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Abstract— In this paper, a method to drive switched
reluctance motors (SRM) with a modular four-switch bi-
directional DC-DC converter and an H-bridge is proposed. The
DC-DC converter operates as a buck or a boost converter with
constant frequency to control each phase current while the H-
bridge inverter switches only twice in a period to adjust the
polarity of the phase voltage. Sliding mode control is designed to
have fast and robust current control in the DC-DC converter.
The sliding surface equation which is derived for all operation
modes including buck and boost modes in motoring and
regenerating conditions is defined with the estimated inductor
current. The proposed drive system eliminates the bulk DC-
capacitors and allows one to adjust the bus voltage individually
for all phases. Moreover, the proposed system topology works
with only one high-frequency switching device in the DC-DC
conversion stage rather than two in conventional drives which
provides a simpler current control and reduced switching losses.

Keywords— Switched reluctance motor,
controller, bi-directional DC-DC converter.

sliding mode

I. INTRODUCTION

Switched reluctance motor (SRM) drive systems have
become an attractive candidate for replacing many
applications owing to its simple structure, low-price, fault-
tolerant features. However, SRMs have some disadvantages
such as high torque ripple and acoustic noise in comparison
to AC machines. Regardless of their complex control
structures, the developments in modern power electronics
and digital control systems allow using switched reluctance
machines in variable speed applications and increase their
popularity [1]-[4].

Typically, the SRM drive includes a power converter that
supplies electrical energy to the SRM, a controller, and a rotor
position sensor that feeds the rotor position information back
to the controller. The power converter is used to excite each
phase of the SRM and it has specific control structures to
control the switching states. The electrical energy is supplied
from the power converter to the SRM, it generates the
required positive and negative voltages to increase and
decrease the flux in the phase windings [5]. If the desired
current level is reached, the applied voltage can be reduced
[6]. Various power converter topologies for the SRM drive
exist in the literature. The asymmetric bridge converter is
usually considered as the conventional drive [7], which
utilizes two switches and two diodes per phase. This topology
is used widely as it allows greater flexibility in controlling
machine current and it is ideal for high-performance current
and torque control, but it has high switching losses which lead
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the converter to require larger heat sinks. It is also not suitable
for high power applications [8]. Bifilar drive structure is used
in [9]. In this topology, one power switch and one diode per
phase are used to regenerate the stored magnetic energy to the
source. But, the use of this converter causes the need for a
bifilar winding which increases the complexity of SRM. In
[10], the C-dump converter is used to drive a four-phase
SRM. In this topology, one switch and one diode per phase
are used to charge a capacitor during the energy discharge of
each phase and this topology helps to build the phase currents
faster at under the base speed; however, it is not suitable for
high-speed applications. Also, the dump capacitor voltage
cannot be controlled since the capacitor voltage depends on
the operating conditions, there is not any control over the
voltage level.

The main disadvantages of the SRMs are related to the
high torque ripple and acoustic noise in comparison to AC
machines. In this study, a specific power converter structure
is proposed as an SRM drive to reduce the torque ripple. The
proposed converter has a DC-DC buck-boost converter to
adjust the voltage applied to the phase windings
instantaneously and a cascaded H-bridge inverter to switch
the voltage polarity. The DC-DC bidirectional buck-boost
converter is controlled with a sliding mode controller to have
a fast and robust dynamic response. The proposed converter
is able to boost the voltage to higher levels. Therefore, it can
turn on and off the phases faster to minimize the commutation
period, and consequently, lower torque dips occur during the
commutation. Moreover, this topology helps to reduce the
switching losses and eliminate the bulk DC bus capacitors.
The buck feature of the converter provides a better lifetime of
the machine by decreasing the current stress in the phase
windings under the base speed. Furthermore, in the proposed
drive system, the DC-DC conversion stage works with only
one high-frequency switching per phase and H-bridge
inverter only switches twice to switch the voltage polarity and
apply zero voltage, which results in better converter
efficiency. The proposed topology is designed as a modular
structure that provides flexibility to use the system in various
SRM configurations and scalability for higher power levels.

This paper is organized as follows: The proposed circuit
and the control system are expressed in Section II. Section III
gives a performance analysis of the driver. The conclusion of
the study and future works are given in Section I'V.
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II. FOUR-SWITCH BI-DIRECTIONAL DC-DC CONVERTER
TOPOLOGY

A. Model Description and Operating Principle

The proposed SRM drive structure is shown in Fig. 1. This
structure consists of a 4-switch bi-directional DC-DC
converter and an H-bridge inverter to switch voltage polarity.
The DC-DC converter unit has four switches, an inductor, and
an output capacitor. The inverter unit has four switches.
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Fig. 1. Proposed SRM drive structure.

The DC-DC converter circuit is shown in Fig. 2, where
Vpc is the input voltage, C; is the DC side capacitor, L and C
are the inductor and the output capacitor, D, D,, D3 and D,
are the antiparallel diodes, Q;, Q,, Q3 and Q, are the
switching elements, V. and I; are the output voltage capacitor
and the inductor current.

The operating modes of the proposed DC-DC converter
are given in Fig. 3. In this study, this circuit is operated in two
modes: Motoring mode and Generating mode. In motoring
mode, if the circuit operates as a buck converter, as given in
Fig. 3(a), Q5 is fully turned on and @, is fully turned off. Q,
and Q, are controlled by the PWM signal synchronously. If
the circuit operates as a boost converter, as given in Fig. 3(b),
Q, is fully turned on and Q, is fully turned off. Q; and Q, are
controlled with alternating PWM signals.

In generating mode, if the circuit operates as a boost
converter, as given in Fig. 3(c), Q3 is fully turned on and Q,
is fully turned off. Q; and Q, are controlled with alternating
PWM signals. If the circuit operates as a buck converter, as
given in Fig. 3(d), Q, is fully turned on and @, is fully turned
off. Q3 and @, are controlled with alternating PWM signals,
synchronously [11].

B. Dynamic Model and State Observer of the Circuit

For the dynamic model of the circuit, the average models
of buck and boost converter are considered. If the inductor
current [; and the capacitor voltage I, are defined as x; and
X,, respectively, the average state equation for the buck mode
is obtained as

1 V
561 = —sz +d%€
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o1 1
xZ —Exl _Exz

Similarly, the average state equation for the boost mode can
be written as

Fig. 2. 4-Switch Bi-directional DC-DC converter.
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Fig. 3. (a) Buck and (b) boost in motoring mode; (c) boost and (d) buck in
generating mode.
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In these equations, L is the inductor, C is the output capacitor,
R is the load resistor and d is the switching signal set, d =
{0, 1}. The details for the average models of the converters are
given in [12].

Due to the high switching frequency of the converter, the
measurement of the inductor current might be challenging. So,
the inductor current should be determined without any current
sensor. Hence, in this proposed converter topology, the
observer is designed for estimating the inductor current. An
observer equation for the buck mode is defined by

4 1. Vbc .
X1=——X2+d—+ Kl(xl_xl)
L L
A3)
A _1,\ 1
x2_Cx1 chz

where X; and X, are the estimated variables, and K; is the
observer gain. Let ¥; = x; —%; and X, = x, — X, be the
observer errors, then using (1) and (3), the following error
dynamics are obtained.
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Since the observer is constructed from the measured input
and output of the system, the control input is eliminated in the
error dynamics. For stability analysis of the observer, if the
following candidate Lyapunov function is considered

L%? + Cx?
y="L_"259 5)
2
Its time derivative is
. 1
V=LK - 2% <0 (6)

Because the time derivative of the Lyapunov equation is
negative, the observer errors converge to zero [13], [14].

Similarly, the observer equation for the boost mode from
the model (2) is written as
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where X; and X, are the estimated variables and K, is the
observer gain. Let the observer errors be ¥; = x; — X; and
X, = x, — X, then the error dynamics for the boost observer
is obtained using (2) and (7) as
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For the boost mode, if Lyapunov function (5) is used for
stability analysis again, its time derivative becomes

. 1
V=LK - 235 <0 9)

Again, since the time derivative of the Lyapunov equation is
negative, the observer errors converge to zero for the boost
mode.

C. Sliding Mode Controller

The proposed control scheme of the SRM drive is given in
Fig. 4. The controller has a cascade structure with an outer
linear PI voltage controller and an inner sliding mode current
controller. The voltage output of the SRM is controlled with
a PI controller and its output is used as a current reference to
the inner sliding mode controller. The inductor current is
estimated through state observers instead of physical
measurements. The sliding mode controller is designed to
provide robustness and fast current control response for fast
reference tracking and for reducing torque ripples. The output

of the sliding mode controller is the duty ratio of the PWM
signal [15].
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Fig. 4. The proposed control scheme of the SRM drive.
Here, the sliding surface equation for the sliding mode control
is selected as

§=2% —x (10)

where § is the sliding surface, xj is the desired inductor
current for the converter and it can be given as x; =
(Vi)?%/RVpc, where V;* is the desired output voltage of the
converter in i" phase. With the sliding surface equation, the
switching function of the converter (sliding mode controller)
is defined as [15]

d = %(1 — sign(3)) (11)

where the function sign(-) is the signum function, and the
controller d takes only two values, d = {0,1}. The mode
selection rule and topology for the DC-DC converter are
given in Figs. 5 and 6. With the mode selection rule, the
switching behaviors for the buck and boost mode of the
converter are achieved. For this mode, as well as the PWM
signal obtained from the SMC controller, the DC bus voltage,
and the output voltage of the converter are used for the
comparison [11].

SMC
Controller

Mode
Selection

Fig. 6. The Mode selection logic.
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III. PERFORMANCE ANALYSIS

The DC-DC converter for the proposed and conventional
hysteresis control drive systems and the control techniques
have been simulated in MATLAB/Simulink. The input
voltage of the converter is selected as 200 Vpc and the
switching frequency is selected as 150 kHz. The fixed-step
solver option of ODEI solver is used with a fixed-step of 10”7
seconds in Simulink to get numerical results. A 2 kW SRM is
considered and with 1000 rpm base speed at 200 V DC bus
voltage. The case study simulations are performed at a
constant 1000 rpm.

The SRM model is built in Matlab/Simulink using the
terminal voltage equations of the SRM.

dA(8, 1)

V = Ri
U+ 40

(12)
(6,0 (13)

where, V is the one phase terminal voltage of the SRM, R; is
the winding resistance, and A is the flux linkage of the phase
winding, T is the produced torque by that phase. The flux
linkage and the torque are the functions of the rotor position
and the current. Hence, the machine model requires two
lookup tables to be implemented. The first one is the flux
linkage versus the position and the current lookup table, and
the second one is the torque versus the position and the current
lookup table. These lookup tables are determined from the
finite element analysis (FEA) model of the SRM.

First, the hysteresis control is simulated with the
traditional converter. The optimal turn on and off angles are
determined for minimum torque ripple. In this case, a
minimum of 24.3% torque ripple is observed. Second, the
same structure is simulated with a doubled bus voltage.
Similarly, the optimal turn on and off angles are determined
for minimum torque ripple. As expected, the torque ripple is
reduced to 15.3% as the high bus voltage result in faster
current rise and fall leading to a shorter commutation period.
In this condition, one of the phase currents and the resulting
voltage waveforms are captured to be used as a reference in
the proposed drive system.

Later, the proposed system is simulated. A PI controller is
used as the output voltage controller, and the output of a
single-phase module is forced to be the captured SRM phase
current waveform. The inductor current of the buck-boost
converter is estimated with an observer to be used in the
sliding mode controller as given in Fig. 4. The parameters
used in the observer design are given in Table 1.

TABLE I. PARAMETERS USED IN THE OBSERVER

Parameter Value
R 20Q
L 70 uH
c 10 puF
K 2000/RC
K> 500/RC

As mentioned before, the observer gains of the output
voltage are selected as zero, because the output voltage is not
observed for this control technique.

At 1000 rpm speed, the reference phase voltage is
generated under the forced load current by the PI controller.
The output voltage and current of the single-phase module of
the SRM drive are given in Fig 7 and Fig. 8, respectively.

The voltage is given in Fig. 7 is rectified and used as a
reference for the DC-DC converter. As seen in Fig. 4, the
controller has a cascaded structure with the PI output voltage
controller and sliding mode current controller. Therefore, the
output of the voltage controller is used as a reference current
for the inner loop sliding mode controller. This reference
current is compared with the estimated inductor current via a
state observer, and the sliding mode current controller is
applied to have fast corrections on the required current. As
mentioned earlier, the sliding mode controller uses inductor
current and this current is estimated rather than measured.
Calculated and observed inductor currents are presented in
Fig. 9. It is clear from this figure that the sliding mode current
controller tracks the reference current as desired.

AC Output Voltage

00! — o]
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Time(sec) %1072

Fig. 7. The reference voltage.
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Fig. 8. The load current obtained from the SRM.

The rectified reference bus voltage and the calculated
converter DC voltages are given in Fig. 10. The controller
allows the output voltage to follow the reference voltage
successfully.

The torque ripple minimization performance of the SRM with
the proposed drive is very similar to the second hysteresis
control simulation with the doubled bus voltage. The buck-
boost nature of the proposed converter improved the current
control during the commutation instants which resulted in
shorter commutation periods and reduced torque ripple.
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Fig. 9. The calculated and observed inductor currents.
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Fig. 10. The reference rectified voltage and calculated output voltage.

The calculated rectified voltage is unfolded through the H-
bridge inverter. Resulting waveforms are given in Fig. 11.
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Fig. 11. The calculated output voltage in the H-bridge.

IV. CONCLUSION AND FUTURE WORKS

In this paper, a modular buck-boost SRM driver is
proposed. The driver consists of a DC-DC converter and an
H-bridge inverter at each phase to apply the required voltage
waveforms to generate the reference currents in the motor
phases. The output current is controlled with cascaded PI and
sliding mode controllers. The PI controller has generated the
required inductor current reference and the sliding mode

controller is designed to regulate the current variations
robustly with high bandwidth. The inductor current is not
measured but estimated using a state observer. The desired
reference waveforms are successfully generated, the
conventional and the proposed drive systems are simulated to
compare the performances. The simulations are performed
with a 2 kW 24/16 SRM. The superiority of the proposed
driver in terms of torque ripple minimization is verified by
reducing the torque ripple from 24.3% to 15.3% at the base
speed and rated loading condition.

The proposed drive topology provides a flexible drive
system that can be configured for SRMs that has a various
number of phases and powers. Hence, provides scalability for
the higher power levels with multiple modular units. The
buck-boost nature of the proposed driver with suitable
controllers helps to control the phase currents with better
precision and consequently reduces the torque ripple. This
structure is well suited for applications that have limited DC
voltage levels like electric bikes home appliances. Also, the
proposed topology allows one to eliminate the bulky DC bus
capacitors; hence, the size and the cost of the total system is
reduced. Furthermore, switching losses can be reduced since
most of the time only a single switch operates at high
frequency, and the rest of the switches operate at low
frequency.

The proposed drive topology is also suitable for improving
the operation speed region when using torque sharing
functions as the instantaneous voltage control feature of the
proposed drive system improves the current tracking
capability at high speeds.
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