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Abstract: A novel 12 voltage vector control strategy for switched reluctance motors (SRM) with a T-type three-level converter is

proposed in this study. Based on a causal analysis of torque ripple under the control of conventional six voltage vectors, six new

voltage vectors are added for further reduction of torque ripple. An optimized control rule is adopted based on the division method of

the 12 new voltage vectors. A zero-voltage vector is used to adjust the duration of the 12 voltage vectors, the time of which is varied at

different parts of the vector sectors according to the torque error. In addition, the windings are connected in a delta configuration,

therefore, the number of connections between the converter and SRM is reduced. Finally, the results of MATLAB/Simulink and

RT-LAB are presented to verify the validity of the proposed scheme.

Keywords: Switched reluctance motor (SRM), T-type three-level converter, vector control

1 Introduction

With the growing environmental and energy crisis,
electric vehicles are receiving an increasing amount of
attention. Switched reluctance motors (SRMs) are
strong candidates for electric vehicle drive systems,
owing to their simple and robust structure, low cost,
and high fault tolerance ability. However, the double
salient pole structure and highly nonlinear inductance
of SRMs result in a large torque ripple. To reduce the
torque ripple, researchers primarily focus on two areas:
an optimized structural design for SRMs, and a
suitable control strategy.

Researchers have presented several control
strategies to reduce the torque ripple. In Ref. [1], the
author pointed out that the existence of a torque dip
between two subsequent phases dictates the existence
of torque ripples. A commutation angle, 6., is defined,
at which two adjacent phases can produce the same
torque for the same current. Based on the defined 6.,
specific current references for commutation are
designed, which can theoretically eliminate the torque
ripple due to the torque dip. In Ref. [2], a novel
strategy of torque prediction based on direct
instantaneous torque control (DITC) is proposed,
which allows complete elimination of the inherent torque

ripple encountered during phase commutation, without
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the use of offline-calculated current or flux profiles. An
adjustable flux reference based on direct torque control
(DTC) is used to minimize the torque ripple of SRMs in
Ref. [3], in which a flux linkage closed-loop control is
used to replace the original opening-loop control in the
conventional DTC system in order to optimize the flux
linkage during the commutation, and produce better
performance than the conventional DTC method. In Ref.
[4], a new DTC method that ignores the flux loop to
obtain a more flexible selection of voltage vectors was
proposed, which subsequently reduces the torque ripple.
In Ref. [5], a DTC strategy for an induction machine
with three level NPC converters was proposed for fault
tolerance. The developed strategy was optimized by
reducing the number of sectors in order to decrease the
insulated-gate bipolar transistor’s switching frequency.
DTC directly controls the torque by selecting a suitable
voltage vector to regulate the magnitude and rotational
direction of the flux linkage. However, the torque ripple
is still high during commutation, and the conventional
DTC method does not take the commutation period into
account. In Ref. [6], a three-phase full-bridge converter
was used to drive the SRM, and a specially designed
strategy was proposed to guarantee the torque
performance. One obvious advantage is that the cost of
its drive system is less than the conventional SRM drive
system, owing to the lack of integrated modules for the
asymmetric half-bridge converter (AHB). However, the
three-phase full-bridge converter can only provide six

voltage vectors, which is not sufficient to deal with the
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torque ripple problem during torque commutation when
the conventional DTC method is used with the
three-phase full-bridge converter to drive the SRM.

In this study, a novel 12 voltage vector control
strategy with a T-type three-level converter is
proposed to solve the high torque ripple problem in the
conventional six voltage vector DTC method. First, six
new voltage vectors are added to the original six
voltage vectors by the middle bridge of the T-type
three-level converter. The new voltage vectors are
selected at the torque commutation area to reduce the
torque ripple. Further, the causes of torque ripple with
the conventional six voltage vectors are analyzed.
Subsequently, a zero-voltage vector is used to adjust
the duration of the 12 vectors, while the time is varied
at different parts of the vector sectors. Finally, the
MATLAB/Simulink and RT-LAB

analyses are presented to verify the effectiveness of

results of the

the proposed scheme.

2 Topology of the SRM drive and its related
DTC control method

DTC is usually adopted in SRMs with an
asymmetric half-bridge converter topology "% There
are some differences observed when DTC is adopted
for the T-type three-level converter topology. These
differences are comprehensively explained in the
following sections.

2.1 Three-level topology of SRM drive

As shown in Fig. 1, a T-type three-level converter
is used to drive a three-phase, 12/8 pole SRM. Owing
to the delta connected windings, the phase voltages of
the windings are equal to the line voltages of the
converter. Each winding voltage can be 2Uy, Uy, O,
—Uye, and —2U,, as represented by S =2, 1, 0, —1, and
-2, respectively.
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Fig. 1 T-type three-level converter

In the case of Phase A, for example, if g;; and g2,
are both turned on, and the remaining 10 switches are
turned off, the voltage of the winding L, is 2Uy.. The
winding L, is excited at voltage Uy, only when g3, g14,
and gy, or only gy;, g3, and g4 are turned on.
Similarly, with only g3, g14, and g, or only g2, 223,
and g4 turned on, the voltage is —Uy.. In the following
three cases where only gy, and g; are turned on, only
g1 and g», are turned on, or only g3, g14, 223 and g2,
are turned on, the voltage is zero. Finally, when only
212 and g, are turned on, the voltage of the winding L,
is —2Uye.

2.2 Working principle of 12 voltage vectors

The conventional six voltage vectors are usually
adopted in a two-level converter (" The T-type
three-level converter has 27 switching states. We chose
12 effective voltage vectors and one zero-voltage
vector from those 27 switching states to drive the
SRM, where v, (S,, S, and S,) is the voltage vector by
state of each winding voltage at L,, L, and L,
respectively (“2” denotes 2Uy., “1” denotes Uy, “0”
denotes 0, “—1” denotes —Uy., and “—2” denotes
—2Uy.), as shown in Fig. 2. The area of the space
vector is divided into 12 sectors, which are named by
N; to Ni, in the counterclockwise direction. According
to the amplitude, those 12 voltage vectors can be
divided into two parts: vectors 1, 3, 5, 7,9 and 11 with
an amplitude of 2\/5 Uy, and vectors 2, 4, 6, 8, 10
and 12 with an amplitude of 3Ujc.

v;(0,2,-2)
%(=1,2,-1) ;o na(l1-2)
v5(=2.,2,0) v1(2,0,-2)
ve(-2.1,1) . v5(2,-1,-1)
v,(-2,0,2) Y11(2,-2,0)
vg(-1,-1,2) / Vio(1,-2,1)

v9(0,-2.2)

Fig. 2 Voltage vector sectors

For example, when the flux linkage vector rotates
in the area of Nj, v,, v3, vs and vg can be selected to
increase the torque. The reason for not selecting vy is
that it is perpendicular to v,, and perpendicular voltage
vectors have no effect on torque. Further, according to
the requirement of the flux linkage, v, and v; or vs and
vs can be selected to increase or decrease the flux
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linkage, respectively. Similarly, vi,, v;, v9 and vg are
selected to decrease the torque, and according to the
flux linkage error, they are also divided into two parts.
Tab. 2 shows the detailed situation at sector N;, where
the symbols 1 and | represent the command to
increase or decrease the flux or torque, respectively.
As we can see in Tab. 1, there are two candidates
for each torque and flux linkage state. According the
DTC method, both can meet the requirements of the
torque and flux linkage, and when only the vectors
with odd subscripts are selected, the control strategy
will be same as that of the conventional DTC method.

The complete vector selection table is presented in Tab.

2. Based on the conventional vector selection method,
the causes of torque ripple with the conventional six

voltage vectors are analyzed.

Tab. 1 Vector selecting from 12 voltage vectors at sector /V;

The change in torque and flux linkage

Ty? Tyl Tyt Tyl
V3 Vs Vi Vg
Voltage vector
V2 V6 Vi2 Vg

2.3 Analysis of torque ripple in conventional DTC

Based on the vector selection table of the
conventional DTC theory shown in Tab. 2, a
MATLAB/Simulink model is constructed with a 2-D
look-up table. The reference speed is 500 r/min, the
reference torque is 60 N-'m, and the reference flux
linkage is 0.38 Wb. The simulation results are shown
in Fig. 3, and include the total torque, the three-phase
torques, and the three-phase currents.

Tab. 2 Vector selecting from six odd subscript vectors

based on conventional DTC theory

The change in torque and flux linkage

1 y1 Tyl iyt iyl
N V3 Vs vi Vy
Ny V3 V7 Vi Vy
N; 2 ] Vi i
Ny Vs Vo V3 vii
N5 \ 4 Vg V3 Vi
Ne V7 i Vs Vi
N, Vo i Vs V3
Ny Vo Vi V7 V3
Ny i Vi V7 Vs
Nio vii V3 Vo Vs
N Vi V3 Vo V7
Ni Vi Vs Vi1 V7
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Fig. 3 Simulation results of six odd subscript vectors based on

conventional DTC theory at 500 r/min

From the total torque and three-phase torques
waveforms, a large torque ripple appears in the torque
commutation zones. In these commutation zones, the
torque generated by the outgoing phase declines, owing
to the existence of negative torque there, the incoming
phase has to generate positive torque in time. However,
due to non-linear inductance in SRMs, the speed of the
positive torque increases at a faster than that required by
the negative torque, even if the negative continues to
decrease. These observations lead to the large torque

ripple in the commutation zones.
3 SRM drive system and control strategy

The SRM drive system proposed in this study is
shown in Fig. 4. The control strategy normally used in
AC or PM motors, which are also driven by
conventional three-phase cannot be
directly employed for SRMs "' Additionally, the
DTC method for the AHB driving the SRM drive

system has to be modified to suit the T-type three-level

converters,

converter. The control system in Fig. 4 is composed of
a preprocessing part, a calculation part, and a T-type
three-level converter. The specific components of each

part are discussed in the following sections.
3.1 Preprocessing part

The preprocessing part includes a flux and torque
calculation portion, and a sector determination portion.
Owing to the highly nonlinear flux characteristics, it is
difficult to accurately calculate the flux with the use of
equations. In this study, as shown in Fig. 5a, a 2-D
look-up table is adopted to provide instantaneous

flux values according to the current and position
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Fig. 4 Block diagram of the SRM drive system
information. Similarly, the instantaneous torque is 2 60 60"
. . . . =— - COS - COS )
provided by the 2-D look-up table depicted in Fig. 5b. Ve 3 (W“ Vs Ve

To obtain the amplitude and phase angle of the
flux linkage, w, and y; are calculated using the
reference frame conversion from a three-phase
stationary reference frame to a two-phase stationary
reference frame (3 s/2 s) as given by

0.4

Flux/Wb

200

o . ; 7100, .
Current/A

(a) Flux look-up table
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where, v,, v, and y, are the three-phase flux linkages
from the flux calculating portion.
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(b) Torque look-up table
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Fig. 5 Flux and torque look-up tables

The amplitude and phase angle of the flux linkage

y=arctan [ﬁ]
Va

where ;is the amplitude, and y is the phase angle of

are given by

72
2

the flux linkage.

According to the phase angle of the flux linkage and
the voltage vector sector division method shown in Fig. 2,
the sector judging portion can output the sector numbers
where the current flux linkage vector is located.

3.2 Calculating part

The calculating part includes a vector selection
portion, a vector optimization portion, and a switching
list. Based on the causal analysis of torque ripple in

conventional DTC, a new vector selection method is

proposed, as presented in Tab. 3. The selection method
is unchanged in the odd zones: Ny, N;, Ns, N;, Ny and
Ni1. However, in the even zones N,, N4, Ng, N3, N1o and
N, the vectors with even subscripts replace the
vectors with the odd subscripts.

With the new vectors in the even zones, the
negative torque will decrease more quickly in order to
meet the increasing speed of the positive torque in the
torque commutation zones, such that the torque ripple
will be reduced.

Owing to the amplitude difference between the
odd and even subscript voltage vectors, the duration of
the odd subscript voltage vectors has to be multiplied
by a gain of 0.866. However, the torque ripple will still
be high when only the 12 effective vectors are applied.
In this study, the zero-voltage vector vy, is used to slow
down the changing speed of the torque. Additionally,
the duration of v, is determined by the



Mingyao Ma et al.: Vector Control Strategy of a T-type Three-level Converter Driving a Switched Reluctance Motor 19

Tab. 3 Vector selecting from 12 vectors based

on the proposed method

The change in torque and flux linkage

T y1 Tyl T w1 Tyl
Ny V3 Vs vii Vo
N, V4 Ve V12 Vio
N Vs V7 Vi i
Ny Ve Vg ) Vi2
Ns V7 V9 V3 Vi
Ns Vs Vio Vs V2
N, Vo i Vs V3
Ny Vio Vi2 Ve V4
Ny i Vi V7 Vs
Nio Vi2 V2 Vg Ve
N Vi V3 V9 V7
N, 12 \2 Vio Vg

torque error to further improve torque performance.
The duration of the selected voltage vectors and vy,

denoted as #, and ¢, respectively, are given by

0.6T AT >20,AT < =20
6, =1 (03/20AT +0.3)T  20>AT>0
(-03/20AT+03)T  —20<AT<0 O
ty=T —t,, AT=T, ~T

s

where T is the switching period, T is the instantaneous
torque, and T, is the reference torque. A longer
duration of the basic voltage vectors, 2, is adopted
when the torque error is large to generate enough
torque. Conversely, when the torque is close to the
reference value, ¢, will be short, and the duration of the
voltage vectors with even subscripts is 2¢, to accelerate
the decreasing speed of the positive torque at the

torque commutation zones.
4 Results of simulation and RT-LAB

To confirm the validity of the vector control method
with the T-type three-level converter presented in this
study, the results of the simulation and RT-LLAB based on
a three-phase 12/8 SRM are given in this section. The
parameters of the SRM are shown in Tab. 4.

The simulation results are shown in Fig. 6, which
as the same conditions as the simulation shown in Fig.
3 (i.e., reference speed of 500 r/min, reference torque
of 60 N'm, reference flux linkage of 0.38 Wb).
Comparing the three-phase torques of the two
simulation results clearly shows that the negative
torque in Fig. 6 decreases faster than the one in Fig. 3.
Owing to the influence of the even subscript voltage
vectors, the decreasing speed of the negative torque

becomes equal to the increasing speed of the positive
torque in the torque commutation zones.

The results of the RT-LAB are shown in Fig. 7 to
Fig. 9, and consist of the total torque and three-phase
currents. Under the same conditions as the simulation
mentioned above, Fig. 7 shows that the results of the
conventional control strategy based on six voltage vectors
with a 117% torque ripple, and Fig. 8 shows the results
based on the proposed 12 voltage vectors with a 20%
torque ripple. From the aforementioned results, it is clear
that the proposed method can solve the problem of torque
ripple in the conventional DTC method. The RT-LAB
results of the 12 vectors based on the proposed method at
1 000 r/min are depicted in Fig. 9. The total torque
continues to be straight line, and the torque ripple is 13%.

Tab. 4 Parameters of the SRM

Parameter Value
Phase nunber 3
Rated power/kW 25
Peak power/kW 60
Rated voltage/V 336
Rated speed/(r/min) 3000
Number of stator/rotor poles 12/8
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Fig. 6 Simulation results of twelve vectors based on the

proposed method at 500 r/min
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Fig. 7 RT-LAB results of six odd subscript vectors based on
conventional DTC theory at 500 r/min
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5 Conclusions

In this paper, a T-type three-phase converter was
used to drive a switched reluctance motor, and a
modified control strategy based on 12 voltage vectors
was proposed to reduce the torque ripple, which the
conventional six voltage vectors fail to achieve. The
causes of torque ripple in the conventional six voltage
vectors are analyzed. Subsequently, a zero-voltage
vector is used to adjust the duration of the other
vectors, and the time is varied at different parts of the
voltage vector sectors. In addition, the delta connected
windings can reduce the number of connections
between the converter and SRM. Finally, the results of
the MATLAB/Simulink and RT-LAB are used to

validate the proposed scheme.
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