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Letters

Integrated Driving/Charging/Discharging Battery-Powered Four-Phase
Switched Reluctance Motor Drive With Two Current Sensors

Hung-Chi Chen , Senior Member, IEEE, Wei-An Wang, and Bo-Wei Huang

Abstract—In this letter, the motor drive for four-phase switched
reluctance motor (SRM) with only two current sensors is pro-
posed. The asymmetric half-bridge circuit is used, but each of
the two winding currents is sensed by one current sensor, which
makes the proposed SRM drive able to provide additional charg-
ing/discharging functions without adding any extra circuit com-
ponent, extra current sensor, and selector. The integrated drive is
implemented and demonstrated by the provided results.

Index Terms—Battery charger, current sensor, switched
reluctance motor drives.

I. INTRODUCTION

DUE to no winding and permanent magnet in the rotor of a
switched reluctance motor (SRM), it possesses high effi-

ciency with wide speed range and potential applications in elec-
trical vehicle (EV) and hybrid EV [1]–[6]. For battery-powered
SRM drive, a front-end dc/dc converter is often connected be-
tween the battery and the SRM drive to boost the battery voltage
to dc-link voltage [5]–[8].

However, the use of a separate charger limits the portability of
such a system, as the system has to be constantly accompanied
by a separate battery charging device if continuous operation
is required. Because of negligible mutual inductance between
the SRM windings and no permanent magnet in SRM rotor, the
SRM windings can be used to provide charging function [2]–[9]
when SRM is at a standstill.

To integrate the driving/charging function, some special SRM
winding arrangements are required in the literature, but their
cost is higher than the common winding arrangements. In [4],
the center-tapped SRM windings are required for integrated
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Fig. 1. Integrated four-phase SRM drive and its motor driving control.

charging function. In [9], the use of coupled windings allows
the motor and power converter to function as a battery charger
where the coupled windings are employed as a high-frequency
isolation transformer.

The common SRM winding is often used to integrate the
charging operation. In [2], [7], and [8], the connection of ac
plug makes the SRM winding and the diodes acting as the
bridge rectifier, and the front-end converter handles the charging
function.

In [3], [5], and [6], either the ac plug voltages or the gen-
erator voltages are connected to the diode rectifier to gen-
erate the dc-link voltage of the SRM drive. And the energy
is transferred to the battery by the front-end converter. How-
ever, the above methods in [2]–[9] cannot provide discharging
operation.

Recently, some attentions are put on the ability to trans-
fer energy from the battery to grid. In [10], integrated
driving/charging/discharging functions are provided, but many
selectors and extra inductors need to be added to the topology.

In this letter, the battery-powered four-phase SRM drive in-
tegrated driving/charging/discharging functions with only two
current sensors is proposed. The common bidirectional dc/dc
converter is connected between the battery and the proposed
SRM drive topology to regulate the dc-link voltage, as plotted
in Fig. 1. The same SRM drive topology can be directly used
for charging/discharging operation without adding any extra cir-
cuit component, extra current sensor, and selector. Finally, the
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proposed integrated drive is implemented and demonstrated by
the provided results.

II. INTEGRATED SRM DRIVE

Fig. 1 shows the proposed integrated four-phase SRM drive.
Four-leg asymmetrical half-bridge converter is used to yield the
four winding currents iA ∼ iD , where each leg is composed
of two switches and two diodes. The frond-end bidirectional
dc/dc converter with battery input is used to provide a regulated
dc-link voltage Vdc .

According to the winding distribution in four-phase SRM,
the inductance functions LC (θr ) and LD (θr ) can be expressed
in terms of the phase-shifted function of LA (θr ) and LB (θr ),
respectively, where θr is the rotor position

LC (θr ) = LA (θr − π) (1)

LD (θr ) = LB (θr − π). (2)

As plotted in Fig. 1, one physical current sensor is used to
sense the currents iA and iC simultaneously, and the other cur-
rent sensor senses the currents iB and iD at the same time. Thus,
the sensed currents iAC and iBD can be expressed as

iAC = iA + iC (3)

iBD = iB + iD . (4)

A. Motor Driving Control

Two Hall-sensor signals H1 ∼ H2 and the position signal θr

are used to provide the commutation signals cA ∼ cD to the
gate signal generator. The commutation signals cAC and cBD

are generated for the current command generator. The position
signal θr is also used to calculate the motor speed ωr . The
illustrated waveforms are plotted in Fig. 2. The current command
amplitude I∗Motor is generated by the speed controller.

In addition, the current commands i∗AC and i∗BD are generated
by the current command generator

i∗AC = I∗Motor(cA + cC ) = I∗MotorcAC (5)

i∗BD = I∗Motor(cB + cD ) = I∗MotorcBD . (6)

Two switching signals sAC and sBD are obtained from the
comparisons of two control signals and the triangular signal
vtri varying from 1 to 0. From the comparison signals and the
commutation signals, all gate signals are generated by

G−
X = cX X ∈ {A,B,C,D} (7)

G+
X = sAC · cX X ∈ {A,C} (8)

G+
X = sBD · cX X ∈ {B,D} . (9)

B. Integrated Charging/Discharging Control

As SRM is at a standstill, the same four-leg asymmetrical
half-bridge converter can be used to yield power from the single-
phase voltage source vs in Fig. 3.

It is noted that the frond-end bidirectional dc/dc converter
with battery input still works independently to regulate the dc-
link voltage Vd in charging/discharging operation. When some
energy is transferred from the grid to the dc-link voltage, the

Fig. 2. Illustrated waveforms for motor driving operation.

Fig. 3. Integrated four-phase SRM drive and its charging/discharging control.

transferred energy would finally charge the battery. When some
energy is removed from the dc-link voltage, the equal energy
may be supplied from the battery.

In Fig. 3, the plug-in action connects the inductors in pairs,
and the equivalent circuit under charging/discharging is plotted
in Fig. 4 where four switches Q+

A , Q−
B , Q−

C , and Q+
D always

block.
During the half-cycle of positive input voltage vs ≥ 0, the

positive input current is ≥ 0 flows though the inductances LA

and LC , and only switches Q−
A and Q+

C conduct together. There-
fore, the sensed current iAC = 2is is double the input current
and the other sensed current is zero, iBD = 0.
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Fig. 4. Equivalent circuit under charging/discharging operation.

During the negative half-cycle vs < 0, the negative input cur-
rent is < 0 flows though the inductances LB and LD , and only
switches Q+

B and Q−
D conduct together. Thus, the sensed current

is zero, iAC = 0, and the other sensed current iBD = −2is is
double the input current.

From Fig. 2 and (1) and (2), the total inductance LA + LC of
the flowing path during the positive half-cycle is near constant
equal to the total inductance LB + LD during the negative half-
cycle. Thus, the total inductance can be seen as the constant
when SRM rotor blocks at any rotor position.

Consequently, the input current is can be feedbacked by two
physical current sensors

is =
iAC

2
− iBD

2
. (10)

From Fig. 3, the input current amplitude I∗ is calculated by
the desired charging/discharging power command P ∗

G

I∗ =
√

2
P ∗

G

Vrms
(11)

where Vrms is the root-mean-square (rms) value of the input
voltage vs .

Then, the current command i∗s is generated by multiplying the
current amplitude I∗ and the phase function sin(ωt) of the input
voltage vs . According to the input voltage vs , the current error
(i∗s − is) is modified by multiplying the sign function sign(vs),
where

sign(vs) =

{
+1, when vs ≥ 0

−1, when vs < 0.
(12)

To yield the current is close to the current command i∗s , the
feedforward term vff is added to help synthesizing the control
signal vcont

vff =
1
2
− |vs |

2Vd
. (13)

Under the charging/discharging operation, the gate signals
are generated based on Table I. From Fig. 4, each switch is
connected with a diode, no dead time is required in the gate
signals.

III. EXPERIMENTAL RESULTS

To evaluate the proposed integrated SRM drive, the circuit
is set up and the proposed control methods are implemented in
field-programmable gate array chip, as shown in Fig. 5. An 8/6
four-phase SRM is used and some parameters are tabulated in

TABLE I
GATE SIGNAL GENERATOR

Fig. 5. Photograph of the proposed four-phase SRM drive with integrated
charging/discharging function.

TABLE II
CIRCUIT PARAMETERS

Table II. A permanent magnet synchronous motor (PMSM) is
coupled to SRM to serve as the generator, and some resistor
banks are connected to the PMSM windings to function as the
load.

A. Motor Driving Control

The experimental steady-state waveforms at 1000 and
2000 r/min are plotted in Fig. 6(a) and (b), respectively. The
gate signal G−

A is the same as the commutation signal cA and
the gate signal G−

C is the same as the commutation signal cC .
From Fig. 6, the yielded current iAC tracks close to the synthe-
sized current command i∗AC , and the motor winding currents iA
and iC are yielded independently.

The experimental transient waveforms due to the change of
the speed command from 1000 to 1100 r/min are plotted in
Fig. 7(a). The responses due to the change of the speed command
from 2000 to 2100 r/min are plotted in Fig. 7(b). Because of the
fixed resistor bank connected to PMSM, the current amplitude
I∗Motor increases from 9.3 to 9.8 A in Fig. 7(a) to meet the
increase of SRM speed. At the same time, there is a sudden
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Fig. 6. Experimental steady-state waveforms at (a) 1000 r/min
and (b) 2000 r/min.

Fig. 7. Experimental transient waveforms due to the change of speed
command. (a) From 1000 to 1100 r/min. (b) From 2000 to 2100 r/min.

Fig. 8. Experimental waveforms during (a) charging condition and
(b) discharging condition.

voltage dip in the dc-link voltage and then, some battery energy
is delivered to restore the dc-link voltage.

In Fig. 7(b), the current amplitude I∗Motor increases from 14.0
to 14.4 A and the sudden voltage dip is 20 V during the speed
increase from 2000 to 2100 r/min.

From Figs. 6 and 7, the proposed SRM drive with only two
current sensors is able to drive the SRM stably.

B. Integrated Charging/Discharging Control

When the SRM is at standstill, the same drive topology can
be directly connected to the grid, as plotted in Fig. 3. The SRM

drive equivalently works as a bidirectional ac/dc converter to
transfer energy between the grid and the dc-link voltage. The
experimental waveforms during charging and discharging con-
ditions are plotted in Fig. 8(a) and (b), respectively.

In Fig. 8(a), the power command is P ∗
G = 470 W, and the

battery is charged in steady state. In addition, the battery is
discharged with P ∗

G = −470 W in Fig. 8(b). It can be found
that the positive input current is ≥ 0 flows through the winding
inductances LA and LC , and one current sensor is able to sense
the positive input current.

In addition, the negative input current is < 0 flows through
the winding inductances LB and LD , and the other current
sensor is able to sense the negative input current iBD = −2is .

From Fig. 8, the proposed integrated SRM drive with only two
current sensors is able to operate charging/discharging functions
stably.

IV. CONCLUSION

In this letter, the integrated four-phase SRM drive with driv-
ing/charging/discharging operation is proposed and only two
current sensors are required. The experimental results show that
the proposed integrated SRM drive is able to provide SRM
driving operation and charging/discharging operation without
adding extra circuit component, current sensor, and mode selec-
tion. The proposed integrated drive can be used in SRM-based
EV to provide grid-to-vehicle and vehicle-to-grid functions.
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