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Abstract: A segmented-core (SC) structure has been widely used for high-power-density (HP) motors. However, the SC motor
is associated with a number of problems due to the complexity of both the structure and the manufacturing process. To address
these issues, a novel structure of a HP motor is proposed, referred to as the ring-coupled segmented-stator (RSS) model here.
The proposed RSS can increase the reliability, the stability, and the manufacturability of motor. Furthermore, useful thermal
analysis and design flow which take into account the RSS and asymmetric overhang structure of the motor are proposed in this
research. The proposed lumped parameter thermal network (LPTN) for the thermal analysis shows a good agreement with
experimental data within 9.8% difference. The proposed analysis and design method can be used for the diverse kinds of motor
requiring the HP. The usefulness of the proposed RSS motor, the analysis method, and the design method are verified through
the experiment in this research.

1 Introduction
Robot is one of the core technologies of what is referred to as the
fourth industrial revolution. Recently, the demand for the
manufacturing of collaborative robots has increased dramatically
[1–4]. Compactness is an important constraint in the manufacturing
of a collaborative robot due to the limited work spaces of robots.
Hence, a high-power-density (HP) motor is a core component of
robots [4].

To increase the power density of such a motor, the segmented-
core (SC) structure, which not only increases the coil space factor
but also decreases the cogging torque and torque ripple by reducing
the slot opening, has become commonly used [5–11]. However, the
conventional SC motor, the most widely used type for robots, has
the problems such as increases in the cost, decrease in yields, and
declines in performance capabilities given the complexity of both
the structure and the manufacturing processes [12–16]. To address
these problems, a motor with a novel structure is proposed for
robots. It is termed as the ring-coupled segmented-stator (RSS)
motor here.

To increase the power density, an overhang structure is applied
into the proposed RSS motor. The overhang structure makes the
height of the magnet and the rotor longer than that of the stator
core to utilise the additional magnetic flux and increase the power
density [17–19]. In this research, an asymmetric overhang structure
is applied into the both end sides of the rotor to utilise the coil end
turn and the space for a sensor and a PCB board.

A thermal analysis is essential to increase the reliability and
stableness of the motor for a robot. The thermal analysis can be
carried out using a numerical method with computational fluid
dynamics (CFD) or with an analytic method such as a lumped-
parameter thermal network (LPTN) analysis [20–38]. The CFD
method can analyse the temperature distribution accurately but
requires a considerable amount of time. As repetitive analyses of
many models are typically requested during the design of the
motor, an accurate and rapid thermal analysis method is required
during the motor design process. This can be useful to propose an
effective LPTN method because the time required for the analysis

as part of the LPTN method is short. Several studies have utilised
the LPTN method to undertake a thermal analysis of a motor [20–
33, 39]. However, a novel LPTN method is required for the
proposed novel RSS surface-mounted permanent magnet (SPM)
motor with the asymmetric overhang structure at both ends of the
motor. In [29], the convection heat transfer of the external air and
the motor was considered by LPTN model of the motor as a
horizontal cylinder. The LPTN model of heat transfer by airgap in
motor was studied in [27] as the Taylor's rotating cylinder model.
The convection phenomena between the stator end and the rotor
end and the internal air of enclosed motor was studied in [26].
Specifically, [25] proposed the LPTN model of the convection heat
transfer in the motor with symmetric overhang structure. However,
there are few studies on the motor with a RSS structure and the
asymmetric overhang structure. Hence, a rapid and accurate LPTN
analysis method is developed in this research. The rotor saliency is
also considered in calculation of convection heat transfer
coefficient.

In the conventional motor design process, the current density,
which is a significant design constraint, is usually determined
based on the experience of the designer without an accurate
calculation of the temperature distribution or by a time-consuming
thermal analysis via a trial-and-error method. To maximise the
power density of the motor, the current density and design
conditions must be determined while considering the thermal
characteristics of the motor. Therefore, a systematic design method
which maximises the power density of the SPM motor considering
the temperature constraint is proposed, referred to as the HP design
method here.

In this research, two power-level motors for a collaborative
robot joint module are designed and manufactured using the
proposed components of the RSS motor with the asymmetric
overhang structure via the LPTN thermal analysis method, and the
HP design method. Through an experiment, the usefulness and
validity of the proposed components are confirmed.
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2 Proposal of a novel RSS structure
2.1 Conventional segmented-core structure

The motor for the robot joints requires a HP. The SC structure is
widely used in order to increase the power density of the motor
through the growth of coil space factor.

As shown in Fig. 1, the SC technique is used to manufacture the
stator cores separately, in which the number of the SCs is equal to
the number of slots. The coil space factor can be increased by
nearly 30% using the SC because the SCs are assembled after the
coil is wound in the SCs. In a compact and HP motor for
collaborative robot applications, the length of the motor in the axial
direction and the yoke in the radial direction are short and the SCs
are assembled by the welding. Specifically, the steps of assembling
and welding the cores, which are short in the radial direction in the
compact space of the cores, increase the degree of mechanical
misalignments. Thus, the alignment of the cores in a compact HP
motor cannot be guaranteed, causing distortion of the magnetic
flux path. Moreover, the magnetic material properties of the core
can be distorted by the stress caused by the welding process. 

2.2 Proposal of RSS structure

As shown in Fig. 2, the proposed RSS structure does not require a
welding process, but it uses an outer ring to align the cores.
Accordingly, the risk of misalignment between the SCs in the RSS
structure is much lower while also allowing high mechanical and
electrical coupling intensity to be retained compared to that in the
conventional SC structure. Furthermore, the manufacturing process
is simpler and the risk of magnetic deformation is lower compared
to the conventional SC structure. 

2.3 Proposal of RSS structure

The results of detailed comparison of the SC structure and the RSS
structure shown in Table 1 are described below. 

2.3.1 Torque density: The torque density of the proposed RSS
structure can be slightly lower than that of the conventional SC
structure with an identical volume, as the holding ring occupies the
volume and thus reduces the effective outer diameter. However, the
reduction of the torque density by the ring structure in the RSS is
very low.

2.3.2 Manufacturability: The manufacturability of the proposed
RSS structure is superior to that of the conventional SC structure
because the SC structure requires laser welding to combine the
SCs, while the RSS structure does not require a complex
manufacturing process. If the number of slots is increased, the time
and effort for the laser welding of the SC structure are increased,
which reduces the ease of manufacturing.

2.3.3 Mechanical coupling intensity: In the conventional SC
structure, the cores are frequently welded with misalignments when
the yoke of the stator is thin and the motor is compact. In the case
of RSS structure, the outer ring structure fixes and holds the cores
stably, maintaining good mechanical alignment and reducing the
potential that mechanical distortions will arise.

2.3.4 Magnetic distortion: In the conventional SC structure, the
cores retain mechanical stress in the local area because laser
welding is used. This causes distortion of the magnetic
characteristics of the cores and thus degrades the performance of
the motor. On the other hand, the magnetic distortion caused by
mechanical stress in the proposed RSS structure is insignificant.

2.3.5 Cost: The RSS structure requires a ring, which can increase
its cost somewhat. However, the RSS structure does not need the
expensive laser welding process required by the conventional SC
structure. Hence, the cost of the RSS structure is much lower than
that of the conventional SC structure. Specifically, when the
number of slots is increased, the time and effort for the welding in
the SC structure are increased, resulting in a cost increase.

3 Proposal of a thermal analysis method
3.1 Thermal analysis of electric machine

The temperature in a motor has a significant effect on the lifetime
and performance of the motor. Hence, a thermal analysis is
essential in the motor design procedure with an electromagnetic
analysis. The CFD and the lumped-parameter thermal network
(LPTN) methods are widely used to analyse the thermal
characteristics of motors. The accuracy of the CFD is high but the
time required for an analysis of a motor makes this process
computationally expensive. Hence, the application of the CFD in
the motor design process, which requires an analysis of many
candidate models, increases the time cost significantly.

To address the time cost problem of the CFD, the LPTN, as
described below, is proposed in this research.

3.2 LPTN method

The LPTN method uses a thermal equivalent circuit, which is a
simplified model of the complex heat transfer which relies on the

Fig. 1  Manufacture process using the conventional SC technique.
(a) Manufacturing T shape sheet and stacking them to make a segmented core, (b)
Winding and insulation of the cores, (c) Welding segmented cores to manufacture the
stator, (d) Assembled final stator core

 

Fig. 2  Manufacture process using the proposed RSS technique.
(a) Manufacturing T shape sheet and stacking them to make a segmented core, (b)
Manufacturing a holding ring structure (HRS) made of the structural carbon steel
material, S45C and assembling segmented cores and HRS, (d) Assembled final stator
core

 
Table 1 Comparison between the SC structure and RSS
structure
Category Non-segmented SC RSS
torque density △ ◎ ◎
manufacturability ◎ ○ ◎
mechanical coupling intensity ◎ △ ○
magnetic distortion ◎ △ ◎
cost ◎ △ ○
◎: excellent ○: good △: normal
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thermal resistance and the heat source. The thermal resistance is
determined based on the degree of heat transfer via conduction,
convection, and radiation heat transfer processes.

The LPTN method allows a rapid thermal analysis, but the
accuracy of this method depends on the accuracy of the
determination of the thermal coefficients. The HP motor commonly
uses an overhang structure, and the proposed RSS motor requires a
novel heat equivalent model.

Hence, a novel heat equivalent model for analysing the
asymmetric overhang structure and the proposed novel structure is
proposed in this section.

3.3 Proposed LPTN method

As the LPTN model shown in Fig. 3 is proposed here for a thermal
analysis of the proposed RSS SPM motor with an asymmetric
overhang structure at both ends of the motor, as shown in Fig. 4.
The proposed LPTN model considers the heat transfer under a
natural cooling condition. Due to the RSS structure and the
asymmetric overhang, it is required to consider the additional heat
transfers in the motor. Specifically, the conduction heat transfers
are considered between the stator core and the ring structure, and
the ring structure and housing. The radiation heat transfer of the
ring structure is also considered with its material properties. 

Furthermore, the convection heat transfers between the
overhang structures and the inner air are independently considered
for the different overhang length of top and bottom side of the
motor. The heat capacities of components 1 to 10 are considered
with each material properties and volumes. The heat capacities of
components 11 and 12 are ignored as they represent the air with

very small heat capacity value. Finally, the heat capacity of
component 13 is assumed to be infinity. The heat sources are the
iron loss calculated by a 3-D electromagnetic field analysis and the
copper loss estimated by the current and resistance of the coil.

3.3.1 Conduction heat transfer: The resistance values for
conduction in Fig. 3 can be calculated by (1), where li (m), kair
(W/m °C), and Ai (m2) are the distance between the conductive
material, the thermal conductivity of air, and the contact area,
respectively. The li varies according to the contact condition. A
value of 0.03 mm is used in this research for referring to earlier
works [25, 28]. In this study, the heat transfer phenomena with
contacts among the rotor core, the magnets, the shaft, rotor cover,
the stator core, the coils, the ring structure, the housing frame, and
the screws are considered as the conduction thermal resistances.

Rcond =
li

kairAi
(1)

3.3.2 Radiation heat transfer: As the cooling condition of the
proposed LPTN is natural cooling, radiation heat transfer cannot be
ignored. The resistance for radiation between the externally
exposed surface of the structure and the ambient air is derived
using (2). The radiation heat transfer coefficient is induced by (3),
where σ and ɛ represent Stefan–Boltzmann's constant and the
emissivity of the surface, respectively. The surface emissivity
values for the housing frame, the screw, and the ring structure are
determined based on the earlier research findings [25, 28].

Rrad =
1

hradA
(2)

hrad = σε
(Ts

4 − Ta
4)

(Ts − Ta)
(3)

3.3.3 Convection heat transfer: Convective heat transfer
phenomena in the electric motor were classified into three types.

First, the heat transfer between the external air of the motor and
the external structure of the motor which is referring to the
empirical formula for the horizontal cylinder model in the [29].
Referring the research, the Nusselt number, the thermal
conductivity of air, and the diameter of cylinder were used to
calculate the heat transfer coefficient.

Second, the heat transfer by airgap was determined referring to
Taylor's rotating cylinder model, where the thermal conductivity of
air and the axial length of the cylinder were used to calculate the
heat transfer coefficient [27].

Finally, the convection phenomena between the stator end and
the rotor end and the internal air of the enclosed motor are
considered as the heat transfer coefficients, where the angular
velocity and outer radius of the rotor are used [25, 26].

In this regard, the proposed LPTN has three types of resistance
for convection heat transfer, which can be calculated by (4) and by
applying three different values for the convection coefficients hconv
(W/m2 °C). These values are for (i) the outer air and motor
structures, (ii) the inner air and motor structures, and (iii) the airgap
in the motor.

Rconv =
1

hconvA
(4)

For the proposed RSS SPM motor with the asymmetric overhang
structure at both ends of the motor, different values of the
convection coefficient hconv for (2) the inner air and motor
structures are proposed here, taking into account the following
characteristics.

In the overhang structure, the heat transfer amount by
convection is augmented as the number of pole is increased. When
the gap between the magnets is increased, the heat transfer amount
by convection also increases. However, the growth ratio of the heat
transfer amount increases rapidly at first and then increases

Fig. 3  Proposed LPTN model for the RSS SPM motor with the asymmetric
overhang structure

 

Fig. 4  Proposed RSS SPM motor with the asymmetric overhang structure
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gradually after the heat transfer becomes saturated with the
increased distance of the gap between the magnets.

As the thickness of each magnet is increased, the effect on the
heat transfer is also enhanced rapidly. Based on these relationships,
the novel coefficient, which we termed the saliency factor ksal, is
defined and derived by (5).

ksal = 5.56 × 107(npmd
0.5

mt
2.5) (5)

Here, np is the number of poles, md (m) is the gap between the
magnets, and mt (m) is the thickness of magnet.

To consider the asymmetric overhang structure on both sides of
the rotor, (6) and (8) are derived here using the saliency factor ksal
and the overhang factor koh. The hcon_ia1 of (7) represents the
convection heat transfer coefficient between the inner air of the
motor and the stator end part, and hcon_ia2 of (8) represents the
convection heat transfer coefficient between the inner air of the
motor and the rotor end part.

koh =
loh

rso − rro
(6)

hconv_ia1 = 6.5 + (5.25 + 3ksalkoh)
0.6(ωrro)

0.6 (7)

hconv_ia2 = (16.5 + 5ksal)
0.65(ωrro)

0.65 (8)

Here, loh (m) is the length of overhang, ω (rad/s) is the rotational
velocity, and rro (m) is the radius of rotor.

The detailed calculation flow is as follows. At first, we can
calculate ksal by (5) with the information of motor shape and
specifications. Then, we can simply calculate the overhang factor
koh by (6) with information of motor size. Finally, the heat transfer
coefficients represented by (7) and (8) can be calculated by the two
factors and the rotational speed of the motor.

4 Proposal of design method
In the design of a typical motor, the current density is determined
based on the experience of the designer considering the cooling
method or a time-consuming thermal analysis via trial and error.
Hence, the conventional process of determining the current density
accurately requires much time. To address this issue, a systematic
novel design method termed the HP design method is proposed in
this research. It is illustrated in Fig. 5. The HP method covers the
overall design process, including the determination of the proper
current density via thermal and electromagnetic analyses of the
motor. Ultimately, the proposed HP method will be useful for the
design of a compact HP motor module. 

4.1 Step 1 – initial design

In this design stage, the diameter of the stator, the length of the air
gap, and the coil space factor are roughly determined taking into
account the design requirements and constraints. Subsequently, the
number of poles, the number of slots, the diameter of the rotor, and
the thickness of the magnet are designed approximately
considering the electrical loading, the magnetic loading, and the
degree of demagnetisation. The initial value of the current density
is determined from earlier cases considering the cooling method.

The magneto-motive force (MMF) can be evaluated
approximately considering the current density and the coil space
factor. The area of the slot can be roughly determined considering
the magnetic flux density.

4.2 Step 2– shape design using 2D-FEM

The required motor performance differs according to the
application of the motor. When the motor is applied to the robot,
maximisation of the average torque is important because
compactness is required for this application. For the medical
application of the motor, the stable operation is crucial such as
minimised cogging torque and torque ripple.

Considering the required motor performance and the main
design objective, the shape of the shoe, the opening of the slot, the
pole-pitch of magnet, the shape of the magnet, and other related
factors are designed specifically by means of 2D-FEM at this
design stage.

4.3 Step 3– determination of stack length

In this design step, the objective is to determine the minimum stack
length of the motor considering the required output torque of the
motor. The target output torque of the motor must be higher than
the required output considering the losses arising from
manufacturing uncertainties and the driving losses. Concurrently,
an estimation of the additional flux linkage due to the overhang
structure must be considered in a test simulation.

If the stack length is determined, the design of the overall shape
of the motor can be completely considered. Taking into account the
constraints of the voltage and the current, the number of coil turns
and the circuit of the motor can be determined together with the
coil resistance value.

4.4 Step 4 – electromagnetic analysis using 3D-FEM

At this design stage, the designed motor must be analysed by
means of 3D-FEM. The rotor of the proposed motor is thin type
with the asymmetric overhang structure. Owing to the asymmetric
magnetic flux pattern in the axial direction in the proposed motor,
it is essential to ensure a precise characteristic using the 3D-FEM
[17].

4.5 Step 5 – performance check

After the 3D-FEM characteristic analysis of the motor, the motor
performance which is the requirement of torque, voltage constraint,
and current constraint must be checked. If the designed motor
performance is insufficient or excessive compared to the target
performance, this process then goes to Step 3 for the stack length to
be either enlarged or reduced.

4.6 Step 6 – thermal analysis using the proposed LPTN
method

With the iron loss, magnet eddy current loss, and the copper loss
data, all of which are calculated via an electromagnetic analysis
using 3D-FEM, the heat sources can be derived for the analysis of
LPTN model. Considering the designed structure of the motor, the
final LPTN can be constructed and finally the thermal analysis is
conducted.

Fig. 5  Motor design flow using the proposed HP design method
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4.7 Step 7 – temperature check

To increase the power density of the motor, the temperature in the
motor must be high but within the range of the temperature
constraints.

If the estimated saturation temperature in the motor from the
thermal analysis of Step 6 is out of objective range considering the
temperature constraint, the current density is modified to be higher
or lower and the process proceeds to Step 2.

5 Design of motor for robot joint module
In this part, the motor for the robot joint module is designed using
the proposed novel RSS and the thermal analysis and the design
method. Two different power levels of motors of 75 and 100 W are
designed.

5.1 Design requirement

As demonstrated in Fig. 6, the joint arm has six joint modules with
the 5 kg payload. The requirements for Module 1 and Module 2
shown in Table 2 are derived considering the required power level
of the joints through a dynamic analysis of the manipulator. Taking
into account the efficiency of the gear with values of 70–75% and
the reduced gear ratios, the rated speed and torque levels are
determined as shown in Table 3. The outer diameters for motors 1
and 2 are determined considering the mechanical structure of the
joint module. Minimisation of the length in the axial direction to
<22 mm is one of the design constraints in this research because
compactness is an important point in a cooperative robot joint
module with several sensor components. 

5.2 Design result

The design result of the motor for the robot joint module using the
proposed RSS structure and the analysis and design method is
described below.

The 20-pole and 24-slot is selected considering the power
density, the switching frequency of the inverter, ease of
manufacturability, winding factor, and other pertinent factors.

One of the design objectives is to maximise the power density
in the continuous operation mode. Moreover, the temperature of
the housing frame should be <70°C for the reliability and safety of
robot module. In this research, the target temperature of the

housing frame is set to 60°C considering a 15% margin. The design
is carried out using the proposed HP design method while checking
the estimated temperature of the housing frame to derive the HP
motor with the optimal current density in the coil.

The height of the asymmetric overhang structure is determined
while taking into account the height of the end turn of the coil as
well as the sensor system.

As shown in Fig. 7, the magnetic flux density in the designed
motors is evenly distributed and it is confirmed that the operating
point is not at extremely saturated level. As demonstrated in
Table 4, the THD of the designed motor is <2% and the cogging
torque is <1.5% as compared to the rated torque, thus satisfying the
design requirements. The losses are also represented in Table 5
including the iron loss, the copper loss, and the magnet eddy
current loss. The loss information is used for the heat sources in the
LPTN analysis. 

The copper loss at an ambient temperature of the designed
motor is greater than the iron loss that, as the rotational speed of
motor is not high and the current density is maximised within the
temperature constraint. The calculated losses are used for the heat
sources in the LPTN method. By utilising the derived heat transfer
coefficients shown in Table 6 for use with the LPTN method, the
estimation of the saturation temperature in motor and the HP
design can be carried out. 

Fig. 6  Robot joint module with two power levels of 75 and 100 W for
motor 1 and motor 2, respectively

 

Table 2 Requirement for the module 1 and module 2
Items Module 1 (for joint

1,2, 3)
Module 2 (for joint

4,5, 6)
rated speed, rpm 25 20
avg. load torque, N·m 20 34
max. load torque, N·m 35 58
 

Table 3 Design requirements for motor 1 and 2
Items Motor 1 Motor 2
rating speed, rpm 2000
rating power, W 75 100
rating torque, N·m 0.36 0.475
max. torque, N·m 0.63 1.07
outer diameter, mm 58 70
input voltage, V 48
cont. current limit, Arms 5
max. current limit, Arms 10
cooling type self-cooled
temperature constraint, °C 70 (housing frame)
core material S08
magnet remanence, T 1.32
 

Fig. 7  Magnetic flux density distribution for designed Motor 1 and 2
 

Table 4 Performance of the designed motors
Items Motor 1 Motor 2
EMF magnitude, V at 2000 rpm 30.04 31.39
back EMF THD, % 1.94 2.07
cogging torque, mN·m 5.47 5.62
efficiency, % 88.5 87.6

 

Table 5 Loss data of the designed motors
Items Motor 1 Motor 2 Motor 2
copper loss at 20°C, W 7.26 6.15 6.15
rotor Iron loss, W 0.002 0.013 0.013
stator Iron loss, W 2.49 4.43 4.43
eddy current loss in magnets, W 0.001 0.001 87.6
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6 Experimental data of the RSS SPM motor
6.1 Prototype of RSS SPM motor with the asymmetric
overhang

As shown in Fig. 8, a carbon-steel ring is installed such that it
encircles the stator with the asymmetric overhang structure. The
experiment was carried out in a laboratory at an ambient
temperature of around 20°C, as shown in Fig. 9. 

6.2 Result of EMF

The electromotive force was measured under a no-load condition at
1000 rpm. The measured peak value of the phase EMF of 75 W
motor and 100 W motor was, respectively, 29.72 and 30.77 V
under 2.1% difference with the estimated data in Table 4.

6.3 Result of efficiency

The efficiency rates of the 75 W motor and the 100 W motor were
85.4 and 83.1% in the experiment, respectively. The corresponding
calculated efficiencies of the 75 W motor and the 100 W motor
were 88.5, and 87.6%, showing some difference from the
experimental data. The difference between the experimental data
and the calculated data may be due to the coupling problem
between the motor and the load, distortion of the current source,
and/or a phase imbalances which arose during the experiment.

6.4 Result of temperature rise

The temperature check in the coil is very important to guarantee
the safe and secure operation of the motors. Moreover, we need to
check the one of design requirement which is within 60°C of
housing temperature as described in Section 5.2. In this regard, we
installed the thermocouples in stator coil and housing surface of the
motors. Then, we finally compared the experimental data and the
analysis results by the proposed LPTN.

As shown in Fig. 10 and Table 7, the measured temperature data
in motor 1 and motor 2 are well-fitted with regard to all the
calculated data using the proposed temperature analysis method,
i.e. the LPTN method <10% difference. Hence, it is confirmed that
the proposed analytic method, LPTN, is rapid and accurate. 

Moreover, motor1 and motor 2, as designed by the proposed
analysis and design methods, operate within the maximum
constraint temperature 60°C in the housing frame with a HP
method. This confirms that the proposed analysis and design
method will be useful in the analysis and design of a HP motor.

7 Conclusion
Due to the increasing demand for robots, compact and HP motors
are required. However, the conventional SC motor for robots has
several shortcomings in terms of the cost, yield, and performance
due to the complex structure and manufacturing process required.

Table 6 Convection heat transfer coefficient for the
designed motor
Items Motor 1 Motor 2
hconv_ia11, W/m2 °C 15.28 14.64

hconv_ia12, W/m2 °C 21.68 21.62

hconv_ia21, W/m2 °C 13.79 13.69

hconv_ia22, W/m2 °C 21.68 21.62

hconv_ia11: convection heat transfer coefficient between the inner air of motor and the
stator end part of top side.
hconv_ia12: convection heat transfer coefficient between the inner air of motor and the
rotor end part of top side.
hconv_ia21: convection heat transfer coefficient between the inner air of motor and the
stator end part of bottom side.
hconv_ia22: convection heat transfer coefficient between the inner air of motor and the
rotor end part of bottom side.

 

Fig. 8  Prototype of the RSS SPM motor for robot joint module
(a) Stator, (b) Rotor

 

Fig. 9  Experimental system
 

Fig. 10  Temperature comparison of motor 1 and 2 in the continuous
operating condition between the experimental data and the calculated data
by the proposed LPTN method
(a) Motor 1, (b) Motor 2

 
Table 7 Temperature comparison between experimental
and calculated data by using the proposed LPTN method for
motor 1 and motor2 in the housing and coil

Measuring point Temperature, °C
LPTN Experiment

Motor 1 coil 74.8 69.5
housing 55.8 50.8

Motor 2 coil 75.9 71.0
housing 56.1 54.1

Saturation temperature was measured after 2 h operation at rated condition.
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Hence, the significance of this paper is its proposal of a novel
structure of a HP RSS motor of which the cost, yield, and
performance are superior to those of a conventional SC motor.

A thermal analysis of a motor for use with robots is required to
increase the reliability and stability. Therefore, it is noteworthy that
a rapid and accurate LPTN analysis method for the proposed RSS
motor with an asymmetric overhang structure is proposed in this
research.

A systematic design method considering the temperature
distribution in a motor has yet to be studied in depth. Hence, an
important contribution here is that a useful HP design method
which maximises the power density of a SPM motor considering
the temperature rise as a constraint is proposed.

Significantly, the proposed RSS structure, the LPTN method,
and HP design method are widely applicable to many of the types
of motors as well.
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