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Abstract: The direct torque control (DTC) strategy is one of the most effective techniques, used to control the switched
reluctance motor (SRM) with improved dynamic performance and reduced torque ripple. However, this approach draws a higher
source current due to an extension of the phase current into the negative torque region, which lowers the net torque per ampere
ratio. This study proposes a new DTC strategy for SRM to overcome this issue by modifying the partition of the sectors and
appropriate voltage vector selection. Therefore, the proposed method improves the drive efficiency while minimising torque
ripple. To implement this method, a non-linear machine model is developed using the torque and flux characteristics obtained
from experimental studies on a four-phase 8/6 SRM. The proposed DTC scheme is implemented on a digital control platform
and power loss calculations are performed to evaluate the drive efficiency. Test results show that the proposed DTC method has
improved performance in terms of efficiency and torque ripple under various operating conditions in comparison to the

conventional DTC strategy.

1 Introduction

Non-availability and price volatility of rare-earth metals and
permanent magnets has led research towards magnet free motor
drive configurations that are more efficient, power dense and
rugged to extreme environmental conditions [1]. The switched
reluctance motor (SRM) is a strong contender to conventional
motors due to its distinctive features of rugged construction,
absence of permanent magnets, high starting torque with low
starting current, low manufacturing cost, wide speed range with
more field weakening region and inherent fault-tolerance [2, 3].
Due to these distinctive features, SRMs are exceptionally attractive
and have become a prominent candidate in industrial, residential,
commercial, and transportation sectors such as electrified vehicles
[3, 4], integrated motor drive and battery chargers [5, 6], renewable
power systems [6-8], aircraft starter/generator [9, 10], and ultra-
high-speed applications [11, 12].

However, it has some limitations such as high torque ripple,
severe acoustic noise, and vibration and demands rotor position
information for control, which causes a hindrance in the
aforementioned applications. Furthermore, it is intractable to
establish smooth torque control in the SRM due to the doubly
salient structure and non-linear machine characteristics [13]. Over
the past years, many investigations have been carried out to
minimise the torque ripple, which is mainly through machine
design optimisation and high-performance control strategies. The
torque ripple reduction through machine design involves the
optimisation of machine parameters such as pole shape, core, air
gap, geometry modifications and winding arrangement [14-18].

Fundamentally, higher phase SRMs have an added advantage of
reduced torque ripple, reduced phase current and enhanced fault-
tolerance in comparison to three-phase SRMs [19]. For instance,
torque ripple in the four-phase SRMs is 20% less than three-phase
SRMs [20]. With continuing improvements in power electronics
and packaging, the current trend is more towards the high-phase
machines [21]. However, a further increase in phase number with
the use of asymmetric half-bridge converter (AHB) increases the
device component count, thus increasing the system cost and
complicating the control algorithms. Thus, four-phase SRMs are
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widely used in various industrial, automotive and aviation
applications [8, 20, 22].

Alternatively, torque ripple can be minimised using advanced or
optimised control techniques such as current profiling techniques
(CPTs) [23, 24] and torque sharing functions (TSFs) [25-27],
where the torque is an indirect control variable. However, these
methods necessitate dedicated tuning procedures to determine
optimal gain coefficients, long settling time and high memory
requirements to store machine characteristics which are undesirable
features for the real-time implementation. On the other hand, direct
torque control (DTC) techniques are proposed for SRM to
overcome the aforementioned shortcomings, namely direct
instantaneous torque control, direct torque and flux control and
advanced DTC strategies [28-30]. In these methods, torque is a
direct control variable and the performance comparison of different
control strategies is presented in [31, 32].

Among them, the DTC scheme [29] draws more attention
which utilises the principle of DTC applied to traditional AC
machines. This method offers advantages such as automatic control
(no turn-on/off angle control), fast dynamic response, reduced
acoustic noise, insensitivity to motor parameters and does not
require rotor position information. Moreover, this method does not
require any winding arrangements and provides an easy extension
to multi-phase SRMs. However, the active phase has to develop
more torque to compensate for the negative torque generated by the
outgoing phase due to an extension of phase current in the negative
inductance slope region. Therefore, it draws more current from the
source, thereby reducing net torque per ampere (7/4) and the drive
efficiency [29, 31]. Moreover, the large input power pulsations
occur, which demands a larger DC-link capacitor.

To overcome these limitations, a new DTC scheme for four-
phase SRM to improve the drive efficiency while minimising the
torque ripple is proposed in this paper. This method employs a new
switching pattern, which is generated by dividing the space-vector
structure into 16 sectors and the selection of the voltage vectors are
modified to eliminate phase current extension into the negative
inductance slope region. Therefore, the proposed scheme not only
minimises torque pulsations but also enhances the efficiency of the
SRM drive. The performance of the proposed DTC controller is
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validated against the conventional DTC controller under different
operating conditions using simulations and in a real-time
environment.

2 SRM drive
2.1 SRM modelling

The SRM has a doubly salient structure and operates in the
saturation region in order to attain a high energy conversion rate,
which makes it a highly non-linear machine. Therefore, it is
necessary to develop an accurate and non-linear model for precise
control of the SRM. Several modelling methods for the SRM are
available in the literature, including finite element analysis based
techniques, analytical methods and artificial intelligence
techniques. In this paper, an interpolation and look-up table based
approach is adopted using the torque and magnetic characteristics
as shown in Fig. 1, which are obtained from experimental studies
on 4 kW four-phase SRM. The dynamic model of an SRM
comprises of a set of electrical equations for each phase and system
dynamics. Neglecting mutual coupling, the SRM model of m-phase
machine can be expressed as
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The dynamic equation of the phase current can be expressed as
dij _ o] Oy
E—a—lj v]—rjlj—a—ajw (2)

where vj, i;, rj, yj, and 0; represent the terminal voltage, phase
current, phase winding resistance, flux linkages, rotor position of
‘> phase, respectively and o = d@/dt is the rotor speed. The
general expression of the instantaneous torque by one phase at any
rotor position can be expressed as

_ Wiy 0)
Tj - 20 ij = constant (3)
where W.(i;, §) denotes co-energy, which can be given by
i
W, = f Wi(in0) - di &)
0
The expression for instantaneous torque T'; can be given by
. 0wy 60)
Tjﬁlj'—Jaé (5)
The dynamics of the mechanical system is represented by
do _ 1| x .
f=

The SRM model is developed [33] using the above dynamic
equations and the machine characteristics (Fig. 1). The complete
SRM model with the per-phase model is shown in Fig. 2.

2.2 Power converter

The AHB is a widely used power converter topology to drive the
SRM, as it allows independent control of each phase. The electric
circuit diagram, along with their operating modes for the four-
phase SRM is shown in Fig. 3a—d. One H-bridge module is
required to drive one-phase of the SRM, which comprises of two
power switching devices [S;, S,], and diodes [D,, D,] and the phase
winding is connected in series with the power switches. There are
three possible states that can be achieved through an AHB to drive
the SRM. The positive dc voltage (+Vy.) is applied across the
phase winding when both switches in the same phase leg are turned
on as shown in Fig. 3b, represents magnetisation state and is
denoted by ‘1°. The freewheeling state can be achieved by turning
off one of the switches as shown in Fig. 3¢, that applies zero
voltage across switch, which is denoted by ‘0’. To decrease the
current abruptly, both switches are turned-off as shown in Fig. 3d.
In this mode, negative dc voltage is applied across the winding
leading to commutation of a phase. This state is called
demagnetisation mode and is represented as ‘—1°. The summary of
the possible voltage states for phase-A is listed in Table 1.

3 Proposed DTC scheme

The DTC strategies are very popular for conventional AC
machines and have been applied to the SRM [29]. The principle of
vector selection in DTC involves acceleration and deceleration of
the flux linkage vector to compensate torque and flux errors.
Furthermore, the torque control of an SRM depends only on the
stator flux vector's variation, thus no need for motor information.
The control block diagram of the DTC scheme for an SRM is
shown in Fig. 4. The DTC structure comprises of flux-linkage
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Table 1 Operating modes of four-phase SRM converter
(AHB)
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Fig. 4 Block diagram of the proposed DTC scheme
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Fig. 5 Sector partition and voltage vector selection for the sector N,
(a) Conventional DTC, (b) Proposed DTC

control, torque control and a flux-linkage vector's position
information to choose voltage vector such that the desired torque
control is achieved. In the conventional DTC scheme, total
electrical space is divided into eight sectors with an angle of 45°, as
shown in Fig. 5a. The selection of the voltage vectors based on the
increment and decrement of torque and flux for conventional DTC
is shown in Fig. 6a. The stator flux-linkage vector can be estimated
as

t
Y= / w;—rji)-dt+wy, @)
0

where yj, = 0 as the phase current and flux returns to zero in each
electrical cycle in SRM. To evaluate the stator flux-linkage vector,
the flux vectors for four-phase SRM are transformed into the d—g
reference axes

W=+,

bws| = ywa + vy ®)

0= tan"(ﬂ)
Vi

where |y, @ represents the flux-linkage vector's magnitude and
angle, which is used to determine the sector N, (k € {1,2,...,8}).
The torque can be estimated through the measurements by torque
sensor or pre-determined torque characteristics of the motor.
Fundamentally, the SRM windings are to be excited in
conjunction to phase inductance variation with respect to the rotor
position. The determination of optimal switching pattern is crucial
to achieving objectives such as minimal torque pulsations, high
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T/A ratio and reduced switching frequency. The conventional DTC
switching pattern does not follow the phase inductance variation;
as a result it generates high torque ripple and draws high source
current to generate the required electro-magnetic torque, that
lowers the efficiency of the drive. As discussed before, the torque
can be increased by accelerating the flux linkage vector causing the
incoming phase to conduct in the positive torque region, so that the
requirement can be fulfilled. Similarly, the torque can be decreased
by magnetising the outgoing phase, which is in the negative torque
region, which is at the cost of increased commutations, lower T/A
and more switching losses. Furthermore, large input power
pulsations occur which is undesirable, especially for applications
such as battery-powered electric vehicles.

All these issues are due to inappropriate voltage vector selection
while decreasing torque. This issue can be overcome by proposing
a new DTC strategy with a new sector partition method and
switching sequence. In this scheme, magnetisation of the outgoing
phase is replaced with freewheeling/demagnetisation of the active
phase. A sixteen sector partition method with an electrical angle of
22.5° is employed instead of the eight sector approach, as shown in
Fig. 5b, which allows precise selection of voltage vectors
corresponding to torque and flux errors. Furthermore, the voltage
vectors at +90° and —90° are selected to increase the torque (7' 1)
and decrease the torque (7 {) to achieve a faster dynamic
response, which is not possible in the conventional DTC scheme,
each sector occupies 45° of flux-linkage vector. In the proposed
DTC method, if the flux-linkage vector is in sector N,, the range of
phase lead is 67.5°— 45°. At 0° position, the voltage vector
selection to increase torque will change from V, to V;, which leads
the flux-linkage vector by 90°. At the end of sector N, (22.5°), the
voltage vector leads the flux-linkage vector by 67.5°. In this way,
the changing of vector selection for every 22.5° allows selection of
the most appropriate voltage vectors such that fast dynamic
response with low torque pulsations is achieved.

The selection of the voltage vectors using the proposed DTC
scheme is presented in Fig. 6b. The proposed method utilises the
new vectors for a decrease in torque by replacing all magnetisation
(1) modes with freewheeling modes (0), thus eliminating the
negative torque production. Furthermore, the proposed DTC
scheme avoids all (—1) to (+1) switching transitions, i.e. the
switching of an AHB converter from demagnetisation mode (—1) to
magnetisation mode (+1) involves switching of both switches of a
particular phase, whereas magnetisation to freewheeling transition
involves only one switch. Therefore, soft chopping with single
switch transition can also be achieved using the proposed method.
The main features of the proposed DTC scheme are summarised as

i.  Avoids the stability concerns due to minimal torque pulsations.

ii. Improves T/A ratio and reduces copper losses.

iii. Reduces the number of switching commutations, thereby offers
low converter switching losses.

iv. Reduces input current fluctuations, thus enhances the battery
life.

4 Results and discussion

The performance and effectiveness of the proposed DTC scheme
are first verified through computer simulations. The simulation
studies are carried out on 4-kW four-phase SRM using MATLAB/
Simulink. The magnetisation and static torque characteristics
obtained from the experimental measurements are used to develop
a non-linear dynamic model of SRM. The results obtained using
the proposed scheme under steady-state as well as dynamic
conditions are illustrated and compared with the conventional
DTC. Figs. 7 and 8 show the simulated waveforms of the proposed
and conventional DTC strategies for a reference torque of
Tt =15N—m at 250 and 750 rpm, respectively. From these
results, we can also observe that the extension of the phase current
and negative phase torque that exists in conventional DTC is
completely eliminated in the SRM drive using the proposed DTC
strategy. Moreover, the torque dips observed during the phase
commutation in the conventional DTC are shown in Figs. 76 and
8b. These torque dips are reduced using the proposed DTC as

3



depicted in Figs. 7a and 8a. Thus, the desired torque is well
regulated at their reference value with an improved T/A ratio using
the proposed DTC strategy and outperforms the conventional DTC
strategy in terms of torque ripple and T/A ratio under low and high
speeds.
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Tt effectively in comparison to the conventional DTC, as shown
in Fig. 9. This is due to selecting vectors which are orthogonal to
the stator flux linkage vector. The dynamic response of
conventional DTC has a delay in settling as well as the undershoots
at the new reference torques. Therefore, the proposed DTC strategy
exhibits fast dynamic performance with reduced torque pulsations
under different torque references. Furthermore, the prediction error
for estimating rotor position is minimised due to the sixteen-sector
partition method, which helps to detect accurate flux vector
information.

The conventional DTC strategy is also verified through real-
time studies. The proposed and conventional DTC schemes are
implemented on an OPAL-RT-based digital controller (OP5142)
with 50 ps sampling time. The four-phase SRM model under study
is developed using experimental torque and magnetic
characteristics following the methodology in [34]. With the
application of dc voltage, the current waveforms are captured at
each rotor position (from unaligned to aligned). The dividing head
is used to lock the rotor at each position against the torque
produced. The measured voltages and currents are further
processed into a simulation platform to calculate flux linkages
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using (7). The motor parameters and the testing conditions of a
real-time system are similar to the simulation studies. The real-time
results shown in Figs. 10a and b are found to be in concurrence
with the corresponding MATLAB simulation results in terms of
electro-magnetic torque, phase torque, phase current and rotor
angle. As shown in Fig. 105(i), the extension of the phase current
and phase negative torque are completely eliminated under the
negative inductance slope region. Thus, the proposed drive
improves 7/A in the SRM drive, thereby enhancing the drive
efficiency.

The gating pulse of devices S, and S, [Fig. 3] using both
techniques are shown in Figs. 10a and b(ii). This study reveals that
the number of switching as well as device voltage stress are less in
the proposed DTC strategy in comparison to conventional DTC for
the fundamental cycle. Therefore, the average switching frequency
of the SRM drive reduces significantly. From the presented results,
it is concluded that the proposed DTC method outperforms under
steady-state and dynamic conditions in comparison to the
conventional DTC strategy. However, it is essential to conduct
further studies on a proposed drive in terms of copper losses,
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converter losses and the impact on the source current, which will
be discussed in Section 5.

5 Performance analysis of DTC schemes
5.1 Torque ripple analysis

Toque dip occurs at the point of overlap during phase
commutation, which is usually expressed in the form of torque
ripple and is given by

Tmax = Thi

Trippie(%) = Toe = X 100% 9
where Ty, can be expressed as
1<,
Tue = 7 f 2 a») dt (10)

Torque ripple is evaluated using (9) under both the DTC schemes
at low and high speeds. With the application of the proposed DTC
scheme, torque dips are reduced significantly during phase
commutation as depicted in Figs. 7a, 8a and 10b(i). It is also
observed that 32 and 36% torque ripple reduction using the
proposed DTC based SRM drive at 250 and 750 rpm, respectively.

6

5.2 T/A and copper loss

The magnitude of the phase current in the inductance-decreasing
region determines the amount of generated negative phase torque.
The proposed DTC scheme eliminates completely phase current in
the negative torque region, thereby improves the drive efficiency.
In the case of SRM drives, it is usually expressed in terms of 7/4
[x] and is given by

Tavg
1 dc-avg

(11)

where Ig._ay, is the average value of the source current. It is
observed that the proposed DTC scheme improves 7/4 ratio by
49.59 and 17.54% at 250 and 750 rpm, respectively. The copper
losses can be evaluated as follows:

m

P.= Z(ljzrmsrj)

(12)

where r; is the phase AC resistance and ij, is the r.m.s value of
the jth phase current. Copper losses are determined using (12) for
both schemes under different speeds. The performance analysis of
both schemes in terms of copper losses is shown in Fig. 11. It is
noticed that the copper losses are reduced by 11.56 and 15.92%
using the proposed drive at 250 and 750 rpm, respectively.

5.3 Current stress on power devices and the number of
commutations

Power devices have been found to be the most fragile components
and are prone to fail due to varied current and voltage stress [35].
Therefore, it is essential to analyse stress on the devices that are
subjected to different control strategies. Figs. 12 and 13 show the
current distribution on each device of AHB per phase under the
conventional and proposed DTC strategies at 750 rpm,
respectively. It is observed that the switching of the devices is
significantly reduced. Alternatively, it can also be analysed through
the number of commutations in one electrical period. The number
of commutations of the switch for one electrical cycle can be
calculated using a digital counter circuit. In this method, the
counter is incremented by one whenever the rising edge of the gate
signal is detected. The difference between the counter count at the
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Fig. 13 Device current stress under the proposed DTC scheme
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Fig. 14 Block diagram of evaluating the number of commutations

starting point and endpoint of the cycle gives the number of
commutations. The block diagram of the digital count to evaluate
the number of commutations per switch is shown in Fig. 14. Both
per-phase active devices (S, and S,) are switched 43 and 32 times in
one-fundamental cycle of the proposed DTC method, whereas in
conventional DTC both devices are switched 587 and 177 times at
250 and 750 rpm, respectively. The lesser number of commutations
implies lower switching losses of the converter, which is observed
in both simulation and real-time results. Therefore, average
switching frequency of the proposed SRM drive is significantly
reduced in comparison to the conventional DTC-based drive.
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5.4 Power loss analysis

It is shown that the number of commutations is limited using the
proposed DTC scheme by eliminating the magnetisation of the
phase in the negative torque region. Even though the number of
commutations is reduced, the conduction time of power diodes
increases. As already discussed the reduction in RMS current to
generate same electromagnetic torque reduces the converter
conduction losses. Therefore, it is required to evaluate the power
loss of the AHB converter. The total power losses Proy of per-
phase AHB are given by

Prow = Pr_s,+ PL_p +PL_s,+PL_p, (13)

where P _s,, Pr_p,, Pr_s, and P;_p, are the power losses of the

upper switch, upper diode, lower switch and lower diode,
respectively. The total power loss of a power switching device (S)
and diode (D) is the sum of conduction losses and switching losses
(turn-on loss and turn-off loss/recovery loss). The conduction loss
of the switch/diode can be given by

1 [T ‘
Peond,sip = Tf Von,sip X i(0)dt (14)
0

The conduction loss of (Peong.s,p) switch and diode can be
calculated from their forward voltage drop (Vonsp) and their
instantaneous current i(f). The device characteristics are developed
using the curve-fitting tool in the MATLAB by considering the
electrical and thermal characteristics of Semikron IGBT
SKM75GAL123D/SKM75GAR123D for one phase of AHB. The
derived conduction loss equations of the switch (S) and diode (D)
from the curve fitting analysis are listed as

Psosc = 0.02365 # ig(1)* + 1.551 = is(f) — 0.8995 (15)
Ps 1s:c = 0.02876 5 ig(t)* + 1.914 x ig(r) — 2.452 (16)
Ppasc = 0.01521 # ip(t)’ + 1.245 % ip(t) — 0.2321 (17)
Pp ns:c = 0.01485 # in(t)> + 1.06 * ip(t) — 0.8451 (18)

The second-order polynomial equations are developed for
conduction power losses at temperatures (7) are given by

Py(ic, T) = (0.0224 + 0.000058 * T) * is(t)” + (1.46025
+0.00363 * T) »* ig(t) — (0.511375 4+ 0.015525 % T)
(19)
Pp(ip, T) = 0.0153 * ip(t)* + (1.2913 — 0.0019 = T) 20)

# ip(£)(0.0789 + 0.0061 * T)

The conduction losses are calculated using (14)—(20) as per
methodology, as shown in Fig. 15a.

The switching losses of the switch (S — IGBT) and diode (D)
are

Py s=7 Z [Eon() + Eoi()] @D
Jj=1
PRec D= T z [Erec(])] (22)
j=1

where E,, and Ey are the turn-on and turn-off energies of switch,
respectively. E.. represents the recovery energy of the diode. The
datasheet provides E,,, E.y and E.. losses versus switch/diode
current curves that describe the current dependency of switching
losses. Other dependent factors of switching losses are blocking
voltage and junction temperature. The switching loss factor can be
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rpm

obtained by dividing total energy losses with switch/diode current
can be represented as

E
I““al (uWs/A) (23)
S1D

Ksip =

The derived polynomial equations for switching loss factor from
the selected switch datasheet are expressed as

K(is) = 0.0001487 * is(t)’ — 0.03366 * is(r)’

(24)
+3.224 % ig(t) + 170.3

Kp(ip) = — 0.0007726 * ip(t)* — 0.436 = ip(t) + 65.53  (25)

Ks(is) is the switching loss factor of IGBT and Kp(ip) is the
switching loss factor of a diode. The switching loss evaluation
methodology adopted is shown in Fig. 15b. Once the conduction
and switching losses are calculated, then the total losses for all
devices are evaluated as shown in Fig. 15¢ [36]. The converter loss
distribution comparison of the conventional and the proposed DTC
strategies at 250 and 750 rpm are shown in Fig. 16.

5.5 Input power fluctuations

Due to non-linear characteristics and phase commutation of SRM,
there are large input power fluctuations when transferring energy
from the dc source to the SRM. This essentially arises movement
from unaligned to aligned rotor position. Therefore, large current
fluctuations occur at the input side considering the stiff dc source.
In battery-powered electric vehicles, the battery lifetime is highly
influenced by the ripple current [37]. One way to avoid such power
fluctuations, is the use of large capacitors parallel with the battery.
In order to compare the performance of both schemes, the same
capacitor value is considered and their results at 250 rpm are
shown in Fig. 17. It is observed that the proposed method reduces
fluctuations in the source current, which improves the life of the
battery in the battery-powered electrified vehicles.

5.6 Comparison summary of the proposed DTC scheme with
conventional DTC

The comparison summary between these methods in terms of
torque ripple, torque per ampere, source current and number of
commutations are listed in Table 2. Overall, the proposed DTC
method outperforms the conventional DTC method especially at
lower speeds. The comparative analysis between the proposed
DTC and the conventional DTC are summarised in Table 3.

6 Conclusion

In this paper, a new DTC algorithm for a four-phase SRM drive
with improved efficiency is proposed. In this scheme, a sixteen-
sector partition method is employed and the most appropriate
voltage vectors are selected to regulate the desired torque with
minimal torque pulsations. The proposed strategy effectively
eliminates the instantaneous negative torque generated by the
outgoing phase during phase commutation. Thus, the net 7/4 ratio
is significantly increased and the torque ripple is minimised. To
validate and implement the proposed control algorithm in real-
time, a non-linear model is developed. The real-time results show
that the proposed DTC scheme improves the drive efficiency in
comparison to the conventional DTC scheme.
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Table 2 Performance comparison of the proposed DTC and conventional DTC scheme

Speed, rpm Method Torque ripple, % T/A (avg), N-m/A  Source RMS current (I;), A Number of commutations (n)

250

500

750

proposed DTC 10.66 5.146
conventional DTC 15.66 3.440
proposed DTC 13.66 3.438
conventional DTC 19.20 2.648
proposed DTC 14.02 2.593
conventional DTC 21.93 2.206

5.611 43
9.454 587
7.311 39
9.627 309
9.129 32
9.151 177

Table 3 Summary of comparative analysis of proposed and conventional DTC scheme

Scheme attributes Conventional DTC [29] Proposed DTC
sector partition method eight sixteen
voltage vectors used eight sixteen
torque ripple high low
T/A ratio low high
source current ripple high low
copper losses high low
switching losses high low
number of commutations high low
device current stress high low
device voltage stress high low
battery life low high
capacitor requirement high low
efficiency low high
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9 Appendix

SR motor specifications: rated power 4 kW, 8/6 pole (eight stator
poles and six-rotor poles), 1500 rpm, 7; (phase resistance) = 0.7 £,
L, (unaligned inductance) =12 mH, L, (aligned inductance) =110

mH, J = 0.016kg — m’, B=0.0065 N-ms.
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