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This paper proposes a design method of the surface-mounted permanent magnet synchronous motor using

electromagnetic and thermal analysis. Since the electromagnetic and thermal fields are related, the permanent

magnet synchronous motor should be considered not only in terms of the power density but also the thermal

characteristics. The analytic method was used to investigate the power density of the concentrated winding

model using the same number of poles. In the thermal design process, the analytic prediction was carried out

by using the electromagnetic and thermal analysis called the lumped parameter thermal network (LPTN). The

optimized geometry and losses which were calculated by the electromagnetic finite-element analysis were con-

sidered in the LPTN. As a result, an improved model was designed with superior power density and thermal

characteristics to the prototype. Finally, the experiments were conducted to verify the validity of the design pro-

cess and results.
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1. Introduction

Permanent magnet synchronous motor (PMSM) have

used in all applications requiring motion control, because

of its high power density and low maintenance cost. One

of the main goals of the PMSM design is to produce a

high power density machine with low heat generation [1,

2]. This paper deals with the design methodology of the

surface-mounted permanent magnet synchronous motor

(SPMSM) using electromagnetic-thermal analysis. As a

result of the design, the power density and thermal

characteristics of the improved model were improved.

The power density, the electromagnetic performance of

the PMSM, is determined by the circuit parameters such

as the resistance, inductance, and back-electromotive

force (Back-EMF), which are the factors of voltage drop.

To improve the power density, it is advantageous to have

low resistive and inductive voltage drop which are the

factors of decreasing the output power. However, the

circuit parameters are influenced by various factors such

as the magnetic circuit, the number of turns and the

diameter of the coils. Among the factors the pole and slot

combination has the greatest influence on the circuit

parameters. Therefore, many researchers focused on the

pole and slot combination when designing the PMSM

with high torque density.

Several studies discussed the torque density which is

related to the winding factor that is determined by the

pole and slot combinations [3-6]. These studies selected

the pole and slot combination based on the high winding

factor for minimizing the phase current. Moreover, the

pole and slot combination has a large effect on the cogging

torque [7-9]. The applications that require smooth move-

ment have to select the pole and slot combination con-

sidering cogging torque. However, previous studies did

not deal with the power density according to the change

in circuit parameters as the pole and slot combination

changes.

Since the magnetic field and the thermal field are related,

the thermal characteristics affect the electromagnetic
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performance of the motor. For example, the dissipated

heat causes the demagnetization of the permanent magnet

and the rise of the resistance [10]. In order to predict the

transient operation of the motor, thermal characteristics as

well as the electromagnetic characteristics must be

considered. In the thermal design process, there are two

ways of predicting the thermal performance. The first

method is the numerical methods such as a computational

fluid dynamics (CFD). Since the CFD reflects the various

boundary conditions, the complex heat flow phenomena

can be analyzed accurately [11-14]. However, it takes a

lot of time for the setup of the model and computation of

the transient analysis [2, 12]. The second method is an

analytic approach called the lumped parameter thermal

network (LPTN) based on the geometry, material pro-

perties and the losses of the model [1, 15-18]. In this way,

the heat sources obtained by using the electromagnetic

finite element analysis (FEA) can be placed at appropriate

locations on the network based on the heat transfer mech-

anism to predict the temperature change of the desired

node.

This paper is organized as follows. In section 2, the

requirements which are the goal of the improved model

and the information of the prototype were described. In

section 3, the LPTN and the components that construct

the LPTN were explained. The thermal resistance and the

heat transfer coefficients that make up the LPTN were

described in this section. Then, the stator design process

to obtain high power density and better thermal charac-

teristics was described in section 4. The design results and

experiment results were described in section 5. Finally,

the conclusion was drawn in section 6.

2. Analysis of Prototype

The prototype is an 8-pole and 6-slot (8P6S) SPMSM

with a fractional slot double layer concentrated windings.

A polar anistropic magnetized Nd-Fe-B bonded magnet

of 8 poles is used for the rotor. The rated power is 55.1 W

at the rated speed of 2980 rpm, rated torque of 176.6

mNm, and the rated current of 3.24 Arms. When designing

the improved model, the Back-EMF must be kept the

same as the prototype in order to maintain the current

while using the same rotor.

To analyze the thermal characteristics on the rated

power of the prototype, a temperature saturation test was

conducted. In order to measure the temperature trend of

the end-coil, the operating time was set to 1 hour. As a

result of the test, the temperature exceeded the limit

temperature of 80 °C when the initial temperature is 30

°C, so it is necessary to lower the saturation temperature

by improving the thermal characteristics.

It is important to analyze the losses because they

determine the thermal characteristics of the motor. The

losses of the prototype are shown in Fig. 1. The losses of

the prototype consist of the electromagnetic losses and the

mechanical loss. The electromagnetic losses consist of the

core loss (Pcore), the copper loss (Pcopper), and the PM

eddy current loss (Peddy). The mechanical loss (Pmech) that

dependents on the rotor speed is generated by the friction

in the bearing and the airgap. The proportion of each loss

is obtained from a no-load and load test on the rated

power. From the no-load test, the Pcore can be separated

from the no-load loss to obtain the Pmech at the rated

speed. The Pcopper can be obtained from the resistance and

the current from the load test, and the Pcore and Peddy can

be obtained from the FEA results. The proportions of

each loss are shown in Fig. 2. In this paper, the thermal

characteristics were improved by reducing the Pcopper and

Pcore, which account for 86.4 % of the entire losses.

3. Lumped Parameter Thermal Network

3.1. Background

The LPTN of SPMSM consists of the electromagnetic

and thermal system. Both systems are represented by the

losses and thermal lumped circuit parameters, respectively,

which can be used to predict heat transfer results of the

motor. To understand the thermal system, it is necessary

to examine the thermal system based on the equivalence

Fig. 1. (Color online) Motoring loss of the PMSM.

Fig. 2. Proportions of the losses on the rated power of the pro-

totype.
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of the two systems. As can be seen in Table 1, the voltage,

which is the potential difference in electrical system, is

expressed as the difference in temperature in the thermal

system. In addition, the current is expressed as a heat

flow rate, the electrical resistance as a thermal resistance,

and the electrical capacitance as a thermal capacitance.

Based on the two systems, the LPTN is constructed

considering the following assumptions [15, 16].

1) The thermal radiation is ignored.

2) Except for the flow between the stator tooth and coil,

there is no flow in the circumferential direction.

3) The mean temperature of the components ignoring

temperature variation in the radial and axial directions.

4) The thermal capacitance and heat source are uniformly

distributed in each component.

5) Natural cooling conditions without heat sink or water

jacket.

3.2. Thermal resistance

In the conduction, the heat flow is within and through

the body itself. The conduction occurs inside each part of

the motor such as the yoke and tooth of the stator, the

rotor, the PM, and the housing. Since the shape of the

aforementioned component is the same in the axial direc-

tion, it can be simplified as shown in Fig. 3(a). Each

component consists of four thermal resistances as stated

in Eq. (1)-(4) [1].

 (1)

 (2)

(3)

(4)

where Rt,L is an axial direction thermal resistance, Rt,1r,

Rt,2r, represent the outward and inward radial direction

thermal resistance, and Rt,mr is the compensation resistance.

Lstk is the stack length of the core, r1 and r2 are the outer

and the inner radius of the simplified shape in Fig. 3(a),

respectively, kL is the axial thermal conductivity, and kr is

the radial thermal conductivity. These resistances are

modeled as a conduction thermal network as shown in

Fig. 3(b) to represent a single component of the motor.

The losses of each component are modeled as a heat

source to form the network.

Convection is caused by the movement of the fluid like

air in the airgap. Therefore, the convection of the motor is

affected not only by the physical dimension of each

component but also by the condition of the fluid.

In this paper, the convections which occur in the airgap,

ambient, and the air between the end cover and motor are

considered. The convection thermal resistance, Rconv, is

expressed in Eq. (5).

 (5)

where h is the convective heat transfer coefficient, and A

is the area where the convection occurs. h is determined

by the Reynolds number, Nusselt number, and the Prantl

number which represent the condition of the fluid [18].

3.3 Heat source and thermal capacitance

The heat source in the motor is equal to the losses of

Fig. 1. The losses are expressed as the current source in

the network. For the accuracy of the thermal analysis,

each loss is calculated separately for each component to

reflect the exact location. Pcopper is split into the coil-side

and end coil, and Pcore is divided into components of the

yoke, tooth, tooth tip and the rotor as shown in Eq. (6)-

(7).

 (6)

 (7)

where the Pcopper is the copper loss that is proportional to
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   Fig. 3. Element of conduction heat transfer. (a) A simplified

shape of the component and (b) thermal network of the ther-

mal resistance.

Table 1. Equivalence between electrical and thermal system.

Name Electrical System Thermal System

Potential Voltage, V Temperature difference, ∆T

Flow Current, I Heat flow rate, Q

Resistance Electrical resistance, R Thermal resistance, Rt

Capacitance Electrical capacitance, C Thermal capacitance, Ct

Equation V = IR ∆T = QRt
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the magnitude of the resistance, Ra, and the phase current

in rms, Ia.

The Pcore based on the core material is divided into

hysteresis loss, eddy current loss, and the abnormal loss

as stated in [19]. Since each loss varies with the frequency

and the magnetic flux density, it is calculated by the

electromagnetic FEA.

According to the method to calculate the Pcore described

in [20], the magnetic flux density of each node is separated

into frequency dependent harmonic components for one

electrical period after the FEA. After that, the core loss

according to the frequency and the flux density is

calculated from the core loss data of the material, and the

core 

loss of the whole element is summed to calculate the

total Pcore. The Peddy is calculated by 3-D FEA because it

is necessary to consider the induced voltage by magnetic

flux variation in axial direction at PM.

The thermal capacitance, which is the amount of the

thermal energy required to raise the temperature of the

object, is related to the volume of the object. The thermal

capacitance, Ct, is calculated with the dimensions, the

mass density, ρ, and the specific heat, cp of the material as

shown in

 (8)

From the conduction and convection components of the

LPTN, the LPTN is modeled as Fig. 4. In addition, the

thermal contact resistances are considered. Rt,frame is the

thermal contact resistance between the frame and the

stator, and the Rt,shaft represents the thermal contact

resistance between the shaft and the rotor. Rt,slot-liner and

Rt,coil-tooth are the thermal resistance of the slot liner and

the thermal resistance between the coil and the stator

tooth, respectively.

4. Improved Design

4.1. Pole and slot combination

When selecting the pole and slot combination, the

winding factor, the distribution of the radial electromagnetic

force, and the least common multiple (LCM) of the pole

and slot combination should be considered. The candidates

of the pole and slot combinations for improved model are

the 8-pole and 6-slot (8P6S), 8-pole and 9-slot (8P9S),

and 8-pole and 12-slot (8P12S). The Back-EMF, ea,

which is related to the torque is given by

 (9)

where ωm is the speed of the rotor, p is the number of

pole pairs, kw1 is the winding factor of the fundamental

components, Nph is the series turns per phase, Φm1 is the

airgap flux per pole due to the magnet. If Nph is the same,

the Back-EMF is proportional to the winding factor.

The period of the cogging torque is equal to the LCM

of the number of pole pairs and slots, s, as shown in Eq.

(10).

 (10)

8P9S has the best electrical performance as it has the

highest winding factor and the LCM. However, according

to the study of [21, 22], 8P9S is excluded from the

candidates because it has an asymmetric force distribution

that is vulnerable to noise and vibration.

8P6S and 8P12S generate the same torque when the

current is the same because the winding factors are the

same. However, the resistance and the inductance, which

are the important factors that determine the Pcopper and the

output power, are different. When the number of poles

and other conditions such as the diameter of the coil, Nph

are the same, the resistance and the inductance are pro-

portional to the slot pitch.

The resistance which is affected by the length difference

of the end turns is shown in

2 2

1 2
( )t p stkC c r r L  

1 1a m w ph me pk N 

( , 2 )n LCM s p

Fig. 4. (Color online) Lumped parameter thermal network for

the SPMSM.
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 (11)

where

 (12)

where ρc is the resistivity of copper at 20°C, lend and d are

the length of the end-coil and the diameter of the coil, A

and B are the average coil span and the assumed average

height of the end-coil, respectively, as shown in Fig. 5. T

and α are the operating temperature and the temperature

coefficient of the resistivity, respectively. Since the

resistance of 8P12S which related to the coil span is

smaller than that of 8P6S, the Pcopper of 8P12S is smaller

than those of 8P6S as shown in Eq. (6), (11).

The inductance is important because the inductive

voltage drop absorbs a fraction of the supply voltage,

tending to limit the maximum speed that can be attained

with any given torque. The dynamic model of the SPMSM

in BLDC control can be derived from the voltage equation

of the electric motor. The voltage equation in frequency-

domain is expressed as

 (13)

where Va, Ia, and Ea are the armature voltage, current, and

the Back-EMF per phase in frequency-domain, respec-

tively, TL and p is the torque and the number of pole pairs,

Ra, La, ke, and kt are the resistance, inductance per phase,

the Back-EMF constant and the torque constant, respec-

tively. From the equation (13), then maximum speed,

ωm,max, in any given torque, TL, is derived as Eq. (14).

 (14)

According to Eq. (14), it is advantageous to improve

the output power by choosing the pole and slot combi-

nation with the small inductance. To calculate the inductance,

a magnetic circuit per single coil can be simplified as

shown in Fig. 6(a) and Fig. 6(b). In the simplified model,

the relative permeability of the core is assumed to be

infinite and the magnetic flux path in the airgap is

assumed to be perpendicular to the magnet surface. The

inductance per phase is equal to the sum of the self and

the mutual inductance as shown in Eq. (15), when the

end-turn and the slot-leakage inductance are ignored.

 (15)

As the magnetic flux of 8P6S and 8P12S is divided half

by the neighboring teeth, mutual inductance is half of the

self-inductance. The self and mutual inductance are related

to the magnetic resistance and the number of series turns

as shown in Eq. (16)-(17).

 (16)

 (17)

where La is the inductance per phase, Ls and Lm are the

self and mutual inductance per one coil, Nph is the series

turns per phase, s and m are the number of slots and

phase, Rm,g and Rm,PM are the reluctance of the airgap and

the PM, lg and lPM are the length of the airgap and the

PM, D and Lstk are the diameter of the mean airgap

diameter and the stack length of the core, respectively.

The phase inductance is calculated by the series and

parallel structure of the electric circuit and the inductance

of each single coil. The magnetic circuit due to the

armature current in a single coil is determined by the

reluctances of the airgap and permanent magnets as shown

in Fig. 6(b). Since the cross-sectional area of the airgap

and permanent magnet are determined by the slot pitch,

the slot pitch is the main variable for calculating the

inductance. The number of turns per each single coil and
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Fig. 5. (Color online) Averaged coil span and assumed height

of the end-coil.

Fig. 6. (Color online) Flux lines with (a) a single phase current

only and (b) equivalent magnetic circuit.
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cross-sectional area of the airgap and permanent magnet

of 8P12S are smaller than that of the 8P6S, because the

number of slots of 8P12S is twice as that of 8P6S. Thus,

the inductance of single coil is eight times smaller than

that of 8P6S by using Eq. (16) and (17). Consequently,

the phase inductance of 8P12S is four times smaller than

that of 8P6S because the series and parallel structure of

the electric circuit of each model by using Eq. (15). The

calculated results of the phase inductance and validation

results by using the FEA are shown in Fig. 7. The frozen

permeability method of [23] was used to calculate the

flux linkage due to the armature current considering the

magnetic saturation in the stator and rotor. The load

condition is set to the rated torque in the FEA. The

analytically calculated inductance of 8P12S was 0.24 mH

and it was 73.6 % less than that of 8P6S. As a result, the

maximum speed and the output power of 8P12S were

larger than that of 8P6S at the rated torque.

According to the study of [24], the Peddy of concentrated

winding is affected by the pole and slot combinations.

The low order spatial harmonics of the armature magneto-

motive force(MMF) cause a large amount of Peddy. 8P6S

which is the pole and slot combination of the prototype

has a lower spatial order of armature MMF than 8P12S,

so the PM eddy current of the 8P6S is larger than that of

the 8P12S. Considering the vibration, the cogging torque,

and the electromagnetic performance as discussed above,

8P12S is suitable for the improved model.

4.2. Thermal design of the stator

The most important variables in designing the stator are

the yoke and tooth width which are related to the magnetic

saturation and the slot area. As the magnetic saturation

occurs, the current for obtaining the same torque becomes

larger. Furthermore, the copper loss and core loss can be

increased. Increased losses due to the change in the reluc-

tances acts as the heat sources and degrades the thermal

characteristics. In addition, the thermal characteristics can

be changed because the widths of the tooth and yoke

affect to the thermal resistance. Therefore, not only the

electromagnetic characteristics but also the thermal charac-

teristics changes according to the stator design, so it is

necessary to consider both characteristics.

Fig. 8 shows the design process of the stator considering

the electromagnetic and thermal characteristics. First, the

electromagnetic analysis was conducted according to the

width of the tooth and yoke. The heat source was cal-

culated through the electromagnetic analysis, and the

thermal resistances were also calculated according to the

width of the tooth and yoke. Then, the LPTN of Fig. 4

was constructed by using the heat sources and thermal

resistances. In order to consider the thermal characteristics,

thermal analysis using the LPTN was performed and the

saturation temperature of the end-coil was calculated.

Finally, the design of the stator was completed by searching

for the point where the saturation temperature of the end-

coil was minimized.

Before designing the stator, Nph and the core material

need to be determined. Nph was determined as 80 turns in

order to generate the same MMF as the prototype. The

core material of the stator was changed from non-oriented

electrical steel 50A700 to 50A470 in order to reduce the

Pcore. The Pcore of 50A470 at 1.5 T and 200 Hz is about

34.6 % lower than 50A700. The slot area was determined

by the area of the conductors in the slot and the fill factor.

The diameter of the coil was increased from 0.70 mm to

0.85 mm in order to reduce the Pcopper in the coil by

decreasing the resistance. The slot area was 63.9 mm2.

Fig. 9(a)-(d) shows the normalized copper loss, core loss,

thermal resistance of a single tooth and the saturation

temperature of the end-coil according to the widths of the

Fig. 7. Comparison of the phase inductance between 8P6S and

8P12S.

Fig. 8. Electromagnetic and thermal design process of the sta-

tor of SPMSM.
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tooth and yoke. Since the slot area is specified as a

constraint, the width of the yoke decreases as the width of

the tooth increases. The yoke width of the optimum point

was about half of the tooth width. Since the reluctance of

the stator at optimum point was the smallest, the armature

current required to generate the rated torque was the

smallest, and the copper and core losses were also small

in the optimum point as shown in Fig. 9(a) and Fig. 9(b).

However, as the width of the tooth became smaller, the

thermal resistance became larger and the heat dissipation

characteristics were degraded as shown in Fig. 9(c).

Nevertheless, the optimum point has a poor heat dissipation

characteristics, the saturation temperature of the end-coil

was lowest as shown in Fig. 9(d) because the heat sources

of the optimum point were smallest.

Unlike the heat dissipation characteristics of Fig. 9(a)

and Fig. 9(b), it can be seen that the end-coil temperature

was minimum at the point where the heat sources were

minimum. Therefore, the thermal characteristics of this

model depend on the heat sources rather than the heat

dissipation characteristics.

4.3. Design results

Fig. 10 shows the circuit parameters of the improved

model compared with the prototype. As a result of chang-

ing the pole and slot combination and the diameter of the

coil, the resistance and inductance were decreased by 39.7

% and 63.5 %, respectively. The loss analysis results of

the improved model compared to the prototype are shown

in Fig. 11. The total loss of the improved model was 9.4

W, which was reduced by 41.4 % compared to the pro-

totype. Since the resistance of the improved model was

reduced, the Pcopper was reduced by 34.4 % compared to

the prototype. The Pcore was decreased by 42.6 %, because

the stator core material changed from 50A700 to 50A470.

In addition, the Peddy was reduced by 84.6 %. However,

the Pmech of the improved model was the same as the

Fig. 9. (Color online) Design results of the improved model.

Fig. 10. Comparison of the circuit parameters between the

prototype and improved model.
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prototype because the same rotor was used and the speed

of the rotor was the same. Based on the loss analysis

results, the thermal analysis of the prototype and improved

model were conducted by using the LPTN. In the analysis,

the geometry and the losses of each model were consider-

ed. The analysis time was set to 60 minutes and the

ambient temperature was about 30 °C. The saturation

temperature of the end-coil and housing of prototype and

improved model are shown in Fig. 12(a) and Fig. 12(b).

The results showed that the thermal characteristics of the

improved model are better than that of the prototype

because of the reduced losses and the larger contact area

of conductor and stator core. The predicted saturation

temperature of the improved model from the simulation

was 80.2 °C, which was satisfying the design requirement.

5. Experimental Verification

5.1. Comparison of the electromagnetic performance

In order to analyze the torque and speed characteristics

of the prototype and the improved model, a simulation

using a MATLAB Simulink was conducted. For the

simulation, the motor, inverter, and the mechanical system

were modeled as shown in Fig. 13(a). The electrical and

mechanical parameters of the system were considered to

the simulation. The setup of the test is shown in Fig.

13(b). The Magtrol TM302 torque sensor and Yokogawa

WT1800 power analyzer were used in experiments to

verify the simulation result. Fig. 14(a) is the simulation

and test results of the two models for the torque and

speed characteristics. As the resistance and the inductance

of the improved model were lower than 3the prototype,

the speed of the entire torque was improved. Fig. 14(b)

compares the output power of the prototype and improved

model. The rated power of the improved model was

increased by 23.8 % compared to the prototype which

satisfies the design requirement. The comparison results

of the electromagnetic performance between the prototype

and improved model are presented in the Table 2. As a

result, the power density of the improved model was

increased by 23.8 % than the prototype.

Fig. 11. Comparison of the losses between the prototype and

improved model.

Fig. 12. (Color online) Simulated temperature of the (a) end-

coil and (b) housing.

Fig. 13. (Color online) Setup of (a) the simulation and (b) test

for TN-curve.
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5.2. Comparison of the thermal characteristics

In order to verify the simulation results of the LPTN,

the experiments were conducted to measure the temper-

ature trend of the end-coil and housing. The experiments

were conducted under the same conditions as the simulation.

The measured temperature of the coil and housing of

prototype and improved model are shown in Fig. 15(a)

and Fig. 15(b). As a result of the experiments, the

saturation temperature of the improved model satisfied

the specification and the saturation temperature of the

end-coil was lowered by 28.0 % and the housing was also

lowered by 19.8 % compared to the prototype.

6. Conclusion

In this paper, the design process for the SPMSM using

the electromagnetic and thermal analysis was proposed.

The LPTN was used in this paper because of the LPTN is

the computationally efficient solution in thermal analysis.

In order to improve the power density, a pole and slot

combination with low resistive and inductive voltage drop

was chosen. In addition, the thermal characteristics were

improved by thermal design of the stator. In stator design

process, the electromagnetic losses were reduced and the

thermal characteristics were verified by the LPTN. Then,

the electromagnetic performance and thermal characteri-

stics of the prototype and improved model were compared.

The compared results were verified by experiments.

Consequently, the power density of the improved model

was improved by 23.8 % than the prototype, and the

saturation temperature of the end-coil was decreased by

28.0 % than the prototype.
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