
 

�Abstract -- With the rising interest in wearable robot, a lot 
of researches on the wearable robot is being conducted on 
aspects of both mechanism and control. On the other hand, 
although the optimization of the motor has a great effect on the 
performance of the overall system, research on the motor of the 
wearable robot remains relatively insufficient. Thus, this paper 
focuses on a proper design process of the motor of the wearable 
robot. At first, the surface-mounted permanent magnet 
synchronous motor (SPMSM) is adopted for its high power 
density and controllability. Then, the considerations in design of 
the motor for the wearable robot application are defined and 
categorized into dimensional, electromagnetic, and thermal 
requirements. Having taken these into consideration, 
electromagnetic and thermal multi-physics design for the 
SPMSM is conducted. For the electromagnetic design, the space 
harmonic analysis (SHA) is used, and for the thermal analysis, 
lumped parameter thermal network (LPTN) is used. Following 
the proposed design process, the optimum SPMSM is designed 
and manufactured. Finally, experiments of the SPMSM are 
conducted and the validity of this study is verified. 
 

Index Terms-- Electric Motor Design, Space Harmonic 
Analysis, SPMSM, Lumped Parameter Thermal Network, 
Wearable Robot  

I.   INTRODUCTION 

OR the purpose of rehabilitation in medical areas and 
power assistance in military and industry areas, wearable 
robots are gaining increasing attention. Thus, a variety 

concepts of wearable robots are becoming the subject of 
intense research recently. In particular wearable robots using 
electric motors are widely adopted due to better noise and 
vibration characteristics and smaller size compared to 
hydraulic and pneumatic actuators [1]. 

While there are many approaches to the wearable robot in 
terms of the mechanism and the control, the research on the 
electric motor remains insufficient [2]. Because the users put 
on the wearable robot directly on their bodies, the 
performance of the electric motor as well as the thermal 
characteristics and its compactness are directly related to user 
comfort. In order to maximize the users’ comfort, it is 
essential to design an optimum electric motor. Required 
characteristics of the electric motors for the wearable robot 
applications are described below. 
1) Thin shape with high power density is suitable to minimize 
the thickness of the joints of the robot 
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2) Torque ripple and cogging torque of the motor should be 
minimized to operate the joint motion of the robot smoothly 
and maximize back-drivability. 
3) Thermal characteristics of the motor should be analyzed 
considering the driving pattern of the joint since the robot 
come in direct contact with the users’ skin. 

Few academic papers discuss the design process of 
permanent magnet (PM) motors to minimize the axial length, 
torque ripple, and cogging torque, taking into considerations 
of the thermal characteristics. This paper discusses the design 
process of the surface-mounted permanent magnet 
synchronous motor (SPMSM) which is applied to the 
wearable robot applications [3]. Based on a deep 
comprehension of the wearable robot application, the 
requirements for the SPMSM are defined so as to be 
considered in the design process. Because not only the 
electromagnetic characteristics but also the thermal 
characteristics are important for the SPMSM, those two 
aspects need to be considered simultaneously. For the 
electromagnetic analysis, the space harmonic analysis (SHA) 
and the 2-dimensional finite element analysis (2-D FEA) are 
used [4]. The SHA has acceptable accuracy and is much 
faster than the 2-D FEA. Thus, it is used in the preliminary 
design stage. The lumped parameter thermal network (LPTN) 
which is reasonable in terms of the accuracy and the fast 
computing time is used for the thermal analysis. Considering 
these two aspects, an SPMSM that satisfies all the 
requirements is designed and manufactured. Finally, 
experiments on the designed SPMSM are carried out in order 
to verify the validity of this study. 

II.   REQUIREMENTS 

In the design process of an electric motor, features of its 
application must be considered in order to maximize the 
performance of the overall system. In this respect, the major 
requirements for the electric motor of the wearable robot are 
classified into the three following aspects. 

A.   Dimensional requirements 

For the compactness, the arrangement of the robot system 
which includes the electric motor, the gear reducer and the 
lead wires should be efficient. Therefore, the gear reducer is 
located inside of the rotor of the electric motor and many 
wires pass through the hollow of the rotor. Consequently, the 
hollow diameter of the rotor needs to be larger than a certain 
dimension. Moreover, for the comfort of the user, the electric 
motor needs to be as small as possible. Thus, there is a limit 
in terms of the outer diameter of the electric motor. The 
dimensional requirements for the electric motor for the robot 
in this paper are organized in Table I. The outer diameter 
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should be smaller than 76.0 mm, the inner diameter of the 
motor which is equal to the hollow diameter should be larger 
than 36.7 mm and the axial length including the height of the 
end coils should be shorter than 18.0 mm. 

B.   Electromagnetic requirements 

The purpose of the wearable robot is to assist the user’s 
motion with the torque generated by the electric motors at 
each joints. There are diverse joints in human body, and the 
motor designed in this paper is applied to hip and knee joints. 
Each of joints needs different speed and torque 
characteristics. Thus, the actuators for those joints are 
composed of the same motor and different gear reducers. In 
order to satisfy the target assisting performance of the robot, 
the electric motor should be able to generate mechanical 
output. The requirements can be defined with the maximum 
torque, the base speed and the maximum speed as stated in 
Table I.  

Moreover, the requirements of electrical input must be 
clarified prior to the initial design process. The electrical 
requirements which are the DC link voltage and the 
maximum input current are organized in Table I. 

C.   Thermal requirements 

Because of the exoskeletal structure of the wearable robot, 
the electric motor is located very close to the user’s body. 
Therefore, the heat generated from the motor is transferred 
directly to the user’s body by conduction through the metal 
frame and by convection via the ambient. In this respect, the 
thermal characteristics of the electric motor must be 
thoroughly investigated in the design process. The thermal 
requirement is that the end coil temperature must not exceed 
35� when the motor is driven for 30 minutes under the 
driving pattern of the joint of the wearable robot. 

III.   SPACE HARMONIC ANALYSIS 

In the preliminary design stage, a fast and accurate analysis 
method is required in order to predict the electromagnetic 
characteristics of the SPMSM. For the electromagnetic 
design, there are variety of design parameters that are directly 
related to the performance of the SPMSM. Thus, it is very 
important to decide the initial values of the parameters prior 
to the detail design stage.  From this point of view, the space 
harmonic analysis (SHA) is used for the initial design in this 
paper. 

In this paper, the SHA as an analytical method was used to 
determine the pole angle and rotor eccentricity [5]. SHA is 
based on the following assumptions. 

• The PMs have linear demagnetization characteristics and 
fully magnetized. 

• End-effects are neglected. 

• The stator and the rotor core have infinite permeability. 
In the SHA, the PM is divided into many pieces in order to 

take into consideration the eccentric shape of PM as shown in 
Fig. 1. Therefore, different air-gap length is applied to each 
piece due to the various thicknesses of the PM in the 
circumferential direction. Accordingly, the same general 
equation and boundary conditions for the SPMSM without 
eccentricity can be used with no mathematical error and an 
exact solution can be obtained. The details of the formula 
development and equations are described and organized in 
prior researches as [6] [7]. Air gap flux density distribution in 
the radial direction and tangential direction obtained using 
the SHA are compared to the results of the FEA to verify the 
validity of the method in Fig. 2. The residual induction of the 
analysis model is 1.0 T, and 10 mm eccentricity is applied. 
The results show that the flux density distribution using the 

TABLE I 
REQUIREMENTS FOR THE ELECTRIC MOTOR OF THE WEARABLE ROBOT 

 

Contents Unit Value 

Outer Diameter mm < 76.0 

Rotor Hollow Diameter mm > 36.7 

Axial Length mm < 18.0 

Max. Current Apk 15.0 

DC Link Voltage VDC 24.0 

Max. Torque Nm > 0.75 

Base Speed rpm 2800 

Max. Speed rpm > 4000 

Torque Ripple (at rated) % < 2.0 

 
Fig. 1.  Geometric configuration of inner rotor type SPMSM 

 

 
(a) 

 
(b) 

 
Fig. 2.  Comparison of analysis result using SHA and FEA; (a) radial flux 
density (b) tangential flux density 
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SHA is almost the same as the result of FEA. 
The calculated magnetic field distribution from the Laplace 

equation is only able to deal with a slot-less stator model. 
However, the slot opening effect on the magnetic field 
distribution in the air gap should be considered for the exact 
prediction of the magnetic field in the slotted model. The air 
gap flux density of the slotted model can be calculated by 
multiplying the air gap flux density of the slot-less model by 
the relative specific permeance [8]. It can be expressed in the 
following equation. 
 

=slotless slottedB Bλ×                (1) 

 
λ is the distribution of the relative specific permeance in 

the air gap. As relative specific permeance for slot opening is 
applied to the model, the slot opening effect also can be 
analyzed. Thus, air gap flux density distribution of the slotted 
model in the radial and tangential direction can be obtained. 

IV.   LUMPED PARAMETER THERMAL NETWORK 

Generally, the thermal FEA and the computational fluid 
dynamics (CFD) are conducted for the thermal analysis. 
However, CFD takes much computational resource and time. 
Therefore, the lumped parameter thermal network (LPTN) is 
used to analyze the thermal characteristics of the SPMSM in 
this paper. The LPTN has less accuracy than the thermal FEA 
with CFD. However, it has advantages in terms of its fast 
computing time. Furthermore, the LPTN is based on the 
circuit equations which are expressed by the dimensions and 
material properties. Thus, it is advantageous to be applied to 
the parametric design in the preliminary design stage [9]. 

A.   Background 

The LPTN is organized based on the equivalence of the 
electrical system and the thermal system. As organized in 
Table II, the temperature difference corresponds to the 
voltage in the electrical system and the heat flow rate, 
thermal resistance and thermal capacitance correspond to 
current, electrical resistance and electrical capacitance, 
respectively. The ways 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 [10] [11]. 
1)  Radiation is ignored 
2)  No heat flows in a circumferential direction except for 
the flow between the stator teeth and windings 
3)  A single average value represents the temperature of a 
part ignoring temperature variance in the radial and the axial 

directions. 
4)  The thermal capacitance and the heat source are 
uniformly distributed in each component. 

To be distinguished from the former researches on the 
LPTN, major improved points of the proposed method are 
explained below. 

First, the proposed LPTN considers the heat flow in 
circumferential direction between stator teeth and windings 
as the thermal resistance. The proposed LPTN is based on the 
thermal network which P. H. Mellor proposed [11]. In [11], 
there is an assumption “There is no circumferential heat 
flow”. However, the losses generated in the stator teeth and 
windings are different from each other and their temperatures 
are also different in actual condition. This means that the heat 
flow between two parts exists and it leads to the necessity of 
considering the heat flow in circumferential direction.  

Secondly, the thermal conductivity of the winding for 
radial and circumferential direction are considered as the 
equivalent thermal conductivity of composite material for 
conductor, insulation and air as proposed by N. Simpson 
[12]. The proposed LPTN considers the radial, 
circumferential and axial heat flow of winding. The axial 
thermal conductivity of winding is almost the same as the 
thermal conductivity of copper. However, the radial and 
circumferential thermal conductivity of winding is different 
from the thermal conductivity of copper because the heat is 
transmitted through copper, conductor insulation, and air in 
those directions. The concept of the equivalent thermal 
conductivity of the winding is cited from the [12] which 
includes experimental validation for the concept. 

B.   Thermal conduction 

The conduction occurs inside each part of the electric 
motor such as the rotor, stator yoke, stator tooth, permanent 
magnets and housing. Due to the shape of the electric motor, 
particularly for the SPMSM, all these parts can be regarded 
as a hollow cylindrical shape in (a) of Fig. 3 [13]. Each 
conduction component is modeled as the electrical circuit 
shown in (b) of Fig. 3, applying the circumferential 
periodicity. It consists of the four thermal conduction 
resistances. The Ra represents the resistance in the axial 
direction as (2). The R1r, R2r, and Rmr represent the 
resistances of radially outward and inward direction, and 
compensation, respectively, as stated in (3), (4), and (5). 

 

             ( )2 2
1 26

a

a

L
R

k r rπ
=

−
              (2) 

 
TABLE II 

REQUIREMENTS FOR THE ELECTRIC MOTOR OF THE WEARABLE ROBOT 

Contents Electrical System Thermal System 

Potential Voltage, V Temperature difference, ΔT 

Flow Current, I Heat flow rate,  

Resistance Electrical resistance, R Thermal resistance, Rt 

Capacitance Electrical capacitance, C Thermal capacitance, Ct 

Equation V = IR ΔT = Rt 
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T3
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R1r

R2r

RmrRa

Ct

T1

T2

T3 = T4
Tm

Tair

(a)                               (b) 
Fig. 3.  Element of Conduction thermal transfer 
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L is the axial length of the hollow cylinder, ka, kr, r1, and 

r2 are the axial thermal conductivity, the radial thermal 
conductivity, the outer and the inner radius, respectively. 

C.   Thermal convection 

For convection in electric motors, the thermal convection 
resistance, Rconvection in (6) is related to not only the dimension 
but also the state of air flow. 

 

                 
1

convectionR
hA

=                (6) 

 
A is the surface area where the convection occurs, and h is 

the convective heat transfer coefficient in W/(m2·K). The 
three cases of convection are considered as follow. 
1)   Frame - ambient 
2)   Air gap: stator - rotor 
3)  Endcap air: end cap - stator and rotor 

h value varies for each part of the motor: case1) 10~15, 
case2) 15~20, case3) 100~120. The coefficients are decided 
by the empirical equations investigated beforehand [14], 
[15]. 

D.   Heat source and thermal capacitance 

The heat sources are the losses of the electric motors such 
as the copper loss, the iron loss, the eddy current loss in the 
PMs, and the mechanical loss. The copper loss and the iron 
loss are calculated by electromagnetic analysis while the 
eddy current loss in PMs and the mechanical loss are ignored 
because of their small value. The heat sources are expressed 
as current sources in the thermal network. 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 as the end coil and the coil 
in the slot. Pend coil and Pslot coil 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, and the rotor. The iron losses, Pyoke, Ptooth, Ptooth tip, and 
Protor are shown in Fig. 4. 

The thermal capacitance is calculated with the dimensions, 
the mass density, ρ and the specific heat, cp by (7). 

 

           ( )2 2
1 2pC c r r Lρ π= −                (7) 

 
Regarding the aforementioned principles of this study, the 

LPTN for the SPMSM is modeled in Fig. 4. In addition, the 
Rc,frame defines the thermal contact resistances between the 

frame and the stator, and the Rc,shaft is the thermal contact 
resistance between the shaft and the rotor. Rslot liner and Rcoil-

tooth are the thermal resistance of the slot liner and the 
resistance between the coil and the stator tooth, respectively. 

E.   Consideration of the driving pattern of the motor 

Because the driving pattern of the motor affects the 
thermal characteristics of the motor, it should be considered 
in thermal analysis. Even though the motor is applied to 
diverse joints, only driving pattern for the hip joint, which is 
most severe condition, is considered. 

Comparison of thermal analysis results between two 
different driving patterns is described in Fig. 5. One is the 
actual driving pattern of hip joint and another is RMS value 
of current for demand torque of driving pattern. It shows that 
they have very similar result because the thermal response to 
the heat generation in the motor is relatively slow while the 
period of driving pattern based on walking motion is much 
faster. 

Therefore, thermal analysis using RMS value of current 
for demand torque of driving pattern is effective in terms of 

 
Fig. 4.  Lumped parameter thermal network for the SPMSM 
 

Fig. 5.  Comparison of thermal analysis result between the actual driving 
pattern and RMS current input 
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accuracy and also it requires less computation resource and 
time consumption. 

V.   DESIGN OPTIMIZATION 

A.   Preliminary design 

First, the number of pole and slot and the winding 
configuration are decided. Taking into consideration the 
carrier frequency of the inverter used in the wearable robot 
system and the target maximum speed of the SPMSM, the 
number of pole of the SPMSM is limited to 30 in order to 
generate the sinusoidal input current wave at whole speed 
range. Then, the following conditions are considered so as to 
decide upon the winding configuration and the number of 
pole and slot. 
1)  High torque: large winding factor 
2)  Short end coil height: coil pitch should be 1 
3)  Small cogging torque: large least common multiple of the 
number of pole and slot 
4)  Good noise and vibration characteristics 

In consideration of the four conditions, the number of pole 
and slot is decided upon as 14 and 18, respectively. 

Next, by using the SHA, the shape of the PM mounted on 
the rotor core is decided. The shape of the PM is defined with 
the eccentricity and the pole angle as seen in Fig. 6. It is 
decided upon by considering the magnitude of the phase back 
electro-motive force (BEMF), the total harmonic distortion 
(THD) of the phase BEMF and the cogging torque.  

Firstly, the pole angle whose value is represented by pole 
angle per pole pitch is decided to be set at 0.92 where the 
magnitude of the phase BEMF is large and the cogging 
torque is minimized at the same time when the eccentricity is 
fixed at 0mm as shown in upper graph of Fig. 7. Then, with 
the pole angle fixed to be 0.92, the eccentricity is decided to 
be 16mm where the THD of the phase BEMF and the 
cogging torque is minimized at the same time as shown in the 
lower graph of Fig. 7. 

Prior to the armature design, the required phase BEMF 
that satisfies the requirements of the mechanical output under 
the electrical input is calculated. 

 
              3 phP T e Iω= ⋅ ≤                 (8) 

1 1

2 2
ph ph DCe V V Duty ratio PWM factor≤ = × × ×    (9) 

 
P represents the power and T, ω, eph, and I are torque in 

Nm, rotating speed in rad/s, root mean square (RMS) value 
of the phase BEMF and RMS line current in Arms, 
respectively. Vph is the maximum phase voltage that can be 
fed by the inverter under the DC link voltage VDC. The 
minimum magnitude of the phase BEMF is calculated with 
the required mechanical power in (8). The maximum 
magnitude of the phase BEMF is limited by the phase input 
voltage in (9). Then, the series turns per phase which makes 
the phase BEMF have the magnitude between the calculated 
bounds above is computed by the SHA. 

By setting the current density limit as 10 Arms/mm2 and the 
slot fill factor to be less than 40%, the diameter of the 

conductor and area of the stator slot are then calculated. 
Applying the aforementioned dimensional requirements and 
the area of the stator slot, the shape of the stator core is 
designed where the reluctance of the magnetic flux path on 
the stator core is minimized. 

As seen in the (a) of Fig. 8, which is obtained by the 2-D 
FEA, its torque ripple, 1.14%, is small enough for the 
wearable robot application and its maximum speed is much 
higher than the requirement. However, the maximum torque 
of the initial model is not satisfactory for the requirement. 
Therefore, it is necessary to improve the torque considering 
the thermal characteristics at the same time. 

B.   Improvement design 

The initial model has a margin of the input voltage which 

 
  (a)                             (b) 

Fig. 8.  Mechanical performance of the initial model; 
(a) Torque waveform at rated (b) Torque-speed curve 
 

 
 

Fig. 6.  Eccentricity and pole angle of permanent magnet 

 
Fig. 7.  Decision of the pole angle and the eccentricity using the Space 
Harmonic Analysis 
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is directly related to the rotating speed as can be seen in 
graph (b) of Fig. 8. However, the maximum torque of the 
motor needs to be improved. Therefore, increasing the 
number of series turn per phase from 84 turns (initial model) 
to 90 turns is an appropriate solution to satisfy the 
requirements in this situation. If the number of turn is 
increased by making the area of the slot larger, the magnetic 
saturation of the iron core will become critical and create the 
possibility of torque decrease. Thus, reducing the diameter of 
the conductor is more appropriate so as to not increase the 
magnetic flux density of the iron core. In accordance with 
their number of winding turn and coil diameter, their stator 
core shapes which are defined by the teeth and the yoke 
thickness are optimized by minimizing the reluctance of the 
stator core, respectively, and it can be seen in the Fig. 9. 

The two models whose current densities are higher than 
the initial model are proposed in Table III. The current 
densities of model 1 and model 2 are 13Arms/mm2 and 
15Arms/mm2 at the maximum current 10.6Arms, respectively. 
At the RMS currents for the driving pattern of the joint, their 
current densities are 4.92Arms/mm2 and 5.86Arms/mm2, 
respectively. The maximum torque of the model 1 is 0.76Nm 
and the model 2 generates 0.78Nm as a maximum. In terms 
of the maximum torque, both the two proposed models 
satisfy the requirement, 0.75Nm. The torque improvement is 
caused by not only an increase in the series turns per phase 
but also the mitigation of the magnetic saturation of the stator 
core as can be seen in the Fig. 9 [16]. 

At this stage, thermal analysis using LPTN is conducted 
for the three models. As seen in Fig. 10, the end coil 
temperatures of all three models show their saturating trends 
when they are driven over 25 minutes. The end coil 
temperature of the models at 30 minutes are 27.3°C, 32.6°C, 
and 36.7°C, respectively. The initial model and the model 1 
do not exceed the thermal requirement, 35°C but model 2 
exceeds such requirements. 

C.   Decision on final model 

Both model 1 and model 2 designed under the 

requirements of the dimension and the electrical input satisfy 
the mechanical output requirements. However, in terms of the 
thermal characteristics, only model 1 meets the requirements. 
Therefore, model 1 has been selected as the final model. The 
model for the 2-Dimensional Finite Element Analysis (2-D 
FEA) and the manufactured motor are shown in Fig. 11. 
Weight of the machine without the shaft is about 226g. 
Torque and power density are about 3.32Nm/kg and 
0.97kW/kg, respectively. The 2-D FEA result of the final 
model is shown in Fig. 12. At the base speed, 2800rpm, the 
mean torque is 0.75Nm and the torque ripple is 1.15%. The 
Torque-Speed curve in Fig. 12(b) shows that the maximum 
speed of the model is higher than the requirement. 

VI.   VERIFICATION 

The experimental set shown in Fig. 13 is set to confirm the 
validity of the simulations used in the design process, such as 
the SHA, the LPTN, and the 2-D magnetic field FEA. For the 
torque-speed-current curve comparison in Fig. 14, the 
measured maximum torque is exact same as the analyzed 
value. There is a small error between the simulation and 
measured input line current, and the maximum error is 5.1% 
at 2800rpm which is deemed acceptable. For the thermal 
characteristics, the trends of the measured and the analyzed 
end coil temperature are compared in Fig. 15. The 
manufactured motor is driven for 30minutes with the driving 
pattern of the wearable robot. It shows that the error of 
temperature at 30 minutes is less than 5%, which is accurate 
enough for the LPTN. The effectiveness of the design 
process suggested in this paper is demonstrated by 
comparison with conventional motor in Table IV. Its rotor 
hollow diameter is much larger than that of the conventional 
motor and axial length is shorter. It is advantageous for 
system compactness.  Also, DC link voltage is smaller and 
torque constant is larger than those of conventional motor, so 
that it is more marginal on controller design. 

VII.   CONCLUSION 

This paper discusses the multi-physics design of SPMSM 
 

Fig. 10.  Trends of end coil temperature under RMS current of driving 
pattern 

 
Fig. 9.  Comparison of magnetic flux density of stator tooth at rated

 
Fig. 11.  Final model for the wearable robot; 2-D FEA model (left), 
manufactured model (right) 

 
Fig. 12.  Final model for the wearable robot; 2-D FEA model (left), 
manufactured model (right) 
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for wearable robot. Taking the feature of the wearable robot 
application into account, the dimensional, electromagnetic 
and thermal requirements are defined. Thus, the 
electromagnetic and thermal design optimization is carried 
out. As a result, the final model is proposed and 
manufactured. Lastly, experiments are conducted to confirm 
the validity of this study. It is confirmed that the designed 
motor satisfies requirements. Thus, the effectiveness of using 
the analysis methods used in this study, which are SHA, 
LPTN, are demonstrated and their usefulness in multi-physics 
design can be applied to the other applications. 
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Fig. 13.  Experimental set for verification 

 
Fig. 14.  Comparison of torque-speed-current characteristics 
 

 
Fig. 15.  Comparison of end coil temperature 
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