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Abstract—Robots have shown promising prospects in
numerous applications, such as space exploration, disaster rescue,
and nuclear waste remediation. Due to harsh environmental
conditions, robotic arms are vulnerable to joint failures, especially
the faults with joint motors and power electronic drives. Thus,
optimal design of the employed motors is paramount to achieve a
reliable and fault-tolerant robotic arm. The employment of
brushless DC (BLDC) motors in robotic applications is of
particular interest, not only for high reliability but also for high
efficiency and high torque-producing capability. BLDC motors
can be equipped with distributed and fractional-slot windings;
however, fractional-slot concentrated winding (FSCW)
outperforms distributed winding owing to their notable
advantages, e.g., high slot fill factor, short-end turns, and low
cogging torque. On the other hand, the resultant flux distribution
is highly distorted. Therefore, this research presents the design
optimization of BLDC motors with two fractional-slot windings,
namely, non-overlapped 18-slot/16-pole and overlapped 18-
slot/10-pole, based on the finite element methodology (FEM).
Selected motors are first designed based on the sizing equations
and further optimized using a multi-objective genetic algorithm
(MOGA). Finally, a thorough performance comparison of the
proposed winding configurations is conducted to highlight the
optimal slot/pole combination for robotic applications.

Keywords—Joint motors, machine design, winding layouts,
collaborative robots

I. INTRODUCTION

Robots have been increasingly utilized in remote, hazardous,
and safety-threatening environments owing to their enhanced
safety, productivity, and flexibility [1-3]. In fact, the robot joint
motors and their associated power electronic drives are prone to
hardware failures due to the harsh environmental conditions [4,
5]. These failures may yield malfunction of the whole robotic
arms and thus economic losses. Therefore, optimal design of the
joint motors is crucial to enhance system reliability and further
develop fault-tolerant methodology for the joint motors and
drives [6].

The electric motors utilized in robotic arms constitute AC
motors, brushed DC motors, brushless DC motors, servo motors,
stepper motors, and DC linear actuators [7]. Servo motors
exhibit high power density and high efficiency; thus, they are
among the most commonly used motors in robotic applications
[7]. However, high overall cost and complex control are the
main disadvantages of servo motors. Stepper motor can be also
considered for robotic arms due to the low cost and high starting
torque; however, its main drawback is the dedicated control
circuit, low power density, and high torque ripple [8]. For
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instance, a low-cost robotic manipulator with seven degrees-of-
freedom (DOF) has been introduced using a stepper motor [8],
while servo motors have been well operated in a 7-DOF robot
arm [9]. Due to their high reliability, high torque-producing
capability, and low maintenance cost, BLDC motors have been
utilized intensively in robotic applications [10, 11]. The Kinova
Gen3 robot arm adopts seven BLDC joint motors, as shown in
Fig. 1. Therefore, a BLDC motor has been selected for
investigation in this paper [12].

Despite the fact that many BLDC motors are configured with
conventional distributed windings, recent designs explore
fractional-slot concentrated windings (FSCW). The latter has
notable merits over conventional winding layouts since it offers
low cogging torque, short-end tums, and a high slot fill factor.
Furthermore, FSCW-based permanent magnet (PM) machines
provide outstanding advantages, including high efficiency, low
cogging torque, and high torque density. On the contrary, space
harmonics yield distorted air gap flux distribution, which
constitutes the main drawback of FSCWs [13]. Moreover, eddy
currents in the rotor core and PMs are included as a result of
space harmonics and contribute to rotor losses [14].

Fig. 1. Kinova Gen3 robotic arm with seven joint BLDC motors in the lab.
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Intensive research has been conducted aiming at reducing
FSCW's eddy current losses, as well as the associated vibration
and acoustic noise. For instance, the emerging stator shifting
concept plays a key role in slot harmonics suppression [15, 16].
Several slot/pole combinations have been investigated in the
literature, namely, 24-slot/10-pole [17] and 18-slot/10-pole
[18], to demonstrate the efficacy of the stator shifting concept.
These slot/pole combinations are overlapped windings with a
coil pitch of two slots.

The main criteria when designing electric motors -besides
cost- are the maximum torque density and minimum losses.
Moreover, the motor’s design parameters, such as the slot
opening width and PM width to pole pitch ratio, have a
substantial impact on the average output torque, torque ripple,
and core losses [19]. Therefore, multi-objective optimization
techniques have been proposed based on the finite element (FE)
and analytical models [20]. FE models are more accurate than
analytical ones; however, analytical models entail much lower
computational burden.

The optimal design of the BLDC motors has been presented
in the recent literature [10, 21]. In [10], the design of an
electromagnetic actuator for robotic applications has been
introduced using a three-phase BLDC motor. The initial design
has been optimized based on the genetic algorithm (GA),
considering the torque-to-weight and torque-to-inertia ratios as
the optimization objectives. These objectives are crucial for the
fast response in robotics. Furthermore, the optimal design of an
interior permanent magnet (IPM) BLDC motor has been
introduced to enhance the operation of the motor with low-
resolution hall sensors [21].

In this paper, the design optimization of a BLDC motor for
robotic arm joints is proposed using a three-phase surface-
mounted permanent magnet (SPM) machine with fractional-slot
windings. In this case, the non-overlapped FSCW 18-slot/16-
pole is compared to the overlapped fractional-slot 18-slot/10-
pole, considering the average torque, peak-to-peak torque ripple,
core losses, and thermal behavior. The main contributions of'this
study are summarized as follows:

* BLDC motor design with possible slot/pole
combinations, i.e., 18-slot/16-pole and 18-slot/10-pole,
highlighting stator shifting concept.

*  Multi-objective  genetic algorithm  (MOGA)
optimization of the employed BLDC motor with the
proposed winding layouts considering the above-
mentioned performances.

*  Comprehensive comparison between the fractional-slot
winding configurations with various slot/pole
combinations using the finite element analysis (FEA).

II. OVERALL DESIGN OPTIMIZATION METHODOLOGY

In this study, three-phase SPM machines with two slot/pole
combinations, namely, FSCW 18-slot/16-pole and fractional-
slot 18-slot/10-pole, have been introduced. The 10-pole machine
has been employed to test the stator shifting concept, in which
the number of slots is doubled, and the number of poles remains
constant. Fig. 2 depicts the proposed winding configurations,
while their MMF harmonic spectra are shown in Fig. 3. The
effect of the stator shifting on slot harmonic suppression is
therefore highlighted since the torque-producing components

for both layouts are shown in Fig. 3, while the dominant slot
harmonic is omitted, i.e., the fourth harmonic (h = 4), when
the 10-pole machine is employed. In this case, the 8th and the
5th harmonic components mainly contributed to the torque
production for the 16-pole and 10-pole machines, respectively.
Nevertheless, the induced rotor eddy current losses of the 16-
pole machine are much higher than its 10-pole counterparts due
to the inevitable slot harmonic, i.e., the 10th harmonic.

The proposed SPM-based BLDC motors with concentrated
windings are first designed based on the sizing equations [22]
and further optimized based on the FEA using a MOGA. In
robotic applications, the average developed torque, torque
ripple, and core losses are identified among the design
optimization objectives to increase the robotic arm’s payload,
reduce vibration and noise in SPM machines, and prevent PM
thermal demagnetization. The above-mentioned optimization
performances cannot be concurrently achieved. Thus, the
optimal trade-off between several optimization objectives is
determined based on the proposed optimization model.

The main aim of the optimization algorithm is to minimize
the following objective function, considering the magnet
thickness Y, , slot-opening ratio t;, /7., and PM arc apy, as the
decision variables, and the current density J and slot fill factor
K, as the consfraints. It is worth mentioning that the utilized
cooling technique determines the current density, and the copper
fill factor is chosen to optimize the number of effective machine
winding turns and hence improve the torque density.

minimize
ym’tS_ﬂ, Bose F(X:)
TSO (l)
. Tinean Tri"p'pls(xf) Peore(Xi)
F(XI) - Al Tmean(X{) ¥ 112 Tfrip'ple ¥ 113 P'mre

] <4 A/mm?

; K., <04%
Subject to T.... > 152 Nm (2)

. Fragy < CE A Cian

where the average torque, torque ripple, and core losses are
Tmean(xi) ) Tripp{g (X:) ) and Ro;g-_re (X;) q I'ESPECTiVEly.
Meanwhile, Tnean, T rippte» @0d P’core are their initial values,

respectively. X™™ and X™* are the lower and upper
boundaries of the design variables. Besides, 4,, 4,, and A5 are
the weighting factors of the optimization objectives,
respectively, whereas 4,+ 1, + 4; = 1.

The optimization approach is highly affected by the selected
weighting factors; however, there is no specific standard to
define these factors [23]. In that study, it is supposed that the
three selected objectives have different priorities. Thus, the
weighting factors are determined such that A;= 0.4, 1; = 0.3,
and A3= 0.3. The average torque production is undoubtedly the
most crucial goal when designing the SPM machine. However,
the performance of the SPM machine is substantially impacted
by the torque ripple and core losses. The weighting factors are,
therefore, determined.

The best trade-off between the three objectives was achieved
at the optimal operating point, which was determined using a
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MOGA-based optimization approach. The FE-based
optimization results are shown in Fig. 4, in which F(X;) is
referred to as the objective. It is clear that the objective function
is minimized, and the optimal design is highlighted for both the
16-pole and 10-pole designs. Eventually, the motor design
specifications and optimal parameters are revealed in Tables I
and II, respectively.

TABLE I- BLDC MOTORS DESIGN

SPECIFICATIONS
Power (W) 400
Rated base speed (rpm) 2500
Rated torque (Nm) 1.52
DC link voltage 48
Electric loading (A/mm) 12

(a) (b)
Fig. 2. BLDC motor with various winding layouts (a) 18-slot/16-pole winding layout; (b) 18-slot/10-pole winding layout.
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TABLE II - THE BLDC MOTORS” MAIN PARAMETERS

;o 18-slot/ 18-slot/ , i 18-slot/ 18-slot/
Slot/pole combination 16-poks 10-pole Slot/pole combination 16:poke 10-pole
Stator outer diameter (mm) 68.8 Magnet thickness (mm) 2 22
Stator inner diameter (mm) 40.85 41.4 Magnet arc ratio 0.88 0.92
Stack length (mm) 62 No. of turns per coil 7 9
Air gap length (mm) 0.5 Line current peak value (A) 9.132 6.078
Rotor diameter (mm) 35.85 36 Phase resistance (£2) 0.07335 0.1646
. T g Double Daouble
Teeth width (mm) 3.54 3.738 Winding layer/coil pitch layer/sinple layex/two
Stator back iron height (mm) 1.828 248

III. SMULATION RESULTS

This research utilizes the ANSYS Motor-CAD to simulate
the BLDC motor with the proposed winding layouts for robotic
applications using the rated specifications in Table 1. For a fair
comparison, the same electric loading, outer diameter, and stack
length have been used for both winding layouts. The two
machines are simulated at the rated conditions, and their FEA
results are given in Figs. 5 - 8. The flux density distributions of
the employed machine with the two winding configurations are
shown in Fig. 5. It is clear that the flux density in the tooth tips
and rotor back iron is within the required value of 1.8 T for both
winding layouts. This proves that the risk of magnetic saturation
is alleviated, which further verifies the design optimization
approach.

Fig. 6 shows the torque profiles of both the initial and
optimal designs of the two winding layouts. For instance, for the
18-slot/10-pole, the average output torque of the optimal design
is improved when compared to the initial one with 1.775 Nm
and 1.57 Nm, respectively. Besides, the optimal 10-pole
machine outperforms its 16-pole counterpart with higher
average torque and lower torque ripple, i.e., the output torques
are 1.775 Nm and 1.52 Nm, respectively. Both initial and
optimal motors have the same back EMF profiles, as shown in
Fig. 7. However, the 10-pole machine exhibits a higher voltage
magnitude and thus a higher average torque when compared to
the 16-pole one. It is proven from the back EMF profiles that the
3™ harmonic component is higher in the 10-pole machine than
its 16-pole counterpart. Thus, it is recommended to employ the
18-slot/16-pole FSCW when the machine is fed by a sinewave
modulated drive. However, the 18-slot/10-pole fractional-slot
winding based on the stator shifting concept exhibits a better
performance with the machines excited by square-wave
modulated drives. Furthermore, a comprehensive comparison of
the proposed winding layouts is revealed in Table III,
highlighting the average output torque, rms back EMF, and core
and PM losses. Thus, the 18-slot/10-pole combination has a
better electromagnetic performance than the 18-slot/16-pole
case.

Since the NdFeB magnets N38UH are used for the PMs,
where the coercivity is 955 kA/m at the temperature of 20°C, the
maximum magnetic field intensity is calculated to evaluate the
demagnetization risk of the employed slot/pole combinations, as
follows:

charg
% 100 (3)

c

demag_risk =
where Hrer® and H,, are the maximum magnetic field intensity
and the coercivity of the N38UH PM, respectively. It is clear
that the demagnetization risk is reduced when the 16-pole is
employed, i.e., the demagnetization risk is 69.42% and 75.39%
when the 16-pole and 10-pole machines are employed,
respectively.

To further compare the proposed 18/16 and 18/10 slot/pole
combinations, the temperature distribution is introduced since
operating the electric motor at the proper temperature is crucial
to enhance reliability. In PM machines, heat management is of
particular interest since overheating may cause thermal
demagnetization. In this paper, a preliminary thermal analysis of
the SPM-based BLDC motor with the two selected winding
configurations is carried out using the ANSYS Motor-CAD at
different ambient temperatures, e.g., 20°C and 40°C. It is worth
mentioning that natural cooling is adopted in this study. Iron,
copper, and PM eddy current losses, listed in Table III, are the
main sources of heat in the BLDC motor. The temperature
distribution of the BLDC motor with the two winding layouts is
revealed in Table IV. The two winding layouts are similar in
thermal performance with a slightly improved behavior when
the 16-pole machine is employed. For instance, the winding
temperatures are 53.8°C and 57.4°C for the 16-pole and 10-pole
machines, respectively. This is proved by the lower copper loss,
listed in Table I1I. The same conclusion can be drawn at the two
reference temperatures. As an illustrative example, the
temperature distribution of the proposed winding layouts based
on a simple transient thermal analysis is shown in Fig. 8 at an
ambient temperature of 40°C.

TABLE ITI - QUANTITATIVE ANALYSIS OF THE SIMULATION RESULTS

18-slot/16-pole

18-slot/10-pole

Output Tnitial Optimal Tniial Optimal
Average torque (Nm) 1.419 1.52 1.57 1775
Peak-to-peak torque tipple (Nm) 0.65 0.51 0.349 0319
Phase A back emf (V RMS) 19.82 19.49 2282 232
Copper loss (W) 1333 2234
Stator core loss (W) 17.25 15 14.86 13.54
Rotor core loss (W) 0.756 0127 0476 0.129
PM loss (W) 0.113 0.979 03 0.2
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Fig. 5. Flux density distribution: (a) 18-slot/16-pole. (b) 18-slot/10-pole.
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Fig. 8. Temperature distribution: (a) 18-slot/16-pole. (b) 18-slot/10-pole.
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TABLE IV - TEMPERATURE DISTRIBUTION OF THE BLDC
MOTOR WITH THE PROPOSED WINIDNG LAYOUTS

Ambient Winding Stator back | Rotor back Magnet

Temp. [°C] iron [°C] iron [°C] [°C]
18-slot/ 16-pole

20°C 347 329 32.7 32.8

40°C 53.8 52 51.9 52
18-slot/ 10-pole

20°C 384 353 33.9 34

40°C 574 53 543 53.1

1V. CONCLUSION

This paper presents the performance analysis of an SPM-
based BLDC motor for robotic arms when equipped with
fractional-slot windings. The 18-slot/16-pole and 18-slot/10-
pole configurations have been selected, which are designed
based on the sizing equations and optimized by using the FEA.
Both motors have the same performance from a flux density
distribution perspective. However, the 10-pole machine
exhibits better performance in terms of torque profiles.
Moreover, stator core and PM losses are reduced when the 10-
pole layout is employed, i.e., the stator core losses are 13.54
W and 15 W for the 10-pole and 16-pole machines,
respectively.

Thermal and demagnetization analyses have been
introduced to further compare the proposed winding
configurations. The 16-pole machine shows a slightly lower
demagnetization risk and exhibits almost similar thermal
behavior when compared to its 10-pole counterpart. It can be
concluded that the 18-slot/10-pole machine outperforms the
16-pole one for robotic applications, at which the machine is
fed by a square-wave modulated drive. On the contrary, the
1 6-pole machine is more advantageous than the 10-pole one
when the machine is energized by a sinewave modulated
drive.
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