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Abstract
To accomplish benefits such as high accuracy and fast response, the model‐based loss
minimisation algorithms (LMAs) are introduced in the literature, as one of the main
available techniques for minimising power losses in electrical motors. They are
appropriate for dynamic applications, which necessitate very fast update of the control
variable. This study proposes a novel real‐time LMA based on super‐twisting sliding
mode controller (SMC) for induction motor (IM) drives, while keeping a good dy-
namic response. In this regard, a loss minimisation criterion for the efficiency opti-
misation is proposed and scrutinised. It is shown analytically that LMA will be
realised if the nonlinear controller forces this criterion to zero. Moreover, a super‐
twisting SMC integrated with the iron loss is proposed which directly regulates
both the power loss‐minimising criterion and the electromagnetic torque by choosing
those as control outputs. The stability of the super‐twisting SMC is also verified
through the Lyapunov's stability principle. The complete closed‐loop control of the
proposed LMA‐based IM drive is successfully implemented in real‐time using a digital
signal processor board TMS320F28335 for a laboratory 3‐phase IM drive of 2.2 kW.
The performance and functionality of the proposed scheme are assessed through
experimental results.

1 | INTRODUCTION

Induction motors are broadly used in industry applications,
thanks to their rugged construction, low maintenance cost and
high reliability. In this regard, energy saving is an essential issue
and this is why noticeable attempts have been accomplished to
increase their efficiency. The loss minimisation is carried out
either in the manufacturing process by finite element design
and construction approaches [1, 2], or by using loss mini-
misation approaches (LMAs). The principle objective of the
latter field is to adjust the magnitude of motor flux according
to the given operating points.

Generally, there exist two methods in order to optimise the
efficiency in ac motor drives. One of them is based on the
model and the other is based on the search. In model‐based
methods, loss‐minimisation strategy is implemented in the

motor loss model [3–10]. In this regard, the loss minimisation
criterion is found by differentiating the expression of electrical
power losses with respect to variables such as the d‐axis
component of stator current [3], slip speed [4], and flux [6].
The other approach is independent of load conditions and
motor parameters and can be applied to any type of control
system and electrical motor [11–13]. In this method, for
desired rotor speed and load torque, a control variable such as
reference flux is slowly adjusted to minimise the input power.
To remove the instability of the motor drive system, the
reference flux should change accordingly if an unexpected
event occurs in the load. Besides these two methods, hybrid
ones have been introduced in recent years [14, 15]. The hybrid
methods are more sensitive to variation of parameters
compared to search‐based approaches and are also slower than
model‐based algorithms.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.

© 2022 The Authors. IET Electric Power Applications published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology.

IET Electr. Power Appl. 2022;1–9. wileyonlinelibrary.com/journal/elp2 - 1

https://doi.org/10.1049/elp2.12222
https://orcid.org/0000-0002-0297-3135
https://orcid.org/0000-0003-4989-3260
https://orcid.org/0000-0002-3512-2302
mailto:abootorabi@um.ac.ir
https://orcid.org/0000-0002-0297-3135
https://orcid.org/0000-0003-4989-3260
https://orcid.org/0000-0002-3512-2302
http://wileyonlinelibrary.com/journal/elp2


In ref. [3], first, the optimal magnitude of the magnet-
ising current is determined in the Rotor flux oriented
(RFO) reference frame. To obtain the optimal current for
loss minimisation, electrical losses are then derived in terms
of stator current. Nevertheless, variations of iron loss
resistance are not considered in different operating condi-
tions. In ref. [5], even though the iron loss is neglected, the
proposed LMA has taken into account the saturation effect
which can be utilised in both transient and in steady‐state
conditions. A loss model has been proposed for linear IM
drive in [6], including both inverter and motor losses. Ac-
cording to this model, a model‐based loss minimisation
algorithm has been developed in the steady‐state condition.
For an IM and inverter set, an efficiency optimisation al-
gorithm has been introduced based on the concept of
system‐level loss minimisation by Sridharan et al. [8].
System‐level techniques commonly minimise overall losses
including losses in the machine, inverter, dc‐link, and filter.
Compared to component‐based techniques such as mini-
mising motor losses, these strategies are more comprehen-
sive. In ref [9], the ratio of d‐axis to q‐axis of the
magnetising current is regulated to minimise the electrical
losses. In ref [12], efficiency of the sliding mode‐based IM
drive is optimised for each mechanical load and rotor speed
by adjusting the magnitude of the stator flux. In this con-
trol scheme, the input power is chosen as an objective
function rather than stator current. To reduce the conver-
gence time, the reference flux is changed in large steps at
the beginning of the search process and then small flux
reduction steps are selected to maintain stability.

This study introduces a model‐based loss minimisation
scheme in combination with the super‐twisting sliding mode
controller (SMC) controller for three‐phase IM drives. In this
regard, the errors of electromagnetic torque and LMA criterion
with respect to reference values are delivered to the proposed
controller.

Control of IM constitutes a theoretically challenging prob-
lem, due to the presence of nonlinear dynamics. The imple-
mentation of SMC for IM in ref. [16], demonstrates the
robustness of this control approach to variations of IM pa-
rameters. The benefits of SMC are high robustness, disturbance
cancelation, simple implementation, and fast responses during
transients. The stabilisation time of this controller is not, how-
ever finite, and controlled states of the system are affected by
chattering phenomena. To remove the SMC disadvantages, the
integral‐SMC has been introduced for IM by Barambones et. al
[17], in which the global asymptotic speed tracking is provided
considering parameter uncertainties and load torque. The pre-
requisite of this control approach is, however, a discrete control
action with high switching frequency. The second‐order SMC is
an alternative solution which relieves chattering in the presence
of external load disturbances and unknown parameters and does
not have a discrete output. The main drawback of the second‐
order SMC is complicated mathematical calculations. Likewise,
the implementation of this technique will be troublesome if the
state variables increase [18]. The integral‐SMC–based IM has
been improved in ref. [19], by decoupling terms and boundary

layer. Although the proposed controller guarantees fast dynamic
response, it is sensitive to parameter variations. Super‐twisting is
a newly developed concept of SMC, which is demonstrated to be
effective for electromechanical systems [20]. According to
recent advancements in this field, this study presents a super‐
twisting SMC for controlling torque and realizing loss mini-
misation strategy, without utilising an internal current loop
controller. The proposed controller not only eliminates the
chattering effect which occurs in most SMC approaches but also
only requires a sliding surface. These are known as main benefits
of the super‐twisting SMC.

Later in this study, a detailed description of the proposed
control system is described. In this regard, the power loss
expression is derived in section II and a criterion is determined
for the model‐based LMA realisation by using a gradient
approach. In section III, super‐twisting SMC is developed for
IM. Finally, the experimental results and concluding remarks
are presented in sections IV and V respectively.

2 | MODEL‐BASED LOSS
MINIMISATION ALGORITHM

2.1 | IM model including iron loss

Space vector equivalent circuit of IM is illustrated in Figure 1.
The standard model of IM is achieved from this figure, in RFO
frame, as follows [21]:

~V s ¼ Rs~I s þ d~ψ s=dt þ jω~ψ s ð1Þ

~Vr ¼ Rr~Ir þ d~ψ r=dt þ j ω − ωrð Þ ~ψ r ð2Þ

~ψ s ¼ Lls~I s þ Lm~Im ð3Þ

~ψ r ¼ Llr~Ir þ Lm~Im ð4Þ

Ri~I i ¼ Lmd~Im=dt þ jωLm~Im ð5Þ

From Figure 1, the electromagnetic torque is proportional
to the rotor flux and torque‐producing current (rotor current)
and can be derived as follows:

Te ¼
3
2

� �

:
p
2

� �
: ψ rqird − ψ rdirq
� �

ð6Þ

F I GURE 1 Space vector equivalent circuit of induction motor (IM)
including iron loss (RFO frame)
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The rotor flux orientation is determined by aligning the d‐
axis of synchronous reference frame with the rotor flux vector
~ψ r . Considering the resultant d‐ and q‐axis rotor flux com-
ponents, (6) is written as follows:

Te ¼ KT :
�
�~ψ r
�
�:irq ð7Þ

where KT ¼ −3p=4.
By assuming the steady‐state condition, the rotor current

components, ird and irq, are written as (8) with respect to the
stator currents, isd and isq:

ird
irq

� �

¼
Δ1 −Δ2 − Rr

ωsl Lm

Δ2 Δ1 þ Δ2
ωsl τ

2

4

3

5

−1
isd
isq

� �

ð8Þ

where Δ1 ¼ − 1þ Llr
Lm

� �
and Δ2 ¼ −ωLlr

Rc
.

The cross‐coupling between d‐ and q‐axis stator currents
and rotor currents is avoided by selecting rotor currents as
state variables which are responsible for production of elec-
tromagnetic torque.

2.2 | Power losses of IM

According to Figure 1, expressions for copper loss and iron
loss of IM can be derived as (9)‐(11), respectively:

Pcu;s ¼ Rs i2sd þ i
2
sq

� �
ð9Þ

Pcu;r ¼ Rri2rq ¼ Rr
Rc

Rc þ Rr
isq −

ωrLm
Rc þ Rr

isd

� �2

ð10Þ

Piron ¼ Rii2iq ¼ Rr isq − irq
� �2

ð11Þ

Substituting irq ¼ Rc
Rc þ Rr

� �
isq − ωrLm

Rc þ Rr

� �
isd into (11),

gives (12):

Piron ¼ Rr
Rr

Rc þ Rr
isq þ

ωrLm
Rc þ Rr

isd

� �2

ð12Þ

Thus, total power losses are written as follows:

PLoss ¼ Rs þ
ω2
rL

2
m

Rc þ Rr

� �

|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
Rd

i2sd þ Rs þ
RcRr
Rc þ Rr

� �

|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
Rq

i2sq ð13Þ

According to (8), expression of power losses is stated in
terms of torque‐producing currents, as follows:

PLoss ¼ Rd Δ1:ird − Δ2 þ
Rr

ωsl · Lm

� �

:irq
� �2

þ Rq Δ2:ird þ Δ1 þ
Δ2

ωsl · τ

� �

:irq
� �2

ð14Þ

2.3 | Affine model of IM

In this section, to get control inputs for the inverter, the super‐
twisting SMC is applied to the IM drive system. In this regard,
x1 ¼ ird , x2 ¼ irq, x3 ¼ ψ rd , x4 ¼ ψ rq and x5 ¼ ωr are defined
as state variables, and V ∗

sd ¼ u1, V
∗
sq ¼ u2 as inputs. Hence, the

state variable model is stated by:

_X ¼ f ðXÞ þ gðXÞ:U ð15Þ

where

X ¼ ird irq ψ rd ψ rq ωr

h iT
;

U ¼ V ∗
sd V

∗
sq

h iT
;

f ðXÞ ¼

−Lm
σ:Ls:Lr

Ls:Rr
Lm

:x1 −
τr:Rr:Lls
Lm

þ Llr

� �

:ω:x2 þ
Ls
Lm
:x4:x5

� �

−Lm
σ:Ls:Lr

Ls:Rr
Lm

:x2 þ
τr:Rr:Lls
Lm

þ Llr

� �

:ω:x1 −
Ls
Lm
:x3:x5

� �

−Rr:x1þ ω − x5ð Þ:x4

−Rr:x2 − ω − x5ð Þ:x3

1
J

� �

:
3p
4
: x1:x4 − x2:x3ð Þ − Tl − B:x5

� �

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
5
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and. gðXÞ ¼ g1 g2½ � ¼ −Lm
σ:Ls:Lr:

Rc
RcþRs

1 0
0
0
0
0

1
0
0
0

2

6
6
6
6
4

3

7
7
7
7
5

2.4 | Control objectives

Minimisation of IM electrical power losses is taken as one of
the control objectives. Consistent with the Lagrange's theorem
[22], the proposed LMA will be realised when the power losses
curve and the torque curve are tangent at a point if and only if
their gradient vectors are parallel, so that:

k ∇Te x1; x2ð Þk k ∇PLoss x1; x2ð Þk sinα¼ 0 ð16Þ

The magnitude of the cross‐product of ∇Te x1; x2ð Þ and
∇PLoss x1; x2ð Þ and IM torque are chosen as control outputs,
and the output vector Y ¼ y1 y2½ �

T is introduced as (17) to
attain the control objectives:

y1 ¼ k ∇Te x1; x2ð Þk k ∇PLoss x1; x2ð Þk sinα ¼ det

∂Te
∂x1

∂Te
∂x2

∂PLoss
∂x1

∂PLoss
∂x2

2

6
6
6
4

3

7
7
7
5

¼ RdΔ1ð Þ: Δ2 þ
Rr

ωsl Lm

� �

− RqΔ2
� �

: Δ1 þ
Δ2

ωsl τ

� �� �

x2

− RdΔ21 þ RqΔ
2
2

� �
x1

y2 ¼ Te ¼ KT :
�
�~ψ r
�
�: x2

ð17Þ

If y1 keeps at zero, the proposed LMA will be realised
obviously. Through some calculations on y1, we have:

ird ¼ irq ξ ð18Þ

where
ξ¼ RdΔ1ð Þ: Δ2 þ Rr

ωsl Lm

� �
− RqΔ2
� �

: Δ1 þ Δ2
ωslτ

� �� �
=

RdΔ21 þ RqΔ
2
2

� �
.

3 | SUPER‐TWISTING SLIDING MODE
CONTROLLER FOR IM

The aim of the proposed nonlinear controller is to attain fast
transient response and minimisation of the steady‐state error.
To get these purposes, errors of y1 and y2 are selected as sliding
surfaces:

S ¼ S1 S2½ �
T

ð19Þ

where S1 ¼ y1;ref − y1 and S2 ¼ y2;ref − y2. If the states of the
system reach and remain on the sliding surface, S ¼ dS=dt ¼ 0

A Lyapunov function candidate is offered in order to
achieve conditions on control law that moves the states of the
system to the sliding surface:

V ¼
1
2
STS > 0 ð20Þ

This is a positive definite function and its time derivative is
determined as follows:

_V ¼
1
2

ST
dS
dt
þ S

dST

dt

 !

¼ ST
dS
dt

ð21Þ

Considering (19), time derivatives of S1 and S2 are obtained
as follows:

_S ¼
d
dt

S1
S2

� �

¼ −
d
dt

y1
y2

� �

ð22Þ

According to (15), (17), and (22), we have:

_S ¼ −
_x1 − ξ: _x2
KT :

�
�~ψ r
�
�: _x2

" #

ð23Þ

Using the affine model, (23) is rewritten as (24):

_S ¼ −

−Lm
σ:Ls:Lr

Ls:Rr
Lm

:x1 −
τr:Rr:Lls
Lm

þ Llr

� �

:ω:x2 þ
Ls
Lm
:x4:x5

� �

− ξ:
−Lm

σ:Ls:Lr
Ls:Rr
Lm

:x2 þ
τr:Rr:Lls
Lm

þ Llr

� �

:ω:x1 −
Ls
Lm
:x3:x5

� �

KT :
�
�
�
�~ψ r

�
�
�
�:

−Lm
σ:Ls:Lr

Ls:Rr
Lm

:x2 þ
τr:Rr:Lls
Lm

þ Llr

� �

:ω:x1 −
Ls
Lm
:x3:x5

� �

2

6
6
6
6
4

3

7
7
7
7
5

ð24Þ
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The time derivative of _S can be also stated as [23]:

_S ¼ Aþ B:U1;2 ð25Þ

where

A¼

Lm
σ:Ls:Lr

Ls:Rr
Lm

:x1 −
τr:Rr:Lls
Lm

þ Llr

� �

:ω:x2 þ
Ls
Lm
:x4:x5

� �

−ξ:
Lm

σ:Ls:Lr
Ls:Rr
Lm

:x2 þ
τr:Rr:Lls
Lm

þ Llr

� �

:ω:x1 −
Ls
Lm
:x3:x5

� �

KT :
�
�
�
�~ψr

�
�
�
�:

Lm
σ:Ls:Lr

Ls:Rr
Lm

:x2 þ
τr:Rr:Lls
Lm

þ Llr

� �

:ω:x1 −
Ls
Lm
:x3:x5

� �

2

6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
5

,

B¼ Lm
σ:Ls:Lr:

Ri
RiþRs

:
1 −ξ
0 KT :

�
�~ψ r
�
�

" #

, and

U1;2 ¼
u1
u2

� �

Now, the control law which produces the stator voltage
vector, is designed such that dW=dt < 0 for S ≠ 0:

U1;2 ¼ −B−1: AþU∗½ � ð26Þ

where

U∗ ¼

Z

F :sgnðSÞ þDjSj0:5sgnðSÞ

F ¼ F1 0
0 F2

� �

; D¼ D1 0
0 D2

� �

; sgnðSÞ ¼ sgn S1ð Þ
sgn S2ð Þ

� �T

To prove the stability of sliding surfaces, the time derivative
of Lyapunov function (V ) should be less than zero
(dV=dt < 0):

_V ¼ −S:
Z

F :sgnðSÞ:dtþDjSj0:5sgnðSÞ
� �

ð27Þ

where S:sgnðSÞ > 0. By selection of proper positive gains,
dV=dt < 0. As the time derivative of V is a negative definite
function, the proposed nonlinear controller becomes asymp-
totically stable.

4 | RESULTS AND DISCUSSION

The block diagram of the proposed IM super‐twisting SMC
control is shown in Figure 2. The experimental setup shown in
Figure 3 consists of: a TMS320F28335 signal processor board
designed with Texas Instrument Co., a voltage source inverter
with corresponding driver board, a sensor board, and a 2.2 kW
IM. Tables 1 and 2 demonstrate the parameters of the IM and
direct current (DC) generators.

The control parameters of the proposed super‐twisting
SMC are given in Table 3. As shown in Figure 4, the
iron loss resistance Ri is experimentally calculated by input
power measurement of 2.2 kW IM at the no‐load condi-
tion. Even though Ri changes with both flux level and
operating frequency, it is more sensitive to frequency vari-
ations [24].

Figure 5 illustrates the loss minimisation of the induction
machine drive implementing the proposed model‐based

F I GURE 2 Structural block diagram of the proposed loss minimisation algorithms (LMA) based on super‐twisting sliding mode controller (SMC)
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strategy. As it is shown, the super‐twisting SMC satisfies both
control objectives (criterion of LMA realisation (y1) and torque
control (y2)) and the torque producing current properly follows
its reference command. In addition, y1 oscillates around its
reference value (y1;ref ¼ 0), which means that the strategy has
been realised. The rotor speed linearly decreases and increases.
This confirms that the generated torque is fixed at its appro-
priate value with the aid of the proposed nonlinear controller.

DC Link 
Capacitors

3 phase Inverter & 
IGBT Driver Board

Voltage 
Sensors

TMS 
Board

Analog 
Filter

Current 
Sensors

Induction 
Motor

DC 
Generator

Resistive 
Load

F I GURE 3 Experimental setup

TABLE 1 The 2.2 kW induction motor (IM) parameters

Parameter Value Parameter Value

Rated torque 8 R0r (Ω) 0.6

Rated voltage (V) 220 (L‐L) Lls = L0 lr (H) 0.00365

Rated current (A) 8 Lm (H) 0.2933

Rs (Ω) 0.76 J (kg.m2) 0.14

TABLE 2 DC generator specifications

Parameter Value Parameter Value

Power (kW) 4.8 Rated current (A) 21

Rated voltage (V) 230 Rotor speed (rpm) 1500

TABLE 3 The super‐twisting sliding mode controller (SMC) gains

F1 = 23 F2 = 55 D1 = 8 D2 = 14

F I GURE 4 Measured iron loss resistance for 2.2 kW induction
motor (IM)

F I GURE 5 Experimental results for efficiency‐optimised control
strategy
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Figure 6 presents the energy optimisation for load vari-
ations in constant rotor condition. In this condition, for a
500 rpm reference rotor speed, the load torque alternatively
changes from 2 to 6 N.m. As observed, for similar speed and
torques, the input power for LMA is lower than the constant
flux method. To evaluate the overall performance of the
proposed strategy in various torques and rotor speeds, the
IM drive is controlled for various load torques from low‐load
to full load and in two rotor speeds, which are 500 and 1000
rpm (Figure 7). The results confirm that the overall effi-
ciency has been improved, especially in low‐load and low‐
speed conditions. Figure 8 shows how the flux linkage
changes with torque under the proposed control strategy.
The circle‐shaped curve shows that the direct and quadrature
components of the stator flux are perpendicular to each
other.

5 | CONCLUSION

To accomplish the loss minimisation algorithm, a nonlinear
technique was suggested based on super‐twisting SMC. The
proposed LMA minimises electrical power losses including
iron and copper losses by deriving a realisation criterion
based on Lagrange's Theorem. The proposed control scheme
keeps all benefits of model‐based methods such as quick
response and high accuracy even during transient condition.

In addition, a real‐time implementation was accomplished to
confirm the effectiveness of the control approach where the
high performance of the presented method could be proved.
The experimental results showed that the proposed LMA
improves IM efficiency, particularly in light load conditions,
without deteriorating the dynamic response. In the experi-
ment, the constant flux method and the proposed one were
also compared and evaluated. In comparison with the con-
ventional approach, the input power reduction is almost
18.6% and 8.1%, for Tl ¼ 0:25 pu and Tl ¼ 0:75 pu
respectively.
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NOMENCLATURE
~V ; ~I ; ~ψ Voltage, current, and flux vectors
T e Electromagnetic torque
P Power loss
T l Load torque
R Resistance
L Self‐inductances of stator and rotor
Ll Leakage inductances of stator and rotor
Lm Coupling inductance between stator and rotor
σ Leakage factor 1 − L2m=

�
Ls:Lr

� �
Þ

τr Rotor time constant Lr=ð RrÞ
τ Time constant Llr=ð RrÞ
p Pole pair
ωr ;ω Angular speed of rotor and flux
ωsl ¼ ω − ωr Slip speed
J Moment of inertia
B Friction coefficient
X State variables vector
U Control inputs
Y Output vectors
S Sliding surface
V Lyapunov's function
α Angle between gradient vectors
θ Rotor flux orientation angle
e Error
F ; D Positive Control gains

SUBSCRIPTS
s; r Stator and rotor
m Magnetising
i Iron loss
d ; q Rotating direct and quadrature axes
cu; core Copper and iron
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