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This paper presents a computationally efficient loss prediction procedure and thermal analysis of surface-mounted brushless AC
permanent magnet (PM) machine considering the UDDS driving duty cycle by using a lumped parameters’ thermal model. The
accurate prediction of loss and its variation with load are essential for thermal analysis. Employing finite element analysis (FEA) to
determine loss at every load point would be computationally intensive. Here, the finite element analysis and/or experiment based
computationally efficient winding copper and iron loss and permanent magnet (PM) power loss models are employed to calculate
the electromagnetic loss at every operation point, respectively. Then, the lumped parameter thermal method is used to analyse the
thermal behaviour of the driving PM machine. Experiments have been carried out to measure the temperature distribution in a
motor prototype. The calculation and experiment results are compared and discussed.

1. Introduction
The massive application of electric vehicle (EV) is a significant
way to reduce the emission and to settle the energy crisis
[1]. In general, the types of EVs can be categorized as pure
electric vehicle (PEV), hybrid electric vehicle (HEV), and fuel
cell electric vehicle (FCEV) [1–3]. To all these subcategories,
electric machine is always the key traction component, which
needs to be well designed and manufactured.
Among all the types of electric machine, brushless AC
PM machine is a promising candidate for EV traction motor
due to its high power density, high efficiency, fast dynamics,
and compactness [4, 5]. However, this kind of machine
could easily suffer insulation failure of coils and irreversible
demagnetization due to the poor cooling condition on the
rotor side and excessive heat generation on the stator side,
especially for variable-speed application [6]. Therefore, the
accurate temperature prediction for traction brushless AC
PM machine is of great importance at the design stage.
In fact, one of the key elements of accurate thermal analysis is the accurate losses calculation. Generally, there are two

main sources of loss within an electric machine: mechanical
and electromagnetic. Mechanical loss is attributed to the
frictional effects within the bearing assembly (bearing loss)
and fluid dynamics or aerodynamics effects within the motor
body (windage or drag loss) [7]; it can be easily obtained
according to the manufacturer’s manual. Electromagnetic
losses, which effect thermal analysis heavily, are usually
associated with active parts of the motor assembly and
include the iron, winding, and permanent magnet (PM) loss
components [8–10].
For electromagnetic losses prediction, two approaches are
widely used: analytical and numerical [11–19]. The analytical
approach for iron loss calculation was first developed by
Steinmetz [11] and then further modified by Bertotti [12].
The Bertotti formulation which divides the iron loss into
three individual parts, that is, eddy current loss, hysteresis
loss, and supplementary loss, is commonly used at current
electric machine design stage. The analytical winding loss
approaches have been well developed to account for the AC
effect, for example, the skin effect and the proximity effect
[13–15]. The AC equivalent resistance is the commonly used
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element to account for the AC effect. However, it is frequency
dependent and would change with the change of operation
point. Therefore, it would be difficult to calculate the winding
losses of all operation points accurately by a single value of
AC equivalent resistance. For PM power loss, a variety of
analytical techniques have been developed. These are based
on simplified assumptions of the field distribution and their
use is limited to the selected machine topologies for which
the assumptions hold [16, 17].
The numerical approach including time-stepping or frequency domain FEA is a more accurate way to calculate
the electromagnetic losses [4, 18, 19]. However, it is time
consuming and computationally intensive. Therefore, the
numerical approach would not be suitable in the case that a
loss map or an efficiency map is required.
Besides the losses prediction approaches, the thermal
model is another important element for thermal analysis.
Two main models could be found from literatures: FE based
thermal model and lumped parameter thermal model [20,
21]. The FE based thermal model is accurate and capable
of predicting the hottest pot within a motor, while it is
time consuming. The lumped parameter thermal model is
quick, while it could be only capable of calculating the mean
temperature of each motor component. Thus, the choice of
thermal model strongly depends on the design goals.
In addition, there has been increased interest in predicting temperature distribution under the driving duty cycle [4,
22]. A lumped parameter thermal model [20] has been used
to calculate the temperature distribution under the Chinese
city driving duty cycle in [4]. Good agreement is visible
between the analytical and experimental results. However,
the procedure presented is time consuming, since the FEA is
employed to calculate the loss at each operating point. Some
accurate and computationally efficient loss scaling techniques
[23–25] have been presented, and some of them have been
introduced into the analysis procedure and the equivalentcircuit lumped parameter thermal model has been adopted
in the literature [22], while it does not take the PM loss
into account, which may be small but can directly heat up
magnets.
This paper proposes a computationally efficient loss prediction procedure and a lumped parameter thermal analysis
of surface-mounted brushless AC PM machine considering
the UDDS driving duty cycle. The machine is applied on a 10meter motor-direct-driving large coach bus. The FEA based
iron loss [23], copper loss [24], and PM loss [25] scaling
techniques are utilized to obtain the loss distribution under
the driving duty cycle in a timely manner. The equivalent
thermal parameter of winding [26] is calculated and introduced into the thermal model. Finally, the temperature of
winding, stator, and PM is predicted and is compared with
the results from experiment.
The remainder of the paper is organised in the following
manner: Section 2 outlines the machine design exemplar
and the selected coach bus configuration; Section 3 describes
the analysis procedure and the electromagnetic loss scaling
technique; Section 4 details thermal modelling; Section 5
describes the experimental setup and results; Section 6 summarizes the research findings.
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Table 1: Selected details of driving motor.
Number of poles
Number of slots
Rated torque
Rated power
Motor outer diameter
Active length

8
48
928 Nm
350 kW
480 mm
210 mm
Cooling jacket

Rotor
Stator
Winding

Bandage
Shaft
Permanent
magnet

Figure 1: Geometry of analysed PM machine.

2. Study Machine and Bus Model
The analysed motor is a radial-flux, integer-slot, distributedwound internal-rotor PM machine with water cooling jacket,
as shown in Figure 1. Selected details of the driving motor are
given in Table 1. And basic traction parameters of selected
coach bus are given in Table 2. Please note that the aim of
this paper is to accelerate the analysis speed by using computationally efficient loss mapping techniques. Therefore, some
of the coach bus traction parameters have been modified to
ensure that torque-speed characteristic of analyzed machine
can cover the torque-speed requirement.

3. Analysis Procedure
3.1. Outline of Analysis. In order to predict dynamic temperature distribution of the driving motor under the driving
duty cycle, an analysis procedure is developed and shown in
Figure 2.
The limited number of FEAs is utilized in order to derive
the loss functions, which give access to loss predictions
over the entire torque-speed envelope quickly. Meanwhile,
the UDDS, shown in Figure 3, of EV is adopted. This duty
cycle contains 1370 points and each point runs one second.
The corresponding operating points of the driving motor
including speed and torque are obtained. Then, by the
computational loss derivations, the losses at each operating
point can be easily achieved. Based on the loss predictions,
the dynamic temperature distribution under the driving duty
cycle is predicted by using lumped parameter thermal model.
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Table 2: Traction parameters of coach bus.
14000 kg
13
6.6 m2
0.46 m
95%
0.0075
0.7
1.2

50

Velocity (mph)

Gross vehicle weight 𝑚
Final drive ratio 𝑖0
Frontal area 𝐴
Wheel radius 𝑅𝑟
Drivetrain efficiency 𝜂
Rolling resistance coefficient 𝜇
Aerodynamic drag coefficient 𝐶𝐷
Vehicle rotary mass coefficient 𝜎

60

40
30
20
10

Limited number of FEAs

Driving duty cycle of EV

0

0

Operating points of PM
machine

Loss derivation

200

400

600
800
Time (s)

1000

1200

1400

Figure 3: The UDDS driving duty cycle.
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Equivalent-circuit lumped
parameter thermal model
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Figure 2: Outlines of analysis procedure.
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3.2. Motor Torque and Speed Calculation. The corresponding
operating points of the driving motor including speed and
torque are derived from the following equation:
𝑛=

V𝑖0
.
0.377𝑅𝑟

(1)

0

200

400

𝑇=

(𝑖0 𝜂)

800

1000

1200

1400

Figure 4: Torque requirement of UDDs duty cycle.

a result of flux emanating from the permanent magnets which
flows across the face of the tooth tip and does not couple the
stator coils [23]:

Here, the unit of V is km/h, so the vehicle speed in UUDs
should be converted to km/h by multiplying 1.61:
(𝜇𝑚𝑔 + 𝐶𝐷𝐴V2 /21.15 + 𝜎𝑚𝑎) 𝑅𝑟

600

𝑃iron = 𝑃1 + 𝑃2 ,

(3)

where
.

(2)

The machine torque map under UDDs duty cycle is
shown on Figure 4. Here, the generator mode of analysed
machine is ignored.
3.3. Loss Derivation
3.3.1. Iron Loss. The total iron loss occurring in the stator can
be viewed as a superposition of two components. One stems
from the main magnetizing flux path which flows through the
teeth and back iron and couples the coils forming the stator
winding. The other occurs during field weakening and is

𝑃1 =

𝑎𝐽
𝑎ℎ
𝑎
𝑉 + 𝑉2 + ex 𝑉1.5 ,
𝜆 𝑚 𝜆2 𝑚 𝜆1.5 𝑚

𝑏𝐽
𝑏ex 1.5
𝑏
𝑃2 = ℎ 𝑉𝑑 + 2 𝑉𝑑2 + 1.5
𝑉𝑑 .
𝜆
𝜆
𝜆

(4)

The 𝑉𝑚 and 𝑉𝑑 used in (4) are determined from the phasor
diagram of direct-quadrature 𝑑-𝑞 axes describing the brushless AC operation of the motor, where
𝜆=
𝐼𝑞 =

𝐸ph
𝑓
𝑇
,
𝑘𝑇

,
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𝐼𝑑
,
𝐼SC

300
250

𝐼𝑞 2
𝐼 2
𝑉𝑚 = 𝜆𝑓√ (1 − 𝑑 ) + ( ) .
𝐼SC
𝐼SC
(5)
Here, 𝐸ph is the phase EMF, 𝑇 is the torque, 𝐼𝑑 and 𝐼𝑞 are the
magnitudes of the demagnetizing direct axis and quadrature
axis components of stator phase current, 𝑘𝑇 is the motor
torque constant, and 𝐼SC is the short-circuit current calculated
from FE analysis. The coefficients 𝑎ℎ,𝑗,ex and 𝑏ℎ,𝑗,ex for the
hysteresis, Joule eddy-current, and excess losses have been
found from curve fitting (4) to the FE open-circuit and shortcircuit loss results across the operating frequency 𝑓. Note that
the iron loss in rotor core is relatively small in this case, so it
can be neglected.
3.3.2. Copper Loss. The electrical resistivity of copper
increases with operating temperature elevating, which results
in simultaneous rise of DC loss component and reduction
of the AC loss component caused by skin, proximity, and
other eddy current effects [24]. The overall copper power
loss and its thermal variation at AC operation depend on
the balance between these two loss components [22]. Here,
the copper loss scaling approach proposed in [24] has been
employed. The end-winding copper loss will be separated
from the total copper loss by multiplying a ratio between endwinding length and total winding length.


𝑃AC 𝑇 = 𝐼2 𝑅DC 𝑇
0


( 𝑅AC /𝑅DC 𝑇0 ) − 1
√(1 + 𝛼 (𝑇 − 𝑇0 ))

(6)


+ 𝐼 𝑅DC 𝑇 (1 + 𝛼 (𝑇 − 𝑇0 )) ,
0
where 𝛼 is the temperature coefficient of resistivity of copper,
3.93𝑒 − 3 K−1 , and 𝐼2 𝑅DC |𝑇0 is the DC copper loss at reference
temperature 𝑇0 , which is set at 25∘ C in this case.
3.3.3. PM Loss. The eddy current loss generated in the
magnet array stems from two effects. The first results from the
permeance variation caused by stator slotting and the second
from the armature reaction field. The complete functional
representation of PM loss catering for both constant torque
and constant power operating regions can be then written in
the following form [25]:
𝑛 2
) .
𝑛𝑊
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Figure 5: PM loss distribution under the UDDS driving duty cycle.
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𝑃PM = (𝑎𝐼𝑞2 + 𝑏𝐼𝑑2 + 𝑐𝐼𝑑 + 𝑑) (

PM loss (W)

200

Iron loss (W)

𝑉𝑑 = 𝜆𝑓

(7)

Here, the coefficients 𝑎, 𝑏, 𝑐, and 𝑑 can be derived from four
individual FEAs accounting for open-circuit, rated current
in the quadrature axis, rated current in the direct axis, and
reduced current in the direct axis. And 𝑛 is the rotatory speed;
𝑛𝑊 is the reference speed which should be set within the field
weakened regime of operation.
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Figure 6: Iron loss distribution under the UDDS driving duty cycle.

3.3.4. Other Losses. The bearing and frictional loss is calculated according to the manufacturer’s manual.
Figures 5 and 6 show the PM loss and iron loss distribution individually according to (3) and (7) in a single UDDS
driving duty cycle. And the mechanical loss distribution is
presented in Figure 7. Note that as the copper loss scaling
technique requires transient temperature, the copper loss
distribution remains unknown at this stage. However, the
copper loss at ambient temperature 25∘ C is easily obtained
and would be used as initial condition.
Table 3 illustrates the comparison between the technique
proposed in [4] and the presented technique in the paper. As
only 6 steps of FEA are utilised in the presented technique,
the analysis time of complete duty cycle could be able to
be reduced from 2 hours to just several minutes, compared
to the previous technique where 1314 FEAs are adopted. In
addition, the PM loss is further taken into account in the
presented technique, which will result in a more accurate
thermal analysis. By using all these means, the analysis time
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Table 3: Comparison between previous technique in [3] and
proposed technique in this paper.
Technique in [3]
Numbers of FEA
Analysis time of
compete duty cycle
Types of
electromagnetic loss

1314
More than 2
hours
Winding loss,
iron loss, and
mechanical loss

Cooling water
Frame

Proposed
technique

C

Stator back iron
u, C

6
Around 5 min

End winding

Winding

u, C

u, C

Winding loss,
iron loss, PM loss,
and mechanical
loss

Stator teeth
u, C

Permanent magnet
u, C

2000
1800

Rotor back iron

Mechanical loss (W)

1600

u, C

Internal air

1400

Shaft
C

1200

Figure 8: Lumped parameter thermal model. 𝐶 = thermal capacitance, 𝑢 = heat generation.
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Figure 7: Mechanical loss distribution under the UDDS driving
duty cycle.

could be reduced substantially, and the results could be more
reliable.

4. Thermal Analysis
4.1. Calculation of Thermal Parameters. Figure 5 shows the
general thermal network for component based on the
assumption that temperature in the PM machine is axially
symmetrical. Here, there are three unknown temperatures:
the outer surface 𝑇𝑟,1 , the inner surface 𝑇𝑟,2 , and the axial
edge 𝑇𝑎 . And the four thermal resistances which constitute
the network can be calculated by the following equations:
𝑅1 =

2𝑟 ln (𝑟 /𝑟 )
1
(1 − 2 2 12 2 ) ,
2𝜋𝑘𝑟 𝐿
(𝑟1 − 𝑟2 )
2

2𝑟2 ln (𝑟 /𝑟 )
1
𝑅2 =
( 1 2 12 2 − 1) ,
2𝜋𝑘𝑟 𝐿
(𝑟1 − 𝑟2 )
𝑅3 =

𝐿
,
6𝜋𝑘𝑎 (𝑟12 − 𝑟22 )

𝑅𝑚 =

4𝑟12 𝑟22 ln (𝑟1 /𝑟2 )
−1
2
2
+
𝑟
−
(𝑟
),
4𝜋 (𝑟12 − 𝑟22 ) 𝑘𝑟 𝐿 1 2
(𝑟12 − 𝑟22 )

where 𝑟1 and 𝑟2 are the outer and inner radius of a general
cylindrical component, respectively, and 𝑘𝑎 and 𝑘𝑟 are the
axial and radial thermal conductivities of a general cylindrical
component, respectively.
The lump parameter thermal model is shown in Figure 8,
which contains nine key components of surface-mounted
brushless AC PM machine. Based on the previous assumption, only half of the motor geometry is modelled. Also, it is
assumed that heat flows in the radial and axial direction are
independent and the heat generation is distributed inside the
PM machine.
As a key component of surface-mounted brushless AC
machine, the electrical winding is a heterogeneous material
consisting of conductors, electrical insulation, impregnation
insulation, and air and would easily suffer from severe thermal load condition. A full representation of the individual
conductors and surrounding insulation system would add
considerable complexity to a thermal model and leads to long
solution times which limit the applicability of such models
to both transient problems and iterative design/optimization
procedures [26]. There are various modelling approaches to
capture the thermal parameters of electrical winding [27–
30]. This paper uses the methodology presented in [26] to
calculate the thermal conductivity and heat capacity:
V𝑐 + Vci = PF,

(8)

Vii = 1 − PF,
V𝑐 = PF
Vci = PF

𝑟𝑐2
2

(𝑟𝑐 + 𝑙𝑖 )

2𝑟𝑐 𝑙𝑖 + 𝑙𝑖2
2

(𝑟𝑐 + 𝑙𝑖 )

,
,
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PF (𝜌𝑐 𝑐𝑐 − 𝜌𝑝 𝑐𝑝 ) + 𝜌𝑝 𝑐𝑝
PF (𝜌𝑐 − 𝜌𝑝 ) + 𝜌𝑝

4000
3500
3000

,
(9)

where V𝑐 , Vci , and Vii are the volume ratio of conductor, conductor insulation, and impregnation insulation, respectively.
PF is the packing factor, 𝑟𝑐 is the conductor radius, and
𝑙𝑖 is the insulation thickness. 𝑘𝑒 and 𝑘𝑎 are the equivalent
thermal conductivity of winding and insulation amalgam,
respectively. 𝑘𝑐 is the thermal conductivity of conductor. 𝑐𝑒 is
the equivalent heat capacity, and 𝑐𝑐 and 𝑐𝑝 are the heat capacity
of conductor and impregnation compound. 𝜌𝑐 and 𝜌𝑝 are the
density of conductor and impregnation compound.
The heat transfer coefficient of the fully developed turbulent flow in the spiral housing water jacket can be calculated
according to [31]
ℎ=
𝑁𝑢 =

𝑘𝑓 𝑁𝑢
𝐷ℎ

Copper loss (W)

𝑐𝑒 =

(1 + V𝑐 ) 𝑘𝑐 + (1 − V𝑐 ) 𝑘𝑎
,
(1 − V𝑐 ) 𝑘𝑐 + (1 + V𝑐 ) 𝑘𝑎

2500
2000
1500
1000
500
0

0
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800
Time (s)
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Figure 9: Copper loss distribution under the UDDS driving duty
cycle.

,

100

(𝑓/8) (𝑅𝑒 − 1000) 𝑃𝑟
1 + 12.7 (𝑓/8) (𝑃𝑟2/3 − 1)
2

(10)

90

,

where 𝑁𝑢 is the Nusselt number, 𝑘𝑓 is the thermal conductivity of fluid, and 𝐷ℎ is the hydraulic diameter. 𝑅𝑒 = 𝜌Vav 𝐷ℎ /𝜇
is the Reynolds number, 𝜌 is the fluid density, Vav is the
fluid average velocity, 𝜇 is the fluid dynamic viscosity, 𝑃𝑟 is
the Prandtl number, and 𝑓 is the friction factor for smooth
cooling duct.
4.2. Transient State Thermal Model Equation. In order to
predict the transient temperature distribution over the entire
driving duty cycle, the dynamic thermal equation is utilized
according to [31]
𝑑𝐾𝑖
−1
−1
(11)
= [𝐶𝑡 ] [𝑃𝑡 ] − [𝐶𝑡 ] ([𝐺𝑡 ] + [𝐺fluid ]) [𝐾𝑖 ] ,
𝑑𝑡
where 𝐶𝑡 is the thermal capacitance matrix, 𝑃𝑡 is the heat loss
matrix, 𝐾𝑖 is the temperature rise matrix, 𝐺fluid is the cooling
fluid matrix, and 𝐺𝑡 is the thermal conductance matrix.
Figure 9 shows the copper distribution individually
according to (6) in a single UDDS driving duty cycle. The
temperature at every single operating point is used to derive
the copper loss. And Figure 10 presents the temperature
variations. The highest temperature appears in the stator end
winding, which reaches to 93.3∘ C. Over the entire driving
duty cycle, the highest temperature of magnet, stator back
iron, stator teeth, and winding is 41.3∘ C, 57.4∘ C, 59.1∘ C, and
88.3∘ C, respectively, and all of them come from the end of the
duty cycle. In this analysis, the ambient temperature is set to
25∘ C.

5. Experimental Result
The test bench used to measure the temperature of the motor
prototype is shown in Figure 11. The temperature measuring

80
Temperature (∘ C)

𝑘𝑒 = 𝑘𝑎

70
60
50
40
30
20

0

200

400

Stator back iron
Stator teeth
Magnet

600
800
Time (s)

1000

1200

1400

End winding
Winding

Figure 10: Dynamic temperature distribution under the UDDS
driving duty cycle.

sensor PT1000 is placed in the end winding, since the end
winding suffers from the most severe thermal condition. The
ambient temperature is 25∘ C and the temperature difference
between inlet and outlet is 2-3∘ C.
Both the traction motor and generator are water-cooled
and controlled by an integrated controller. The operation
points of the traction motor are calculated through (1) and
(2); each of them runs a single second. The end-winding
temperature measured by the temperature sensor is manually
recorded every 20 seconds.
The test and calculated results are shown in Figure 12.
Good agreement in trend is visible, while the test results
are relatively lower than those derived from calculation. It
is important to note that the predicted temperature dropped
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analysis method. And the agreement between analysis and
experimental results shows this method is convincing.

Generator
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Motor
controller

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References
Cooling water

Figure 11: Test bench for the temperature measure.
100
90

Temperature (∘ C)

80
70
60
50
40
30
20

0

200

400

600
800
Time (s)

1000

1200

1400

Analytical
Experimental

Figure 12: Comparison of experimental and analytical temperature
distribution of end winding under one driving duty cycle.

rapidly at around 800 s, while the measured temperature
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