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Torque Compensation Method of Switched Reluctance Motor
Adopting MPC Based on TSF-DITC

Yang Yang!, Aide Xu?® *, Bing Leng', Jinghao Sun', and Kuo Li?

Abstract—Aiming at the problem of large torque ripple caused by large tracking error between actual
torque and reference torque in commutation region in direct instantaneous torque control (DITC)
algorithm of switched reluctance motor (SRM) based on torque sharing function (TSF), a torque
compensation method combining TSF-DITC and model predictive control (MPC) is proposed. Sectors
are subdivided in the commutation region according to the rotor position. Different voltage states are
selected in different sectors to fully compensate for the tracking error between the actual phase torque
and the reference torque distributed by TSF, and then the total torque ripple is greatly reduced. At
the same time, the algorithm also effectively reduces the candidate voltage states at the current time
and reduces the computational burden. The simulation comparison with TSF-DITC shows that the
algorithm (TSF-PDITC) has better steady state and dynamic performance.

1. INTRODUCTION

Switched reluctance motor (SRM) has the characteristics of simple structure, strong robustness and
strong fault tolerance, and is widely used in various electric drive and industrial fields [1-3]. However,
due to the unique doubly salient structure of SRM and the highly nonlinear characteristics of the
magnetic circuit, it also causes the problem of excessive torque ripple of SRM, which limits the further
application of SRM.

Direct instantaneous torque control (DITC) based on torque sharing function (TSF) also known as
TSF-DITC is currently one of the main methods to suppress the torque ripple of SRM. This method
uses TSF to distribute the total torque to individual phase, and then the phase torque hysteresis
drives the motor according to appropriate control rules. Reference [4] selects a multi-level converter on
the basis of TSF-DITC and selects corresponding control rules in different conduction regions, which
can accelerate the excitation and demagnetization of the commutation region and achieve fast torque
tracking. Reference [5] proposes a direct instantaneous torque control method for SRM based on the
optimal angle adaptive TSF. Reference [6] uses the dynamic shapeless TSF to improve the system
efficiency in SRM torque control. Different commutation points have a great influence on the system
performance. In short, although the TSF-DITC algorithm is simple, easy to implement and has a
certain degree of torque ripple suppression effect, it is necessary to formulate complex hysteresis control
rules in the commutation region, and it is difficult to optimize multiple performance indexes at the same
time.

Model Predictive Control (MPC) is a novel multi-objective optimal control scheme for nonlinear
systems, which uses a predictive model to calculate the value of the motor at the next sampling time [7—
9]. Reference [10] uses the cost function of MPC to accurately track the reference flux linkage and
combines the six basic voltage vectors in the classical DTC to reduce the torque ripple. A model
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predictive current control is addressed in [11], which enhances the phase current tracking capability. In
summary, MPC can replace traditional hysteretic control while avoiding complex commutation rules.

Based on this, this paper proposes a torque compensation method using TSF to distribute the
torque of each phase and to adopt MPC for SRM. Firstly, the static electromagnetic characteristics
of SRM are measured through the locked-rotor experiment, and the discrete prediction model of SRM
is established. Secondly, according to the tracking error between the reference torque and the actual
torque in the commutation region, a switching vector subregional selection rule is formulated for torque
compensation, which not only reduces the torque ripple but also reduces the amount of calculation. In
addition, a cost function containing a variable of torque is introduced to evaluate the prediction results,
and the switching vector that minimizes the cost function is selected as the optimal switching vector
to output to the motor. The simulation results show that the performance of the proposed predictive
direct instantaneous torque control based on torque sharing function (TSF-PDITC) algorithm is better
than the traditional TSF-DITC.

2. SRM MODEL

2.1. Mathematical Equation
The mathematical model of SRM is as follows:

d
%:vp—mp, p=1,2,3
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where v, v,, and i, correspond to the flux-linkage, voltage, and current of single phase. R is the SRM
winding resistance, and 6 is the rotor position. J, D, and w are the moment of inertia, viscous friction,
and motor speed, respectively. T¢, T, and T}, correspond to the total torque, load torque, and phase
torque, respectively.

The instantaneous torque equation can be indicated as:

dW, (0,,1y) dWs (0,,1
=", = d9p . (2)
p ip=const p p=const
where W, = fo ¥(0,4)di is the co-energy, and Wi fo ,¥)de) is the stored field energy of phase

winding.

2.2. Establishment of Flux-Linkage and Torque Model

Establishing an accurate nonlinear model for SRM is an important prerequisite for realizing high-
performance torque control. This paper adopts the nonlinear flux-linkage and torque model proposed
by Le-Huy in [12]. It is worth mentioning that this model only needs to measure the two flux-linkage
characteristic curves of the aligned and unaligned positions through the locked-rotor experiment, and
then the complete flux-linkage and torque characteristic curves can be obtained through the interpolation
function. Figure 1 shows the locked-rotor experimental platform, and Figure 2(a) is the obtained flux-
linkage characteristic curve. Figure 2(b) gives a schematic illustration of this method.
The expression of this model is shown by Equations (3) and (4):

¥ = Lgi + [Lgsari + A(1 — e~ B1) — } f(0)
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Figure 1. Locked rotor test platform of SRM.
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Figure 2. SRM (a) flux-linkage characteristics, (b) nonlinear mathematical model.

where L, and L, represent the motor inductance of center line of stator and rotor which are completely
aligned and unaligned, respectively. Lgsq¢ is the saturation inductance, 1, the maximum value of the
flux-linkage, and I,;, the maximum value of current corresponding to the ..

3. ANALYSIS OF TRADITIONAL TSF-DITC STRATEGY

3.1. TSF-DITC

Figure 3 shows the control diagram of TSF-DITC. The PI outputs the total reference torque 77, and
the TSF distributes the total reference torque to each phase to obtain the phase reference torque value,
and then obtains the driving signal of each phase from the torque hysteresis, which is applied to the
power converter to control the operation of the motor.

In this paper, the cosine TSF is selected. In one angular period of the rotor, the expression is as
follows:

0, (0<60, <0,)
T?:—T?:cose%(ﬁp—ﬁon), (Oon < 0p < Oon + 000)
Ty =< T¢, (Oon + 0oy < Op < Oo57) (5)
T?* + T?e* cos H%(GP —bog), (o <0 <o +000)
L 0, (Oofp + Oov < 6, < 0c)

where 0o, 0o, 0ov, and T are turn-on angle, turn-off angle, over lapping angle, and the total torque
reference. 0. = 2w /N, is the period of electrical angle.
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Figure 3. Control diagram of TSF-DITC method.

The power converter adopts an asymmetric half-bridge type converter, and each phase bridge arm
is composed of 2 IGBTSs. It is defined that the upper and lower arm IGBTs of the power converter are
closed at the same time as S = 1; the upper arm IGBT is disconnected; the lower arm IGBT is closed
as S = 0, and the upper and lower arm IGBTs are simultaneously disconnected as S = —1. Therefore,
there are 3 switching states for each phase power converter, as shown in Figure 4.
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Figure 4. Asymmetric half bridge circuit.

3.2. Analysis of Torque Ripple

Although the traditional TSF-DITC control can reduce the torque ripple to a certain extent, the
suppression effect is not complete, and the torque ripple in the commutation region is still relatively
large. The reasons are as follows:

I. At the beginning of commutation of the motor, since the change rate of inductance in the motor
model is relatively low, the actual torque generated by phase k (current phase) winding is small,
which cannot track the theoretical torque value of this phase, resulting in the pulsation of the total
torque.

I1. Before the end of the commutation stage of the motor, due to the large change rate of inductance
in the motor model at this time, the actual torque generated by the winding of phase k — 1 (the
previous phase) is large, which exceeds the theoretical torque value of this phase, resulting in the
pulsation of the total torque.
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Figure 5. Comparison of phase reference torque and actual torque.

Figure 5 is a schematic diagram of the instantaneous output torque and its reference torque in the
DITC based on the cosine TSF. In Figure 5, T'(k — 1) represents the actual torque of the previous phase;
T(k), T*(k) represent the actual torque and reference torque of the current phase, respectively; and
T*(k + 1) is the reference torque of the next phase.

Therefore, in order to further suppress the torque ripple in the commutation region and consider
the shortcomings of hysteresis control, a torque compensation method of switched reluctance motor
using MPC based on TSF-DITC is proposed.

4. PRINCIPLE OF TSF-PDITC METHOD

The control diagram of this method is shown in Figure 6. First, the speed PI controller outputs the
total reference torque value T, and the cosine TSF distributes the total reference torque value to
individual phase reference torque value. Secondly, the prediction model calculates the torque value
of the next sampling period, and to achieve optimal compensation of torque, the toque compensation
module divides different sectors according to the rotor position to select different voltage states. Finally,
a minimization performance cost function is designed, and the minimum predicted value is selected as
the optimal voltage to control the motor at the next sampling time.
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Figure 6. Control diagram of TSF-PDITC method.
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4.1. Predictive Model and Cost Function

The derivative of phase current value can be obtained from (1), and the expression is as follows:
di o\ ! Y
- (52) oG

According to Equations (1), (3), (4), and (6), the discrete prediction model of the SRM can be
obtained, as shown in the following Equation (7).
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According to the above prediction model, the torque at the next moment can be predicted. The
main goal of this paper is to achieve accurate tracking at a given torque value to minimize torque ripple.
Therefore, the cost function (8) containing only one variable of torque is selected in this system.

Jp = |Ty — Tp(k +1)| (8)
The advantage of this is that it can avoid the heavy trial and error work of weighting factors when there

are multiple variables, and at the same time reduce the control complexity and calculation amount of
the system.

4.2. Torque Compensation Scheme

In order to compensate for the torque tracking error in the commutation region and control the motor
more accurately, different switch states are selected to control the motor in different position regions.
According to the rotor position, this paper divides a working cycle into 9 sectors, which are divided into
single-phase conduction region and commutation region. The commutation region is separated from
Oon, + Oov/2 and divided into the first half of commutation and the second half of commutation. As
shown in Figure 7, sectors I, IV, and VII are the first half of phase C — A, phase A — B, and phase
B — C commutation, and sectors II, V, and VIII are the second half of phase C — A, phase A — B,
and phase B — C commutation, respectively. Sectors III, VI, and IX are the single-phase conduction
regions of phases A, B, and C, respectively.

T
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Figure 7. Sector partition of 12/8 SRM.

There are three candidate voltage states of 1, 0, and —1 in the single conduction phase interval,
and the remaining two phases are —1.

In the commutation region, it is further divided into the first half of the commutation and the
second half of the commutation.
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I. In the first half of the commutation, the candidate voltage states of the excitation phase are 1
and 0, and the —1 is removed to make up for the impact of insufficient torque caused by the low
inductance change rate; combined with the rules of the cosine TSF, the demagnetization phase is
set to 1 and —1, ignores the 0, and keeps the 1 state in order to prevent the demagnetization phase
torque from decreasing too fast, which will bring unnecessary torque ripple.

II. In the second half of the commutation, the demagnetization phase selects 0 and —1, and deletes the
1 state to avoid the influence of the actual torque being greater than the reference torque caused by
the large inductance change rate; the excitation phase still retains 1 and 0 to ensure continuous and
stable supply of excitation phase torque. The candidate voltage states corresponding to different
sectors as depicted in Table 1.

Table 1. Candidate voltage states of each sector.

Candidate voltage states
Sector A B C
I (1, 0) ~1 (1, —1)
A
(©=4) — (1, 0) 1 0, —1)
(A) I | (1,0, —1) —1 —1
v | (1, -1) (1, 0) —1
A =B ——0, =0 10 )
(B) VI —1 (1,0, —1) —1
VII —1 1, —1) (1, 0)
B =0 —m 1 0, -1) | (L0
(C) IX —1 —1 (1,0, —1)

For each phase of the 12/8 SRM, three possible voltage states need to be calculated in each
sampling period, and the three-phase SRM needs to be calculated 9 times. After the sector is divided,
the calculation amount is reduced from the original 9 times to 5 times, whether it is a single-phase
conduction region or a commutation region. While reducing the amount of calculation, the control
of SRM is also more precise. In summary, the specific implementation process of the TSF-PDITC
algorithm is shown in Figure 8.
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Figure 8. SRM TSF-PDITC flow chart.
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5. SIMULATION RESULTS

In this paper, a simulation model is established with the parameters of a 2.2kW three-phase 12/8-
pole SRM. In the simulation, the proposed algorithm is compared with the TSF-DITC method. The
sampling frequency is set to 100 kHz, the torque hysteresis width of the TSF-DITC algorithm set to
40.1, and the specific parameter of the selected motor is shown in Table 2.

Table 2. Parameters of the SRM.

Motor parameters value Motor parameters value
Stator/rotor poles 12/8 Rated speed (r/min) 1500
Power (kW) 2.2 Stator resistance (£2) 1.7
Rated torque (N-m) 14 Moment of inertia (kg-m?) | 0.01
L, (H) 0.0308 Ly (H) 0.2154
Lgsqr (H) 0.0199 Rated current (A) 12

5.1. Comparison before and after Torque Compensation in the Commutation Region

In Figure 9, the simulation results of reference torque and actual torque of two methods under 500 r/min
and 5N -m load torque are shown. According to Figure 9(a), it can be seen that the deviation between
the reference torque curve and the actual torque curve before compensation is large. The reasons are
detailed in Section 3.2. As can be seen from Figure 9(b), the reference torque curve after compensation
basically coincides with the actual torque curve. This is because the method TSF-PDITC proposed
in this paper divides sectors at the beginning and end of commutation, selects appropriate switching
states to control the motor according to different sectors, compensates for the error between the actual
output torque and the reference torque, and greatly reduces the total torque ripple.

0.104 0.106
Time (s)

(b)

Figure 9. Simulation results of phase reference torque and actual torque at 500 r/min with 5N - m load
torque: (a) TSF-DITC; (b) TSF-PDITC.
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5.2. Steady Performance

This paper uses Tp.ippie and Tpeqr as evaluation indicators to compare the two methods of TSF-DITC
and TSF-PDITC, and define T}.;ppie and Tjeqr as the following formulas (9) and (10):
Tm X Tmin
Tpippre = —2 210 o 100% (9)
Tov
Tpeak = Tmax - Tmin (10)

Among them, T}y is the torque ripple coefficient; Tiyax, Tmin, and 15, are the maximum torque
value, minimum torque value, and average torque value, respectively; and Tjeqk is the peak-to-peak
value of torque ripple.

When the speed is 200r/min and the load torque 5N -m, the traditional TSF-DITC simulation
results are shown in Figure 10(a). Phase current i,, phase torque 7;, and total torque T¢ are presented in
each subplot. It can be seen that the traditional TSF-DITC has obvious torque ripple, which is mainly
caused by the tracking error between the actual torque and the reference torque during commutation.

However, as shown in Figure 10(b), TSF-PDITC has a better performance than TSF-DITC in
reducing torque ripple. This shows that by embedding the cost function of MPC into the system
instead of the torque hysteresis and selecting different switching states to control the motor relying on
the sectors, the torque in the commutation region is effectively compensated, and the torque pulsation
is greatly reduced.
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Figure 10. Simulation results of steady state at 200r/min with 5N-m load torque: (a) TSF-DITC;
(b) TSF-PDITC.

In order to further evaluate the performance of the proposed algorithm, when the load torque is
5N -m, the Teqr and Ty ippie of the two methods at different speeds are calculated. As shown in Table 3,
the Tyippie of TSF-PDITC is maintained at about 12%, while the T,pe of TSF-DITC is greater than
25%.

Table 3. Comparison of Tpeqr and Trppe at different speeds.

Method TSF-DITC TSF-PDITC
Speed (r/min) | 200 | 400 | 600 | 800 | 200 | 400 | 600 | 800
Tpear (N-m) | 1.38 | 1.3 | 1.4 | 1.43 | 0.56 | 0.59 | 0.58 | 0.61
Trippie (%) | 26.98 | 25.7 | 27.37 | 27.66 | 12.39 | 11.47 | 11.34 | 11.74
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Figure 11. Simulation results of transient state at 500r/min and load torque changed from 5-10 to
2N -m: (a) TSF-DITC; (b) TSF-PDITC.

5.3. Transient Performance

The simulation conditions are as follows: the given speed of the motor is set to 500 r/min, and the load
torque suddenly increases from 5N-m to 10N -m at 0.11s and drops to 2N-m at 0.15s. Before and
after increasing or decreasing the load torque, the torque ripple of the TSF-PDITC method is always
kept at a lower level than that of the TSF-DITC, as shown in Figure 11.

After the load torque is increased from 5 to 10 N - m, the peak current of TSF-DITC is 8.52 A, and
the peak current of TSF-PDITC is 7.99 A. Overall, the simulation results show that the TSF-PDITC
control method has lower torque ripple and higher efficiency than TSF-DITC in the case of sudden load
changes.

6. CONCLUSION

In this paper, a TSF-PDITC approach is proposed to reduce the torque pulsation of the conventional
TSF-DITC. On the one hand, the MPC is integrated into the conventional TSF-DITC instead of
hysteresis control, which effectively solves the problem of unfixed switching frequency. On the other
hand, a scheme of torque compensation in the commutation region is proposed, which not only reduces
the torque tracking error in the commutation region and further reduces the torque pulsation, but also
reduces the number of candidate switching states and the computational effort. Also, by subdividing the
rotor position into sectors, a more accurate control of SRM torque is achieved. Finally, the simulation
results confirm that the TSF-PDITC method not only reduces the torque pulsation, but also has higher
efficiency compared with the conventional TSF-DITC method.
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