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Research on Iron Loss of Switched Reluctance
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Abstract—In order to better realize the energy recovery
and storage of hybrid EVs (HEVs), a switched reluctance
starter/generator (SRS/G) with both starting and power
generation functions is investigated in this paper. First, the
iron loss of SRS/G is mainly studied to reduce the motor
loss and improve the power generation efficiency. Then,
the energy storage of hybrid EVs can be effectively im-
proved. Secondly, a magnetic flux density (MFD) wave-
forms solution method is proposed to solve the difficulty in
calculating the iron loss of the SRS/G. Compared with the
commonly used finite element method, the proposed solu-
tion method has the advantages of simple, fast and small
computational amount. Meanwhile, considering the dif-
ferent operating conditions of SRS/G, the iron loss models
for both the time-domain and frequency-domain are es-
tablished. In addition, the calculation formula of the var-
iable coefficient Bertotti three-term loss separation is im-
proved. As the hysteresis loss coefficient, the Steinmetz
coefficient and the stray loss coefficient are respectively
fitted by the Fourier fitting method. This method is also
applied to solve the iron loss of SRS/G. Finally, through an
experimental verification, it is indicated that the develop-
ment of proposed method has high accuracy.

Index Terms—Switched reluctance starter/generator,
energy storage, iron loss, finite element method, magnetic
flux density (MFD).
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1. INTRODUCTION

Low—carbon emission reduction and clean energy
power generation are related to the future survival
and development of mankind, and have become the
consensus and struggling goal of most countries around
the world [1], [2]. Due to the promotion of low-carbon
energy, new energy vehicles have become the first
choice for people’s travel. Meanwhile, the new energy
vehicles have also become the focus of industrial de-
velopment and policy support. Many scholars are
committed to researching clean fuels and energy re-
covery devices to help cars save energy and reduce
carbon emissions. Based on the analysis of performance
indicators such as system efficiency, fuel tank com-
pactness and the driving range, ammonia can be used as
a sustainable fuel for power generation on vehicles [3].
Hydrogen produced from renewable energy can be used
as fuel for fuel cell electrical vehicles (EVs), and a cost
model is established to assess the cost and competi-
tiveness of driving fuel cell EVs, fueled by the hydrogen
produced from renewables [4]. In terms of energy re-
covery device research, heavy-duty vehicles can realize
energy reuse/recovery by adopting a novel design of a
compound coupled hydro-mechanical transmission [5].
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Moreover, the energy recovery of hybrid vehicles can
be achieved through the development and equipment of
starters/generators.

Integrated starter/generator (ISG) technology inte-
grates the functions of traditional starter and generator
units, and is widely used in power systems of hybrid
EVs and aviation equipment [6]—[8]. The start-
er/generator system is mainly composed of start-
er/generator, power converter, controller and high
power density battery pack. Only one motor is adopted
to achieve two states of electric and power generation in
the starter/generator system. The weight, cost, and space
occupation of the hybrid EV power system can be ef-
fectively reduced. The starter/generator system can
realize energy recovery and energy storage for hybrid
EVs, which makes the system more efficient, saves fuel,
and achieves low emissions and low noise. Hybrid EV
equipped with a starter/generator system are one of the
practical products for the transition from conventional
engine vehicles to zero-emission EVs [9]-[11]. The
rotating motors used in starter/generator systems mainly
include permanent magnet motor, switched reluctance
motor (SRM) and induction motor. With the advantages
of low cost, high reliability, high power density and
adaptability to high speed and high temperature opera-
tion, the SRM has become one of the best choices for
the starter/generator of a hybrid EV [12]-[14].

Iron loss is a major factor to improve the operating
efficiency of a switched reluctance starter/generator
(SRS/G), so how to reduce the iron loss of SRS/G has
become a research hotspot. Due to its doubly salient
structure, the power supply waveform of SRM is more
complicated than that of other commonly used motors,
and the local magnetic flux saturation phenomenon will
occur. Moreover, the nonlinear and non-sinusoidal
characteristics of the magnetic flux waveform of each
part of the machine make the calculation of core loss
particularly complicated [15]. The solutions of mag-
netic flux density waveforms of motors are mainly di-
vided into traditional iron loss calculation method [16],
equivalent magnetic circuit method [17]-[19] and finite
element method [20], [21]. In recent years, a model for
quickly solving the magnetic flux density waveforms
has not only increased the accuracy and rapidity of the
solution, but also greatly improved the universality of
the solution [22].

Both the stator and rotor of SRM are made of ferro-
magnetic silicon steel sheets, then the iron loss model of
SRM is mostly based on the improvement of the iron
loss solution model of ferromagnetic materials. In [23],
a variable coefficient iron loss model adopted the rain-
flow counting method is established to solve the local
hysteresis loop problem of hysteresis loss, and the in-
fluence of various control parameters on the SRM iron

loss under PWM control is analyzed. It is found that the
iron loss can be reduced when the SRM operates under
PWM control mode, using a smaller duty cycle and
smaller conduction angle [24]. In [25], a new type of
SRM structure is designed for the starting generator of
aircraft. At the same time, finite element analysis soft-
ware is used to obtain the magnetic density waveform of
the new motor, and the iron core loss of the motor is
calculated using the Bertotti iron loss model. The results
show that the loss of the motor is relatively low com-
pared to a conventional SRM.

In recent years, the research on iron loss of SRM are
mainly based on the electric state [26], [27], and there
are few literature studies the iron loss of SRM when it is
used as starter and generator. As the SRS/G is more and
more widely used, the study of its iron loss is of great
help to improve efficiency and optimize motor design.
Meanwhile, the traditional method for solving magnetic
flux density waveforms is to perform finite element
simulation on the SRM of a certain working condition to
obtain the transient magnetic flux density waveform of
the representative part. If the working condition changes,
it is necessary to perform finite element simulation again,
and the calculation process is relatively complex. To
solve the above questions, the magnetic circuit direction
of SRM is analyzed to obtain the corresponding mag-
netic circuit formula, a combination of finite element
and magnetic circuit methods is adopted to calculate the
iron loss of the motor, effectively reducing the calcula-
tion time of iron loss. At the same time, the existing
magnetic density waveform fitting method is improved.
Then the calculation accuracy of iron loss of the motor in
electric and power generation states is also improved.

This paper is organized as follows. The solution of
magnetic flux density waveforms is described in Sec-
tion II. The improved iron loss models are established in
Section III. In Section IV, the results of iron loss at
different stages of SRS/G are solved. The validation
experiments and comparative analysis are conducted in
Section V. Conclusions are shown in Section V1.

II. SOLUTION OF MAGNETIC MAGNETIC FLUX DENSITY
WAVEFORMS

A. Solution of Transient Magnetic Flux Density of Sta-
tor Poles

Taking the stator pole A as an example, the transient
magnetic flux density of a certain part of the SRS/G
includes not only the magnetic flux density generated by
the main magnetic flux when phase A is turned on, but
also the magnetic flux density generated by the leakage
magnetic flux when phase B and phase C are turned on.
Therefore, the solution of static magnetic flux density
needs to establish static models for analysis when phase
A, phase B, and phase C are excited separately.
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The geometric parameters of the SRS/G prototype are
shown in Table I, and the electromagnetic simulation
model is established in the finite element software
FLUX according to these geometric parameters data.
The sensors are established on the stator pole A, stator
pole B and stator pole C to obtain the static magnetic
flux density waveforms, and the location distribution of
these sensors are shown in Fig. 1. It can be seen that
when only phase A is turned on, the main magnetic flux
mainly passes through the stator pole A, the magnetic
flux density is large. The leakage magnetic flux mainly
passes through the stator pole B and stator pole C, and
the magnetic flux density is small.

Then the magnetic flux density can be obtained by the
sensors. According to the static finite element model of
SRS/G, the relationships between the radial and tangential
static magnetic flux density of the central position of the
stator pole A, the currents and the rotor positions are ob-
tained when phase A, phase B, and phase C are separately
turned on. Therefore, the radial and tangential compo-
nents of the static magnetic flux density waveforms in the
middle position of the stator pole A can be obtained.

After the radial static magnetic density components
B par > Boasr and B, of stator pole A (spA) are
obtained when phase A, B, and C are respectively
turned on, these data are imported into to a
two-dimensional  look-up table established in
MATLAB/Simulink. According to the three-phase
currents i, , i, and i, and rotor positions &, , 6, and 6,
calculated in the established nonlinear SRS/G model
[19], the radial transient magnetic flux density of spA is
obtained, and the solving module for calculating B,
is shown in Fig. 2. It only needs to replace the radial
static magnetic flux density components shown in Fig. 2
with the tangential static magnetic flux density com-

ponents B, ., B apr and B, to solve the tangen-

tial transient magnetic flux density B The transient

SpAT *
magnetic flux density of the stator pole B (spB) and
stator pole C (spC) can be obtained with the same
solving process.

TABLE I
PROTOTYPE GEOMETRIC PARAMETERS
Parameters Symbols Values
Stator outer diameter D, 122.5 mm
Stator yoke thickness hy, 11.00 mm
Stator pole arc angle P 32.88°
Air gap 0 0.30 mm
Rotor outer diameter D, 62.5 mm
Rotor yoke thickness hy 11.00 mm
Rotor pole arc angle B. 34.69°
Shaft diameter Dy, 20.00 mm
Lamination thickness L, 70.00 mm
Turns per phase winding N 72
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Fig. 1. The positions of the sensors spA, spB and spC when phase
A is energized individually.
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Fig. 2. Transient radial flux waveform solving module of spA.

B. Solution of Transient Magnetic Flux Density of the
Rest of the Machine

1) Relationship Between the Transient MFD of the Rest
Part and the Transient MFD of Stator Pole

The prototype selected in this paper is a three-phase
6/4 structure SRS/G with NNNSSS polarity distribution.
The transient magnetic flux linkage of each phase is
basically the same, but there is one or two power cycle
TD phase difference. Therefore, the magnetic flux
linkage of the other two phases can be deduced if
magnetic flux linkage of phase A is known. The wind-
ings of each phase are wrapped around the stator pole,
so the transient magnetic flux linkage of each phase is
almost the same as the magnetic flux waveform of the
stator pole. Then the magnetic flux waveforms of stator
yoke, rotor pole and rotor yoke can be obtained ac-
cording to the magnetic flux path of the SRS/G, which is
called the magnetic circuit analytic method. The mag-
netic flux path direction and polarity distribution of
SRS/G are shown in Fig. 3.
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Fig. 3. Magnetic flux path of SRS/G with NNNSSS polarity
distribution.

Based on the operation principle of SRM, when the
rotor of the SRS/G rotates in a counterclockwise direc-
tion(A-B-C-A’-B’-C’), the excitation sequence of
three-phase windings is A-C’-B’-A’-C-B. In this paper,
the positive direction of yoke magnetic flux is defined
as clockwise direction, and the positive direction of pole
magnetic flux is defined as the direction from outer
diameter to inner diameter.

The magnetic flux waveforms of spA, spB and spC
are respectively expressed as ¢, , (1) , ¢,5(¢) and

P (1) . Then the expressions of magnetic flux wave-
forms of stator yoke are shown as:
D1 (1) = (D () = P (1) = B, (1))/2
Doy (1) = (Ppa () + Py (1) = By, (1))/2 O]
D3 (1) = (Bpp (1) + G (D) + B, (1))/2

The expressions of magnetic flux waveforms of the
rotor poles and the rotor yoke are expressed as:

Poa (1), 0°<0<60°

¢ (1), 60°<6<120°

d. (1), 120°<0<180°

=1 o . @)
—d,0 (1), 180° <6 <240

—¢,5 (1), 240°< 6 <300°

P (), 300° < 0 <360°

P (D)= (1 =T) €)
Dot () = (£ () =, (1)) /2 “)
D2 () =42 () + ¢, (1)) / 2 ®)

The changing frequency of the stator magnetic flux
density waveforms depends on the switching frequency
of the windings. When the three-phase windings of the
6/4 structure SRS/G are energized once, the rotor rotates
through 90°, and the stator magnetic flux density
waveform also passes through a period 7,. Thus, the

expression of changing period 7, of stator magnetic
flux density waveform is shown as:
60 2w

N, oN,

where n is rotational speed; N, is rotor pole number;

(6)

and o is angular velocity.

The expression of power cycle is shown as:

T, - 60 _ 2rm ™
qnN, qoN,

where ¢ is the number of phases.

The magnetic flux density waveform B_, can be
obtained by dividing the solution result of the magnetic
flux waveform ¢__ by the product of the area S ofthe

magnetic flux path and the number of winding turns N .

P
B — XXX 8
SN ®)

where suffix xxx represents each part of the SRS/G,
such as spA, spB and spC of the stator poles; syl, sy2
and sy3 of the stator yoke; rpl and rp2 of the rotor poles
and ry1 and ry2of the rotor yoke.
2) Transient Magnetic Flux Density of Each Part

The radial and tangential magnetic flux density
waveforms of stator pole spA, spB and spC are obtained
by finite element method (FEM).

Br (T) —Bt(T)
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Fig. 4. Magnetic density waveform of each part of the motor with
NNNSSS polarity distribution. (a) The radial and tangential

magnetic flux density waveforms of stator pole spA, spB and spC.

(b) The radial and tangential magnetic flux density waveforms of
stator yoke syl, sy2 and sy3. (c) The radial and tangential mag-
netic flux density waveforms of rotor pole rpl and rp2. (d) The
radial and tangential magnetic flux density waveforms of rotor
yoke ryl and ry2.

The radial and tangential magnetic flux density
waveforms of stator yoke syl, sy2 and sy3, rotor pole
rpl and rp2 and rotor yoke ryl and ry2 can be obtained
according to the relationship of magnetic flux wave-
forms between the stator poles part and other parts. The
magnetic flux waveforms of each part of the machine
obtained by this method are shown in Fig. 4.

III. IRON LOSS MODEL

A. Fitting of Iron Loss Model Coefficients

In the previous section, the obtained magnetic flux
density waveform of SRS/G is non-sinusoidal, and the
operating frequency range of SRS/G is relatively wide.
Then, the Jordan and Bertotti models with constant
coefficients will no longer be applicable. When the
magnetic flux density waveform is an arbitrary wave-
form, a calculation method is proposed in [15] to solve
the iron loss, which is expressed as:

a(By) 1

Piron :PI1+P8+I)ex:kh(Bm)Bm ?+
k,(B)1¢(dBY , k,(B)1 ¢ |dB[ 2
2n T\ dr 8.763 T 7| ds

This method is adopted to solve the iron loss in the
time-domain. When the SRM is in the starting stage, the
magnetic flux waveform is irregular, and the frequency
increases with the continuous increase in the speed of
SRS/G. Therefore, this method is suitable for solving
the iron loss of switched reluctance starter (SRS).

However, the more accurate and commonly used
method is to solve the iron loss in the frequency-domain.
The frequency-domain iron loss model is suitable for
solving the magnetic flux waveforms in the form of sine
waves. If the magnetic flux density waveform is
non-sinusoidal, it is necessary to expand the magnetic
flux density waveform by Fourier series, so that the
non-sinusoidal waveform is expanded into fundamental
and multiple harmonics. The expression of iron loss
model in frequency-domain is as follows:

B =B+ L +F, =
ky(B)B“” [ +kBf* +k,(B)B” [
where k,(B), a(B), k, and k,(B) are the hysteresis

loss coefficient, Steinmetz coefficient, eddy current loss
coefficient and stray loss coefficient, respectively.
And the eddy current loss coefficient is expressed as:

2 2

_z od (11
6p

where p is the density of the silicon steel sheet (kg/m?);

(10)

e

o is the electrical conductivity of the silicon steel sheet
(S/m); and d is the thickness of the silicon steel sheet (m).

Considering the large error of polynomial fitting
method in the region with small magnetic flux density,
the iron loss calculation formula is deformed in this
paper, and each coefficient is improved by Fourier fit-
ting method. The improved formula is as follows:

P =af +k B [* +k (BB (12)
The solving expressions of each coefficient in the
above equation are as follows:

a=k,(B)B*?” (13)
k,(B) =k, + k,, cos(w,B) + k,, sin(w, B) +
k,, cos(2wm,B) + k,,, sin(2ew, B)
a(B)=a, +a,cos(w,B) + a, sin(w, B) (14)

k,(B)=k,,+k, cos(w,B)+k,,sin(w, B)+
k,,cosQm, B)+ k, ,sin(2w, B)
According to the above expressions, the specific loss
value of silicon steel sheet is used for regression analysis,

and the calculation expressions of each coefficient are
obtained as follows:
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k,(B) =—0.1304 + 0.0803 1 cos(0.998B) +
0.1944sin(0.998B) +
0.05498 cos(2 x 0.998B) —
0.03261sin(2 x 0.998B)

a(B) =0.01812 +1.476¢0s(0.004729 B) +

93.37sin(0.004729 )

k. (B)=0.002537 - 0.002592 cos(1.848B) —
0.0009005sin(1.848B) +
0.0003287 cos(2 x 1.848B) +
0.0004289sin(2 x 1.848B)

(15)

The fitting results of the coefficients a and k,_ are

shown in Fig. 5. The comparison and error analysis be-
tween the specific loss obtained by this fitting method
and the specific loss measured by the experiment are
shown in Fig. 6 and Fig. 7, respectively. In Fig. 6, the
curves with the suffix F represent the specific loss ob-
tained by fitting, and the curves with the suffix E repre-
sent the specific loss obtained from the experiment. It can
be seen that the specific loss curve obtained by the im-
proved iron loss calculation model proposed in this paper
is in good agreement with that of the experimental
measurement, and the error between them is also small.

003 m ¢ obtained by specific loss
« obtained by fourier fitting
= . " n o
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Fig. 5. Coefficient a and £, fitting comparison. (a) Coefficient
a. (b) Coefficient £, .
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Fig. 6. Comparison of ratio loss at different frequencies
ob-tained by fitting and experiment.
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Fig. 7. Relative error at different frequencies obtained by fitting
and experiment.

B. Improved Model Considering Small Hysteresis Loop
and Skin Effect

It can be seen from Fig. 7 that the error of specific
loss data obtained by the Fourier fitting variable coef-
ficient iron loss model is large when the magnetic flux
density value is small. In order to improve the accuracy
of the model, the influence of small magnetic hysteresis
loop on the calculation of hysteresis loss must be con-
sidered. The influence coefficient of small magnetic
hysteresis loop is shown as:

K(B)=223 B, -

mtl

is the ith peak value of the small hysteresis

(16)

where B,
loop; and B, is the ith valley value of the small hyste-

resis loop.

When the changing frequency of magnetic flux den-
sity in silicon steel sheet is small, the skin effect is not
obvious. Once the frequency increases, the skin effect
will lead to the uneven distribution of eddy current in
silicon steel sheet, which will affect the calculation of
eddy current loss. Therefore, the eddy current loss coef-
ficient needs to be multiplied by the skin effect coefti-
cient to reduce the error. The expression of the skin
effect coefficient is shown as:
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3 sink(Df)—sin(Dy[f)
a7
D,/ f cos h(D\/7 )— cos(D\/? )
The expression of coefficient is as follows:
D=d (18)
where u is the average permeability of silicon steel; d

kskin (f ) =

TUC

is the thickness of the silicon steel sheet.

During the operation of SRS/G, it is not only affected
by alternating magnetization, but also by rotation mag-
netization. Therefore, this paper divides the magnetic
flux density waveform into radial component and tan-
gential component to improve the accuracy of iron loss
calculation. The iron loss models for both time and fre-
quency domains are shown in (19) and (20), respectively.

P, =K(B,)k, (B, )B " ! —+K(B

rm rm t
T

et () Sy ]

a 1
m )kh (Btm )Blm(BW) ?

1.5 1.5

B L0 heB) 1 1A,
8.763 T dt 8.763 T°T| dt
(19)
B,=K(B,)k,(B,)B:" f +K (B, )k, (B, )B:"
Z i (WN),(B,)B2 (nf ) +
(20)

Z i (0 )k, (B,) B2 (nf )’

B, (nf)”

N
B =3k (BB (nf)° 2k (B,

n=1

IV. SOLUTION OF IRON LOSS OF SRS/G

A. Solution of Iron Loss in Starting Stage

The SRS/G is a SRM that integrates two different
working states of starting and power generation. The
motor first operates in the form of a starter, and its speed
rises gradually from the stationary state. The starting
stage is very short. When the starter drives the engine to
the idling condition, the motor then operates in the form
of generator driven by the engine. According to the
changing frequency characteristics of the stator and
rotor magnetic flux density of the SRS/G, the frequency
of the machine is constantly changing under the starting
state. Therefore, the frequency-domain iron loss model
cannot be used to solve the iron loss generated during
this stage, and the time-domain model must be used to
solve it. The power generation state is the normal
working state of SRS/G, and both iron loss solution
models for the time and frequency domains are both
applicable in this working state.

The iron loss of the motor is essentially a kind of
power, which is a physical quantity to measure the en-

ergy consumption per unit time. The iron loss can be
solved under the constant working condition of the
motor, but it is no longer applicable to the starting stage
of the SRS/G, because the speed and frequency con-
stantly increases during the starting stage, which is not a
constant working condition. In this paper, the integral of
iron loss power with respect to time is calculated during

the starting stage of SRS/G, and the energy W, con-

sumed in the process from the stationary state to the
idling speed is obtained. The specific solution expres-
sion is as follows:

I/Viron = jfl)ron (t) dt (2 1)

where P (¢) is the iron loss power at a certain moment;

iron

and ¢, is the time required for SRS/G to reach idling
speed from the stationary state.
TABLE I

ENERGY CONSUMED BY THE IRON L0ss OF NNNSSS POLAR
DISTRIBUTION DURING THE STARTING PERIOD

Turn-on and ~ Stator Stator Rotor Rotor Total
turn-off pole yoke pole yoke energy
angles (°) (V) Q) (V) Q)] V)
0-30 45.22 92.48 19.98 21.96 179.64
-2-30 55.13 104.01 21.75 24.56 205.45
-2-32 57.71 122.72 22.01 26.43 228.87
TABLE III

ENERGY CONSUMED BY THE IRON LOSS OF NNNSSS POLAR
DISTRIBUTION DURING THE STARTING PERIOD

Turn-on and ~ Stator Stator Rotor Rotor Total
turn-off pole yoke pole yoke energy
angles (°) Q) () V) (V) V)
0-30 44.48 91.71 5.67 7.16 149.02
-2-30 54.81 103.8 5.39 7.76 171.76
-2-32 57.39 122.6 5.17 8.35 193.51

In order to explore the influence of polarity distribu-
tion and turn-on and turn-off angles on the iron loss of
SRS, the energy consumed by the iron loss of each part
of SRS under different polarity distribution and differ-
ent turn-on and turn-off angles is solved according to
(18) and (20). The solution results are shown in Table 1T
and Table III.

By comparing the data in the above two tables, it is
found that the energy loss of NNNSSS polarity distri-
bution is smaller, because the frequency of the rotor
magnetic flux density waveform under the NSNSNS
polarity distribution is three times that under the
NNNSSS polarity distribution. With the increase of the
conduction angle, regardless of the polarity distribution
is NSNSNS or NNNSSS, the energy consumed by the
iron loss is increased. No matter the turn-on angle
moves forward, the turn-off angle moves backward, or
both occur at simultaneously, the peak value of the
current will increase, so that the magnetic flux density
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induced by the winding current will increase, and finally
the iron loss will increase.

B. Solution of Iron Loss in Power Generation Stage

Compared with the starting stage, the iron loss cal-
culation in the power generation stage is conventional,
and the iron loss under specific condition such as a
certain speed and a certain turn-on and turn-off angle
can be calculated. When the rotational speed is constant,
the changing frequencies of magnetic flux density
waveform of the stator and rotor are also constant.
Although the magnetic flux density waveform is not
sinusoidal, the magnetic flux density waveforms of the
stator and rotor can be decomposed by Fourier series,
and the expression form of the sum of the fundamental
and each harmonic can be obtained, which solves the
problem that the frequency-domain model is only ap-
plicable to calculate the sinusoidal magnetic flux den-
sity waveforms. Therefore, the iron loss calculation of
SRG can not only use the time-domain solution model,
but also use the frequency-domain solution model.

The changing frequency of rotor magnetic flux den-
sity waveform is different from that of stator magnetic
flux density waveform. It is related to the number of
periods of winding polarity distribution. In this paper,
the polarity distribution of SRG with three-phase 6/4
structure is NNNSSS, and then the number of periods of
its polarity distribution is K =1. Then the expression of
the changing frequency of the rotor magnetic flux den-
sity waveform is shown as:

poL_nK oK

= = 22
I 60 2m 22)
where 7. is the changing period of the rotor magnetic

r

flux density; and K is the number of periods of winding
polarity distribution.

Due to the existence of small hysteresis loop, the
accuracy of hysteresis loss calculated by Fourier series
expansion is not high, so the hysteresis loss cannot be
solved directly by Fourier series expansion. According
to (19), the hysteresis loss is not expanded by Fourier
series, and the eddy current loss and stray loss are
solved by Fourier series expansion.

In order to explore the influence of speed, turn-on an-
gle and turn-off angle on the iron loss of SRG, the polar-
ity distribution of SRG is set to NNNSSS in this paper,
and the magnetic flux density waveform is solved by the
method which combines the finite element method and
the magnetic circuit analysis method. The obtained iron
loss of each part of the machine under various working
conditions is shown from Table IV to Table VI. In ac-
cordance with the above simulation data, it can be found
that the iron loss increases with the increase of the con-
duction angle. This is because the peak value of the cur-
rent in the winding increases with the increase of the
conduction angle, and the magnetic flux density induced

in the silicon steel sheet increases accordingly, so that the
iron loss will increase. And the iron loss gradually in-
creases with the increase of rotational speed. This is be-
cause the changing frequency of the magnetic flux den-
sity waveform increases with the increase of the rota-
tional speed. The proportions of iron loss generated by
various parts of the SRS/G are different, and the ratio of
iron loss produced by the stator part and the rotor part is
about 4:1. Firstly, the stator and the rotor are different
from each other in weight, and the mass of the stator and
the rotor is 3.15 kg and 0.99 kg, respectively.

TABLE IV
IRON LOSS OF EACH PART OF THE MOTOR WHEN THE TURN ON AND
TURN OFF ANGLE IS 30°-60°

Speed  Stator pole Stator yoke Rotor pole Rotor yoke Total loss
(v/min) W) W) W) W) W)
1000 14.81 53.66 9.06 9.85 87.38
1500 16.22 60.09 11.49 11.56 99.36
2000 18.43 63.91 12.11 12.32 106.77
2500 21.98 67.82 12.46 12.97 115.23
TABLE V

IRON LOSS OF EACH PART OF THE MOTOR WHEN THE TURN ON AND
TURD OFF ANGLE IS 28°-60°

Speed  Stator pole Stator yoke Rotor pole Rotor yoke Total loss
(r/min) W) W) W) W) W)
1000 15.28 56.74 9.69 10.54 92.25
1500 16.85 63.99 12.30 12.40 105.54
2000 19.34 67.49 13.69 13.19 113.7
2500 22.93 71.62 13.46 13.08 121.09
TABLE VI

IRON LOSS OF EACH PART OF THE MOTOR WHEN THE TURN ON AND
TURN OFF ANGLE IS 28°-62°

Speed  Stator pole Stator yoke Rotor pole Rotor yoke Total loss

(r/min) W) W) W) W) W)
1000 15.31 56.78 9.78 10.56 92.43
1500 19.28 66.60 12.20 12.34 110.42
2000 22.93 71.62 13.46 13.08 121.09
2500 25.42 73.52 14.16 13.43 126.53

Secondly, the peak values of the magnetic flux den-
sity waveforms of the stator and rotor parts are different.

Thirdly, the frequencies of the magnetic flux density
waveforms of the stator and rotor are different, and the
frequencies of the magnetic flux density waveforms of
the rotor under different polarity distributions are also
different. The superposition of these three causes leads
to the ratio of iron loss produced by the stator part and
the rotor part is about 4:1.

V. EXPERIMENTAL VERIFICATION

A. Iron Loss Measurement Methods

The iron loss cannot be measured directly, but can be
obtained by two indirect measurement methods: calo-
rimetric method [35] and elimination method [36]. The
calorimetric method has strict requirements for the ex-
perimental environment, and the method requires a
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completely enclosed space which cannot exchange en-  Fig. 8. Compared with the harsh experimental envi-
ergy with the external space. The heat generated by the  ronment required by the calorimetric method, the
machine operating in an enclosed space leads to the elimination method is easier to implement. Therefore,
temperature rise, and then the iron loss is determined by  this paper uses the elimination method to measure the
measuring the temperature rise. The elimination method  iron loss. The expression of the experimental meas-
is based on the energy conservation principle, and all  urement of iron loss is as follows:
Fhe loss of the motor can be obtained by measuring the Pron =By = By) —(Poy + B + Byry) (23)
mpu.t and output parameters qf the mach.mﬁ:, apd then Py, P,, P, and P, are input power,
the iron loss can be determined by eliminating the ) hanical 1 d
copper loss, mechanical loss and stray loss. The coupled output power, copper loss, mechanical loss, and stray
o . . loss, respectively.
circuit model of reluctance starter/generator is shown in

where P

in

Given speed

AHB
PC

Encoder

Fig. 8. Coupled circuit model of reluctance starter/generator.

The input power of SRG includes two parts: one is  perimental platform is shown in Fig. 9. In the power
the mechanical power generated by the input torque of  generation stage, SRG is driven by asynchronous motor
the prime motor, the other is the input power of the to reach the specified speed. Iron loss measurement
excitation power supply. The expressions of input experiment adopts a three-phase asymmetric half-bridge
power, output power, copper loss, mechanical loss and ~ power converter, an excitation voltage of 48 V and separate
stray loss are as follows: excitation mode.

P =Tn/9.55+U 3

-
Switched reluctance g
starter/generator

Driving circuit
= 3

Pout = ULIL /u
P, =3I’R, (24)
P, =T,n/9.55

By = 0.06(F, —F,)

where T and n are the input torque and rotational speed,
respectively; U, and I, are the excitation voltage RMS

and excitation current RMS, respectively; U, and I,
are the load voltage RMS and load current RMS, re-
spectively; I and R are winding current and winding

A converter L3
&8 Encode circuit

AC/DC conv

erter
—JEECE

Asynchronous
machine

. . . OMRON
resistance, respectively; and 7; is the no-load torque rotary

: . . encoder B Controller
generated by the prime mover dragging an unexcited = ——- Qnire et

SRG- ] Fig. 9. Iron loss measurement experiment platform.
Since the start-up process of SRS/G is very short, the

iron loss generated during the start-up process is small C. Iron Loss Measurement Results

and can be ignored. Therefore, the experiment in this In this paper, the iron loss at different rotational speeds
paper mainly measures the iron loss generated during and different turn-on and turn-off angles is measured, and
the power generation stage. the NNNSSS polarity distribution with smaller changing

frequency of magnetic flux density waveform is adopted.
When the conduction range is set to 30°—60°, the meas-

In order to verify the accuracy of the established iron  ured waveforms of winding phase current, load voltage
loss simulation model, this paper builds an experimental  and load current are shown in Fig. 10. Then the iron loss
platform for SRG iron loss measurement, and the ex- under various working conditions is measured accord-

B. Experimental Platform
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ing to the measurement method described in section
V.A, and then the iron loss measured by the experiment
is compared with the iron loss calculated by the simu-
lation model in this paper. The comparison results are
shown in Fig. 11. It can be seen from the waveforms
comparison in Fig. 10 that there is a small error which is
less than 10% between the experimental results and the
calculation results of the iron loss, indicating the accu-
racy of the magnetic flux density waveform solution
method combining the finite element method and the
magnetic circuit analytic method, and indicating the
accuracy of the Fourier fitting iron loss calculation
model proposed in this paper.

§ 160F /,\\
S < gof \ / \
g \ e \
= 0 \ \ \
& ; ; ; ey
& 440t
S
224007
g
3 36.0F
E 115t
(5}
I /w M M M
5 ~ [ N
8 <100 / " AWA VAW,
2 = 'P v% ‘M / " ~ I ""J“N/ l"~‘) \'h
S 85} ‘ .
0 0.01 0.02 0.03 0.04

Time (s)

Fig. 10. Measurement waveforms of phase current, load voltage
and load current.
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Fig. 11. Comparison of iron loss calculation results and exper-
imental results under different turn-on and turn-off angles and

speed conditions. (a) 30°—60°. (b) 28°-60°. (c) 28°-62°.

It can be found that under the same turn-on and
turn-off angle, the iron loss value and iron loss com-
parison error of SRG at high rotational speed are rela-
tively large. This is because the torque, current and
voltage waveforms measured from experiment have
large burrs at high speed, which affects the accuracy of
measured data.

VI. CONCLUSION

In this paper, the solution of SRS/G iron loss is
mainly divided into two parts: one is the solution of
magnetic flux density waveforms, and another one is the
establishment of iron loss model. Aiming at the char-
acteristics of long time-consuming and poor universal-
ity of conventional FEM for solving magnetic flux
density waveforms, this paper proposes a combination
of the FEM and magnetic circuit analytic method. In
view of the large error of iron loss coefficients fitted by
polynomial fitting method under low frequency and low
magnetic flux density, it adopts Fourier fitting method
to fit the iron loss coefficients, and considers the in-
fluence of small hysteresis loop and skin effect to re-
duce the error under low frequency and low magnetic
flux density. According to the solution characteristics of
iron loss in different stages of SRS/G, this paper de-
velops the both iron loss models for the time and fre-
quency domains, where the time domain iron loss is
suitable for the start-up stage, and the frequency domain
iron loss is applicable to the power generation stage.

Since the start-up process of SRS/G is very short, the
experiment in this paper mainly measures the iron loss
generated during the power generation stage. The ex-
perimental results are compared with the simulation
results of iron loss, and the error is less than 10 %,
which verifies the accuracy of the iron loss calculation
model. The accurate solution of SRS/G iron loss pro-
vides some reference and help for the development and
improvement of power supply system of hybrid EVs,
which contributes to the energy storage of hybrid EVs.
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In future research, the algorithm can be improved
from two aspects. First, intelligent algorithms can be
used such as neural network and machine learning to
obtain more accurate motor flux curves, further im-
proving the accuracy of the algorithm. Secondly, in
order to simplify the algorithm, the FEM is replaced by
the experiment to obtain the magnetic flux of the motor.
From the perspective of experimental fitting, a magnetic
flux curve closer to the actual motor is obtained.
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