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Abstract -- This paper presents a direct torque control
(DTC) method on a six-phase SRM driven by a six-phase
asymmetric half bridge converter. Modeling and simulations of
the proposed drive system have been built with
MATLAB/SIMULINK. In the proposed DTC method,
instantaneous output torque of the six-phase SRM is directly
controlled by flux-linkage magnitude and rotating speed
regulation (acceleration or deceleration) respective to rotor
movement. The simulation and test results accurately reflect the
actual operation states of the SRM. Compared with traditional
current chopping control (CCC), the DTC method can
effectively reduce the torque ripple for the six-phase SRM.

Index Terms— Current chopping control, Direct torque
control, Switched reluctance motor, Torque ripple

I. INTRODUCTION

RMs have the simplest structure of all electrical motors

[1] and have been developed for many applications, such
as aerospace generators, high-speed drives, small automotive
applications, cooling fans and pumps [2-4]. In recent years,
the high price of rare-earth materials has renewed interest in
SRMs for hybrid electric vehicles, which have previously
employed permanent magnet synchronous machines [5, 6].
In addition, the SRM has a high fault-tolerance due to the
ability to operate with the loss of one or more motor phases
[7, 8].

However, SRMs have highly nonlinear magnetization
characteristics due to the doubly salient structure, and torque
ripple is a major drawback [9]. Traditional control methods
such as current chopping control (CCC) and angle position
control aim at producing a command average torque without
minimizing torque ripple, thus large torque ripple is
produced during dynamic operation. In order to solve this
problem, many investigations have been undertaken on
machine optimization [10-12] and advanced control
strategies [13-16].

The structural parameters of SRMs, such as the air gap,
length and shape of the rotor and stator poles, stator winding
turns, iron core length and pole arcs have a significant impact
on torque ripple. By designing a new stator pole face with a
nonlinear air-gap and a pole shoe attached to the lateral face
of the rotor pole, undesired torque ripple is reduced in [10].
By inserting one punching hole in each rotor pole to modify
the waveforms of flux as well as derivatives of sinusoidal
inductances, higher average torque and lower torque ripple
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was reported in [11]. A nonlinear air gap with asymmetric
inductance profile is considered in [12], with this design a
flat topped torque with a low torque ripple is obtained.

As the phase number rises, the number of torque pulses
per cycle increases, thereby reducing the torque ripple.
Multi-phase machines have appeared in last two decades [17]
as a simple way to reduce torque ripple. However, in most
cases there are more power devices, increasing the cost and
complexity of the drive. Recently a six-phase 12/10 pole
SRM was reported [18]. A standard three-phase full bridge
converter is employed to drive this SRM with sinusoidal
voltages. Compared with traditional three-phase SRMs,
torque ripple is reduced [19, 20].

To further reduce torque ripple, lots of advanced control
strategies have been investigated. The majority of them focus
on modulation of the phase currents or voltage profiles to
generate a specific torque command. In these methods, to
reduce the torque ripple it is necessary to regulate the torque
production of every individual phase. The torque reference is
distributed into each phase torque reference according to the
rotor position by a torque sharing function [13]. In addition,
iterative learning and neural network methods have been
employed [15, 16]. However, these control schemes require
complex computation and are hard to implement in real-time
systems.

Direct torque control (DTC) techniques have been applied
to induction machines and permanent magnet machines [21,
22]. In order to simplify the control method, the principle of
DTC of AC machines was then applied to SRM drives [23].
In this method, the magnitude of the flux-linkage is kept
within a hysteresis band, while torque is directly controlled
by accelerating or decelerating the flux-linkage vector with
respect to the rotor position.

In this paper a DTC method for a six-phase 12/10 pole
SRM is researched. The stator flux arrangement and its
estimation method is proposed, meanwhile voltage vectors
for the ix-phase SRM and their selection principle are also
discussed. A dynamic drive system has been built in the
MATLAB/SIMULINK  environment  with  measured
nonlinear electromagnetic flux and torque characteristics of
this six-phase SRM. Simulation results show that
instantaneous torque and stator flux-linkages have more
linear waveforms than with current controllers. Whilst
producing the same average torque output, the proposed
DTC method can significantly reduce torque ripple for the
six-phase SRM in experimental test.



II. THE BASIC PRINCIPLE OF DTC FOR SRMS

The instantaneous torque of SRMs can be described as
(1), in which W,, W, and W; are mechanical energy,
electrical energy and field energy respectively [23].
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For a given current the flux-linkage and the magnetic
stored energy both rise as the rotor comes into alignment and
both fall once past alignment, i.e. they both always have the
same polarity. Furthermore, the magnitude of the rate of

change of stored energy will always be less than the i%

term. Consequently, as the direction of the current is always
positive, the polarity of the torque is always the same as the
. (6, a9(6,i .
polarity of %, If % < 0, the instantaneous torque 7'
< 0, and vice versa. In other words, to produce a positive
torque the stator flux amplitude should increase with respect
to rotor position, whereas to produce a negative torque the
stator flux amplitude should decrease with respect to the
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rotor position. A positive value o is defined as flux

. . p(6,0) .
acceleration, whereas a negative value of % is defined

as flux deceleration. Hence, the DTC control technique for
SRMs is as follows:

(a) The stator flux-linkage vector of the motor is kept at a
constant by selecting an appropriate voltage vector.

(b) The torque can be controlled by accelerating or
decelerating the stator flux vector relative to the rotor
movement.

III. THE DTC METHOD FOR SIX-PHASE SRMS

A six-phase asymmetric half-bridge power converter for a
six-phase SRM is shown in Fig. 1. According to the on-off
states of the IGBTs, each phase winding has three voltage
states. When S1 and S2 are on the winding voltage is
positive and this state is defined as +1. When S1 (or S2) is
off the winding is short-circuited through S2 (or S1) and D2
(or D1), the winding voltage is zero and this state is defined
as 0. When S1 and S2 are off the winding freewheels through
DI and D2, the winding voltage is negative and this state is
defined as —1.
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Fig. 1.
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A six-phase asymmetric half-bridge power converter

At any moment, each phase winding is in a specific

voltage state and a voltage vector can be created by the
common action of six-phases. The direction of the voltage
time vector of phase k is consistently selected with the flux
space vector of phase k in the time-space coordinate system
to form the voltage vector U. The six-phase SRM has six
stator flux directions, equally spaced by 60 electrical degrees.
At any one instant these fluxes can be increased by applying
a positive voltage or decreased by a negative voltage. In Fig.
2 the flux is split into 12 sectors. There are effectively 12
voltage vectors, Ul to U12, as shown in Fig. 2, representing
the positive and negative voltages which can be applied to
each phase. In addition, the time-space coordinate system is
divided into 12 zones, N1 to N12. Each zone spans 30
electrical degrees and each voltage vector is located on the
central axis of a zone.

U1l (+1,+1,0,-1,-1,0) U7 (-1,-1,0,+1,+1,0)

U2 (L41,41,-1,-1,-1) U8 (-1,-1,-1,+1,+1,4+1)
U3 (0,41,41,0 ,-1,-1) U9 (0,-1,-1,0,+1,+1)
U4 (-1,+1,41,41,-1,-1) U10 (+1,-1,-1,-1,+1,+1)
U5 (-1,0,+1,+1,0 -1) ULl (+1,0,-1,-1,0 +1)
U6 (-1,-1,+1,+1,+1,-1) U12 (+1,+1,-1,-1,-1,+1)

Fig. 2. Flux arrangement and relationships with voltage vectors
According to the DTC principle, the amplitude and
position of the stator flux-linkage must be controlled by
selecting an appropriate voltage vector. For this purpose the
flux-linkage discrete expressions need to be produced.
Equation (2) is written in difference form. Increasing or
decreasing of stator flux depends on the angle between
previous stator flux W(k — 1) and new voltage vector U(k),
while the change of torque depends on the position of U(k)
respect to W(k — 1).
Y(k)=¥k-1)+Uk) T, (2)
To further explain how to choose a suitable voltage
vector, this section assumes stator flux is in zone N2 as an
example. If both stator flux and instantaneous torque need to
increase, U1, U3, U4 and U12 can be chosen to increase flux,
while U2 to U6 can be chosen to increase torque. Hence only



U3 and U4 can increase flux and torque at the same time, and
in order to achieve a rapid response and less switching loss,
U3 is chosen in this case. The switching rule to realize DTC
for a six-phase SRM is shown in Table I. In general, to
increase both flux and torque, the voltage should be applied
in the next sector, (k+1), whilst to reduce flux and torque it
should be applied five sectors behind, (k-5). If stator flux and
instantaneous torque have different changing command, the
voltage vector chose to increase the torque should be near the
current sector as long as it can fulfill the flux changing
command as well, and vice versa. Thus, to increase torque
and decrease flux, the voltage should be applied 4 sectors
ahead, (k+4), whilst to reduce torque and increase flux it
should be applied two sectors behind, (k-2).

TABLE 1
SWITCHING TABLE FOR SIX-PHASE SRMS
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The control diagram used for the DTC method is shown in
Fig. 3. Six phase currents and voltages are measured by
sensors and rotor position is fed back from the encoder. The
six individual phase fluxes can be achieved from integration
using the measured phase currents and phase voltages
according to (2). Then the six phase fluxes are simply
resolved onto the o-f frame according to their position
relationships. From this both the magnitude and angle of the
stator flux are achieved. Instantaneous torque can be
calculated from the current and rotor position, using
measured static nonlinear torque characteristics. By
comparing the flux and torque references with estimated
values, the optimum voltage vector is chosen according to
the switching table, Table 1, and is applied to the inverter.

Outputs from inverter
Measured from six-phase |
asymmetric inverter and
______ encoder |
il__)
i—> Dp
i3 zzl > L0 &
iy—>| > Q = >
7 3 Flux 93 A [7) d
5T Betimation |24 0 " Flux Cal&  |—
le—>| Estima s | = Zone Selection
> & > 5 ¥ o
u—> 06 (\) B
u » Torque > (/13
u3;——»{ Estimation P
u—i> T
us > _ _ L
Ug—> T : T
0 —> P Hysteresis Switching
ipt, Controller Table [>U
Control parameters Inputs to inverter
Torque and flux . .
switch control signals
refrence
Fig. 3. Control diagram of DTC method for a six-phase SRM

IV. SIMULATION RESULTS

In order to compare the proposed control method with a
traditional control method, a dynamic model of a six-phase
SRM is developed in MATLAB/SIMULINK environment.
This model uses parameters of a 12/10 six-phase SRM
prototype. Fig. 4 shows the electromagnetic properties of this
SRM prototype. Different control strategies are carried out
and the following results are obtained to analyze the
performance of the CCC and DTC methods.
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Fig. 4. Measured nonlinear electromagnetic characteristics of a six-phase
SRM: (a) relationship between rotor position, current and flux, (b)
relationship between rotor position, current and torque

Simulation parameter settings are as follows: DC power
supply voltage is 560V, rotational speed is 1500 rpm. In the
DTC method the flux reference is 0.34Wb, the torque
reference is 15Nm, and the hysteresis bands for flux and
torque are 0.02Wb and 0.5Nm respectively. In CCC method,
the on and off angle is 0° and 165° respectively, the current
reference is 12.5A and the hysteresis band for current is
0.5A. In the simulations, both CCC and DTC method have a
fixed 10 kHz control frequency.

Fig. 5 shows simulation results of the CCC method,
including phase flux, phase current, and phase torque. With
the CCC method, only phase current is controlled by
hysteresis controllers, thus phase flux and phase torque are
nonlinear waveforms.



Fig. 6 shows simulation results of the DTC method,
including phase flux, phase current, and phase torque. With 10r ' ' ' '
the DTC method, both stator flux and instantaneous torque g | h _fh\ ]
are controlled by hysteresis controllers, therefore phase flux 0.01 0.012 0.014 0.016 0.018 0.02
and torque become more linear. However, with the same 10f - " ; - ]
RMS current which is 8.3A, the maximum phase current of
DTC method increases to 18A, whilst only 13A is needed
with the CCC method. Therefore, a higher current ripple
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Fig. 6. Simulation results of DTC method: (a) six phase flux, (b) six phase

current, (c) six phase torque

Fig. 7 shows the stator flux amplitude and total torque
output with the CCC and DTC method. The stator flux-
linkage with DTC is controlled within a 0.02Wb band
according to the flux reference value, while with the CCC
method it is a repeated nonlinear waveform and has a higher
average value. Producing the same average torque of
15.1Nm, torque ripple in the CCC method is 50.6%, whilst
the DTC method reduces it to 18.6%.
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Fig. 7. Stator flux amplitude and total torque output of CCC and DTC
method: (a) Stator flux amplitude, (b) Instantaneous torque

By plotting the flux onto an x-y stationary frame in Fig. 8,
it is more obvious that the flux trajectory with the CCC
method is a nonlinear hexagonal profile, whilst the DTC
method produces a circular flux trajectory.
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Fig. 8. Flux trajectory of CCC and DTC method

V. TEST RESULTS

In order to verify the proposed control method in a real-
time system, a test rig is built with a six-phase 12/10 poles
traditional SRM, a six-phase asymmetric half bridge IGBT
inverter, a digital signal processor controller and a AC load
machine. Test results are shown in Fig. 9. Six phase currents
are shown in Fig. 9(a) and Fig. 9(b), which are comparable to
the simulation results. Producing the same average torque of



I5Nm in Fig. 9(c) and Fig. 9(d), DTC method reduces the b -aanns
torque ripple significantly compared with CCC method.
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VI. CONCLUSIONS

I N, L In this paper a DTC method has been successfully applied
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