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Abstract. The paper presents an application of
sliding mode controller and Kalman Filter (KF-
SMC) in speed control of pulse-width-modulation
direct torque controlled induction motor drive.
Performance of the direct torque control (DTC)
is degraded by uncertainty of stator resistance.
In order to increase robustness of controlled sys-
tem to the uncertainty, sliding mode controller
(SMC) is utilized to replace proportional-integral
(PI) speed controller in conventional DTC drive
structure. Computation of SMC requires estima-
tion of load, and Kalman Filter is integrated to
reduce noise in load estimation and chattering-
phenomenon in speed response. Simulations are
carried out at di�erent reference speeds in wide-
range noises of stator resistance. Indices includ-
ing ITAE, settling time, overshoot and under-
shoot are employed to compare performance of
drive structures. Results con�rmed the desired
characteristics of the proposed drive structure.
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Nomenclature

p number of pole pairs
Rs stator resistance
Rr rotor resistance
Ls stator inductance
Lr rotor inductance
Lm magnetizing inductance
σ total leakage constant
Tr rotor time constant
Jm moment of inertia
us stator voltage vector
u∗
s reference stator voltage vector
usα, usβ components of stator voltage

vector in stator coordinate
system [α, β]

u∗sα, u
∗
sβ components of reference

stator voltage vector in stator
coordinate system [α, β]
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Nomenclature

u∗sx, u
∗
sy components of reference

stator voltage vector in stator
�ux coordinate system [α, β]

is stator current vector
isa, isb phase-a, phase-b stator currents
isα, isβ components of stator current

vector in stator coordinate
system [α, β]

îsα, îsβ Kalman �ltered values of isα, isβ
γ orienting angle
γ̂ estimated orienting angle

ψsψsψs stator �ux vector
ψsα, ψsβ components of stator �ux vector

in stator coordinate system [α, β]

ψ̂sα, ψ̂sβ estimated values of ψsα, ψsβ
ψs stator �ux vector magnitude

ψ̂s estimated stator �ux vector
magnitude

ψ∗
s reference stator �ux magnitude

ψrψrψr rotor �ux vector
ψrα, ψrβ components of rotor �ux vector

in stator coordinate system [α, β]
Te motor torque

T̂e estimated motor torque
T ∗
e reference motor torque
TL load torque
TEL estimated load torque

T̂EL Kalman �ltered value of estimated
load torque

T ∗
e reference motor torque
ωr rotor speed
ωm mechanical speed

1. Introduction

High-performance vector control (VC) strategy
in induction motor (IM) drives [1]-[3] can be
replaced with pulse-width-modulation (PWM)
integrated direct torque control (DTC) strat-
egy [4]-[6]. Parameter tuning, stability anal-
ysis and design of proportional-integral (PI)
or proportional-integral-derivative (PID) con-
trollers require complicated techniques [7]-[10].
PI and PID controller tuning rules in tabular
form are employed in various process models [7].
A set theory-based technique is utilized to ob-
tain robust stability range of PI controller in in-

terval systems [8]. Parameters of a fractional
order PID controller are designed to reduce har-
monics and noises in IM [9]. In order to obtain
good response, and appropriate load disturbance
rejection, parameters tuning of the controller is
computed by fractional calculus [10].

Several methods for tuning PI or PID con-
trollers are based on intelligent or bio-inspired
techniques [11]-[14]. Whale optimization algo-
rithm brings high performance for optimization
of PID controller in a DC-DC buck converter
[11]. Particle swarm optimization (PSO) pro-
vides shorter settling time and lower peak val-
ues in PID controlled liquid level system [12].
Combination of neural network and fuzzy logic
reduces the time of accommodation, the steady-
state error and simultaneously compensate un-
certainty in system parameters [13]. Two meta-
heuristics method-genetic algorithm and PSO
are utilized to adjust coe�cients of a Gaussian
adaptive PID controller in a DC-DC buck con-
verter.

In order to deal with parameter uncertainty
and system disturbances in IM drives, robust
control techniques can be selected [15]-[18]. In
[15], the optimal preview control theory is uti-
lized, and the robustness is tested via changes
of rotor resistance and load torque. The state
variable aggregation method is employed in de-
sign of VC strategy for the nonlinear model of
IM [16]. In order to obtain robustness to the
changes of stator and rotor resistances, an input-
output feedback linearization control technique
is applied [17]. Linear matrix inequality-based
state feedback design is carried out in case of
system disturbances and parameter uncertain-
ties [18]. One particular method to robust con-
troller design is the sliding mode control (SMC)
technique [19].

Variations of SMC are applied in scienti�c and
engineering problems [20]-[25]. Stability anal-
ysis and control synthesis of crowd dynamics
models are implemented by nonlinear SMC [20].
Double integral SMC is employed for tracking
maximum power point of a photovoltaic system
[21]. The SMC with a stochastic sliding mode
surface is used to stabilize singular Markovian
systems with Brownian motion [22]. The digital
SMC is designed for the discretized model of the
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piezoelectric actuator [23]. The discrete-time
two-dimensional SMC is handled for Fornasini-
Marchesini systems that are distorted by exoge-
nous nonlinear disturbances [24]. For �eld of
IM drives, SMC is also widely utilized [25]-[28].
A sigmoid function and an adaptive gain are
used to eliminate chattering for an IM drive with
VC [25]. A gain margin technique is employed
to attenuate chattering for continuous SMC of
IM servo system [26]. In order to achieve to-
tal robustness in VC of IM motion control sys-
tem, a sliding-mode based component is added
to take into account disturbances and uncertain-
ties [27]. A second-order SMC is implemented
to control the dynamics of the IM with the aim
of disturbance rejection and robustness assur-
ance [28]. For simplicity, in the paper, integral
SMC technique [25] is chosen to design control
signal of DTC-IM drive for robustness to high
uncertainty of stator resistance. In order to en-
sure boundary condition of system's Lyapunov
stability and reduce chattering-phenomenon, a
load estimation method based on dynamic equa-
tion of rotational motion and Kalman �lter [6]
is utilized. In next section, SMC drive struc-
tures for DTC drive are presented. Simulation
results and conclusions are respectively given in
two last sections.

2. DTC-IM drive with

sliding mode speed

controller

State-space model [29] of IM in coordinate sys-
tem [α, β] is described by Eqs. (1)-(2):

Ẋ = AX + BU (1)

Y = X (2)

where:

X =
[

īs ψrψrψr
]T
,U = ūT

s (3)

A =

[
A11 A12

A21 A22

]
,A11 = a1I (4)

A12 = a2I− a3ωrJ, A21=
Lm
Tr

I (5)

A22 = − 1

Tr
I + ωrJ, B =

[
1
σLs

I 0
]T

(6)

I =

[
1 0
0 1

]
,J =

[
0 −1
1 0

]
,0 =

[
0 0
0 0

]
(7)

a1 = −L
2
mRr + L2

rRs
σLsL2

r

, a2 =
LmRr
σLsL2

r

(8)

a3 =
Lm

σLsLr
, Tr =

Lr
Rr

, σ = 1− L2
m

LsLr
(9)

Rotor speed is obtained according to Eqs. (10)-
(11):

Te =
3

2

Lm
Lr

p(ψrαisβ − ψrβisα) (10)

dωm
dt

=
Te − TL
Jm

, ωr = pωm (11)

Figure 1 shows proposed DTC-IM drive struc-
ture with sliding mode-based speed controller
(SMBSC). Basic quantities of PWM-DTC are
expressed by Eqs. (12)-(16):

ψ̂sα =

∫ (
usα − îsαRs

)
dt (12)

ψ̂sβ =

∫ (
usβ − îsβRs

)
dt (13)

ψ̂s =
√
ψ̂2
sα + ψ̂2

sβ (14)

γ̂ = arcsin
(
ψ̂sβ

/
ψ̂s

)
(15)

T̂e = (3p/2)
(
îsβψ̂sα − îsαψ̂sβ

)
(16)

Computation process of Kalman Filtered sta-
tor current components is described in [6]. For
drive structure with SMBSC, design process of
reference torque requires load information, and
Kalman Filtered load estimation block is added
to reduce ripple of estimated load torque.
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Fig. 1: DTC-IM drive with sliding mode-based speed
controller.

In SMBSC design, sliding surface and its time
derivative are modi�ed from [25], and expressed
by Eqs. (17)-(18):

S =

∫
(ωref − ωr)dt+ k1(ωref − ωr) (17)

Ṡ = ωref − ωr + k1ω̇ref − k1ω̇r (18)

where k1 > 0. Assume that reference torque-
output of SMC is equal to real motor torque,
time derivative of rotor speed can be computed
as Eq. (19):

ω̇r = p(T ∗
e − TL)/Jm (19)

Assume that reference rotor speed is constant,
Eq. (18) is rewritten as follows:

Ṡ = ωref − ωr − k1p(T ∗
e − TL)/Jm (20)

In order to ensure the stability of the controlled
system, the Lyapunov's stability theorem is uti-
lized. De�ne the Lyapunov function candidate
according to Eq. (21):

V = S2
/
2 (21)

Its time derivative is given by Eq. (22):

dV /dt = SṠ (22)

The controlled system is stable if the term dV/dt
is negative. Similarly to [25], we can choose the
time derivative of the sliding surface as Eq. (23):

Ṡ = −k2sign(S) (23)

where k2 > 0. From Eqs. (20), (23), we obtain
the SMBSC control law:

T ∗
e =

Jm
k1p

[k2sign(S) + eω] + TL (24)

However, information of load torque is unknown,
so it is considered noise. The Eq. (24) is rewrit-
ten:

T ∗
e =

Jm
k1p

[k2sign(S) + eω] (25)

The coe�cient k2 is designed to maintain system
stability with control law described in Eq. (25).
The Eq. (20) is converted into Eq. (26) thanks
to Eq. (25):

Ṡ = −k2sign(S) + k1p
TL
Jm

(26)

Assume that load torque is bounded, k2 is cho-
sen as follows:

k2 =
k1p

Jm
ML (27)

where ML > |TL|. It is easy to see that the
smaller ML is, the more chattering problem is
reduced. So it is necessary to estimate the load
torque TL. Its simple approximation TEL is de-
scribed by Eq. (28):

TEL = T̂e −
Jm
p
ω̇r (28)

Estimated motor torque which is computed by
Signal Calculation block (see Fig. 1), can be
distorted (see Eqs. (12), (13), (16)) although
two stator current components were �ltered.
Hence, estimated load is also deformed, and it is
Kalman �ltered according to Eqs. (29)-(36):

xk = xk−1 + wk−1 (29)

yk = xk + vk (30)

x̃k = x̂k−1 (31)

P̃k = P̂k−1 +Q (32)

z̃k = yk − x̃k (33)
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Kk = P̃k

/(
P̃k +R

)
(34)

x̂k = x̃k +Kkz̃k (35)

P̂k = (1−Kk) P̃k (36)

where: x = TEL: state scalar; w, v: zero-mean
Gaussian process, measurement noise scalars
with unknown variances Q,R; symbols ∧, ∼
denote estimated, predicted scalars respectively.
The component ML in Eq. (27) is chosen as
follows:

ML = max
(∣∣∣T̂EL(k − 1)

∣∣∣ , ∣∣∣T̂EL(k)∣∣∣)+ ε (37)

where ε is positive and arbitrarily small.

3. Simulation results

In this section, parameters of simulated IM and
SVPWM-DTC drive are listed in Tab. 1. Sim-
ulations are implemented at reference speeds of
500 rpm, 50 rpm, 5 rpm (see Figs. 2-4) with load
jump of 8 Nm at 0.3 s (see Fig. 5). In order to
verify theoretical assumptions, stator resistance
Rs is assumed to be distorted by zero-mean
Gaussian noise with variance of added relative
value σR2 = {0.12, 0.32, 0.52, 0.72, 0.92}, and
vector of stator current components is also con-
sidered to be deformed by zero-mean Gaussian
noise vectors with covariances σP 2 = σM2I =
0.32I (see [6]).

Fig. 2: Reference speed ωref = 500 rpm.

Performance indices including Integral Time
Absolute Error (ITAE), settling times, over-
shoot and undershoot are utilized to evaluate
three drive structures: structure in [6] � PI one,

Tab. 1: Parameters of IM and SVPWM-DTC drive.

Parameter Value
Rated power 2.2 kW
Rated speed 1420 rpm
Rated voltage 230 V/400 V
Rated torque 14.8 Nm
Number of pole pairs 2
Moment of inertia 0.0047 kgm2

Stator resistance 3.179 W
Stator inductance 0.209 H
Mutual inductance 0.192 H
Rotor resistance 2.118 W
Rotor inductance 0.209 H
Voltage of DC link 540 V
Switching frequency 20 kHz
Limits of output
of speed controllers

±14 Nm

Fig. 3: Reference speed ωref = 50 rpm.

Fig. 4: Reference speed ωref = 5 rpm.

Fig. 5: Load torque with jump of 8 Nm at 0.3 s.

SMC structure in Fig. 1 without Kalman �ltra-
tion in load estimation � SMC one, SMC struc-
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ture in Fig. 1 � KFSMC one. The ITAE index
is computed according to Eq. (38):

ITAE =

1∫
0

t |eω(t)| dt (38)

Settling times ts1 and ts2 are respectively
searched in durations 0.0 s � 0.3 s (before load
activation), and 0.3 s � 1.0 s (after load activa-
tion). Overshoot and undershoot are also calcu-
lated in two same durations respectively.

Fig. 6: Motor speeds at ωref = 500 rpm, σR2 = 0.12 .

Fig. 7: Motor speeds at ωref = 500 rpm, σR2 = 0.32.

Figures 6-20 shows speed responses of 3 struc-
ture drives in cases of ωref = {500, 50, 5}, σR2 =
{0.12, 0.32, 0.52, 0.72, 0.92}. At the same refer-
ence speed, after load activation, response for PI
structure owns higher oscillation when variance
σR2 is larger, while responses for SMC and KF-
SMC structures are almost unchanged. Over-
shoots and undershoots for PI structure are sig-
ni�cantly greater than ones for SMC and KF-
SMC structures, especially at reference speeds
of 50 rpm and 5 pm. Tabs. 2-4 respectively list
all values of ITAE, overshoot, and undershoot.

In Tab. 2, at ωref = 500 rpm, ITAE for
KFSMC structure is smallest one but di�erence
is not signi�cant, they are 88.48%-97.89% and
99.81%-99.84% of ones for PI and SMC struc-
tures respectively. For ωref = 50 rpm, ra-
tios are respectively 7.85%-28.35% and 75.20%-

Fig. 8: Motor speeds at ωref = 500 rpm, σR2 = 0.52.

Fig. 9: Motor speeds at ωref = 500 rpm, σR2 = 0.72.

Fig. 10: Motor speeds at ωref = 500 rpm, σR2 = 0.92.

Fig. 11: Motor speeds at ωref = 50 rpm, σR2 = 0.12.

Fig. 12: Motor speeds at ωref = 50 rpm, σR2 = 0.32.

76.42%, and in case of ωref = 5 rpm, val-
ues are 2.40%-8.20% and 51.22%-52.88% respec-
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Fig. 13: Motor speeds at ωref = 50 rpm, σR2 = 0.52.

Fig. 14: Motor speeds at ωref = 50 rpm, σR2 = 0.72.

Fig. 15: Motor speeds at ωref = 50 rpm, σR2 = 0.92.

Fig. 16: Motor speeds at ωref = 5 rpm, σR2 = 0.12.

Fig. 17: Motor speeds at ωref = 5 rpm, σR2 = 0.32.

tively. The main reason for this is that KF-

Fig. 18: Motor speeds at ωref = 5 rpm, σR2 = 0.52.

Fig. 19: Motor speeds at ωref = 5 rpm, σR2 = 0.72.

Fig. 20: Motor speeds at ωref = 5 rpm, σR2 = 0.92.

SMC structure brings much lower overshoot and
undershoot than PI one: overshoots and un-
dershoots for KFSMC are respectively 2.29%-
31.05% (see Tab. 3) and 9.84%-14.24% (see Tab.
4) of ones for PI. In comparison to SMC, over-
shoots and undershoots for KFSMC are respec-
tively 32.09%-100.07% (see Tab. 3) and 97.30%-
106.63% (see Tab. 4) of ones for SMC. Although
many values are larger than 100%, but ripples
of speed responses at duration 0.4 s � 1.0 s (see
extractions in Figs. 6-20) for KFSMC are signif-
icantly smaller than ones for SMC, especially at
reference speeds of 50 rpm and 5 rpm. This ad-
vantage is due to smoothing ability of Kalman
�lter in load estimation. For further analysis,
Tabs. 5-6 list settling times.

In case of ωref= 500 rpm, settling times for
all structures are almost the same. At ωref = 50
rpm, SMC and KFSMC structures own approxi-
mately the same settling times, and they respec-
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Tab. 2: ITAE value.

ωref σR2 PI SMC KFSMC

500

0.12 4.1042 4.0253 4.0176
0.32 4.2044 4.0229 4.0152
0.52 4.3138 4.0260 4.0186
0.72 4.4181 4.0187 4.0117
0.92 4.5419 4.0252 4.0189

50

0.12 0.0761 0.0287 0.0216
0.32 0.1223 0.0284 0.0215
0.52 0.1703 0.0284 0.0217
0.72 0.2208 0.0282 0.0215
0.92 0.2762 0.0284 0.0217

5

0.12 0.0515 0.0080 0.0042
0.32 0.0847 0.0081 0.0042
0.52 0.1186 0.0084 0.0043
0.72 0.1538 0.0086 0.0044
0.92 0.1910 0.0088 0.0046

Tab. 3: Overshoot [rpm].

ωref σR2 PI SMC KFSMC

500

0.12 0.9345 0.0818 0.0471
0.32 0.8775 0.1094 0.1016
0.52 0.8140 0.1537 0.1528
0.72 0.7488 0.2015 0.1993
0.92 0.7885 0.2447 0.2448

50

0.12 0.9331 0.0725 0.0286
0.32 0.9231 0.0654 0.0294
0.52 0.9123 0.0620 0.0358
0.72 0.9016 0.0681 0.0440
0.92 0.8916 0.0755 0.0535

5

0.12 0.5488 0.0457 0.0185
0.32 0.5476 0.0434 0.0162
0.52 0.5554 0.0421 0.0152
0.72 0.5399 0.0405 0.0134
0.92 0.5497 0.0392 0.0126

tively bring 2.2-2.3 ms, 31.9-34.5 ms shorter in
ts1, ts2 than PI structure, there is not even ts2
in case of σR2=0.92.

For lowest reference speed ωref= 5 rpm, be-
fore load activation (see Tab. 5), SMC and KF-
SMC structures give the same ts1 and dedicate
42.8-44.2ms less in ts1 than PI one. At this ref-
erence, after load activation (see Tab. 6), ts2
for PI structure exists only at σR2 = 0.12 and it
is 68.4, 68.6ms respectively longer than that for
SMC, KFSMC structures. At σR2 = 0.32, KF-
SMC gives a bit longer ts2 than SMC. In cases of

Tab. 4: Undershoot [rpm].

ωref σR2 PI SMC KFSMC

500

0.12 4.1980 0.6056 0.5979
0.32 4.0875 0.5549 0.5473
0.52 3.9849 0.4993 0.4939
0.72 3.9049 0.4453 0.4333
0.92 3.8310 0.3857 0.3769

50

0.12 4.2094 0.4595 0.4900
0.32 4.1026 0.4497 0.4783
0.52 4.0006 0.4371 0.4620
0.72 3.9011 0.4226 0.4467
0.92 3.8016 0.4091 0.4323

5

0.12 4.3010 0.4822 0.4977
0.32 4.4163 0.4927 0.5031
0.52 4.5348 0.5013 0.5174
0.72 4.6585 0.5114 0.5257
0.92 4.7858 0.5258 0.5356

Tab. 5: Settling times ts1 [s].

ωref σR2 PI SMC KFSMC

500

0.12 0.2049 0.2049 0.2049
0.32 0.2048 0.2048 0.2048
0.52 0.2048 0.2048 0.2048
0.72 0.2047 0.2046 0.2047
0.92 0.2048 0.2047 0.2048

50

0.12 0.0509 0.0487 0.0487
0.32 0.0508 0.0486 0.0486
0.52 0.0509 0.0486 0.0486
0.72 0.0507 0.0484 0.0484
0.92 0.0508 0.0485 0.0485

5

0.12 0.0786 0.0346 0.0347
0.32 0.0781 0.0344 0.0345
0.52 0.0786 0.0344 0.0345
0.72 0.0771 0.0341 0.0342
0.92 0.0777 0.0342 0.0342

σR2 = {0.52, 0.72, 0.92}, KFSMC still maintains
ts2 while SMC brings much longer ts2. The ad-
vantage once again shows noise-reduction ability
of Kalman �lter in load estimation (see Figs. 21-
23), especially at ωref = 5 rpm (see Fig. 23).

However, trend of oscillation is increasing es-
pecially after load activation at ωref = 5 rpm
(see Fig. 23). Reason of this is that high sta-
tor resistance uncertainty σR2= 0.92 makes esti-
mated values of components of stator �ux vector
(see Eqs. (12)-(13)) more and more inaccurate
(see Figs. 24-25) although stator currents were

272 c© 2021 Journal of Advanced Engineering and Computation (JAEC)



VOLUME: 5 | ISSUE: 4 | 2021 | December

Tab. 6: Settling times ts2 [s].

ωref σR2 PI SMC KFSMC

500

0.12 0.3000 0.3000 0.3000
0.32 0.3000 0.3000 0.3000
0.52 0.3000 0.3000 0.3000
0.72 0.3000 0.3000 0.3000
0.92 0.3000 0.3000 0.3000

50

0.12 0.3345 0.3000 0.3000
0.32 0.3336 0.3000 0.3000
0.52 0.3327 0.3000 0.3000
0.72 0.3319 0.3000 0.3000
0.92 1.0000 0.3000 0.3000

5

0.12 0.3707 0.3021 0.3023
0.32 1.0000 0.3022 0.3024
0.52 1.0000 0.9561 0.3024
0.72 1.0000 0.9953 0.3024
0.92 1.0000 0.9579 0.3025

Fig. 21: Load and its estimates at ωref = 500 rpm,
σR2 = 0.92.

Fig. 22: Load and its estimates at ωref = 50 rpm,
σR2 = 0.92.

Fig. 23: Load and its estimates at ωref = 5 rpm, σR2 =
0.92.

Fig. 24: Stator �uxes at ωref = 5 rpm, σR2 = 0.92.

Fig. 25: Di�erence between stator �ux and its esti-
mated value at ωref = 5 rpm, σR2 = 0.92.

Kalman �ltered (see Fig. 26). The signi�cant
di�erence between stator �ux and its estimated
values leads to increasing errors in motor torque
and load torque estimates (see Eqs. (16) & (28)).
Another method that is less dependent on stator
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resistance can be utilized to improve the accu-
racy of the estimates.

Fig. 26: Stator currents at ωref = 5 rpm, σR2 = 0.92.

4. Conclusions

Drive structure using SMC and Kalman �ltered
load estimation was presented in the paper.
Simulations were implemented at di�erent refer-
ence speeds with wide ranges of noise variances
of stator resistance. Proposed drive structure
guaranteed system's Lyapunov stability, pro-
vided robustness to high uncertainty of stator
resistance, and reduce chattering-phenomenon.
It dedicated lower ITAE performance index than
both the conventional and the SMC without
Kalman �ltration in load estimation ones, es-
pecially at lowest reference speed with ITAE
value reduced by 91.8%-97.6% compared to con-
ventional structure. Kalman Filter in its load
estimate signi�cantly reduced chattering prob-
lem compared to the one without Kalman Fil-
ter. The structure brought lower ripples at
steady state, more robust settling times than
two other ones. High-order or super-twisting
or non-reaching phase, chattering-phenomenon
free sliding mode control techniques can be used
to obtain more robust speed controller, and ap-
proaches that are less dependent on stator re-
sistance uncertainty can be employed to provide
more accurate load torque estimates. Proposed
approach can be utilized in robust sensorless
control of IM drive.
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