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ABSTRACT In order to solve the frequent problem of breaking shaft in the starter/generator system of
switched reluctance motor, a novel Direct Instantaneous Torque Control (DITC) is proposed to control the
torque ripple in this paper. Instead of the hysteresis controller in traditional DITC, the PWM is introduced to
modulate the torque deviation; the optimal switching signal is selected according to the PWM modulation
signal and the sector where the rotor position is located. Based on the torque characteristic curves, the torque
ripple during commutation period is analyzed and the compensation methods are proposed. Simulation
results prove that the compensated PWM-DITC can suppress the torque ripple of switched reluctance motor

effectively.

INDEX TERMS Switched reluctance motor (SRM), direct instantaneous torque control, fixed switching

frequency.

I. INTRODUCTION

As a new generation of drive motor, switched reluctance
motor (SRM) has simple structure, no winding on the rotor
side, high operating efficiency; unipolar current, few power
devices, and high reliability; Each phase runs independently
with high fault tolerance [1]-[4]. The bidirectional flow
of energy without attachments makes switched reluctance
motors particularly suitable for using in aerospace starting
and generation systems [5]-[9]. However, SRM’s special
double-salient structure and high saturation nonlinear mag-
netic circuit make it have large torque ripple [10]-[12]. It
would cause the transmission system shaft oscillation, even
lead to break shaft causing engine damage [13]. Torque rip-
ple seriously hinders the application of SRM in aerospace
starting and generating systems. The research focusing on
torque ripple suppression has great engineering value, and is
an urgent problem to be solved at present.

Many scholars have conducted in-depth research on the
torque ripple of SRM. From the perspective of motor
design, it can be realized by motor optimization scheme
[10], [14]-[16], such as rotor slant pole and air gap opti-
mization. From the perspective of control strategy, direct
torque control (DTC) [17]-[19] is derived from the AC motor
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control system. Based on flux linkage and torque double
hysteresis loop, the flux magnitude and rotation speed of
the flux linkage are controlled by selecting the appropriate
voltage vector to achieve torque control. Combined with the
flux characteristics of SRM, literatures [20]-[23] eliminates
the redundant design of the flux linkage closed-loop, and
proposes direct instantaneous torque control (DITC), The
control algorithm is greatly simplified, but there is a switch-
ing frequency uncontrollable problem; To realize accurate
distribution of the front-rear phase torque in the commuta-
tion interval, torque sharing function (TSF) [24]-[26] selects
the appropriate distribution function based on mathematical
modeling. Model predictive control (MPC) [27], [28] predicts
the future state from the current state according to the state
equation, sets the cost function and minimizes it to determine
the optimal control signal. It depends on accurate motor
modeling, and the more objects the cost function expects to
control, the larger the amount of calculation. Neural network
control (NNC) [29], [30] requires enough data training mod-
els to realize autonomous control, which takes a long time in
the early stage. Because of the complexity of the algorithm,
intelligent control is restricted in practical application.

In order to solve the problem that switching frequency of
DITC is out of control, this paper proposes a novel DITC con-
trol strategy. Compared with the traditional DITC, the torque
hysteresis is removed and the PWM control is used to fix
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FIGURE 2. Three-phase asymmetric half-bridge circuit.

the switching frequency. The commutation interval is fur-
ther divided according to characteristic curves among torque,
position and current. By adjusting coefficients of duty cycle
in different sectors, the torque ripples can be suppressed
effectively and the current can be controlled reasonably to
improve the motor efficiency at the time.

Il. NON-LINEAR MODEL OF SRM

SRM realizes the correlation transformation of electrical
energy and mechanical energy through reluctance torque.
Considering SRM starting/generating system taking into
account both torque ripple under electric state and efficiency
under power generation state, three-phase 12/8 pole SRM
is selected as the research object of this paper. Figure 1 is
the three-phase 12/8 pole SRM section diagram. Each phase
winding contains four sets of coils, which can be connected in
series or parallel according to requirements. Figure 2 shows
the most widely used three-phase asymmetric half-bridge
circuit in SRM, which can realize independent control of
three-phase winding. There is no bridge arm straight-through
phenomenon, thus the control is simple and reliable. Accord-
ing to the on-off state of the upper and lower tubes, each
phase winding has three working modes: excitation mode,
freewheel mode and demagnetization mode. Demagnetiza-
tion mode can supply electric energy to the outside world
in the state of power generation. Taking A-phase winding in
the electric state as an example, when the upper and lower
switching tubes G, G» are both switched on, the winding is
subjected to a positive voltage, and the winding current rises,
which is called the excitation mode. When one of the two
tubes is switched on and the other is switched off, such as
G» is switched on and G is switched off, and the winding
current passes through the switch tube G, and freewheeling
diode D, to form a channel, voltage on the winding is near
zero, and the winding current drops slowly, which is called the
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FIGURE 3. Three modes of operation of the phase winding.

freewheeling mode. When switch tubes G| and G are both
turned off, the winding is subjected to negative voltage, the
phase current passes through the freewheeling diode D1, D>
and the energy feedback, the winding current drops rapidly,
which is called demagnetization mode, the three working
modes are shown in Figure 3. For convenience of explanation,
S = listheexcitation mode, S = 0 is the freewheeling mode,
and S = —1 is the demagnetization mode.

Considering the voltage drop on the switching tubes and
diodes, the phase voltage Uy can be expressed as:

Uge —2Ur S=1

—(WUp+Ur) §=0 (1)
—(Uge +2Up) S =—1

Uy =

where, Ut and Up are respectively the voltage drop on the
switch tubes and diodes, Uy, is the excitation voltage.

Ignoring the mutual inductance between windings,
the voltage equation, flux equation and motion equation in
SRM model are expressed as followsAF

Vi = Ri +
Yk = Yk, 0)
J‘ii—‘t" =T.—TL —aw

_do
=T

(@)

where, Vi, i, Yk, R are the voltage, current, flux and resis-
tance on the k-phase winding respectively; T, Tpare total
electromagnetic torque and externally applied load torque
respectively; J, a, w, 6 are respectively the moment of iner-
tia, wind-friction coefficient, motor speed and rotor position
Angle.

The electromagnetic torque 7y generated by each phase
winding is expressed asAF

W0, i)

T
k 36

|ik:const (3)
where W, = fé ¥ (0, i)di is co-energy.

The SRM model is highly nonlinear because of the special
double-salient pole structure and the saturated working state.
The data calculated by the simple linear model is far from
the actual value, so the reference value of the simulation is
poor, and complex models increase the computational burden.
In this paper, the magnetic flux characteristics W-i-0 and
Torque characteristics T,-i-6 are obtained by finite element
calculation based on the designed SRM structure parameters,
as shown in figure 4. The current curve i-W-6 is obtained by
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FIGURE 4. Magnetic flux characteristic surface.
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FIGURE 5. SRM nonlinear modeling structure.
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FIGURE 6. Traditional DITC control system block diagram.

two - dimensional interpolation inversion of flux character-
istics, then adoption of the lookup-table method to build the
motor nonlinear model, as shown in figure 5, which can truly
and accurately reflect the electromagnetic characteristics of
the SRM in the actual working state to the maximum extent.

Ill. TRADITIONAL DITC

Traditional DITC principle block diagram of the control sys-
tem is shown in figure 6, DITC takes the synthesize instanta-
neous output torque as the direct control object, and inputs
the difference between the given torque and the estimated
torque to hysteresis controller. Combined with sector and
hysteresis output, the appropriate switch signal is determined
according to the switching table, so as to realize the control of
synthesis torque. The given torque is acquired by PI controller
of the outer loop. In the starter-generator system, speed is the
control object of outer loop in electric state, while voltage is
the control object of outer loop in generation state. As long
as the sector is reasonably allocated, DITC can switch freely
in the state of electric and generation.

IV. THE PROPOSED DITC

Since the SRMs work in the high saturation nonlinear state,
at different positions and within different currents, the torque
varies with the same voltage applied. In the ideal DITC,
in order to control the torque ripple within a certain range,
the controller should be able to respond quickly and change
the state of the switch tube when the torque deviation signal
is greater than or equal to the hysteresis upper and lower
limits. This means that locations where torque changes dra-
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FIGURE 7. SRM torque characteristic curve.

matically require higher switching frequency. The simulation
results show that the maximum switching frequency can
reach 500 kHz, which is far beyond the current experimen-
tal level. Processing performance of existing data proces-
sors (DSP) and the thermal effect of power devices limit
the maximum switching frequency. In addition, considering
the time required for algorithm execution in each control
cycle, the switching frequency is set as 20 kHz. At a lower
control frequency, DITC could not respond to the hysteresis
limit in time. If positive voltage, zero voltage or negative
voltage is applied in the whole control cycle, torque change
will be greater than expected, leading to big torque ripples.
Therefore, it is necessary to reasonably control the action
time of positive voltage, zero voltage and negative voltage
according to SRM torque characteristic curve.

A. TORQUE CHARACTERISTIC ANALYSIS

In the traditional DITC, it is divided into 6 sectors according
to the three-phase conduction state, and different hysteresis
control strategies are adopted for the single-phase and com-
mutation interval, but torque characteristics have not been
considered fully. In order to control the torque reasonably,
taking the torque characteristics of 12/8 motor as example,
the relationship between electromagnetic torque and rotor
position under different current conditions is shown in fig-
ure 7. The x-coordinate is the rotor position in one mechanical
period, and the starting position angle is the point when
the stator salient pole is aligned with the axis of the rotor
groove. The alignment of stator salient pole and rotor salient
pole axis is 22.5°. Torque is symmetrical about midpoint
position. At the same rotor position, torque is proportional to
current. In the same current level, the torque variation trend
is consistent with the inductance characteristic curve. It can
be seen that when the rotor angle is between 0° and 4°, the
inductance curve is relatively gentle, the current change rate
is fast, but the torque value is small. At this point, the front-
phase torque is still near the maximum value of the torque,
so the main torque in this area is still provided by the front-
phase. As the angle increases, bigger than 4°, the inductance
increases rapidly, the current change rate slows down, and the
torque starts to be established. At 15° ~18°, the rising slope
of the inductor decreases, and so does the torque. Moreover,
the torque change rate under large current is faster than that
under small current. As for the to-be switched off phase in the
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FIGURE 9. PWM control signal in the commutation interval. (a)Sector 1.
(b) sector 2.

commutation interval, in order to maintain large torque all the
time, higher current value is required. On one hand, it is easy
to cause the extension of freewheeling time after switching
off and generate negative torque. On the other hand, the larger
the flow current value in the front-phase, the faster the torque
decline rate will be when it turns off, and the difficulty of
complementary torque in the rear phase will be increased.
Therefore, the angle range which torque is mainly provided
by front-phase at the commutation interval should be as small
as possible. At 18° ~22.5°, the inductance remains at the
maximum value and the torque drops sharply. Considering
that the current also drops rapidly when the phase winding is
turned off, the actual torque decline rate is the superposition
of the current change rate and the inductance change rate.
Therefore, a new sector is added at the basis of the original
commutation interval, as shown in figure 8. In the new sec-
tor, maintain the front-phase torque, establish the rear phase
current at the same time, and take the new sector Gy = 2°.

B. CONTROL STRATEGY

Discrete sampling of torque deviation signals, compare it
with unipolar carrier, and produce PWM control signal.
Single-phase conducted interval outputs PWM signals with
polarity O and 1, respectively representing zero voltage and
positive voltage. The PWM control in the commutation inter-
val is shown in figure 9. The x-coordinate is the torque
error, and 1 is the upper limit amplitude of the carrier. The
y-coordinate is the control signal, 1 represents the positive
voltage, O represents the zero voltage, and —1 represents the
negative voltage. In the figure, the solid line represents the
after-phase and the dotted line represents the front-phase.
Take sector 1, 2 as an example:

In sector 1, inductance of phase A is small, the current
change rate is large, and the current can be quickly estab-
lished, but the torque value is small; and phase C is still
in the rising stage of inductance. So, in order to keep the
electromagnetic torque constant, phase C provides the main
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torque. When the torque deviates AT, is larger than the
carrier, positive voltage is applied to phase C, and the current
rises and the torque increases; When the torque deviates AT,
is smaller than the carrier, zero voltage is applied to phase C,
keeping freewheeling to reduce the torque. Phase A maintains
the positive voltage conducted all times, rapidly establishing
the current and preparing for the rapid establishment of the
subsequent torque.

In sector 2, with the inductance of phase A gradually
increasing, A-phase torque rapidly increases since A-phase
current in the previous sector has been fully established.
Phase C is near the maximum value of the inductance,
the change rate of the inductance decreases, and the torque
begins to decline. At this point, although the phase C can
maintain the same torque, it needs a larger current value,
which is easy to cause overcurrent. Therefore, when the
torque deviates AT is greater than 0, zero voltage is applied
to phase C; if AT is greater than the carrier, positive voltage
is applied to phase A, and the total torque is increased mainly
by phase A. If AT, is less than 0, apply zero voltage to phase
A; when |AT,| is larger than the carrier, negative voltage is
applied to the phase C, and the total torque is reduced by the
phase C; when |ATe| is smaller than the carrier, zero voltage
is applied to the phase C.

C. DUTY CYCLE CONTROL

In PWM control, the duty cycle of output signal is positively
correlated with the modulation ratio of input. If the modula-
tion ratio is too large, the duty cycle of output is approximate
to 1, thus losing the function of PWM control. If modulation
ratio is too small, and duty ratio is too small, the control effect
is not good. Therefore, it is necessary to perform PI control
on the torque deviation signal, so that the modulation ratio is
reasonably distributed between 0 and 1.

Imagine that when rotor is in the rising region of inductance
or in the region near the minimum or maximum inductance,
the voltage with the same duty cycle is applied, the torque
variation is obviously different at the fixed switching fre-
quency, which is not conducive to the suppression of torque
ripple. Therefore, it is necessary to adjusting coefficients
of duty cycle in different sectors. For regions where the
torque changes rapidly, appropriately reduce the proportional
parameter of PI control, so as to reduce the amplitude of
torque change in each switch cycle. For regions where the
torque changes slowly, proportional parameters of PI control
can be appropriately increased to speed up torque response.

V. THE SIMULATION ANALYSIS

In order to verify the feasibility of the proposed DITC, a
three-phase 12/8 SRM control system was simulated and ana-
lyzed in Matlab/Simulink environment. Simulation parame-
ters are shown in the following table. Compare torque ripple
suppression effect between the traditional DITC and the pro-
posed DITC, and analyze the motor efficiency under the two
control methods.
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TABLE 1. Simulation parameters.

Parameters Values

motor type 12/8 SRM
phase resistance 0.0026 Q
maximum inductance 3.6 mH
minimum inductance 6 uH

moment of inertia 0.0526 kg'm”2
rate voltage 270 V

rate speed 13.5 kr/min
rate power 120 kW

N NTERENN

E

L

Torque (N'm) Torque (N'm) Current (A)
;%
/
;%
\\
L

Torque
deviation (Nm)

L L L
0.06 0.065 0.07 0.075 0.08 0.085 0.09 0.095

Torque (N-m)  Torque (N-m) Current (A)

Torque
deviation (N'm)

L L
0.065 0.07 0.075 0.08 0.085 0.09

(b)

2000

TN RNER
XX LN

Current (A)

Torque (N'm)

Torque (N'm)

Torque
deviation (N-m)

0.07 0.075 0.08 0.085 0.09 0.095 0.1
(c)

FIGURE 10. Simulation waveform at 500 r/min. (a) Traditional DITC I.
(b) Traditional DITC II. (c) The proposed DITC.
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Simulation waveform at 1000 r/min. (a) Traditional DITC I.

where, Trjpis torque ripple ratio, Temax, Teva> Temin TEPTEsent
the maximum, minimum and average value of torque respec-

A. TORQUE RIPPLE

For better explanation, traditional DITC I represents tradi-
tional DITC with variable switching frequency, which up to
500 kHz. Traditional DITC II represents traditional DITC
with fixed switching frequency fy = 20 kHz.

The simulation results under each operating condition
showed below, from top to bottom, there are three phase cur-
rent waveform, three phase torque waveform, total electro-
magnetic torque waveform and torque deviation waveform.

At a speed of 500 r/min, simulation results of three control
methods are shown in figure 10. According to the calculation,
the torque ripple ratios of traditional DITC I, traditional DITC
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TABLE 2. Comparison of torque ripples among traditional DITC I,
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FIGURE 12. Simulation waveform at 2000 r/min. (a) Traditional DITC I.
(b) Traditional DITC II. (c) The proposed DITC.

11, the proposed DITC are 4.2%, 44.85%, 7.277% respectively.
It can be seen that traditional DITC I has very good torque
ripple suppression under ideal conditions, but switching fre-
quency is up to 500 kHz. Since the device has not reached
such high switching frequency, such a good effect can’t be
achieved in the experiment. Under the control of fixed switch-
ing frequency of 20 kHz, it can be seen that torque ripple of
the proposed DITC is much smaller than that of traditional
DITC II.

Similarly, the simulation was conducted at a speed of 1000
r/min, and the simulation waveforms are shown in figure 11.
It can be seen that torque ripple ratios of traditional DITC I,
traditional DITC II, and the proposed DITC are 4.35%, 45%,
8.05% respectively.

The simulation waveforms under 2000 r/min are shown
in figure 12. It can be obtained that the torque ripple ratios of
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DITC at different speeds.
Load Speed
torque (c/min) Method Lnax(A) Lims (A)
(N-m)
Traditional DITC I 1568 812.2
500 The proposed DITC 1358 768.3
Traditional DITC I 1357 789.3
200 1000 The proposed DITC 1342 776.3
Traditional DITC I 1326 792.6
2000 The proposed DITC 1324 768.5

traditional DITC I, traditional DITC II, the proposed DITC
are 4.69%, 48.81%, 20.01% respectively.

Table 2 lists the torque ripple of three control modes at
different speed. With the increase of the speed, the electro-
magnetic torque ripple also increases. At the same switching
frequency, the torque ripple ratio of the proposed DITC is still
half that of the traditional DITC II.

B. THE EFFICIENCY

In the case of the same load, the smaller current RMS is in one
cycle, the higher the efficiency of the motor is. Table 3 lists
the current indexes of the two control methods at different
speeds.

Under the same working condition, the current RMS of
the proposed DITC are all smaller than the traditional DITC
I, indicating that the proposed DITC runs more efficiently.
Comparing the maximum value of the current within a cycle
between two methods, it can be seen that the proposed DITC
can effectively control the current, and ensure that motor
operate safely and reliably within the allowed current range.

VI. CONCLUSION

A novel DITC with fixed switching frequency is proposed to
solve the problem of shaft breaking in the starting and gen-
erating system of SRM. The sector of the rotor is reclassified
according to the curve of combined torque. According to the
rotor sector, polarity of PWM output signal and duty cycle
coefficient are determined; so as to acquire the control signal
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considering both torque deviation and torque characteristics.
The simulation results show that the proposed DITC achieves
the very good torque ripple suppression effect under the
finite switching frequency, and improves the motor operation
efficiency, which is of great engineering practical value for
aerospace starting and generating systems.
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