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Abstract—According to the modular power converter, a novel
phase current reconstruction method using single dc-link current
sensor is proposed for three-phase switched reluctance machine
(SRM), and the control method is implemented with the recon-
structed phase current as well. A highly integrated modular power
converter is constructed by a three-phase full bridge and a dual
switch module. The phase windings are in star-connection, and the
bipolar phase currents are applied. Based on the special operat-
ing modes and single pulse width modulation signal injection, the
dc-link current is decoupled and the phase current in both mag-
netization and demagnetization regions is reconstructed, which is
very critical for the implementation of some advanced methods that
require complete period phase current. The conventional control
methods of the SRM, such as single-pulse voltage and hysteresis
current control methods, are carried out under different operating
conditions with both simulation and experiment to verify the ef-
fectiveness of the proposed method, and the reconstruction errors
and performance influences are detailed analyzed as well.

Index Terms—Complete current period, control method, modu-
lar configuration, phase current reconstruction, power converter,
single current sensor, switched reluctance machine (SRM).

I. INTRODUCTION

IN RECENT years, the more/all electric aircrafts, electric
vehicles (EVs) and hybrid EVs are becoming promising

transportation options due to the increasing energy crisis and
environmental concerns [1]–[4]. Switched reluctance machine
(SRM), which has no rotor windings and permanent magnets,
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achieves simple structure, low cost, excellent high-speed capa-
bility, and harsh environment applicability, and is a competitive
candidate for more/all electric transportation applications
[5]–[8].

For SRM drive system, its cost, weight, and size mainly de-
pend on the power converter and the sensors without counting
the machine. Recently, some approaches were presented to im-
prove the integration level of the SRM drive systems. For the
power converter, some standard industrial switch modules were
applied [9]–[12]. In [9], a conventional three-phase full-bridge
inverter was used to drive a 6/4-pole SRM, whose windings were
in star-connection. This simple topology is good for reducing
the noise and torque ripple. However, two phases must be simul-
taneously energized, which sacrifices the control flexibility, and
limits the torque output and speed range of the system [10], [11].
In [12], a three-phase full-bridge inverter was adopted to drive
a 12/10-pole SRM. The configuration reduces the number of
switches and connections between converter and machine, but
the current level of all switches is doubled. In [13], a multiport
power converter was used to minimize the bus capacitor. This
converter only requires two switch modules, but it is hard to con-
trol owing to the multiplexed switches and coupled controlled
variables. In [14], a modular converter constructed by one dual
and one three-phase full-bridge switch module was proposed.
The phase windings are in star-connection and bipolar current
waveform was applied, but overlapping conduction is forbid-
den in the control method, which results in low average torque
and big torque ripple. In [15], novel operating modes were pro-
posed and the basic control schemes were enhanced to improve
the performances with the converter mentioned in [14], and the
dynamic performances of the SRM are compared with the con-
ventional asymmetric half-bridge (AHB) converter. However,
detailed analysis about the differences of the phase currents
between the modular and AHB converter are not involved.

Concerning the simplicity and cost of sensor circuits, ef-
forts were made mainly from two aspects. Position sensorless
control is a widely studied issue [16]–[19]. Without the posi-
tion sensors, namely optical encoder, hall sensor and resolver,
the reliability of the drive systems increases especially under
harsh environment. The other hot topic is current sensor number
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reduction, particularly for the low-power drive systems, where
the cost and size are important criteria. This issue was discussed
mainly for ac machines, and various techniques have been pro-
posed [20]–[25]. For commonly used voltage-source inverter of
ac machines, the pulse width modulation (PWM) signals are
regulated to detect all phase currents from the bus current in
the whole control periods [20], [21]. For the ac machines fed
by direct matrix converter, single current sensor was adopted to
reconstruct the phase current based on the space vector mod-
ulation [22]. In [23], a new technique to reconstruct the phase
currents using a bus current sensor was presented, and an ob-
server was built to generate stable three-phase responses, even
the information of the phase current is not reflected in the bus.
In [24], with a neutral-point current sensor, a new space vector
PWM scheme was presented to estimate phase currents in three-
level T-type converter. In [25], a new reconstruction method was
proposed to expand the sampling area of the phase current.

Phase current reconstruction of SRM was presented in [26]
for the first time. The proposed converter topology makes it
easy to separate the demagnetization current from the bus cur-
rent, but the method was complex and not very effective. In
[27], the same converter circuit in [26] was adopted, and dou-
ble high-frequency pulses were injected into the lower switches
of the bridge arms for current reconstruct. The reconstructed
phase currents tracked the actual sampled currents with a good
agreement, and hysteresis current control (HCC) method using
the reconstructed phase currents was implemented to verify the
dynamic performance. In [28], based on the phase current re-
construction method in [27], a low-cost torque control technique
was proposed. However, due to the special converter topology
in [27] and [28], the phase current in demagnetization region
cannot be obtained, which results in performance degradation
of some advanced methods that require complete current wave-
form [29]. Furthermore, the standard switch modules were not
considered. In [30], phase currents of SRM were reconstructed
by solving the linear equations associated with two adjacent
phase currents in the different turn-on regions. The method is
free from power transistor open-circuit fault, and current sensor
offset was considered. It is a new point of view to reconstruct
the phase currents. However, two current sensors are required.

All the aforementioned works about phase current reconstruc-
tion of SRM did not concern modularization of power converter
and implementation of control methods simultaneously. In this
paper, these two issues are both considered. Based on the spe-
cial excitation modes and PWM signal injection technology, a
new phase current reconstruction method of the SRM driven
by the highly integrated modular converter in [14] and [15] is
proposed. The method just requires one dc-link current sensor,
and can obtain the complete period phase current, including
both the magnetization and demagnetization region. Detailed
simulations and experiments are carried out to demonstrate the
effectiveness of the proposed method.

The rest of the paper is organized as follows. The adopted
modular power converter and its operating modes are described
in Section II. Section III proposes the phase current reconstruc-
tion method. In Sections IV and V, the effectiveness of the phase
current reconstruction scheme with the modular power converter

Fig. 1. 3-phase AHB converter.

Fig. 2. Two modular configurations of AHB converter: (a) Using six dual
modules and (b) Using two three-phase full-bridge modules.

is verified with detailed simulation and experiment, respectively,
and the reconstruction errors and performance influences of the
proposed method are discussed as well. Section VI concludes
the paper.

II. MODULAR CONVERTER AND OPERATING MODES

Because of the control flexibility and no requirement on extra
resistance or reactance components, the AHB converter is wildly
used in many applications [31]. There are two switches and
two diodes per phase and each branch can be independently
controlled, as illustrated in Fig. 1.

In general, discrete components are used to build the AHB
converter. However, several standard switch modules were also
adopted, as shown in Fig. 2 [32], [33]. From the figure, it can be
found that, just half of the components are used when the phase
windings are unipolar excited, which decreases the utilization
rate of the modules.
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Fig. 3. Adopted modular converter for three-phase SRM.

A. Modular Converter

The modular converter adopted in this paper is implemented
by a dual and a three-phase full-bridge switch module, and phase
windings are connected in star with a neutral line, as illustrated in
Fig. 3 [14]. This topology also can be conveniently constructed
by other combinations of standard industrial switch modules,
for example, two four-pack switch modules or four dual switch
modules. Switch modules are widely adopted in the industrial
applications, such as the three-phase full-bridge modules for
the drive systems of ac machines. Therefore, it is convenient to
choose the modules with appropriate voltage and current levels,
and the cost is relatively low because of mass production.

For a three-phase SRM, if only discrete components are con-
sidered, the AHB converter requires six switches and six diodes,
while the adopted modular converter needs eight switches and
eight diodes, which means that the AHB converter is cheaper
in terms of power devices. However, it should be noted that the
main purposes of converter construction with switch modules
are to reduce system complexity, increase the integration and
reliability, and enhance the flexibility of component selection
and converter construction.

B. Operating Modes

Magnetization, freewheeling, and demagnetization are three
operating modes of the conventional AHB converter, as shown
in Fig. 4. According to the analysis of the modular converter in
[15], there are two forms for each operating mode, namely single
phase and two phases in series, and the current directions of two
neighboring phases are reverse when energized simultaneously,
as shown in Fig. 5. Fig. 6 shows the phase currents and switching
logic of a three-phase SRM with AHB and modular converter
under HCC method, where θ is the rotor position and i is the
phase current. It can be seen that the phase currents for the AHB
converter are unidirectional, while bidirectional for the modular
converter. It should be noted that the direction that the current
flowing into the neutral point N is considered as positive.

In [15], it was concluded that although the phase windings
of the considered modular converter are in Y-connection, due

Fig. 4. Operating modes of the AHB converter. (a) Magnetization. (b) Free-
wheeling. (c) Demagnetization.

to the existence of the neutral line and dual switch module,
each phase can be independently controlled, which makes the
modular converter has similar performances, such as average
torque per ampere ratio, torque ripple coefficient and efficiency,
to the conventional AHB converter. Furthermore, because of the
phase independence, the fault-tolerant ability of the modular
converter is as good as the AHB converter. For example, if
open-circuit fault occurs to one phase, the output power can
be maintained by increasing the current of other two normal
phases.

III. PROPOSED PHASE CURRENT RECONSTRUCTION METHOD

The phase current information plays a critical role in many
control methods of the SRM, such as HCC method and direct
instantaneous torque control (DITC) method. For HCC method,
the real phase currents need to be compared with the reference
current. For DITC method, all phase currents are required for
instantaneous torque estimation. However, the existence of the
current sensors will increase the weight, size, cost, and complex-
ity, and decrease the reliability of the drive system. Therefore, it
has great significance to research on the method that can reduce
the number of the current sensors. In this section, the relation-
ship among the dc-link and phase currents of the considered
modular converter is analyzed first, and then, a new phase cur-
rent reconstruction method with single dc-link current sensor is
proposed.

A. Current Relationship

In Fig. 7, according to the rotor position, seven regions are
created for current relationship analysis, and ia , ib , and ic repre-
sent the current of phase A, B, and C, respectively. The position
of the dc-link current sensor is shown in Fig. 8, and the dc-link
current is denoted as idc . Taking phase A as an example, the re-
lationships between ia and idc in different regions are detailed
analyzed as follows.

In region I, phase B has been excited, and phase A is at the
beginning of the excitation. Due to the existence of the phase
windings, both the current of phase A and B cannot suddenly
changed, so at the beginning of this situation, −ib is bigger than
ia , and their difference, namely −ib − ia , need find its own
loop which has low impedance. According to the analysis of the
circuit, −ib − ia will circulate through the neutral line and D8,
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Fig. 5. Operating modes of the considered modular converter. (a) Magnetization. (b) Freewheeling. (c) Demagnetization.

and can be denoted as iN . The current flow is shown in Fig. 9(a),
and in this region, the dc-link current can be expressed as

idc = ia (θonA ≤ θ < θ1) (1)

where θonA represents the turn-on angle of phase A, and θ1
denotes the rotor position where |ia | = |ib |.

It should be noted that in the above analysis, the negative sign
in front of ib is resulted from the current direction definition.

In region II, iN becomes 0, and −ib = ia . In this case, only
one current loop exists. Fig. 9(b) shows the current flow, and the
dc-link current can be expressed as

idc = ia = −ib (θ1 ≤ θ < θoff B ) (2)



SONG et al.: PHASE CURRENT RECONSTRUCTION AND CONTROL OF THREE-PHASE SRM WITH MODULAR POWER CONVERTER 8641

Fig. 6. Phase currents and switching logic of three-phase SRM with AHB and
modular converter. (a) AHB converter. (b) Modular converter.

Fig. 7. Seven regions for the current of phase A.

where θoff B represents the turn-off angle of phase B.
In region III, phase A is magnetized alone through switches

T1 and T8, while phase B demagnetized through diode D5.
Fig. 10(a) shows the current flow, and the dc-link current can be
expressed as

idc = −iN = ia − (−ib) = ia + ib (θoff B ≤ θ < θzeroB )
(3)

where θzeroB is the rotor position, where ib decreases to zero.
It should be noted that the existence of iN is because of the

difference between −ib and ia .
In region IV, the current of phase B equals to zero, and the

winding of phase A is still magnetized. Fig. 10(b) shows the
current flow, and the dc-link current can be expressed as

idc = ia (θzeroB ≤ θ < θonC ) (4)

where θonC represents the turn-on angle of phase C.
In region V, phase A has been excited, and phase C is at the

beginning of the excitation. Due to the existence of the phase

Fig. 8. Position of the dc-link current sensor.

Fig. 9. Current flow in region I and II. (a) Region I. (b) Region II.

windings, both the current of phase A and C cannot suddenly
changed, so at the beginning of this situation, ia is bigger than
−ic , and their difference, namely ia − (−ic), need find its own
loop which has low impedance. According to the analysis of
the circuit, ia − (−ic) will circulate through the neutral line
and D7, and can be denoted as −iN . The current flow is shown
in Fig. 11(a), and in this region, the dc-link current can be
expressed as

idc = −ic (θonC ≤ θ < θ2) (5)

where θ2 denotes the rotor position, where |ia | = |ic |.
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Fig. 10. Current flow in region III and IV. (a) Region III. (b) Region IV.

Fig. 11. Current flow in region V and VI. (a) Region V. (b) Region VI.

Fig. 12. Current flow in region VII.

In region VI, iN becomes 0, and ia = −ic . In this case, only
one current loop exists. Fig. 11(b) shows the current flow, and
the dc-link current can be expressed as

idc = ia = −ic (θ2 ≤ θ < θoff A ) (6)

where θoff A represents the turn-off angle of phase A.
In region VII, phase C is magnetized alone through switches

T4 and T7, while phase A is demagnetized through diode D2.
Fig. 12 shows the current flow, and the dc-link current can be
expressed as

idc = −ic − ia (θoff A ≤ θ < θzeroA ) (7)

where θzeroA is the rotor position, where ia decreases to zero.
In summary, idc can be expressed as (8) in the interval

[θonA , θzeroA ]

idc =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ia (θonA ≤ θ < θ1)
ia = −ib (θ1 ≤ θ < θoff B )
ia + ib (θoff B ≤ θ < θzeroB )
ia (θzeroB ≤ θ < θonC )
−ic (θonC ≤ θ < θ2)
ia = −ic (θ2 ≤ θ < θoff A )
−ic − ia (θoff A ≤ θ < θzeroA ).

(8)

It should be noted that θ1 , θ2 , θzeroA , and θzeroB are just used
for the above analysis, and only the turn-on and turn-off angles
are required for the implementation of the proposed method.

B. Phase Current Reconstruction Method

According to the above analysis about the relationship among
idc and the phase currents, it can be found that idc directly equals
to one phase current in some regions. For other regions, idc is the
function of two phase currents. To decouple the dc-link current
and reconstruct the phase currents, a pulse, for example, a large
duty ratio PWM signal, is injected into appropriate switches of
the converter in several regions. According to (8), the switches
used to inject the PWM signal for current reconstruction of
phase A in the interval [θonA , θzeroA ] are shown in Table I and
Fig. 13. It can be found that only region III, V, and VII require
PWM injection.
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TABLE I
SWITCHING LOGIC AND SWITCHES USED FOR PWM SIGNAL INJECTION

Regions Rotor position Switching logic Switches used for
PWM signal

injection

I θonA ≤ θ < θ1 T1 and T6 No
II θ1 ≤ θ < θoff B T1 and T6 No
III θoff B ≤ θ < θzeroB T1 and T8 T1 and T8
IV θzeroB ≤ θ < θonC T1 and T8 No
V θonC ≤ θ < θ2 T1 and T4 T8
VI θ2 ≤ θ < θoff A T1 and T4 No
VII θoff A ≤ θ < θzeroA T7 and T4 T7 and T4

Fig. 13. PWM signal injected for current reconstruction of phase A.

In region III, phase B is demagnetized while phase A is en-
ergized, and ib decreases. When the switches T1 and T8 are
turned OFF, phase A begins to be demagnetized through two
paths. One is through diodes D2 and D7, and the other one is
through diodes D2, phase B winding and D5, as illustrated in
Fig. 14(a). In this case, ia can be written as

ia = −iN + (−ib) = −idc (9)

where iN is the current flowing through the neutral line.
In region V, phase C and A are simultaneously energized as

shown in Fig. 11(a). When the switch T8 is turned ON, there are
two paths for phase A magnetization. One is through switches
T1 and T8, and the other one is through switches T1, phase C
winding and switch T4, as shown in Fig. 14(b). In this case, ia
can be written as

ia = −iN + (−ic) = idc . (10)

In region VII, phase C is magnetized alone and phase A is
demagnetized. The relationship among phase A and C currents
and the dc-link current is shown in (7). When the switches T4 and
T7 are turned OFF, there are two paths for the demagnetization
of phase C. One is through diodes D8 and D3, and the other one
is through diode D2, phase A winding and diode D3, as shown
in Fig. 15. In this state, idc is equal to ic , and the relationship
among currents can be written as

−idc = −ic = ia + iN . (11)

As shown in Fig. 13, when pulse (n) is at low level, the dc-link
current can be calculated as

−idc(n) = −ic(n) = ia(n) + iN (n). (12)

Fig. 14. Current flow in regions III and V with PWM injection. (a) Region
III. (b) Region V.

Fig. 15. Current flow in region VII with PWM injection.

When pulse (n+1) is at high level, according to (7), the dc-link
current can be written as

idc(n + 1) = −ic(n + 1) − ia(n + 1). (13)

Based on (12) and (13), the current of phase A can be approx-
imately obtained as

ia(n + 1) = −ic(n + 1) − idc(n + 1)

≈ −ic(n) − idc(n + 1)

≈ −idc(n) − idc(n + 1). (14)
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TABLE II
SWITCHING LOGIC, SWITCHES USED FOR PWM INJECTION, AND DC-LINK CURRENT WITH AND WITHOUT PWM INJECTION

Conduction phases B, A A A, C C C, B B B, A A A, C C C, B B

Switching logic T1, T6 T1, T8 T1, T4 T7, T4 T5, T4 T5, T8 T5, T2 T7, T2 T3, T2 T3, T8 T3, T6 T7, T6
Switches used for PWM
signal injection

T7 T1, T8 T8 T7, T4 T7 T5, T8 T8 T7, T2 T7 T3, T8 T8 T7, T6

dc-link current without
PWM injection

ia ia + ib −ic −ic − ia ib ib + ic −ia −ia − ib ic ic + ia −ib −ib − ic

dc-link current with
PWM injection

−ib −ia ia ic −ic −ib ib ia −ia −ic ic ib

Fig. 16. Phase currents and bus current under SPV control with PWM signal
injection.

According to the above analysis, the positive part of ia can be
reconstructed in all seven regions, and the negative part of ia and
the complete current of phase B and C can be reconstructed with
the same method. Table II shows the normal switching logic,
the switches used for PWM injection and the dc-link current
with and without PWM injection under different conduction
situations.

From Table II, it can be found that for overlapping conduction
regions, the current of the incoming phase can be directly ob-
tained without PWM injection, and the current of the other phase
can be achieved by turning on one switch from the dual switch
module with the PWM signal. For single-phase conduction re-
gions, the combination of two phase currents can be directly
obtained without PWM injection. The current of the conducting
phase can be achieved by turning OFF the two active switches,
and the current of the other phase can be obtained by simple
operations as (14).

Fig. 16 shows the phase currents ia , ib , ic , and bus current
idc of the SRM under single-pulse voltage (SPV) control, and
the PWM pulse signals are injected into the switches for phase
current reconstruction, which can be reflected by the bus current.
Taking phase A as an example, from the figure, it can be seen
that ia directly equals to idc in regions I, II, IV, and VI, so PWM
signal injection is not required, while in regions III, V, and VII,
PWM signal is applied. It should be noted that in the figure, the
pulse is injected in region I, which is used to reconstruct the
current of phase B.

The existing single sensor phase current reconstruction
method for conventional SRM drive system just can obtain the

Fig. 17. Phase current under motoring and generating conditions with the
indication of regions. (a) Motoring condition. (b) Generating condition.

phase current in the magnetization region, while the above pro-
posed method can reconstruct the phase current in both mag-
netization and demagnetization regions. In other words, the
proposed method can obtain the complete period phase current,
which is very critical for the implementation of some methods,
such as torque ripple reduction and rotor position estimation.
Fig. 17 shows the different regions under both motoring and
generating conditions, where θon and θoff are the turn-on and
turn-off angles, respectively.

IV. SIMULATION EVALUATION

A three-phase 12/8-pole SRM is employed to evaluate the
proposed phase current reconstruction method, and its detailed
specifications are presented in Table III, where the rated torque
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TABLE III
DETAILED SPECIFICATIONS OF THE SRM PROTOTYPE

Rated power 1 kW Stator outer diameter 120 mm
Rated speed 2000 r/min Stack length 81 mm
Rated torque 4.8 N·m Airgap length 0.15 mm

is obtained when the turn-on and turn-off angles equal to –3o

and 18.5o, respectively. Based on the measured data of electro-
magnetic characteristics of the prototype, the simulation model
is built in MATLAB with the method in [34].

The PWM signal is generated by the pulse generator block in
Simulink. The simulation of open-loop control is implemented
with the SPV control method, while the HCC scheme is carried
out for speed closed-loop control based on the reconstructed
phase currents. In all the simulations, the frequency and duty
ratio of the injected PWM signal are set to 10 kHz and 0.9,
respectively.

Fig. 18 compares the actual phase current ia with its recon-
structed value iare under varied speeds, and the error eia = ia −
iare , relative error eia∗ = |ia − iare |/ia × 100% and switching
signals are shown as well. The SPV control method is adopted,
and the turn-on and turn-off angles are set to 0o and 17o, respec-
tively.

From Fig. 18, it can be found that eia∗ increases along with
the rise of the speed. The proposed method is mainly based
on PWM injection. The phase current is reconstructed at the
beginning of each PWM pulse, and then maintained until the
coming of the next pulse. For higher speed, fewer PWM pulses
are included in one phase current period, and the errors resulted
from the maintenance of the current will be larger. Furthermore,
for a certain speed, big change ratio of phase current will cause
a large error, such as shadowed regions A and B in Fig. 18(a). It
should be noted that the change ratio of the current is also big
before region A, but the error is tiny, which is because the current
reconstruction in that region is not based on PWM injection,
as illustrated in Table I. According to the above analysis, if
smaller error is required, higher frequency PWM signal should
be adopted.

In Fig. 19, the closed-loop speed control is carried out with
HCC method, where the dc-link voltage and current hysteresis
width are 96 V and 2 A, and the turn-on and turn-off angles are
set to 0o and 18o, respectively. The reference speed rises from
1000 to 1500 r/min at 0.4 s, and the load torque is 2 N·m.

In Fig. 19, it can be found that the error also increases along
with the rise of the speed, which is the same as the cases in
Fig. 18. The reconstructed phase current is directly used for
the closed-loop speed control, and the control performance is
satisfactory, which indicates that it is feasible to implement
speed control of SRM with the reconstructed phase current.

V. EXPERIMENT EVALUATION

The phase current reconstruction method is evaluated by ex-
periments with the aforementioned SRM prototype. The block
diagram and photographs of the experimental test bench are il-
lustrated in Figs. 20 and 21. The rotor position and speed are

Fig. 18. Simulation current comparison with SPV control under different
speeds. (a) Current comparison under 500 r/min. (b) Current comparison under
1000 r/min. (c) Current comparison under 2000 r/min.

obtained with a resolver, and a magnetic powder break is used
as the loading equipment. Table IV shows the chips and sensors
used in the sampling and drive circuits.

In the test bench, with the reference and real speed, the ref-
erence current can be got by speed control. Then, the HCC
is carried out with the reconstructed phase currents iare , ibre ,
and icre and reference current, and the hysteresis control sig-
nal is obtained. Based on the turn-on and turn-off angles θon
and θoff , the rotor position, the hysteresis control signal and
the injected PWM signal, the switching signal can be generated
by logical processing. According to the switching signal, the
switches in the power converter act correspondingly to control
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Fig. 19. Simulation results of closed-loop speed control based on HCC method
with the reconstructed phase current. (a) Speed and reconstructed phase current.
(b) Current comparison.

Fig. 20. Schematic diagram of the test bench.

the SRM. The bus current idc is measured by a current sensor
and converted to digital signals by a 14-bit A/D converter, and
the reconstructed phase currents are converted to analog form by
a 14-bit D/A converter and compared with the measured phase
currents ia , ib , and ic in the oscilloscope. It should be noted
that in Fig. 20, the function blocks in blue are implemented in
digital signal processor (DSP), while red in field-programmable
gate array (FPGA).

Fig. 21. Photographs of the test bench.

TABLE IV
ELEMENTS USED IN SAMPLING AND DRIVE CIRCUITS

Component Selected model Component Selected model

DSP TMS320F28335 D/A AD9244
FPGA EPM1270C5 Driver chip QP12W05S-37
A/D AD9767 Current sensor LA25-NP

In Fig. 22, the actual and reconstructed currents of phase
A with SPV control are compared under different speeds. The
turn-on and turn-off angles are set to 0o and 17o, respectively. It
should be noted that in all the experiments, the frequency and
duty ratio of the injected PWM signal are set to 10 kHz and 0.9,
respectively. In the figure, there are good agreements between
the real and reconstructed phase currents, and the reconstruction
errors increase along with the rise of the speed.

In Fig. 23, the closed-loop speed control is carried out based
on HCC method with the reconstructed phase current, where
the reference speed rises from 1500 to 2000 r/min and then
falls to 1000 r/min, and the load torque is 2 N·m. The turn-on
and turn-off angles are set to 0o and 18o, respectively. From the
figure, it can be found that both the reconstruction and control
performances are satisfactory.

It should be noted that following factors also can contribute
to the reconstruction errors of the experiments.

1) The errors of A/D and D/A converters.
2) The switching characteristics of the switches, such as the

turn-on and turn-off delay time.
3) The electromagnetic interference in measurement.
All the above simulations and experiments show that the

proposed method can effectively reconstruct the phase currents
of the SRM driven by the modular converter, and the closed-loop
speed control under HCC method can be implemented with the
reconstructed phase currents. To further analyze the influences
of the reconstruction method on the performances of the SRM
drive system. More experiments are carried out as follows.

Fig. 24 shows the torque speed curve comparison among
AHB converter without reconstruction, modular converter with
and without reconstruction. The power supply voltage is 96 V,
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Fig. 22. Experimental current comparison with SPV control under different
speeds. (a) Current comparison under 500 r/min. (b) Current comparison under
1000 r/min. (c) Current comparison under 2000 r/min.

the turn-on and turn-off angles are 0o and 18o, respectively, and
the duty cycle of the PWM signal for current reconstruction
is 0.95.

From the figure, it can be seen that the application of modular
converter and phase current reconstruction method will slightly
reduce the output torque, the reasons are as follows.

1) Compared with conventional AHB converter, in modular
converter, there are some small regions where two phases
are excited in series, and half of the dc-link voltage will
be applied to each phase.

2) The injection of PWM signal for current reconstruction
will slightly reduce the input electrical power, which is
the common issue of the reconstruction method based on
pulse injection.

For the SRM drive system with the modular converter, Fig. 25
compares the measured efficiency of the whole system with and
without PWM injection, where the efficiency η is calculated by
(15). From the figure, it can be found that the effect of the PWM
injection on the system efficiency is very small. Furthermore,
the influence of the PWM injection on current and torque ripple
is also small, which can be found in the above simulation and
experimental results

η =
output mechanical power

input electrical power
=

T · ω
U · I (15)

Fig. 23. Experimental results of closed-loop speed control based on HCC
method with the reconstructed phase current. (a) Speed. (b) Current comparison.

Fig. 24. Torque speed curve comparison.
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Fig. 25. System efficiency comparison with and without PWM injection.

where T, ω, U, I represent the torque, speed, bus voltage, and
current, respectively.

VI. CONCLUSION

With the purpose of developing a highly integrated SRM
drive system, a novel phase current reconstruction method with
the modular power converter is proposed and evaluated. The
method is based on the PWM signal injection, and the current
of all the phases can be reconstructed from the sampled dc-
link current. As the theoretical basis, detailed analysis of the
current relationship with and without the PWM signal injection
is presented, and several simulations and experiments are carried
out to verify the effectiveness of the method.

The features of the proposed method can be summarized as
follows.

1) It only needs one dc-link current sensor and one A/D
channel and there is no special requirement on the cur-
rent sensor, which further enhances the integration and
reliability and reduces the cost of the considered modular
converter.

2) It can obtain the complete period phase current, which is
very critical for the implementation of some methods.

3) It dose not need change the structure of the converter,
which retains all the advantages of the modular converter.

4) It only requires single high-frequency PWM signal, and
the involved arithmetical operations are very simple,
which makes the reconstruction convenient and guaran-
tees the real-time performance.

5) It can obtain good reconstruction results, and its influences
on the performances of the system, such as output torque
and efficiency, are very small.

In practical applications, the performances of the proposed
method are related to the speed of the machine and switching
characteristics of the switches in the power converter. For higher
speed application, the frequency of the injected PWM signal
should be increased to guarantee satisfactory reconstruction ac-
curacy, which requires better characteristics of the switches,
such as higher switching frequency and shorter delay time.
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