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1. INTRODUCTION

Nowadays, electrical machines have been widely used in many applications starting from consumer
appliances up to heavy automated industrial systems. With the rise of 4.0 Industrial Revolution, electrical
machines are still the back-bone for intelligent robotic systems as there is a need for accurate mechanical
movement in term of speed and positioning. The robotic systems involve with integrations of many disciplines
such as power electronic and electrical drives, machine design, kinematics and artificial intelligentincluding
specifictechnological requirement for the desired design.

From machine design perspective, suitable motor selection is the main key which would result high
efficiency, low cost, light weight and better dynamic performance. Brushed DC motor, Brushlesss DC motor
and Stepper motor are common electricalmachines used in robotic system.

For a radial flux machine, Brushed DC motors consist of stator and rotorthatare wound with copper
wire and equipped with a commutation system. The system consists of commutator segments and a pair of
carbon brush that allow the current reversion. The wound stator which field winding is located generates main
magnetic flux while the wound rotor which locates armature winding allows induced voltage exists.The
armature winding is end connected to commutator and brushes to reduce electrical losses and excessive wear
commutator segment [1].Brushed DC motors have offered good speed-torque performance, reliability,
inexpensive, simple construction and wide range speed controllability [2]. However, these motors result low
efficiency and required periodic maintenance due to the presence of brushes [3]. Common controllers
implemented in Brushed DC motors for robotic applications are PID [4-6] and fuzzy logic controller [7].
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Stepper motor working principle is based on current pulse excitation that resultsmechanical rotation.
They have high torque at low speed, excellent response, controllable acceleration and able to be gearless as
compared to the brushed DC motors [8]. The classification of stepper motors rely on stator and rotor
construction. Harshvardhan R. et al compares various type of stepper motors in term of construction, principle,
phase and excitation mode [9].Generally, stepper motors are categorized into variable-reluctance, permanent
magnet and hybrid types as shown in Figure 1.

The variable-reluctance motors only have stator winding where DC source is connected while rotor is
made of slotted steel lamination which carries no windings. Permanent magnet stepper motors are equipped
with permanent magnet mounted on rotor body and operate based on attraction or repulsion phenomena
between rotor and stator flux. While hybrid stepper motors are the combination of variable-reluctance and
permanent magnet types to develop superior step resolution, torque and speed performance. The stator coils in
hybrid stepper motors are wound in alternate pole that equipped with permanent magnets on rotor which offer
economical, small and very simple design. Variable reluctance motors and hybrid stepper motors have better
torque production and accurate position. On top of that, hybrid stepper motors have smaller overshoot,
oscillatory response and settling time resulting more precise position [10]. Stepper motors with smaller step
pulse angle have better position and lower cost [11]. In overall, stepper motors have low efficiency, low torque
to inertia ratio and required high current consumption compared to brushless DC machines. Most of these
motors are interfaced with microcontroller for efficient performance in robotic applications [12-14].

I [

a) Variable-reluctance b) Permanent magnet ¢) Hybrid

Figure 1. Various type of stepper motors [15]

Permanent magnet (PM) brushless motors are electronically commutated, offerhigh efficiency [16],
reliability, low volume [17], noiseless operation, high output torque at rated low speed [18] and also no periodic
maintenance as compared to conventional DC motors [19]. PM motors gain popularity in industries due to
small hardware size, light weight and simpler gearing system [20]. Priti presents the criteria selection for
reliable and efficient PM machines for various applications [21]. Criteria selection such as output power, output
torque, rated speed, switching scheme at different loads are mainly considered for superior performance. PM
machines are categorized into two operating modes which depend on back-emf waveform as in Figure 2. For
DC mode (BLDC), the motors have trapezoidal back-emf and trapezoidal excitation current profile while the
AC mode (BLAC) results the motors to have both back-emf and current waveforms in sinusoidal shape. The
BLDC motors generally have superioroutput torque performance and high efficiency over BLAC motors for
an identical motor geometry [22]. However, BLDC motors may have higher torque ripple and lower output
power density than the BLAC motorsin some cases [23-24].

For an axial flux configuration, high torque-density, high efficiency and shorter axial length are
possible to achieve [25]. However, complex construction, high torque ripple and poor power-density in various
load condition are inherited. Conventionally, the radial flux Brushless PM motors are constructed with
permanent magnet on rotor. This configuration has simple construction, more robust, better torque at high load
capacity, high flux-density and lower cogging torque than the axial flux machines [26-27]. The slotted and
slotless stators are made up of stacked steel laminations with winding arranged within stator geometry. In
slotted BLDC motors, the windings are configured among slots and uniformly distributed over stator peripheral
area. Better torque performance i.e. high average torque and minimum torque ripple can be achieved by having
proper shape of slots in PM machines [28]. While slotless machines are wound in cylinder between stator and
rotor leading to a compact design, excellent power-to-weight ratio, lightweight, lower cogging torque and
smaller vibration than slotted type [29-30]. However, slotless type results low average torque, longer axial
length, thicker magnet, costly and less efficient [31]. The rotor is constructed with permanent magnets (PMs)
with alternate North and South poles for stator poles winding excitation. Due to high coercivity field strength
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about 800 to 1050 kA/m, high remanence magnetic flux of 1.1T to 1.3T and cheaper than samarium cobalt
magnet, Neodymium Iron Boron (NdFeB) has gained high popularity [32-33]. Examples of various PM rotors
are shown as in Figure 3 [24], [34]. The interior permanent magnet rotor type results structure complexity
leading to expensive manufacturing cost as compared to the surface mounted magnet configuration.
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a) BLDC motor b) BLAC motor

Figure 2. Type of operating modes in PM machines

a) Surface mounted magnet b) Interior permanenmagnet

Figure 3. Types of PM rotor configuration

BLDC motor drives system motors requires three-phase inverter and rotor position detection device
for a desired rotation. For position detection system, an enclosed cap consists of three hall sensors fitted on
pchis fixed on non-driving end. The sensors are properly positioned to ensure commutation takes place
sequentially and results phase displacement of 120° electrical [35-36]. There will be two windings energizing
instantly and alternate conduction among all windings with respect to hall sensors sensing sequence [37].
Thanks to technology advancing, sensorless rotor position with improvement detection in PM motors are
introduced for overall low-cost systems [38-39]. While common basic controllers used for BLDC motors in
robotic application still based on PID [40-41], fuzzy logic controller, fuzzy PID controller [42] and adaptive
fuzzy PID controllers [43].

Some robotic application systems faced low power-to-weight ratio, high power consumption, bulky
size and poor safety system. For a specific application, a lightweight designwithout performance degradation
is needed and proposed in this article. A new motor design having an asymmetric stator or semi-statordesign
is presented. The design aims to reduce overall machine weight without reducing average torque as measured
in the earlier developed prototype [44]. The investigation is carried out by using 2-D Finite-Element Analysis.

2. MATHEMATICAL MODEL OF BLDC MOTOR

An equivalent circuit of BLDC motor is shown in Figure 4. The motor connection is configured in
star-connection and fed by three phase voltage source inverter. The motor is excited with one of modes which
influenced by the back-emf profile (e,) as shown in Figure 2. Some general assumptions shall be considered in
modelling of PM machines are described in [45-47].
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Figure 4. Equivalent circuit for BLDC motor

The individual armature winding voltages of each phase are as follows:

V. =R +1 3o (1)
dt

V, =Ri +L%+e 2

b b dt b

v, =R, + L3k o ®)
dt

whereR, Ry and Rcare individual armature phase resistance, La, Lpand L. are individual armature phase
inductance, while i,,i, and icare individual armature phase current respectively. A simplified model is then
expressed in matrix form as in equation (4). The phase back-emfs as in equations (5), (6) and (7) respectively
are developed once the rotor rotates and they are apart by 120 electrical degree. The dynamic equation of a
developed electromagnetic torque in PM motor is expressed as in equation (8). Note that the torque developed
is contributed by two phase conduction at an instant. The e, esand e. are individual phase back-emfs, while k,
0, w,J, Band T is back-emf constant, electrical angle, rotor mechanical rotor speed, rotor inertia, damping
constant and load torque respectively.

V.7 [R+pl 0 o Ti,7 Te.
Vo=l O R+pl 0 iy, [+]e, )
V., 0 0 R+pl|i, €,
e, = kaf (0) (5)
e, = kaf (9—%”) )
e, = kaf (9+2?”) 7
123921 iBo ®
¢ dt

3. PROPOSED DESIGN OF BLDC MOTOR

Al12-slot/ 10-pole, BLDC motor which slot-number and pole-number configuration belongs to Ns=
2px2 as tabulated in Table 1 is investigated (actual design). The motor layout which initially has a winding
factor, kyof 0.966is shown in Figure 5(a). It is initially designedfor a high torque performance of 10 Nm at 100
rpm rated speed. In the early design stage, saturation effect is ignored when machine sizing is carried out. All
designs are then analysed by using 2D-Finite Element Analysis where the saturation effect is taken into
account. The lamination steel and rare earth magnet are made of silicon steel and NdFeB respectively. The
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NdFeBmagnet type of 1.2T remnant and paralelly magnetized is mounted on rotor surface. With the spirit of
reducing overall motor weight, the modification of stator and rotor structure has been investigated. The
investigation as shown in Figure 5(a-b) is based on two modification types i.e. semi-stator andsemi-rotor.
Prediction of open-circuit flux density, phase back-emf, cogging torque and static electromagnetic torque are
included for comparison purpose. The idea of Design 1 and Design 2 is to remove partial stator dimension
leading to semi-stator design. The slot-number is then become 6 instead of 12. Since the original slot-number
is even, the remaining slot-number is still an even number and the remaining armature coils belong to the
phases as origin. However, Design 2 have different rotor design as the pole-number reduces to 5 to align with
the stator design which results in symmetric cutting between stator and rotor. Figure 6 compares coil phase
selection between original 12-slot/10-pole machine and new modified designs. As half-stator is implemented,
a number of coils including surrounding stator iron body is removed. However the mmf vectors for among
each remaining phase remains symmetry i.e. 120° electrical degree apart. The remaining coils set are still
belong to phase A, B and C, marked with red, yellow and blue colour respectively.

Table 1. Design specifications for actual 12-slot/10-polemotor
Parameter Specifications

Supply voltage (V) 24
Rated torque (Nm) 10
Rated speed (rpm) 100
Stator outer diameter (mm) 120
Rotor outer diameter (mm) 72
Axial length (mm) 20
Magnet thickness (mm) 5
Airgap length 1
Slot opening 1.1
Tooth tip thickness 33
Rated current (A) 10
Magnetization type Parallel
Operating mode BLDC

a) 12-slot/10-pole b) Design 1 c) Design 2

Figure 5. PM motor structures
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a) 12-slot/10 pole b) Design 1 and Design 2

Figure 6. Coil mmf vectors in PM motor
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4. RESULTS AND ANALYSIS
4.1. No-load Flux-density

Figure 7 depicts permanent magnet flux-linkages and flux-densities at no-load condtion. Since the
pole number, 2p is 10, there is 5 cycles of flux-linkage and and flux-density for a complete 1 mechanical
rotation. For the actual design, although the flux-linkage could be indentified as sinusoid, the no-load flux-
density profile does not directly related by a cosine function which supposed to have similar sinusoid
waveform. However, this situation does not against the faradays’s law. The peak flux-linkage of actual design
is 0.14Whb, it reduces to 0.06Wb with an almost 60% reduction when Design 1 and Design 2 are implemented.
Severe result is obtained via Design 2 as an asymmetric or non-uniform profile of flux-linkageand no-load
flux-density exist. A common non-uniform peak of no-load flux-density occurs mainly due to slotting effect.
The no-load flux-densities in Designl and Design 2 result strange profiles between 0 to 180° mechanical
angles. This is because of dissapearence of coil sets and reduction of pole numbers. Figure 8 compares flux
saturation levels for all designs. The blue (dark) areais the area of zero flux-density.
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Figure 7. No-load condition

a) 12-slot/10-pole b) Design 1 c) Design 2

Figure 8. Flux saturation level at no-load condition

4.2. Back-emf

Phase back-emfof all designs are shown in Figure 9. The prediction is obtained at 100 rpm rated speed.
The peak value for actual design is 6.3V. As mentioned earlier, the number of cycle corresponds to the number
of pole-pair which completes 1 mechanical rotation. In general, trapezoidal phase back-emf indicates a
trapezoidal current is a better choice than sinusoidal excitation current for a constant electromagnetic torque.
Due to symmetric distribution of permanent magnet flux-linkage, Design 1 has a balanced back-emf profile
than the Design 2. The odd numbers of magnetic pole on rotor in Design 2 distorts the back-emf, leading to an
asymmetric back-emf. However, the peak induced back-emf for both designs dropped by 50.3% than the actual
design. According to Figure 9(b), the rise of higher multiple order harmonics i.e. 39, 57 and 7" indicates non-
sinusoidal waveform and dented peaks.
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Figure 9. Back-emf analysis

4.3. Cogging torque
An interaction between rotor magnetic flux and slotted structure of stator at no-load condition results

a cogging torque. The cogging frequency, Cogseqand cogging factor, Csfor each PM motors are calculated
using equation (9) and equation (10) respectively.

LCM(N,2
C0g 1 = =gt ®
c, _ NN, (10)
LCM (N, ,2p)

where LCM, N and 2p are the lowest common multiple, slot numbers and pole numbers respectively.
Generally, high cogging torque and cogging factor in PM motors result in high torque ripple and vibration
phenomenon. Figure 10 compares profiles of cogging torque when zero current excitation is applied. The actual
design has a constant peak-to-peak cogging torque 0.1 Nm with 60 cogging cycle. However, situation
changes for Design 1 and Design 2 respectively. The cogging torque profile changes when asymmetric designs
on stator and rotor are introduced. This is comfirmed by the change of cogging cycles in the Design 1 and 2.
The Design 2 would be more severe as the cogging torque getting bigger up to 1.3 Nm which is about 10% of
the desired output torque.
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Figure 10. Cogging torque analysis

4.4. Electromagnetictorque

Output torque performance of all designs are shown in Figure 11. The motor designs are excited with
trapezoidal current, 120° commutation. The commutation has six-steps in 1 electrical cycle which finally
results 5 electrical cycles for 1 mechanical rotation. The actual design results an average torque of 10.3 Nm
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and 22% torque ripple. While the Design 1 and 2 result in reduced average torque by 53% and 80%, equivalent
to 4.8 Nm and 2.0 Nm respectively. The output torque profile also changes when asymmetric designs on stator
and rotor are introduced. This is comfirmed by the change of torque cycles in the Design 1 and 2. The Design
1 shows a reduction of average torque, i.e. ~50%, while the Design 2 shows an alternating trend as the torque
has inconsistent peaks. The torque ripples for Design 1 and 2 are around 60% and 400% respectively.
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Figure 11. Output torque analysis

5. CONCLUSION

From the investigation, the overall weight in PM motors is theoretically can be reduced by removing
partial dimension in axial and/or radial direction. However, machine performance may deteriorates as
asymmetric back-emf and output torque are unavoided. A proper design procedure that includes parameter
optimization and intelligent switching for optimum current excitation is required to restore the desired torque.
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