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Article history: In the past, 4S-10P E-Core Hybrid Flux Switching Motor (HFSM) had been
. studied. However, the motor suffers high cogging torque but it has high
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effect during low operating speed of the motor. In order to tackle the issue,

the cogging torque mechanism in equation is laid out as a form of reference.
Keyword: Then the reduction techniques employed on the designs and analyzed with
Finite Element analysis (FEA) in JMAG. The results show the cogging

Chamfermg torque of the optimized design is 44.45% of the motor torque. Besides, the
Cogging torque techniques employed to identify which techniques gave the most cogging
HFSM torque reduction and analyzed the geometrical difference using the cogging
Notching torque mechanism. Finally, the analysis is discussed based on the modified
Pole pairing geometrics.
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1. INTRODUCTION

The merits of Hybrid Flux Switching Motor (HFSM) had increased along with some studies
conducted on HFSM structure, operation, and performance such as high torque density, high power density,
and high efficiency. In [1] stated that flux switching motor has higher torque density compared to the flux-
reversal motor and the doubly salient pole motor due to the employment of the flux focusing effect, back
electromotive force (back-emf) and the bipolar flux linkage of the motor. The research also investigates the
air-gap variation for the requirement of certain electrical machine application, as the magnetic field on the
medium of air is part of the working principle of the machine. Another significant advantage of HFSM is the
trade-off usage of rare magnets substituted with field excitation windings as proposed in [2]. Given a
constants specification with the source of magnetomotive force (MMF) at manipulative variable, HFSM may
overcome the obstacle of keeping high power density motor with the lesser usage of rare magnets by
replacing the reduced weight of rare magnets with field excitation windings made of copper. Apart from that,
the magnetic source such that field excitation windings result in another advantage of controlling the
magnetic flux capability which is very useful in speed control [2][3].

In Figure 1, a HFSM having 4 stator slots and 10 rotor poles is illustrated as the slot pole studies
was investigated in [4] and the slot windings combination is proposed in Figure 2. The operating principles of
the HFSM are shown in Figure 3 where the term hybrid is realized by the magnetic source from the
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permanent magnet and the field excitation windings function. The polarity and the applied field currents on
armature field windings gave the advantage of strengthening and weakening of the air gap flux density.

Stator

Field Excitation
Coi

Perm anent Magnet

Figure 1. 4S-10P E-Core HFSM Figure 2. 4S-10P HFSM coil arrangement

The numbers of stator topologies proposed in literature had been mounting such as a conventional
stator, E-core [5]-[7], multi-tooth [8], [9] and the advantages of the E-core structure in speed variation for
flux weakening performance [10]. The torque and power speed characteristics were studied and compared for
the stator topologies type conventional, E-core and C-core in [11]. The E-core proved the superiority in flux-
weakening region as high power was constantly achievable over the entire flux-weakening region. In [10] E-
core stator was matched against conventional stator to study the effects of the structural differential on the
MMF harmonics and the mutual couplings of the windings.

The pulsating torque generated due to torque ripple and cogging torque is very harmful to all electric
motor. As the torque components in the motor are made up mutual torque, reluctance torque, and cogging
torque whereas average torque is the main component of the torque. Average torque is defined as the torque
produced due to the fundamental stator MMF and magnetic field on the motor [12]. The undesired torque
ripple originated from the mutual interactions between the stator MMF harmonics and the magnetic field of
the motor. The distinct complications resulted from the torque ripple is the noise and vibration transpire at
low speed. As the torque ripples substantiate the effects at low speed at the same time, the system inertia
eliminates the torque pulsations at higher speeds. Besides that, the diminishing component of torque such that
cogging torque is arising by the alternate interrelation between the magnetic field and stator slot or air gap
reluctance variation. Ideally, the average cogging torque must be zero for the variation shows insignificant
coil excitation at the stator.

Much cogging torque reduction techniques had been adopted for flux switching motor design such
as permanent magnet flux switching motor [12]-[16]. As the past research had shown, the minimization
technique can be divided into two category which is the control type minimization and design type
minimization on which this paper is adopting [17], [18]. The design type minimization extrapolates varieties
of techniques that can be dominated to best fit the design as each of the motor designs are exclusively
subjected to certain constraints and necessities. Such techniques are stator, rotor and magnet skewing,
dummy poles, chamfering, and notching.
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Figure 3. Operational principle of (a) and (b) demagnetization as well as (c), (d) and (e) magnetization of 4S-
10P E-Core HFSM
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Among the many research had been conducted to search for the excellent technique on the motor,
most of the research focused on permanent magnet type motor as the permanent magnet type motor often
faced huge manufacturing cost to achieve optimum performance regarding the designs. Hence, it leaves a gap
on the reduction technique adopted for HFSM as HFSM and permanent magnet flux switching motor is
varied relating to the source of flux and influence of the flux generated by the torque.

This paper concentrates on the variation of techniques that can be adopted for two-dimensional
design (2D) of 4S-10P E-Core HFSM to diminish as minimal as possible the cogging torque. In [19] (cite
paper IRIS), the design of 4S-10P E-Core HFSM had been optimized but it suffers high peak value of
cogging torque at 108.45 Nm. The diversify notching and pole pairing techniques proposed which
hypothetically will influence the cogging torque along with the discussion of it. The introduction of cogging
torque mechanism is to clarify the operating principle of the reduction technique and justify it as effective
approaches. The paper illustrates the equation as tools to justify the appropriate techniques to be enforced on
the said design by the objective of lower cogging torque.

2. COGGING TORQUE MECHANISM

The Fourier series may define cogging torque determined by finite element method. The cogging
torque derived from the production of torque [20]. The production of torque is derived from the differential
of energy against time as per described in (1).

P - dW,, df T 1
m= Tae - ae @
PB,, is the motor power, dW;, is the differential energy of motor, d6 is the differential mechanical angle, w is
the angular velocity and T is the torque. Torque of the motor consistently composed of reluctance torque,
alignment torque and cogging torque expressed in (2).

T = TR + TA + Tcog (2)
T = 1,2 dL 3
R= 21 9 3)
TA _Nlﬁ (4)

1 dR
Tcog = _E(wg) E (5)

In (2), T is torque, Ty is reluctance torque and T, is cogging torque. Subsequently, the derivation of Ty , T,
and Tg,g4 results in @4, air gap flux, dR is the air gap reluctance and dé is the rotor position. From the
derivation it clearly shown the cogging torque existence originated from the interaction of the magnet
producing air gap flux between the stator and the rotor in variable with the air gap reluctance with time.

The periodic changes in the cogging torque also contributed by the corresponding EMF harmonics
of the magnets and the stator magnetic conductance due to air gap reluctance changes periodically. The
periodic changes in the cogging torque can be evaluated with Fourier series expressed in (6).

Tcog 6,) = Z T, sin(kN.6,, + 6,) (6)

n=1

In (6), 8,, is the rotor angular position, T, is the amplitude of the n-th harmonic, 8,, is the phase angle of the
n-th harmonic and N, is the smallest common multiple of rotor pole and stator pole. The numerical equations
of air gap flux in (5) can be expressed as in (7).
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Where R,, is the outer radius of the magnet, R, is the outer radius of the stator, R,. is the outer radius
of the rotor, p is the pole pairing number, a,, is the pole step and « is the coefficient of the magnetic flux
density. Since the topologies for 4S-10P E-core HFSM construction possess the same magnitude of outer
radius of the magnet and stator. Thus, (7) is derived as (10).
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3. 4S-10P E-CORE HFSM PARAMETER

The designs adopted for this analysis is 4S-10P E-Core HFSM which consists of 4 stator slots and
10 rotor poles with the stator slot type E-Core due to the shape of it. The symmetrical shape of the stator
allows maximum flux linkage over the full electric cycle [21]. The geometry of the 4S-10P E-Core HFSM
discussed in this paper is as shown in Figure 1, the design specification is as illustrated in Table 1.

Table 1. Design specification.

Specification Value
Rotor poles 10
Air gap (mm) 0.8
Number of phases 1
Maximum DC voltage (V) 50
Maximum current (Arms) 360
Maximum speed (r/min) 12000
Air gap (mm) 0.8
Motor stack length (mm) 70
Field winding turn 271
Armature turn 37
Rotor pole radius (mm) 86
Rotor core radius (mm) 61

4. COGGING TORQUE REDUCTION TECHNIQUE

In this paper, the reduction techniques enforced on the modeled design of 4S-10P E-Core HFSM are
notching, chamfering and rotor pole pairing. The reduction techniques will influence the geometrical design
on the rotor only as it easier to be conducted there compared to the stator. If the techniques were to influence
the stator parts of this particular design of 4S-10P E-Core HFSM, it would influence other parameters which
needed to be kept constant such as permanent magnets, field excitation slot areas, and armature coil slot
areas. Hypothetically, it may lead to major changes in the performance on which substantially deviate from
the objective of this paper.

The cogging torque reduction technique employed for this paper is shown in Figure 4 are
investigated to study the geometrical of the rotor tooth on the cogging torque as well as well as the back-
EMF and the torque with 2D finite element analysis (FEA). Figure 4. (a) is notching where the parameter
established here are a number of the notch, width, and length of each notch. The parameters will evolve by
Equation 5 where the air gap reluctance in between the rotor poles and the permanent magnets and stator
develops. Figure 4. (b) is rotor
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Figure 4. Type of reduction technique on rotor type (a) notching (b) pole pairing
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Figure 5. Cogging torque of 4S-10P topology Figure 6. Influence of the notch number on the torque

pole pairing with two parameters such that original rotor width, y and dummy width, x which alternately
switched to determine the best pair of rotor pole pairing.

The 2D-FEA shows the topology 4S-10P E-Core HFSM possess average cogging torque of 1.38 Nm
and peak-to-peak cogging torque of 108.45 Nm, shown in Figure 5. Based on Equation (2) it can be inferred
the cogging torque, and the electromagnetic torque will be either increase or decrease as both preferences are
subjected to the geometrical of the rotor represented as air-gap production over time.

4.1. Notching

The influence of parameters such as a number of the notch on cogging torque and the output torque
is investigated with 2D-FEA shown in Figure 6. Figure 6 shows the cogging torque decrease from 98 Nm of
peak-to-peak cogging torque value with increasing number of the notch with reversing pattern after the 6™
notch. The 6" notch recorded the lowest cogging torque achieved at 84 Nm. Generally, in each decrement
and increments fluctuates with one another. However, the constant decrement of stair pattern can be observed
on the output torque as it started at 237 Nm on the first notch and going down to 226 Nm on the 10" notch.
The minimization of the cogging torque effectively explained by the decreasing air gap flux. Figure 7 and
Figure 8 shows the flux lines and flux vectors before and after notching, respectively. The flux lines in both
figures approximately illustrated same concentrations of flux lines however the magnetic flux magnified by
the flux vectors distinguished the effect of notching of the 6th notch, which is the lowest cogging torque
reduced. The maximum magnetic flux after notching is 3.6 T while before notching is 3.0 T on Figure 7. (b)
and Figure 8 (b), respectively. However, the concentration of maximum vector before notching is higher
compared to after notching. The vector differential shows the air-gap flux is increasing with notching.
Ideally, the air-gap flux inversely proportional to the magnetic flux density subjected to the permanent
magnet grades [22]. However, in this case, based on (9), the magnetic flux density coefficient, « is directly
proportional to the air gap flux,B,,;. Thus, the magnetic flux density increase as the air gap flux increase.

Further investigation conducted to investigate the significant influences of width and height of notch
on the cogging torque where all parameters are kept constant except for the width and height of the notch.
Figure 9 and Figure 10 show the peak-to-peak cogging torque on the notch width at various notch height and
the output torque on the notch width at various notch height, respectively. By running the FEA against
various notch width and height, the cogging torque significantly reduces with the increasing notch width and
increasing notch height. The same observation can be seen with the output torque where it decreases with
increasing notch width and notch height in Figure 10. The variation factor can explain the reduction of
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cogging torque. The variation amplitude decrease as well as the variation periods with the increasing size of
notch and number of notches which in turns reduced the peak value of cogging torque.

)

(@) (@)

Figure 7: Flux lines and flux vectors before notching Figure 8: Flux lines and flux vectors after notching
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Figure 9. The peak-to-peak cogging torque on the Figure 10. The output torque on the notch width
notch

4.2 Pole Pairing

In pole pairing type for cogging torque reduction technique is pairing two different widths of rotor
pole geometrically. Since 4S-10P has an even number of rotor pole, the pairing will alternate between the
manipulative pole and the pole which the width is kept constant in its original width. For example, in Figure
4. (b) the manipulative pole which acts as dummy pole marked with unknown x is for the first pole while the
pole which the width is kept constant is characterized with unknown y is from the second pole. After the first
cycle of analysis of cogging torque obtains with FEA, the unknown x and unknown y are reversed with the
first pole and second pole where the first pole is marked with unknown y and the first pole is marked with
unknown X.

Figure 11 shows the result of alternating the x pole and y pole on the first cycle and second cycle. It
is evident the torque production increase as the dummy pole width increased from 2 mm to 50 mm. The
maximum output torque of 242 Nm is when the dummy pole width is 10 mm, approximately same as the
constant pole at 10.55 mm. The graph pattern for both cycles is same on the same value of increment and
decrement, but the cogging torque graph pattern is vice versa. The cogging torque graph for both cycles
possesses the same pattern of dropping ping pong ball. In the range between 2 mm and 50 mm it has two
peaks of cogging torque for in each cycle both at 7 mm and 42 mm width of rotor pole. The first peak in the
first and second cycle cogging torque peak value are 162 Nm and 153 Nm, respectively. The second peak in
the first and second cycle cogging torque peak value are 49 Nm and 43 Nm, respectively. Comparatively, the
highest output torque of 242 Nm in the first and second cycle is same, but the cogging torque in both of the
cycle are discriminately different. The second cycle has lower cogging torque compared to the first cycle
which is 127 Nm and 139 Nm, respectively. The two cycle of alternate change of dummy pole width due to
identifying the proper width ratio of rotor pole to the magnet pole. The air gap magnetic resistance was also
influenced by the amplitude of the cogging torque.
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5. CONCLUSION

This paper investigated and studied the proposed cogging torque reduction technique variations on
4S-10P E-Core HFSM based on 2D FEA using J-MAG software. The reduction technique adopted was the
classical techniques such as notching and pole pairing. Both techniques provided a significant decrease in the
cogging torque which fulfill the objective. However, as the cogging torque reduce the output torque reduce as
well. Therefore, further study to improve the torque performance needs and in the same time reduce the
cogging torque to be carried in the future study.
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