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Abstract. The light electric vehicle market requires better
performance motors with less or even without permanent magnets.
Switched reluctance motors (SRM) are among the best placed to
meet this goal, despite they have lower power density, higher
torque ripple, and are noisier than synchronous permanent magnet
motors. Segmented stator switched reluctance motors (SSSRM)
can reduce these drawbacks of conventional SRMs due to their
modular construction and shorter flux paths. This paper presents a
procedure for designing an SSSRM for a light electric vehicle.
First, the output torque equation is derived from a simplified non-
linear energy conversion loop, and then guidelines for its design
are given. Once the preliminary sizing of the SSSRM has been
carried out, simulation using electromagnetic finite element
analysis is performed. Then, the complete drive is simulated and
validated using Matlab-Simulink and some results of the definitive
finite element analysis (magnetization curves and static torque
curves).
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1. Introduction

Global light-duty electric vehicle sales reached a record
high of 6.3 million units in 2021; this number is expected to
rise to 26.8 million units in 2030, according to the latest
analysis from S&P Global Platts Analytics [1]. To achieve
this goal is necessary to develop new low-cost, more
efficient, and reliable drives with high torque to weight
ratio. Nowadays, electric vehicle manufacturers are
researching reducing and even suppressing the presence of
permanent magnets in traction motors. The Switched
Reluctance Motor (SRM) is well-positioned among the
motors without permanent magnets despite its lower power
density, high torque ripple, and acoustic noise [2, 3]. This
paper deals with a particular type of switched reluctance
motor with a segmented stator. The segmented stator
switched reluctance motor (SSSRM) derives from the
seminal work of Hendershot [4], to which later other authors
made interesting contributions [5, 7]. The SSSRM
comprises a stator with some independent and magnetically
isolated cores (with C or U shape) and a rotor with salient
poles. Coils are disposed of in the legs of the stator cores.
They form, connected correctly, the phases of the machine.
The right number of stator and rotor poles depends on the
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number of phases and of the multiplicity. Fig. 1 shows the
cross-section of a 12 stator and 10 rotor poles SSSRM. The
advantages of SSSRMs compared to conventional SRMs
are modular stator construction, short flux paths without
flux reversal in the stator, and therefore fewer iron losses.
To illustrate this, Fig. 1 depicts the distribution of
magnetic field lines in a 12/10 SSSRM and Fig.2 in a
conventional 12/8 SRM, in both cases when stator and
rotor poles are in the aligned position. The construction of
an SSSRM is not much more complicated than that of a
conventional SRM, but the particular disposition of the
stator limits the space for the windings. This paper
proposes a new procedure, considering saturation, for
sizing an SSSRM. The paper is organized in the following
way: after this introduction, the design guidelines for the
sizing of the SSSRM are given in Section 2. In Section 3,
these guidelines are applied to a case study of the
propulsion of a light electric vehicle. In Section 4, a
simulation and validation of the drive are performed.
Finally, in Section 5, the conclusions derived from this
research are exposed.

Fig. 1. Cross-section of a 12/10 SSSRM showing the
distribution of the magnetic field lines.

Fig. 2. Distribution of the magnetic field lines in a 12/8 SRM
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2. Design procedure for SSSRM

As usual in electric machines, the proposed design
procedure starts with determining the main dimensions
using the output torque equation. Then simple geometrical
relationships, proper of this kind of machine, and empirical
knowledge allow the development of a first draft of the
machine’s geometry and its winding.

A.  Output torque equation

The starting point of the design of electric rotating machines
is the output torque equation, which relates the torque with
the main dimensions (inner stator diameter and axial
length), magnetic loading, and electric loading, In this
paper, following the procedure described in [8] for linear
SRM and in [9] for axial flux SRM, the output torque
equation of the SSSRM is obtained. Not of the average
torque expression disregarding the saturation [10] but of the
energy converted into mechanical work in each stroke,
energy conversion loop, represented by the area W
(OACEO) shown in Fig. 3, multiplied by the number of
strokes, s, per revolution [11], that is:

T=sW &)
P tau BL,B'S' o, Y
.j g - rl
o/
C
y E‘
K,
w
: A U
| Sy
|

Fig. 3. Energy conversion loop

Neglecting phase resistance and considering two straight
lines can approximate the aligned magnetization curve. OD
with a slope La, and DB parallel to the unaligned
magnetization curve, also a straight line, OA, with a slope
Lu. From Fig. 3 can be deduced that the electromagnetic
torque, T, in the SSSRM is given by:

T 2
T = kak,Byd DL )

Where:

k4 1s the magnetic duty cycle

kr is a dimensionless coefficient that accounts for
saturation:

L 1 L,-L
()t
t Lau 2 ¢ Lau'Lu
B,, Magnetic loading, magnetic flux density in a U-core
leg.

3)
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D, Inner diameter of the stator
L, axial length
A, electric loading:
2mN;l
B
A=——"— 4
_— (4)

With:
m, Number of phases
Nj; Number of turns per phase
I, Current (see Fig.3)

The torque can be also expressed as:
T
T=C-— DL )
4
With C torque per volume coefficient, equal to:

C = kyk,B,A 6)

Then the inner stator diameter of the stator can be
determined by:

™
With:

8)

B.  Design guidelines for sizing SSSRM

An m-phase SSSRM is formed by Ny independent U-
shaped cores in the stator and Nz poles in the rotor with the
angles that are shown in Fig. 4.

o o

Fig. 4. Basic arrangement of an SSSRM.

In an m-phase SSSRM the following relationships must be
fulfilled:
Ny=k-m 9

With, Ny number of stator U-shaped stator cores and &
multiplicity (number of working stator pole pairs).

The number of stator poles, Ns, is given by:
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Neg=2-k-m (10)
And the number rotor poles, N, is:
Ny =k-(2m—1) (1D

The angle between axes of consecutive U-shaped cores, y,
is equal to:

_ 360° 12
V=N (12)
The angle between rotor poles, a, is:
_ 360° 13
“= (13)

And the angle between axes of stator poles of the two
consecutive U-shaped cores, 9, is given by:
3600 * (NR - Nu)
NU * NR

f=y—a= (14)

A key point in the design of SRM machines are the stator,
PBs, and rotor, Pr, pole angles. The stator pole angle, fs, to
get high window area to place the winding, should verify:

ps <= (15)

2
The rotor pole angle, fr, is recommended to be slightly
larger than the stator pole angle, in order to guarantee the
starting, that is:

Br > Bs (16)
Defining, kﬁ, the rotor to stator pole angle ratio, as:
Br
kg = — a7
£ B

In order to assure a high aligned to unaligned inductance
relationship and self-starting capability [12], kg, should be
comprised between:

(18)

The airgap, g, can be estimated with the same empirical
formula used for three-phase asynchronous motors:

g(@mm) = 0.2+ 2,/D(m) - L(m)

The stator width of the stator leg of a U-core, wy, can be
obtained by:

1<kg<12

(19)

Bs

ws =D - sin—

> (20)

The stator back iron of a U-core, 4y, can be evaluated by:

(21

The relationship between the inner stator diameter D and the
output stator diameter, D,, can be estimated for a 12/10
SSSRM as:

hy = (1 +1.25) - w,
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b =0.56
D - .

o

(22)

The length of a leg of a stator U-core, /s, is determined by:

1

hlszz(Do_Z'hs_D) (23)

The rotor pole width, w,, is obtained by:
_ _ PBr

w, = (D — 26) sin—- (24)

And the rotor pole depth, %, is estimated by:
WT'
hy = (1 +1.25) 3 (25)

The voltage equation of the SSSRM can be approximated,
being ® the speed of the machine and neglecting phase
resistance, by:

Ay, Ay

dV/s Ay
At A0

dt

From Figure 3, the increment of flux linkage between
points A and C can be given by:

U=

(26)

Ay =kqLsl=kyN;B,DL % (27)

And the variation of position between points A and C by:

A0 = ky B (28)
Then the number of turns per phase, Ny is given by:
Ny= 2u 29
7 B,DLw (29
And the number of turns per coil is:
N, = 2 30
PO2Ny (30)

Large number of turns provides high torque at low speeds
but low speed range at constant power.

The section of the conductors is selected fixing a current
density (A/mm?) according to the cooling conditions of the
machine.

3. Case study

The explained procedure is applied to the case of a SSSRM
for the propulsion of a light electric vehicle. The
requirements of the motor are maximum torque of 27.9
Nm between 0 and 1396 rpm and constant power of 4 kW
between 1396 rpm and 4063 rpm. The motor has to be
powered by a Li-ion battery pack of 72 V. The motor is
naturally air-cooled. The power converter is an
asymmetric half bridge. The control is by hysteresis with
variable turn-on and turn-off angles at low and medium
speeds and single pulse control with also variable turn-on
and turn-off angles at high speeds [13].
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In this case a three-phase SSSRM with multiplicity 2 is
considered, 12/10 SSSRM. For this application, it is also
advisable that D > L, then A is taken equal '. Electric steel
non-oriented fully processed M250-50 A is selected for the
construction of the stator U-cores and the rotor pack because
of low iron losses and its reasonable cost.

The first step is to determine the main dimensions, the inner
diameter of the stator, D, and the axial length, L, for which
the point of maximum torque at maximum speed (1396 rpm,
27.9 Nm) is considered. For that, the following assumptions
should be made:

B, = 1.7 T (slightly lower that saturation flux
density of M250-50))
A = 67 kA/m (naturally air-cooled)

ka=0.9
k=04
A=1/2

With these values and from equations (5), (6) and (7) the
inner stator diameter and the axial length are obtained:

D =120 mm; L = 60 mm
In Table I are listed the values of Ns, Ng, a, 7, J, fs and pr

corresponding to a three-phase 12/10 SSSRM with
multiplicity 2 calculated according to equations (13-19).

Table I.- Values of Ny, Ng, a, y, 6, Bs, pr

Ns Nr o % ) Bs pr

m=3 | 12 10 36° 60° 24° 15° 16°
k=2

The airgap, g, estimated according to (19), is equal to 0.37
mm, but for this application, it is better to consider a little
bigger value, for instance, 0.5 mm

In Table II are compiled the values of wy, A, A5, W and Ay,
calculated by means of expressions (20-25).

Table I1.- Values of wy, ks, his, Wy, iy

ws (mm) 15.66
hs (mm) 17.62
hus (mm) 29.38
wr (mm) 16.56
hir (mm) 9.31

The number of turns per coil calculated utilizing the
expressions (29) and (30) is equal to 8, considering that the
SSSRM is developing 4 kW at 4063 rpm, and the estimated
magnetic flux density in these conditions is 1.5 T.

The section of the conductors is selected, fixing a current
density (RMS value) of 6A/mm?, resulting in a wire section
of 10 mm?.
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4. Simulation and validation of the SSSRM

Once defined a preliminary geometry and the winding
arrangement of the SSSRM, the whole drive, including the
motor, the power converter, and taking into account the
control strategies, is simulated. This simulation is first an
electromagnetic finite element analysis [14], allowing
refining or modifying some geometrical parts of the
machine and introducing some constructional solutions as
holes for fixation of the U-shaped cores and the rotor pack
and voids to lighten up and ease cooling of the rotor. Fig.
5 shows the distribution of the magnetic field lines for a
position 9° from unalignment and a current of 100 A.
Then, the complete drive is simulated using Matlab-
Simulink and some results of the definitive finite element
analysis (magnetization curves, Fig. 6, and static torque
curves, Fig. 7). These simulations evaluate the drive's
behaviour in different operating conditions and define the
best values for the turn-on and turn-off angles. They can
also help decide the final numbers of turns per pole to
better adjust to the requirements of the drive, being in our
case 10 compared to the 8 initially calculated. In Fig. 8,
the phase voltage, torque, phase current, flux, and dc bus
current corresponding to the point of the maximum speed
at which the maximum torque can be maintained (1400
rpm, 28 Nm) are shown. These values are achieved using
hysteresis control, a reference current of 175 A, and turn-
on and turn-off angles of -2° and 15°, respectively (the 0°
corresponds to the unaligned position).

Fig. 5. Distribution of magnetic flux field lines for a position 9°
from unalignment in the SSSRM.

Flux linkage (Whb)

0 50 100 150 200 250 300

Current [A]

Fig. 6. Magnetization curves of the final SSSRM design.
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In table III, the final values of the design of the SSSRM
drive are collected observing slight changes with respect to
the values initially determined following the proposed
guidelines.

150A ——175A ——200A ——225A — 250 A —275 A ——300 A

Torque (Nm)

Position (¢)

Fig.7. Static torque curves of the final SSSRM design
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Fig. 8. Simulated values of phase voltage, torque, phase current,
flux and dc bus current for a torque of 28 Nm at 1400 rpm.

Table III.-Main data of the designed 12/10 SSSRM

Parameter Values
U, Rated voltage (V) 72
m, Number of phases 3
Ny, Number of stator U shaped cores 6
N;, Number of stator poles 12
Nr , Number of rotor poles 10
a(®) 36
y(® 60
3(°) 24
D, Inner stator diameter (mm) 120
L, stator axial length (mm) 60
D,, Rotor diameter (mm) 119
D,, Output stator diameter (mm) 214
g, Airgap (mm) 0.5
Bs, Stator polar angle (°) 15
Br, Rotor polar angle (°) 16
W, stator polar width(mm) 15.11
Wwg, Rotor pole width (mm) 16.56
hs, Stator back iron of a U-core (mm) 17.5
hys, Length of the leg of a stator U-core (mm) 29.5
hy,,Rotor pole depth (mm) 9.5
D., Shaft diameter (mm) 35
N,, Number of turns per pole 10
n,, Number of coils per phase 4
Ng, Number of turns per phase 40
S. , Wire section (mm) 2 wires, each one
2x2.4 (rectangular
wire)
Thermal class of isolation 180°C
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5. Conclusion

This paper presents a procedure for designing an SSSRM.
This procedure starts with determining the main
dimensions using the output torque equation derived from
a simplified non-linear energy conversion loop. The next
step consists of obtaining simple geometrical relationships
proper for this kind of machine that, along with empirical
knowledge, allow the development of a first draft of the
machine's geometry and its winding. Then, the complete
drive is simulated using Matlab-Simulink and some results
of the definitive finite element analysis, magnetization
curves and static torque curves. The design procedure has
been applied to the case of an SSSRM drive for the
propulsion of a light electric vehicle. Simulations show
that the performance of the designed SSSRM matches
pretty well with the expected requirements.
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