density, Q is the rotor angular velocity, D, the rotor diameter,
and /. the rotor length.

4. Proposed cooling method of IPMSM

Since the IPMSM performance can be limited by the
thermal conditions, water cooling is proposed to reduce the
winding and magnet temperature under working conditions to
fulfill the requirements of the driving cycles for IPMSM. In the
current study, a modified design of IPMSM has been conducted.
One-layer ducts are inserted in the stator and two-layer ducts are
inserted in the rotor as shown in Figure 1b. See Table 1 for
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dimensions of the proposed IPMSM. Figure 5 shows the two
types of ventilation.

Electric motors are cooled by air ventilation due to the low heat
generation compared to the traditional internal combustion
engine. If the required cooling capacity in large motors is high,
then liquid circulation cooling is applied. Liquid cooling can
also be used in small motors to enhance the overall cooling
process. Liquid cooling system has higher cooling efficiency,
greater powet/size ratio, and lower noise level if compared to air
cooling. The generated heat from the electric motor is collected
by the coolant circulating in the water jacket. The coolant was
assumed to be ethylene glycol and water mixture at 50-50 ratio
(EGW 50/50).

a. Standard air ventilation

b. Hybrid air ventilation and EGW cooling

Figure 5: Air ventilation ‘without cooling ducts’ and air ventilation ‘with
EGW cooling ducts’

4.1. IPMSM heat transfer analysis
The IPMSM runs at peak power condition of 200 kW. If the

motor without forced cooling has an efficiency of 90 % then, 10 %

of the power loss can be assumed as heat generated by the motor
which equal to 20 kW. The cooling system is assumed to
dissipate about 24.4 kW as 1.22 safety factor is used. The rate of
heat transfer is given by:

(15)

Qgen = m'CpATmax

where, m' is the mass flow rate, c, is the specific heat of the
coolant and ATmax is the maximum temperature difference
between coolant and electric motor space.

By applying air ventilation in the standard motor, in this case air
is used as a coolant and the heat load has to be removed by the
cooling process according to (15). If the temperature difference is
limited to 15 °C [13] and the ¢, for air is 1.009 kJ/kg.K as shown
in Table 3, then a constant mass flow rate of 1.614 m3/s has to be
maintained to remove the 24.4 kW of the generated heat which is
very difficult to achieve so a modified design applying hybrid air
ventilation and EGW cooling system is proposed.

For the proposed water cooling arrangement, as taken from
Table 3, where the coolant inlet temperature is 65 °C, and the
maximum winding temperature is 95.5 °C, then ATmax is 30.5 °C.
Fluid volume flow rate is 8 I/min., density of the EGW coolant is

1051 kg/m?, specific heat of the EGW coolant is 3.504 kJ/kg.K
and coolant velocity are 2.672 m/s.

Table 3: Thermal characteristics of air and liquid coolant EGW

Air EGW 50/50
Thermal conductivity 0.03027 0411
Density (kg/m®) 0.998 1051
C, (kJ/kg.K) 1.009 3.504
Kinematic viscosity 2.09e-5 1.305 E-6
Dynamic viscosity 2.088e-5 0.00137
Fluid volume flow rate (I/min) 8

Based on the aforementioned data, the heat load that coolant
can dissipate is calculated using (15) as 14.976 kW. So the
proposed cooling system can dissipate 14.976 kW deducted from
24.4 kW and the remaining heat loss that affects the efficiency is
9.424 kW. Hence, the calculated efficiency is 95.288% here,
only the loss due to heat generation is considered. Any
additional losses will definitely reduce the efficiency of the
system. Referring to the system efficiency illustrated in Table 4
and the calculated efficiency, the difference between the
calculated efficiency and the tabulated one is a result of
considering the other losses in the system.

5. Results and discussion

In the following sections, the electromagnetic and thermal
performance of the proposed IPMSM with hybrid ventilation
method will be analyzed under different operating conditions.

5.1. Electromagnetic performance analysis

Electromagnetic analysis is carried out under peak power on
conventional IPMSM. Figure 6 shows the air gap magnetic flux
density and flux lines in different parts of the motor under peak
power conditions (200 kW). The results are used to select the
optimum place of rotor ducts. It is shown that there is a dead area
in the rotor core (black circles), so circular ducts could be
inserted in the rotor to improve motor ventilation without
affecting the flux density. Figure 7 shows the flux paths in rotor
and the location of the stator and rotor ducts. The outer layer of
rotor ducts is inserted in the center between each pole parts while
in the inner layer is inserted between each two poles. The
arbitrary ducts diameters are; stator duct diameter of 6 mm and
rotor duct diameter of 10 mm. Figure 8 shows the flux density
and flux lines in different parts. It is shown that there is no
change in rotor circuit. But compared to Figure 6, saturation
appears in the stator core because of stator ducts. So, stator duct
diameter needs optimum design.
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Figure 8: Flux density and flux lines under peak power loading

To study the effect of stator duct area on electromagnetic
performance, sensitivity analysis is carried out. The stator duct
diameter is changed from 0 to 10 mm. Figure 9 shows the
variation of motor torque, line to line back EMF and efficiency.
It is shown that stator duct diameter 6 mm has negligible effects
of back EMF and motor torque. So, the following study will be
carried out using 6 mm stator duct diameter.

Figure 9 and Figure 10 show the motor performance under peak
power loading with 6 mm stator duct diameter. The results show
that the motor preserves the Torque- speed and power-speed
characteristics. The proposed IPMSM has suitable characteristics
in the regions of constant torque and constant power. The motor
could develop the maximum torque from standstill till 8000 rpm

(constant torque region) and rated torque (150 N.m) till
operating speed over 14000 rpm. The results illustrate that the
proposed motor has a wide field weakening region. Efficiency-
torque map in Figure 11 shows the motor operates in high
efficiency for wide operating region.

—+Back EMF Line-Line Voltage [ms) Volts ~ —=-Averagetorque (DQ) TorqueNm  —-System Efficiency %

_ .

0 2 4 [

DUCT DIAMETER, MM

Figure 9: Effect of stator duct diameter on peak torque, back Line-Line EMF rms
and efficiency
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Figure 10: Torque -speed and power-speed curves of the proposed IPMSM

sShaft Torque (Nm)
Efficiency (%)

8000 12000 14000

Speed (1pm)

6000

Figure 11: Shaft torque and efficiency map of the proposed IPMSM

The motor losses under peak power are given in Table 4.
Most losses are in the stator winding and iron. Good ventilation
of stator parts achieves high efficiency and long life of motor
parts.

Table 4: Summarized losses in IPMSM under peak power loading

Input power 201.31kW Stator copper loss 8.05 kW

Phase current | 560 Arms Magnet loss 0.02098 kW

56

>



Output power | 191.41kW Stator iron loss 1.484 kW
Shaft torque 365.56Nm Rotor iron loss 0.04893 kW
Shaft speed 5000 rpm Windage loss 0.01201 kW
System 95.08 % Friction loss 0.1 kW
efficiency

Total losses 9.904 kW

5.2. Thermal performance analysis

The proposed cooling system keeps the parts of IPMSM
maximum temperature less than that for the standard one. This
modification enhances the motor performance by about 5%
which keeps the motor working in its full or partial load for a
longer period compared to the standard one without cooling. The
performance of the motor under short and long transient can be
illustrated as follows:

a.  Short transient

The machine runs with peak load (375 N.m) and rated speed
(5000 rpm) for 120 seconds. In this case, the machine is tested
under short peak power transient. The temperature variation for
stator, rotor, PM and winding are shown in Figure 12. It is
shown that the winding temperature reached 154 °C using the
proposed design compared to 180 °C without using ventilation
ducts. The PM temperature reached 60 °C compared to 72 °C
without using ventilation ducts. Figure 13 shows the temperature
distribution in rotor and PM. It is shown that the maximum
temperature is decreased from 78 to 60 °C. Figure 14 shows the
reduction in stator winding temperatures. The results show a
significant reduction in temperature of different parts.

—StatorBack fon  —StatorSuface  —RotorSuface  —Magnet —RotorBacklron  —Shaft[Acive] —EmbeddedMagnetPole  —Wnding{Avg)

TEMPERATURE (C)
fl:l
1
)
|
1
1

0 4 % 10
TIME (SEC]

Figure 12: Temperature variation under peak power transient

Figure 13: Temperature distribution in rotor under peak power short
transient

Figure 14: Temperature distribution in stator under peak power short
transient

The effect of motor temperature on electromagnetic
performance was re-evaluated taking thermal effect under full
load into account. Thermal effects on torque-speed and power-
speed characteristics are given in Figure 15.

250 120

4100

Shaft Torque (Nm)
8
Shaft Power (kW)

L L L L 0
8000 10000 12000 14000 16000

Speed (1pm)

L L L
0 2000 4000 6000

Figure 15: Torque-speed and power-speed characteristics taking thermal
effect into account

The continuous torque requirement of 95 N.m is exceeded up
to 10000 rpm. The continuous power requirement of 70 kW is
available between 3000 rpm to 12000 rpm. The continuous
power is close to the peak power. The machine is reaching the
thermal limits just before maximum speed. Figure 16 illustrates
the stator winding and PM temperature variation with motor
speed. It is shown that winding temperature is reduced
significantly at high speeds. At low speeds or low frequency, the
copper loss is the main loss and core loss is less significant while
at high speeds/frequencies, the core loss is the main loss.
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Figure 16: Stator winding and magnet temperature with speed under
constant loading.
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b.  Long transient

In this case, the thermal performance will be evaluated under
standard duty cycle drive WLTP3. The motor is tested for 5
drive cycles (9000 sec or 2.5 hours) where the drive cycle is
1800 sec (30 minutes). Figure 17 shows the torque and speed of
the electric vehicle of the proposed drive cycle. Figure 18 shows
the maximum stator winding temperature. It is shown that it is
reduced from 94.1 to 91.4 °C which indicates a significant
cooling of stator winding.

Duty Cycle Data:

m | '..

8
0

Toraue [Fm]
P

[ ]
0 40 600 800 1,000 120 140 1600 1800

[

T
]
0
a
0
g
[
z
H

m a0 600 ] 1000 1200 1400 1600 1800
Time [secs]

Figure 17: Standard drive cycle WLTP3 torque and speed

630 7200 3100 9,000

%0 1500 2700 3600

4500
Time [secs]

Figure 18: Temperature distribution in stator under peak power short
transient

6. Conclusions

To improve thermal and in turn electromagnetic performance of
IPMSM for electric vehicles traction, a hybrid ventilation
method is proposed in this paper. The hybrid ventilation method
consists of outer water jacket and inner air ducts in the stator and
rotor cores. The main ventilation method is the outer water
jacket, but inner air ducts improve ventilation of stator copper
winding and inner permanent magnets. Different motor losses
are calculated and in turn a cooling method is designed.
Electromagnetic and thermal analysis is carried out with and
without using air ducts. Two-Dimension finite element method
was used for analysis.

The proposed hybrid method achieved the following benefits:

1. The weight of the motor is decreased because of air
ducts in the stator and rotor cores.

2. The output power with the proposed hybrid ventilation
method achieved the peak and rated power.

3. Under peak power during short transient, the maximum

steady state temperature of the rotor and PM is
decreased from 78.5 °C (water jacket only) to 60.2 °C
(using a hybrid method).

4. Under peak power during short transient, the maximum

steady state temperature of the stator copper winding
decreased from 177.7 °C (water jacket only) to167.9 °C
(using a hybrid method).

5. The rated continuous torque (95 N.m) is exceeded up to

10000 rpm. Continuous power (70 kW) is available
between 3000 rpm to 12000 rpm.

6. For long operation, the maximum stator winding

temperature is reduced from 94.1 to 91.4 °C.
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Abbreviation and symbols

B
Binax
B:

B
Biver
Cu

Cp

D
D:

F

ipp

ke

kn

Lom

Air gap flux density

Maximum air flux
density

Magnet's residual
induction

Total flux density of the
magnet

Residual induction

Torque coefficient

Specific heat of the
coolant

Inner diameter of the
bearing
Rotor diameter

Farmonic component
frequency
Bearing load

Demagnetizing field
strength,

Magnet's intrinsic
coercivity

Stator current / phase

Material-dependent
coefficients of eddy
current loss
Material-dependent
coefficients of
hysteresis loss

PM length (mm)

Rref

ATmax

Tom,

Wom

Rotor length
Mass flow rate

phase winding resistance at
working temperature

Stator copper loss

phase winding resistance at
20 °C

is the winding temperature
Maximum temperature
difference between coolant

and electric motor space
PM thickness (mm)

PM Width (mm)

Temperature coefficient of
copper

Angular frequency of the shaft
Electric conductivity of the
magnet material

the friction coefficient

Permeability of free space.

Magnet's relative permeability
=1.05

Air density
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