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Abstract—In this paper, a sliding mode current controller
(SMC) is proposed for mutually coupled switched reluctance
machines (MCSRMs) using a three-phase voltage source con-
verter (VSC). A generalized state-space model of MCSRMs is
first presented using a three-phase voltage source converter.
Asymmetric bridge converters and three-phase voltage source
converter are compared in terms of switching frequency. A sliding
mode current controller is then designed to achieve constant
switching frequency and lower sampling rate using a three-phase
VSC. The stability analysis of the sliding controller is given to
ensure the stability of the controller. Finally, the effectiveness of
SMC is verified through simulation studies with a three-phase,
sinusoidal excitation 12/8 MCSRM over a wide speed range.
Compared to the hysteresis current control, SMC demonstrates
a comparable performance in terms of torque ripples, torque
root-mean-square tracking errors (RMSE) and current RMSE
while achieving a constant switching frequency and much lower
sampling rate.

Index Terms—mutually coupled switched reluctance motors,
sliding mode current control, three-phase voltage source con-
verter, asymmetric bridge converter

I. INTRODUCTION

Switched reluctance motors (SRMs) (Fig. 1) are currently
emerging as a promising alternative to permanent magnet
(PM) machines in electrified transportation, industrial appli-
cations, and home appliances, primarily due to their rigidity,
non-reliance on rare-earth permanent magnet materials, and
extended-speed constant-power range [1]-[4]. Retaining the
above important benefits of conventional switched reluctance
machines (CSRMs), mutually coupled switched reluctance
motors (MCSRMs) offer further distinctive advantages, for
instance, lower copper and iron losses, higher fault tolerance
and less sensitivity to magnetic saturation [5]-[8].

Unlike CSRMs, MCSRMs utilize both self inductance and
mutual inductance between phases to generate electromag-
netic torque, and thus two or three phases should be en-
ergized simultaneously. Therefore, with a flexible excitation
scheme, MCSRMs can be driven by a three-phase voltage
source converter (VSC) with either bipolar square-waveform
or sinusoidal-waveform current excitation [9]. Previous re-
lated work [10], [11] only focused on the acoustic noise and
mechanical vibration reduction for CSRMs. Authors in [12]
first numerically demonstrated that sinusoidal current excita-
tion shows promise in acoustic noise reduction for MCSRMs.
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Fig. 2 Short-pitched MCSRM.

Current hysteresis control is widely used in SRM drives due
to its simplicity, fast dynamic response and independence of
machine models. However, this method suffers from variable
switching frequency and much higher sampling rate in the dig-
ital implementation. To overcome these deficiencies, constant-
switching-frequency current controllers were developed in [3]



for CSRMs; however, constant switching frequency current
control for MCSRMs has yet to be explored because of the
extreme nonlinearity and mutual coupling. The more relevant
work is on the sliding mode current control for CSRMs [13]-
[15], in which the relatively weak mutual coupling impact is
not considered. Therefore, previous works cannot be directly
applied to MCSRMs because of significant mutual coupling.
Generally speaking, MCSRMs can be categorized as short-
pitched (Fig. 2), full-pitched and fractionally-pitched MC-
SRMs, and each has unique flux and torque characteristics
due to different winding distributions. In this paper, through
the design and tuning of the sliding mode controller, a constant
switching frequency current controller is developed for a short-
pitched MCSRM to address the above issues.

The paper is organized as follows. In section II, mathe-
matical modeling of a three-phase 12/8 MCSRM driven by
a VSC is first presented. Then, the advantage of employ-
ing a three-phase VSC for reducing switching frequency is
studied. Section III presents the problem formulation of the
sliding mode control, wherein the variable switching frequency
issue caused by traditional hysteresis current controllers is
addressed. Moreover, to demonstrate the robustness of sliding
mode controller, stability analysis of the closed-loop system
is presented. Then, comparison results are shown in section
IV to validate the effectiveness of the proposed sliding mode
current controller, and conclusions are given in Section V.

II. MODELING OF MCSRMs

The terminal voltage equations (see [3]) for a three-phase
MCSRM driven by a standard VSC shown in Fig. 3 are given
by

V-1 k-1 at k-1
Vg =H | i +A L (D
. d .
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wherein the mutual inductances at non-primary diagonal po-
sitions in the coefficient matrices H and A reflect the mutual
coupling between phases. The matrices H and A are defined
as
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where vi_1, vk, Uk41 are terminal voltages and equivalent
to the phase-to-neutral voltages v 40, vpo,vco defined in Fig.
3, respectively; R is ohmic resistance; ¢, L; are phase current,
and self inductance of jth phase (j = k — 1,k k + 1),
respectively; 6 is rotor angle; and w,, is angular speed.
Since the mutual inductances between two conducting phases
are the same, e.g., Muy_1yh+1) = Mp41)(k—1), WE use
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Fig. 3 Three-phase standard VSC.

M —1yes Mo—1)(k+1) and My 1) to denote the mutual
inductances among the adjacent conducting phases.

The electromagnetic torque of the MCSRM is produced
from the variation of mutual inductance and self inductance.
The studied MCSRM is designed to be less sensitive to
magnetic saturation, which is demonstrated by the inductance
profiles from ANSYS in Fig. 4. Therefore, the total electro-
magnetic torque of the n-phase MCSRM working in the linear
magnetic region is given by
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Fig. 4 Inductance profiles of the studied MCSRM.

The relation between phase voltages v40,vp0,vco and
inverter leg voltages vy, vBnN,Von In a balanced system is



as follows
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After we obtain the control signal (terminal voltage) from
the controller, we then determine the inverter leg voltage to
generate PWM signals. As switching frequency is an important
factor in evaluating the performance of the converter, in this
section, we compare the switching frequency of the VSC and
the asymmetric bridge converter for the same MCSRM.

The switching frequency reaches its maximum when the
back electromotive force (EMF) is neglected, and hence kth
phase voltage is derived by

dik+1
~ —_—
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wherein the three-phase currents are confined by Y connection
as:

i +ig—1 + g1 = 0. &)

Assuming that the switching frequencies for the three phases
are the same and that the absolute value of the current ripple
for the three phases are the same, the highest switching
frequency fj is obtained when the denominator reaches the
lowest value in (6).
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where [, m and n are not all even or all odd integers.

Referring to the finite element analysis (FEA) result
of the studied MCSRM, ((—=1)'Ly + (—=1)"Mygpi1) +
(—=1)" M ,—1)) at every time instant varies between 0.67mH
and 6.3mH, which leads to a maximum 53 kHz switching
frequency and minimum 5.7 kHz switching frequency when
the current band is 1 A and DC voltage is 72 V. The switching
frequency would be much higher if the machine is driven
by an asymmetric bridge converter [16]. In this case, the
current derivatives for three phases can have the same sign
(either positive or negative). Then (Ly + My (x41) + Mr—1))s
i.e., the denominator in (6), is lower, hence generating much
higher switching frequency. As pointed out in [16], the sum
of Ly, My(r+1) and My,;_1) at every time instant varies from
190uH to 7201H, which leads to a minimum 50 kHz switching
frequency under the same condition. Therefore, employing the
VSC significantly reduces the switching frequency compared
to the conventional asymmetric bridge converter.

III. SLIDING MODE CURRENT CONTROLLER

In this section, we describe the design process of the
proposed SMC-based controller and then provide stability
analysis for the closed-loop system. The current control di-
agram is shown in Fig. 5.

i A_ref
—_—

igrs | Current Voliage
e Y |  Source (MCSRM
ic.s |Controller

— Converter

L4 fab

LB b
Lc fib

Fig. 5 Current control diagram.

A. Design of sliding mode controller

To address the variable switching frequency issue for MC-
SRMs, sliding mode current controller is proposed in this
work. Based on the terminal voltage equation (1), the state-
space dynamics of the current control system can be derived
as

é=—Ae+ Aipoy — B, 7

where the current errors associated with the three phases form
the state vector e, the voltages associated with the three phases
form the control input vector v, and A, B and e are defined
as
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An integral switching surface for the conducting phases is
chosen as

a(t) =e(t) + a/e(t)dt. (8)

To force o to slide along the restricted sliding surface o = 0,
the dynamics of the sliding mode o are designed as follows:
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in which the gains a, g, € for each phase are positive to ensure
the convergence of sliding mode and current error. Then, by

combing (7)-(9), the control input v can be derived as
v =B (g0 +esgn(o) + ae — Ae + Aiycy). (10)

To obtain the duty cycle d of the PWM control for each phase,
the pseudoinverse of the coefficient matrix in (3) is applied



to construct the solutiojr} of a minimum Euclidean norm for
[ VAN UBN UCN ] as
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where v4. denotes the DC link voltage.

B. Stability analysis of the closed-loop system

When the motor parameter uncertainties are neglected, the
closed-loop system dynamics can be derived by combining the
current error dynamics and sliding mode control dynamics as

X =A X +BU, (12)

where B is the identity matrix, and X, U and A; are defined

should be obtained by solving (14), which gives

as
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Then, the stability of the system in (12) can be proved using
Lyapunov stability theory as follows. The Lyapunov function
is chosen as

V(X)=X"PX, (13)

where P is a positive definite matrix and satisfies

ATP 4+ PA =1 (14)

Then, the first-order derivative of V(X) is

V(X)=XTPX + XTPX
=X(ATP+PANX +20TBTPX

= —|X|]? + 20T BT PX. (15)

If U in the above equations is bounded and X is large enough,
V(X) is then negative. In other words, bounded X can make

the system bounded-input and bounded-output (BIBO) stable.
Therefore, to ensure the BIBO stability, a positive definite P
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To ensure that P is positive definite, selection of the param-
eters o and ¢ for the sliding mode controller is guided with
the following conditions:
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when neglecting the motor model parameter uncertainties.

IV. SIMULATION RESULTS AND PERFORMANCE
EVALUATION

In this section, the performance of the proposed SMC
method is compared to hysteresis current controller in terms
of RMSE current and torque, RMS current and torque ripple,
which are defined as

1 (% _
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Fig. 6 Simulation results with hysteresis current controller.

where the pole pitch 6, = 27/N,, is determined based on the
number of rotor poles. The current references are the three
phase sinusoidal waveform given by

Z.refk,71 = Im sin[Np(wt — 5)],
irefy = Im sin[N,(wt — 30° — §)],
irefory = Lm SIN[Np(wt + 30° — §)],

2L

and the amplitude of the sinusoidal current reference is set to
be 14.5 A and the leading angle is 1.5°.

The comparisons of the two current controllers are con-
ducted twice under the switching frequency fs = 10 kHz
and f; = 20 kHz, respectively. For the SMC, the controller
parameters are set as ax_1 = o = ag41 = 60,000, gx—1 =
G = qe+1 = 10,651 = e = €11 = 10 and ap1 =
ap = agy1 = 100,000,qk—1 = qx = qr4+1 = 1,641 =€ =
€k+1 = 100, while the sampling rate remains as f. = 20 kHz.
For a fair comparison, first the current hysteresis band is set
as 0.1A and the sampling rate f. of the current feedback is
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Fig. 7 Simulation results with sliding mode current controller.

set as 20 kHz to limit the switching frequency fs around 10
kHz. Then, the sampling rate is set as 100 kHz and the current
hysteresis band is set as 0.2 A to achieve an approximate 20
kHz switching frequency.

Figures 6 and 7 illustrate the current and torque trajectories
with the two current controllers during the same time period.
The MCSRM reaches higher speed of 1,275 rpm with SMC,
while the one with hysteresis current controller reaches 1,220
rpm. Compared to the conventional hysteresis current con-
troller, SMC achieves a constant switching-frequency current
control for the MCSRM with comparable current tracking
ability and lower sampling rate.

More comprehensive comparisons can be found in Table
I. MCSRM with hysteresis current controller bears more
significant torque ripples of around 340% and 370% when
fs is 10 kHz or 20 kHz, respectively, while MCSRM con-
trolled by SMC under two sampling rates carries lower torque
ripples of around 330% and 290%, respectively. Besides, the



TABLE I: Comparison of the performance of the two current
controllers.

Hysteresis current controller (fs ~ 20k, fo = 100k)
Speed
peed (rpm) Irms | IrvMseE | TRMSE | Tave Trip
500 10.27 0.16 0.054 0.42 326%
1000 10.23 0.17 0.047 0.42 363%
2000 10.26 0.39 0.16 0.47 328%
3000 10.01 1.47 0.43 0.72 330%
Hysteresis current controller (fs ~ 10k, f. = 20k)
Speed
peed (rpm) Irms | Irmse | TrvseE | Tave Trip
500 10.19 0.33 0.062 0.43 372%
1000 10.22 0.36 0.072 0.42 373%
2000 10.21 0.58 0.19 0.47 369%
3000 9.84 1.53 0.40 0.71 380%
Sliding mode current controller (fs = 20k, f. = 20k)
Speed
peed (rpm) Irms | IrRMsE | TRMSE | Tave Trip
500 10.28 0.21 0.046 0.43 351%
1000 10.24 0.22 0.038 0.44 347%
2000 10.1 0.50 0.10 0.48 315%
3000 9.82 1.52 0.34 0.68 312%
Sliding mode current controller (fs = 10k, f. = 20k)
Speed
peed (rpm) Irms | Irmse | TrRvsE | Tave Trip
500 10.25 0.10 0.032 0.45 311%
1000 10.24 0.16 0.041 0.46 306%
2000 10.09 0.68 0.14 0.53 268%
3000 9.59 1.93 0.39 0.73 293%

torque RMSE for the SMC-based controlled system is lower
compared to the hysteresis-current-control-based system under
the same switching frequency. Additionally, the data shown in
the table also demonstrates that with the same switching fre-
quency, both methods yield comparable current RMS around
10.25 A which agrees with the theoretical analysis. However,
the current RMSEs for both methods increase significantly
over 2,000 rpm. Furthermore, decreasing the sampling rate
will worsen performance for both controllers, causing higher
current ripples and torque fluctuations. Data provided in Ta-
ble I compares the performance when the sampling rate is
decreased from 100 kHz to 20 kHz for hysteresis current
controller, where the current RMSE rises from averaged 0.55
A to 0.7 A and torque ripple from 340% to 370%. With the
same switching frequency of 20 kHz, SMC scheme results
in a more robust performance. To summarize, SMC offers
advantages over hysteresis current control in terms of fixed
switching frequency and lower sampling rates.

V. CONCLUSION

In this paper, the mathematical modeling and analysis
revealed that the standard three phase VSC used for the
investigated short-pitched MCSRM helps reduce the switching
frequency compared to the conventional asymmetric bridge
converter. The integral sliding mode control method was
proposed in this work for the current control system aiming
to achieve a fixed switching rate and lower sampling rate. The
stability analysis of the closed-loop system with SMC and
the parameter selection of the SMC was provided. Simulation
results comparing to the hysteresis current controller validated
the effectiveness and advantages of sliding mode control in
terms of constant switching frequency and lower sampling
rates. For the future work, further investigation is needed
to reduce the torque and current ripples for the investigated

MCSRM drive system.
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