
 

�Abstract -- In order to estimate the thermal characteristics 
of electric machines, the research on the lumped parameter 
thermal network (LPTN) has been carried out in this paper. 
Specifically, to improve the accuracy of the thermal analysis of 
the LPTN, the effect of the cooling fins on the frame, thermal 
modeling of bearing and the mechanical losses which can be 
divided into windage loss and bearing loss have been 
investigated. To reflect in the LPTN, the mathematical equation 
which describes the heat transfer through the cooling fin is 
derived and verified by the experiment. Moreover, the 
mechanical losses were obtained through experiment and 
divided into windage loss and bearing loss as a function of the 
rotational speed. Finally, the thermal analysis results 
ascertained through the LPTN are verified by comparing the 
temperature saturation test at no-load conditions. To verify the 
thermal analysis results, the 6-pole/9-slot interior permanent 
magnet synchronous machine is proposed. 
 

Index Terms-- Bearing loss, cooling fin, interior permanent 
magnet synchronous motor (IPMSM), iron loss, lumped 
parameter thermal network (LPTN), mechanical loss, windage 
loss.  

I.   INTRODUCTION 

S the downsizing, and high power density have been 
required in the electric machine industry, the losses 
which generate the heat energy inside the machine have 

increased while the heat dissipation area decreases. This 
trend has caused the temperature of the electric machine to 
rise. The point is that the deterioration of the thermal 
characteristics can lead to the performance degradation like 
decrease of efficiency or the insulation failure. Therefore, the 
temperature prediction through the thermal analysis is 
significant in the design process [1], [2]. 

In general, the thermal analysis methods of permanent 
magnet synchronous motor (PMSM) can be divided into two 
basic types: numerical methods such as finite-element 
analysis (FEA) and computational fluid dynamics (CFD), and 
analytical lumped parameter thermal network (LPTN). The 
main strengths of numerical methods like FEA and CFD are 
the accuracy of thermal analysis and that any device 
geometry can be modeled [3], [4]. However, such thermal 
analysis using FEA and CFD takes much computational 
resources and time. In order to reduce such a computational 
resources and analysis time, the researches on hybrid thermal 
analysis method such as CFD coupled with LPTN are 
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proceeding [5], [6]. 
Unlike FEA and CFD, the thermal analysis through the 

LPTN has the advantage of being very fast to calculate. For 
this reason, many studies on the LPTN are underway [7]-[15]. 
Although the thermal analysis using the LPTN is faster than 
the FEA or CFD, many researches are focusing on shorten 
the computation time of the LPTN [9], [10]. Based on the 
fast analysis time of the LPTN, design of the electric motor 
considering the thermal aspect applying the LPTN is 
proceeding recently [11], [12]. Also, many researchers are 
actively doing researches on the LPTNs for various type of 
electric machine [10], [11], and [13]. 

Even though the LPTN has been studied extensively 
because of its short analysis time, the LPTN has a 
disadvantage of less accuracy of the thermal analysis 
compared to FEA and CFD. The convection heat transfer 
coefficient, the thermal modeling of the winding and 
ambiguous mechanical aspects like contact state between 
components are the critical factors that decrease the accuracy 
of thermal analysis using FEA, CFD, and LPTN. As many 
researches on the air-gap convection [16], the thermal 
modeling of the stator winding [17], [18], and the critical 
parameters considering the mechanical aspects [19] had been 
progressed, the studies on improving the accuracy of the 
thermal analysis through LPTN are widely proceeding [14], 
[15].  

In this regard, to improve the accuracy of the LPTN, this 
paper proposes the modeling and experimental verification of 
the LPTN considering the effect of fins on the frame, bearing 
and mechanical losses separated into bearing loss and 
windage loss. Based on the differential equation governing 
the heat transfer in the fin, the thermal resistance of the fin is 
derived and applied to the LPTN. Also, the modeling of 
bearing as thermal contact resistance is proposed. It has a 
large value so heat does not transfer well due to the point 
contact between the rolling element and inner or outer ring. 
Moreover, the mechanical loss is separated into bearing loss 
and windage loss empirically and reflected to their position in 
the LPTN respectively. Then the thermal analysis results are 
obtained by the proposed LPTN of interior permanent 
magnet synchronous motor (IPMSM). To verify the heat 
transfer through the fin, the experiments on the temperature 
gradient of fin specimens are carried out. To measure the 
mechanical loss, the friction torque of the proposed 6-pole/9-
slot IPMSM with a non-magnetized PM is measured varying 
with the rotational speed. In addition, friction torque is 
separated into both bearing friction and windage friction, and 
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then losses are calculated by multiplying the angular velocity. 
Finally, the temperature saturation test of the proposed 
prototype IPMSM with magnetized PM is conducted at 
5000rpm under no-load conditions and thermal analysis 
results of the proposed LPTN are compared. 

II.   HEAT TRANSFER THROUGH COOLING FIN 

As shown in Fig. 1, the proposed IPMSM has cooling fins 
on the frame which improve heat dissipation. Fig. 2 shows 
the heat flow rate on a volume element and corrected fin 
length. Under steady conditions, the energy balance on a 
volume element shown in Fig. 2 (a) can be expressed as (1) 
[20]. 

 
, ,cond x cond x x convQ Q Q+Δ= +     (1) 

where, 
,cond xQ  is rate of heat conduction into the element at x, 

,cond x xQ +Δ
   is rate of heat conduction from the element at x+∆x, 

and 
convQ  is rate of heat convection from the element. 

Assuming a constant cross-sectional area of the fin, Ac and 
constant thermal conductivity, k, the differential equation 
governing heat transfer in the fin can be expressed as (2) by 
Fourier’s law of heat conduction and Newton’s law of 
cooling. 
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where, x is the distance from the fin base, p is the perimeter, 
h is the convection heat transfer coefficient, T is the 
temperature of the element at x, and T∞ is the ambient 
temperature. 

Also the temperature gradient along the fin assuming 
negligible heat loss from the fin tip can be expressed as (3). 
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An approximate, yet practical and accurate, solution to the 
general fin equation for considering the convection from fin 
tip can be derived by replacing the fin length L in the 
equation (3) by a corrected fin length Lc defined as (4). 

 c
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L L

p
= +   (4) 

The rate of heat transfer from the fin can be determined as 

(5) from Fourier’s law of heat conduction and the thermal 
resistance can be expressed as (6). 
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III.   MECHANICAL LOSS SEPARATION 

As a PM machine drives under no-load conditions, there is 
a no-load loss which can be separated into no-load iron loss 
and mechanical loss. The mechanical loss can be measured 
with the prototype composed by non-magnetized PM. In this 
paper, the experimental result of the mechanical loss is 
separated into bearing loss and windage loss to improve the 
accuracy of the thermal analysis through the proposed LPTN. 
Mechanical loss is composed of bearing loss and windage 
loss which are caused by friction torque. As expressed in (7), 
the friction torque from the bearing consists of the constant 
term and two-thirds term for the rotational speed and the 
friction torque from the windage consists of the quadratic 
term for the rotational speed respectively [21]-[25]. 

 
2

23
0 1 2friction bearing windage m mT T T a a aω ω= + = + +   (7) 

where, ωm is the rotational speed. a0, a1 and a2 are 

coefficients that can be obtained by least square method 
using experiment results. 

The constant term of bearing friction torque is due to the 
applied load, which is empirically evaluated by Palmgren 
[24]. The bearing friction torque due the to applied load 
varies according to the magnitude and direction of the 
applied load, dimensions of bearing and bearing type, which 
are not related to the rotational speed. Additionally, the two-
third term of bearing friction torque is the result of viscous 
friction torque, proposed by Palmgren [24]. The viscous 
friction torque depends on the type of bearing, the method of 
lubrication, the property of lubrication oil, dimensions of 
bearing, and the rotational speed. Specifically for the 
prototype proposed in this paper, the ball bearing is used. 

As the rotor of PM machine rotates, there are frictions 
between the rotor and airgap, stator and airgap because of 
force due to the shear stress of the fluid [23]. From the view 
point of aerodynamics proposed in [23], this force produces 
windage friction torque depending on the quadratic term for 
the rotational speed. Moreover the windage friction torque 
depends on the radius of the rotor, axial length of the rotor, 
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Fig. 1. Configuration of proposed IPMSM with cooling fins. 
 

 
Fig. 2. Configuration of fin. (a) Heat flow rate on a volume element. (b) 
Corrected fin length. 
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air density, and skin friction coefficient which is the function 
of Reynolds number. 

Accordingly, the mechanical losses can be calculated by 
multiplying the equation (7) by the angular velocity. For the 
purpose of improving the accuracy of thermal analysis 
through the proposed LPTN, the separated bearing loss and 
windage loss are reflected in proper part of PMSM in the 
proposed LPTN. The details are explained in chapter IV. 

IV.   LUMPED PARAMETER THERMAL NETWORK 

A.   Background 

The LPTN is organized based on the thermal network 
proposed by P. H. Mellor [26]. Since the shape of almost 
component of the rotating electric motor are cylindrical shape 
basically, thermal resistances and capacitances are calculated 
based on hollow cylinder shape. The mechanisms of heat 
flow through the conduction, the convection and the complex 
contact states between parts are modeled as resistances in 
electric circuit based on the assumptions below. 

1) Radiation is ignored 
2) No heat flows in a circumferential direction except 

for the flow between the stator teeth and windings 
3) The thermal capacitance and the heat source are 

uniformly distributed in each component 
After all the thermal resistances, thermal capacitances and 

losses compose the LPTN, it is solved based on the linear 
differential equation as expressed in (8) for all node. 

 ( )1i
i j i i

ji

dT
C T T Q

dt R
= − +    (8) 

where Ci is the node thermal capacitance, Ti, Tj are the ith 
and jth node temperature, Rji is thermal resistance between 

two adjacent nodes, i and j, and iQ  is loss at node i and it 

can be expressed as rate of heat generation at node i. 
The conduction occurs inside each part of the electric 

motor such as the rotor, stator yoke, stator tooth, stator tooth 
tip, permanent magnet (PM) and frame. Due to the shape of 
the electric motor, particularly for the IPMSM, all these parts 
can be equivalent to a hollow cylindrical shape in (a) of Fig. 
3. Each conduction component is modeled as the circuit 
shown in (b) of Fig. 3, applying the axial periodicity. It 
consists of the four thermal conduction resistances. The Ra 
represents the resistance in the axial direction. The R1r, R2r, 
and Rmr represent the resistances of the radially outward and 
inward direction, and compensation, respectively. 

For convection in electric motors, the thermal convection 
resistance, Rconvection in (9) is related to not only the dimension 
but also the state of the air flow. 

 
1

convectionR
hA

=   (9) 

where A is the surface area where the convection occurs, and 
h is the convection heat transfer coefficient. The three cases 
of convection are considered as follow. 

1) Frame - ambient 
2) Air gap: stator - rotor 
3) Air between end cover and stator, end cover and rotor  
The convection heat transfer coefficient of above cases are 

decided by the empirical equations investigated beforehand 
[16], [20]. 

The heat sources are the losses of the electric motors such 
as the mechanical loss, the iron loss, the copper loss, and the 
eddy current loss in the PM. The heat sources are expressed 
as the current source in the thermal network. As shown in 
Fig. 4, the heat sources are separated in detail so as to predict 
the temperature according to the exact location of the electric 
motor. For the copper loss, the coil is separated into the end 
coil and the coil side. Pend coil and Pcoil side are the separated 
copper losses. For the iron loss, it is departmentalized by 
position of the loss generation as the stator yoke, the stator 
tooth, the stator tooth tip, the outer rotor, and the inner rotor. 
The separated iron losses, Pyoke, Ptooth, Ptooth tip, Pouter rotor, and 
Pinner rotor are shown in Fig. 4. In this paper, the copper loss is 
ignored because there is no current input when driving the 

 
Fig. 3. General hollow cylindrical component. (a) Hollow cylindrical model. 
(b) Thermal network for hollow cylindrical model. 
 

 
Fig. 4. Lumped parameter thermal network for the IPMSM. 
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proposed IPMSM under no-load condition. Also, the eddy 
current loss in PM is ignored because of its small value.  

The thermal capacitance is calculated with dimensions, 
mass density, ρ and specific heat, cp of the material by (14). 

 ( )2 2
1 2pC c r r Lρ π= −   (10) 

B.   Consideration of Heat Transfer through Cooling Fins 

There are many fins on the frame of the proposed IPMSM 
as shown in Fig. 1. According to (6) of chapter II, each fin 
can be expressed as the thermal resistance and connected to 
the outer side of the frame in parallel with the convection 
thermal resistance of the frame Rframe, convection in Fig.5. 
Actually, the direction of cooling fins (straight up, straight 
down, horizontal) influences the heat dissipation of fins 
because of different air flow conditions surrounding the fins. 
However, it is not efficient to model all the fins as the 
thermal resistance and so such a method costs more in terms 
of computation time. Therefore, in assumption that the air 
flow conditions surrounding fins are the same with different 
directions, the average thermal resistance of the fin is 
proposed in this paper. By replacing the fin length L, the 
cross-sectional area of the fin Ac, and the perimeter p into the 
average fin length, average cross-sectional area, and average 
perimeter respectively in (4), (6), the average thermal 
resistance of fin Rfin, avg can be obtained. Finally, the effect of 
heat transfer through cooling fins is considered in the 
proposed LPTN by connecting Rfin,avg in parallel with Rframe, 

convection as shown in Fig. 5. 

C.   Consideration of Bearing and separated Mechanical 
Losses 

As discussed in chapter III, the purpose of mechanical loss 
separation is to improve the accuracy of thermal analysis 
through the proposed LPTN. Therefore, it is also significant 
to reflect the separated mechanical loss as an appropriate part 
of the proposed LPTN from the viewpoint of accuracy. Also, 
the modeling of bearing in the LPTN is important in terms of 
the prediction of the rotor temperature. Generated heat in the 
rotor transfer only through convection on the rotor surface 
and conduction through the shaft, bearing and end cover. 
However, it is very difficult to model the thermal resistance 
of the bearing because of its complex structure. Therefore, 
the modeling of bearing in the LPTN is proposed as below. 

As shown in Fig. 6 (a), the bearing friction occurs between 
the rolling element and inner ring, as well as the rolling 
element and outer ring because of the applied load and 
viscous friction. From the viewpoint of heat transfer, heat 
transfer between the inner ring and the outer ring is difficult 
because both the inner and the outer ring are in point contact 
with the rolling element. Therefore, the bearing is modeled as 
thermal contact resistance as shown in Fig. 6 (b), which has a 
large value so heat is not transferred easily [24], [25]. In 
addition, the bearing losses are divided in half and reflected 
on both sides of the thermal resistance, each representing a 
loss between the inner ring and the rolling element, and a loss 
between the outer ring and the rolling element. Since the 
bearing is on both sides in the axial direction, the loss is 
divided by one-fourth as shown in Fig. 6 (b). 

There are frictions from the windage between the rotor 

and airgap, as well as the stator and airgap as the rotor of the 
PM machine rotates. Since windage friction occurs on both 
surfaces of the rotor and stator, the windage loss is divided in 
half and applied to each surface of the rotor and stator in the 
proposed LPTN as expressed in Fig. 4. 

V.   VERIFICATION 

In this chapter, one experiment and two tests were 
conducted. To verify the heat transfer through the cooling fin, 
the experiments on the temperature gradient of cooling fins 
were carried out. To separate the mechanical losses into 
bearing loss and windage loss, the friction torque of the 
proposed prototype IPMSM with a non-magnetized PM was 
measured varying with the rotational speed. In addition, 
friction torque was separated into both bearing friction and 
windage friction, and then mechanical losses were calculated 
by multiplying the angular velocity. Finally, the temperature 
saturation test of the proposed prototype IPMSM with a 
magnetized PM was conducted at 5000rpm, under no-load 
conditions. Details about the experiment and tests are as 
explained below. 

A.   Experiment on Heat Transfer through Cooling Fin 

In chapter II, the thermal resistance of the cooling fin is 
derived from the differential equation governing heat transfer 
in the fin. However, it is hard to verify the value of thermal 
resistance. Instead of verifying the value of thermal resistance 
directly, the temperature gradient along the fin (3), replacing 
the fin length L to corrected fin length Lc, was measured and 
verified through experiment. Three specimens were measured 
and the dimensions of the fins were listed in Table I. The 

Frame

Stator

End cover

Rfin, avg Rframe, convection

Tair

  
 
Fig. 5. Reflected position of average thermal resistance of fin in LPTN. 

 
          (a)                              (b) 
 
Fig. 6. Configuration of bearing. (a) Position of loss generation in bearing.
(b)  Reflected position of bearing loss in LPTN.  
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material of the fin was FCD450, which is the same as the 
frame of the prototype IPMSM. The experiments were 
performed by the experimental set shown in Fig.7. Six points 
of temperature were measured for each specimen and the 
results of the temperature gradient along the fin were shown 
in Fig. 8. The largest error between the analytic and 
experimental result was less than 10% and its trends are 
similar enough between the analytic and experimental results. 

B.   Measurement of Friction Torque and Mechanical Loss 
Separation 

As previously explored in chapter III, there is a no-load 
loss that consists of no-load iron loss and mechanical loss 
when driving a PM machine under no-load condition. To 
measure the friction torque and calculate the mechanical loss 
accurately, the prototype of the PM machine with a non-
magnetized PM is needed. In this paper, the prototype of the 
proposed IPMSM with a non-magnetized PM was 
manufactured and conducted the test to measure the friction 
torque. The dimensions are summarized in Table II. As 
shown in Fig. 9, the test was set by the prototype of the 
proposed IPMSM using non-magnetized PM when measuring 
the friction torque. Because of the viscosity of the lubrication 

oil in the bearing, the bearing is not lubricated enough when 
the driving duration time remains short. It results in the 
friction torque to differ along the driving time. Therefore the 
friction torque was measured after enough time had passed as 
shown in Fig. 10. Then the friction torque varying with the 
rotational speed was measured and separated into bearing 
friction torque and windage friction torque as shown in Fig. 
11 (a). Afterwards the mechanical losses were calculated by 
the friction torque as shown in Fig. 11 (b). 

C.   Temperature Saturation Test under No-load Condition 

In the temperature saturation test, the test was set by the 
prototype of the proposed IPMSM using the magnetized PM 

TABLE I 
Dimensions of Fin Specimens 

Specimen Length(mm) Width(mm) Thickness(mm) 

Fin A 200 30 2 

Fin B 150 30 2 

Fin C 200 30 4 

Fin
specimen

Insulation

Hot plate

Thermocouple

Multi recorder

  
Fig. 7. Experimental set for verifying heat transfer through cooling fin 
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Fig. 8. Temperature gradients along fin specimens.  
 

TABLE II 
Dimensions for Prototype of proposed IPMSM and losses @5000rpm 

Quantity Unit Value 

Pole / slot - 6 / 9 

Outer diameter (Stator / Rotor) mm 230 

Airgap length mm 1.5 

Stack length mm 160 

Core material - 35PN230 

PM Residual induction T 1.30 

Bearing loss W 29.4 

Windage loss W 56.9 

Stator yoke iron loss W 206.7 

Stator tooth iron loss W 142.5 

Stator tooth tip iron loss W 49.5 

Outer rotor iron loss W 15.2 

Inner rotor iron loss W 8.9 

 
Fig. 9. Test set for measuring friction torque and temperature saturation. 
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Fig. 10. Normalized friction torque according to time. 
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as shown in Fig. 9. As the servomotor drive the prototype at 
5000rpm, no-load conditions, the torque resulting in a no-
load loss was measured. In addition, the rotational speed and 
temperature of each of the three points of the end coil, stator 
yoke, and housing were measured respectively. By 
subtracting the mechanical loss from the no-load loss, the no-
load iron loss was obtained. The no-load iron loss is divided 
into stator yoke, stator tooth, stator tooth tip, outer rotor, and 
inner rotor iron loss respectively by referring the 2-D FEA 
result. The losses generated at 5000rpm, no-load condition 
are listed in Table II. Then all the separated losses are 
reflected as heat sources in the proposed LPTN. 

To measure the rotor temperature in the temperature 
saturation test, the temperature of PM was estimated by the 
reduced fundamental of no-load back electromotive force 
(EMF). Right before and after the temperature saturation test, 
the no-load back EMF was measured at 5000rpm. The 
residual induction of the PM after the temperature saturation 
test is estimated through a proportional calculation with the 
analytical value. By calculating the residual induction, the 
temperature of PM could be estimated. The measured and 
analysis result for fundamental of no-load back EMF at 
5000rpm was 223Vrms at room temperature 25℃. Right 
after the temperature saturation test, the measured 
fundamental of no-load back EMF at 5000rpm was 
210.2Vrms. Therefore the estimated PM temperature was 
93℃. 

Finally, as shown in Fig. 12, the thermal analysis results 
from the proposed LPTN were compared with the average 
temperature of three points of the (a) end coil, (b) stator 

yoke, and (c) housing respectively. Also the temperature of 
the PM at 150 minute of driving time was 93.7℃ 
considering the effect of cooling fin and loss separation. The 
accuracy of the thermal analysis had improved in comparison 
to the thermal analysis results ignoring the effect of the fin, 
considering all mechanical loss as windage loss, and 
considering all mechanical loss as bearing loss.  

VI.   CONCLUSION 

This paper proposes the modeling and verification of the 
LPTN considering the effect of cooling fins, bearing and 
mechanical loss separation. The thermal resistance of the fin 
is applied to the LPTN considering the heat transfer in the 
fin. Also, the bearing is modeled as thermal contact 
resistance which has a large value because of the contact state 
between rolling element and inner or outer ring. Moreover, 
the separated losses such as bearing loss and windage loss are 
reflected to their position in the LPTN respectively.  

The experiments on the temperature gradient of fin 
specimens are carried out to verify the heat transfer through 
the fin. The friction torque of the proposed 6-pole/9-slot 
prototype IPMSM with a non-magnetized PM is measured 
varying with the rotational speed to measure the mechanical 
loss. The temperature saturation test of the proposed 

140 145 150
70

75

80

85

90

 T
em

pe
ra

tu
re

 (
o C

)

Time (min.)

0 30 60 90 120 150
0

20

40

60

80

100

120

140

 consider all mechanical loss
          as windage loss

 consider all mechanical loss
          as bearing loss

T
em

pe
ra

tu
re

 (
o C

)

Time (min.)

 EXP
 consider effect of fin & loss separation
 ignore effect of fin

(a) End coil 

140 145 150
70

75

80

85

90

 T
em

pe
ra

tu
re

 (
o C

)

Time (min.)

0 30 60 90 120 150
0

20

40

60

80

100

120

140

 consider all mechanical loss
          as windage loss

 consider all mechanical loss
          as bearing loss

T
em

pe
ra

tu
re

 (
o C

)

Time (min.)

 EXP
 consider effect of fin & loss separation
 ignore effect of fin

(b) Stator yoke 

140 145 150
70

75

80

85

90

 T
em

pe
ra

tu
re

 (
o C

)

Time (min.)

0 30 60 90 120 150
0

20

40

60

80

100

120

140

 consider all mechanical loss
          as windage loss

 consider all mechanical loss
          as bearing loss

T
em

pe
ra

tu
re

 (
o C

)

Time (min.)

 EXP
 consider effect of fin & loss separation
 ignore effect of fin

(c) Housing 
 
Fig. 12. Comparison of thermal analysis results and temperature saturation 
test results. (a) End coil. (b) Stator yoke. (c) Housing. 
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Fig. 11. Normalized friction torque and mechanical loss according to
rotational speed. (a) Friction torque. (b) Mechanical loss. 
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prototype IPMSM with magnetized PM is conducted at 
5000rpm under no-load conditions and thermal analysis 
results of the proposed LPTN are compared.  

As a result, the temperature gradients of the experimental 
and analytical values fit well within an error of less than 10% 
for 3 different fin specimens. In addition, the temperature 
differences at 150 minute of driving time between the results 
through the proposed LPTN, considering the effect of 
cooling fin and loss separation, and test results are 4.0℃, 
4.3℃, 2.0℃, and 0.7℃ for end coil, stator yoke, housing 
and PM, respectively. Moreover, the trend between these 
results are more similar than other analysis conditions. 
Especially for considering all mechanical loss as bearing loss, 
the temperatures of end coil and stator yoke are higher than 
the test results while that of housing is lower than the test 
results. Also, the temperatures of end coil and stator yoke 
become higher when considering all mechanical loss as 
windage loss while that of housing is similar. Therefore the 
proposed LPTN is reasonable to analyze the thermal 
characteristics of PMSM. 
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