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Abstract—This paper presents a new type of axial-field switched
reluctance machine (AFSRM), axial-field dual-rotor segmented
switched reluctance machine (ADS-SRM), along with its design
methodology. The proposed ADS-SRM is featured by the
segmental stator and rotor poles, the auxiliary flux-conductive
rings, and the concentrated windings. The yokeless topology
reduces the active length of the motor. Besides, the adopted short-
end winding layout increases the slot fill factor and the motor’s
reliability. First, the basic topology of ADS-SRM is introduced
along with its operating principle and various stator/rotor pole
combinations. The three-phase 12/8 configuration of ADS-SRM is
chosen for further analysis. Then, the design methodology
considering the fringing and leakage field effects through the
magnetic equivalent circuit (MEC) method is developed, and the
flowchart detailing the design procedure is presented. Through the
comparison with the conventional yokeless and segmented
armature (YASA) topology, ADS-SRM exhibits excellent
performance at overload conditions. The prototype is designed
and fabricated, and the experimental results verify the motor
performance.

Index Terms—Axial-field switched reluctance machine
(AFSRM), design methodology, magnetic equivalent -circuit
(MEC), performance comparisons.

[. INTRODUCTION

WITCHED reluctance machine (SRM) is becoming research
focus in recent years due to its unique advantages such as
simple and rugged construction, low cost, fault-tolerant
operation capability, and high-speed and high-temperature
operation adaptabilities [1]-[3]. These features make SRM a
good candidate for electric vehicles, electric bicycle, aircraft,
railway transport, and other transportation appliances [4]-[9].
Although SRM has the above described features, the absence
of the high-energy-density permanent magnets (PMs) in the
magnetic structure greatly restricts the power- and torque-
density enhancement with respect to the permanent magnet
synchronous motor (PMSM), which means that higher current
density is in need for the same energy conversion [10]. In the
last decades, many efforts have been made in SRM around the
world to substitute PMSMs [11]-[15]. It is noted that the high

Manuscript received XXX, 2020; revised XXX, 2020; accepted XXX, 2020;
online XXX, 2020. (Corresponding author: Wei Sun.)

The authors are with the School of Automation, Nanjing University of
Science and  Technology, Nanjing 210094, China (e-mail:

current densities in the coils urgently increase the cooling
demands.

To enhance the torque density, many investigations have
been implemented on the motor configurations such as the
radial- or axial-gap topologies, the multi-gap configurations,
and the stator/rotor pole combinations. It has been recognized
in literature that the axial-field topologies can have higher
torque densities and efficiencies than the radial counterparts as
the active air-gap surface area of the former is larger compared
with the latter [16], [17]. In addition, the axial-field topologies
are suitable for applications with low length-diameter ratio,
such as the vehicle wheels [18]. The multi-gap configurations
mainly include the Kaman and Torus topologies [17]. The
multiple air gaps can significantly increase the utilization of the
magnetic flux generated by the excitation coils, thus improving
the torque density. To further improve the torque density, SRMs
with higher rotor pole number have been introduced [19]-[21].

Rotor-segmented switched reluctance machine (RS-SRM),
known as a modular-structure topology, is a group of SRM
introduced for the torque-density improvement [22]. However,
the adopted multi-tooth winding layout decreases the motor’s
reliability due to the end-winding overlapping, especially for
machines with low length-diameter ratios [23].

Against the drawbacks of the multi-tooth winding layout in
RS-SRM, several solutions have been reported. RS-SRMs
adopting the auxiliary stator poles and concentrated single-
toothed windings are proposed to shorten the end windings [23].
In this configuration, the magnetic flux generated by the
excitation coils is mainly circulated by the auxiliary poles, thus
shortening the flux paths. However, the auxiliary stator poles
inserted in the rotation direction restrains the coil space.
Another solution is adopting the toroidal windings, and the
double-sided external-rotor configuration is reported to
improve the winding utilization [24]. The third solution is
adopting the modular motor construction such that the adjacent
stator poles can form one motor phase [25]. In this topology,
short flux paths without flux reversal is realized. The last
solution is adopting the concentrated winding along with the
auxiliary magnetic structures forcing the flux paths
perpendicular to the revolution direction [26]. In this
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configuration, the auxiliary magnetic structures do not conflict
with the coil space. However, the active axial length can be
further reduced through the configuration of double-sided
external rotors with single internal stator [27].

In this paper, a novel axial-field dual-rotor segmented
switched reluctance machine (ADS-SRM) is presented. The
configuration of double-sided external rotors with single
internal stator results in the removal of the stator yoke, thus
reducing the motor size, while there is no degradation in the
motor’s torque-production capability. Furthermore, the adopted
ring-shape auxiliary magnetic structures, which shorten the
main flux generated by the excitation coils, ensure the magnetic
isolation among adjacent phases.

This paper is organized as follows: Descriptions of the basic
motor topology of ADS-SRM, along with the optimization of
the stator/rotor pole combination, are given in Section II. The
design methodology for the motor is presented in Section III.
The comparisons of the performance of ADS-SRM with that of
the yokeless and segmented armature AFSRM (YASA-
AFSRM) are detailed in Section IV. A prototype is fabricated
and the construction details are explained in Section V. The
experimental verification is in Section VI, followed by the
conclusions in Section VIL

II. ADS-SRM TOPOLOGY AND PRINCIPLE

A. Basic Topology Details

The basic topology of the proposed ADS-SRM is shown in
Fig. 1(a). It consists of single inner stator and double-sided
external rotors. The stator contains the excitation pole and the
outer and inner flux-conductive rings. The rotor is composed of
the rotor segments in pairs, which are installed at the opposite
sides. The main flux paths in the basic topology in the 3D and
2D cross-sectional views are shown in Figs. 1(b) and 1(c). As
depicted in Figs. 1(b) and 1(c), the flux is generated by the coil
wrapped around the excitation pole, and splits into two
branches after flowing into the rotor segment. One branch
consists of the outer flux-conductive ring and the outer air gaps,
and the other consists of the inner flux-conductive ring and the
inner air gaps. The proposed ADS-SRM has the following
features.

1) Balanced axial magnetic force when the rotor segments at
the opposite rotor sides are in alignment.

2) Concentrated winding layout featured with no end-
winding overlapping and shorter coil end is adopted.

3) The flux paths are mainly circulated by the outer and inner
flux-conductive rings. The independent and short flux paths
contribute to the modular feature.

4) The cancellation of the stator yoke shortens the axial
length of the machine, thus increasing the torque density.

5) All the rotor segments are embedded in the rotor brackets
made of high-mechanical-strength nonmagnetic materials, thus
suppressing the vibration.
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Fig. 1. Basic topology and principle of ADS-SRM. (a) Basic topology. Main
flux paths in (b) 3D and (c) 2D cross-sectional views.

B. Various Stator/Rotor Pole Combinations

In Fig. 1, only one excitation pole and a pair of rotor
segments are presented. The rotor segments of the basic
topology can only rotate for a certain angle until they are
aligned with the excitation pole. For continuous operation,
specific stator/rotor pole combinations are required. For ADS-
SRM, the main flux is generated by a single excitation pole as
shown in Fig. 1. Hence, the stator pole number Z; can be
arbitrary multiples of the phase number m. The common
combinations of the stator/rotor pole numbers Z/Z, are
mx/(m=+1)x. Here, the multiple x should be a positive integer
greater than 1 to ensure the balanced operation [28]. Both m and
x can affect the motor performance [29].

In order to evaluate the effect of m and x fairly, motors in
various stator/rotor pole combinations are designed at the same
ratings, i.e. 1 kW at 2000 r/min. In addition, all motors have the
same overall dimensions, i.e. the same outer dimension and
total length. Considering one ADS-SRM phase, the converted
energy can be calculated using (1) based on the flux linkage-
current diagrams, which are obtained by 3D finite-element
method (FEM). Here, it is assumed that the flux linkage is
constant near unaligned or aligned rotor positions. The average
torque can be obtained by (2).

W (1) = [y, (D)di = [y, (1)di (1)
W (i)

. conv i
7, ()=
Yz

r

2

where ¥, and ¥, are the flux linkages at unaligned and aligned
rotor positions, respectively.

The effects of m and x on the torque production capabilities
in terms of phase current are shown in Fig. 2. It is observed that,

1) Slightly higher torque output is exhibited at low current
levels when the rotor pole number is larger than the stator pole
number, e.g. the average torque of the four-phase 16/12
configuration is about 91% that of the four-phase 16/20
configuration at 4 A. However, significantly higher torque
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output is exhibited at high current levels when the rotor pole
number is smaller than the stator pole number, e.g. the average
torque of the four-phase 16/12 configuration is about 1.2 times
that of the four-phase 16/20 configuration at 20 A.

2) With the increase of m, the torque output increases at low
current levels, while it decreases at high current levels when the
rotor pole number is smaller than the stator pole number. For
example, the average torques for the three-phase 12/8, four-
phase 16/12, and five-phase 20/16 configurations at 4 A are
1.49 N'm, 1.67 N'm, and 2 N-m, respectively, while they are
21.7 N'm, 19.4 N-m, and 18.7 N-m respectively at 20 A.

3) The torque outputs for various x at low current levels are
almost identical, while the torque output increases with the
increase of x at high current levels.

4) When x =4, the torque output increases significantly with
the increase of x. After that, the torque outputs are almost the
same.

On the other hand, both higher m and x can lead to higher
commutation frequency, thus producing higher switching loss.
Moreover, higher m can increase the cost of the converter.

In order to have a compromise among the torque production
capability, the commutation frequency, and the converter cost,
the three-phase 12/8 configuration is a good choice.
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Fig. 2. (a) Effect of m on the torque production capability under various current
levels when x=4. (b) Effect of x on the torque production capability under
various current levels when m=3.

C. Three-Phase 12/8 ADS-SRM

Fig. 3(a) shows the discussed three-phase 12/8 ADS-SRM. It
consists of three phases, each with four excitation poles. The
excitation poles belonging to each phase are located 90°mech

apart from each other, and the coils wrapped around them are
connected in series with the same winding polarity. All the
excitation poles are magnetically isolated from each other. The
rotor consists of eight rotor segments at each rotor side, and all
of them are separated from each other. Figs. 3(b) and 3(c) show
the magnetic field distributions in the three-phase 12/8 ADS-
SRM with typical geometric dimensions at unaligned and
aligned rotor positions, respectively. The flux linkage
characteristics at unaligned and aligned rotor positions are
depicted in Fig. 4. It is noted that high saturation of the iron core
occurs at aligned rotor position at high current levels.

0) ' ()
Fig. 3. Discussed three-phase 12/8 ADS-SRM. (a) 3D view of the motor
geometry. (b) Magnetic field distribution at unaligned rotor position. (c)
Magnetic field distribution at aligned rotor position.
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Fig. 4. Flux linkage characteristics at unaligned and aligned rotor positions.

III. DESIGN METHODOLOGY

The basic topology and main dimensions of the three-phase
12/8 ADS-SRM are shown in Fig. 5. Fig. 5(b) is the cross
section A-A in Fig. 5(a). Figs. 5(c) and 5(d) are respectively the
cross sections B-B and C-C in Fig. 5(b). It is noted that there
exist three air gaps for each rotor segment at each side. This
should be considered in the magnetic equivalent circuits
(MECs). Besides, unlike the general SRMs, each excitation
pole of ADS-SRM is close to three rectangular slots, which
should be considered in the winding design.
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where N, is the number of winding turns in series per phase;
is the phase current.

Assuming that the permeance of iron core is much greater
than that of vacuum, the reluctance of iron core is thus neglected.
At unaligned rotor position, the total reluctance (R,) is

Fig. 6 describes the flux patterns in the air region of ADS-
SRM. The air-gap flux paths on the circumferential and radial
cross sections at unaligned rotor position are shown in Figs. 6(a)
and 6(b), respectively, and those on the circumferential and
radial cross sections at aligned rotor position are shown in Figs.

. . . 2
6(c) and 6(d), respectively. The corresponding MECs are given R, =
6(c) (d), resp y P g g FE—— 2R R, R R, RR,)
in Fig. 7. e+
Rgt RH'PP Rgu Rgvﬂp R tpRgopR + R R "PRHP + RHRE”I‘R + R R rpRgp
Ry, W Rgy Rg Ry m (4)
- The phase inductance at unaligned rotor position (L) is
L =N712’h i L +L+L* 2(RL"[7R +RL”I7RL”I’ +RglpRgp)
' 8 R R&"I’I’ R&’" RE.'”I’P RE."I’RE.”I’RéW +R RE.’“I’RXP + R RL’ZI’RE.’"I’ +RLRE’17RKP
(5)
At aligned rotor position, the total reluctance (R,) and phase
inductance (L,) can be obtained through the following process.
R op
A:Rgp//%//Rgu (6)
R ip
ol ISR, @)
_ AR, + 4B + BR, @®
B
Fig. 6. Flux patterns in the air region on the (a) circumferential and (b) radial AR + AB+ BR
cross sections at unaligned rotor position, and those on the (¢) circumferential _ e T bk, )
and (d) radial cross sections at aligned rotor position. Rg
=ARg+AB+BRg (10)
A
F= C//Rgopp (11)
G:E//Rg'pp (12)
FG
= (13)
D+F+G
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= 14
D+F+G (14)
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= 15
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The phase inductance coefficient (K,) is defined by (18). The
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empirical value of K, is between 0.65 and 0.75 [1].

Lu
K =1-7 (18)
As shown in Fig. 6(d), the reluctance of the flux paths in the
air region between the excitation pole and the rotor segment
considering the fringing field consists of three components (Rg1,
Ry, and Rg3). Ry is the air-gap reluctance of the overlap region
between the excitation pole top surface and the rotor segment,
and R, and Rg; are the reluctances of the fringing field at the
outer and inner sides of the excitation pole tip, respectively. The
fringing field coefficient (k) is defined as
R, /IR, /IR,
R

gl

In addition to the fringing field, there also exists flux leakage
between the side surfaces of the excitation pole and the flux-
conductive rings as shown in Fig. 6(d). The leakage field
between the adjacent excitation poles can be neglected due to
large air gap. The ratio of the total reluctance considering the
leakage field effect to that not considering the leakage effect is
defined as the leakage field coefficient (k) in (20).

e R

a | Ry &Ryopy &Ry =0

ky = (19)

(20)

The above derived phase inductance coefficient (K,),
fringing field coefficient (%), and leakage field coefficient (k;)
are the three calibration factors in the iterative process for the
motor design. Table I summarizes the comparisons of the
analytical results with those from 3D finite-element analysis
(FEA) when the saturation does not occur for ADS-SRM with
typical geometric dimensions. The accuracy of the developed
MEC model is thus validated. Fig. 8 shows the variations of the
unaligned and aligned phase inductances along with the three
coefficients with the phase current by 3D FEM. It is indicated
that L, decreases when the phase current is higher than 6 A due
to the saturation, while L, is independent of the phase current.
This leads to the decreased K, when the phase current is higher
than 6 A. On the contrary, kr and k; are almost independent of
the saturation.

TABLE I
VERIFICATION OF ANALYTICAL RESULTS NEGLECTING SATURATION FOR
ADS-SRM WITH TYPICAL GEOMETRIC DIMENSIONS

Parameter MEC 3D FEM Discrepancy (%)
L, (mH) 18.1 17.7 2.26
L, (mH) 63.1 66.4 -4.97
K., 0.713 0.733 -2.73
ky 0.935 0.921 1.52
ki 0.824 0.846 -2.6
£ 80 1.0
g e —L, e
2 60 XXX x‘x\x\x\x\x _ @ 0.9 e
g ><\><\>< a § 08 VoV VYV VYV V—V—V—V—v—v—V—\
g 40 B = S
3 3 0.7 T,
£ 20 S o6 Ry
2 B T e
= 0O 4 8 12 16 0'50 4 8 12 16

Phase current (A) Phase current (A)
(@) ®)
Fig. 8. Variations of (a) phase inductances and (b) three coefficients with phase
current by 3D FEM.

B. Output Equation

In order to obtain the geometric parameters of ADS-SRM, it
is necessary to derive its output equation first. A design
procedure for axial-field SRM is proposed in [30], but the
output equation is only suitable for specific motor topology.
The design procedure presented in [26] can be applied to the
discussed ADS-SRM due to the similar motor topology.
However, some modifications should be made in the design
procedure since the MECs of the two machines are not exactly
identical.

Assuming the ideal square-waveform phase current and
linear phase inductance, the average torque can be expressed as
(21) based on the virtual work method [31].

;2 L-L,

zwg ph 2
2 / 7

where 1, is the amplitude of the flat-top phase current during
the phase excitation period.

The root-mean-square (RMS) value of phase current (Zrus)
and the change of phase inductance AL are given in (22) and
(23), respectively [1], [26].

20

RMS \ 0 1127/1 dt = T 1 m (22)
L
AL=1L, -1, :La[l—L“j:LaKu (23)

where T is the period of phase conduction; iy, is the peak value
of phase current; £; is the phase current coefficient, which is the
ratio of Irys tO .

The phase inductance at aligned rotor position (L,) can be
obtained based on the MEC model of the motor. As shown in
Figs. 6 and 7, the MEC at aligned rotor position is too complex
due to the fringing and leakage field, complicating the
computation at the initial design stage. Since the main flux
paths in ADS-SRM are independent, the simplified main flux
circuit of single excitation pole at aligned rotor position is
shown in Fig. 9. In Fig. 9, R,, Ry, and Ry, are the reluctances of
the air gaps at the excitation pole, the outer and inner flux-
conductive rings, respectively, not considering the fringing and
leakage field.

Fig. 9. Simplified MEC of single excitation pole at aligned rotor position.

Based on the simplified flux circuit, L, can be obtained as
(24). Besides, the relationship expressed by (25) can be
obtained.

)
La = i . l . 4 _ N;h/uO”Dmaslef (24)
c c kk/;k,(ZRg +2R,, //2Rgi) 16kk k,0Z,
¢N,i N Al k,Bso
R T R i i e 25)
4 ¢ 4 Ho

where kr and k; are introduced based on the derivations in
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Section I1I-A; & is the coefficient considering the saturation, and
k=1.05 in this design; c is the branch number of each phase
winding; D,=R,*+R; and l,~=R,-R;, are the average armature
diameter and the radial thickness of the excitation pole,
respectively; po=4nx107, is the magnetic permeability of
vacuum; B; is the average flux density at i,,, and Bs~1.8 T in
this design [32].

The relationship between the output power (P») and the
average torque (7.g) can be expressed as

B=T. 50 (26)

where 7 is the base speed.

Based on the above equations, the output equation for ADS-
SRM can be derived and is expressed as
po 2K, m* 7t Z,nB;k Sk k kD, L,
15,2

s

2

(27)

The yoke height of the rotor segment (4,,) is empirically in
the range of (0.5-1)/. The thicknesses of the outer and inner
flux-conductive rings (lep=Roo-Roi and ls=Ri,-Ri), the average
diameters of the outer and inner flux-conductive rings
(Davo=RootRoi and Dasi=RiotRi), and the slot height (k) are
determined by the winding design.

C. Winding Design
By referencing [26], the phase turn number (N,:) and the

strand number of the coil (N,) are obtained by (28) and (29),
respectively.

1632kkk kB, SmV 28)
ph
P
N = \/E[ph _ 4\/Elph (29)
P gdr T endd?
c J coil coil

where d..; is the diameter of the enameled wire; Jis 5.5 A/mm?
in this design as the natural cooling method is employed.

As shown in Fig. 3, each excitation pole of ADS-SRM is
adjacent to three different rectangular slots. The slot height (),
i.e. the axial length of the stator, can be obtained based on the
three computed slot heights as expressed by (30).

h, = max(h,,, k. h,,) (30)
where /i, hgi, and hg, are the computed slot heights of the slots
at the outer side, inner side, and circumferential side of the
excitation pole, respectively. The three slot heights are
expressed as

- wd’,N,N ,m
Y 2Zky,(Duy = Do~y —1y,)

- 7d.,N,N,m 31)
" 2Zky (Dyy = Doy — Ly — 1)

b= ﬂdfm,Nprhm
" 2k$[m”(Duv - le/ )(1 —Q )

In (31), ksto, ksii, and kg are the slot-fill factors of the coils at
the outer side, inner side, and circumferential side of the
excitation pole, respectively.

In the design procedure, Day, Davo, and D,,; are the three
variables adjusted iteratively under the constraints of

kg, =ky =04
k, =0.5

R, <100mm °
R, >15mm

The flowchart of design methodology is shown in Fig. 10. As
shown in Fig. 10, the flowchart consists of four steps. At the
preliminary step, the specifications of ADS-SRM are
introduced, including the rated parameters, the constraints, and
the configurations. The rated parameters are given in Table II.
The constraints are given in (32). The configurations include m,
(Z; and Z,), (as and o), and the winding layout. In this motor,
the winding polarities of all coils are the same, eliminating the
flux reversals in the iron core. The approximate dimensions of
ADS-SRM can be obtained through the output equation and the
winding design when K,, k;, and k; are empirically evaluated.
The second step is to check whether the constraints of the motor
are satisfied. Fine adjustment of the motor geometry is
necessary until the constraints are met. After then, iterative
computation is implemented for the accuracy of the three
calibration factors (Ku, k5, and k;) which are involved in the
algebraic computation. The last step is to ensure the motor
performance requirement. The main geometric data of ADS-
SRM at the initial design stage are provided in Table III.

Specify the rated
parameters of ADS-SRM

(32)

Determine motor constraints
and configurations

Assign initial values for
coefficients: K, k;, and k;

Estimate Dy, Lo Npn, and
N, using (27)-(29)

Estimate other dimensions in Fig. 5
under the motor configurations

{ ko=kq=0.4,
kgn=0.5, Dy, =200mm
Ry, =30mm}7

Substitute
Ky, kp, and &
A

Tavg, J, and 5 meet
equirement?

Fig. 10. Flowchart of ADS-SRM design.
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TABLEII Fig. 12 indicates that when the rotor yoke height is reduced
DESIGN SPECIFICATIONS OF ADS-SRM from 12 mm to 9 mm, that is, by 25%, the average torque is
Parameter Symbol  Value o . . .
Output power (KW) Py 1 reduced by only 1.4% and the torque ripple coefficient is
DC-link voltage (V) Ve 288 increased by only 0.8%. Therefore, 25% of the iron core in the
Current density (A/mm’) J 5.5 rotor segment is extra, and the removal of this extra part can
Efficiency (%) n 75 red the motor si
Base speed (1/min) n 2000 cduce the motor s1ze.
Average torque (N'm) o 477 The effects of the stator and rotor pole arc angles (z,0, and
7,0, in normalization at the phase excitation of 8 A are shown
TABLE IIT in Fig. 13. Here, the motor performances when 4,=0 mm and
MAIN GEOMETRIC DATA AT INITIAL DESIGN STAGE
h,=9 mm are selected as the base values.
Parameter Value Parameter Value
7J7, 12/8 Noi 225%4 S S
R; (mm) 63.084 R, (mm) 82.391 e 10;1M106 . 092 088
R, (mm) 92.713 Ry, (mm) 100 5 16 100" 5 16 100
hy (mm) 50.752 3 (mm) 0.5 g5 0,022 215
I R B B ”“Q
1,05 (°) 15 10, (°) 15 5 13\ 090 513 1,207
= = ]
N, ! et () 105 Z 12138813 05 G617 18 & 121?% 14 15 16 17 18
Grade S0DWA470 Lo 04,05 Rotor pole arc angle (°) Rotor pole arc angle (°)
. . b
D. Effect of Main Geometric Parameters @ 13 — ®
In the previous section, MEC method is incorporated into the 17 1.02—
design procedure of ADS-SRM, and some geometric ig oo 1017

parameters such as 4, &, a, and o, are determined empirically.
These parameters have been verified as influential optimization
variables through the sensitivity analysis [33], [34]. Hence, the
influences of these parameters on the motor performance are
investigated by 3D FEM for optimization. The effects of rotor
slot height (/%,) and rotor yoke height (%,,) at the phase excitation
of 8 A, i.e. the current density of 5 A/mm?, are shown in Figs.
11 and 12, respectively. The effect on the copper loss is not
considered since the stator dimensions and MMF remain

unchanged.

- =

g 5.8 I 2 1.8

<53 T 5 s

& sl

Eas s

[ B 1.2

$43 s

2 e
—

< 3.80 3 ¢ S 0.90 3 ¢

Rotor slot height (mm) Rotor slot height (mm)

(a) (®)
Fig. 11. Effect of rotor slot height on (a) average torque and (b) torque ripple
coefficient.

As shown in Fig. 11(a), with the increase of rotor slot height,
the average torque decreases monotonously, while the torque
ripple increases. The output capability of the motor is
maximized without the rotor slot. This is due to the increased
degree of saturation at the rotor segment yoke when the rotor
slot height increases.

_ =

260 - 518

z55 e =

3 3 1.5

& 5.0 b

e =

%4.5 % 12 \-

£40 % T~

> 2 - -

<35 6 9 n £0% 6 9 12
Rotor yoke height (mm) Rotor yoke height (mm)

(@) (b)

Fig. 12. Effect of rotor yoke height on (a) average torque and (b) torque ripple
coefficient.

14 0.99
13 0.98

097
%2 13 14 15 16 17 18

Rotor pole arc angle (°)
(©

Fig. 13. Effect of stator and rotor pole arc angles on (a) P.u. of average torque,
(b) P.u. of torque ripple coefficient, and (c) P.u. of copper loss.

Stator pole arc angle (°)

As shown in Fig. 13, both the stator and rotor pole arc angles
can have significant effect on the motor performance. To make
a tradeoff between the average torque, the torque ripple, and the
copper loss, an objective function is defined as (33), and is
shown in Fig. 14.

*

T,,
F(x,y)=——~

p (33)

ripple”™ Cu

where x and y represent the stator and rotor pole arc angles,
respectively; T avg, K ripple, and P’c, are the normalized average
torque, torque ripple coefficient, and copper loss, respectively.

18
17} 100 120*
16 105110

0.85

—
~

—_
W

Stator pole arc angle (°)
o

070 0.75_0.80.

12 h \
12 13 14 15 16 17 18
Rotor pole arc angle (°)
Fig. 14. Contour plot of the objective function.

Through the response surface method (RSM), the objective
function is expressed as
2
Flx.y) = A +Ax+ A4y +2A3 ¥y +2A4xy
1+ Bx+B,y+Bx + B,y  + Bxy
where A40=0.74565, 4,=-0.00338, 4,=-0.10514, 43=0.00307,
A44=0.00135, B;=0.0089, B,=-0.13783, B5=4.71197x104,

(34
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B4=0.00514, Bs=-9.63542x10*.

Bellow the base speed, the operation of SRMs is usually fed
by the hysteresis current converter. The amplitudes of phase
currents are limited. However, the phase inductance near
unaligned rotor position has significant effect on the speed
range above the base speed. This is due to the limited DC-link
voltage. The optimization work should be subject to the current
tracking capability [35].

At different configurations of the stator and rotor pole arc
angles, the phase-current uprising angle (6,,) before the current
reaches the chopping level (i.;) can be obtained by (35), where
R, is the phase resistance. In (35), assumption is made that the
phase inductance is maintained at its minimum level before the
stator pole starts to overlap the rotor pole. The calculated 8, is
shown in Fig. 15(a). To ensure the field-weakening capability
above the base speed, the firing angle should not be ahead of
the unaligned rotor position in the optimization. The half of the

period of the minimum phase inductance (6,/) is defined by (36).

The effect of the stator and rotor pole arc angles on 6, is shown
in Fig. 15(b). It is indicated in Fig. 15 that, with the increase of
either the stator pole arc angle or the rotor pole arc angle, 6,,
increases, while 6, decreases.

6nl, Ly R,
0 =— “n 1—# (35)
v R v,
s DC
T, -Ta,—T,Q,
6, =" (36)
18 <18
8.6
3 17\§'§i B17 5.5
816l T 8052~ & 6l 80 7.0_6.5_ 6.0
I R S
g 15 \7.4\ g 15
— B —
S 14 \;2% S 14 8.5 7.5
5 13—pg 0T 51319590
=] S
w1 w1

—hh . ‘ ‘ ‘
212 13 14 15 16 17 18 13 14 15 16 17 18
Rotor pole arc angle (°) Rotor pole arc angle (°)
(a) (b)
Fig. 15. Influence of stator and rotor pole arc angles on (a) phase-current
uprising angle and (b) half of the period of minimum phase inductance.

S
)

To ensure the current tracking capability below the base
speed, 6,, should not be larger than 6,,. Besides, the stator pole
arc angle is generally smaller than the rotor one. The constraints
of the optimization are as follows:

{G =6,-6,<0 37)
G=ra -10 <0
where
9, =5.6659—0.1608Lx +0.01854y +0.00416x" +0.00573>
+0.00799xy ’

0, =22.5-0.5¢- 0.5~ 236738-10"x> ~4.08211.10"7y’
—4.0371-10"xy '

Through the optimization to obtain the maximum value of
the objective function (34) under the constraints (37), the
optimal stator and rotor pole arc angles are both nearly 15°,
which are just the default values in the initial design.

E. Analysis of Skewed Rotor Segment

For further improvement of the motor performance, the

skewed rotor segment is investigated. The skewed rotor
segment profile is shown in Fig. 16. In Fig. 16, the edges at the
sliding-in and sliding-out sides are skewed in the opposite
direction, and the skewed angle is denoted by 6.

i
Sliding-in edge i

Sliding-out edge l"\
Average armature diameter
Fig. 16. Geometry of the skewed rotor segment.

As stated in the foregoing part, the current tracking capability
is related with the unaligned phase inductance. To maintain the
unaligned phase inductance, the two edges of the rotor segment
are skewed with fixed rotor pole arc angle at the average
armature diameter shown in Fig. 16. The average armature
diameter is at the middle of the excitation pole.

As shown in Fig. 9, the total reluctance of single excitation
pole is

2R R, 20 26
R,=2R, +—2-= + (38)
R,+R, 1S, (S, +S)
_ D,al, _ zD,,aly, _r Wil
where S, = 7 , S,= 7 ,and S = 7 are the

cross-sectional areas of the main flux flowing through the air
gaps at the excitation pole and the outer and inner flux-
conductive rings, respectively.

It is indicated that R, is reversely proportional to (S,+S;).
From (21) and (23), it is indicated that the average torque is
related with the aligned phase inductance. For approximately
constant aligned phase inductance, the study of skewed rotor
segment is carried out under the constraint of S,=5=0.5S,, along
with the fixed outer diameter and volume of the motor.

The influences of the skewed angle on the motor
performance are shown in Fig. 17.

g 5.6 s 5.6

55 by

9 =54

5 &

554 \ <

% . 552

g3 ~J & —_
o .

> o

<5, > 5.

35 00 25 50 75 100125 <35 00 25 50 75 100 125

Skewed angle (°) Skewed angle (°)
(@) (b)
0.8
‘§ 0.7
& 06 .
F 05 -
-
704"
0.3
2.5 0.0 25 50 7.5 10.0 125
Skewed angle (°)
©

Fig. 17. Effect of skewed angle on (a) average torque, (b) average torque per
unit ripple, and (c) slot-fill factor of the slot at the outer side of the excitation
pole.

As shown in Fig. 17(a), the average torque decreases
monotonously with the increase of the skewed angle. However,
the average torque per unit ripple reaches its maximum value at
8.75° as shown in Fig. 17(b). Hence, the optimal skewed angle
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is 8.75°. The average torque decreases by 4%, while the torque
ripple coefficient decreases by about 12%.

In addition, due to the constraint of the fixed outer diameter
and volume, the slot-fill factor of the slot at the outer side of the
excitation pole increases monotonously with the increase of the
skewed angle as shown in Fig. 17(c). When the skewed angle
increases to 8.75°, the slot-fill factor increases from 0.4 to 0.557,
which is acceptable for the motor assembly.

IV. SIMULATION RESULTS AND COMPARISONS

In this section, 3D FEM is utilized for the verification of the
performance of ADS-SRM, and then, the comparison of the
performance between ADS-SRM and the existing topology is
implemented.

The dynamic performance of the motor is obtained by the
motion-coupled analysis. The motor is driven by the
asymmetric half-bridge converter. Fig. 18 shows the simulated
three-phase currents and torque output at the rated speed. The
simulated performance parameters at the rated condition are
summarized in Table IV.

—— Phase A Phase B Phase C
10 ~ 10
~ N E
< 8l /SN . z 8
8 4lf \. g 4
2 [}
22 g2
A S
0 =0
0 15 30 45 0 15 30 45

Rotor position (°mech) Rotor position (°mech)
(a) (b)
Fig. 18. Simulated (a) three-phase currents and (b) torque output at the rated
condition.

TABLE IV
SIMULATED PERFORMANCE PARAMETERS OF THREE-PHASE 12/8 ADS-SRM
AT RATED CONDITION
Parameter Value
Average torque (N-m) 4.87
Current density (A/mm?) 5.25
Copper loss (W) 167.94
Iron loss (W) 63.17
Efficiency (%) 81.5

Since the magnetic flux traveling in the excitation pole of
ADS-SRM is straightforward from one motor side to the other
and the stator yoke is cancelled, the existing YASA topology is
chosen for comparison [36], [37]. The stator/rotor pole
configuration and the coil arrangement of YASA-AFSRM and
ADS-SRM are depicted in Fig. 19. Both the motors have 12
stator poles and 8 rotor poles/segments. For fair comparisons,
the two motors are designed at the same outer diameter, volume,
and ratings.

The torque production capabilities of the two motors are
examined at the same excitations through 3D FEM. Fig. 20
shows their flux linkage-current diagrams. It is observed that
the torque produced by YASA-AFSRM are slightly higher than
that by ADS-SRM at low current levels since the area enclosed
by the flux linkage-current loci between the unaligned and
aligned rotor positions denotes the conversion from the
electrical energy to the mechanical energy. However, at high
current levels, the torque produced by the latter is significantly

higher than that by the former. It is further verified by their
static-torque characteristics shown in Fig. 21. In Fig. 21, the
torque profiles in red denote the phase excitation at the rated
condition (8A). In this condition, the average torques produced
by the two motors are identical. Fig. 22 shows their average
torques at various current densities and power losses at 200
r/min. It is indicated that the torque production capability is
significantly improved in ADS-SRM.

J

e 70mm>

wwOg

©70mm->

(b)
Fig. 19. Detailed motor geometry of (a) YASA-AFSRM and (b) the discussed

ADS-SRM.

e
N

—e— ADS-SRM
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N W A W

S e
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4 8 12 16 20 24
Phase current (A)

Fig. 20. Flux linkage loci with increasing current levels.
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Fig. 21. Static-torque characteristics of (a) YASA-AFSRM and (b) ADS-SRM.
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Fig. 22. Torque-production capabilities versus (a) current density and (b) power
loss at 200 r/min.

V. MANUFACTURING DETAILS

Fig. 23 shows the cross-sectional view of the assembly
drawing of ADS-SRM, and the prototype is shown in Fig. 24.
All the stator components are manufactured by spirally wound
laminated steel (S0DW470), and are held together by filling
epoxy resin. The rotor consists of two groups of rotor segments,
which are inserted in the nonmagnetic rotor brackets
(Aluminum alloy) at each rotor side. The two rotor sides face
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the internal stator and are in alignment. The concentrated
windings are not visible in the photograph due to the epoxy
potting. The opposite external rotor sides are connected
together through the rotor frame (Aluminum alloy).

Rotor bracket Rotor frame
SN

SSNANNE
//l'=\\\\\\\\\\\\\\V-

Outer flux-conductive ring

Excitation pole

Inner flux-conductive ring

Shaft
'd

— ]
1

Epoxy resin

Excitation coil
Rotor segment

Epoxy resin  Rotor bracket

' Inner flux-conductive ring

Outer flux-conductive ring Rotor segment

External rotor at one side Internal stator External rotor at the other side

Fig. 24. Prototype of the three-phase 12/8 ADS-SRM.

VI. EXPERIMENTAL VERIFICATION

Fig. 25 shows the experimental setup of ADS-SRM. The
motor is coupled to a magnetic brake load through the torque
transducer.

|

Magnetic
brake load

Fig. 25. Experimental setup.

As shown in (1) and (2), the magnetization characteristics are
essential for the prediction of the torque production. The flux
linkage-current diagram can be experimentally obtained by an
indirect method when the rotor is locked at any specified
position [38]. This method is based on the measured voltage and
current of a phase, and then, (39) is applied to compute the flux
linkages. Fig. 26 shows the measured voltages and currents at
unaligned and aligned rotor positions, and the computed flux
linkage-current diagram is presented in Fig. 27. It is observed
that the discrepancies are significant at aligned position at high
current levels. The main cause can be attributed to the
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uncertainties of the magnetic property of the core material.
Besides, the dimensional discrepancy due to the manufacturing
and assembly tolerance is not considered in FEM.

w(n)= kz';;v(k) ~Ri(K)T,

where n, k, and T are the number of sampling point, the kth
sampling point, and the sampling period, respectively.

(39)

O=const.

Tek Prevu
T

Hoise Filter OFf
T T

i i
00y 500 & <10 He[16:51:34

Tek Prevu
T

Hoise Filter OFf
T T

(b)
Fig. 26. Measured voltages and currents at (a) unaligned and (b) aligned rotor
positions.
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Fig. 27. Flux linkage-current diagram obtained from FEM and experiment.

The static torque measurements are conducted by injecting
currents into the motor phase when the rotor is locked at
different rotor positions. Fig. 28 shows the testing results.

FEM: 2A 4A 6A 8A
9Exp. = 2A o 4A © 6A v 8A
/_é 6
Z 3
3
&0
g
2
i
a
0 15 30 45

Rotor position (°mech)
Fig. 28. Testing and FEM results of the static-torque profiles.

A closed-loop control is performed to test the dynamic
performance of ADS-SRM. Fig. 29 shows the variation of the
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measured RMS values of the phase current with the rotor speed
at different loads.
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o ——35Nm
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Rotor speed (r/min)
Fig. 29. Measured RMS values of phase current versus rotor speed at different
loads.

VII. CONCLUSION

This paper has presented the design, optimization,
fabrication details and experimental verification of a novel
ADS-SRM. The operating principle is introduced and the
stator/rotor pole combinations are analyzed. Based on the MEC
models of ADS-SRM, the output equation and the winding
design are derived considering the coefficients of phase
inductance, fringing and leakage field. The 3D finite-element
model is built, and the optimizations of main geometric
parameters, which were determined empirically, are carried out.
Furthermore, the investigation of skewed rotor segment is
carried out. The average torque decreases by 4%, while the
torque ripple coefficient decreases by about 12%. Moreover,
through the motor performance comparisons with YASA-
AFSRM, it is found that the torque production capability can be
significantly improved in ADS-SRM. Finally, the prototype
manufacturing is depicted in detail, and the experimental
measurements validate the motor performances.
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