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Abstract—In this paper, an integral sliding mode current
controller (SMC) is proposed for mutually coupled switched
reluctance motors (MCSRM) using asymmetric bridge convert-
ers aiming to achieve constant switching frequency and lower
sampling rate. A generalized state-space model is built and then
the design of a sliding mode controller along with the stability
analysis of the closed-loop system are presented. The effectiveness
of SMC is verified using simulation studies with a three-phase,
sinusoidal excitation 12/8 MCSRM over a wide speed range.
Compared to the hysteresis current control, the proposed SMC-
based design approach demonstrates a comparable response in
terms of currents ripples, the root-mean-square error of current
and torque while achieving a constant switching frequency and
lower sampling rate.

I. INTRODUCTION

As potentially rare-earth-free substitutes of conventional
electric machines, mutually coupled switched reluctance mo-
tors (MCSRMs) show great promise in electrified transporta-
tion, industrial applications, and home appliances. They re-
tain important benefits of conventional switched reluctance
machines (CSRMs), including their rigidity, non-reliance on
rare-earth permanent magnet materials, and extended-speed
constant-power range [1]-[3]. Since the winding current can
flow bidirectionally, the motor can be driven by a six-switch
standard converter, which has a wide range of applications in
industry. In addition to the above benefits, several distinctive
advantages of MCSRMs should be considered, for instance,
lower copper and iron losses, higher fault-tolerance and less
sensitivity to magnetic saturation [4]-[7].

Normally, an MCSRM can be driven by both conventional
asymmetric bridge converter (with unipolar current excitation)
and three-phase standard inverter (with either bipolar square-
waveform or sinusoidal-waveform current excitations) [8].
Among the current control methods for different converter
topologies, current hysteresis control has been widely used in
conventional switched reluctance motor (CSRM) and MCSRM
drives due to its simplicity, fast dynamic response, and inde-
pendence of motor models. However, this method suffers from
variable switching frequency and much higher sampling rate
in the digital implementation. To overcome these drawbacks,
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Fig. 1.

Topology of a short-pitched MCSRM.

some constant-switching-frequency current controllers were
developed in [2] for conventional SRMs, but to the best of
our knowledge, no work has been done on achieving constant
switching frequency current control for MCSRMs because of
the extreme nonlinearity and mutual coupling. The closest
works are the sliding mode current control for conventional
SRMs [9]-[11], in which the mutual coupling impact are
relatively small and often neglected. Therefore, previous works
cannot be directly applied to MCSRMs because of the con-
siderable mutual coupling.

Generally speaking, MCSRMs can be categorized as short-
pitched, full-pitched and fractionally-pitched MCSRMs, and
each has different mutual and self-inductance profiles due
to various winding distributions. In this paper, through the
design and tuning of the sliding mode controller, a constant
switching frequency current controller is proposed for a short-
pitched MCSRM to address the above issues. The winding
distribution is shown in Fig. 1. The paper is organized as



follows. In section II, the relationship between switching
frequency and current ripple is derived through general math-
ematical modeling of a MCSRM driven by asymmetric bridge
converter. 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 is pre-
sented. 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 MCSRM

The phase voltage equations for the investigated three-phase
MCSRMs are given by [2]
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Where R is ohmic resistance; v;,%;, L, are phase voltage,
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., My_1yht1) = Mpq1)(k—1), We use
Mu—1)e, Mz—1)(k+1) and My 41y to denote the mutual
inductances among the adjacent conducting phases.

Fig. 2 shows the self-inductance and mutual inductance
profiles of the short-pitched MCSRM with single phase current
excitation, which is obtained from 2D finite element analysis
(FEA). It can be observed that the MCSRM contains non negli-
gible negative mutual inductance compared to the conventional
SRM. Fig. 3 shows the different flux path pattern of MCSRM
and conventional ones with one phase excited. We can observe
that for the MCSRM, the flux in the active phase splits into two
directions and flows back through the adjacent stator poles,
while flux in the CSRM goes through a longer path before
eventually gathering in the active phase [12]. The unique flux
pattern of MCSRM can alleviate the saturation in the core
back which is indicated from Fig. 3 with lower flux density
in MCSRM. However, such short flux path of the investigated
MCSRM results in significant mutual coupling of the adjacent
phases, especially for the case that the mutual inductance is
of negative polarity, which brings significant consequence of
higher switching rate for the asymmetric bridge converter.

For the CSRM, at the initial stage, the switching frequency
of the kth phase can be expressed as (2). The maximum
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Fig. 2. Inductance profiles of the investigated MCSRM.
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Fig. 3. Different flux path patterns of MCSRM and CSRM.

fkesras 18 achieved at minimum self-inductance when the DC
voltage and current ripple band are fixed.
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Different from the CSRM, in an MCSRM, the switching fre-
quency derivation of the kth phase involves mutual inductance
induced by conducting (k — 1)th and (k + 1)th phases shown
in (3). The asymmetric bridge converter makes it possible that
the current variation of the three phases are of the same signs.
Assuming that the switching frequencies for the three phases
are close and that the required current bands for the three
phases are the same, the highest switching frequency fi,,csru
is obtained when the current variations are of the same sign
shown in (4). It is noticeable that the sum of the inductances
Ly, My(r+1) and My(_q) is much lower than L alone in



(2). Therefore, fr,,csra 1S Much larger than fi.op,,-
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Referring to the FEA result of the studied MCSRM, the sum
of Ly, My (r41) and My ;1) at every time instant varies from
190pH to 720pH, which leads to a minimum 50k-switching
frequency when the current band is 1A and DC voltage is 72V.
Therefore, the existence of the negative mutual inductance in
the investigated MCSRM posts a high switching frequency
demand for the converter. Consequently, the required control
frequency is high as well.

It can be seen from Fig. 2 that the investigated MCSRM
is not magnetic saturated when phase A is excited with 1.5
times of the rated current. Therefore, the total electromagnetic
torque of the n-phase MCSRM working in the linear magnetic
region is given by
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III. SLIDING MODE CURRENT CONTROLLER
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In this section, we describe the design process of the
proposed SMC-based controller and then provide stability
analysis for the closed-loop system of the SMC control scheme
and the MCSRM.

A. Design of sliding mode controller

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

¢ = —Ae+ Aiyey — By, 6)

where the current errors associated with the three phases form
the state vector e, the voltage associated with the three phases
form the control input vector v, and A, B and e are defined
by

A=BA, B=T71,
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An integral switching surface for the conducting phases is
chosen as

s(t) =e(t) + a/e(t)dt. (7

To force s to slide along the restricted sliding surface s = 0,
the dynamics of the sliding mode s are designed as follows:
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wherein, the gains a, g, € for each phase are positive to ensure
the convergence of sliding mode and current error. Then, by
combing (6)-(8), the control input v can be derived as

sen(s) = [ sgn(se—1) sgn(se)

v = B_l(qs + esgn(s) — Ae + Aiyey — Bv), 9)

and the duty cycle for each phase can be derived by
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d= di, = Sk | Vde, (10)
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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

(1)

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

X = A X + BU,
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Then, the stability of the system in (11) can be proved using
Lyapunov stability theory as follows. The Lyapunov function
is chosen as

V(X)=XTPX, (12)
where P is the positive definite solution t the following:
ATP+PA = -1 (13)



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

V(X)=XTPX + XTPX
X(ATP+PANX +2U0" BT PX
=— ||z |?+20"Bf PX.

(14)

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
should be obtained by solving (13), which gives
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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 sliding
mode current controller is compared to hysteresis current
controller in terms of RMSE current and torque, RMS current

and torque ripple which are defined as
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where 0, = 2w /N, is determined based on the number of rotor
poles. The current references are the three phase sinusoidal
waveforms given by

Icf, = Iy sin[Np(wt — 6)]

Iepy = Iy sin[Np(wt — 30° — 0)]

Ireje = Iy sin[ Ny, (wt 4 30° — 0)]

(20)

and the amplitude of the sinusoidal current reference is set to
be 15 A and the leading angle is 2°.

Phase A Phase B Phase C
T, T,

Fig. 4. Asymmetric bridge converter.

As described in Section II, the switching frequency is
relatively high for the investigated MCSRM driven by the
asymmetric bridge converter shown in Fig. 4. For hysteresis
current control, the current hysteresis band is set as 2A and
the sampling rate f. of the current feedback is set as 100 kHz
to limit the switching frequency f; around 50 kHz. For fair
comparison, the switching frequency of the PWM using SMC
is firstly set as 50 kHz and the sampling rate is set as 100
kHz, then the sampling rate is set as 50 kHz. The parameters
of the sliding mode current controller are chosen as

A1 = O = 041 = 50000

k-1 = qx = q+1 = 100 (21

€k—1 = €k = €41 = 10.

Figures 5 and 6 illustrate the current and torque trajectories
at 2200 rpm under the same switching frequency (50 kHz)
and sampling rate (100 kHz). Compared to the conventional
hysteresis current controller, SMC shows comparable perfor-
mance while resulting in a smoother current feedback. It can
be seen from Table I that MCSRM with hysteresis current
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Fig. 5. Simulation results with hysteresis current controller.

TABLE I
COMPARISON OF THE PERFORMANCE OF THE TWO CURRENT
CONTROLLERS.
Hysteresis current controller (fs ~ 50k, f. = 100k)
Speed (rpm) Irvs | Irmse | TRMSE Trip
1000 10.50 2.04 0.23 526%
2000 10.62 1.95 0.28 411%
3000 10.23 2.03 0.25 557%
4000 10.01 2.44 0.34 392%
Sliding mode current controller (fs = 50k, f. = 50k)
Speed (rpm) Irms | Irmse | TrRmsE Trip
1000 10.79 3.30 0.04 330%
2000 10.65 2.41 0.06 317%
3000 10.58 2.88 0.07 307%
4000 10.96 4.68 0.15 328%
Sliding mode current controller (fs = 50k, f. = 100k)
Speed (rpm) Irms | Irmse | TRMSE Trip
1000 10.37 1.66 0.02 322%
2000 10.39 1.48 0.04 309%
3000 10.33 1.73 0.06 307%
4000 10.68 3.50 0.17 303%

controller bears more significant torque ripples of around
450% and higher torque RMSE, while MCSRM controlled by
SMC under two sampling rates carries lower torque ripples of
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Fig. 6. Simulation results with sliding mode current controller.

around 300% and lower torque RMSE value which is less than
0.1Nm over a wide speed range. The data shown in the table
also demonstrates that with the same switching frequency and
sampling frequency, both methods yield comparable current
RMSE values of 2A which agrees with the theoretical analysis.
In addition, decreasing the sampling rate will worsen perfor-
mance for both controllers, causing higher current ripples and
torque fluctuations. The simulation results of hysteresis current
control with 50kHz sampling rates are not presented in this
paper as the current and torque fluctuations are too severe. To
summarize, SMC scheme results in a more robust performance
when the sampling rate is lower. Furthermore, 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 the fact that the asymmetric bridge converters used for
the investigated short-pitched MCSRM demands a relatively
high switching rate in order to maintain good current control
performance. 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 switching frequency for the investigated MCSRM
drive system.
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