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Abstract—This paper presents an equivalent-circuit-based
method to experimentally determine the phase inductance and
the iron-loss resistance of a switched reluctance machine
(SRM). The proposed equivalent circuit of the SRM phase
consists of the winding resistance, the winding inductance and
theiron-lossresistance. In this paper, theiron-lossresistance is
represented as variable with respect to the phase current, the
dc supply voltage and the rotor position. The phase inductance
isrepresented as variable with respect to the phase current and
the rotor position. The phase winding resistance is represented
by a constant parameter. The proposed method allows
estimation of the rotary SRM’s iron losses for single-pulse
operating regimes.

Index Terms—equivalent circuits, iron losses, inductance
measur ement, model, switched reluctance machine.

I. INTRODUCTION

A switched reluctance machine (SRM) is an electric
machine in which torque is produced by the tendency of its
movable part to move to the position where the inductance
of the excited winding is maximal, i.e. magnetic reluctance
is minimal [1]. The movable part is made of soft magnetic
iron and shaped to give the maximum inductance change vs.
position. Inherent geometric simplicity, absence of winding
or permanent magnets on movable part, lower manufacture
cost, reliability and better robustness compared to other
electric machines make the SRM a good candidate for
various general-purpose adjustable-speed applications [2].

In SRM control systems, two types of control are
typically employed - pulse-width-modulation control for
low speed applications (PWM mode), and single-pulse
control for high speed applications (single-pulse mode). The
method proposed in this paper is suitable for the SRMs
operating in the single-pulse mode. In this mode, SRMs can
operate as generators or as motors, depending on the firing
angles.

It is useful to build a model of the SRM to approach
various tasks: SRM structure analysis [1, 3-7], SRM losses
analysis [8-15], optimization [16] or control [2, 17, 18] of
the SRM systems, etc. Conventional SRM models rely on
the equivalent resistor-inductor circuit of the SRM and do
not include the leakage fluxes, the mutual coupling between
the phases or the iron losses [2, 4, 6, 7, 17, 18]. The leakage
fluxes and the mutual coupling are usually negligible,
whereas the models that include the mutual coupling are
complex and require larger computational power [3]. By
contrast, the iron losses in single-pulse operating regimes
can be up to 50 % of the total losses [15], so they should be

Digital Object Identifier 10.4316/AECE.2015.03013

taken into account in the SRM model.

Inductance dependence on the phase current and rotor
position is usually calculated by the finite element method
[5-7] or the flux tube method [4], or estimated from
measured electrical quantities [8, 17, 19]. In [8, 17], this
dependence is determined experimentally by capturing the
transient response of the SRM phase current and voltage
during the period of demagnetization. Various other
methods are given in [19]. Methods for determination of the
iron losses are based either on measurement [8-11] or
calculation [11-14]. In the thesis [12], an overview of the
current state-of-the-art iron-loss modeling of the SRM is
presented in detail.

This paper deals with an equivalent-circuit-based method
to experimentally determine the phase inductance and the
iron-loss resistance of the SRM [8, 10]. A similar approach
is suggested in [20], but neither simulation nor experimental
results are provided. The phase inductance and the iron-loss
resistance are estimated as in [8]. In [10], the iron losses are
determined for the rising and falling flux regions, and for the
chopping region. However, in the single-pulse mode, only
the rising and falling flux regions are of interest.
Furthermore, the method introduced in [10] is applied there
for a tubular SRM, whereas in this paper it is for the first
time applied for a rotary SRM. In [8], the iron-loss
resistance is represented as variable with respect to the iron-
loss current, the switching frequency and the rotor position,
whereas in [10], it is represented as a function of the phase
current, for three different switching frequencies - all for
50 V supply voltage. However, neither of these approaches
provides definite description of the iron-loss resistance, so in
this paper an attempt is made in this direction by
representing the iron-loss resistance as variable with respect
to the dc supply voltage, the rotor position and the newly-
introduced quasi-rms value of phase current, as defined in
Section III B.

II. PROPOSED EQUIVALENT CIRCUIT OF SRM

The equivalent circuit in Fig. 1 represents one phase of a
locked-rotor SRM supplied from the asymmetric power
converter - the type of converter predominantly used in
SRM applications. It comprises two IGBT transistors and
two diodes per phase. To account the iron losses, a branch
with the iron-loss resistance R,, is connected in parallel with
the phase inductance L. The phase winding resistance in
Fig. 1 is denoted by R.
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Figure 1. Per-phase SRM equivalent circuit with switching elements of the
asymmetric power converter

Fig. 2 shows theoretical waveforms of i, i;, the phase
current i and the induced electromotive force (EMF) e. For
convenience, it is assumed that the inductance L, the iron
loss resistance R, and the phase winding resistance R are
constant.

At time ¢ = 0, the transistors in Fig. 1 are turned on and
the SRM phase starts to magnetize. The time interval T,
during which the SRM phase magnetizes, is described by
the following equations:

i(1) = gy () +1p(7) (1
Uy, —2Uy =L % +Ri(t)=ig, (DR, +Ri(t)  (2)

where Uy, is the dc supply voltage and Uy is the transistor
voltage drop. Since at time ¢ = 0 the current i; cannot start
to flow momentarily through the inductance L, the current i
flows through the resistances R,, and R, directed by the
phase voltage u = Uy, — 2U7.
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Figure 2. Theoretical waveforms for induced EMF e, phase current i (a),
iron-loss current i, (b) and inductance current i, (c)
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Therefore, the initial conditions for (1) and (2) are given
by the following equations:
ir(0)=0 3)
U, -2U U
i(0) = g, (0) =—4c—L ~ —dc 4
(0) = ig,, (0) R 4R "R +R “)

From (1) - (4) it follows:

t
l(t) - _ (Udc _ZUT )Rm e_; + Udc _2UT (5)
R(R, +R) R
t
()= 2T (©)
t
ip(t)= Yae =207 ;2UT [1 —e f] (7
U, -2U; )R, -
=R ®

where 7 is the time constant T = L(R+R,,)(R.R) ™.

The time interval 7, begins at time ¢#; by turning off the
transistors, which in turn initiates demagnetization of the
SRM phase. The energy stored in the phase coil is returned
to the dc power-supply trough diodes. Both the phase
current and the inductance current continue to flow in the
same direction (Figs. 2a and 2¢) and gradually fall to zero.
The EMF, however, changes polarity because of the fall of
the magnetic flux in the phase coil, so the iron-loss current
changes direction (Fig. 2b)

The inductance current cannot change momentarily so it
must be i (¢t,) = i ("), ie., Aip = i(t,)—i(t;) = 0.
Hence, according to (1), the phase current change is

Ai = Aiy,, + Ai; = Aig, 9)

. . + . - . + . -
Ai =it )—i(ty )=igy(ty )= igu(t ) (10)
At time ¢, while transistors still conduct, the iron-loss
current is

Uge =2Ur ~Rity )
R

m
and at time ¢, ", the supply voltage U, changes sign from
the perspective of the phase winding so the iron-loss current
is

)

iRm (tli) =

U, —2Up —Ri(t,")
Rm

where U) is the diode voltage drop.

From (9)-(12), at time ¢, both the phase current and the
iron-loss current change for

Ai = — 2Udc - 2(l]D _UT)
R,+R

Since Up and U7 are almost equal and R,, is much larger
than R, the current change can be approximated as
-2U,,

R

m

(12)

. + -
LRm (tl ) =

(13)

Ai ~ (14)

Equations that describe the demagnetization time interval
T, are (1) and

_Udc_ZUD:L

dl';(t) + Ri(t) = ig,, (DR, + Ri(t) (15)

whereas the initial conditions for this time interval are
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1
i(l *):_(Udc _2UT)Rm ei?_i_ Udc _ZUT (16)
! R(R, +R) R
1
. - U, -2U0, —
I (1 )=ﬁe ’ (17)
. - Udc_ZUT 7%1
i) =2 (18)

From (1) and (15)-(18), the following equations are
obtained for the time interval T’,:

t
, o 2U, R,
iD=—i, (t, )— Cl—"e T+ K 19
) [Rm(l) R,,,JR (19)
t
b (1) = (ikm(m - ngc ]e : (20)
t
, 20, \R+R, -
1) = i, (1) - R TINE 21
IL() (lRm(l ) Rm ] R ( )
t
e(r){iRm(tf)— 2?6 JRme : 22)
where K :i(tl_)—iRm(tl_)+(iRm(tl_)— 2gdch;R’”

The time interval 73 begins at time ¢, when the phase
current reaches zero

=1ln iRm (tl_ )Rm _ 2Udc
KR
During this interval i; and iz, are equal and fall to zero

) (23)

n) L
i () = i) = [iRm (1)~ }’ ERC)
whereas induced EMF equals
n L
e(t):[iRm(t]_)_zi{_dCe ' ]Rme E (25)

where 7, = LR, .

The remaining stored magnetic energy is dissipated in the
iron core, i.e., the phase inductance and the iron-loss
resistance work as RL-circuit.

111 DETERMINATION OF EQUIVALENT CIRCUIT
PARAMETERS

The schematic diagram of the measurement setup is given
in Fig. 3. In each experiment, the phase current is measured
on one channel of the data acquisition system (DAS),
whereas either the phase voltage or the induced EMF is
measured on the other channel, as depicted by the dashed
lines in Fig. 3. The transistors from Fig. 1 are represented by
the switch S.

“de

Figure 3. Schematic diagram of the measurement setup
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A. Phase inductance estimation

The phase inductance L is obtained experimentally by
using the dc excitation method, i.e., by locking the rotor in a
desired position while making the measurements for
different values of the dc phase current. The procedure is
repeated at various rotor positions. Note that it is necessary
to know the inductance dependence on the rotor position and
phase current to calculate the SRM’s rotational EMF.

When the switch S is closed, the phase current i is
increased slowly, e.g., by means of the variable resistor,
until the required constant dc current 7, flows in the phase
winding. When the switch S is opened, the energy stored in
the winding is dissipated as heat in the phase winding
resistance R and the iron-loss resistance R,,. Induced EMF e
is calculated form the measured phase current i and phase
voltage u as follows:

o)) =210 = ()~ 0)R)

Then, the flux linkage is calculated by integrating the
induced EMF. The phase winding resistance R should be
measured just before each experiment to compensate for the
resistance thermal change. Alternatively, the EMF can be
directly measured by placing a search coil in the SRM phase
(Fig. 4). It should be noted that this method assumes that the
search coil links all flux produced by the main phase coil.

(26)

Figure 4. Photo of the stator windings with the search coil

The phase inductance is calculated as
J
1 de
Since the phase inductance depends on both the rotor
position 0 and the phase current, the measurements should
be repeated for different values of /. and 6.

27

B. Iron-loss resistance estimation

According to [15], hysteresis losses, classical eddy
current losses and excess losses are responsible for iron
losses. The hysteresis losses result from changes in flux
density and magnetic field of the iron. The eddy-current
losses are produced by circulation of parasitic eddy currents
through iron and are dictated by changes in flux density over
time. The excess losses are caused by the movement of the
magnetic-domain walls and domain rotation damped by the
eddy currents. Same as the eddy-current losses, the excess
losses are dictated by changes in flux density over time.

Summed up, the iron losses depend on the flux linkage
value and rate of change. The flux linkage value is a
function of the phase current and the phase inductance,
which is in turn a function of the phase current and the rotor
position. From (26), the rate of change of the flux linkage is
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a function of the phase current and the phase voltage.

To determine the equivalent iron-loss resistance, several
periodic experiments need to be performed in which the
transistors in Fig. 1 are switched on during the time interval
T, (rising flux region) and switched off during the time
interval 7, (falling flux region), while keeping the voltage
U, constant. The iron-loss resistance is then calculated as
follows

_E*
m PF

e

R (28)
where E is the rms value of the induced EMF, which is
obtained either by means of the search coil or from (26)
after measuring u, i and R

T
E= ljez(z)dz (29)
0

T

In (29), T denotes the switching period and Pp, in (28)
represents the iron losses per phase and is given by [10]

T T T
P = %j ip, (1)e(t)dt = %j i(0)e(t)dt —% j i, (t)e(t)dt (30)
0 0 0

Since the second term on the right hand side of (30) is
zero, the iron losses per phase are
T
1
P = FJ'i(t)e(t)dt 31)
0
Note that the iron losses are calculated by integrating the

product of two measurable quantities: i and e.
Form (28)-(31) it follows:

10 1
?jez(t)df jez(t)df
R - 1 TO _ qu (32)
‘;I“ﬂdﬂm’ Ixﬂdﬂﬁ
0

0
where T, = T, + T, + T is the time interval during which
the iron losses can possibly exist since e # 0.

Everything that happens after ¢; and until the end of the
switching period does not contribute to the iron losses,
provided that 7, < 7, which is always fulfilled in practice.
Otherwise, if the transistors are switched on again before 7,
has passed, machine can be damaged due to the continuous
dc current component that would emerge [21]. This mode is
known as continuous conduction operating mode.

From (32) it follows that R, does not depend on the
switching period (Fig. 8). Consequently, the rms value of
the phase current, being dependent on the switching period,
cannot be used to uniquely describe the iron-loss resistance.
Instead, use of the quasi-rms value of the phase current,
restricted to the time interval T, is proposed. The quasi-rms
value of the phase current /., is given by

(33)

The quasi-average value of the phase current, restricted to
the same time interval, could be defined as well. However,
the total losses are usually expressed as a function of the rms
value, so the quasi-rms value allows easier transition
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between the two in the case when the total losses are to be
estimated. Namely, if the time intervals T"and T, are known,
then
I;—rms = 112
T

Summed up, the iron-loss resistance depends on the rotor
position, the quasi-rms value of the phase current and the
induced EMF. So, in order to accurately determine the
corresponding characteristics, the measurements should be
taken for different values of all three variables within the
respective ranges of interest.

The rotor position 0 is easily accurately measured by
means of a digital encoder. The quasi-rms value of the phase
current /.., can be determined from the phase current
measured by a current sensor. Measurement of the induced
EMF e by means of a search coil is impractical because it
requires opening of the machine and mounting a search coil
(an additional sensor), as described in Section III A.
Considering the potential application of the proposed SRM
model for control system design, whose practical
implementation would inevitably require mounting a certain
number of sensors for online measurements, any additional
sensors should be avoided. Since i and U, are anyway
measured in SRM control systems, the method based on
(26) is in this respect preferred. Moreover, according to
Fig. 3, the SRM phase voltage u in (26) can be replaced by
U, since u is normally much higher than the voltage drops
across the semiconductors. Taking this one step further, U,
can be used instead of e to represent the iron-loss resistance
since the voltage drop across the phase winding resistance is
normally negligible compared to e. In this paper, the iron-
loss resistance is expressed as R,, = R,,(Iyyms, Uae, 6).

(34

IV. EXPERIMENTAL RESULTS

To experimentally determine the parameters of the
proposed equivalent circuit, the laboratory setup was
designed as in Fig. 3. The main components of the
laboratory setup are as follows: the switched reluctance
machine (parameters provided in Appendix); dSpace
DS1104 R&D controller board, used for switching of the
IGBT transistor and acquisition of data necessary for the
phase inductance estimation; the oscilloscope type
TDS1012B, manufactured by Tektronix, used for
acquisition of data necessary for the iron-loss resistance
estimation; the incremental rotary encoder, type XCC
1510PS50X, manufactured by Telemecanique, used for
identification of the rotor angle; the current transducer, type
LA 55-P, manufactured by LEM, used for acquisition of the
phase current; the voltage transducer, type LV 25-P, also
manufactured by LEM, used for acquisition of the induced
EMF in the search coil with 8 turns, mounted over the stator
pole. Note that the DSP was used for the IGBT switching
because it was available, but a simpler and probably less
expensive analog or digital switching device could have
been used instead.

A. Phase inductance experimental results
In this paper, the EMF is calculated based on (26), as

described in Section IIT A. It has to be noted, however, that
several test measurements were taken with the search coil to
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verify the accuracy of the chosen method, only to discover
that the EMF responses obtained from the two methods are
practically overlapping. The DSP was used for data
acquisition, but the oscilloscope could have been used
instead. To avoid ripple, the dc supply voltage U, was
acquired from four 12 V batteries connected in series. The
measurements were taken at the rotor position intervals of 1°
between 0° and 30° and at the phase current intervals of 1
A, upto 9 A, as suggested in [17]. The obtained flux-linkage
profile and the phase inductance profile are shown in Figs. 5
and 6, respectively.
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Figure 5. Flux-linkage profile with respect to phase current and rotor
position
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Figure 6. Phase inductance profile with respect to phase current and rotor
position

When the rotor pole is aligned with the stator pole
(position 0°), both the flux linkage and the inductance have
maximum values for a given phase current. As the rotor pole
advances to the fully unaligned position (position 30°), the
magnetic flux path through the air gets longer, which leads
to an increase in the magnetic reluctance. Consequently,
both the flux linkage and the phase inductance descend. At
positions 25° to 30°, the phase inductance is almost constant
(Fig. 6). As the phase current rises, the machine gets
saturated, as can be seen in Fig. 5. For the machine used in
this paper, the currents above 9 A have no notable effect on
the flux linkage or the phase inductance.

B. Iron-loss resistance experimental results

To estimate the iron-loss resistance values, several
periodic experiments were performed. In this case, the dc
supply voltage U,. was acquired by an autotransformer and
a 3-phase diode bridge rectifier, whereas the residual ac
component was filtered out by means of the capacitor
C =5 mF. Note that in this case it was impractical to use the
12 V batteries because a large number of them would have
to be connected in series to obtain the required dc supply
voltage. In addition, the oscilloscope was used for data
acquisition instead of the DSP to achieve the sufficient
measurement accuracy. Namely, because the iron-loss
resistance estimation relies on the integration of the EMF
squared in the numerator of (32), the EMF should be
measured with the highest possible sample rate. Maximum
sample rates achieved by the oscilloscope ranged from
100 kHz to 2.5 MHz, which is much higher than the rates

Volume 15, Number 3, 2015

achievable by DS1104.

Fig. 7 shows the measured waveforms of the EMF and the
phase current in the aligned position, for the phase current
peak values of 2 A and 10 A and the dc supply voltage of
200 V. The waveforms shown in Fig. 7a are similar to those
in Fig. 2, which is due to the negligible magnetic saturation,
i.e., low value of the phase current. By contrast, in Fig. 7b,
the inductance change due to the magnetic saturation is
evident from the phase current slope.

N e 300
2 — <
1 \/l
< >
— 0 0=
- t1 t2 t3 v
-1
-2| e
3 al -300
0 1 2 3 4 5 6
t [ms]
(a)
10 400
¢ i
AN pa
> N
- 0 f l e
~ 1 2 30®
5 y—
—~
-10 400
0 2 4 6 8 10 12
t [ms]
(b)

Figure 7. Measured induced EMF and phase current in the aligned position,
maximal phase current 2 A (a) and 10 A (b) and U, =200 V

Also note in Fig. 7 that during the time interval 7,-¢; the
phase current is zero, while the induced EMF is not, which
is in accordance with the theoretical analysis presented in
Section II. This is important because it confirms the
correctness of placing the iron-loss resistance in parallel
with the phase inductance, as in Fig. 1. Similar experimental
waveforms were obtained for other values of the supply
voltage, the rotor position and the phase currents.

Eq. (32) anticipates that R,, should not be affected by the
switching frequency, provided that the switching period is
larger than T,,. To check this, the experiment was performed
in which the values of /,,,;, Ug and 0 were held constant
while the switching frequency was varied. The obtained
results confirmed the above hypothesis and are shown in
Fig. 8 (observed deviations are within the measurement
error of the used equipment).

1.5 P =
g‘ 1
\_‘E
0.5
G0 100 200 300 400 500 600 700 800 900

S[Hz]

Figure 8. Iron-loss resistance versus switching frequency

Series of experiments were conducted to determine the
dependence of R,, on the quasi-rms phase current, the rotor
position and the dc supply voltage. The measurements were
taken at the rotor position intervals of 5° between 0° and 25°
and at three different levels of the dc supply voltage:
Uy =100V, Uy, = 150 V and U, = 200 V. Different
quasi-rms values of the phase current for the same U,. were
achieved by changing 7. Fig. 9 shows the obtained results.
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Figure 9. Iron-loss resistance versus /.., for: (a) various rotor positions
and 150 V supply voltage, (b) various supply voltages and 15° rotor
position

This figure shows that the iron-loss resistance
significantly depends on /,,,, in the low-value region of
I,.rms, Whereas in the high-value region of 1., the iron-loss
resistance is not much affected by /,.,.,; and tends to have a
constant value, which is due to the magnetic saturation.

In addition, the iron-loss resistance increases with 6 for
the same /,.,,,; value (Fig. 9a). This is explained by the fact
that increased 0 really means increased misalignment, and
thus increased reluctance. In addition, by increasing the dc
supply voltage, the induced EMF is also increased. Since the
numerator in (32) then grows faster than the denominator,
the iron-loss resistance is also increased (Fig. 9b).

V. CONCLUSION

In this paper, the experimental method for estimation of
the phase inductance and the iron-loss resistance of a rotary
SRM is successfully applied. The proposed method does not
involve complex calculations and does not require
information about the machine geometry and materials. In
addition, it allows estimation of the phase inductance and
the iron-loss resistance on the basis of easily measured
variables. The obtained phase inductance profile and iron-
loss resistance characteristics are independent of the
switching frequency and can be used as input data for the
SRM simulations. The drawback of the proposed method is
that it requires data acquisition equipment with high
sampling rate, but this condition is easily met by means of
the standard digital oscilloscope. The future research is
aimed at development of the SRM simulation model and its
control system based on the proposed equivalent circuit.

APPENDIX

Parameters of the 8/6 SRM: 1.1 kW, 6 A, 2000 r/min,
stator outer diameter 135 mm, stator inner diameter 80 mm,
rotor diameter 79.5 mm, stator arc 22°, rotor arc 24°, air gap
length 0.25 mm, number of windings per phase 300.
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