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Abstract: In this paper, the design of novel slotless permanent magnet synchronous motor (PMSM)
for a collaborative robot was studied considering the manufacture process of winding. The winding
manufacture process of novel slotless PMSM was proposed in three steps. First, the two types of coil
units were manufactured based on the winding jig to assemble the coil units. Second, the coil unit
was manufactured using the injection molding based on the plastic material such as polyphenylene
sulfide (PPS). Third, the units of the coil were assembled to form a stator winding. Considering
this manufacture process of winding, the slotless motor design was studied for the collaborative
robot. For the design and analysis of slotless motor, finite element analysis (FEA) was performed
through ANSYS Maxwell. The electromagnetic performance was analyzed according to the pole-
slot combination. Considering the space of the collaborative robot, the basic model was designed.
Based on the basic model, the electromagnetic performance was analyzed according to the design
parameters such as the thickness of magnet and yoke and turns per slot. Considering the torque
and current density, the final model was designed. To verify the FEA results, the slotless motor was
manufactured and the experiment and FEA results were compared.

Keywords: collaborative robot; design process; insert injection molding; manufacture process; slot-
less; surface permanent magnet synchronous motor (SPMSM)

1. Introduction

In recent years, the collaborative robot became an important part of the industrial
automation. Collaborative robots help increase productivity on assembly lines by per-
forming repetitive and dangerous tasks for workers. Due to this advantage, research on
collaborative robots was actively conducted over the past few decades, and the global
market size expanded. The global market for collaborative robots is expected to grow from
$981 million in 2020 to $7172 billion in 2026, and was reported to be steadily increasing at
an average annual growth rate of about 41.2% [1-3]. The collaborative robot consists of
an electric motor, controller, harmonic drive gear, and encoder [4,5]. Of the critical parts
of the collaborative robot, the electric motor is considered the most important part since
it is related to the high dynamics and miniaturization [6]. Therefore, the electric motor is
required to have high torque density and efficiency. Permanent magnet synchronous motor
(PMSM) with rare-earth permanent magnets (PMs) are widely used in the collaborative
robot since rare-earth PMs are capable of the high torque density and miniaturization [7-11].
However, the collaborative robot requires low torque ripple and cogging torque because
high precision control is required. Therefore, the reduction in torque ripple and cogging
torque was studied [12-16].

Actuators 2023, 12, 156. https:/ /doi.org/10.3390/act12040156

https:/ /www.mdpi.com/journal/actuators


https://doi.org/10.3390/act12040156
https://doi.org/10.3390/act12040156
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/actuators
https://www.mdpi.com
https://orcid.org/0000-0003-4121-1851
https://doi.org/10.3390/act12040156
https://www.mdpi.com/journal/actuators
https://www.mdpi.com/article/10.3390/act12040156?type=check_update&version=1

Actuators 2023, 12, 156

20f13

The general motor adopts a slot structure to wind the coil. Since the slot structure has
teeth, the magnetic gap length is short, which can have a high output density. However,
there is a slot opening to wind up the coil, which makes the length of the airgap different
depending on the rotor position. This creates a cogging torque, which causes torque ripple,
causing vibration and noise and interfering with precise control of the motor [17-20]. There-
fore, for motors requiring precise control such as for robots, various researchers studied
how to reduce cogging torque [21-23]. However, these did not find how to completely
eliminate the cogging torque. In order to completely remove the cogging torque, interest
in slotless motors that is the absence of teeth is increasing in the field of high-precision
robot motor. Furthermore, the slotless motor has the advantages of low torque ripple, low
vibration and noise, which is advantageous in the field of high precision robot motor. Due
to the zero-cogging characteristics, the slotless motors are capable of smooth operation [24].
Moreover, since there are no teeth, iron loss is very small, which is advantageous for
ultra-high speed machines such as air propulsion [25-27]. However, since the coil cannot
be wrapped and fixed in the absence of teeth, research on the slotless motor is difficult.
The studied slotless motor mainly has a structure with axial type toroidal winding [27-29].
In addition, slotless motors with drum-type conventional windings have a standardized
shape for arranging and fixing the windings [30-32]. Therefore, this paper proposes the
new coil which has no fixed structure and can adopt conventional winding. Furthermore,
design methods of proposed slotless motor are introduced.

In this paper, the design of the novel slotless motor is studied considering the manufac-
ture process of coils for the collaborative robot. The coil was wound conventionally and coil
forming was performed. By covering the surface of the formed coil with injection molding,
it was made into a block shape that allowed each coil to be assembled. Although the
proposed structure adopted conventional winding, it did not require a special shape for coil
placement and fixation because it had a block structure that could be assembled. Therefore,
it is possible to have a high freedom in designing a slotless motor through the proposed
structure. The design constraints are defined considering the manufacture process of coils
based on the forming coil and injection molding. Based on the design constraints, the
finite-element analysis (FEA) model was proposed, and the performances of the slotless
motor were analyzed according to the design parameters. First, the performance of the
slotless motor according to the pole-slot combination were analyzed, and the basic model
was designed considering the size constraints for the collaborative robot. Furthermore, the
characteristics of the slotless motor were analyzed for shape variables to achieve the torque
and voltage, and the final model was designed. The final model of the slotless motor was
manufactured, and the experiment was performed to verify the FEA results.

This paper is organized as follows. In Section 2, the demands and specifications for the
collaborative robot are introduced. In Section 3, the proposed slotless motor structure and
manufacture process of winding are discussed. In Section 4, the design method is discussed
considering the manufacture process of winding using FEA. In Section 5, to verify FEA
results, the novel slotless motor is manufactured, and the experiment results are compared
with the FEA results. Finally, Section 6 contains the conclusion.

2. Specifications of Slotless Motor for the Collaborative Robot

Figure 1 shows the collaborative robot and the motor. The collaborative robot consists
of the motor, controller, encoder, and the harmonic drive gearing. The motor space is
limited by the various components. Therefore, when the motor is designed, the motor
length including the stator end-winding must be considered for the collaborative robot.
Table 1 shows the size constraints of the motor for the target collaborative robot. Since
there is a constraint on the motor length including the end-winding, the design of slotless
motor must consider the length of the end-winding and electromagnetic performance.
Table 2 shows the rated condition of the motor for the collaborative robot. The rated power
of motor was 1.1 kW, the rated speed of motor was 3400 rpm, and the DC-link voltage
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was 48 V. The torque was required as 3.3 Nm considering the margin. Considering the
constraints of total motor length and current density, the slotless motor was designed.

Housing
i He“‘J(Robotjoints)
o Motor space
I* - Encoder Input Side
(€W
\ ’ ,’ Rear Housing
7/’
Figure 1. Structure of collaborative robot and motor space.
Table 1. Size constraints of the motor for the collaborative robot.
Component Value Unit
Outer diameter of stator 127 mm
Total motor length 1n§1ud1ng <45 mm
end turn of winding
Airgap length 0.5 mm
Shaft diameter 57.5 mm

Table 2. Rated condition of the motor for the collaborative robot.

Component Value Unit
DC link voltage 48 Ve
Rated power 1.1 kW
Rated speed 3400 rpm
Rated torque considering the margin 3.3 Nm
Rated current 28.5 Arms
Current density <25 Apms/mm?

3. Structure and Manufacture Concept of the Novel Slotless Motor

Figure 2 shows the structure concept of the novel slotless motor. The manufacture
process of the novel slotless motor was divided into three steps. Frist, the two types of coil
(Out coil and In coil) were manufactured based on the winding jig to assemble the coil units
as shown in Figure 2a. Slotless motors are advantageous in that the length of the magnetic
gap is as short as possible due to the absence of teeth. Therefore, as shown in Figure 2a,
it was designed as a one layer. In addition, to form a coil with a concentric winding, it is
necessary to model the terminals so that they do not overlap. For the two types of coil
shapes, it is necessary to select pressure considering the elongation rate of the conductor
because the coil can break when bent. Second, the coil units were manufactured using the
injection molding based on the plastic material such as polyphenylene sulfide (PPS) as
shown in Figure 2b. The injection molding material should cover the entire surface of the
coil so that the coil can be fixed. Therefore, a small margin between the coil and injection
molding material must be considered, so that the injection molding material can cover all
the coil’s surface. In the bottom of Figure 2b, there is a groove for terminal processing of the
coil. Therefore, when designing the winding, a larger margin was selected on both sides
of the coil. Therefore, as will be explained later, when designing the electromagnetic field,
the coil diameter and number of turns should be selected in consideration of this margin.
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Third, the units of the coil were assembled to form a stator winding as shown in Figure 2c.
Due to this structure, it was possible to maintain the stator of slotless motor. As the two
types of coils were bent in different directions, the side of one coil and the hollow part in
the middle of the other coil were interlocked, enabling an assembly structure.

Polyphenylene Sulfide (PPS)

In Coil Out Coil
il —=81%
Groove —i 1 ‘ . .
N e Assemble units of coil
(b) (c)

Figure 2. Structure concept of slotless winding: (a) coil; (b) units of coil; (¢) assembled units of coil.

Figure 3 shows the FEA model and constraint of winding space considering the
manufacture process of coils. As shown in Figure 3, the proposed slotless motor consisted
of a rotor and stator iron (35PN230), permanent magnet (N45UH), coil (copper), and
injection molding (PPS) covering the coil. In general motors, coil is wound on teeth, but
a slotless motor does not have teeth, so the coil cannot be fixed using normal methods.
Therefore, the proposed slotless coil was placed and fixed in the injection molding as
mentioned above. For this, an injection molding was performed on the coil, and margin
was given so that the injection molding material completely covered the coil surface. This
margin affected the thickness of injection molding, number of turns, and coil diameter.
Therefore, the slotless motor design considering the constraint of manufacture of coil is
required, which will be explained in the next section.

Stator core

Magnet (35PN230) Constraints for insert injection

(N45UH) = ’t . |
Rotor core _— Self-bonding coil
(35PN230) ‘ ‘

‘ —— Insulator
ilm"' L (Enamel coating)

Figure 3. FEA model and constraint of winding space considering the manufacture process of coils.

4. Design of Slotless Motor Considering the Proposed Manufacture Process

This section shows the electromagnetic design procedure of the proposed slotless
motor. First, in order to satisfy the size constraints (especially the total motor length)
and torque comparison, the pole slot combination was analyzed. When the pole slot
combination was determined, the winding design was performed considering the torque,
and design points were set by drawing contour according to the thickness of the permanent
magnet and the width of the stator yoke.
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4.1. Pole Slot Combination

The proposed winding structure took the form of a block to satisfy the assembly
structure. If a non-overlapping structure was selected, bonding work was required because
each block was attached to the side. However, if the overlapping structure was selected as
shown in Figure 2, each block can be interlocked, and so, it was possible to configure the
winding only by assembling without the need for bonding. In the proposed coil structure,
coils of one phase were arranged in one block. Since two coil edges with different phases
were inserted into an empty space of one block, only one can be selected as the number
of slots per pole per slot. Furthermore, three blocks compose one period, and in order to
make the number of in coils and out coils the same, they must be composed of multiples
of two period. Therefore, the number of pole-pairs must be even, and the total number of
windings was designed to be six times the number of poles. To compare the characteristics
for the pole slot combinations under the condition of the same total series turns, the number
of turns in injection molding changes for pole slot combinations. Moreover, as mentioned
above, the specifications such as winding and motor size change according to the number
of turns. Therefore, the torque and total motor size according to the pole slot combination
were analyzed. Figure 4 shows the analysis model according to the pole slot combination. In
order to assume the same conditions, the total number of series turns and stack length were
selected. Table 3 shows the characteristics of each analysis model for pole slot combination,
and Figure 5 shows the radial and tangential magnetic flux density according to pole slot
combination. As the number of pole increased, the torque decreased due to the increase
in leakage flux between near poles appearing as decreasing the radial flux and increasing
the tangential flux, as shown in Figure 5. Moreover, the larger number of slot, the fewer
the number of turns in one block, and total motor length was smaller, as shown in Table 3.
Considering the constraints of size in Table 1, 20P60S was selected as the basic model.

wur $8° 1S
wur 0 9y
wur 86°C
wur L2 0%

(©)

Figure 4. Analysis model and end turn length according to pole slot combination: (a) 12P36S; (b)
16P48S; (c) 20P60S; (d) 24P72S.

Table 3. Comparison with the characteristics according to pole slot combination.

Component 12P36S 16P48S 20P60S 24P72S Unit
Total series turn 60 -

Torque 4.39 3.88 3.77 3.58 Nm

End turn length 32.84 27.3 23.98 21.77 mm

Total motor length 51.84 46.3 42.98 40.77 mm
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Figure 5. Airgap magnetic flux density according to pole slot combinations: (a) radial component;
(b) tangential component.

4.2. Design of Slotless Motor Considering Constraints of Winding Manufacture

Figure 6 shows the geometry parameters. The thickness of injection molding can be
expressed through the sum of coil diameter, thickness of insulation, and minimum thickness
for the injection. The width of injection molding can be expressed as the relationship
between the number of conductors and the minimum thickness of injection molding,
and slot pitch. Considering the winding constraints in Figure 3, the relationships of the
geometry are expressed as follows.

Tw = de + 2Tysu + 2Toff1 @

Tw = Zede + 2Zc Tiygyr + 2Top2 @
T Ty

= ——(Reo — Wsy — =2 3

w Nslot< * Y 2 > ( )

where T, is the thickness of injection molding, d. is the coil diameter, T}, is the thickness
of the insulation, Ty and Tyy, are the minimum thickness for the injection molding, Z is
the number of turns in injection molding, 7, is the width of injection molding, N is the
number of slot, Ry, is the outer radius of stator, and Wy is the width of stator yoke.

T
P

| Tinsut

Figure 6. Geometry parameters of slotless motor.
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From Equations (1)—(3), the thickness of injection molding is expressed as follows.

B (Reo = Wey) +2Zc Tingun + 2To g1 Ze — 2Tofp2 @)
Ze+ §

T, =

The thickness for the injection molding must satisfy 0.3 mm for T, and 1.0 mm for
T2 as shown Figure 3. Figure 7 shows the FEA models according to the number of turns
through Equation (4). As the number of turns in injection molding increased, the thickness
of winding decreased from Equation (4). To compare the characteristics of models under
the same condition of the torque, the stack length was adjusted according to the number of
turns. Figure 8 shows the characteristics according to the number of turns. As the number
of turns increased, the total motor length decreased due to the decrease in stack length. As
a result, the model with a low number of turns tended to have a high BEMF due to a large
stack length. Furthermore, the THD of the BEMF decreased according to the number of
turns and stack length. However, since the diameter of coil decreased as the number of
turns increased, the current density that was related with operating temperature increased.
Therefore, considering the constraints of the total motor length and current density in
Tables 1 and 2, the number of turn was designed as three in Figure 7b.

(d)

(b)

Figure 7. FEA model according to the number of turns in injection molding: (a) Z. = 2; (b) Z. = 3;
(€)Zc=4(d) Zc =5.

3
3

E
E4 l Constraint
r &
0 g
5 £
5 2
g
Z < S
£ - Constraint
=15 2
2
0 0
2 3 4 5 2 3 4 5
Number of turns in injection molding Number of turns in injection molding
(a) (b)
—Ze=2 ~Ze=3 —Zc=4 ~-Ze=5
60 4
=5 /
s =
B 53]
= m2
|53 S
o 13
a
=l
=

%)

-60 3 4 5

Number of turns in injection molding

(©) (d)

Figure 8. Characteristics for the number of turns in injection molding: (a) total motor length;
(b) current density; (c) BEMF waveform; (d) THD of BEMF.
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Available range

Design Point

(a)

To improve the torque, the characteristic maps according to the design parameters (T},
and W;, in Figure 6) are analyzed. Figure 9a shows the torque for the design parameters. As
the thickness of magnet increased, the torque can increase since the magnetic flux density
increased. However, since the magnetic flux density was saturated as the thickness of
magnet increase, the amount of increase in the torque according to the thickness of the
permanent magnet decreased. Since the magnetic flux density in the stator yoke decreased
as the width of the stator yoke increased, the reluctance of the stator yoke decreased and the
torque can increase. However, because the rotor diameter also decreased, the flux per poles
decreased and the torque decreased. Figure 9b shows BEMEF for the design parameters. The
characteristics of BEMF for the design parameters appear to be almost similar to those of
the torque since the power factor was almost in unity in the slotless motor. Considering
magnetizable thickness of permanent magnet and manufacturable width of the stator yoke,
the design parameters were selected as Ty, = 10 mm and Ws, =3 mm.

35

33 %
. S
KR —
2 3
g 0
29 E F
E =
2.7
23 2 3 4 5 6 7 8 9
W,y [mm]
Design Point
(@) (b)

Figure 9. Characteristics for the design parameters: (a) torque; (b) BEMF.

4.3. Final Model of Slotless Motor

For the model designed through the previous section, Figure 10a shows the final
2D-FEA model using ANSYS Maxwell, and Figure 10b shows the mesh plot. For analysis,
the memory was required up to 200 MB. The number of total meshes was 9545. In order
to accurately consider the copper loss in coil, the mesh of coil was subdivided as shown
in Figure 10b. Figure 10c shows the units of coil obtained through the process described
above subsection. Figure 11 shows the flux density and flux line distribution. Table 4 shows
the analysis results of designed model. In Table 4, it can be confirmed that all components
satisfied the constraints of Tables 1 and 2. Furthermore, due to the characteristics of the
slotless motor without teeth, cogging torque did not appear.

(b)

Figure 10. Final model shape: (a) FEA model; (b) mesh plot of FEA model; (c) units of coils.
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(@) (b)
Figure 11. Results of final model: (a) magnetic flux density distribution; (b) flux line.

Table 4. Design results of the final model.

Component Value Unit
Number of pole/slot 20/60 -
Outer diameter of stator/rotor 127/115 mm
Length of airgap 0.5 mm
Thickness of injection molding 2 mm
Thickness of stator yoke 3 mm
Diameter of coil excluding insulator 12 mm
Number of turns in injection molding 3 -
Stack length 19 mm
Total motor length 44.54 mm
Torque 3.33 Nm
Cogging torque 0 Nm
Input current 28.5 Arms
Voltage 24.64 Vmax
Copper loss 119.61 W
Core loss 17.79 A
PM eddy loss 0.0047 w
Efficiency 89.61 %
Current density 25 Asms/mm?

5. Manufacture and Experiment Verification
5.1. Manufacture of Slotless Motor

Figure 12 shows the manufacture process of the novel slotless motor. First, coil was
wound according to the number of turns. In Figure 12a,b, wound coils are placed into
the forming mold and pressure was applied in coils. After completing the forming of
the coil, the coil was placed into the injection mold, as shown in Figure 12¢, for injection
molding. By covering the surface of coil with an injection molding material to form a block
structure, a unit of coil, as shown in Figure 12d, can be obtained. The stator was assembled
by combining the units of coil as shown in Figure 12e. Finally, the stator, rotor, and housing
were assembled, and a novel slotless motor can be obtained as shown in Figure 12f.
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Display of
measurment
e

Figure 12. Manufactured motor: (a) coil forming of Out coil; (b) coil forming of In coil; (c) injection
molding; (d) results of injection molding; (e) assembled units of coil; (f) assembled motor.

5.2. Experiment Verification

To verify FEA results, an experiment was conducted to verify the manufactured slotless
motor. Figure 13a shows the experiment environment, and Figure 13b shows the BEMF
waveform when the rotor speed was 3000 rpm. In Figure 13b, three-phase BEMF waveform
was unbalanced since the position of the coil was distorted a little during forming and
injection of the coil. However, it can be solved by increasing the precision of manufacturing
and coil arrangement. Figure 14a shows the comparison with FEA and experiment results
of the BEMF according to the speed under the condition of no-load, and Figure 14b shows
the analysis and experiment results of the torque according to the speed when the rated
current was 28.5 Arms. Although there were errors between the results of the analysis and
the experiment in Figure 13, the error was within 3%. As a result, FEA results were verified
comparing with the experiment results.

- e /
Slotless motor === Hysteresis brake {

e - il
S ! H | Control & | J
5 [ dl

i ‘ dynamometer

Inverter

1
| 1819v |
vUVv\/V\V

i
Measure P1:max(C1) P2ms(C1) PImax(C2) P4mMS(C2) P5:1req(C1) P:freq(C4)
value 1819V 14650V 1842V 14867V 50005751 Kz 49993782 Hz
status v v v £

(b)

Figure 13. Experiment of the manufactured slotless motor: (a) experiment environment; (b) BEMF

waveform @ 3000 rpm.
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Figure 14. Comparison with experiment and FEA results according to speed: (a) BEMF; (b) torque.

6. Conclusions

In this paper, the design process of novel slotless motor was proposed considering the
manufacture process of coil for the collaborative robot. The novel slotless structure covered
the coil with an injection molding material, which imposed design constraints on the coil
diameter and the number of turns. Considering the design constraints, an FEA model
was designed and the characteristics of motor were analyzed. First, the characteristics
were analyzed according to the pole slot combination, and the basic model was designed
considering the size constraints for the collaborative robot. Based on the basic model, the
final model was made for the design parameters considering the constraints of manufac-
turing and positioning coil. The final model was derived using the proposed manufacture
process, and the experiment was compared with FEA result to verify the effectiveness of
slotless motor. This paper proved the novel slotless motor and manufacture process of
coil. Furthermore, the performance of the novel slotless motor was verified for FEA and
experiment results. Based on the manufacture process of coil, the various coil design and
manufacture was considered to optimize the performance such as the power density, cost,
thermal, and efficiency.
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