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Abstract: Climate change has highlighted a need to transition to more sustainable forms of
transportation. Electric vehicles (EVs) and hybrid electric vehicles (HEVs) offer a promising
alternative to conventional gasoline powered vehicles. However, advancements in power electronics
and advanced control systems have made the implementation of high performance traction drives for
EVs and HEVs easy. In this paper, a novel sliding mode control model reference adaptive system
(SMC-MRAS) speed estimator in traction drive control application is presented. However, due to
the unpredictable operational uncertainties of the machine parameters and unmodelled non-linear
dynamics, the proportional-integral (PI)-MRAS may not produce a satisfactory performance. The
Proposed estimator eliminates the PI controller employed in the conventional MRAS. This method
utilizes two loops and generates two different error signals from the rotor flux and motor torques.
The stability and dynamics of the SMC law are obtained through the Lyapunov theory. The potential
of the proposed SMC-MRAS methodology is simulated and experimentally validated for an electric
vehicle application. Matlab-Simulink environment is developed and proposed scheme is employed
on indirect vector control method. However, for the experimental validation, the dSPACE 4011 R &
D controller board was utilized. Furthermore, the SMC-MRAS performance is differentiated with PI-
MRAS for speed regulation performance, tracking and estimation error, as well as the fast minimization
of the error signal. The results of the proposed scheme illustrate the enhanced speed estimation, load
disturbance rejection ability and fast error dynamics.

Keywords: electric vehicles; electric drives; induction motor control; MRAS; sensorless motor
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1. Introduction

The rapid reduction of fossil fuel resources, the continuous decline in air quality, hazardous
emissions, various legislations towards the minimization of such emissions in the environment and
the production of greenhouse gases due to internal combustion engine based vehicles have highlighted
the need to develop an emission-free, healthy, environmental alternative energy vehicle [1–3]. The
automotive industry largely contributes to the production of such harmful exhaust emissions in
the environment, specifically in urban areas. Furthermore, the continuous consumption of fossil
fuel resources may result in the reduction of non-renewable sources for other applications [1]. In
the past two decades, automotive manufacturers have made substantial investments in cutting-edge
technologies to mitigate environmental damage by meeting regulatory requirements. The research
and development work in these technologies are primarily concentrated on enhancing the efficiency
of internal combustion engines. This involves implementing innovations such as direct fuel injection,
engine downsizing coupled with gearbox optimization, engine cylinder deactivation, and start-stop
functionality. To further mitigate harmful emissions, it has become imperative to transition to an
electrified propulsion system, which is characterized by an increased reliance on electrical energy for
vehicle traction. Additionally, an electrified transportation system provides an appropriate solution
to conserve fossil fuels and reduce air pollution for a clean environment [4]. In the case of hybrid
electric vehicles (HEVs), depending on the degree of electrification or hybridization, the combination
of conventional engine alongside an electric motor operation provides a wide range of advantages, such
as a decrease in fuel consumption and emissions, and improved vehicle drivetrain operation. Extensive
research and development activities have been conducting for the last couple of decades in order to
penetrate the alternative energy vehicles into automotive industry [2].

Moreover, efficient operational optimization for the electric vehicle (EV) powertrain along with an
appropriate mechanism for the enhanced performance of electric drive control contribute a significant
step in the present research and development of a pure electrical transport system [5]. To ensure
optimality, it is important to consider a systematic powertrain design and control approach, alongside
an energy management strategy to produce the overall efficient electric propulsion system. However, in
the case of an HEV, this powertain design and control approach is a bit complex, where the components
of the conventional and pure EV are integrated into the same system. In addition, the continuous
advancement in battery technology, power electronic devices and high performance electric machines
contribute towards the production of highly energy-efficient electric propulsion system [6].

An electric motor control is considered a basic and necessary unit of EVs and HEVs [7]. The
desired operating performance from the traction motor along with an appropriate compactness of the
powertrain, minimum energy losses and a relatively high efficiency have an enormous impact in the
establishment of electrified transport industry [1, 7]. Key considerations in EVs and HEVs electric
propulsion include a high level of reliability and maintenance free powertrain operation. In addition,
other key requirements include optimal energy management, optimal design of electric motor, suitable
selection of drive train and control strategies [5]. Several electric motors have been studied for the
establishment and growth of EV technology. There are several types of traction motors have been
adopted by different EV manufacturers for electric propulsion [3]. In the past, direct current (DC)
motors have been utilized by different EV manufacturers due to its simple and matured speed control
mechanism. However, DC motors do not offer maintenance free operation and are not appropriate for
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the applications where a high level of operational performance is required, as is the case for EVs and
HEVs [5]. In contrast, AC motors, such as induction and synchronous machines, not only provide the
maintenance free operation, but are also suitable for high performance, energy efficient, electric drive
applications [3]. However, an induction motor (IM) is a widely accepted and remarkable candidate in
EVs and HEVs due to several key characteristics such as ruggedness, reliability in operation, decreased
cost, minimum required maintenance, aggressive environment operating suitability and improved
transient performance [1, 3].

An electric motor drive is a part and parcel of various types of EVs & HEVs. Control of the
electric motor is critical in EV technology as it determines the performance, efficiency, and range of
the vehicle [5]. The advancement in electric machines used for electric vehicle technology and drive
systems should be integrated with state-of-the-art fields and innovations. Over the past few years,
several emerging technologies have been introduced such as the use of artificial intelligence technology,
wireless charging infrastructure and system component integration [3]. Electric motors are the primary
power source in EV, and its speed, torque, and output power must be precisely controlled to optimize
the vehicle’s operation. This control is achieved through advanced power electronics and control
systems, which manage the electricity direction between the battery and motor in order to regulate the
motor’s output to meet the driver’s demands [3]. A traction drive requires fast dynamic performance,
which became possible after the technological improvements in power electronics, advanced data
processing and implementation of artificial intelligence in order to enhance the system control and
mechanical robustness [1, 7]. Advanced motor control techniques require accurate rotor position and
speed information during control operation. However, the implementation of a mechanical speed
encoder reduces the overall motor control performance due to signal distortion of the controllers and
susceptibility of the electromagnetic interference [8,9]. Moreover, this increases the electric drive cost,
reduces the mechanical robustness and injects the electrical noises in the computation process [8].

However, the requirement of a compact electric propulsion system appreciates the removal of a
speed sensor or tachometer in the electric drive. Thus, the implementation of the conventional speed
encoder on the motor shaft is not preferred due to operational reliability and physical constraints.
The speed sensorless method offers several advantages, provided that an appropriate speed estimation
algorithm is used [8]. Such schemes minimize the cost of transducers and hardware complexity and
provide the compactness in the traction drive. Furthermore, these strategies offer higher electrical
noise immunity, overall system reliability and mechanical robustness and are suitable for the hostile
environment operation [8]. The implementation of the speed sensorless scheme in the EV drive
train not only provides a fault tolerance feature in the system but also improves the operational
robustness [3]. Motor operation control without using feedback sensor has become a huge source
of attention since it provides an improved performance and simple implementation due to digital and
analog signal processing schemes. This sensorless electric drive operation is preferred particularly,
for the motor directly connected to the wheel architecture of the EV, where the bulky drive shaft
mechanism and gearings are removed by direct connecting the motor in the wheel rim where torque
and speed variations are required [1, 5].

There are two main methods for motor speed estimation: methods based on machine anisotropies
or spectral analysis and methods based on machine mathematical models [3]. However, in the last
couple of decades, various motor speed estimation methods have been suggested [9–16]. The model
reference adaptive system (MRAS) is a widely used machine model-based adaptive control method
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that requires machine operating voltages and currents to estimate the speed. This method offers
simple implementation, operational effectiveness and minimal computational efforts in the design
process [15]. Due to different error signals between the reference and the adjustable model, other
MRAS variants include rotor flux, stator currents, reactive power and back electro motive force
(EMF) [12]. Moreover, other techniques include the sliding mode scheme, the extended Kalman filter,
X-MRAS, torque-MRAS and artificial intelligence incorporated schemes such as fuzzy logic, neural
networks and fuzzy-neuro observers [10, 15].

Many machine-model schemes work on the estimation of stator and rotor fluxes. Flux determination
through the voltage model is more common in such schemes. However, the calculation of pure
integration associated in the voltage model exhibits two problems: dc saturation and offset and dc
drift which is due to the initial condition problem in the integration [8]. Different strategies have
been suggested to either eliminate or minimize the integrator problem in the voltage model. The
most adopted approach is the utilization of low pass filter rather than the integrator; however, this
approach suffers from an error in magnitude as well as in phase close to the corner frequency of
the filter. However, the application and limitation of such schemes depend on the accuracy of
flux estimation [8, 9]. Therefore, the selection of a particular motor that offers suitable traction
drive characteristics and is associated with a sensorless control scheme largely contributes to the
development of high performance, reliable and cost-effective EV /HEV traction drive train. In addition,
these sensorless schemes are more dependent on the machine parameters, which are not constant during
the operation; the continuous parameter estimation is required for an accurate speed estimation in the
control [3]. However, the operating conditions of the EV motor drive is complicated; therefore, the
sensoless control mechanism should be capable of handling torque variations and disturbances. Most of
the sensorless schemes have been focused on steady state performance, while the dynamic performance
of such techniques need to be investigated further. The estimation performance of methods based on
machine anisotropies, such as signal injection at low speed condition, has an additional loss and filter,
which is used to further overcome the issue of deterioration of the position estimation accuracy [3].
Hence, the adoption of any scheme should make sure an adequate operation of the motor drive, which
is capable of providing an acceptable performance of the motor in all four quadrants for the application
of EVs and HEVs [17].

Several studies have been conducted to manage the operational performance of an electric drive.
However, an inaccurate estimation at very low speeds and poor performance during the applied
load variations are still serious issues of such speed estimation schemes and have not been resolved
completely yet [8]. Almost all associated MRAS variants have been used with a fixed gain PI
controller in an adaptation mechanism. However, the continuous motor parameters variation, inverter
non-linearity, and controller signal distortions may not provide a satisfactory performance of the IM
drive with fixed-gain PI controller [18]. As a result, investigating an additional form of the adaptation
mechanism becomes crucial for reducing speed tuning signals or error signals and achieving a precise
speed estimation for smooth drive operation.

Nowadays, the sliding mode control (SMC) method is gaining the increased attention of researchers
in speed sensorless control of machines [19–21]. Speed observers based on SMC have been introduced
to estimate the parameters of induction machines. However, diverse SM strategies have emerged as
potential solutions for governing the operation of induction machine drives. The SMC approach is an
effective and robust control technique due to its ability to handle disturbances and model inaccuracies,
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making it well-suited for controlling nonlinear IM drives. This approach involves formulating a
switching control strategy. To achieve this, the Lyapunov theory is employed to ensure that the
state trajectory converges toward the sliding surface, while adjusting the control gain to ensure a
negative definite derivative of the Lyapunov function [18]. In general, along with its uncomplicated
structure, the SMC approach demonstrates robustness. These key characteristics establish SMC as the
predominant model-based method for speed sensorless control in various applications [18, 19]. There
is an extensive review of the SMC observer in sensorless control of electric drives [22]. In this paper,
a classical SMC strategy has been modified to address the estimation problem and a new SMC-MRAS
has been developed. Therefore, the suggested scheme removes the constant gain PI controller to the
SMC and uses two loops (i.e., inner and outer) with different error signals for the improved speed
estimation under load disturbance conditions.

This paper is comprised of eight sections. In Sections 2 & 3, vehicle dynamics for the required
tractive force for electric propulsion and IM non-linear (d − q model) for vector control operation are
presented. Sections 4 & 5 explain the PI-MRAS modelling and the suggested sliding mode MRAS
scheme. Different cases of simulation and experimental results are discussed and performance of
the proposed SMC-MRAS are investigated in Sections 6 & 7, respectively. Section 8 presents the
conclusion of the paper.

2. Vehicle dynamics

The knowledge of vehicle dynamics is important to calculate the total tractive effort required for a
vehicle movement. This propelling force between the driving wheels and road surface is responsible
for vehicle acceleration. A vehicle moving in the uphill direction will have different forces acting on
the vehicle body to retard its motion, as shown in Figure 1. The vehicle rate of change of velocity can
be expressed as follows [23]:

Figure 1. Different acting forces on vehicle [23].

dV
dt
=

∑
Ft −
∑

Ftr

δMv
, (1)
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where
∑

Ft is the total tractive effort and
∑

Ftr is the total resistive forces against the vehicle movement,
( Mv,V ) represents the vehicle mass and velocity, respectively, and δ is the mass factor. The Vehicle
longitudinal movement can be expressed as follows:

Mv
dV
dt
= (Ft f + Ftr) − (Fr f + Frr + Fw + Fg). (2)

The total operational tractive forces of the vehicle from both the front Ft f and back tires Ftr are
responsible for vehicle acceleration, provided that all the resisting forces on the vehicle, such as front
and back tires rolling resistance, Fr f & Frr respectively, aerodynamic drag Fw, and climbing resistance
Fg, must be lower than the applied tractive force.

Rolling resistance (sometimes called rolling drag) is the resisting force when the body rolls on the
surface, as caused by non-elastic effects, and can be expressed as follows:

Fr = P fr cosα. (3)

The rolling resistance coefficient fr depends on tire inflation pressure, tire temperature and condition
of the vehicle operating road. However, P is the normal force and α is the associated angle from the
road surface. By means of low resistance tires or a lower value for fr, the fuel consumption of the
vehicle can be saved. Reducing the rolling resistance can improve the vehicle fuel efficiency and
reduce the energy consumption, which is an important consideration in vehicle design and operation.

Aerodynamic drag or air resistance force that opposes the vehicle’s motion through the air and
depends on the air density ρ, vehicle body shape & its frontal area A f , velocity V , and wind speed Vw,
and mathematically can be written as follows [23]:

Fw =
1
2
ρA f CD(V − Vw)2, (4)

where CD is drag coefficient and Vw is speed of the air with respect to the vehicle motion. The vehicle
fuel efficiency can be improved through the reduced aerodynamic drag, particularly at higher speeds,
where it significantly contributes to the total energy consumption.

Finally, the grading resistance in a vehicle is the force that opposes the movement as the vehicle
moves up or down a hill or incline. It is caused by the vehicle’s weight and angle of the slope, and
is influenced by factors such as the grade of the slope, the vehicle’s speed and acceleration, and the
characteristics of the surface such as friction and surface roughness. It can be written as follows:

Fg = Mvg sinα. (5)

To reduce the grading resistance, vehicles may be designed with a lower center of gravity, optimized
weight distribution, and specialized transmissions or gearings that can provide more torque and power
at lower speeds.

The total operational tractive force can be represented as follows:

Ft = Ft f + Ftr (6)

Similarly, the maximum propulsion force required for a rear and front wheel drive system is [23].

Ftmax =
µMvg cosα[La − fr(hg − rd)]

L − µhg
(7)
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(a) (b)

Figure 2. Vehicle power-train [23] 2(a) automobile power train illustration, 2(b) torque on
driven wheel

Ftmax =
µMvg cosα[Lb + fr(hg − rd)]

L + µhg
(8)

respectively, where µ is the road adhesion coefficient and rd is the tire effective radius.
Figure 2(a) displays an automobile power train. The torque on the wheels can be written as follows:

Tw = igioηtTp, (9)

where ig & io represent the gear ratio of the transmission and the final drive, respectively. Additionally,
ηt & Tp are the driveline efficiency and the power plant output torque, respectively. The tractive effort,
as shown in Figure 2(b), can be written as follows:

Ft =
Tw

rd
. (10)

Substituting Eq (9) into Eq (10) yields the following:

Ft =
Tpigioηt

rd
. (11)

The driven wheel rotating speed (rpm) is expressed as follows:

Nw =
ω∗r
igio

, (12)

where ω∗r is the transmission speed (rpm), which represents the traction motor speed. The vehicle
translational speed can be written as follows:

Vre f =
πNwrd

30
, (m/s). (13)

Substituting Eq (12) into Eq (13) results in the following:

Vre f =
πω∗rrd

30igio
, (m/s). (14)
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Finally, the reference speed and load torque on the motor side after the electric vehicle mechanical
transmission and gearbox can be expressed as follows: [23]:

ω∗r =
30igioVre f

πrd
(15)

Tl =
rd

igioηt
(Fr + Fw + Mvg sinα) . (16)

3. Induction motor model

The induction motor d-q model is an important tool for analyzing and designing electric motor
control systems. This model provides a detailed understanding of the motor’s behavior under different
conditions in order to optimize the motor’s performance, efficiency, and reliability. When the motor
is operated using a fixed and balanced sinusoidal voltage supply, an IM circuit is utilized to calculate
the important motor operational parameters [8]. However, the machine equivalent circuit model is not
suitable for an operation analysis, specifically when it is operated by a non-sinusoidal voltage supply
such as converter fed machines. In a variable frequency drive (VFD) operation, both steady state and
transient conditions are to be analyzed to evaluate the performance of an IM.

This non-linear mathematical model of an IM is obtained by using the two axis direct-quadrature
(d − q) theory. In this model, all three phase machine parameters such as currents, voltages and fluxes
are represented in their equivalent two phase stationary quantities and provide a simplicity in the design
and analysis processes. Both Clarke and Park transformations are used to convert the three phase
variables into their two phase stationary quantities and then their two phase rotating, respectively [8,
24]. This transformation process not only provides a simplification in the three phase machine analysis,
but also provides the convenience to control the three phase inverter. A high performance ac drive
method, such as flux oriented control, requires a good understanding of the machine two phase model
for implementation.

This paper uses Krause’s non-linear IM model. By means of flux linkages, the IM dynamic model
can be written in a synchronous frame as follows [24]:

dψsQ

dt
= ωb

[
vsQ −

ωe

ωb
ψsD −

Rs

Xls

(
ψsQ − ψmQ

)]
(17)

dψsD

dt
= ωb

[
vsD +

ωe

ωb
ψsQ −

Rs

Xls
(ψsD − ψmD)

]
(18)

dψrQ

dt
= −ωb

[
(ωe − ωr)

ωb
ψrD +

Rr

Xlr

(
ψrQ − ψmQ

)]
(19)

dψrD

dt
= −ωb

[
−

(ωe − ωr)
ωb

ψrQ +
Rr

Xlr
(ψrD − ψmD)

]
, (20)

where ψsD, ψsQ, ψrD, ψrQ, ψmD,ψmQ, VsD and VsQ are stator and rotor flux linkages, magnetizing flux
linkages and voltages in the D-Q frame, respectively, Rs, Rr, Xls & Xlr are stator and rotor resistances,
and leakage reactance, respectively, and ωb, ωe and ωr the machine base frequency, synchronous and
rotor speed, respectively.
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From this model, the torque and speed can be written as follows [24]:

Te =
3
2

(P
2

) 1
ωb

(
ψsDisQ − ψsQisD

)
(21)

dωr

dt
=

( P
2J

)
(Te − Tl) , (22)

where J, P and Tl denote the viscous coefficient, machine poles and load torque, respectively.

4. Conventional rotor flux-MRAS observer

Among several motor speed estimation strategies, MRAS is a more common and well established
scheme in sensorless IM drive control due to its simplicity, direct physical interpretation and
operational effectiveness [24]. The MRAS contains a basic parallel structure, and is comprised of
a reference model, an adaptive model and an adaptation mechanism. There are different types of rotor
speed MRAS observers and are based on the error signal generated from the reference and adjustable
models. The reference model is also known as the voltage model since the model depends on IM stator
voltage equations. Additionally, the adaptive model is known as the current model since it includes
IM stator currents. Unlike the reference model, an adaptive model is based on a set of equations
that contain the parameter to be estimated, in this case, the rotor speed. Both the reference and
adaptive models are used to generate the error or speed tuning signal. This error signal is continuously
minimized through an appropriate mechanism, such as a PI-controller in conventional MRAS, in order
to accurately estimate the desired parameter. In the case of rotor flux MRAS, both models are used to
generate the reference (ψrD, ψrQ) and estimated (ψ̂rD, ψ̂rQ) values of rotor flux, as shown in Figure 3.

Figure 3. Rotor flux conventional PI-MRAS.
The stator voltage equation is expressed in stator reference frame as follows [24–26]:

vs
s = Rsis

s + σLs pis
s +

Lm

Lr
pψs

r (23)

where the superscript s indicates the stator reference frame, p represents the derivative operator, Lm

represents the mutual inductance, Ls represents the stator self inductance and Lr represents the rotor
self inductance. The aforementioned Eq (23) can also be expressed in d − q components of reference
rotor fluxes:

ψrD =
Lr

Lm
[
∫

(vsD − RsisD)dt − σLsisD] (24)
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ψrQ =
Lr

Lm
[
∫

(vsQ − RsisQ)dt − σLsisQ], (25)

where σ is an inductance leakage coefficient,

σ = 1 −
L2

m

LsLr
.

The rotor voltage equations can be expressed in the same coordinates as [24–26]:

vs
r = Rris

r +
dψs

r

dt
− jωrψ

s
r. (26)

The aforementioned Eq (26) can be expressed in terms of estimated rotor fluxes as follows:

dψ̂rQ

dt
= −

1
Tr
ψ̂rQ + ω̂rψ̂rD +

Lm

Tr
isQ (27)

dψ̂rD

dt
= −

1
Tr
ψ̂rD − ω̂rψ̂rQ +

Lm

Tr
isD (28)

where Tr =
Lr
Rr

is rotor time constant. It should be noted that the reference model is based on (24) &
(25), whereas the adaptive model is based on (27) & (28). Finally, the error signal is computed in order
to achieve the estimated speed as follows [24, 25, 27]:

εω = ψrqψ̂rd − ψrdψ̂rq (29)

ω̂r = (kp +
ki

p
)εω. (30)

In this case, the error signal is further passed through the fixed gain PI controller based adaptation
mechanism so as to estimate the desired physical quantity and rotor speed. This PI controller
continuously minimizes the error signal until this becomes zero and the estimated value approaches
to the reference value [25]. Popov’s Hyperstability theory is one of the most commonly employed
approaches to design an appropriate adaptation mechanism. Additionally, the hyperstability theory can
be used in order to design MRAS and provide detailed design steps [28].

5. Proposed sliding mode control MRAS

The proposed SMC-MRAS utilizes two different loops and generates two different error signals for
an accurate rotor speed estimation. The first inner loop is used to determine the reference (ψrD, ψrQ)
and estimated flux values (ψ̂rD, ψ̂rQ). In the proposed scheme, the associated rotor flux error signal
passes through the SMC instead of the constant gain linear PI controller used in classical RF-MRAS.
However, the outer loop uses the same sub models for reference and estimated rotor flux to take
the difference between the reference and estimated electromagnetic torque Te , T̂e respectively [29].
Based on electromagnetic torques, this error signal improves the rotor speed estimation performance,
specifically in the transient operating condition and the load disturbance condition. The Proposed
SMC-MRAS block diagram is illustrated in Figure 4.
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Figure 4. Proposed SMC-MRAS block diagram.

A non-linear adaptation mechanism of SMC-MRAS is obtained through the Lyapunov theory. The
stability in the rotor speed estimation and quick error signal convergence towards the zero is achieved
in the estimation process [18]. The error signal in Eq (29) is used to express the sliding surface s with
an integral component as follows [18]:

s = εω +
∫

kεωdt, k > 0 (31)

At s = 0, the error dynamics will force an exponentially decay to zero . The system approaches the
sliding surface when

ṡ = ε̇ω + kεω = 0. (32)

Then, the error dynamics will be as follows:

ε̇ω = −kεω. (33)

The Lyapunov theory is used to represent the SMC law, and the following function is considered
[30]:

v =
1
2

s2. (34)

As per Lyapunov’s theory, if the derivative of the function defined in Eq (34) v̇ is a negative definite,
then the state trajectory will be driven and pulled towards the sliding surface s. Once the sliding surface
is reached, the state will stay on it until it reaches the origin asymptotically [30].

The derivative of Eq (34) is as follows:

v̇ = sṡ = s(ε̇ω + kεω). (35)

Differentiating the error signal in Eq (29) results in the following:

ε̇ω = ψ̇rQψ̂rD + ψrQ
˙̂ψrD − ψ̇rDψ̂rQ − ψrD

˙̂ψrQ. (36)

Substituting flux components from (27) & (28) results in the following:

ε̇ω = ψ̇rQψ̂rD − ψ̇rDψ̂rQ +
Lm

Tr
isDψrQ −

1
Tr
ψ̂rDψrQ −

Lm

Tr
isQψrD +

1
Tr
ψ̂rQψrD − ω̂r(ψrQψ̂rQ + ψrDψ̂rD).

(37)
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Consider the following:

B1 = ψ̇rQψ̂rD − ψ̇rDψ̂rQ +
Lm

Tr
isDψrQ −

1
Tr
ψ̂rDψrQ −

Lm

Tr
isQψrD +

1
Tr
ψ̂rQψrD. (38)

B2 = ψrQψ̂rQ + ψrDψ̂rD (39)

Equation (37) can be simplified as follows:

ε̇ω = B1 − ω̂rB2. (40)

Now, Eq (32) will become the following:

ṡ = B1 + kεω − ω̂rB2. (41)

By substituting (40) into (35),
v̇ = s(B1 + kεω − ω̂rB2). (42)

The above equation is a negative definite, provided that

(B1 + kεω − ω̂rB2)


< 0, for s > 0
= 0, for s = 0
> 0, for s < 0.

(43)

if
ω̂r =

B1 + kεω
B2

+ (N) sign (s) , N > 0 (44)

where the sign function is

sign(s) =
{
−1, for s < 0
+1, for s > 0.

(45)

Here, Equation (44) explains the SMC switching law and can be expressed as follows:

ω̂r = x1 + x2 (46)

where x1 and x2 are the equivalent control and switching control, respectively. The state trajectory is
kept on the sliding surface through control action x1. However, x2 depends on the sign of the switching
surface and N is the hitting control gain, which makes Eq (35) a negative definite [30]. No particular
design methodology is adopted to assign the value of N. The value of N is taken in such a way to make
the manifold s = 0 in Eq (31) [30, 31]. However, the control law expressed in Eq (44) will make sure
the existence of the switching surface s in Eq (31); and when the error function εω reaches the sliding
surface, the system dynamics will be controlled by Eq. (33), which is always stable [32].

Both x1 and x2 can be expressed as follows:

x1 =
B1 + kεω

B2
(47)

x2 = (N) sign (s) , N > 0. (48)

Lyapunov’s direct method may be used to see if the derivative of the Lyapunov’s function leads to
asymptotic stability. In order to obtain this relation, the following assumptions should be formulated:
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1. Assume that kεω (the control error term) is small. This assumption is often made in the stability
analysis to focus on the behavior near the equilibrium.

2. Assume that the switching law ω̂r = x1 + x2 maintains the sliding surface, which implies that x1

and x2 are designed to achieve this stability.

Utilizing both aforementioned assumptions points, we can focus on the dominant terms B1 and
−x1B2. If B1 < 0 (which implies that the control action is effective in driving the system towards the
sliding surface) and if x1 > 0 (which ensures that the equivalent control maintains stability), then the
dominant terms will work to drive the derivative V̇ towards negative values, indicating convergence
towards the sliding surface. The Lyapunov direct method states that if V̇ is a negative definite, then the
system’s trajectory will asymptotically converge to the sliding surface.

In the proposed observer, the speed component in Eq (46) can be written as a pre-processed speed
component:

ωrp = x1 + x2 (49)

Outer loop of the proposed scheme generates the electromagnetic error signal with the help of
reference and estimated electromagnetic torques. The motor speed is expressed as follows:

Te − Tl = J
dωr

dt
+ fωr (50)

If Tl and f are unknown, then Eq (50) is expressed as follows:

Te − T = J
dωr

dt
, (51)

where T = Tl + fωr.
The reference torque component is expressed as follows:

Te =
PLm

Lr
(isQψrD − isDψrQ). (52)

Similarly, the electromagnetic torque is derived from the estimated fluxes:

T̂e =
PLm

Lr
(isQψ̂rD − isDψ̂rQ). (53)

Eq (50) describes the mechanical dynamics of the motor. It is observed that variations in the load
results in changes in the motor speed, and this continues either until a steady state is reached or until
the load torque on the motor becomes equal to the motor’s torque.

The same concept applies to the estimated torque, where changes in the estimated torque result in
changes in the motor’s estimated speed, and this continues either until a steady state is achieved or
until the estimated component of torque becomes equal to the motor’s reference torque. The dynamics
outlined in Eq (50) allow for the estimated torque and motor speed as follows:

T̂e − Tl = J
dω̂r

dt
+ f ω̂r. (54)

By subtracting the Eq (54) from (50), the following equation is produced:

τo = Te − T̂e = J
d(ωr − ω̂r)

dt
+ f (ωr − ω̂r) (55)
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Finally, the estimated speed can be expressed as follows:

ω̂r = ωrp + τo (56)

Eq (55) states the aim of using this second torque loop in the proposed scheme. The variation in
the estimated and reference torque will appear when the rate of change in estimated and the reference
speed will appear in the dynamic mode of operation or under load disturbance condition. However,
this second loop improves the motor speed estimation under different operating conditions, specifically
in the load torque disturbance condition.

6. Simulation results & discussion

The MATLAB-Simulink platform was utilized for the performance evaluation of both PI-MRAS
and the proposed SMC-MRAS. For this purpose, various simulation cases were made according to the
vehicle operationl requirement. Different vehicle speed profiles and rated load torques with variation
of operational conditions were used. The performance was evaluated through speed regulation, speed
estimation, tracking errors and an error signal convergence to zero. The estimation error is defined as
how much the estimated speed from the observer is deviated from the motor actual speed. However,
the tracking error is the deviation of the estimated speed from the command speed.

Both observers are applied in an indirect vector control speed sensorless drive. The IM non-linear
d-q model described in the synchronous frame is directly controlled with reference voltages so that
the ideal inverter operation or pulse width modulation is considered in all simulation cases. Controller
gains in the vector control method are similar for all simulation cases. However, the values for these
gains and IM parameters and ratings can be found in Appendix Table 1 and Table 2, respectively. The
implementation of the proposed SMC-MRAS sensorless IM drive control is shown in Figure 5.

The vehicle motion operation is maintained with two control. The first control is the motor speed,
acceleration control, or driver’s applied twisting force for the prolusion purpose. Another control is
the vehicle brake operation, which is the applied load torque on the motor. During the whole operation
of the vehicle, the motor speed and load torque parameters both change, such as uphill, downhill and
un-smooth road conditions. However, the proposed speed observer should be capable of dealing with
all operational situations. Different operating conditions are used for this simulation purpose in order
to evaluate the estimator performance in the following section.

6.1. Estimator load disturbance rejection capability performance

The objective of this simulation is to evaluate and compare the load disturbance rejection
performance of the suggested scheme with PI-MRAS. In this test, it is required that during the transient
mode or when the load is acted, the proposed observer should be less deviated and should respond
close to the real motor speed. The deterioration in the estimation speed should be as minimal as
possible with respect to the actual motor speed. However, this simulation case is very important for
the implementation of the speed observer in the EV traction drive. During the whole operation of the
vehicle, the acting load is very uncertain and changes with operating conditions, such as an uphill mode
of operation, downhill, aerodynamic effects, smooth and un-smooth road condition, etc.

For this purpose, the proposed and conventional observer performances are checked at 15 rad/sec
motor speed with 60% rated load at t = 3s. The performance of the proposed observer algorithm
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provides much lower values of both errors (estimation and tracking), along with the speed regulation
performance. The error signal convergence to zero is quicker, which provides improved error dynamics
and a transient response. For better performance understanding, a deviation in response between both
estimators at t = 3s is zoomed. In the proposed SMC-MRAS, the estimation error is reduced from
26.04% to 4.89%, and the tracking error is reduced from 52.78% to 33.33%. However, the value of
speed tuning or error signal settling time is reduced from t = 3.64s to t = 3.159s. Figures 6, 7 and
8 illustrate the key performance indicators in response to the observer for the load torque disturbance
rejection capability.

Figure 5. Proposed SMC-MRAS observer implementation on sensorless traction drive
control.

6.2. Quick acceleration performance

The basic objective of this simulation is to evaluate the proposed observer performance in either a
sudden motor speed change or in fast acceleration. This test is important either when the vehicle is
operated in cruising mode of operation or when the high electromagnetic torque and acceleration are
required in the start. In this control mechanism, the actual motor speed should approach the reference
speed. However, the proposed observer speed estimation should be close to the real motor speed.

In this evaluation, a quick speed change from 0 to 15 rad/sec with 25% rated load is applied at
t = 0.5s. The recommended speed observer provides fast error dynamics with a decreased speed
estimation error as compared to PI-MRAS. However, in the proposed observer mechanism, the motor
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Figure 6. Speed estimator performance of load disturbance rejection capability at 60% rated
load. 6(a) PI-MRAS response. 6(b) SMC-MRAS response 6(c) Motor torque Te response.
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Figure 7. Absolute error of speed. 7(a) estimation error. 7(b) tracking error.
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Figure 8. Error signal at 60% rated load.
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Figure 9. Speed estimator performance during quick acceleration. 9(a) PI-MRAS response.
9(b) SMC-MRAS response.
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Figure 10. Estimation error and speed error signal.

speed is less deviated. In the proposed SMC-MRAS, the estimation error is reduced from 11.68% to
1.02%. However, the value of the error signal settling time is reduced from t = 0.941s to t = 0.6s.
These performance parameters are shown in Figures 9 and 10.

6.3. Speed transition from one level to another level at particular load disturbance condition

This simulation case is used to assess the performance of the observer when there is a transition
in speed from one level to another. To achieve this, a speed change is made from 40 rad/sec to 10
rad/sec with 60% rated load at time t = 3s.

In the recommended speed observer, the estimation error is reduced from 6.52% to 0.88%, and
the tracking error is reduced from 19.8% to 11.57%. However, the value of speed tuning signal
settling time is reduced from t = 3.74s to t = 3.19s. The proposed observer provides an improved
speed regulation with minimum tracking and speed estimation errors, as shown in Figures 11 and 12.
Additionally, the proposed observer achieves faster convergence of the speed error signal, as shown
in Figure 13. However, Figure 14 shows the response of the speed estimator at a 60 rad/sec staircase
speed profile.

7. Experimental results & discussion

The practical implementation of the suggested SMC-MRAS was carried out using a DSP-based
electric-drive system. Various tests were performed so as to understand the effectiveness of the
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Figure 11. Performance in speed transition. 11(a) PI-MRAS response. 11(b) SMC-MRAS
response.
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Figure 12. Absolute error of speed. 12(a) Estimation error. 12(b) Tracking error.
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Figure 13. Speed tuning signal.
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Figure 14. Speed estimator performance at 60 rad/sec staircase. 14(a) PI-MRAS response
14(b) SMC-MRAS response.
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newly proposed observer. Throughout these tests, the same PI controller settings were adopted in
the induction motor drive system. A 200W four-pole induction motor was utilized for the experiments,
and its parameters and specifications can be found in Appendix Table 2. The experimental system is
depicted in the schematic diagram presented in Figure 15, while Figure 16 provides a visualization of
the real-time setup’s implementation.

A 42V DC converter board and the dSPACE DS1104 were employed in the electric drive system.
Matlab-Simulink was utilized to implement the proposed scheme in the practical hardware setup. A
motor coupling unit was utilized to couple two electric machines. One motor is under test and the
second motor provides the load torque profile for the motor under test. However, the converter board
used is able to provide two independent, three phase PWM voltages from a constant DC source. The
Power electronic board has a complete digital / analog interface with dSPACE board.

For effective implementation of the SMC-MRAS scheme, a high-pass filter is used in order to
eliminate integrator drift related issues. The chosen filter corner frequency should be kept as minimal
as possible to eliminate any potential DC components. Consequently, a frequency of 1.5 Hz was
selected for this purpose. Additionally, in the SMC-MRAS approach, the hitting gain was assigned a
value of 0.1. The IM actual speed is measured through the 5,000 pulses/revolution incremental optical
encoder. The power electronic inverter was operated at the switching frequency of 15 kHz with a dead
time period of 1.5µs.

Figure 15. Schematic diagram of experimental system.

7.1. Observer performance at ramp speed profile or during the acceleration mode

In the PI-MRAS analysis, the initial examination involves assessing the speed regulation response
of the observer. This assessment employs a ramp reference speed of 60 rad/sec along with a load
torque that changes over time. In this specific evaluation, a reference speed of 60 rad/sec is employed
to understand the observer’s performance under a time varying load between t = 4s and t = 9s.
The performance of the PI observer is depicted in Figures 17(a) and 17(c), displaying the speed
regulation at 60 rad/sec and the applied changing load, respectively. For the SMC-MRAS analysis,
a parallel approach is taken, utilizing a comparable speed profile and load torque scenario to appraise
the observer’s effectiveness. A reference speed of 50 rad/sec is utilized to assess the observer’s
performance within the time span of t = 5s to t = 10s, during which, the applied load torque ranges
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Figure 16. Real time implementation of IM drive experimental system.

from 20% to 70% of the rated load. Figures 17(b) and 17(d) show the speed regulation of the suggested
estimator and the applied load, respectively. During the rate of change of velocity or in acceleration
mode of operation, the performance of both estimators can be observed in the zoomed Figures 17(e)
and 17(f).

The proposed scheme algorithm provides much lower values of both speed estimation and tracking
errors, along with the speed regulation performance. The error signal convergence to zero is quicker,
which provides an improved error dynamics and transient response. For a better performance
understanding, the deviation in response between both estimators at t = 0.8s is zoomed during the
acceleration mode of operation. In the case of SMC-MRAS, the estimation error is reduced from
30.25% to 18.12%, and the tracking error is reduced from 58.55% to 26.58%.

7.2. Performance during speed transition and staircase speed profile

This test involves examining how well an observer’s speed regulation responds as the motor speed
goes from a positive 60 rad/sec to a negative -60 rad/sec. This test covers both forward and reverse
motor operations with an applied load variation. During this test, a load equivalent to around 90% of
the rated load is used from t = 1s to t = 15s. The speed regulation responses of the PI-MRAS for
this test, both with the speed transition and the applied load, are depicted in Figures 18(a) and 18(c),
respectively. Similarly, the performance of the suggested scheme is displayed in Figures 18(b) SMC-
MRAS speed regulation performance, and 18(d) applied load torque during the test. The recommended
speed observer provides fast error dynamics with a decreased speed estimation error as compared to
PI-MRAS. However, in the case of proposed observer mechanism, the motor speed is less deviated.
For a better performance understanding, deviation in response between both estimators at t = 6.8s is
zoomed, as shown in Figures 18(e) and 18(f). In the proposed SMC-MRAS, the estimation error is
reduced from 48.89% to 26.46%. However, the tracking error is reduced from 74.2% to 54.72%.

Subsequently, the performance of both observers are assessed using a staircase speed profile.
The speed regulation response of this staircase profile at 80 rad/sec under a constant load condition
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Figure 17. Speed regulation performance of Observer using ramp speed profile with time
variant load torque Fig. 17(a) PI-MRAS response Fig. 17(b) SMC-MRAS response Fig.17(c)
applied torque PI-MRAS Fig. 17(d) applied torque SMC-MRAS Fig. 17(e) Zoomed of 17(a)
Fig. 17(f) Zoomed of 17(b).
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Figure 18. Speed regulation performance of Observer using speed transition profile with
time variant load torque Fig. 18(a) PI-MRAS Fig. 18(b) SMC-MRAS Fig. 18(c) applied
torque PI-MRAS Fig. 18(d) applied torque SMC-MRAS Fig. 18(e) Zoomed of 18(a) Fig.
18(f) Zoomed of 18(b).
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Figure 19. Speed regulation performance of observer using staircase speed profile at 80
rad/sec Fig. 19(a) PI-MRAS response Fig. 19(b) SMC-MRAS response Fig. 19(c) Zoomed
of 19(a) Fig. 19(d) Zoomed of 19(b).

is illustrated in Figures 19(a) PI-MRAS, and 19(b) SMC-MRAS. Notably, a more accurate speed
estimation is evident when compared to the PI-MRAS method. For the comparison of both estimators,
the deviation in response between both estimators at t = 4.3s is zoomed, as shown in Figures 19(c) PI-
MRAS, and 19(d) SMC-MRAS. In the recommended speed observer, the estimation error is reduced
from 6.19% to 3.8%, and the tracking error is reduced from 11.53% to 8.2%. The proposed observer
provides an improved speed regulation with minimal tracking and speed estimation errors, as shown in
Figure 19.

8. Conclusions

A new SMC-MRAS speed observer has been presented for sensorless control drive. The Proposed
scheme removes the classical MRAS constant gain PI controller with SMC in the adaptation
mechanism and utilizes the outer torque error loop for enhanced sensorless drive operation. The
stability and dynamics of the proposed scheme were obtained through the Lyapunov theory. For
simulation and experimental validation, cases were made according to the vehicle requirements by
using different driving speed profiles and load torque. The performance of the SMC-MRAS was
evaluated and differentiated with PI-MRAS in the presence of a time variant speed command and load
disturbance. Speed regulation, speed tracking and estimation error and convergence of speed tuning
signal were considered as key performance indicators. Simulated and experimental results showed that
the proposed observer exhibits a good transient response, fast error dynamics and an improved load
torque disturbance rejection capability.
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Appendix

Table 1. PI-Controller gain values.

Controller Number kp ki

PI-1 1 6
PI-2 2 16
PI-3 2 16

Table 2. Induction motor parameters.

Motor Parameters Values

Stator Resistance (Rs) 0.1607 Ω
Rotor Resistance (Rr) 0.1690 Ω

Stator Self Inductance (Ls) 7.2 mH
Rotor Self Inductance (Lr) 7.22 mH

Magnetizing Inductance (Lm) 6.38 mH
Rotor Inertia (J) 0.000145 kgm2

No of Poles (P) 4
Rated Power 200 W
Rated Speed 3621 rpm
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