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Abstract—This article proposes a novel current control tech-
nique for three-phase switched reluctance motor (SRM) drives with
harmonic current suppression, based on developed flux modulation
principle. For conventional SRM control systems, the unsmooth
and discontinuous stator current cause serious torque ripple, vibra-
tion, and noise, due to the doubly salient motor structure. In order
to overcome shortcomings in conventional drives, the developed
flux modulation principle is employed for the SRM in this article,
where the working principle is investigated in detail, including the
excitation magnetic field, flux modulator, and armature magnetic
field. Then, a new control strategy is presented to generate the dc-
biased sinusoidal current, by employing the modular open-winding
converter. Furthermore, a harmonic current suppression strategy
is put forward for the new drive to improve the motor performance,
by employing a developed vector proportional integral control
scheme. Compared to existing SRM drives, the torque ripple and
motor vibration can be both significantly reduced, the motor struc-
ture and winding arrangement do not need to be changed, and the
robustness of the motor system is improved. Finally, experiments
are carried out on a three-phase 12/8 SRM prototype to verify the
effectiveness of the proposed SRM drive and control strategy.

Index Terms—Flux modulation, harmonic current suppression,
open-winding converter, switched reluctance motor (SRM), torque
ripple, vibration.

I. INTRODUCTION

UE to advantages of simple doubly salient structure, high
D starting torque, rare-earth free, low cost, and good speed
control performance, switched reluctance motors (SRMs) have
received much attention in various applications [1]-[4]. With
the rare-earth sources becoming increasingly rare, SRMs are
considered to be a promising solution for applications in electric
vehicles [5]-[9], household appliances [10], automotive traction
[11], [12], and aircraft starters and generators [13]-[15]. In

Manuscript received October 31, 2019; revised January 9, 2020; accepted
February 13, 2020. Date of publication February 19, 2020; date of current
version June 23, 2020. This work was supported by the National Nature Science
Foundation of China under Grant 51907073. Recommended for publication by
Associate Editor A. Muetze. (Corresponding author: Chun Gan.)

The authors are with the State Key Laboratory of Advanced Electromagnetic
Engineering and Technology, School of Electrical and Electronic Engineer-
ing, Huazhong University of Science and Technology, Wuhan 430074, China
(e-mail: zhiyueyu@hust.edu.cn; chungan@hust.edu.cn; cy_huster@hust.edu.
cn; ronghaiqu @hust.edu.cn).

Color versions of one or more of the figures in this article are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2020.2975121

, Member, IEEE, Yu Chen

, Student Member, IEEE,
, Fellow, IEEE

terms of the control strategy, the current chopping control (CCC)
method is usually adopted in the SRM drive, due to advantages
of simple calculation and flexible control ability [16], [17], and
the stator current waveform is approximate to the discontinuous
square waveform. However, the double salient structure and the
abundant high-order harmonic components in the phase current
will generate large torque ripple, vibration, and noise, which
limit the SRMs for industrial applications [18].

For SRMs, the electromagnetic force can be decomposed into
the radial electromagnetic force and tangential electromagnetic
force. The radial force is the source of the vibration and noise,
and the tangential force provides the output torque. However, the
rapid change in tangential force will cause torque ripple. Hence,
to suppress the torque ripple and vibration, both the radial and
tangential force should be considered comprehensively. There
have been several investigations on torque ripple reduction and
vibration minimization. In terms of the motor topology, several
shape redesign methods of the stator and rotor teeth are proposed
in [19]-[22] to eliminate the torque ripple. In [23], the step airgap
and cambered rotor teeth are adopted for torque ripple reduction.
A vibration reduction strategy is put forward in [24] by inserting
insulating nonmagnetic ceramic gaskets between the stator teeth.
In [25], the stator and rotor skewing method is adopted to reduce
vibration and noise in SRM drives.

In terms of motor control strategies, several advanced control
schemes have been investigated. In [26], an active vibration
reduction method is proposed. By inserting a short zero-voltage
loop into the current commutation region, the vibration caused
by the sudden current change can be reduced. Besides, a hybrid
excitation strategy is proposed in [27], where the vibration and
noise can be reduced since the changing rate of the excitation
voltage and magnetic flux during the current commutation re-
gion is decreased. In [28], the independent winding structure is
employed. By independently controlling the winding current, a
required radial force can be generated on the rotor to counteract
the vibration.

For torque ripple reduction, referring to the induction motor
control method, the direct torque control (DTC) scheme is
developed in SRM drives [18], [29]-[31]. The voltage vector
of the power converter is selected by comparing the reference
and actual value of the torque and magnetic flux amplitude.
Hence, the output torque can be controlled directly, which not
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only improves the dynamic response, but also reduces the torque
ripple in the SRM drive. However, since there is no definition
of the turn-ON and turn-OFF angles, negative torque is easily
generated, which will affect the efficiency of the SRM system.
The excitation region is limited in the direct instantaneous torque
control (DITC) scheme to avoid negative torque generation
[32]-[36]. With the employment of the torque sharing function,
driving signals can be obtained directly by the torque hysteresis
controller, which can reduce the torque ripple. Nevertheless, the
motor magnetic characteristic is required and the output torque
capacity is reduced since the phase current drops rapidly in the
commutation region.

Similar to the synchronous reluctance machine, the modular
three-phase converter is adopted to realize sinusoidal bipolar
current excitation in the SRM drive [37], [38]. Since the stator
winding is excited by smooth sinusoidal current, the torque
ripple and vibration caused by the current chopping can be
reduced. It is proved in [39] that, the average torque for the
SRM is mainly generated by the dc component, fundamental
component, and second-order component of the stator current.
Hence, when the SRM is only driven by the sinusoidal current,
the torque output capacity will be decreased significantly. In
[40], a hybrid excitation motor structure is put forward to im-
prove the torque capacity. Although the rotor shape is similar to
that in a conventional SRM, an additional dc winding is needed
to generate the excitation magnetic field, which is different from
that in conventional SRMs. Also, the working principle and cor-
responding control strategy to improve the motor performance
are not proposed and analyzed in detail.

In [41], the pseudosinusoidal current excitation method is put
forward. Based on the inductance profile, the reference value of
the unipolar stator current is online optimized to minimize the
torque ripple [42]. By applying the current hysteresis control,
the calculated pseudosinusoidal current can be generated to
drive the SRM. Nevertheless, the complex online calculation
and the narrow speed range limit the industrial application of this
control strategy. A more promising SRM drive should satisfy the
following requirements:

1) the torque ripple and vibration should be reduced;

2) the efficiency and torque capability are not decreased;

3) no requirement for preknowledge of the motor magnetic

characteristics;

4) relatively high robustness with fault-tolerant ability;

5) modular converter structure.

With the development of the flux modulation principle, several
flux modulation motor topologies have been put forward, such
as the flux reversal motor, the flux switching motor, and the
vernier motor [43]. Flux modulation motors are developed from
magnetic gearing motors, which contains a magnetic gear to
amplify the output torque. The flux modulation motor is com-
posed of three basic parts, including the excitation magnetic
field generator, flux modulator, and armature magnetic field
generator, and the working principles of the magnetic gear and
flux modulation motor are approximately the same [44]. The
flux modulator plays the role of a magnetic gear to reduce the
rotating speed of the armature field and amplifies the output
torque with the magnetic gear effect [45], [46]. Due to the
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Fig. 1. Schematic diagram of the conventional three-phase SRM drive.

introduction of the flux modulator, the torque performance can
be greatly improved, which is the most significant advantage
of flux modulation motors. Hence, considering these points, the
flux modulation method can be further developed for SRMs to
improve the motor performance.

In order to reduce the torque ripple and vibration in three-
phase SRMs, a novel current control technique with harmonic
current suppression is proposed in this article based on a de-
veloped flux modulation principle. The working principle of
the proposed SRM drive is analyzed in detail, including the
excitation magnetic field, flux modulator, and armature magnetic
field. A modular open-winding converter is developed, and
the corresponding vector control scheme is presented, includ-
ing the vector distribution and pulsewidth modulation (PWM)
method. Furthermore, a harmonic current suppression method
is proposed based on the vector proportional—integral (VPI)
regulator. Compared to existing schemes, the torque ripple and
vibration can be significantly decreased, without any sacrifice
in the efficiency and torque output capacity. Also, because the
prestored motor magnetic characteristics are not required, the
computational burden will be significantly reduced. In terms
of driving topology, a modular converter is employed for the
proposed SRM drive, which can be applied to various applica-
tions conveniently. In addition, the introduction of the dc-biased
current adds an additional control freedom degree, which can
flexibly improve the fault-tolerant ability by changing the current
direction due to the employment of the open-winding converter.

The organization of this article is as follows. In Section II, the
conventional SRM drive is introduced. The working principle
of the proposed SRM drive is investigated in Section III. In
Section IV, the developed current control scheme is proposed
and the harmonic current suppression strategy is put forward.
Experimental results are carried out in Section V to verify the
effectiveness of the proposed SRM drive. Finally, the conclusion
is given in Section VI.

II. CONVENTIONAL SRM DRIVES

The schematic diagram of the conventional three-phase SRM
drive is shown in Fig. 1, which contains the 12/8 SRM, power
converter, current sensors, position sensor, controller, and drive
circuit. Each phase winding is driven by an isolated asymmetric
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Fig. 2. Three switching states of conventional SRM drives. (a) Current rising
state. (b) Freewheeling state. (c) Current falling state.

half-bridge converter, including two switches and two diodes.
Hence, unipolar discontinuous excitation currents will be gen-
erated independently, which ensures an excellent robustness and
good fault-tolerant ability.

The voltage equation of the SRM can be expressed as follows:

dwm(iwm 0) d[Lm(im, 9) ) im]

dt dt
% + Z‘mwr aLTﬂgZﬂv 9)
where R, represents the stator resistance; w, represents the rotor
speed; 6 represents the rotor mechanical angle; Uy, i1, 1, and
L., represents the phase voltage, phase current, flux linkage, and
phase inductance of the m-phase, respectively.

In conventional SRM drives, the working principle of the
motor is based on the reluctance minimization principle, which
differs from ac motors. Since the flux is always closed along the
path with the smallest reluctance, electromagnetic torque will
be generated by the tangential magnetic tension. The electro-
magnetic torque equation of the three-phase 12/8 SRM can be
expressed as follows:

3 .
1= T, = s Zelim® g

Um = Rslm + - Rsim +

= Ryim + Ly (im, ) (1)

where T is the total electromagnetic torque, T, is the phase
torque. Hence, a positive electromagnetic torque can be gener-
ated when currents are injected separately in each phase during
the ascending region of the phase inductance. The torque di-
rection is not related to the current polarity since the torque is
proportional to the square of the current.

The mechanical motion equation can be expressed as follows:

M:TE—TL—DWT—KO 3)
dt
where J is the moment of inertia of the SRM, 77, is the load
torque, D is the damping coefficient, w, is the rotor mechanical
speed, and K is the torsion elasticity coefficient.

For traditional SRM drives, the CCC strategy is usually em-
ployed [16], [17]. The operating states of the power converter
are determined by the reference and feedback value of the
phase current and the rotor position. Take phase A for example,
three basic switching states and corresponding current paths are
shown in Fig. 2. When the feedback current is smaller than the
reference value, S; and S5 are both turned ON, as shown in
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Fig. 2(a). The positive dc-link voltage is applied to the phase
winding and the phase current rises rapidly. When the feedback
current is larger than the reference value, S; is turned OFF and So
is ON, where a zero-voltage loop is applied to phase A winding,
as shown in Fig. 2(b). In the phase turn-OFF region, S; and S5
are both turned OFF, as shown in Fig. 2(c). The phase current
falls rapidly to zero, due to the negative dc-link voltage applied
to the phase winding.

Fig. 3 shows the control diagram of the conventional SRM
drive with the CCC scheme. The rotor mechanical position is
sampled by the position sensor to calculate the real-time speed
and commutation logic. Current sensors detect phase currents for
the hysteresis current controller. The speed controller, such as
the proportional—integral (PI) controller, calculates the current
reference i,.¢ based on the reference and feedback values of the
rotor speed. The threshold logic block calculates the maximum
current iy (1.€., Imax = Irer+2A\i) and minimum current iy,
(i.e., imin = Irer-/AQ) according to the current reference iyqf
and current hysteresis bandwidth Ai. The hysteresis controller
compares the sampled phase currents and the maximum and
minimum currents calculated by the hysteresis controller to
determine the switching signal of each switch in the turn-ON
region, aiming to keep the actual phase current between the
maximum and minimum currents. The commutation controller
is utilized to control the commutation logic from the turn-ON
angle, turn-OFF angle, and sampled rotor position.

III. DEVELOPED FLUX MODULATION PRINCIPLE FOR SRMs

For the flux modulation principle, the excitation magnetic
field generator, flux modulator, and armature magnetic field
generator are three basic units. Hence, the working principle
of the proposed dc-biased sinusoidal current excited SRM drive
can be analyzed in three parts as follows.

A. Excitation Magnetic Field Generator

In the proposed SRM drive, the three-phase stator currents
contain both the ac component and dc-biased component, which
can be expressed as follows:

iq = Tae sin(fe) + Iyc
iy = lac sin(fe — 27) + Iae %)
ic = le sin(fe + 27) + Iac

where 6, is the rotor electric angle; and I,. and I, are the
magnitude of ac and dc current components, respectively.
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posed SRM drive. (a) Winding connection of the 12/8 SRM. (b) Stationary MMF
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Fig.5. FEAresultand FFT analysis of the back EMF. (a) Back EMF waveform.

(b) FFT analysis.

In the proposed SRM drive, the dc-biased current component
is the source of the excitation magnetic motive force (MMF). The
diagram of the winding connection and the stationary MMF is
shown in Fig. 4, where the symbols “+” and “~” represent the
N and S polarities, respectively.

The mathematical expression of the stator excitation MMF
can be expressed as follows:

3,5,7,... 3,5,7,...

N,
Ff = E Fi Sin(iPdcth) = E NiIdc sin(if@s> (5)
i=1 i=1

where F; is the ith harmonic component of the excitation MMEF,
Pg. is the pole pair number of the stationary MMEF, Nj is the
stator slot number, 6 is the air gap mechanical angle, and V; is
the equivalent coil turns number of the stator winding of the ith
harmonic component.

It can be seen that, since the winding polarity of two adjacent
stator teeth is opposite, a static MMF will be established when
dc-biased current components are fed into the three-phase stator
winding, and the pole pair number is half of the stator slot
number, which is equal to six in the 12/8 SRM. It is worth noting
that since the stator windings on the adjacent stator teeth in the
12/8 SRM are wounded in opposite directions, the polarity of
the dc-biased current component does not affect the operation of
the SRM drive. Regardless of the polarity of the dc-biased cur-
rent component, a six-polar-pair stationary MMF is generated.

Fig. 5 shows results of the finite element analysis (FEA)
and fast Fourier transform (FFT) analysis of the phase back
electromotive force (EMF), where the rotor speed is 300 r/min
and /4. is 10 A. In addition to the fundamental component, the
phase back EMF also contains plenty of harmonic components,
which will cause large harmonic current components, leading to
torque ripple and vibration. Hence, it is necessary to investigate
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the harmonic current suppression strategy in the proposed SRM
drive.

B. Flux Modulator

The distribution of the air-gap permeance will change when
the rotor rotates, due to the doubly salient structure of the SRM.
The equivalent magnetic circuit diagram is shown in Fig. 6,
where R,,, Ry, R4, Ry, and R, represent the magnetic
resistance of the stator yoke, stator tooth, airgap, rotor tooth,
and rotor yoke, respectively.

The air-gap permeance plays an important role in modulating
the static excitation MMF. Considering the effect of the stator
and rotor slotting, the mathematical equation of the permeance
distribution caused by the stator and rotor slotting effects can be
expressed as follows [47]:

As(0:) = Aso = > Agj cos(iN05) (6)

j=1

o0
Ap(Bs,t) = Ao — Y A cos [EN (s — b) — wrt)] (7)
k=1
where Ay and Ag; are, respectively, the constant term and
amplitude of the jth harmonic term of stator side permeance
function, A, and A, are, respectively, the constant term and
amplitude of the kth harmonic term of rotor side permeance
function, N, is the rotor teeth number, and 6y is the initial
mechanical angle of the rotor.

Considering the superposition principle, the permeance of a
doubly salient motor can be expressed as the interaction between
the stator side permeance and rotor side permeance [48], [49].
The mathematical equation of the air-gap permeance can be

obtained by using (6) and (7) as follows:
Ay (6,,1) = 20 DrCel)
1o/ g

% to/g
As(0s) + A (05, 1) — (9/10)As(05) - Ay (05, 1)
where p represents the permeability of the vacuum and

g represents the airgap length. For approximate calculation,
(8) can be simplified in (9), where only the constant term and

®)
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fundamental term are considered

Ag(0s,8) = Ay(0,) ~AT(03,t)/%

~ ANy — Ans cos(Nsbs) + Ay, cos(N-05s — Nyw,t) .
—

o) (11) (1I1)

€))

It is obvious that the air-gap permeance can be divided into
three parts. Part (I) is the constant term of air-gap permeance,
which reflects the equivalent length of the air-gap. Part (II) is
the static permeance term, which reflects the effect of stator
slotting. Part (III) is the rotating permeance term, which reflects
the effect of rotor slotting. The pole pair number of the rotating
permeance is equal to the rotor teeth number, which is eight in
the 12/8 SRM.

The excitation magnetic field is obtained by the mutual effect
of the stationary excitation MMF and the air-gap permeance.
Hence, according to (5) and (9), when the fundamental term of
excitation MMF is only considered, the mathematical equation
of the excitation magnetic field can be expressed as follows:

By(0s,t) = Fy(0s) - Ag(0s,1)

~ NI sin <i]\27395> “[Ag — Anscos(Ngby)]

@

N
+ Niplgsin (i26‘s> - ANy cos(N,.05 — Nypw, t) .

(I
(10)

In (10), the excitation magnetic field contains both the station-
ary part (I) and rotating part (II). It is known that only the rotating
excitation magnetic field contributes to the electromechanical
energy conversion. Thus, according to part (II) in (10), the pole
pair number of the rotating excitation magnetic field can be
obtained by the following:

N
5 |-
Hence, for the 12/8 SRM, after the flux modulation of the

stator and rotor, a two-pole-pair air-gap rotating excitation field
can be generated by the six-pole-pair excitation MMF.

Pp =|N, — Pac| = N, — D

C. Armature Magnetic Field Generator

In the proposed SRM drive, the ac component in the sta-
tor current is the source of the armature MMF. When the
three-phase symmetric sinusoidal currents are injected into the
three-phase symmetric stator winding, respectively, a rotating
armature MMF will generate. The pole pair number of the
rotating armature MMF is equal to the pole pair number of the
stator winding.

According to the principle of the synchronous machine, to
generate a constant electromagnetic torque, the speed and di-
rection of the rotating armature MMF must be the same to the
rotating excitation magnetic field. Hence, the pole pair number
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of the stator winding should satisfy

Ny
Pa_PB_‘NT—j . (12)

For the winding connection in Fig. 4(a), the pole pair number
of the stator winding is two by using the star of slot theory
[50], which exactly satisfies the pole pair number relation in
(12). Therefore, the 12/8 SRM can be considered as a kind of
flux modulation machine and driven by the dc-biased sinusoidal
current. The theoretic analysis above is suitable for all SRMs
with 12 stator teeth and 8 rotor teeth, where this slot—pole
combination is commonly used in three-phase SRMs.

D. Torque Ripple and Vibration Analysis

The instantaneous electromagnetic torque of the motor can be
expressed as follows [49]:

ea(t)ia(t) + ep(t)in(t) + ec(t)ic(t)

T. = (13)
where e(f) and i(f) are the phase back EMF and current, re-
spectively. It can be seen that the instantaneous electromagnetic
torque can be obtained by the product of the instantaneous phase
current and back EMF. The average torque is generated only
when the harmonic order of the phase current is the same as that
of the back EMF. Otherwise, the torque ripple will be generated.

According to Fig. 5, there are plenty of harmonic components
in the phase back EMF, which are caused by the salient stator and
rotor structure. Besides, in the conventional CCC scheme, the
stator current is a discontinuous square-wave current, which also
contains plenty of harmonic components. Hence, the interaction
of the harmonic back EMF and harmonic current will cause the
torque ripple.

In the proposed drive, based on the flux modulation principle,
the dc-biased sinusoidal current is generated to drive the SRM.
Hence, the harmonic current components in the stator current can
be eliminated and the interaction of the harmonic back EMF and
harmonic current can be reduced. As a result, the torque ripple
can be decreased.

The average torque is mainly generated by the interaction of
the fundamental components of the phase current and back EMF.
The contribution of harmonic current components to the average
torque is small compared to the fundamental component. Hence,
the torque capability will not be decreased by employing the
proposed control strategy with harmonic current suppression.

The vibration of the SRM is related to the fluctuation of the
radial force. The interaction of the fundamental and harmonic
magnetic fields will generate vibrations. In the conventional
CCC scheme, the stator current is a discontinuous square-
waveform, which contains plenty of harmonic components. The
harmonic current components will generate plenty of harmonic
magnetic fields in the airgap. Then, significant vibrations will be
generated by the interaction of the fundamental and harmonic
magnetic fields.

In the proposed scheme, since the SRM is driven by the
dc-biased sinusoidal current, harmonic current components can
be effectively eliminated. Harmonic magnetic field components
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can also be significantly decreased and the vibration can be
significantly reduced.

IV. PROPOSED CONTROL STRATEGY BASED ON
OPEN-WINDING CONVERTER

A. Novel Current Excitation Method

In a conventional ac motor drive, a two-level inverter is
commonly used, because the stator winding is connected in star
and the sum of phase currents is equal to 0 without zero-sequence
current component. Thus, there are only ac components in the
stator winding.

In the proposed drive, since the working principle of the SRM
is based on the flux modulation principle, the dc-biased compo-
nent is needed in the stator current to generate the excitation
magnetic field and enhance the torque capability. Hence, the
sum of phase currents is not equal to 0 and there should be
a zero-sequence current flow path, which cannot be achieved
by using only a two-level inverter. Thus, the open-winding
converter is needed rather than a two-level inverter.

The open-winding converter topology of the proposed three-
phase SRM drive is shown in Fig. 7. The output terminals of
two modular three-phase converters are connected to the two
ends of the three-phase stator winding, which constitute an
open-winding converter. Hence, the voltage vector applied to the
stator winding is synthesized by the voltage vector of the two
inverter outputs. The relationship between the winding voltage
vector and the voltage vector of each modular converter can be
expressed as follows:

Uref = Urefl - Uref2 (14)

where U,qs represents the winding voltage vector, and U,ef
and U,po represent the voltage vectors of converters 1 and 2,
respectively.

In order to produce the three-phase symmetric dc-biased
sinusoidal current, the output voltage vector of two converters
should contain both the rotating component and zero-sequence
component. Hence, (12) can be further expressed as follows:

qu = qul - qu2

(15)
Uy = Uy — Un2

where subscript dg and O represent the rotating component and
zero-sequence component of each voltage vector, respectively.

Since two modular converters share one dc voltage source,
the rotating component of the output voltage vector in the two
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(a) Relationship between the rotating voltage components of two converters.
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converters should have a 120° phase-shift angle to avoid the gen-
eration of third-order harmonic voltage [51]. Fig. 8(a) shows the
relationship of the rotating component of three voltage vectors.
Up—U~ represents the eight fundamental vectors, respectively.
The amplitude of Ugq1 and Ugyo are equal, which is 0.57735
times of the amplitude of Ugy,. Besides, Ugq1 and Uggo lead Uy,
30" and 150° degree electric angle, respectively.

For conventional two-level space vector pulsewidth modula-
tion (SVPWM), the equivalent voltage vector is composed of
two effective vectors and two zero vectors in each sampling
period. Since the zero-sequence current path does not exist, the
action time of two zero vector is equal. Therefore, the action
time of each vector can be expressed as follows:

Te=T+To +Ty +T7

T—T T (16)
To =T = 5*21* 2

where T represents the PWM period; 77 and T5 represent the
action time of two effective vectors; 7y and 7T, represent the
action time of Uy and Uz, respectively.

Due to the zero-sequence current path in the open-winding
converter, the action time assignment of zero vectors is deter-
mined by the zero-sequence component of the voltage vector. If
the action time of Uy is longer than that of Uy in converter 1 and
shorter than that of Uy, in converter 2, the positive zero-sequence
voltage will generate in the winding voltage vector. Fig. 8(b)
shows the diagram of driving signals of two converters in the
proposed SRM drive. T, represents the equivalent action time
of the zero-sequence voltage component, which can be obtained
as follows:

~ |Uo1| — |[Uo2| U]
B Udc - Udc - 2Udc.
Therefore, in order to generate positive zero-sequence voltage
component in the winding voltage vector, the zero-vector action
time of two converters can be redistributed as follows:
b0=T=(T,—Thy —To —T,)/2 (converter 1, 2)
To=T14Tr =T, + T,
To=Ty+T1T.,T: =T

T, a7

(converter 1) (18)

(converter 2).

It can be seen that the zero-sequence component of two
inverters has opposite polarity. The diagram of U,ef, Uyet1, and
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Uy etz in af0-axis is shown in Fig. 9. U, can be generated by the
interaction of U,er; and Upepz. As shown in Fig. 9, the rotating
component of the output voltage vector in the two converters
should have a 120" phase shift. Hence, the amplitudes of the
rotating component of two converter voltage vectors are equal,
which is 0.57735 times of the amplitude of the rotating compo-
nent of winding voltage vector. Besides, the rotating component
of two converter voltage vector should lag the rotating winding
voltage vector by 30" and 150°, respectively. Because the zero-
sequence voltage component of the winding voltage vector is
equally divided, the zero-sequence components of two converter
voltage vectors are equal to half of the zero-sequence winding
voltage component. Therefore, the relationship between the ref-
erence voltage vector of two modular converters and the winding
voltage vector reference can be expressed as follows:

« By ,—j30°
qu1 = que
V37 ,—j150°
qu2 =% que

* x _ 1y
UOl - _UO2 - §U0

19)

Therefore, when the reference voltage vector of the winding
is determined, the reference voltage vectors of converters 1 and 2
can be obtained by using the relationship in Fig. 9 to decompose
the winding reference voltage vector.

The control diagram of the proposed three-phase SRM drive
is illustrated in Fig. 10. The root mean square (rms) value of the
phase current is obtained by the PI-based speed regulator.
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Fig. 11.  Schematic diagram of the current close-loop controller.

The current distribution block is used to calculate the refer-
ence value of dg0-axis current based on the RMS value of the
phase current obtained by the PI-based speed regulator. Since
the d-axis current makes no contribution to the output torque,
the d-axis reference current is set to zero. Hence, the RMS value
of the phase current can be expressed as follows:

(20)

For the comprehensive consideration of the output torque
capability and torque ripple reduction, the current ratio between
the g-axis current and 0-axis current is set to 1 in the current
distribution block for a proof-of-concept. Hence, by substituting
the current ratio into (20), the relationship among the phase
current RMS value, 0-axis current, and g-axis current can be
expressed as follows:

2D
iy =iy = /20
According to (21), the reference value of the dq0-axis current
can be obtained. The phase currents are sampled by Hall-effect
current sensors. By using Park transformation, the actual dqO-
axis current can be calculated according to the three-phase
current and rotor position. The errors between the reference and
actual value of dg0-axis currents are sent to the current regulator
to calculate the reference value of the winding voltage vector in
the dg0-axis. Because the O-axis current is not affected by the
harmonic back EMF, the conventional PI regulator is selected
for 0-axis current regulation. However, the harmonic back EMF
will generate significant three-order harmonic currents in the
dg-axis. Hence, the VPI regulator is adopted in the dg-axis
current regulator in the proposed drive. Based on the relationship
in Fig. 9 and (19), the voltage vector decomposition block is
used to calculate reference voltage vectors of two three-phase
modular converters according to the winding voltage vector
reference Uy, . Furthermore, a harmonic current suppression
strategy is employed to reduce the torque ripple and vibration,
which will be analyzed in detail in the following part.

B. Harmonic Current Suppression Strategy

The schematic diagram of the current closed-loop controller
is shown in Fig. 11, where Fy, represents the back EMF in the
dq-axis, and Greg(s) and Ggys(s) represent the transfer function
of the current regulator and motor system in the s-domain. For
the SRM drive, the transfer function of the motor system can be
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expressed as follows:

B 1
~ sLg + R,

where s represents the Laplace operator, L is the stator induc-
tance, and R is the stator resistance.

As shown in Fig. 5(b), because there are plenty of second
and fourth harmonic component in the phase back EMF, third
harmonic component will generate in E, after park transfor-
mation. Therefore, the third harmonic current in the dg-axis will
generate, which affects the SRM control performance. Hence,
in the proposed SRM drive, the harmonic current suppression
scheme should be further developed in the current controller to
improve the performance of the control system.

In conventional motor drives, the PI regulator is commonly
used, and the transfer function of the PI regulator can be ex-
pressed as follows:

Glays(s) (22)

Gra(s) = Ky + = 23)
where K, represents the proportional coefficient and K rep-
resents the integral coefficient. However, PI regulator has poor
control ability to ac signals due to the low high-frequency gain
of the PI controller, which means that the PI regulator cannot
eliminate the harmonic current caused by harmonic back EMF.
In order to eliminate the harmonic current in the proposed
SRM drive, the VPI current regulator is developed. The transfer
function of the VPI regulator can be expressed as follows:
2
Gvpi(s) = Kp + & 4§pfw+ KWZ
bS + Wy
I 11

(24)

where K, is the second-order resonant coefficient, K, is the
first-order resonant coefficient, wy, is the resonant bandwidth,
and wy is the resonant angular frequency. It can be seen that
the VPI regulator can be divided into two parts. Part (I) is the
PI term, which is equal to a conventional PI regulator. Part (II)
is the resonant term, which contains a second-order resonant
term and a first-order resonant term. The additional resonant
term provides a high gain at the resonant frequency. Hence, the
resonant-frequency signal can be tracked accurately. For 12/8
SRMs, to eliminate the third order harmonic current component
in the dg-axis, the resonant angular frequency should be equal
to the frequency of third order harmonic current component,
given by

wo =3 N, -w, = 24w,. (25)

Compared to the conventional PI regulator, additional reso-
nant terms greatly increase the calculation complexity. In order
to simplify the calculation, a method to realize resonance cal-
culation by using two integrators is employed in this article.
By splitting the transfer function of the resonant term, the
second-order resonant term and first-order resonant term in
the VPI regulator can be realized through two integrators, as
shown in Fig. 12. By adopting the simplified method, both the
resonant frequency and resonant bandwidth can be expressed
as a simple form of gain, respectively. Hence, when the SRM
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operates in the dynamic process, the resonant frequency and
resonant bandwidth can be calculated and updated in real time,
which improves the performance of the current regulator in the
dynamic process. Furthermore, because the resonant term is
separated into two integrators, online calculation of the accurate
trigonometric function can be avoided, making the discrete
process of transfer function in the s-domain much simpler for
the digital controller.

The bode diagram of the PI and VPI regulators are shown in
Fig. 13, where K, is 5, K; is 100, K, is 2, K;, is 400, wy is
12007, and wy is 127. It can be seen that both the PI and VPI
regulators have large low-frequency gain, which ensures a good
regulation ability for the dc component. However, at the resonant
frequency, the VPI regulator achieves a larger gain to regulate the
ac component compared to the PI regulator, which can be used to
suppress the third harmonic current in the dg-axis. Because the
SRM is an inductive load, phase delay will be introduced into the
control system. The VPIregulator has a phase lead angle of 87.5°
at the resonant frequency, which is beneficial to compensate the
phase delay caused by the SRM.

From (22)—(24), the transfer function of the open-loop current
controller based on the PI and VPI regulators can be expressed
as follows:

Kps + Ki

Gopen_p1(5) = Guys()Gri1(s) = 7 ——2-

(26)

Gopcn_VPI(s) - Gsys(S)GVPI(S)
(K + Ky st +(Kpwy+ K+ K ) 82+ (Kjwy+ K pwd) s+ K w?
- s(s2+wpstwd)(sLs+Ry) :
(27)
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TABLE I
COMPARING OF PROPOSED AND EXISTING SRM CONTROL STRATEGY

Method
Item

Method in
[16] and [17]

Method in
[29]-[31]

Method in
[32]-[36]

Method in
[37] and [38]

Method in
[41] and [42]

Proposed
method

Torque ripple

Large

Medium

Small

Small

Small

Small

Vibration

Large

Medium

Small

Small

Small

Small

Motor magnetic
characteristics

Not required

Required

Required

Not required

Required

Not Required

Efficiency

High

Low

Medium

Low

Medium

High

Output torque capacity

High

Low

Low

Low

Medium

High

Fault-tolerant ability

Medium

Medium

Medium

Without

Low

High

Computational
complexity

Easy

Complicated

Complicated

Medium

Complicated

Medium

Modular converter

Not equipped

No equipped

Not equipped

Equipped

Not equipped

Equipped
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Fig. 14. Bode diagram of the current controller. (a) Open-loop system.
(b) Closed-loop system.

Fig. 14(a) shows the bode diagram of the open-loop current
controller. The stability of the system can be characterized by
the phase margin of the open-loop controller. It can be seen from
Fig. 14 that the crossing frequency of the open-loop controller
in the proposed drive is 1220 Hz and the phase margin is 90,
Hence, the VPI regulator can always remain stable during the
working process. Besides, the gain of the open-loop controller
will not obviously decrease by an appropriate resonant band-
width with the deviation of resonant frequency, which ensures
the harmonic current suppression ability in the system dynamic
process.

Fig. 14(b) shows the bode diagram of the closed-loop current
controller. For the PI-based current controller, the closed-loop

gain at the resonant frequency is —1.98 dB, and the phase
responseis —37°. Hence, the third harmonic current in the dg-axis
cannot be effectively suppressed by the PI current controller.
However, for both the dc component and resonant frequency
component, the VPI current controller can ensure the 0 dB gain
and 0° phase response, so that the amplitude and phase between
the reference and actual signal are the same, which means that the
VPI current controller can achieve excellent harmonic current
suppression ability.

C. Comparison With Existing Strategies

A detailed comparison of existing and proposed control strate-
gies is summarized in Table I. The proposed scheme is compared
with five existing methods, including the CCC, DTC, DITC,
bipolar sinusoidal current excited, and pseudosinusoidal current
excited schemes. Comparisons of existing methods have already
been made in previous papers, which are explained in detail as
below. For further explanation, the experimental results under
the typical CCC and pure-sinusoidal current excited schemes
have been carried out for comparison in Section V.

The CCC scheme is commonly adopted in the SRM drive due
to the advantage of simple calculation [16], [17]. However, be-
cause the hysteresis current controller is employed, the switching
frequency is uncertain and the phase current is a discontinuous
square-waveform, which contains a large number of chopping
ripples. Hence, the torque ripple and vibration will be generated.

In [18], [29]-[31], the DTC scheme is developed in SRM
drives to reduce the torque ripple. The torque and magnetic
flux hysteresis controllers are employed to obtain the output
voltage vector of the power converter directly. It is proved that,
compared with the traditional CCC scheme, the DTC scheme can
effectively reduce the torque ripple of the SRM [52]. However,
since there is no definition of turn-ON and turn-OFF angles of each
phase, negative torque is easily generated, which will affect the
motor system efficiency [53], [54].

In order to reduce the torque ripple and avoid the negative
torque generation, the DITC scheme is investigated in [32]-[36].
Compared with the DTC scheme, the excitation region of each
phase is limited by the predefined turn-ON and turn-OFF angles to
avoid the negative torque generation in the DITC scheme [53].
Hence, the torque-ampere ratio in the DITC scheme is larger
than that in the DTC scheme [54]. In [32] and [33], the DITC
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scheme is compared with the traditional CCC scheme, where the
torque ripple can be reduced significantly. However, in both the
DTC and DITC schemes, since the torque is controlled directly,
the actual torque should be observed in real time according to
the current and rotor position in a torque table, where accurate
motor magnetic characteristics are required [36]. Besides, due
to the introduction of torque sharing function, the phase current
decreases significantly in the commutation region, where the
output torque capability of the SRM is reduced.

In [41] and [42], the pseudosinusoidal current excitation
method is put forward. Based on the inductance profile, the
reference value of the stator current is online optimized to
minimize the torque ripple. By applying the current hysteresis
controller, switching signals can be obtained by comparing the
calculated pseudosinusoidal current and sampled phase current.
Since the phase current is smooth and optimized, the torque
ripple can be reduced compared with the CCC, DTC, and DITC
schemes [42], [53]. However, because the reference current
is calculated based on the inductance profile, accurate motor
magnetic characteristics are needed and the real-time calculation
is complicated.

Similar to the synchronous reluctance motor, a bipolar si-
nusoidal current excited SRM drive is proposed in [37] and
[38]. Since the stator winding is excited by a smooth pure-
sinusoidal current, the torque ripple and vibration caused by the
high-frequency harmonic current components can be reduced.
However, it is proved in [39] that the average torque for the
SRM is mainly generated by the dc component, fundamental
component, and second-order component of the stator current.
Hence, when the SRM is only driven by the pure-sinusoidal
current, the torque capacity is decreased significantly.

This article proposes a dc-biased sinusoidal current excited
SRM drive. Different from the existing control strategy men-
tioned above, the working principle of the proposed SRM
control scheme is based on the flux modulation principle. The
low-frequency harmonic components and high-frequency ripple
in the dc-biased sinusoidal phase current are effectively sup-
pressed, and the torque ripple and vibration of the motor can
be significantly reduced. Furthermore, the torque capacity can
be enhanced by the dc-biased current component, so that the
efficiency of the SRM drive can be ensured. Besides, because
the polarity of the dc-biased current component does not affect
the operation of the SRM, the fault-tolerance operation can be
realized with the open-circuit fault of the power switch, by
changing the polarity of the dc-biased current component. More-
over, the modular converter is equipped in the proposed SRM
drive, which shows a great potential for industrial application.

V. EXPERIMENTAL RESULTS

In order to test the performance of the proposed SRM drive,
experimental verifications are carried out on a three-phase 12/8
SRM prototype. The main parameters are listed in Table II.
The experimental equipment and the schematic diagram of the
system are shown in Fig. 15. The digital control program is im-
plemented by a dSPACE DS1007 platform. The PI and proposed
VPI-based control schemes are employed to regulate the speed

10623

TABLE II
MOTOR PARAMETERS

Parameters Unit Value
Phase number - 3
Number of stator poles - 12
Number of rotor poles - 8
Rated power kW 1
Rated speed r/min 1500
Phase resistance mQ 40
Minimum phase inductance mH 0.19
Maximum phase inductance mH 2.02
Stator arc angle deg 15
Rotor arc angle deg 19
Air gap length mm 0.3

Converter 8

Current
sensor

Oscilloscope

DC voltage
source

Vibration
detector

DC-link
capacitors

Gear box

(@
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Fig. 15. Experimental setup. (a) Experimental equipment. (b) Schematic
diagram of the proposed SRM drive.

Current |izp
distribution

(b)

and current, respectively. A multichannel isolated oscilloscope is
adopted to record experimental waveforms. The phase currents
are sampled by Hall-effect current sensors LA55P/SP1, and the
rotor position and mechanical speed are detected by a magnetic
encoder installed on the rotor. The torque waveform is observed
by using the real-time phase currents and rotor position to look
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current suppression strategy. (a) Three-phase currents and dg-axis currents.
(b) FFT analysis of the phase current.

up for the prestored torque table that includes the torque-current-
position characteristics. Acceleration sensors are installed on the
motor frame to detect the motor vibration. The open-winding
converter is adopted to drive the SRM and a programmable dc
voltage source is employed to provide the dc-link voltage. The
switching frequency and the current sampling frequency are both
set to 10 kHz. For the motor test platform, a magnetic brake is
used to provide the load torque, and a gearbox is connected
between the motor and magnetic brake to amplify the output
torque.

Figs. 16 and 17 show the experimental results of three-phase
currents, dg-axis currents, and corresponding FFT analysis at
300 r/min and 1.5 N-m with and without the proposed harmonic
current suppression method, respectively. In the figure, ¢, i, and
1. are the stator currents of phases A, B, and C, respectively, and
iq and 7, are the d-axis current and g-axis current, respectively.
It can be seen from Fig. 16(a) that, the three-phase current con-
tains large harmonic components without the harmonic current
suppression strategy, leading to current distortion. The harmonic
component in three-phase current will lead to a large third order
harmonic component in the dg-axis current after the coordinate
transformation, leading to poor current tracking control due to
the third order harmonic component in the dg-axis current. The
high-frequency harmonic components cannot be eliminated by
the conventional PI regulator without the proposed harmonic
suppression strategy. By applying the proposed harmonic sup-
pression method, a large gain at the resonant frequency can
be achieved due to the developed VPI regulator. Hence, the
harmonic components in the three-phase current and dg-axis
current can be significantly suppressed, as shown in Fig. 17(a).

Figs. 16(b) and 17(b) show the FFT analysis of the phase
current. Without the proposed harmonic suppression strategy,
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the amplitudes of the second-, third-, fourth-, fifth-, sixth-,
and seventh-order harmonic current components are 3.52%,
0.69%, 1.36%, 0.45%, 0.68%, and 0.61% of the fundamental
component amplitude, respectively, where the total harmonic
distortion (THD) is 6.9%. By employing the proposed harmonic
current suppression method, the amplitudes of the second-,
third-, fourth-, fifth-, sixth-, and seventh-order harmonic current
components can be reduced to 0.19%, 0.54%, 0.08%, 0.15%,
0.66%, and 0.24% of the fundamental component amplitude,
respectively, where the THD is greatly reduced to only 3.0%.
Experiments are also carried out at 1500 r/min and 1.5 N-m
with and without the proposed harmonic current suppression
method, as shown in Figs. 18 and 19. It can be seen that
the distortion of the phase current is much more serious at
higher speed. The amplitudes of the second-, third-, fourth-,
fifth-, sixth-, and seventh-order harmonic current components
are 16.6%, 6.00%, 2.79%, 0.85%, 1.76%, and 1.10% of the fun-
damental component amplitude, respectively, where the THD
is 18.44%. However, by employing the proposed harmonic
suppression method, the harmonic components in both the phase
current and dg-axis current can still be well eliminated, where
the amplitudes of the second-, third-, fourth-, fifth-, sixth-,
and seventh-order harmonic current components can be reduced
to 1.26%, 1.65%, 1.80%, 0.36%, 1.24%, and 0.84% of the fun-
damental component amplitude, respectively, where the THD
can be reduced to 5.10%. Therefore, experimental results prove
that the harmonic current caused by the distorted back EMF can
be effectively suppressed by using the proposed VPI-based har-
monic current suppression method for the developed SRM drive.
Fig. 20 shows the experimental results of three-phase current
and output torque at 300 r/min and 1.5 N-m with the conventional



YU et al.: DC-BIASED SINUSOIDAL CURRENT EXCITED SRM DRIVES BASED ON FLUX MODULATION PRINCIPLE

Torque ripple=91.82% Irms=14.26A  Torque rt'pple*36 55% Ims=14.13A

I‘NNW ia ".)mel; f\ /\ .
—\ [ \ § A J“‘ - W\
R e G oGSO

. Te

1a,ib,ic: 20A/div

la,ib,ic: 20A/div

Te: 2N-m/div 1 (5ms/div) Te: 2N-m/div t (5ms/div)
(a) (b)
Fig. 20. Experimental results of three-phase current and output torque at

300 r/min under different control methods. (a) Conventional CCC method.
(b) Proposed control method.
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Fig. 21. Experimental results of three-phase current and output torque at

1500 r/min under different control methods. (a) Conventional CCC method.
(b) Proposed control method.

CCC method and proposed control method. When the CCC
scheme is adopted, the phase current waveform is a square wave-
form, which contains a large amount of harmonic components.
The introduction of current hysteresis control also causes a large
amount of high-frequency current ripple. The harmonic current
and high-frequency current ripple will both lead to large torque
ripple. During the phase commutation process, the torque will
drop due to the discontinuous phase current, which also increases
the torque ripple of the SRM.

In the proposed scheme, the electromagnetic torque is gener-
ated by the interaction of the excitation magnetic field and the
armature magnetic field, which differs from that in the conven-
tional CCC scheme. The current harmonic components can be
greatly reduced with continuous dc-biased sinusoidal current.
The torque ripple caused by the harmonic current component,
high-frequency current ripple, and phase commutation can be
effectively eliminated. By employing the proposed control strat-
egy, the torque ripple can be reduced from 91.82 to 36.55%.

Fig. 21 represents the experimental results at 1500 r/min with
different control schemes. It can be seen that the torque ripple can
be reduced from 97.82% to 35.52%, and the RMS value of the
phase current is nearly the same between the CCC and proposed
schemes. Thus, the efficiency and output torque capacity will
not decrease with the reduction of torque ripple by using the
proposed strategy.

Fig. 22 shows the experimental results of three-phase current
and output torque at 300 and 1500 r/min with the pure-sinusoidal
current excited method. Stator windings are connected in star
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and three-phase symmetric pure-sinusoidal currents are gener-
ated to drive the SRM, which is similar to the synchronous re-
luctance motor. Compared with the conventional CCC scheme,
the torque ripple can be reduced from 91.82% to 54.38% and
97.82% to 49.18% at 300 and 1500 r/min, respectively.

However, by employing the proposed flux modulated scheme,
the torque ripple can be further reduced. Compared with the
pure-sinusoidal excited scheme, the torque ripple in the proposed
scheme can be further reduced to 36.55% and 35.52% at 300
and 1500 r/min, respectively. Besides, the RMS value of the
phase current in the proposed scheme is smaller than that in the
pure-sinusoidal current excited scheme. Therefore, compared
with the sinusoidal current excited scheme, the torque capability
can be increased with the reduction of torque ripple by using the
proposed scheme.

The settling time of the motor drive can be represented by the
response time to a step change of the speed reference. Fig. 23
illustrates the dynamic performance of the proposed SRM drive.
As shown in Fig. 23(a), when the motor speed increases from 300
to 800 r/min and from 800 to 1500 r/min, the actual rotor speed
reaches the steady-state for only 150 and 200 ms, respectively.
It is clear that when the rotor speed increases, the proposed
SRM drive can achieve fast dynamic performance. Besides,
the experimental result under the speed decreasing condition is
shown in Fig. 23(b). When the reference speed decreases from
1500 to 800 r/min and from 800 to 300 r/min, the actual rotor
speed can also track the reference well, achieving a fast dynamic
performance. The settling time of the proposed driving system
can meet the requirement of the dynamic performance in the
motor drive.
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Fig.24.  Experimental waveforms of the vibration under the conventional CCC
scheme and the proposed scheme under different rotor speed. (a) 300 r/min.
(b) 1500 r/min.

Fig. 24(a) shows the comparison of the vibration acceleration
at 300 r/min with the traditional CCC and proposed scheme. In
the CCC scheme, due to the high-frequency harmonic compo-
nents contained in the square-wave phase current, the mechani-
cal resonance phenomenon will occur. Therefore, a lot of high-
frequency vibration will be generated. However, in the proposed
scheme, the high-frequency harmonic current components are
effectively eliminated, and thus the high-frequency vibration can
be significantly reduced. The first significant vibration point in
the CCC scheme is the 5370 Hz component, with an amplitude
of —24.4 dB. By employing the proposed control scheme, the
5370 Hz vibration component can be reduced to —53.8 dB. The
second significant vibration is the 5660 Hz component, which
can be reduced from —25.5 to —44.3 dB by adopting the proposed
scheme.

Fig. 24(b) shows the experimental results at 1500 r/min. The
first and second significant vibration can be reduced from -21.1
to —47.2 dB and -23.1 to —43.0 dB, respectively. Besides, the
RMS value of the vibration can be reduced from 1.067 to
0.143 g and from 1.682 to 0.208 g at 300 and 1500 r/min,
respectively. It is obvious that, compared with the conventional
CCC scheme, the proposed method has better high-frequency
vibration suppression capability.

Fig. 25 shows the comparison of the vibration acceleration
with the pure-sinusoidal current excited scheme and proposed
scheme. By adopting the proposed scheme, the first significant
vibration under 300 and 1500 r/min can be reduced from —35.2
to —42.4 dB and -35.6 to —42.8 dB, respectively. Besides, the
RMS value of the vibration can be reduced from 0.232 to
0.143 gand 0.272 to 0.208 g at 300 and 1500 r/min, respectively.
Although the pure-sinusoidal current excited scheme can reduce
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the vibration compared to the conventional CCC scheme, the
proposed scheme still has better performance in terms of the
vibration reduction compared to the pure-sinusoidal current
excitation scheme.

Compared to the traditional CCC scheme, because the low-
order harmonic current and high-frequency current ripple are
significantly reduced, the proposed scheme can significantly
reduce the torque ripple and vibration in the SRM drive while
maintaining the torque output capability. Compared to other low-
torque-ripple schemes, such as the DTC and DITC scheme, the
motor magnetic characteristics are not required, and the online
calculation can be simplified, without torque loss. Furthermore,
the proposed SRM drive can be achieved by employing the
modular three-phase converter, which is suitable for industrial
applications.

VI. CONCLUSION

This article proposes a dc-biased sinusoidal current excited
SRM drive by employing the developed flux modulation prin-
ciple, aiming to reduce the torque ripple and vibration. Based
on the open-winding converter topology, the SRM is driven by
the dc-biased sinusoidal current, where the torque ripple and
vibration caused by the harmonic current can be effectively re-
duced. In this article, based on the flux modulation principle, the
working principle of the proposed SRM drive is first analyzed in
detail. The dc-biased sinusoidal current generation strategy and
the corresponding SVPWM modulation method is put forward.
Then, to eliminate the low-order harmonic current caused by the
distorted back EMF, a developed VPI-based current controller
and the associated simplified implementation method is further
presented. The performance between the proposed and existing
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SRM drives is compared in detail. The major contributions and
advantages of the proposed SRM drive can be summarized as
follows.
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By using the proposed SRM drive, the torque ripple and
the vibration can be significantly reduced at both low and
high speeds.

Compared to existing schemes, the torque output capacity
of the SRM drive will not decrease with the reduction of
the torque ripple and vibration.

The motor magnetic characteristics and online look-up-
table are not previously required in the proposed drive
and the computational complexity can be reduced.

The flexibility of the controller can be improved with the
introduction of the 0-axis current, which improves the
robustness and fault-tolerant ability of the SRM drive.
The proposed scheme can be achieved by applying the
modular six-switch converter, which shows a great poten-
tial for industrial application due to the modular topology.
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