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Abstract— To estimate the core loss in SRMs, core loss
estimation by equivalent circuit is preferable especially in the
EV development because of its simple calculation. However,
previously proposed models may limit applicable operating
condition. These models refer instantaneous value, whereas
hysteresis loop is a key factor to estimate core loss and the
hysteresis loop directly associates with the history of magnetic
flux. This paper focuses on the relation between the width of
hysteresis loop and the peak to peak value of magnetic flux
because the relation directly expresses the core loss. Therefore,
the purpose of this paper is to propose a novel core loss model
for equivalent circuit which estimates core loss in SRMs. This
paper refers the peak to peak value of magnetic flux linkage
and electrical angle. Along with the theoretical formulation of
the model, this paper presents the model construction method.

As a result, the proposed model successfully estimated core loss.

Keywords—core (iron) loss estimation, eddy current loss,
equivalent circuit, hysteresis loss, loss modeling, switched
reluctance motors

I. INTRODUCTION

Switched reluctance motors (SRMs) are expected as
propulsion motors for electric vehicles (EVs) because the
SRMs are free from permanent magnet. This feature yields
many benefits such as cost-effectiveness and robust motor
structure. However its nonlinearity yields unexpected
behavior such as torque ripple, input current ripple, and
radial force ripple, as reported in [1] [2].

To overcome these difficulties, there have been many
studies as written in [3]-[7]. In these literatures, many kinds
of control techniques have been reported. Almost all the
literatures have verified their benefits experimentally.

On the other hand, in the case of EV development, the
effect on the EV behavior is need to be evaluated. To select
the most appropriate technique among infinitely existing
literatures, many tests will be held. Experimental evaluation
consumes a lot of time and funds. Therefore, in the early
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developing period, simulation is used to save the developing
time and funds

As used in [4] [5], finite element method (FEM) is
widely used for the development of the motor controls or
motor structures because FEM simulates torque and loss
accurately. In the case of EV development, FEM is
sometimes not suitable because FEM needs much time even
if the simulation period is a few micro seconds. In addition,
if we simulate a few hours EV behavior, it takes more than a
few days.

To analyze the effect of the motors or inverter circuit on
EV behavior, some literatures express the electrical
components as equivalent circuits instead of FEM. In many
cases, core loss is expressed by equivalent core loss resistors
connected in parallel to inductors as motor windings.

In the case of commercial motors, which are driven by
commercial power supply and operated by constant
condition, equivalent core loss resistance can be expressed as
pure resistors.

In the case of other ac servo motors, the equivalent core
loss resistors are determined for d-axis and g-axis circuits,
respectively. Therefore core loss of their wide operating
condition can be estimated. For the further accuracy, the

Table I Nomenclature

ic, R :Parameters of core loss model
d : Hysteresis width
iy : Phase current
K, K, ,K; :Parameters of mechanical loss
P,, Py, :Input energy, consumed energy of winding resistance
Ry : Resistance of winding
T : Switching period
Vpe Vi, vy - DC bus voltage, voltage applied to inductance, voltage
applied to phase winding
We Wi, Wi, Core loss, input power, inverter loss, mechanical loss,
Wy W,  mechanical output power
0 : Electrical angle
1,7, : Generated torque, load torque
Ap_p : Peak to peak value of magnetic flux linkage

Q : Angular velocity




equivalent core loss resistor of each axis is expressed as a
function of d-axis or g-axis current.

In the case of SRMs, due to their electrical nonlinearity,
the equivalent circuit cannot be expressed with d-q
equivalent circuit. Therefore, some equivalent core loss
resistors [8]-[10] are expressed as a function of electrical
angle.

However, in the case of EV application, SRMs are driven
by various amplitude of phase current to obtain wide torque
range. Therefore, the equivalent core loss resistors which
depend on only electrical angle is insufficient.

Then a recent research [11] [12] have proposed
derivation algorism of the equivalent core loss resistance and
the resistance depends on both electrical angle and phase
current. In addition, [11] [12] have also presented good
performance of estimation. However, despite their good
performance, the operating condition may be limited. When
the SRM is operated with certain switching frequency,
certain amplitude of hysteresis current control, or certain DC
bus voltage, the core loss estimation must have high
accuracy. However, focusing the core loss generated by
every switching of inverter, keeping the accuracy of core loss
estimation is difficult for below reason when the operating
condition continuously changes.

When the rotor is locked and the single DC-pulse voltage
is applied to phase winding like Fig. 1, a relation between
phase current and magnetic flux linkage like Fig 2(a) is
obtained. (The similar experiment can be shown in [13]-
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Fig. 4 Determination of R¢ and ic.

[15].) In Fig. 2(a), the area of hysteresis loop is equal to core
loss. Therefore, to estimate the core loss, the hysteresis loop
should be shaped accurately. As widely known, the size of
hysteresis loop depends on the operating condition. For
example, the larger the injected magnetic flux is, the wider
the hysteresis loop is. If only the instantaneous phase current
is taken into account, the hysteresis loop cannot be shaped
accurately because the relation between phase current and
magnetic flux varies depending on the magnetization. Thus,
the accurate estimation is difficult without the data of history
of magnetic flux.

To break through above difficulties, this paper focuses on
the relation between the width of hysteresis loop and the
peak to peak value of magnetic flux because the relation
directly expresses the core loss for above reason. Therefore,
the purpose of this paper is to propose a novel core loss
model for equivalent circuit which estimates core loss in
SRMs.

After this section, this paper is organized by following
contents. Section II explains the proposed model. Section III
presents the verification of the proposed model, including the
model construction. Finally, section IV gives conclusions.

II. PROPOSED CORE LOSS MODEL

This paper focuses on the circuit presented in Fig. 3. In
Fig. 3, Rc and ic express the eddy current loss and hysteresis
loss. This section explains the core loss model for the
parameters of R and ic. Then, this section presents the
parameter extraction method from a target SRM. In addition,
nomenclature in this paper is listed in Table I.

A. Modeling Theory

This paper estimates the core loss, based on the area of
hysteresis loop generated by single switching. Then, we
assume the operation like Fig. 1. To express the area of
hysteresis loop, as shown in Fig. 2(b), this paper assumes
that the hysteresis loop is expressed by parallelogram and
defines hysteresis width d, which is the difference of current
at same magnetic flux linkage. (Note that the hysteresis
width defined in this paper is different from the actual one.)
In this case, the core loss generated in single phase by single
switching of inverter is calculated by

dXAp_p d d ) d

We=—F—=30= E(vph ~ Ryipn) = Voo (D)

where T is the switching period, Ap_p is the peak to peak
value of magnetic flux linkage, v; is voltage applied to
magnetizing inductance, v, is output voltage of inverter, Ry
is resistance of phase winding, and i,, is output current of
inverter. According to (1), core loss can be estimated by
modeling hysteresis width d.

On the other hand, in Fig. 3, the core loss can be
expressed by

v, 2

We = R + sgn(v,)icvy. (2)
¢

According to (1) and (2), the hysteresis width is
expressed by

1
d = ZR_VDC + Zic. (3)

c
Obviously, the parameters of R and i can be determined
by analyzing the characteristics of hysteresis width d.



B. Parameter Extraction Method

The characteristics of hysteresis width d can be obtained
experimentally by analyzing several hysteresis loops like Fig.
2(b). Then, the parameters of R- and ic are determined,
according to following procedure.

First, the hysteresis width d is measured with several DC
bus voltage because the hysteresis width d has dependency
on applied voltage, as in (3). (Note that the maximum
magnetic flux linkage is constant and the rotor is locked at
certain electrical angle.) The hysteresis width d can be

obtained by
P, —P
d= —Llp ; s (4)

where Py, is input power and Py is consumed energy by
experimentally measured winding DC resistance.

Then, the simple linear regression is applied to the
measured data of hysteresis width d, as illustrated in Fig. 4.
As a result, the parameters of Rc and ic are extracted. The
dependency of the parameters of R and ic on the electrical
angle 0 is obtained by repeating above procedure at various
electrical angle.

Next, to regard the parameters of R¢ and ic as functions
of electrical angle 6, this paper applies Fourier expansion to
Rc and i to determine the Fourier coefficients. The
dependency of the parameters of R-(0)and i«(0) on the peak
to peak value of magnetic flux linkage Ap p is obtained by
repeating above procedure at various Ap_p.

Finally, to regard the parameter of R¢ and ic as function
of the peak to peak value of magnetic flux linkage, the linear
regression is applied to RA(0) and i(0). Consequently,
complete database of R(0, 2p_p) and i(0, Ap_p) are obtained.

The parameters of R0, Ap_p) and ic(8, Ap_p) are depends
on Jp_p. As for Ap_p, it means that the value of R0, Ap_p) and
ic(0, Ap_p) change at every switching of inverter. Therefore,
even if the frequency and current of switching change, the
core loss can be accurately estimated. Furthermore, proposed
method is based on the magnetic flux linkage, which can be
directly calculated from applied voltage regardless of
magnetic saturation. Therefore, the core loss can be
accurately estimated even at magnetically saturated region.

III. EXPERIMENTAL VERIFICATION

Experiment is carried out to verify the proposed
parameter determination. First, this section constructs core
loss model. Then this section evaluates the estimated core
loss.

A. Model Construction

According to above method, the core loss model for an
experimental SRM is constructed. Figure 5 presents
experimental motor test bench. The specification of the
bench is listed in Table II. We measured hysteresis width d at
5 levels of DC bus voltage in 40V-96V, 12 levels of the
peak to peak value of magnetic flux linkage in ImWb-—
40mWhb, and 7 electrical angles in 0—180 degrees.

However, according to below reason, some data is not
taken into account. As in (4), the hysteresis width d is
calculated based on experimentally measured DC resistance.
Therefore, if the true resistance is different from the

Hysteresis brake \ Torque meter & - SRM

Fig. 5 Experimental motor test bench.

Table II. Specifications of motor test bench.

Instrument Specifications

RB165SR-96VSRM

(Motion System Tech. Inc.)
SRM 96V, 1.2kW, 6000rpm

Stator: 12 poles, Rotor: 8 poles
Number of turns: 14T/pole
UTMII-5Nm (Unipulse Corp.)
AHB-6 (Magtrol Inc.)

Torque meter

Hysteresis brake
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Fig. 6 Measured hysteresis width.

experimentally measured one, the obtained hysteresis width
is wrong value. As for the aligned position, to obtain the data
with large magnetic flux linkage, large current is not required
due to the large inductance. As a result, copper loss is much
smaller than core loss and the error of copper loss is
marginable. In contrast, as for the unaligned position, due to
the small inductance, large current is required and the error
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of copper loss cannot be marginable and then, the accuracy
of measured core loss cannot be ensured. Therefore, this
paper takes account of the data only where core loss is larger
than quarter of copper loss.

Figure 6 presents the measured hysteresis width d at
every electrical angle. As in (3), the every hysteresis width d
increases linearly. These data was fitted by simple linear
regression and the parameters of R¢ and ic were extracted.

Figure 7 shows the extracted parameters of R and ic.
Then, this paper regard these parameter as functions of 6 and
Mp_p. However, due to the above reason, there is some lack of
data. Therefore, this paper simplifies extracted parameters.

As for 1/R, it has strong dependence on 0 rather than Ap_
p, focusing on the data of small value of Ap_p. Therefore, 1/R¢
was simplified into a function of only 0, where the value of
R¢ at each 0 is the average value. Then, this paper applied
linear regression of order 4 to extracted R.. Consequently,
this paper obtained model of R, as in Fig. 8(a). As for i, it
has strong dependence on Ap_p rather than 6, focusing on the
data around aligned position. Therefore, ic was simplified
into a function of only Ap_p, where the value of ic at each Ap_p
is the average value. Then, this paper applied Fourier
expansion of order 4 to extracted i-. Consequently, this paper
obtained model of i, as in Fig. 8(b).

B. Evaluation of Proposed Model

For the wverification of the proposed model, this
subsection evaluates the core loss estimated by the proposed
model, experimentally. In the rest of this subsection,
following evaluations are carried out. First, the core loss is
estimated at rated power of the experimental SRM i.e.
2.9Nm, 96V, and 2000rpm. Then, to confirm the response of
core loss to DC bus voltage, rotational speed, and torque, the
core loss is estimated at 1Nm, 60V, and 4000rpm,
respectively.
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Fig. 10 Core loss estimation at 2.9Nm, 96V, and 2000rpm.

In this section, the experiment is carried out by the motor
test bench in Fig. 5. In addition, the SRM is driven by the
phase current waveform in Fig. 9. The phase current profile
is a standard phase current profile which outputs 2.9Nm at
2000rpm and DC bus voltage of 96V.

As for the core loss model, the parameters of Ap_p and 6
are calculated based on experimentally measured phase
current and phase voltage.

On the other hand, as for the experimental core loss, the
core loss cannot be measured directly because the loss in the
experimental system is measured as a total loss. Therefore,
this paper identifies the core loss by
We = Wi = Wour = Wy — Wy — Wipy,, (5)

where W,, is DC input power, W,,, is mechanical output
power, Wy is copper loss, W), is mechanical loss, and W, is
inverter loss. In (5), as W, and W, can be measured directly,
Wy, Wy, and W,,, are estimated by following method.

In this paper, Wy is estimated based on measured DC
resistance and the rms value of phase current. As for W, the
loss is estimated by previously measured loss map which is a
function of DC output current and switching frequency. For
the construction of the inverter loss map, the inverter is
operated as a DC-DC converter. Then, the inverter loss is
measured at various levels of DC output current and
switching frequency. As for M), the loss is also estimated by
previously measured mechanical loss map which is a
function of rotational speed. The equation of motion of the
motor test bench can be expressed by

0Q
_t - Kzﬂ - K3QZ, (6)

When the t, is zero, the motor slows down and negative

T, =T, — Ky
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Fig. 11 Evaluation data of response to DC bus voltage, rotational speed,
and torque.

torque is detected. The negative torque is the mechanical loss.
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By measuring the negative torque at various rotational speed
and fitting by linear regression, the mechanical loss map is
constructed.

Then, we estimate the core loss by the proposed model.
Figure 10 shows the core loss estimation, when the SRM is
operated at 2.9Nm, 96V, and 2000rpm. In Fig. 10, estimated
eddy current loss and hysteresis loss are shown which are
calculated by experimental phase current and phase voltage
shown in the same figure. As can be seen in Fig. 10, the
proposed model can estimate the core loss dynamically.

Next, the response of core loss is evaluated. The data is
shown in Fig. 11. The responses to DC bus voltage,
rotational speed, and torque are evaluated, respectively.

Figure 11(a) shows the response to DC bus voltage. The
reduction of core loss was confirmed as expected. Figure
11(b) shows the response to rotational speed. Due to the
increment of rotational speed, the hysteresis loss was
increased. Figure 11(c) shows the response to torque. Due to
the large current, the hysteresis loss was increased. These
data support the accurate estimation of characteristics of core
loss.

Finally, the core loss estimated in Fig. 11 were compared
with experimentally identified core loss. The comparison
data is shown in Fig. 12.

Figure 12(a) shows the comparison data of the response
to DC bus voltage. The experimental core loss increased
when the DC bus voltage increased. As a result, the
estimation error of was within 15%. Therefore, this
evaluation revealed that the response to DC bus voltage was
well expressed.

Figure 12(b) shows the comparison data of the response
to rotational speed. The experimental core loss increased



when the rotational speed increased. As a result, the
estimation error of was within 15%. Therefore, this
evaluation revealed that the response to rotational speed was
well expressed.

Figure 12(c) shows the comparison data of the response
to torque. The experimental core loss increased when the
torque increased. As a result, the estimation error of was
within 30%. Therefore, this evaluation revealed that the
response to torque was well expressed. According to above
evaluations, these results support appropriateness of the
proposed model for core loss in SRMs.

IV. CONCLUSIONS

To estimate the core loss in SRMs, core loss estimation
by equivalent circuit is preferable especially in the EV
development because of its simple calculation. To express
the core loss, many core loss model for the equivalent circuit
has been developed. However, previously proposed model
refers only instantaneous value despite that the area of
hysteresis loop depends on the history of magnetic flux.
Then, these models may limit the operating condition and
control method of SRMs. Therefore, to bring more flexibility
in core loss analysis, a novel core loss model is required.
Then, this paper proposed a novel core loss model based on
the width of hysteresis loop. In the proposed model, adopted
the peak to peak value of magnetic flux linkage and electrical
angle which directly affect the area of hysteresis loop. As a
result, the proposed core loss model successfully expressed
the characteristics of core loss i.e. response to DC bus
voltage, rotational speed, and torque. Consequently, the
proposed model is promising for a core loss model of SRMs.

REFERENCES

[11 Z. Q. Zhu and C. C. Chan, “Electrical machine topologies and
technologies for electric, hybrid, and fuel cell vehicles,” in Proc.
IEEE Vehicle Power Propulsion Conf., Harbin, China, pp. 1-6, Sept.
2008.

[2] W. Suppharangsan and J. Wang, “Experimental validation of a new
switching technique for DC-link capacitor minimization in switched
reluctance machine drives,” in Proc. IEEE Int. Electric Machines
Drives Conf., Chicago, USA, pp. 1031-1036, May 2013.

[3] X. D. Xue, K. W. E. Cheng, and S. L. Ho : “Optimization and
evaluation of torque-sharing functions for torque ripple minimization
in switched reluctance motor drives”, IEEE Trans. Power Electron.,
Vol. 24, No. 9, pp.2076-2090 Sept. 2009.

[4] Peter Dubravka, Pavol Rafajdus, Pavol Makys, and Lorand Szabd,
“Control of switched reluctance motor by current profiling under

(3]

(6]

(7]

(8]

[

[10]

(1]

[12]

[13]

[14]

[15]

normal and open phase operating condition,” IET Electric Power
Applications, vol. 11, iss. 4, pp. 548-556 Jan. 2017.

C. Ma, L. Qu, R. Mitra, P. Pramod, R. Islam, “Vibration and Torque
Ripple Reduction of Switched Reluctance Motors Through Current
Profile Optimization” in Proc. IEEE Applied Power Electronics
Conference and Exposition (APEC), 2016 IEEE, Long Beach, CA,
USA, pp. 3279 - 3285, May 2016.

T. Kusumi, T. Hara, K. Umetani, and E. Hiraki, “Simple control
technique to eliminate source current ripple and torque ripple of
switched reluctance motors for electric vehicle propulsion,” in Proc.
IECON 2016 - 42nd Annual Conf. of the IEEE Industrial Elect.
Society, Florence, Italy, pp. 1876-1881 Oct. 2016.

T. Kusumi, T. Hara, K. Umetani, and E. Hiraki, “Simple analytical
derivation of magnetic flux profile eliminating source current ripple
and torque ripple of switched reluctance motors for electric vehicle
propulsion,” in Proc. 2017 IEEE Applied Power Elect. Conference
and Exposition (APEC), Tampa, FL, USA, pp. 3142-3149 Mar. 2017.

F. J. P. Cebolla et al., “Experimental equivalent circuit parameters
identification of a switched reluctance motor,” in Proc. IEEE Ind.
Electron. Conf., 2009, pp. 1140-1145.

F. J. Perez-Cebolla, A. Martinez-Iturbe, B. Martin-del-Brio, E. Laloya,
and S. Mendez, “Influence of non-ideal magnetic core effects on the
experimental determination of the magnetic characteristics of a
switched reluctance motor,” in Proc. IEEE Ind. Electron. Conf., 2012,
pp. 1841-1846.

F. J. Perez-Cebolla, A. Martinez, B. Martin-del-Brio, E. Laloya, and S.
Mendez, “Influence of excitation in the experimental equivalent
circuit parameters identification of a switched reluctance motor,” in
Proc. IEEE Int. Symp. Ind. Electron., 2013, pp. 1-6.

Francisco Jose Perez-Cebolla, Abelardo Martinez-Iturbe, Bonifacio
Martin-del-Brio, Carlos Bernal, Antonio Bono-Nuez, ‘“Nonlinear
Lumped-Circuit Model for Switched Reluctance Motors Exhibiting
Core Losses,” IEEE Trans. Ind. Electron., vol. 63, no. 6, pp. 3433~
3445 June 2016.

Xiaodong Sun, Yichen Shen, Shaohua Wang, Gang Lei, Zebin Yang,
Shouyi Han, “Core Losses Analysis of a Novel 16/10 Segmented
Rotor Switched Reluctance BSG Motor for HEVs Using Nonlinear
Lumped Parameter Equivalent Circuit Model,” IEEE/ASME Trans.
Mechatronics, vol. 23, no. 2, pp. 747-757 Apr. 2018.

Z. Peng, P. A. Cassani, and S. S. Williamson, “An accurate
inductance profile measurement technique for switched reluctance
machines,” IEEE Trans. Ind. Electron., vol. 57, no. 9, pp. 2972-2979,
Sep. 2010.

A. D. Cheok and W. Zhongfang, “DSP-based automated error-
reducing flux-linkage-measurement method for switched reluctance
motors,” IEEE Trans. Instrum. Meas., vol. 56, no. 6, pp. 2245-2253,
Dec. 2007.

R. Gobbi, N. C. Sahoo, and R. Vejian, “Experimental investigations
on computer-based methods for determination of static
electromagnetic characteristics of switched reluctance motors,” IEEE
Trans. Instrum. Meas., vol. 57, no. 10, pp. 2196-2211, Oct. 2008.



