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Design of an Asymmetric Rotor Pole for Wound
Field Synchronous Machines

Wenping Chai, Member, IEEE, and Byung-il Kwon, Senior Member, IEEE

Abstract—This study proposes a novel asymmetric rotor pole
design for wound field synchronous machines (WFSMs), which
can achieve high saliency ratio and also low torque ripple. The key
point is the optimal design of the asymmetric rotor pole with the
inverse-cosine-shaped (ICS) plus reverse 3™ harmonic shaping.
The asymmetric rotor pole can help to improve the average
output torque by enhancing the saliency ratio. The reverse 3"
harmonic shaping on the rotor pole surface is mainly used to
reduce the torque ripple. To certify the effectivity of the proposed
design, three-phase 54-slot / 6-pole 4.7kW WFSMs with uniform
air gap and with non-uniform air gap shaped by the ICS plus
optimum reverse 3" harmonic are utilized as the basic model and
referenced model for comparison. For the referenced model, the
optimum amplitude of reverse 3™ harmonic is preferred as 1/6.
Finally, all electromagnetic characteristics of the investigated
machines are predicted by the finite-element method (FEM). The
highest saliency ratio and comparatively low torque ripple have
been verified.

Index Terms—Asymmetric rotor pole, high saliency ratio, low
torque ripple, wound field synchronous machine.

I. INTRODUCTION

FSMs are drawing more and more attentions due to

flexible flux regulation and no magnet limited in a lot of
industrial applications, such as EVs[1], steam turbines[2], wind
turbines[3], et al. However, the rotor excitation by the current in
rotor field coils is the main factor that produces the output
torque. The current in the rotor field coils make the additional
copper loss, which reduces the efficiency of WFSMs.

Some research has been studied to reduce the rotor copper
loss by enhancing saliency ratio, which is beneficial to
reluctance torque production [4]. One method to improve the
reluctance torque is inserting flux barriers in the rotor pole,
which make the rotor some segments [5]. The segmented rotor
should be fixed together by special handling. Another method
is using the reverse 3™ harmonic shaping function to shape the
rotor pole head [6]. Due to the enlarging average air gap length
caused by the reversed 3™ harmonic shaping function, the field

Manuscript received April 09, 2021; revised May 16, 2021, July 05, 2021
and August 22, 2021; accepted October 28, 2021. date of publication December
25, 2021; date of current version December 18, 2021.

Wenping Chai is with School of New Energy, Harbin Institute of
Technology at Weihai, Weihai 264209, China (e-mail: wpchai@163.com).

Byung-il Kwon is with Department of Electronic Engineering, Hanyang
University, Ansan15588, South Korea(e-mail: bikwon@hanyang.ac.kr).

(Corresponding Author: Wenping Chai)

Digital Object Identifier 10.30941/CESTEMS.2021.00037

torque will be reduced. So, the increased reluctance torque and
the reduced field torque should be balanced for an optimum
percentage. Without doubt, both methods are trying to decrease
the g-axis magnetic inductance for higher saliency ratio.

Recently, the stator of the flux reversal permanent magnet
(PM) machine applies the asymmetric pole configuration for
improving the torque capability [7]. The consequent-pole PM
machine with asymmetric magnetic pole structure is proposed
to obtain the smaller torque ripple and unipolar leakage flux
without worsening the torque characteristics [8]. An
asymmetric modular consequent-pole rotor is adopted to a
spoke-type PM machine for enhancing the effective PM flux
[9]. The magnetic-field-shifting techniques are to apply the
asymmetric rotor pole to interior PM machines for enhancing
the torque [10][11].

However, few researches study the asymmetrical rotor for
WFSMs. The two asymmetrical rotor geometries are designed
for reluctance machines [12][13]. But until now, they are not
applied by industry. In [14], a WFSM adopted the asymmetrical
rotor geometry, but the purpose is only to simplify the assembly
process and wound the rotor winding easily.

In this paper, the asymmetric rotor pole with the ICS plus
reverse 3™ harmonic shaping design of a WFSM is used to
achieve high saliency ratio and also low torque ripple. The
detailed parameters of the rotor pole head are obtained by the
optimization techniques with the combination of Kriging
method and micro genetic algorithm (GA). To verify the
proposed asymmetric rotor, the basic model and the referenced
model with its optimum value under the same working
condition and the same stator are adopted for comparison by
2-D FEM.

II. TOPOLOGY AND ANALYSIS OF THE MACHINES

A. General Characteristic of the Basic WFSM

A three-phase 54 slot/6-pole 4.7kW WFSM is first selected
as the basic model, which is shown in Fig.1. To highlight the
influence of the rotor pole surface, the air gap between the
stator inner surface and the rotor pole outer surface is uniform.
And it is worth noting that the rotor pole is symmetric. Table I
lists the main specifications of the basic model.

By convention, the direction of the magnetic flux that
produced by the rotor excitation and the one positioned 90
electrical degrees counterclockwise from the rotor excitation
magnetic flux direction are respectively defined as the d-axis
and the g-axis, which has displayed in Fig.1.
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Fig. 1. Topology of the basic model.
TABLE I
MAIN DESIGN SPECIFICATIONS OF BASIC MODEL
Item Unit Basic
Slots/poles - 54/6
Stator outer diameter mm 240
Stator inner diameter mm 165
The minimum air gap length mm 0.85
Motor axial length mm 123
Shaft diameter mm 80
Magnetic motive force A*turns 5%30
Slot filling ratio - 0.71
Rated current A 18
Rated speed rpm 3000

To simply the mathematic expression, the space harmonics
and winding resistances are assumed to be neglected. Therefore,
under the d-q rotating reference frame, the steady-state stator
voltage equations of WFSMs are expressed as:

{Ud =-oLI, 0
U,=oL,1,+aok,

where, U, and U, are the terminal voltages in the d-axis and
the g-axis, respectively; w is the electrical speed; I; and I, are
the armature currents; Ly and L, are the inductances; Ar is the
field magnetic flux linked with the armature winding in the
d-axis.

The armature currents under the d-¢ rotating reference frame

are listed as:
Id:—ISSin5 (2)
1,=Igcoso

where, d is the current phase angle, and /; is the peak value of
the phase current.

The corresponding electromagnetic torque can be obtained
as follows:

3
T, = 7”[@1({ +(L,-r,)1,1, ] 3)

where, p is the number of pole pairs. The first term in (3) is
from the rotor excitation and called as the field torque, and the
second one is from the saliency between the d- and ¢- axis
inductances and called as the reluctance torque. Due to the
structure of WFSMs, L, is bigger than L, and the saliency ratio
of WFSMs is defined as L4/L,. Therefore, when the current

phase angle of WFSMs is controlled with -90°<¢<0°, the field
torque and the reluctance torque are reinforcing. In this case,
the reluctance torque can be increased with the enhancement of
the saliency ratio, which benefits for the output torque.

B. Referenced Model with ICS+reverse 3" Harmonic Shaping

Reference [6] proposed a rotor pole head surface design
with the ICS plus reverse 3" harmonic to form non-uniform
air gap. And then, the sinusoidal air-gap flux density
distribution with 3™ harmonic component are obtained for
low torque ripple. The variation of air gap length /. with
shaped-arc angle x is shown in Fig.2, which is limited by the
equation (4).

%
Klg

L, (x)= “

cos(zx/t)+a*cos(3*xx /1)

where, /; is the minimum air gap length, 7 is the pole pitch.
The position with x=0 is assumed at the center of the magnetic
pole. The minimum air gap length is kept as a constant by the
coefficient k. a decides the amplitude of the reverse 3%
harmonic. According to the equation (4), when the x is closed to
7/2, the average air gap length is longest, and when the x is 0,
the rotor pole is same to that of the basic model.

Furthermore, the minimum air gap length is fixed as the
average air gap length of the basic model, meanwhile the
shaping function will help to determine the other position of the
air gap length. Finally, the optimum « is preferred as 1/6, which
is selected as the referenced model in this study for comparison.
The topology of the referenced model is displayed as Fig.3. For
fair comparison, all parts of the referenced model are kept same
with that of the basic model except the rotor pole head surface.

Fig. 2. The rotor pole head surface of the referenced model.

Stator
winding

Stator core

-» d-axis

Rotor field
winding

Fig. 3. Topology of the referenced model.

C. Proposal of the Asymmetric Rotor
The magnetic flux distribution of the referenced model under
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different load conditions have been checked by FEM as shown
in Fig.4. It can be found that the right part of the rotor pole head
has very low magnetic flux with the rated load, which means
the right part of the rotor pole head has low effect on the field
torque.

L w
00 05 10 15

(©) (d)
Fig. 4. Magnetic flux distribution of the referenced model under different
conditions (a) no load (b) rated load with 0 °phase current (c) rated load with 45°
phase current (d) rated load with 90° phase current.

However, because the relative magnetic permeability of the
iron and air have much difference, removing the right part of
the rotor pole head, which is in the g-axis flux loop, will
directly affect the magnetic inductance of the g-axis and
therefore the reluctance torque. Next, the related effect is
analyzed in theory [15]. But clearly, when removing the right
part of the rotor pole head, the proposed asymmetric rotor pole
is formed, which is designed to operate unidirectional.

Fig.5 shows the equivalent magnetic circuits of the WFSM in
d-q axis, which neglect the magnetic reluctance of iron core and
the stator slots. Fyg and F ¢ are the stator magnetomotive force
of the d-axis and the g-axis as expressed in equation (5).

F,, =NI,
I:ng = NILI
where, N is the turns number of winding.

The air gap magnetic reluctances in the d-axis and the g-axis
can be expressed as following.

&)

l
R _+R,  =—9 (6)
! 2 ﬂOIUrAdg
l
ng1+ng2 = — (7)
Fo b Ay

where uo is the magnetic permeability of vacuum, /; and /,
are the air gap length in d-axis flux loop and g-axis flux loop,
and Aq, and Ay, is the cross-sectional area of the air gap in the
d-axis and g-axis, u; is the relative magnetic permeability of air.

The inductances of the d-axis and g-axis can be expressed as
following.

N¢, N?
I, R,+R 1

dg2

N? A
_ IUOIUr dg (8)

L, =

323
2
LN N Nk, ©)
q
Iq ngl + ngZ lq
So, the saliency ratio is shown as:

L Al
AP S (10)

L, A4,

The proposed asymmetric rotor is formed by shortening the
right part of the rotor pole head as shown in Fig.6. The 44, and
ls are less affected by the proposed asymmetric rotor, so they
can be assumed as constants. In Fig.7, the radian of the full
rotor pole head and the shortened part is a (rad.) and S (rad.),
respectively. The radius of the rotor is , and the motor axial
length is /,. Hence, A,q is expressed as:

A, =lra (11)

For the proposed asymmetric rotor, Ag and /, can be
re-written as:

A, =1r(a-p) (12)
L=1+ pr (13)
Therefore,
Al AL =Lrad, ~Lr(a—B)(1,+Br)=Lpr| 1, —(a—B)r]
(14)
It is clear to see A,l <Al , so the saliency ratio can be
increased by the asymmetric rotor.
F q9
i : IF ; . Stator
R qgli—_L_} L Rdgl =— : R qg92 [EL': Rdgz
F dg E
I f ' Rotor
Fig. 5. Equivalent magnetic circuits of the basic WFSM in d-¢q axis
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Fig. 6. Equivalent magnetic circuits of the WFSM with an asymmetric rotor in
d-q axis

Rotor
Fig. 7. The part of WFSM with an asymmetric rotor
D. Summary
Based on the above-mentioned investigation, it can be
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concluded that the rotor pole head surface with the ICS plus
reverse 3™ harmonic benefits with the torque ripple reduction,
and the positive influence of the asymmetric rotor on the
saliency ratio and reluctance torque of the WFSM. However,
both the rotor pole heads surface shaping method and the
asymmetric rotor reduce the average length of the air gap,
which will decrease the field torque. Due to the magnetic
saturation and the complicated structure, it is not easy to
determine the design parameters by the theoretical method.
Therefore, the optimal technique combined with the Kriging
method and the micro GA is utilized to obtain the better output
performance.

III. PROPOSED MODEL AND OPTIMAL DESIGN

A. The Proposed Model with the Asymmetric Rotor and ICS +
Reverse 3rd Harmonic Shaping

Hence, the asymmetric rotor is adopted in the proposed
model. And to keep low torque ripple, the surface of the
asymmetric rotor pole head is still shaped by equation (4). For
better air gap flux density distribution, the position of the
minimum air gap length is always the center of the rotor pole
head arc, which is affected by the shortened part. So, the
proposed model is presented in Fig.8. It should be noted that the
asymmetric rotor can improve the reluctance torque, but the
rotor pole surface with ICS + reverse 3 harmonic shaping will
cause the increase of /;, which is bad for the field torque.
Therefore, to balance the design parameters and obtain better
performance with high saliency ratio and low torque ripple, the
main variables related to the proposed asymmetric pole head
shape should be designed by an optimization procedure. It
should be mentioned that all the design parameters are kept the
same with the basic model and referenced model besides the
rotor pole head surface for fair comparison.

Stator Stator core

winding

» q-axis
-

---+ d-axis

Rotor field

winding

Fig. 8. Topology of the proposed model the asymmetric rotor and reverse 3™
harmonic shaping.

B. Optimization Procedure

Fig.9 summarizes the optimization procedure [16] [17],
which will be carried out for the proposed model. First, based
on the requirements of the proposed model, determine the
objective functions, the design variables and the constraints;
Second, design a series of experiments for selecting the
sampling points by the Latin hypercube sampling method,
simulate each sample model by FEM and obtain their
performances; Then, build the approximation modeling by the

Kriging method; Next, utilize the micro GA to evaluate the
fitness according to the function developed by the Kriging
method, and the optimal results including the values of the
design variables and the predicted objective values can be
obtained by the population. Finally, the values of the design
variables in the optimal results are used in the simulation by the
FEM. If the results are similar to the predicted value and satisfy
the target, the process is completed; If not, the design variables
will be adjusted, and the optimization procedure should be

carried out again.
€
Determine the objective functions,
constraints and design variables
L o

(Latin hypercube sampling)

[ Design of experiments ]

Adjust
design
] variables?

[FEA of performance of sample mode]s]

Kriging method

>

[ Approximation of modeling by the

[ Search the optimal values by a GA ]

[ Design confirmation by FEA ]

Satisfy the target?

Fig. 9. Optimal design process[16].

Equation (15) lists the objective functions, which are
maximizing the average torque and minimizing the torque
ripple. Equation (16) lists the constraints. Fig.10 shows the
design variables of the proposed asymmetric rotor. One is a,
which is the amplitude of the reverse 3™ harmonic that is used
to inject into the ICS rotor. The other one is ¢, which affects the
asymmetric pole head. Equation (17) lists the ranges of the
design variables.

B

* O is the center of BC .
Fig. 10. Design variables of the proposed asymmetric rotor.

Objective Function: (15)
Maximizing average torque
Minimizing torque ripple

Constraints: (16)

r=81.65mm
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BO=CO

Design variables:

(17)

0<¢r<1821mm
0<a<04
In the optimization procedure, the same weighting value is
assigned to the two objective functions. Table II lists the
convergence results of the design variables and objective
values that obtained from the GA, which have been confirmed
by the FEM.

TABLE II
OPTIMAL RESULTS OF THE PROPOSED MODEL

Item Unit Value

t mm 2.743

a mm 0.125
Predicted objective Torque Nm 16.960
value by GA Torque ripple % 7.326
Calculated objective Torque Nm 16.961
value by FEM Torque ripple % 7.187

IV. PERFORMANCE COMPARISON

To demonstrate the validity of the proposed asymmetric
rotor with the ICS + reverse 3" harmonic shaping, the FEM was
utilized to investigate the electromagnetic performance of the
optimal model in detail. For fair comparison, the
electromagnetic performance of the basic model and referenced
model, which share the same stator, were also investigated.

A. No-load Performances

Under the no-load condition, the air gap flux densities of the
basic model, referenced model and the optimal model are
investigated as shown in Fig.11. It can be seen that the
referenced model and the optimal model can achieve waveform
of the air gap flux densities more sinusoidal. For a clear view,
the corresponding back EMF waveforms in one phase of each
model are all drawn in Fig. 12 (a). Fig.12 (b) shows the FFT
results of each back EMF waveform. It can be seen that both the
referenced model and the optimal model can effectively reduce
the 9™, 11t%, 13 15% and 17 harmonic, compared to that of
basic model. The fundamental harmonics of the referenced
model and optimal model are similar, which verifies that the
asymmetric rotor proposed in section I1.C has less effect on the
field torque, but both are less than that of the basic model,
which is due to the air gap length enlarged by the ICS + reverse
3t harmonic shaping.

B. Torque Component Characteristics

In the simulation, the three-phase sinusoidal current as the
power source excites the stator windings to obtain
electromagnetic torques. Next is to separate the field torque and
reluctance torque. First, the total torque is simulated; Then the
rotor excitation is set as zero, and the frozen permeability
method [ 18] was utilized to fix the permeability of the iron core
as that in the first step, so the reluctance torque is obtained.
Third, the field torque is obtained from the total torque minus
the reluctance torque. The torque characteristics of the basic

0.3
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Fig. 11. Air gap flux densities.

300

—=— Basic model
—— Referenced model

—— Optimal model

Back-EMF (Nm)
N a N
o o o
o o o o

N
o
o

&
S
S)

60 120 180 240 300 360
Rotor position (elec.deg)

(@
[l Basic model

[ Referenced model
I Optimal model

- -
o (62
o o

a
o

Amplitude of Back-EMF (V)

1 3 5 7 9 11 13 15 17
Harmonic order (n)
(®)
Fig. 12. Back-EMF in one phase (a) waveform (b) FFT.

model, referenced model and optimal model are predicted by
FEM as shown in Fig.13. Table III gives the details of the
comparisons of electromagnetic performance.

The field torques and the reluctance torques of all the models
as shown in Fig.13(a)~(c), reached their maximal values at the
45 electrical degree difference current-phase angles. The
saliency ratio of the optimal model was improved by 42.4% and
7.9%, respectively, compared to the basic model and the
referenced model. Correspondingly, the reluctance torque is
increased with the increase of the saliency ratio. As the increase
of the average air gap length, the field torque of the optimal
model was still decreased, compared to that of the basic model.
But compared to that of the referenced model, the field torque
has a little relief. Fortunately, the balance between the increase
of the reluctance torque and the decrease of the field torque has
been found in the optimal model. It shows that the better
performance has been got, compared with the referenced model.
The ratios of the reluctance torque to the average torque of three
models are 22.4%, 52.8% and 55.1%, respectively. This means
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Fig.13. Torque characteristics (a) basic model. (b) referenced model. (c)
optimal model.

when the rotor excitation is failure, the optimal model can still
guarantee a certain percentage of the output torque, which
reduce the risk of the sudden stop.

The maximum total torque varied with the rotor position of
the three models are shown in Fig. 14. It can be clearly seen that
the average torque of the optimal model is highest in three
models. Compared with the basic model, the torque ripple of
the optimal model is reduced by 92.97%. However, compared
with the referenced model, the torque ripple of the optimal
model is lightly increased, but 7.19% is real a low value [19] for
these kinds of machines along with the enhanced saliency ratio.

The output power of the optimal model is increased with the
increase of the average torque, due to the improvement of
reluctance torque. Consequently, the efficiency of the optimal
model is 91.8%, which is the highest compared to that of the
basic model and the referenced model. The efficiency is herein
estimated by

tput
Efficiency = output power

(18)

output power +losses

The losses in this section only consider the main losses
including the simulated iron loss and the calculated copper loss.

30

—=— Basic model
—e— Referenced model
—— Optimal model

Torque (Nm)

0 30 60 90 120
Rotor position (mechanical degree)

Fig.14. Comparison of maximum electromagnetic torques.

TABLE III
PERFORMANCE COMPARISON OF THE INVESTIGATED MODELS
Item Unit Basic Referenced Optimal
Back-EMF
(RMS) \% 121.87 79.28 81.85
Average torque Nm 14.92 16.01 16.96
Reluctance torque Nm 3.34 8.46 9.35
Field torque Nm 11.58 7.55 7.61
Saliency ratio -- 1.25 1.65 1.78
Torque ripple % 102.3 5.10 7.19
Cogging torque Nm 0.584 0.002 0.006
Power
@3000mpm kW 4.687 5.029 5.327
Efficiency o
@3000rpm % 90.8 914 91.8

V. CONCLUSION

This study proposed a novel WFSM with a novel asymmetric
rotor pole design. By the analysis of the optimal design based
on the micro GA, the optimal model is obtained and the
performance is verified by the FEM. As the results show, the
saliency ratio of the optimal model is increased by 42.4% and
7.8%, respectively, compared to that of the basic model and the
referenced model, the average torque is increased by 13.67%
and 5.9%, which benefits of the enlarged saliency ratio. And the
3rd harmonic shaping on the asymmetric rotor pole surface help
to decrease the torque ripple by 92.97% compared to that of the
basic model, though a little worse than that of the referenced
model.
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