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Abstract: The torque ripple of a switched reluctance motor (SRM) limits its application in electric
vehicles. This paper proposes a DITC system for SRMs based on a novel multilevel converter (MLC),
which aims at the problem that the torque ripple cannot be effectively suppressed for the conventional
direct instantaneous torque control (DITC) of an SRM due to the limitation of the DC bus voltage
in the asymmetric half-bridge converter (AHBC) and the single control strategy formulated in the
commutation region. Based on the advantages of fast excitation and fast demagnetization for the
proposed MLC and the torque distribution characteristics for each phase winding in the commutation
region, a novel torque hysteresis control strategy is developed to improve the torque-following ability
of the DITC and achieve the purpose of minimizing the torque ripple in the commutation region. In
addition, multiobjective optimization control of the motor is carried out to improve the efficiency
of the DITC system while suppressing the torque ripple. The effectiveness of the proposed SRM
drive scheme is verified by experiment, which is of great significance for the application of SRMs in
electric vehicles.

Keywords: switched reluctance motor; direct instantaneous torque control; multilevel converter;
torque ripple; multiobjective optimization

1. Introduction

A switched reluctance motor (SRM) is very suitable for traction motors of electric
vehicles due to its simple and robust structure, high fault tolerance, high starting torque,
and great speed regulation performance [1-4]. However, its double salient pole structure
and magnetic saturation characteristics cause torque ripple, resulting in vibration and noise,
which affects the operational stability and comfort of electric vehicles [5-7]. Therefore,
torque ripple suppression in SRMs is a critical research problem for scholars.

Optimizing the structure [8-10] and control [11-16] of SRMs are two ways to reduce the
ripple. Among them, advanced control strategies are more commonly used and effective.
Although average torque control (ATC) [17,18] is simple and widely used in SRMs, it is
difficult to apply on the occasions where low torque ripple is required. Compared with
ATC, instantaneous torque control enables precise torque control and can significantly
suppress the torque ripple. Depending on the control method, instantaneous torque control
includes indirect instantaneous torque control (IITC) [19-21] and direct instantaneous
torque control (DITC) [22-24]. IITC generally calculates phase reference torque with a
torque-sharing function (TSF) [25], from which the exact reference current is obtained, and
then controls phase torque indirectly by adjusting each phase current to follow the phase
reference current through a current controller. Compared with IITC, the controlled object of
DITC is the instantaneous torque, which generates the switching signal based on the error
between the reference torque and the instantaneous torque without precisely controlling
the phase current, thus simplifying the control system structure and reducing the algorithm
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implementation difficulty. Based on the conventional DITC, many scholars have proposed
some novel DITC methods by improving the controller or combining advanced control
theories. In [26], a fractional order proportional-integral-derivative (PID) controller is used
instead of a conventional PID controller, which reduces the overshoot and adjustment time.
In [27-29], some DITC methods combined with PWM are used to adjust the voltage duty
ratio of each phase based on the torque error to obtain a suitable voltage vector, which
suppresses the current ripple at low speed, thereby minimizing the torque ripple. In [30], a
DITC method with an adaptive dynamic commutation strategy is proposed to dynamically
control the commutation process by modifying the switching angles, which can achieve a
reasonable distribution of phase torque and thus minimize the torque ripple.

Although these DITC methods can improve torque ripple in an SRM, when the
motor operates at high speed, the phase current increases and decreases slowly due to
the limitation of the DC bus voltage in the AHBC, resulting in a decrease in the torque-
following ability of the DITC, which not only increases the torque ripple in the system
but also affects the dynamic response performance and drive efficiency. In [31,32], a four-
level converter is used for the DITC system. This four-level converter has the capability
of high-voltage excitation and high-voltage demagnetization, which can reduce the rise
and fall time of the current and thus improve the dynamic performance and efficiency of
the system. However, each phase bridge arm of the four-level converter cannot operate
independently, which not only limits the formulation of control strategy but also affects the
suppression effect of the torque ripple in the commutation region.

In this article, a novel MLC is proposed in which each phase bridge arm can operate
independently, and a DITC system for SRMs is designed using this MLC. By developing
a novel control strategy, the torque-following capability of the DITC is improved, and
the torque ripple of SRM is significantly reduced in a wide speed range. In addition,
multiobjective optimization control is carried out to improve the efficiency of the DITC
system while suppressing the torque ripple. Simulation study and experiment comparison
demonstrate the effectiveness of the novel DITC.

2. Conventional DITC for SRM
2.1. Asymmetrical Half-Bridge Converter

The conventional DITC system usually uses an AHBC to drive the SRM. Each phase
winding can operate in the three-level states with excitation (+1), freewheeling (0), and
demagnetization (—1) by controlling the on or off of two switching devices in each phase
bridge arm of the AHBC. These are illustrated in Figure 1.

. 2 @ 2 —e . 4 4IC

|

| |

—Kl Sai A Da _KSAI A Dy, —K Sai :-A- Das

|

L i _a
—\—1U — W—e o w—1

— »—
A : :— A —: : A
- INy_Sa2 - 1Ny Sa2 L Saz
A Da |:]— Al Da I)— 'Y Da; )—
- | - |t - I

® ‘e ® ® . ®

(a)

(b) (c)

Figure 1. Operating states of the AHBC: (a) +1 state; (b) 0 state; (c) —1 state.
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2.2. Conventional DITC System and Control Method for SRM

Figure 2 shows the inductance and current characteristic curves for each phase of the
three-phase SRM. The DITC system turns on and turns off each phase winding according to
rotor position, and three-phase windings are conducted once in rotation during an electrical
cycle, where each one-third of an electrical period consists of a commutation region and
a single-phase conduction region. As can be seen from the diagram, the commutation
region is between the turn-on angle (6, ,) of phase B (following phase) and the maximum
inductance (¢,) of phase A (preceding phase), where the inductances of both phases A and
B are rising, and two phases together produce positive torque required by the motor. The
single-phase conduction region is between the 6, and the turn-on angle (6on_c) of phase
C. In this region, phase A enters the falling inductance region, and phase B remains in the
rising inductance region, hence phase B alone provides positive torque.

Commutation Single-phase
A region  conduction region
Lc! Ly | Lg!

)

|
|
eonia 9(: eun_b Ha gon_c HD

Figure 2. The inductance and current characteristic curves for each phase of the three-phase SRM.

The control structure of the conventional DITC system is presented in Figure 3, where
the torque hysteresis controller is the key, which sets up the hysteresis control strategy
for the commutation region and the single-phase conduction region. Figure 4 presents
the control strategy. The vertical axis represents the operating state of each phase. The
horizontal axis represents the error between the reference torque and the instantaneous
torque, and the hysteresis thresholds (—Ty, —11, 0, T1, and Ty) are defined based on
its value The solid and dashed arrows represent the transfer direction of the torque er-
ror. During the operation of the DITC system, the torque hysteresis controller selects
different operating states to adjust each phase torque based on rotor position, torque er-
ror, and transfer direction of torque error in order to make synthesized torque follow the
reference torque.
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Figure 3. Control diagram for the conventional DITC system.
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Figure 4. Conventional torque hysteresis control strategy: (a) control strategy in the commutation
region; (b) control strategy in the single-phase conduction region.

When qualitatively analyzing the torque output characteristics of phase winding
based on the inductance characteristics, the magnetic saturation is ignored and the phase
inductance is considered to be related to the rotor position only; so the phase torque of
SRM can be expressed by the following formula:

. 1. ,dL
Ti(6,ix) = Si’ —

2™ g M)

where Ty is phase torque, iy is phase current, and Ly is phase inductance. Based on
the torque expression, since the current and inductance of each phase winding in the
commutation region constantly change, it is difficult to maintain a constant synthesized
torque using a single control strategy.

The conventional DITC strategy makes the preceding phase work in the external
hysteresis loop and the following phase work in the internal hysteresis loop without
considering the torque output capacity per phase in the commutation region, and the
torque error easily enters the external hysteresis loop. Thus, the torque ripple is noticeable
in the commutation region. Additionally, SRMs operate at low speed where the phase
current can be increased and decreased as expected, so the output torque is able to follow
the reference torque. Nevertheless, as the speed increases, the rotating electric potential of
winding increases, and the excitation and demagnetization time shorten, with the result
that the current increases and decreases slowly so that the output torque has difficulty
following the reference torque. The simulation waveforms are shown in Figure 5 for the
conventional DITC system at 1250 r/min and 5 N-m load, with the torque error trajectory,
phase torque, and phase voltage waveforms from top to bottom. At the beginning of
commutation, the following phase is usually turned on near the minimum inductance to
increase the current quickly. The change rate of inductance for the following phase is very
low, and its current has yet to be fully built up. The torque generated by the following phase
is not sufficient according to Formula (1), resulting in a significant torque error that exceeds
Ty. At the end of commutation, the following phase experiences an increase in the change
rate of inductance; at this point, the inductance of the preceding phase is still increasing,
which leads to excess output torque due to its slow current decrease, causing the torque
error to exceed —T significantly. In addition, the current tailing of the preceding phase
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enters the falling inductance region, resulting in the generation of negative torque; since
the negative torque needs to be compensated by the positive torque in the single-phase
conduction region, the efficiency of the motor is reduced.
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Figure 5. Simulation waveforms in the conventional DITC system at 1250 r/min and 5 N-m load.

In summary, to effectively minimize the torque ripple in an SRM, the optimization of
control strategy is certainly important, but it is also necessary to improve the excitation
and demagnetization speed of the converter on the motor windings so as to improve the
torque-following capability of the DITC.

3. Novel Multilevel Converter

This paper proposes a novel MLC with a double bus structure, and the topology
is shown in Figure 6. The MLC adds one switching device and one diode per phase of
the bridge arm on the basis of the AHBC and adds a boost capacitor (C2) connected in
series with the voltage-stabilizing capacitor (C1) at the DC power supply side. The bus
connected to the positive terminal of C2 is called the high-voltage bus, and its voltage
(Upc + Ucy) equals the sum of the C2 voltage and DC voltage. The bus connected to the
positive terminal of the power supply is called the DC bus.

High—Voltage Bus
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DAI DC Bus DB] DCI
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Figure 6. Topology of the novel multilevel converter.
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Four operating states can be obtained with the on—off control of three switching devices
in each bridge arm of the novel MLC, defined as the +2, +1, 0, and —2 states, as shown in
Figure 7. For example, when all switching devices in the A-phase bridge arm are on, the
winding operates in the +2 state, and the phase current can be ramped up more rapidly.
The conduction path is shown in Figure 7a. When Sy is off, Sp» and Sa3 are on, and the
winding operates in the +1 state; compared with the +2 state, the current is increased slowly,
and the conduction path is shown in Figure 7b. When S41 and Sa; are off, Sp3 is on, the
winding operates in the 0 state, and the conduction path is shown in Figure 7c. When all
switching devices in the A-phase bridge arm are off, the winding operates in the —2 state,
and the current can be decreased more quickly. The conduction path is shown in Figure 7d.
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Figure 7. Operating states of the novel MLC: (a) +2 state; (b) +1 state; (c) O state; (d) —2 state.

The novel MLC enables multilevel driving for the SRM, and each bridge arm can
operate independently, hence allowing flexible control strategies. In addition, during the
winding demagnetization stage, C2 is used to recover the residual winding magnetic energy
to achieve higher voltage. This structure does not require a front boost circuit, which can
save costs.

4. DITC for SRMs with the Novel Multilevel Converter

Based on the novel MLC, a novel DITC system for SRMs is designed, as shown in
Figure 8. The system mainly includes a torque hysteresis controller, torque calculation unit,
boost voltage controller, novel MLC, and switch table. The torque hysteresis controller
requires input parameters, including AT, 6, Oon, 0o, and 0y,. AT is the error in Tyef and Tes;
Tref is gained from the speed controller, and Tegt is determined by using a lookup table
in the torque calculation unit. 6 is the rotor position, fon is the turn-on angle, and 6 is
the turn-off angle. 0y, is defined as the control angle that maintains the voltage stability
of the high-voltage bus, and [0on, 61] is defined as the region where +2 is used. For the
three-phase 12/8 SRM, 6y, is located between [0on, Oon + 15°] and is determined by the boost
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voltage controller according to Ucy, Vief, Bon, and 8. Uc; is the instantaneous voltage of C2,
and V. is the reference voltage of C2. During the operation of the novel DITC system, the
torque hysteresis controller determines the operating state for each phase winding based on
Bon, Oott, On, AT, and 6. Then, the switch table generates the drive signal for the converter,
and the converter operates to realize the DITC for the SRM.

Torque “«— 9 X
T Calculation Unit | ¢ A, B, Ic
est
Oret Speed ]-;-ref AT
Controller| g Torque | Y o
- off 3 =]
® O | Hysteresis _’STWIS;:h_’ )3
0 I : Controller ¥ '2%'€ ] ., &
i CT
d/dt 1o, "
(&
7Y on [Boost Voltage]
Controller <Vr€_f
A
[ [

Figure 8. Control structure of the novel DITC system.

4.1. Torque Hysteresis Control Strategy with the Novel Multilevel Converter

To solve the problem that the motor output performance suffers due to the single
control strategy for the conventional DITC in the commutation region and the DC bus
voltage limitation of the AHBC, a novel control strategy is developed with the torque
distribution characteristics of each phase in the commutation region and the advantages
of fast excitation and fast demagnetization for the novel MLC. Shown at the same current
value, Figure 9 illustrates the torque distribution of phases A and B in the commutation
region for a three-phase 12/8 SRM. It is noticeable that the torque output capacity of phase
A is strong in the early stage of commutation, and its current per ampere can generate
greater output torque than that of phase B. In addition, phase B is currently in the current
build-up stage, and its current is smaller. Therefore, in the early stage of commutation,
phase A mainly provides the total electromagnetic torque. As the rotor position increases,
the torque output capacity of phase A gradually decreases, and that of phase B gradually
increases, and can produce larger output torque per ampere of current than that of phase A.
Additionally, the current in phase B is fully established, while the current in phase A should
be decreased to zero in time as phase A approaches its maximum inductance position.
Therefore, phase B mainly provides the total electromagnetic torque in the late stage
of commutation.

12 T T T T T T

o

Torque (N-m)

Rotor position (°)

Figure 9. Torque distribution of phases A and B for a three-phase 12/8 SRM.
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Hence, the commutation region is divided into Region I and Region II, according
to the torque output capability of the preceding and following phases. Furthermore, the
single-phase conduction region is now Region III. Each region is illustrated in Figure 10.
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Figure 10. Regional division method for the novel DITC strategy.

Taking the commutation between phases A and B and the single-phase conduction
of phase B as an example, the novel torque hysteresis control strategy for each region is
presented in Figure 11. The excitation state of phase B in each region is represented by
+n, which represents either the +2 state or the +1 state, and the state logic of +n depends
on the location of 8y,. 6y, is between [0, b, Oon_c], +1n is +2 within [0y, p, O], and +nis +1
within [0}, Oon_c], as shown in Figure 12 from the implementation waveform of the novel
control strategy.

Phase A Phase A
A A
+1 1
y h A 3
< - > AT > AT
Ty |-Ti} 0| T Ty “Tu i-Ty 0| L Ty Phase B
Y A “+
<o . 72 < _2 > - H -
< L < » v é
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Phase B Phase B Ty |-Ti O Ty i Ty
A +n A +n Y A
< = e B N -2
Y A Y A D .
< > > AT < gt > AT
—Ty i-Ti O Ty i Tu ~Tu|-Tii O T. | Ty
A\ 4 A
-2 I -2

(a) (b) (c)

Figure 11. Novel torque hysteresis control strategy in each region: (a) Region I; (b) Region II;
(c) Region III
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Figure 12. Implementation waveforms with the novel torque hysteresis control strategy in one-third
of the electrical cycle.

The control strategy for Region I is shown in Figure 11a. When the total electromag-
netic torque needs to be increased or decreased, the strategy is executed in priority between
the internal hysteresis loop of phase A (0 <+ T1). Since phase A has a higher torque output
capacity per ampere of current and the total electromagnetic torque is primarily available
from phase A, this is conducive to improving the torque response speed and electrome-
chanical conversion efficiency of the system. Phase B increases current preferentially in
the +2 state, which allows the current in the following phase of the commutation region to
build up more quickly than with the AHBC. When the output torque needs to be further
reduced, i.e., AT decreases to —T7, along the negative horizontal axis, phase B enters the
0 state and reduces the output torque together with phase A. If AT continues to decrease
along the horizontal axis to —Ty, phase A enters the —2 state and rapidly reduces the
output torque. While AT returns to zero along the positive horizontal axis, phase B returns
to the excitation state.

The control strategy for Region II is shown in Figure 11b. When the total electro-
magnetic torque needs to be increased or decreased, the strategy is executed in priority
between the internal hysteresis loop of phase B (0 <+ T1,). Since phase B has a higher torque
output capacity per ampere of current and the total electromagnetic torque is primarily
available from phase B, this is conducive to improving the torque response speed and
electromechanical conversion efficiency of the system. When AT decreases to —Ty along
the negative horizontal axis, phase B is in the —2 state to rapidly reduce the output torque.
Phase A enters the —2 state in Region II to reduce the current tailing and avoid generating
negative torque, which allows the current in the preceding phase of the commutation
region to decrease to zero more quickly than with the AHBC.

The control strategy for Region III is shown in Figure 11c. When the total electro-
magnetic torque needs to be increased or decreased, the strategy is executed in priority
between the internal hysteresis loop of phase B (—Tp, <+ T1). If AT decreases to —Ty along
the negative horizontal axis, phase B is in the —2 state to rapidly reduce the output torque.

4.2. Stability Control of the High-Voltage Bus Voltage

The novel DITC system enhances the torque-following capability by fast excitation
and fast demagnetization of phase windings, but this involves charging and discharging of
C2, which leads to fluctuations in the high-voltage bus voltage. Therefore, to guarantee the
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stability of the control system, stable control of the high-voltage bus voltage is necessary.
According to Figure 6, the high-voltage bus voltage equals the sum of Ucy and Upc. Under
the condition that Upc remains stable and its ripple is small, the stability of the high-voltage
bus voltage mainly depends on the stability of Uc,. In this article, the stable control of
the high-voltage bus voltage is realized by the boost voltage controller, and its structure
is presented in Figure 13. The Uc; is collected by the voltage transducer (VT) and is
calculated by the average voltage calculation unit based on 6., and 0 to obtain V,y; as
shown in Figure 12, V,y is the average voltage of C2 in T;. Additionally, the controller
adjusts the error between V,, and V¢ by PI, limits the amplitude, and outputs 6},. The
balance between discharging and charging of C2 in T is controlled to achieve stable control
of the high-voltage bus voltage.

Bon
Vref

| Uc> -
VT ”| Average Voltage| Vav + PI R &
— | Calculation Unit "
o

Figure 13. Structure of the boost voltage controller.

4.3. Optimization of Control Parameters

In this article, the coordinated optimization between torque ripple and efficiency is
realized by multiobjective optimization control of the SRM, so that the DITC is able to
improve the system efficiency while suppressing the torque ripple. For this, the following
multiobjective optimization function based on torque ripple and efficiency is constructed:

K Emax

Fopj (Bons Ooft) | (w,T,,) = Wi ge— +We—¢
min

()

Wg+Wg =1 3)

where K and E are the torque ripple and drive efficiency in the DITC system, respectively.
Wy and W are the weighting factors for torque ripple and drive efficiency, respectively.
At each torque-speed point (w, Tief), Kmin is the minimum torque ripple, and Enax is the
maximum drive efficiency. K is represented by the following formula:

Trmax — Toni
K = —max — “min 9400, 4)
Tav

where Tax is the maximum torque, Ty is the minimum torque, and Ty is the average
torque. E is represented by the following formula:

Pout _ wTay
P Upclav

E = % 100% ®)
where Pin, Pout, w, Upc, and I,y are the input power, output power, rotor angular velocity,
DC voltage, and average current, respectively.

The multiobjective optimization problem for each operating point is transformed into
a problem that satisfies the minimization of the objective function, so as to optimize 0o,
and 0, as shown in the following formula:

opt Hopt R K Emax
Popt(eon O )’(w,T,Ef) = mln(WKm + Wg i3 ) (6)
The MATLAB/Simulink model of the novel DITC system is built based on a three-
phase 12/8 SRM, and the optimization study of the control parameters is carried out. The
basic parameters for the motor are presented in Table 1.
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Table 1. Parameters for the experimental motor.

Motor Parameters Values
Number of stator/rotor poles 12/8
Rated voltage 295V
Rated power 1.1kW
Rated speed 2000 r/min
Rated load 5.25 N-m

In order to avoid the complex process of manually seeking optimal control parameters
by traversing all angles using a simulation model, a search algorithm was developed for
performing angle optimization to calculate the optimal control parameters for each operating
point. The execution process of the search algorithm is presented in Figure 14. To guarantee
smooth torque transition in the commutation region, the preceding phase should be turned
off after the position at which the stator salient pole of the following phase overlaps the
center of the rotor groove, i.e., the minimum 6, is set to 15° (6y¢ (min)). The following phase
should be turned on before the preceding phase turns off, so there is a minimum conduction
angle of 15° (8. (min)). The current of the preceding phase enters the falling inductance
region after 22.5° and produces negative torque, so the maximum 68, should be set and
maintained at a certain margin. In this analysis, the maximum 6 is set at 21° (8¢ (max)).
In addition, the minimum and maximum values of 0., are set to —5° (6o (min)) and 5° (Bon
(max)), the minimum and maximum values of T are set to 1 N-m (T ¢ (min)) and 5 N-m
(T1ef (max)), and the minimum and maximum values of w are set to 250 r/min (w (min)) and
1750 r/min (w (max)). At the end of the search for each operating point, Ky, and Emax are
found in the output results, and then the optimal 0, and 60, are gained by calculating the
objective function. In this article, torque ripple suppression is the primary objective, and
improving the system efficiency is the secondary objective. Thus, Wk is 0.6 and W is 0.4.
Figure 15 shows the optimized results for 6o, and 6 gained by the search algorithm, which
is used to establish a lookup table for optimal control of the SRM.
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Figure 14. Flow chart of the search algorithm for optimizing control parameters.
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5. Simulation Analysis

For the purpose to study the performance of the novel DITC system, simulation
comparison analysis with the conventional DITC system is performed. The conventional
DITC system obtains the optimal control parameters using the same multiobjective optimal
control method as that used for the novel DITC system.

At a speed of 500 r/min and a load of 5 N-m, Figures 16 and 17 show the simulation
waveforms for the two DITC systems with the four hysteresis thresholds set to —0.625,
—0.3125, 0.3125, and 0.625 N-m. As can be seen from the simulation results, the torque
ripple in the novel DITC system is 22% while that in the conventional DITC system is
27.6%. The simulation waveforms indicate that the conventional DITC for the SRM exhibits
significant torque ripple in the commutation region, whereas the novel DITC for the SRM
minimizes the torque ripple in this region.
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Figure 16. Simulation waveforms in the conventional DITC system at 500 r/min and 5 N-m load.
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Figure 17. Simulation waveforms in the novel DITC system at 500 r/min and 5 N-m load.

At a speed of 1750 r/min and a load of 2 N-m, Figures 18 and 19 show the simulation
waveforms in two DITC systems with the four hysteresis thresholds set to —0.25, —0.125,
0.125, and 0.25 N-m. In accordance with the simulation results, the torque ripple in the
novel DITC system is 26.2%, and the torque ripple in the conventional DITC system
is 47%, with a 20.8% reduction in torque ripple. Analyzing the simulation waveforms
presented in Figure 18 reveals that the DC bus voltage is limited by the AHBC, due to
the considerable rotating electromotive force at high speed, which results in the total
output torque deviating significantly from the reference torque and the AT exceeding the
external torque hysteresis thresholds. Moreover, the current in the preceding phase of the
commutation region fails to decay to zero promptly, leading to its flow into the negative
torque region where it generates significant negative torque. Additionally, the current
waveforms of three-phase windings overlap. In contrast, the novel DITC for the SRM
maintains great torque-following capability, and the AT is effectively controlled within
the external torque hysteresis thresholds. Additionally, it enables smaller negative torque
levels and current waveforms without three-phase overlap. These improvements are
demonstrated in Figure 19.
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Figure 18. Simulation waveforms in the conventional DITC system at 1750 r/min and 2 N-m load.
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Figure 19. Simulation waveforms in the novel DITC system at 1750 r/min and 2 N-m load.

To further compare the torque ripple for the two DITC systems, the comparative data
are given in Tables 2 and 3 for different speeds and different loads. At different speeds, the
torque ripple of the novel DITC system is observed to be lower than that of the conventional
DITC system. Furthermore, compared to the conventional DITC, the novel DITC for SRM
is particularly effective in suppressing torque ripple at high speed, and the torque ripple
changes less with increasing speed. These findings indicate that the novel DITC system can
maintain smooth torque output in a wide speed range.

Table 2. Torque ripple for the two DITC systems at 2 N-m load.

Speed Load K (Conventional DITC) K (Novel DITC)
(r/min) (N-m) (%) (%)

250 2 23.3 232

500 2 241 23.2

750 2 27.6 234

1000 2 28.1 25.1

1250 2 29.3 25.5

1500 2 31.6 25

1750 2 47 26.2

Table 3. Torque ripple for the two DITC systems at 5 N-m load.

Speed Load K (Conventional DITC) K (Novel DITC)
(r/min) (N-m) (%) (%)

250 5 22.6 204

500 5 27.6 22

750 5 30.3 23.2

1000 5 327 237

1250 5 344 25.6

1500 5 42.8 27.8

1750 5 737 36.3

6. Experimental Verification

In order to verify the effectiveness of the novel DITC, an experimental platform is
constructed, as shown in Figure 20. The experimental motor parameters are consistent with
those used in the simulation. The experimental system utilizes the TMS320F28377D core
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processor from TI with a sampling period of 10 us. In addition, the switching frequency of
the switching devices is limited to 20 KHz.

Figure 20. Experiment platform.

Figures 21 and 22 show the experimental waveforms in the two DITC systems at a
speed of 1500 r/min and load of 3 N-m, with the four hysteresis thresholds set to —0.6,
—0.3,0.3, and 0.6 N-m, respectively. The torque ripple in the conventional DITC system is
calculated to be 64.5%, while it is reduced to 43.3% in the novel DITC system, resulting in a
torque ripple reduction of 21.2%.
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Figure 21. Experimental waveforms in the conventional DITC system at 1500 r/min and 3 N-m load.
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The experimental waveforms of the conventional DITC system shown in Figure 21
indicate that the phase voltage is almost not chopped, and the motor is close to the single
pulse operation mode. This indicates that, at this time, the DC bus voltage is unable to
counteract the rotating electric potential of the phase winding, leading to a significant
torque ripple and an inability for the output torque to follow the reference value. At the
same time, noticeable negative torque is produced, which not only reduces the efficiency of
the system but also exacerbates the torque ripple problem. The experimental waveforms
of the novel DITC system shown in Figure 22 indicate that the C2 voltage remains stable
at 80 V, and the phase voltage undergoes continuous chopping. This demonstrates the
system’s capability to regulate the output torque to follow the reference value. In addition,
the high-voltage demagnetization process effectively suppresses phase current tailing and
reduces negative torque.

The measured torque ripple in the experiment is larger than that obtained from the
simulation results, mainly due to the fact that the simulation system has ideal conditions,
while the experimental system requires higher sampling frequency and switching fre-
quency, and there are some errors in the current sampling and rotor position detection.
However, the overall experimental results and waveform laws are generally consistent with
the simulation.

Figure 23 gives the experimental efficiency and root-mean-square (RMS) current with
different speeds for the two DITC systems at a 3 N-m load. The novel MLC, as it is able to
rapidly increase the current in the following phase of the commutation region and rapidly
decay the current in the preceding phase of the commutation region, makes efficient use
of the rising inductance region to generate positive torque. Therefore, compared to the
AHBC, the use of the novel MLC reduces the RMS current through each winding. This
results in lower losses in the motor and switching devices and improves the efficiency of the
DITC system. Although DITC is beneficial in reducing torque ripple, the efficiency is lower
than the ATC. On the one hand, the experiment studies the overall efficiency of the DITC
system, and the system losses include the losses of the motor and the converter; on the
other hand, the efficiency is usually highest when the motor works at the rated operating
point, while the motor speed and carrying loads in the experiment are lower than the rated
operating point.
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Figure 23. Efficiency and RMS current for the two DITC systems at different speeds.

7. Conclusions

In this paper, a novel MLC is used for direct transient torque control of an SRM, and
a novel drive scheme is designed for solving the problem that the torque ripple in the
conventional DITC drive system cannot be effectively suppressed.
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The high-voltage excitation and high-voltage demagnetization of the novel MLC can
overcome the bus voltage limitation of the AHBC, reduce the rising and falling time of
the phase winding current, and improve the torque tracking capability of the system. In
addition, the novel control strategy based on the torque characteristics at commutation
ensures a reasonable distribution of torque between the preceding and following phases.
These improvements reduce the torque tracking error, effectively suppress the torque ripple
of the SRM, and achieve smooth torque output in a wide speed range. The multiobjective
optimization method is also used to find the optimal turn-on and turn-off angle control
parameters, which can effectively utilize the rising inductance region to generate positive
torque, reduce motor losses, and improve the efficiency of the system.

Although the novel MLC increases the cost of the drive system by adding more
switching devices than the AHBC, it is worth it based on the effective improvement in
drive performance that the novel drive system brings.
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