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FLC-Based DTC Scheme to Improve the
Dynamic Performance of an IM Drive
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Abstract—This paper presents a fuzzy logic hysteresis
comparator-based direct torque control (DTC) scheme of an in-
duction motor (IM) under varying dynamic conditions. The fuzzy
logic controller (FLC) is used to adjust the bandwidth of the
torque hysteresis controller in order to reduce the torque and
flux ripples and, hence, to improve motor dynamic response.
The effects of torque hysteresis bandwidth on the amplitude of
torque ripples of an IM are also discussed in this paper. Based
on the slopes of motor-estimated torque and stator current, an
FLC is designed to select the optimum bandwidth of the torque
hysteresis controller. This paper also proposes a simpler algorithm
than the conventional trigonometric function-based algorithm
to evaluate the sector number (required for DTC scheme) of the
stator flux-linkage space vector. The proposed algorithm reduces
the computational burden on the microprocessor. In order to test
the performance of the proposed FLC-based DTC scheme for IM
drive, a complete simulation model is developed using MATLAB/
Simulink. The proposed FLC-based DTC scheme is also imple-
mented in real time using DSP board DS1104 for a prototype
1/3 hp motor. The performance of the proposed drive is tested in
both simulation and experiment.

Index Terms—Direct torque control (DTC), field-oriented con-
trol (FOC), fuzzy logic controller (FLC), induction motor (IM),
torque and flux hysteresis controllers, torque ripples.

I. INTRODUCTION

THE advantages of direct torque control (DTC) over its

competitor field-oriented control (FOC) are well known

[1]. The DTC utilizes hysteresis band controllers for both stator

flux-linkage and motor-developed torque controls. Unlike FOC,

the DTC scheme does not need any coordinate transformation,

pulsewidth modulation (PWM), and current regulators. The

PWM stage takes almost ten times longer processing time than

the DTC to respond to the actual change [2]. The DTC uses

flux and torque as primary control variables which are directly

obtained from the motor itself. Therefore, there is no need for a

separate voltage and frequency controllable PWM. This charac-

teristic makes the DTC simpler and much faster in responding
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to load changes as compared to the FOC. The major problem in

a DTC-based motor drive is the presence of ripples in the

motor-developed torque and stator flux. Generally, there are

two main techniques to reduce the torque ripples. The first one

is to use a multilevel inverter [3] which will provide the more

precise control of motor torque and flux. However, the cost and

complexity of the controller increase proportionally. The other

method is space vector modulation [4]. Its drawback is that the

switching frequency still changes continuously.

Advantages of intelligent controllers such as fuzzy logic,

neural network, neuro-fuzzy, etc., are well known as their

designs do not depend on accurate mathematical model of the

system and they can handle nonlinearity of arbitrary complexity

[5]–[7]. Among different intelligent algorithms, fuzzy logic is

the simplest, and it does not require intensive mathematical

analysis [5], [7]. Artificial intelligence-based controllers have

been used by the researchers for the minimization of torque and

stator flux ripples in DTC scheme-based induction motor (IM)

drives [6], [8]–[13]. In [6], the authors have used a proportional-

integral (PI) and fuzzy logic controller (FLC)-based hybrid

speed controller. It uses an FLC in the transient state and a

PI controller in the steady state. The switching mechanism

between the two controllers is based on the speed error between

the reference and actual speed of the motor. The threshold of the

switching limit for the two controllers is based on the sampling

frequency and the type of FLC used. This feature makes the

switching transition complicated. Moreover, the PI controller is

used in the steady state which, inherently, is motor parameter

and disturbance dependent. The FLC used by every author

of [8]–[10] has two input variables. Each variable has seven

membership functions, and the controller uses 49 fuzzy rules to

evaluate the output. Due to high computational burden of the

controller, each work is not embodied by the real-time imple-

mentation and is only supported by the simulation results. The

authors [11]–[13] have replaced the classical DTC switching

table by an artificial intelligence-based switching mechanism to

produce the inverter input voltage vector. The implementation

of these schemes is almost impossible in real time due to high

computational burden of the selected neural and fuzzy network.

In particular, the author of [11] has used three input variables

with 3, 5, and 12 membership functions. The controller uses

240 rules to evaluate the output. Another strategy to cope with

the torque and ripple problem is the online updating of the

torque and flux hysteresis comparator amplitude to evaluate

the switching frequency of the inverter [14]. The proposed

switching frequency regulator needs an output pulse counter for

each hysteresis comparator. The alternate to the hysteresis com-

parator pulse counter is an amplitude predictor. This predictor
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Fig. 1. Conventional DTC scheme for IM drive.

is highly motor parameter and speed dependent. There is no ex-

act strategy or formula to get the command inverter frequency.

Hence, there is no real-time implementation of the work.

Some researchers have tried to minimize the ripples, keeping

the constant switching frequency by evaluating the switching

instant of the voltage vector to inverter [15], [16]. The authors

have derived a mathematical model for motor torque slope and

torque rms values. The relations are based on many assumptions

and are highly motor parameter dependent. The designed model

is not robust to motor parameters and load disturbances. The

paper [15] does not have any real-time results. Reference [16]

has some real-time results, but the implementation was not

fully successful as they only provide the results at low-speed

condition. Moreover, there is no real-time result under varying

speed or torque commands.

Therefore, in this paper, a simpler practically feasible FLC is

designed that selects the appropriate bandwidth for the torque

hysteresis controller to optimize the ripple level in the devel-

oped torque and, hence, to improve the motor speed response.

Conventionally, the determination of the sector number of the

stator flux-linkage space vector for the DTC scheme involves

a trigonometric function (tangent) [17]. The microprocessor

evaluates the trigonometric function by using time-consuming

complex calculations as compared to normal arithmetic rela-

tions [18]. The requirement for the working of the DTC scheme

is only the sector number, in which the stator flux-linkage space

vector is positioned and not its accurate position. Therefore,

this paper presents a simpler efficient algorithm to determine

the stator flux-linkage sector without using any trigonometric

or complex function. Hence, the proposed algorithm reduces

the calculation burden for the processor.

A complete simulation model for the proposed drive is

developed using MATLAB/Simulink. The proposed FLC-based

DTC scheme is implemented in real time using DSP board

DS1104 for a prototype 1/3 hp motor. The effectiveness of

the proposed drive is verified at different dynamic operating

conditions by both simulation and experimental results.

II. MODELING OF IM FOR DTC

A. Stator Voltage and Flux

The block diagram for the conventional DTC scheme of an

IM drive is shown in Fig. 1 [1], [19]. Based on the three inputs

Fig. 2. VSI voltage vectors and six sectors of stator flux-linkage space vector.

(output digit of torque hysteresis controller, output digit of flux-

linkage hysteresis controller, and sector number where stator

flux-linkage space vector is positioned), the DTC switching

table produces the logic signals Sa, Sb, and Sc. These logic sig-

nals are used to trigger the switches of the three-phase voltage

source inverter (VSI) [19]. The possible six active combinations

of these logic signals and the corresponding active input voltage

vectors of the inverter (V1 to V6) are shown in Fig. 2. The three-

phase output voltage of VSI, which is the input to the stator of

IM, is given by [20]

Vsa = (Vdc/3)(2Sa − Sb − Sc) (1a)

Vsb = (Vdc/3)(2Sb − Sc − Sa) (1b)

Vsc = (Vdc/3)(2Sc − Sa − Sb) (1c)

where Vdc stands for dc link inverter voltage. The real (Vsα)
and imaginary (Vsβ) components of the stator voltage vector

are obtained by using the Concordia transformation as [20]

[

Vsα

Vsβ

]

=

[

1 −1/2 −1/2
0

√
3/2 −

√
3/2

]

⎡

⎣

Vsa

Vsb

Vsc

⎤

⎦ . (2)

Generally, the stator flux linkage can be obtained from the

stator voltage vector as [17]

φs =
1

TN

t
∫

0

(Vs − RsIs)dt + φs0. (3)

Neglecting stator resistance Rs, it may be simplified as

∆φs = Vs∆t. (4)

∆φs presents the change in stator flux caused by the application

of an inverter voltage vector Vs. φso is the stator flux linkage
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at t = 0. The electromagnetic developed torque in IM is given

by [19]

Te = P
Lm

σLsLr

|φs|∗|φr|∗ sin θsr (5)

where σ = 1 − (L2
m/LsLr) is the leakage factor, P is the

number of pole pairs, Ls and Lr are the stator and the rotor self-

inductances, respectively, and θsr is the angle between the stator

(φs) and rotor (φr) flux-linkage space vectors. In the steady

state, |φr | and |φs | are almost constant, and Te depends on the

torque angle θsr.

Fig. 2 shows the change in stator flux linkage ∆φs which is

caused by the application of new stator voltage vector V3. The

stator flux-linkage space vector “φs” before and after the appli-

cation of vector V3 is shown by continuous and dotted vectors,

respectively. From (4), it is clear that the change in stator flux

∆φs has the same direction of the applied voltage and its am-

plitude is dependent on the stator input voltage vector and the

duration “∆t” for which this vector is applied. Fig. 2 also shows

the radial component (∆φsr ) and tangential component (∆st)
of ∆φs . The radial component ∆φsr , being in phase with φs ,

causes a direct change in the amplitude of the stator flux-linkage

space vector. The tangential component ∆φst , being orthogonal

to φs , only changes the position of stator flux-linkage space

vector φs . Thus, ∆φst indirectly controls the angle between

the stator and rotor flux-linkage space vectors, i.e., the torque

angle θsr, and hence, it controls the motor-developed torque

(5). Therefore, ∆φst is the torque-producing component of

∆φs . From Fig. 2, it can also be observed that, with respect

to the current sector number of the stator flux-linkage space

vector, the application of a voltage vector from the forward

direction/(direction of rotation)/(anticlockwise direction) by

one or two sectors increases the torque-producing component of

∆φs and vice versa which is the case for the rotation in reverse

direction. Similarly, the amplitude of the stator flux-linkage

space vector increases by the application of a voltage vector

from a sector which is one step forward/backward direction

with respect to its current sector number. For example, if,

currently, the stator flux-linkage space vector is lying in sector

2 and it is required to increase both the motor-developed torque

and stator flux linkage, then the inverter voltage vector V3

should be selected in the next sampling period. However, if it

is required to decrease the torque but increase the flux, then the

inverter voltage vector V1 should be selected in the next sam-

pling period. Following this pattern, one can explain the logic

behind the selection of voltage vectors in the DTC switching

table.

When a zero stator voltage vector (V0, V7) is applied, φs

stops while φr continues to move forward, reducing θsr as

well as Te. If the application of zero vectors is sufficiently

long enough so that φr overtakes the φs vector, then θsr be-

comes negative. It will produce the retarding torque. Hence,

the duration of application of any stator voltage vector plays

an important role on the torque ripple. By cyclic switching of

active and zero stator voltage vectors, we can control the motor

torque with optimal level of the ripple. At low rotor speeds,

the φr motion is too slow to achieve rapid torque reduction. In

such situation, instead of zero vectors, an active vector moving

backward is the preferred choice for effective torque control.

This section elaborates the idea of voltage vector selection in

the DTC switching table.

B. Flux and Torque Hysteresis Controllers

For the DTC scheme, the motor-developed torque and stator

flux linkage are estimated as [17]

Te =
3

2
P [φsαIsβ − φsβIsα] (6)

φs =

√

(

φ2
sα + φ2

sβ

)

(7)

where Isα and Isβ are the direct and quadrature components of

stator current, respectively. As shown in Fig. 1, these estimated

values of torque and flux are compared with the corresponding

command/reference values, and the error signals are delivered

to the respective hysteresis controllers. On the basis of the

magnitude of the error signals and allowable bandwidth, each

hysteresis controller produces a digit. Then, the position of the

stator flux-linkage space vector is evaluated as

θs = tan−1(φsβ/φsα). (8)

Using this angle, the flux sector number (1 to 6) is determined

by using the flux sector algorithm [17]. Therefore, two digits

produced by hysteresis controllers and one by flux position

are collectively used to trigger the switches of the VSI which

selects the appropriate voltage vector by using the classical

DTC lookup table [19]. Fig. 2 shows the possible voltage vec-

tors which are employed in the DTC scheme. The appropriate

voltage vector in each sampling period is selected in such a way

that the torque and flux remain within their respective band

limits.

C. Torque Ripple Analysis

Under the influence of any active VSI voltage vector, the

motor torque keeps on increasing or decreasing until it touches

the boundary defined by torque hysteresis bands. The torque

ripple is only affected by the width of the torque hysteresis band

and is almost independent of the width of the flux hysteresis

band [21]. Torque ripple changes proportionally with change in

the torque hysteresis bandwidth. However, due to the discrete

nature of the control system, there might be still torque ripples

even with the zero bandwidth of the hysteresis controller. On

the other hand, if the bandwidth decreases, the VSI switching

frequency increases, which proportionally increases its switch-

ing losses. Consequently, the bandwidth of the torque hysteresis

controller must be optimized in such as a way that the torque

ripple level and switching frequency of the inverter are within

acceptable limits. A too small band may result in the selection

of reverse voltage vector instead of zero vector to reduce the

torque. The selection of reverse voltage vector may then cause

torque undershoot. Hence, the torque ripple will become higher

than those specified by the hysteresis controller band limits. The
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Fig. 3. Stator flux-linkage vector with six sectors. The stator flux-linkage
vector with its coordinates is shown at the boundary of each sector.

torque slope is a function of motor speed, stator voltage and

flux, and rotor flux vector and is given by [22]

slope+ = − Te(n)

στsr

+
3PLm

2σLsLr

[(Vs − jωmφs).jφr] (9)

slope− = − Te(n)

στsr

+
3PLm

2σLsLr

[(−jωmφs).jφr] (10)

where Te(n) is the nth sample of torque and ωm is the rotor

speed. Both of these equations are speed dependent, but at lower

speed range, the positive slope is greater than the negative slope.

It means that the time taken by torque to reach upper and lower

band limits, as well as switching frequency, varies with the rotor

speed.

III. PROPOSED FLUX-LINKAGE SECTOR ALGORITHM

The stator flux-linkage space vector with its coordinates in

complex plane at the boundary of each sector is shown in Fig. 3.

For simplicity, the amplitude of the stator flux-linkage vector is

considered unity. Using these coordinates and the flow diagram

of Fig. 4, the present sector number “n” of the stator flux vector

can easily be determined. This algorithm uses only simple

comparator operators and no trigonometric relation, as used by

the conventional flux sector algorithm (8). For example, if both

φsα, φsβ are greater than zero and the term (φsα −√
3 φsβ) is

also greater than zero, then the current sector number “n” will

be “1.”

IV. DESIGN OF FLC FOR TORQUE RIPPLE OPTIMIZATION

In this paper, a Mamdani-type FLC is developed to adapt

the torque hysteresis band in order to reduce the ripples in

the motor-developed torque [23]–[25]. In conventional DTC

technique, the amplitude of the torque hysteresis band is fixed.

However, in this proposed scheme, the FLC controls the upper

Fig. 4. Flow diagram for flux sector number determination.

and lower limits of the torque hysteresis band on the basis of

its feedback inputs. The fuzzy systems are universal function

approximators [24]. The FLC is used as a nonlinear function

approximator producing a suitable change in the bandwidth

of the torque hysteresis controller in order to keep the torque

ripples minimum. There are five membership functions for

one input (dT e) and three membership functions for another

input (dIs). Automatically, there will be fifteen rules. For the

inputs, we use triangular/trapezoidal membership functions in

order to reduce the computational burden. However, Gaussian

membership functions are chosen for the output so that the

hysteresis bandwidth will be changed smoothly. The nonlinear

mapping from the input to the output of FLC is done by

trial and error and experience basis. First, the membership

functions and fuzzy rules were developed in simulation pro-

gram by trial-and-error method so that the motor can follow

the command speed with optimum level of torque ripples.

Then, these fuzzy rules are applied in real-time program. From

Faraday’s electromagnetic theory for coil wound on unsatu-

rated magnetic material (linear range of magnetizing curve),

the stator flux linkage is proportional to the stator current.

Therefore, the motor-estimated torque (6) variation (dT e) and

stator current variation (dIs) over a sampling period are chosen

as inputs to the FLC which can be defined by the following

equations:

dTe =Te[n] − Te[n − 1] (11)

dIs = Is[n] − Is[n − 1] (12)

where Te[n] and Te[n − 1] present the present and previous

samples of motor-estimated torque, respectively. The motor

mechanical equation, neglecting the friction coefficient, can be

written as [17]

Te − TL = J
dωr

dt
. (13)

Combining (9), (10), and (13) leads to the conclusion that

reducing the motor torque ripples directly reduces the motor
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Fig. 5. Block diagram of the proposed FLC for hysteresis band adaptation.

Fig. 6. Membership functions for input/output variables of FLC. (a) dT e.
(b) dIs. (c) ∆HBT .

speed ripples as well. The output of the FLC is the change

in torque hysteresis bandwidth “∆HBT .” The updated upper

and lower bandwidths of the torque hysteresis controller are

obtained as

HBn
TU = HBTU − K∗

U∆HBT (14)

HBn
TL = HBTL + K∗

L∆HBT (15)

where HBTU and HBTU are the base fixed upper and lower

bandwidths of the torque hysteresis comparator. KU and KL

are the scaling factors. The FLC is designed on the basis of

observation of simulation results of the conventional DTC-

based drive. The amount of positive torque ripple varies in-

versely with the load and speed. The reverse is the case for the

negative torque slope. The block diagram of FLC is shown in

Fig. 5 while the membership functions of the input and output

variables of FLC are shown in Fig. 6. The fuzzy rules employed

are as follows.

1) If dT e is ZE and dIs is N , then ∆HBT is ZE.

2) If dT e is ZE and dIs is ZE, then ∆HBT is ZE.

3) If dT e is ZE and dIs is P, then ∆HBT is ZE.

4) If dT e is PL and dIs is N , then ∆HBT is PS.

5) If dT e is PL and dIs is ZE, then ∆HBT is PH.

6) If dT e is PL and dIs is P, then ∆HBT is PH.

7) If dT e is PH and dIs is N , then ∆HBT is PH.

Fig. 7. Speed responses of the IM drive with zoom-in view for the highlighted
portion, for change in load from 0.3 to 0.8 N · m at speed of 120 rad/s.
(a) Conventional DTC. (b) FLC-based DTC.

8) If dT e is PH and dIs is ZE, then ∆HBT is PH.

9) If dT e is PH and dIs is P, then ∆HBT is PH.

10) If dT e is NL and dIs is N , then ∆HBT is NH.

11) If dT e is NL and dIs is ZE, then ∆HBT is NH.

12) If dT e is NL and dIs is P, then ∆HBT is NS.

13) If dT e is NH and dIs is N , then ∆HBT is NH.

14) If dT e is NH and dIs is ZE, then ∆HBT is NH.

15) If dT e is NH and dIs is P, then ∆HBT is NH.

V. SIMULATION RESULTS

The performance of the proposed FLC-based DTC scheme

for IM drive has been investigated extensively at different

operating conditions. Sample simulations results are presented

below. The nominal IM parameters, used for simulation and

real-time application, are given in the Appendix.

Figs. 7–9 show the various IM drive responses for step

change in motor load from 0.3 to 0.8 N · m. The change in

load is applied at a time of 0.3 s. Fig. 7 shows the simulated

speed response, with zoom-in view for interval of 0.2 to 0.5 s,

using the conventional and the proposed DTC schemes. The

zoom-in view of each speed response clearly shows that both

the speed undershoot and speed ripples have been reduced con-

siderably by the use of the proposed scheme. The undershoot

and average speed ripples with the conventional DTC scheme

are approximately 0.23 and 0.05 rad/s, respectively. The use

of the proposed scheme has reduced these values to 0.09 and
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Fig. 8. Steady-state speed responses of the IM drive for a step change in load
from 0.3 to 0.8 N · m at 120 rad/s. (a) Conventional DTC. (b) FLC-based DTC.

Fig. 9. Developed torque responses of the IM drive for a step change in
load from 0.3 to 0.8 N · m at speed of 120 rad/s. (a) Conventional DTC.
(b) FLC-based DTC scheme.

0.005 rad/s, respectively. Fig. 8 shows the steady-state speed

responses. The conventional DTC scheme has approximate

average speed ripples of 0.02 rad/s with some very big abrupt

peaks. By using the proposed DTC scheme, the speed response

is very smooth, and there are almost negligible ripples. Fig. 9

shows the corresponding torque responses for the conventional

Fig. 10. Speed responses of the IM drive with zoom-in view of the encircled
portion of the response, for a step change in command speed from 100 to
150 rad/s at a 0.5-N · m load. (a) Conventional DTC. (b) FLC-based DTC
scheme.

and the proposed DTC schemes for a step change in load

at 0.3 s. The torque ripple has significantly been reduced in

the proposed scheme both in the transient and steady states.

In particular, the negative torque ripple is very big in the

conventional DTC scheme.

Figs. 10 and 11 show the simulation responses for a step

change in command speed from 100 to 150 rad/s at t = 0.15 s

while the motor is running at a 40% rated load (0.5 N · m).

Fig. 10 shows the speed responses for the conventional and the

proposed DTC-based IM drive. The proposed scheme shows

better response as compared to the conventional one in terms

of speed ripple during transient condition. Fig. 11 presents the

corresponding torque response of the two DTC schemes. It

can be compared that, in the steady state, the torque ripple

in the conventional scheme is approximately 0.5 N · m while,

in the proposed scheme, it is only 0.2 N · m, which proves

the superiority of the proposed DTC scheme over the conven-

tional one.

Figs. 12 and 13 show the flux and current responses of the

drives for a 40% load while the motor is running at 120 rad/s.

Fig. 12 shows the stator flux responses of both the conventional

and proposed DTC schemes. It is found that the proposed

variable band torque hysteresis controller-based DTC scheme

exhibits smooth response and lesser ripple in flux as compared

to the conventional DTC scheme. Fig. 13 shows the phase-a

stator current of the conventional and proposed IM drives. The

proposed scheme has lesser ripples in steady-state current.
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Fig. 11. Developed torque of the IM drive at 40% of rated load. The step
change in speed from 100 to 150 rad/s is applied at 0.15 s. (a) Conventional
DTC. (b) FLC-based DTC scheme.

Fig. 12. Steady-state stator flux-linkage responses of the IM drive, at 40%
rated load and speed of 120 rad/s. (a) Conventional DTC. (b) Proposed FLC-
based DTC scheme.

Fig. 13. Steady-state stator current response of the IM drive at 40% rated load
and speed of 120 rad/s. (a) Conventional DTC. (b) FLC-based DTC scheme.

Fig. 14. Hardware schematic diagram for experimental setup.

Fig. 15. Snapshot of the experimental setup.

VI. EXPERIMENTAL RESULTS

The proposed FLC-based DTC scheme for IM drive is

experimentally implemented using DSP controller board DS-

1104 for a laboratory 1/3 hp IM. Figs. 14 and 15 show the

hardware schematic and snapshot of the experimental setup

for the proposed FLC-based DTC scheme, respectively. The
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Fig. 16. Steady-state experimental torque responses of the IM drive with
zoom-in view of the shaded portion, for command rated speed of 180 rad/s
at 0.4-N · m load. (a) Conventional DTC. (b) FLC-based DTC.

sampling frequency obtained for this work is 10 kHz. Sample

experimental results are presented hereinafter.

Fig. 16(a) and (b) show the real-time torque responses in

steady state while the motor is following a command speed of

180 rad/s at a 0.4-N · m load, for the conventional and FLC-

based DTC schemes, respectively. It is clearly seen that the

proposed FLC-based DTC scheme has lesser torque ripple in

the steady state. Fig. 17(a) and (b) shows the transient speed

responses for a step change in speed from 120 to 180 rad/s

at a 0.4-N · m load with the conventional and proposed DTC

schemes, respectively. The use of proper voltage vector by the

band-adapted FLC-based DTC scheme has reduced both the

rise and the settling time. Moreover, the ripple level has also

been reduced in the response with the proposed scheme. Thus,

the effectiveness of the proposed FLC-based band-adapted

hysteresis controller for DTC-based IM drive is verified by

experimental results.

VII. CONCLUSION

A novel FLC-based DTC scheme for IM drive has been

presented in this paper. The proposed FLC-based IM drive has

been successfully implemented in real time using DSP board

Fig. 17. Speed response for a step change in speed from 120 to 180 rad/s at
0.4-N · m load. (a) Conventional DTC. (b) FLC-based DTC.

DS1104 for a laboratory 1/3 hp IM. The FLC is used to adapt

the bandwidth of the torque hysteresis controller in order to re-

duce the torque ripple of the motor. A performance comparison

of the proposed FLC-based DTC scheme with a conventional

DTC scheme has also been provided both in simulation and

experiment. Comparative results show that the torque ripple

of the proposed drive has considerably been reduced. The dy-

namic speed response of the proposed FLC-based DTC scheme

has also been found better as compared to the conventional

DTC scheme.

APPENDIX

IM parameters used for experiment: Lls = 0.0154 H, Llr =
0.0154 H, Lm = 0.2655 H, P = 2, Rs = 6.5 Ω, Rr = 3.4 Ω,

J =0.0012 kg · m2, Bm =0.0001 N · m/rad/s, and HP=1/3.

Torque hysteresis controller parameters: HBTU = 0.1,

HBTL = −0.1, KU = 1, and KL = 2.
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