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Abstract—Switched reluctance motors (SRMs) have been
considered as low-cost machines for electric vehicle (EV) and
hybrid electric vehicle (HEV) applications. However, the
current sensors used in the system will not only increase the cost
and volume, but also degrade the running reliability of the
motor drives. Conventionally, the current sensors are used in
each phase winding individually to obtain these phase currents.
To reduce the number of current sensors, a four-phase 8/6-pole
SRM is applied to analyze the working states and a novel phase
current reconstruction method from the dc-link current
employing double high frequency pulses injection is then
proposed. Two Kkinds of high frequency pulses with large duty-
cycles and phase-shift are injected to the down-switches in each
phase respectively when the phase currents are overlapped in
the turn-on region, and the dc-link current is decomposed to
reconstruct phase currents in both current chopping control
(CCC) system and single pulse control (SPC) system. The
transient performance in a closed-loop system based on the
phase current reconstruction scheme is investigated. The
proposed method uses only one current sensor in the dc-link and
requires no additional circuits. The simulation and experimental
results are presented to confirm the implementation of the
proposed method.

Index Terms—Switched reluctance motor (SRM), electric
vehicle (EV), phase current reconstruction, high frequency
pulses injection, single current sensor, dc-link current.

I. INTRODUCTION

N RECENT years, the electric vehicles (EVs) and hybrid

electric vehicles (HEVs) have attracted ever increasing

attentions because of the rapid depletion of energy
resources and increasing environmental awareness [1]-[3].
The permanent-magnet synchronous motor (PMSM) is the
most popular electrical motor in applications of EVs and
HEVs [4], [5]. However, a PMSM generally requires the use
of permanent magnets, typically fabricated from rare-earth
materials such as neodymium and dysprosium. The high cost
and poor stability in high temperatures associated with the
rare-earth materials have limited its wide application in EVs
and HEVs.
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To provide an ideal drive for EVs and HEVs, more efforts
have been devoted to the development of alternative motors
using less or no rare-earth materials. The switched reluctance
motor (SRM) has a simple structure without any rotor
windings and permanent magnets. As a result, the motor has
the capability of long service time under harsh environments
due to its rugged structure [6]. It is demonstrated that a SRM
has many advantages, to name but a few, such as high
efficiency, low cost, high reliability, excellent fault tolerance
operation, and high starting torque for initial acceleration.
Consequently, it is considered as the potential candidate for
applications in EVs and HEVs [7]-[14]. However, to promote
the application of SRMs in EVs and HEVs, the following two
issues should be properly addressed: 1) the optimal design of
the motor stator and rotor; 2) the optimizations of the control
scheme.

In the control issues, the main approaches used for SRM
drives can roughly be categorized into current chopping
control (CCC) [15], single pulse control (SPC) [16], and
direct torque control (DTC) [17]. Sensorless control is
another hot topic in this direction due to its reduced cost and
enhanced reliability of the motor drives, especially in high
temperatures or high speed operation. Some sensorless
control methods for startup and steady-state operations are
proposed and detailed in [18]-[20]. A high frequency pulse
injection is usually employed to implement sensorless control
in existing methodologies. In most applications, SRMs are
used with simultaneous excitation of more than one phase for
continuous torque production. The dynamic process of two-
phase excitation of SRM is analyzed in the current control
mode and single pulse mode [21]. In [22], a hybrid excitation
method with two-phase excitation by long dwell angle as
well as conventional one-phase excitation is proposed to
reduce vibration and acoustic noise in the SRM drives.

As for an EV or HEV drive, phase currents are very
important parameters for current control and fault protection
in the motor system. However, a compact, low-cost and high-
performance motor drive is needed. The system cost and
volume can be reduced greatly within only a current sensor,
which will make the product more compact. Moreover, the
unbalanced voltage drop can also be eliminated due to the
different voltage gains of the current sensors. The literatures
related to phase current reconstruction or one current sensor
control technologies for PMSM, brushless dc (BLDC) motor,
induction motor (IM) and SRM are given in [23]-[31].

A new type of single current sensor technique with an
online current offset compensation function is proposed for
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three-phase inverter applications without severe distortion in
[23]. Switching-state phase shift is proposed based on the
pulse width modulation (PWM) pattern modification to
realize three-phase current reconstruction for PMSM servo
drives in [24]. The control methods under the over-
modulation mode with only a dc-link current sensor for
PWMe-inverter-fed interior PMSM drives are investigated in
details in [25]. A novel method for IM phase current
reconstruction is presented with a single Hall-effect current
sensor in three-phase direct matrix converter drive system
using space vector modulation control technique [26], [27].
In [28], the waveform error that is present in line current
signals, which are reconstructed in IM drives using a single
dc-link shunt, is analyzed. A new DTC scheme for IM drives
using a single dc-link sensor is proposed in [29], and the
results show the excellent performance of the drive. In [30], a
control strategy based on a single current sensor is proposed
for a four-switch three-phase BLDC motor drive to lower
cost and improve performance. In [31], a dc-link current
control method is proposed for three-phase SRM systems. A
complex logic function is employed to control the power
switches using additional hardware circuits, while the
effective method of the current sampling for phase current
reconstruction is not put forward. However, the insertion of
the sensing states easily leads to current waveforms distortion,
and the current hysteresis control cannot be implemented
effectively.

This paper is focused on using fewer current sensors to
reduce the cost, volume and weight of the SRM drives for
EVs and HEVs. A four-phase 8/6-pole SRM with complex
phase current overlapping states is employed to analyze
phase currents under different turn-on regions, and a novel
SRM phase current reconstruction method from the dc-link
current using double high frequency pulses injection is
proposed in this paper. In the two-phase excitation region,
two kinds of high frequency pulses with phase-shift and large
duty-cycles are injected to every down-switch respectively,
and two analog to digital (A/D) converters are triggered in
PWM pause middles, which realizes the synchronization
between the high frequency pulses and the A/D samplings.
The simulations and experiments are carried out in both CCC
and SPC systems, and the transient performance of the
closed-loop system based on the phase current reconstruction
is demonstrated. The proposed method only needs a single
current sensor and two A/D converters without any additional
circuits to obtain high quality reconstructed phase currents.
The simulation and experimental results are presented to
confirm the feasibility of the proposed methodology.

II. PHASE CURRENTS AND PROPOSED PHASE CURRENT
RECONSTRUCTION SCHEME

A. SRM Drive

A SRM drive is mainly composed of a SRM, a power
converter, a drive circuit, a position detection circuit and a
current sampling circuit, etc, as shown in Fig. 1. The phase
current sampling process is an important part in high
performance control schemes. Many control schemes for

SRMs can be implemented through the sampled phase
currents directly, such as CCC and DTC schemes.

A typical asymmetric half-bridge converter is usually
adopted in the SRM drive. Each bridge arm is controlled
independently by two switches and each phase is independent
of each other, providing good stability and fault tolerance
ability. The current flows back in full negative voltage when
S| and S, both shut off. The energy flows back to power
supply quickly, which is advantageous to phase commutation.
To reduce the torque ripple and the switching loss, it usually
adopts a control mode that only up-switch chops and down-
switch remains closed in the phase turn-on region.
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Fig. 1. 8/6-pole SRM drive system.

For example of phase A, S; chops and S, remains closed in
the phase turn-on region, and the energy is supplied to phase
A immediately, in which state, when S and S, are both on,
phase A winding suffers from the positive dc-link voltage,
Ug, as shown in Fig. 2(a). When §; is off and S, is on, the
phase voltage is zero, as shown in Fig. 2(b). §; and S, both
shut off in the phase turn-off region, the phase current flows
back to power supply through diodes D; and D,, and phase A
winding suffers from the negative dc-link voltage, -Uy., as
shown in Fig. 2(c).
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Fig. 2. Operation modes of the converter. (a) S; on, S, on (excitation mode).

(b) S) off, S, on (free-wheeling mode). (c) S off, S, off (demagnetization

mode).

B. Phase Currents

DC-link current is the sum of all phase currents, and the
current hysteresis control scheme is implemented to these
phase currents in the phase turn-on region in CCC system.
There are two states of phase currents in a two-phase
excitation region: overlap and non-overlap, as shown in Figs.
3 and 4. However, only two phase currents are overlapped at
most. In the figures, S;, S; and S, are the driving signals for
the up-switches of phase A, B and D respectively; S5, S, and
Sg are the driving signals for the down-switches of phase A,
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B and D respectively; i,, i, and iy are phase A, B and D
currents respectively.

Taking phase A current for example, Fig. 3 shows the state
of two phase currents non-overlap in the turn-on region. 6, is
the turn-on angle and 6, is the turn-off angle of phase A,
satisfying

6,'<6+15° )

Region I is the excitation interval, and Region II is the
demagnetization interval of phase A. There are no
overlapping regions between down-switch signals of phase A,
D, and B, i.c., S5, Sg, and S4. Only excitation current of phase
A and demagnetization current of phase D are contained in
the rotor position region of 6#,-0,’, where the excitation
current is controllable phase current, and the demagnetization
current is uncontrollable phase current. The CCC scheme
aims at phase current in turn-on region to implement current
hysteresis control, needing excitation current, as shown in
Fig. 2(a)-(b); without the need of demagnetization current, as
shown in Fig. 2(c). Therefore, if the demagnetization current
is not contained in the dc-link current, the sampled dc-link
current is considered to be phase A current in Region I, and
every phase current can be reconstructed in terms of turn-on
and turn-off regions of each phase.

For the state of two phase currents non-overlap in the turn-
on region, the dc-link current can be regulated directly to
implement the CCC scheme or current protection.
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Fig. 3. Two phase currents non-overlap in the turn-on region.

Fig. 4 shows the state of two phase currents overlap in the
turn-on region. 6, 6, and s are the turn-on angle, turn-off
angle, and current ending angle of phase A respectively, 6, is
the turn-off angle of phase D, and 6; is the turn-on angle of
phase B. In this state, 8; and 6, satisfy

6, > 6,+15° @)

Since the difference between the turn-on and turn-off
angles of each phase is the same, the overlapping regions of
Region I and III are all equal to A#, and Region I~III are
related to the turn-on interval of phase A. Similarly, if the
demagnetization current is not contained in the dc-link
current, Region I is the current overlapping region of phase A

and D, and the dc-link current is the sum of phase A and D
currents; only excitation current of phase A is contained in
the dc-link current in Region II; Region III is the current
overlapping region of phase A and B, and the dc-link current
is the sum of phase A and B currents; only excitation current
of phase B is contained in the dc-link current in Region IV, in
which phase A current is the demagnetization current. Hence,
the dc-link current excluding the demagnetization current can
be expressed as (3) in the rotor position region of 6,-0s:

i, +i,, 6<0<6,
P = z:a, . 6, <0<0, 3)
ip+i, 6,<0L6,
Iy 0, <00,
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Fig. 4. Two phase currents overlap in the turn-on region.

C. Proposed Phase Current Reconstruction Scheme

The conventional phase current sampling method is to
install a current sensor in each phase winding, respectively,
using some individual A/D converters to identify these
currents simultaneously, as illustrated in Fig. 5. The current
sensors used in the system add the cost and volume to the
motor drives.

+

Ude A

Phase c\(il;l‘é/nt sensors
Fig. 5. Conventional current sampling method in a four-phase system.

In this paper, a novel current sensing method in the dc-link
is proposed to reconstruct every phase current through
decomposing the dc-link current in the turn-on region. The
dc-link current sampling position is illustrated in Fig. 6. As
shown in the figure, all positive poles of the down-diodes are
connected together to the down dc-link, and all sources of the
down-switches are also connected together to the down dc-
link through a current sensor; hence, all demagnetization
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currents are not contained and only the sum of all excitation
currents are contained in the sampled dc-link current.
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Fig. 6. DC-link current sampling method.
The switching functions of the converter are defined as

“

s _J1, Down-switch is on
2468 710, Down-switch is off

The dc-link current is expressed in terms of phase currents
and switching functions as

i, =i0,8,+i,S, +i.S, +1,5 (5)

The relationship between the dc-link current and the
converter switching states in the phase excitation sequence is
presented in Table I. There are, at most, three switching
states when phase A current is contained in the dc-link
current.

TABLE 1
RELATIONSHIP BETWEEN DC-LINK CURRENT AND SWITCHING STATES

M Sy Se S Ige
1 0 0 0 i

1 1 0 0 Ity
0 1 0 0 iy
0 1 1 0 Tyt
0 0 1 0 ic
0 0 1 1 itig
0 0 0 1 iy

1 0 0 1 iqtia

If two phase currents are not overlapped in excitation
regions, the dc-link current is apparently the phase current in
the phase turn-on region, and all phase currents can be
obtained directly by multiplying the dc-link current and
driving signals without any high frequency pulses injection.

If two phase currents are overlapped in excitation regions,
one will take phase A current reconstruction for example. As
shown in equation (3), the dc-link current in Region I is the
sum of phase A and D currents. At this point, if the down-
switch of phase D is shut off, the dc-link current is only
phase A current; if the down-switch of phase A is shut off,
the dc-link current is only phase D current. However, only
phase A current is contained in the dc-link current in Region
II. In Region III, the dc-link current is the sum of phase A
and B currents. Thus, if the down-switch of phase B is shut
off, the dc-link current is only phase A current; if the down-
switch of phase A is shut off, the dc-link current is only
phase B current.

Therefore, the dc-link current in the overlapping region of
6,-0, can be expressed as

i, §=L5=0
idc={.“ e (6)

The dc-link current in the overlapping region of ;-6 can
be expressed as

. i, §,=L§,=0
ldc =3. _ _ (7)
i, S,=0,8,=1

In order to reconstruct phase A current, the high frequency
pulse, PWM 1, with a large duty-cycle is injected to the
down-switches of phase D and B in the overlapping Region I
and III, and an A/D converter channel, A/D_1, is triggered to
sample the dc-link current in the PWM 1 pause middle,
which can reconstruct phase A current in Region I and III.
Since the dc-link current in Region II is the phase A current,
the sampled current in Region I~11I is the reconstructed phase
A current in the turn-on region.

Similarly, in order to reconstruct phase D current in
Region I and phase B current in Region III, an additional
high frequency pulse, PWM_2, with the same duty-cycle and
some phase-shift from PWM 1 is required to be injected to
the down-switch of phase A in Region I and III, and another
A/D converter channel, A/D_2, is triggered to sample the dc-
link current in the PWM_ 2 pause middle.

Double high frequency pulses and A/D sampling instants
in overlapping regions of phase A and B, and phase A and D
are shown in Fig. 7. PWM_1 and PWM_ 2 are shifted by ;.

Defining ¢, as a half period of PWM_1,

Loip = @ ®)
The PWM duty-cycle, Dpwy, is expressed as
Dy, = ST )
t, +t off

where 7, and 7. are the turn-on and turn-off times in a period
of the high frequency pulse, respectively.

The frequencies and duty-cycles of the injected PWMs
should be large enough to ensure that the dc-link current can
be sampled with a high precision. However, due to the
sensing tolerance of the current sensors, the maximum duty-
cycle values should be limited considering the fact that the
dc-link sensor has sufficient time to measure the current.

I
S8 }<— fon foff PWM_I

84 le— fon foft PWM_1
Py ’ Py ’

& | PWM2 B PWM 2
t t

AD_is T Ap1 AD T T AL
t t

AD i T Ap2 ADD T AD2
t t

a b
Fig. 7. High frequ(er)lcy pulses and A/D sampling ins(ta)nts using a single
current sensor in the dc-link. (a) Currents overlapping region of phase A and
D. (b) Currents overlapping region of phase A and B.

Fig. 8 shows the diagram of the double high frequency
pulses injection modes. High frequency pulse, PWM 1, is
injected to the down-switches of phase B and D respectively;
meanwhile, high frequency pulse, PWM_2, is injected to the
down-switches of phase A and C respectively to implement
phase current reconstruction for phase A, B, C, and D.
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Fig. 8. Diagram of the double high frequency pulses injection modes.

In this diagram, B— -1 4 represents injecting high

frequency pulse, PWM_1, to the down-switch of phase B in
the overlapping region of phase A and B, and triggering the
A/D converter, A/D_1, to sample the dc-link current in the
PWM 1 pause middle to reconstruct the phase A current.

Likewise, A4—"M.2 ,p represents injecting high
frequency pulse, PWM_2, shifted by #y;; from PWM_1, to
the down-switch of phase A in the overlapping region of
phase A and B, and triggering the A/D converter, A/D 2, to
sample the dc-link current in the PWM_2 pause middle to
reconstruct the phase B current.

From the analysis above, the four phase currents are
completely reconstructed by the following equation:

ia _re S2 0 0 0 idc_ a

i ol 1O S, 0 0fi

e I 1 (10)
lcire 0 0 S6 0 ldcic

idire 0 0 0 Sg l.dcid

i i

dc a de ¢ . . . .

where {  ~ . s dare b dcre and ig. are the
Lie b =lac a

reconstructed phase currents, igc a, fac bs ldc ¢ and igc 4 are the

sampled dc-link currents with double high frequency pulses

injection, and S, Sy, Ss and Sg are the regular driving signals.

III. NUMERICAL SIMULATIONS

To validate the feasibility of the proposed phase current
reconstruction method, a 150 W 8/6-pole SRM is employed
to act as the case study of a nonlinear model of the motor
system. The flux linkage and torque data of the motor
obtained using ANSOFT software are used to implement the
simulation model in MatLab/Simulink. The power converter
is built by using the modules of SimPowerSystems, and the
driving signals are generated from PWMs with logic outputs.
Fig. 9 shows the current reconstruction modules in the
overlapping region of phase A and D with the double high
frequency pulses injection. As shown in the modules, S, and
S are the regular driving signals in the down-switches of
phase A and D, while S, ey, and Sg new are the exact driving
signals output after injecting the double high frequency
pulses (PWM 1 and PWM_2).

p.Jt
=

P>

o e —C

= | o]
)

b
Fig. 9. Current reconstruction modulés)in the overlapping region of phase A
and D. (a) Current reconstruction for phase A. (b) Current reconstruction for
phase D.

In the CCC simulations, the dc-link voltage is fixed to 30
V, the current reference is set to 0.73 A, and the current
hysteresis width is set to 0.03 A. Fig. 10 shows the dc-link
current and the four phase currents in currents non-
overlapping and currents overlapping states in CCC system.
In Fig. 10(a), the turn-on angle is set to 0° and the turn-off
angle to 15°, and the excitation phase currents are not
overlapped in each turn-on region. At this point, the phase
currents can be reconstructed directly according to the
relationship of the turn-on region and the dc-link current
without any high frequency pulses injection. In Fig. 10(b),
the turn-on angle is set to 0° and turn-off angle to 22°, and
the two excitation phase currents have an overlap in the
phase turn-on region. At this point, the dc-link current is the
sum of the two overlapping phase currents, and the total
phase currents in the turn-on region can be reconstructed by
using the double high frequency pulses injection.

In order to reconstruct these phase currents in the
overlapping regions, two kinds of high frequency pulses with
phase-shift and large duty-cycles are injected to the down-
switches respectively. The injected PWM frequencies are set
to 10 kHz and the duty-cycles are set to 0.95. Fig. 11(a)
shows the case that PWM 1 is injected to the down-switches
of phase B and D in the overlapping region of phase A and B,
and phase A and D respectively to reconstruct the phase A
current; Fig. 11(b) shows the case that PWM 2 is injected to
the down-switch of phase A in the overlapping region of
phase A and D to reconstruct the phase D current.

In the SPC simulations, the dc-link voltage is fixed to 12 V.
Fig. 12 shows the dc-link current and the four phase currents
in currents non-overlapping and currents overlapping states
in SPC system. In Fig. 12(a), the turn-on angle and the turn-
off angle are set to 0° and 15°, respectively. The two are set
to 0° and 22° respectively in Fig. 12(b). Fig. 13 shows the dc-
link current, the phase currents, and the driving signals by
using the double high frequency pulses injection method to
reconstruct plhase currents in SPC system.

—
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Fig. 10. DC-link current and phase currents before double high frequency
pulses injection in CCC system. (a) Currents non-overlap. (b) Currents
overlap.
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Fig. 11. Phase current reconstruction from double high frequency pulses
injection in CCC system. (a) In the turn-on region of phase A. (b) In the
overlapping region of phase A and D.
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Fig. 12. DC-link current and phase currents before double high frequency
pulses injection in SPC system. (a) Currents non-overlap. (b) Currents
overlap.
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Fig. 13. Phase current reconstruction from double high frequency pulses
injection in SPC system. (a) In the turn-on region of phase A. (b) In the
overlapping region of phase A and D.

According to the simulation results, the dc-link current
pauses track the phase currents successfully in both CCC
and SPC systems. Hence, the proposed phase current
reconstruction method is feasible theoretically.

IV. EXPERIMENTAL RESULTS

A. Phase Current Reconstruction

In order to validate the effectiveness of the proposed
scheme further on the basis of the previous simulation results,
a low power SRM is employed to build the experimental
system, and the main experimental parameters are
summarized in Table II.

The experimental system is schematically illustrated in Fig.
14. In the currents overlapping regions, the double high
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frequency pulses are injected to the down-switches, and the
phase currents are reconstructed by sampling the dc-link
current though the operational amplifiers and A/D sampling
logic control with the driving signals of each phase. The
reconstructed phase currents are directly controlled to
implement a current hysteresis operation to realize CCC
scheme based on the dc-link current sampling using a single
current sensor.

The practical laboratory setup of the system is shown in
Fig. 15. An adjustable regulated dc power supply is used in
the system, the motor is driven by an asymmetric half-bridge
converter, and the rotor position is obtained by using an
incremental encoder. The dSPACE-DS1006 control board is
employed as the main controller, with peripheral high-
speed logic circuits in the setup. The dc-link current is
measured from a Hall-effect current sensor (LA-55P) and
simultaneously sampled by two 14-bit A/D converters for
implementation of the proposed phase current reconstruction
scheme. Four additional LA-55Ps are installed in the motor
phases for comparison purposes.

TABLE I
EXPERIMENTAL PARAMETERS

Phase number 4
Stator poles 8
Rotor poles 6
Rated speed (rpm) 1500
Rated power (W) 150
DC-link voltage (CCC) (V) 30
DC-link voltage (SPC) (V) 12
Phase resistor (€2) 9.01
Minimum phase inductance (mH) 28.65
Maximum phase inductance (mH) 226.03
Current hysteresis width (A) 0.03
Encoder lines 2500
Rectifier Converter 8/6
SRM

— Tde

Encoder

ITigh frequency
pulses injection

Phasc current
reconstruction

Operational
amplifiers

l

Switching signals
genceration

Current [,
regulation | i
controller | i
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control board

Fig. 14. Schematic diagram of the experimental system.
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In the experiments, the frequencies and duty-cycles of the
double high frequency pulses are set to 10 kHz and 0.95
respectively, being equal to those in the simulations, as
shown in Table III. Two A/D converters are triggered to
sample the dc-link current in the pause middle of the double
high frequency pulses respectively.

TABLE III
DETAILS OF DOUBLE HIGH FREQUENCY PULSES FOR IMPLEMENTATION

JSewm 2 Drwwm 1 Drwwm 2 Lshife

10kHz 0.95 0.95 50us

JSrwn_1

10kHz

Fig. 16 shows the dc-link current and the phase currents
without high frequency pulses injection in CCC system. Fig.
16(a) shows the phase currents non-overlapping state, where
the current reference is set to 1.1 A, and the turn-on and turn-
off angles are set to 0° and 15° respectively. Fig. 16(b) shows
the phase currents overlapping state, where the current
reference is set to 0.73 A, and the turn-on and turn-off angles
are set to 0° and 22° respectively.

Fig. 17 shows the dc-link current and the phase currents
with high frequency pulses injection in CCC system. The
current reference is set to 0.73 A. Fig. 17(a) shows the
currents and driving signals with PWM 1 injection. The
lower envelope of the dc-link current is phase A current
clearly, as illustrated in the figure. Phase A current in the
excitation region can be reconstructed by triggering the A/D
converter to sample the dc-link current in the PWM_1 pause
middle. Fig. 17(b) shows the currents and driving signals
with PWM | and PWM_ 2 injection. Phase A and D currents
can be reconstructed by triggering two A/D converters to
sample the dc-link current in the PWM_1 and PWM_2 pause
middles respectively.

Figs. 18 and 19 show the dc-link currents, phase currents
and driving signals without and with high frequency pulses
injection in SPC system. The turn-on and turn-off angles are
set to the same sequences as Figs. 16 and 17 depicted.

fde
AVAAA /\f\w\/\.
/

/ | /

ic Id in

Iv
MAAAA | ANNARAAAL | ISR ANA SN

\ iy / \

\'y \ / \

.'\\_' [-’ .‘.

e

{5 | { N I\

. g )

-/'J\/Vv‘\f/

>

i

i ia ib ic

(®)
Fig. 16. DC-link current and phase currents before double high frequency
pulses injection in CCC system (i, ip, fc, i, and ig.: 0.4A/div; time: 2ms/div).
(a) Currents non-overlap. (b) Currents overlap.
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Fig. 19. Phase current reconstruction using double high frequency pulses
injection in SPC system (i,, iy, i, ig, and ig.: 0.4A/div; time: 1ms/div for (a)
and 0.5ms/div for (b)). (a) Current reconstruction for phase A. (b) Current
reconstruction for phase A and D.

The reconstructed phase currents are observed using a
multichannel D/A converter with a low-pass filter, and
compared with the sampled phase currents in Fig. 20. To

;- 5 (Pw.\,_i;l e ; i o .
” “‘!1'[J|‘_!:I‘Il_UIIU_IIHUlﬂl.'[ I-IIIH__III_TIJ compare the performance of the traditional sampling method
| (IO =5 using the individual current sensor and the proposed
(PWM_I) . . . .
(b)_ reconstruction method in the current reconstruction regions,

Fig. 17. Phase current reconstruction using double high frequency pulses an error metric, e;,, of phase A current is defined as

injection in CCC system (iy, i, ic, ig, and ig.: 0.4A/div; time: 2ms/div for (a)
and 1ms/div for (b)). (a) Current reconstruction for phase A. (b) Current
reconstruction for phase A and D.

Cu =i, o i (11)

It is observed, from the experimental results, that the
maximum errors are 0.02 A in CCC system and 0.015 A in
ide SPC system, respectively. The reconstructed phase currents

/\ ﬂ /\ /\| ﬁ m/ in the excitation regions successfully track the actual sampled

| currents, confirming that the proposed method can provide

*l ‘ ) high quality current reconstruction. As a result of the large

A~ R s B p duty-cycle of the injected high frequency pulse, the turn-off

/—\ II\"! / /—\ \/\ /—\ \/ time in a period of the injected PWM is extremely short,
A 1A A TAL A which has little impact on the phase current. Since the torque
ripples are function of the phase currents and the noise is
closely related to the phase currents, the proposed method
@) will not increase the torque ripples and cause abnormal noise

i : generation. Therefore, the CCC scheme is considered to be

] /’*ﬁ\ /"/‘/'/ /—J implemented through the dc-link current sampling using a
single current sensor, which is expected to have the same
performance as using four phase current sensors individually.
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Fig. 20. Comparison of the measured and reconstructed phase currents (i,
Iy res Ib and iy e 0.4A/div; €0 0.05A/div; time: 2ms/div). (a) CCC system. (b)
SPC system.

B. Closed-Loop System based on Phase Current
Reconstruction

In order to demonstrate the transient performance of the
current control in the closed-loop system based on the
proposed phase current reconstruction scheme using a single
dc-link current sensor, the dc-link current is sampled to
reconstruct phase currents, current hysteresis control is
implemented to the reconstructed currents directly, and a
proportional and integral (PI) controller is applied to control
the motor speed.

Fig. 21 shows the dynamic speed responses and the
transient progression of the closed-loop system based on the
proposed phase current reconstruction method. The motor
speed is stabilized within 100 ms and 400 ms, respectively,
when the motor speed rises from 600 to 900 rpm and falls
from 900 to 300 rpm. The instantaneous speed follows the
given values well irrespective of low speed or high speed,
despite speed changes during acceleration and deceleration,
as shown in Fig. 21(a). When the load increases from no-load
to 0.5 Nm and 0.5 to 1 Nm, the speed will converge to it and
is stabilized within 200 ms, as shown in Fig. 21(b). Similarly,
when the load reduces from 1 to 0.5 Nm and 0.5 Nm to no-
load, the speed is also responded within 200 ms, as shown in
Fig. 21(c). Hence, the developed system has good response
ability to the load variations.

It should be noted that the chopping frequency is variable
in a hysteresis control system. For the case study, the
maximum value in the reconstruction regions varies from
1.23 to 1.65 kHz under different speeds and loads, which is
much smaller than 10 kHz. Moreover, the experimental result
as given in Fig. 20(a) is obtained in an operating condition
when the ripple frequency is 1.61 kHz, very close to the
maximum frequency, guaranteeing the feasibility of the
proposed scheme in a wide ripple frequency range of a
hysteresis control system.

Fig. 22 shows the efficiency of the proposed control
scheme and traditional method at 0.95 Nm rated load. The
measured efficiency is almost identical in the two control
methods. Clearly, the efficiency is not degraded in the
proposed system even though the current sensors are reduced.
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Fig. 21. Transient response of the closed-loop system based on phase current
reconstruction (i, 0.4A/div; speed: 300rpm/div; time: 500ms/div). (a)
Acceleration and deceleration. (b) Continuous load increasing. (c)
Continuous load decreasing.
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Fig. 22. Efficiency comparison.

V. CONCLUSION

In this paper, a proposal to design a compact SRM drive
for EVs and HEVs is reported. The influence of different
open intervals to phase currents of a SRM is analyzed, and
the two states of currents overlap and currents non-overlap in
the excitation region are presented and compared. A novel
phase current reconstruction scheme for SRM based on the
dc-link current sampling is proposed without current
distortions in terms of currents overlapping state.

In the proposed method, the double high frequency pulses
with phase-shift and large duty-cycles are injected to the
down-switches in the two-phase excitation region, two A/D
converters are triggered respectively in the PWM pause
middle to sample the dc-link current, and all phase currents in
the phase excitation regions are reconstructed effectively
combining with the turn-on and turn-off information. The
proposed method can realize the synchronization between the
high frequency pulses and the A/D samplings so as to obtain
high quality reconstructed phase currents. The simulations
and experiments are carried out in both CCC and SPC
systems. The reconstructed phase currents successfully track
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the actual sampled currents without abnormal noise
generation. Current hysteresis control in a closed-loop system
based on the phase current reconstruction from the dc-link
current using a single dc-link current sensor is implemented
to demonstrate the dynamic speed responses and the transient
progression to the load variations. These experimental results
are presented to confirm the effectiveness and
implementation of the proposed phase current reconstruction
method. The proposed system can be more compact, robust,
and cost effective than conventional counterparts, and be
suited for vehicle applications.
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