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Abstract—Direct torque control (DTC) technique is the promi-
nent control strategy, used to control the switched reluctance
motor (SRM) with a reduced torque ripple in comparison to
the traditional current control techniques. However, it draws
higher phase current in order to maintain the required electro-
magnetic torque during phase commutation, thus reduces torque
per ampere. To circumvent this issue, a new DTC method with an
innovative switching sequence is introduced in this paper, which
minimizes torque ripple as well as power loss. The efficacy of
the proposed scheme is validated for four-phase SRM through
detailed simulation studies and compared with the conventional
DTC scheme. The results show that the proposed scheme exhibits
an improved steady-state as well as dynamic performance under
various operating conditions.

Index Terms—Motor drives, switched reluctance motor, torque
control, traction motors and torque ripple minimization.

I. INTRODUCTION

Energy crisis and greenhouse gas (GHG) emissions caused
by fossil-fuel based vehicles lead to the advancements of
the electric vehicle lead to nurture the electric vehicle (EV)
technologies. In EVs, electric machines form a main energy
conversion system and plays a vital impact on fuel consump-
tion, driving range and comfort [1], [2]. Currently, permanent
magnet synchronous motors (PMSMs) are widely used in
electric power trains and are most dominant in the automotive
industry. For instance, PMSMs with high-energy rare-earth
permanent magnets of 80 kW and 105 kW are employed in
the most popular EVs such as Nissan Leaf and Chevrolet
Spark respectively [3], [4]. However, price volatility and
the sensitivity of rare-earth magnets to temperature motivate
researchers to develop magnet-free motor drive topologies that
are more reliable and efficient [5].

Switched reluctance motors (SRMs) are one of the magnet-
free motors, which are continuously capturing attention in
automotive and industrial applications due to the distinctive
features of robust structure, high starting torque with low
starting current, low manufacturing cost, sustained for high
rotational speeds and high temperatures [6]. However, it has
shortcomings such as severe torque ripple, acoustic noise and
vibration. Furthermore, a smooth torque control is strenuous
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due to non-linear, time-varying and strong coupling character-
istics [7]. Therefore, research investigations are being actively
performed to reduce torque ripple in the SRM drives.

Over the past years, many researchers have mainly focused
on two aspects: the machine design and control strategy.
Torque ripple minimization through machine design involves
optimizing machine structure and parameters, the multi-phase
machines and employing advanced multi-objective optimiza-
tion [8]-[11]. It is well-known that higher phase SRMs gen-
erate reduced torque ripple and enhanced fault-tolerance in
comparison to three-phase SRMs. For example, torque ripple
in the three-phase SRMs is 20% more than four-phase SRMs.
With continual improvements in packaging, digital controllers
and power switching devices, the current research trend is
more aligned towards the high-phase machines. However, use
of asymmetric half-bridge converter (AHB) for higher phase
machines increases the device count, thereby complicating the
control algorithms and increasing the system cost [12]. In most
of the applications the phase number of SRMs are limited to
four and therefore four-phase SRMs are widely used [13].

On the other hand, minimization of the torque ripple can
be achieved through optimising the control strategy including
current profiling techniques [14], [15] and torque sharing
functions [16], [17]. Alternatively, smooth torque control is
achieved through direct average torque control (DATC) [18],
direct instantaneous torque control (DITC) [19], direct torque
and flux control (DTC) [20], [21] and model predictive control
strategies [22]. The performance study among the aforemen-
tioned control strategies are studied and their comparison is
presented in [23]-[25]. Among them, the DTC scheme [20]
gained significant interest which adopts the principle of direct
torque control (DTC) applied to traditional AC machines. This
approach betrays faster dynamic response, reduced acoustic
noise and does not require commutation angle control as well
as rotor position information [24], [25]. Nonetheless, the active
phase is must compensate negative torque engendered by the
outgoing phase under the negative inductance slope region in
order to retain the desired torque value. Thus, drawing more
current from the source. As a result, net torque per ampere
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(T/A) is reduced, thereby lowering the SRM drive efficiency
[26].

This paper presents a novel DTC scheme for four-phase
SRM to improve T/A ratio while minimizing the torque ripple.
In this method, a new switching sequence is developed based
on the sixteen sector partition and the optimized voltage
vectors are modified to eliminate negative torque initiated
by the outgoing phase during a negative inductance slope.
To verify the effectiveness of the proposed DTC scheme,
detailed simulation studies have been carried out using MAT-
LAB/SIMULINK. The performance of the proposed DTC
scheme is validated on both steady-state as well as dynamic
conditions and compared with the conventional DTC scheme.

II. MODELING AND POWER CONVERTER OF AN SRM

The SRM is a doubly salient machine and highly non-linear
machine, which makes it difficult to control. Therefore, it is
requisite to build the dynamic model of the SRM drive based
on the non-linear model of SRM, which can be represented
with a set of electrical equations and the system dynamics.
According to fundamental circuit laws, the voltage equation
of g-phase SRM is expressed as
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The dynamic equation of the phase current neglecting mutual
inductance can be expressed as

dij _ [3%}1. {v__r_.i__awj.w o
dt | 9ij T 90 T dt
where v;, 7, 15, 0;, 1; represents terminal voltage, phase
winding resistance, phase current, rotor position and flux
linkages “q”-phase respectively.

From the principle of the electromechanical energy conversion,
the instantaneous electromagnetic torque at any rotor position
is given by
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where W,(i;,0) denotes co-energy, which can be given by
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The dynamic equations of the mechanical system is expressed
as
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To study the high performance control techniques, a non-
linear model of an SRM is developed using electromagnetic
(flux and torque) characteristics [27]. Several inverter circuits
to control SRM with unipolar current are presented in [28].
Among them, asymmetric H-bridge converter (AHB) has
gained attention as it provides flexibility in controlling each
phase independently. Fig. 1 shows the per-phase schematic
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Fig. 1: Per-phase circuit of AHB converter.

TABLE I: Switching states of AHB converter

S1|S2 | D1 | D2 State

1|1 0 0 Magnetizing state (+1)
1 0 1 0 Freewheeling state (0)
0 1 0 1 Freewheeling state (0)
010 1 1 | Demagnetizing state (-1)
+7, -
7+ LT s SRM (8/6)
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Fig. 2: Block diagram of DTC strategy of the four-phase SRM.

representation of AHB converter and three possible states that
can be achieved to drive the SRM are listed in Table 1.

TABLE II: Switching sequence for the eight sector partition
method using the conventional DTC strategy

Sector (Ng) | Ty 1 | Ty Y| TV |TUY Y
N1 Vo Vi Vg Ve
No V3 Vs Vi V7
N3 \Z Ve Vs Vs
Ny Vs \%4 V3 \%1
N5 Vs Vs Vi Va
Ng Ve \%1 Vs 1%}
N7 Vs Va Ve Vy
Ng i V3 Ve Vs

III. PROPOSED DTC SCHEME

The DTC of an SRM adopts the philosophy of control-
ling the torque of AC machines [20]. The control block
diagram of an SRM using the DTC scheme is shown in
Fig. 2. This scheme comprises of hysteresis-based torque,
flux comparators, a flux-linkage vector’s position information
and switching table to generate optimal voltage vectors to the
control magnitude of stator flux linkage and electro-magnetic
torque. In this method, the total electrical space is divided
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TABLE III: Switching sequence for the sixteen sector partition
method using the proposed DTC strategy

Sector (Ng) [T 1 | Ty 4| TIv 0| TUY Y
Ny Va V3 Vio Vy
No V3 Va Vi1 Vio
N3 Vs Vi Vi1 Vio
Ny Vi Vs Vio Vi1
N5 Va V5 Via Vi1
Ng Vs Ve Vis Vio
N7 Vs Ve Vis Vio
Ns Ve 144 Vig Vis
Ny Ve Vz Vi Vis
Nio V7 Vs Vis Vig
N1 Vz Vs Vis Vig
N12 VS Vl V16 V15
Nis Vs i Vie Vis
N1y Vi Va Vo Vie
Nis Vi Va Vo Vie
Ni6 Va V3 Vio Vo

into eight sectors with an angle of 45°. This scheme selects a
switching sequence as per Table II and selects the suitable
voltage vector to reduce torque and flux errors. However,
due to the extension of phase current into negative torque
region in the conventional DTC scheme results in high torque
pulsations and lowering the efficiency of an SRM drive, which
is unenviable feature of a motor drive in vehicular applications.
The low T/A of the machine is due to the magnetization of any
phase during negative inductance slope region that results in
the production of negative torque. In order to recompense this
negative torque produced by outgoing phase during negative
torque region, the active phase has to produce more positive
torque thereby drawing more current from the dc-source.

To address this issue, a new switching sequence is developed
that eliminates the transition from demagnetization to magne-
tization of all phases, thereby minimizes torque ripple along
with enhanced T/A ratio. In this study, new vector selection
rules are proposed for increasing torque and decreasing torque
which can be controlled independently. To realize the optimal
switching sequence, sixteen sector partition method with an
electrical angle of 22.5° is employed [26] and each sector
Ni (k €{1,2,....,16} ) covers only 22.5°. The sixteen sector
partition approach allows the precise selection of voltage
vectors corresponding to torque and flux errors. Furthermore,
the proposed strategy also achieves fast dynamic response by
choosing a vector which is at right angles (+90° and -90°) to
the flux linkage vector for increasing (7'{}) or decreasing (7))
torque. The switching sequence for sector I (V1) of sixteen
sectors for increasing (7)) and decreasing (7'|}) are shown
in Fig. 3(a) and (b) respectively. The switching sequence
for all the sectors using the proposed DTC strategy is listed
in Table III. The proposed method effectively improves T/A
and reduces torque pulsation by replacing magnetization of
any phase during negative torque region with demagnetiza-
tion/freewheeling of the active phase.

Vi
[1,0,-1,0]

[0,-1,01]
(@

Vi
[0,0,0,-1]
'y

V15
[0,-1,0,0]

(b)

Fig. 3: Voltage vector selection for sector N; using the
proposed DTC scheme for (a) (ff T) (b) (U T).

IV. SIMULATION RESULTS AND ANALYSIS

The simulation model of a four-phase SRM is implemented
in MATLAB/Simulink to validate the performance and ef-
fectiveness of the proposed DTC scheme. In this study, a
non-linear dynamic model is developed using magnetization
and torque characteristics are obtained from experimental
measurements on a 4 kW machine. The proposed control
scheme is compared to the conventional DTC scheme de-
scribed in [20], [21]. The simulation results of an SRM using
the conventional DTC at 300 rpm and 800 rpm are shown in
Fig. 4 and 5 respectively. It is observed that an individual phase
conducts for a longer period due to automatic commutation
angle control. As a result, phase current extends into negative
inductive slope region, thereby negative phase torque. In other
words, active phase has to generate more torque to compensate
the negative torque generated by the outgoing phase at both
low and high speeds. The rms value of the phase current
required at all rotor positions is significantly high, thereby
lowering the SRM drive efficiency besides the torque ripple.

To surmount the aforementioned issues, a novel DTC
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Fig. 4: Steady-state simulation results of an SRM drive at
300 rpm using the conventional DTC scheme.
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Fig. 5: Steady-state simulation results of an SRM drive at
800 rpm using the conventional DTC scheme.

strategy is proposed, which minimizes the torque ripple at
all speeds while enhancing the torque/ampere ratio. The
simulation waveforms of an SRM drive using the proposed
DTC scheme at 300 rpm and 800 rpm are shown in Fig. 6
and 7 respectively. It is noticed that the torque ripple is
significantly minimized at these speeds using the proposed
DTC scheme. Moreover, the proposed scheme reduces the
number of commutations as observed in gating signals for
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Fig. 6: Steady-state simulation results of an SRM drive at
300 rpm using the proposed DTC scheme.
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Fig. 7: Steady-state simulation results of an SRM drive at
800 rpm using the proposed DTC scheme.

the switches, thereby allowing operation at a lower switching
frequency. This implies that the number of switchings as
well as device voltage stress are less in the proposed DTC
strategy in comparison to the conventional DTC during each
fundamental cycle. Therefore, the efficiency and reliability of
the SRM drive is significantly improved.

Furthermore, the performance of the proposed DTC scheme
is also verified under transient conditions such as step change
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Fig. 8: Dynamic response of an SRM drive under step change in torque reference. (a) 7'1 at 600 rpm; (b) 71 at 800 rpm; (c) 7]

at 600 rpm; and (d) 7] at 800 rpm.

in the torque reference both in acceleration and deceleration
cases. The results of the SRM drive using the proposed DTC
strategy in comparison to the conventional under the both
cases are shown in Fig. 8. It is noticed that the proposed
DTC scheme shows faster dynamic response in comparison
to the conventional DTC scheme. It is known that flux vector
information in the DTC scheme with some correction factor
is enough for the sensorless operation. The proposed scheme
also helps to minimize the prediction error due to employ-
ment of the sixteen sector partition method. The performance

comparison of both these control strategies at different speeds
is presented in Table IV. It can be concluded that torque of
an SRM is well controlled at their reference value using the
proposed DTC method and overwhelms the conventional DTC
scheme in minimizing the torque ripple and enhancing the T/A
ratio.

V. CONCLUSION

This paper proposes a new DTC strategy for a four-phase
SRM with an innovative switching sequence to enhance torque
per ampere ratio and reduces torque ripple. In this scheme, a
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TABLE IV: Performance comparison between the proposed DTC and the conventional DTC

Speed (rpm) Conventional DTC Scheme Proposed DTC Scheme
Tyms [IN-m] | Is [A] rms) | TIA (ms) | Trippre IN-m] | Toms [N-m] | I [A] (tms) | T/A (tms) | Tyippie [N-m]
300 14.82 9.517 1.557 14.66 15.12 5.947 2.542 09.21
400 14.77 9.403 1.570 17.33 15.09 6.608 2.283 10.01
500 14.72 9.627 1.529 19.01 15.04 7.311 2.057 13.01
600 14.69 9.652 1.521 18.60 15.10 8.032 1.879 13.33
700 14.59 9.467 1.541 22.01 15.01 8.770 1.711 13.61
800 14.18 9.386 1.510 22.66 15.02 9.493 1.582 13.61
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