
 

  

 

Aalborg Universitet

Real-Time Processor-in-Loop Investigation of a Modified Non-Linear State Observer
Using Sliding Modes for Speed Sensorless Induction Motor Drive in Electric Vehicles

Krishna Srinivasan, Mohan; Daya John Lionel, Febin; Subramaniam, Umashankar; Blaabjerg,
Frede; Madurai Elavarasan, Rajvikram; Shafiullah, G. M.; Khan, Irfan; Padmanaban,
Sanjeevikumar
Published in:
Energies

DOI (link to publication from Publisher):
10.3390/en13164212

Creative Commons License
CC BY 4.0

Publication date:
2020

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
Krishna Srinivasan, M., Daya John Lionel, F., Subramaniam, U., Blaabjerg, F., Madurai Elavarasan, R.,
Shafiullah, G. M., Khan, I., & Padmanaban, S. (2020). Real-Time Processor-in-Loop Investigation of a Modified
Non-Linear State Observer Using Sliding Modes for Speed Sensorless Induction Motor Drive in Electric
Vehicles. Energies, 13(16), [4212]. https://doi.org/10.3390/en13164212

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            ? Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            ? You may not further distribute the material or use it for any profit-making activity or commercial gain
            ? You may freely distribute the URL identifying the publication in the public portal ?

https://doi.org/10.3390/en13164212
https://vbn.aau.dk/en/publications/fafcabe9-399f-4c7e-8aa4-6cd6fcf385c8
https://doi.org/10.3390/en13164212


energies

Article

Real-Time Processor-in-Loop Investigation of a
Modified Non-Linear State Observer Using Sliding
Modes for Speed Sensorless Induction Motor Drive in
Electric Vehicles

Mohan Krishna Srinivasan 1,* , Febin Daya John Lionel 2 , Umashankar Subramaniam 3 ,
Frede Blaabjerg 4 , Rajvikram Madurai Elavarasan 5,* , G. M. Shafiullah 6,* , Irfan Khan 7

and Sanjeevikumar Padmanaban 8

1 Department of Electrical and Electronics Engineering, Alliance College of Engineering and Design,
Alliance University, Bangalore 562 106, India

2 SELECT, Vellore Institute of Technology, Chennai 600127, India; febinresearch@gmail.com
3 Renewable Energy Lab, College of Engineering, Prince Sultan University, Riyadh 11586, Saudi Arabia;

usubramaniam@psu.edu.sa
4 CORPE, Department of Energy Technology, Aalborg University, 9000 Aalborg, Denmark; fbl@et.aau.dk
5 Electrical and Automotive parts Manufacturing unit, AA Industries, Chennai 600123, India
6 Discipline of Engineering and Energy, Murdoch University, Murdoch 6150, Australia
7 Marine Engineering Technology Department in a joint appointment with Electrical and Computer

Engineering, Texas A&M University, College Station, TX 77843, USA; irfankhan@tamu.edu
8 Department of Energy Technology, Aalborg University, 6700 Esbjerg, Denmark; sanjeevi_12@yahoo.co.in
* Correspondence: smk87.genx@gmail.com (M.K.S.); rajvikram787@gmail.com (R.M.E.);

gm.shafiullah@murdoch.edu.au (G.M.S.)

Received: 14 July 2020; Accepted: 11 August 2020; Published: 14 August 2020
����������
�������

Abstract: Tracking performance and stability play a major role in observer design for speed estimation
purpose in motor drives used in vehicles. It is all the more prevalent at lower speed ranges. There was
a need to have a tradeoff between these parameters ensuring the speed bandwidth remains as wide
as possible. This work demonstrates an improved static and dynamic performance of a sliding
mode state observer used for speed sensorless 3 phase induction motor drive employed in electric
vehicles (EVs). The estimated torque is treated as a model disturbance and integrated into the state
observer while the error is constrained in the sliding hyperplane. Two state observers with different
disturbance handling mechanisms have been designed. Depending on, how they reject disturbances,
based on their structure, their performance is studied and analyzed with respect to speed bandwidth,
tracking and disturbance handling capability. The proposed observer with superior disturbance
handling capabilities is able to provide a wider speed range, which is a main issue in EV. Here, a new
dimension of model based design strategy is employed namely the Processor-in-Loop. The concept
is validated in a real-time model based design test bench powered by RT-lab. The plant and the
controller are built in a Simulink environment and made compatible with real-time blocksets and the
system is executed in real-time targets OP4500/OP5600 (Opal-RT). Additionally, the Processor-in-Loop
hardware verification is performed by using two adapters, which are used to loop-back analog and
digital input and outputs. It is done to include a real-world signal routing between the plant and
the controller thereby, ensuring a real-time interaction between the plant and the controller. Results
validated portray better disturbance handling, steady state and a dynamic tracking profile, higher
speed bandwidth and lesser torque pulsations compared to the conventional observer.

Keywords: machine model; adaptive control; model reference; disturbance; stability; real-time;
processor-in-loop (PIL); electric vehicles
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1. Introduction

Electric vehicles (EVs) have come to occupy considerable space in the transportation sector owing
to less harmful emissions, better energy profile, lesser noise and cheaper maintenance and operating
costs. However, disadvantages exist in the form of range anxiety, charging infrastructure and battery
safety and disposal. An induction motor continues to dominate owing to its robustness, ruggedness,
smaller size and plays a major role in the electric transportation domain [1,2]. Additionally, the speed
range or bandwidth of the motor plays a major role in an EV. One major aspect, which has often
been overlooked, is the space constraints inside the EV. Although the induction motor is compact and
eliminates the use of commutator brush assembly (as seen in DC motors), the presence of the speed
sensor mounted on the motor shaft adds to the space and additional electronics (sensitive to vehicle
vibrations and dynamics) in the EV system. Therefore, it is felt that a sensorless speed estimation
system is suitable and also economically and technologically feasible in an EV. Additionally, the use
of the speed sensor also adds to the non-linearity of the system by means of the sensor noise, which
may affect the gain and dynamic performance of the motor used in the EV [3]. The domain of speed
sensorless estimation and control of induction motors has gained popularity for the past decade
due to the elimination of the speed sensor owing to cost, reliability and sensitivity constraints [4].
Adaptive speed and parameter observation schemes became more popular owing to their pace of
adaptation, ease of use and less computational space [5,6]. The decoupled control strategy also
emerged as the most popular one [7,8]. Recently numerous controllers are proposed using wavelet
transform and fuzzy tuning (WTFT) [9,10]. Computational intelligence based state estimation also
added to the ongoing research on parameter estimation and online adaptation [11,12]. Most of the
adaptive schemes follow the concept of model reference adaptive systems (MRASs) [13] as shown in
Figure 1. Investigation particularly towards the different configuration schemes based on the state
observers is also presented [14]. The extended Kalman filters are widely applied for state estimation,
and demanded extensive computational space and a high sampling frequency [15]. Besides, the system
dynamics can be linearized for the accuracy. Most of them focused on joint state estimation and
adaptation at speeds ranging from low speeds to flux weakening regions [16,17]. Extended Luenberger
observer (ELO) had an additional correction term [18] incorporated into the state dynamic equation,
which involved the stator current error dynamics and provided more efficient dynamic and robust
performance [19,20]. The variable structure concept [21] was also integrated into the ELO to constrain
the system state and to reject the effect of the error dynamics, giving rise to sliding mode Luenberger
observers (SMLOs) [22,23]. The very essence of observation schemes for the purpose of parameter
estimation is brought about in [24]. Some investigations did focus on the estimation of disturbance as
a parameter to test the robustness of the observer in offline simulation platforms [25,26]. The amount
of non-linearities involved in a closed loop control system was brought about in [27]. Therefore, there
was a need to decouple a non-linear system and control it in a linear domain. The emergence of power
switching devices and the effect it had on variable frequency control was portrayed in [28]. This also
had a negative effect in increasing the number of non-linearities in a drive system.
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Presently, real-time validation platforms have taken over from offline simulation platforms.
Several computer languages like Simulink and LabVIEW permit the creation of computer models,
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which can be connected to real-time embedded systems or electronic control units through digital
and analog I/O (input/output) cards. There are many available in the market like xPC and Opal-RT’s
RT-Lab along with real-time targets [29] that are primarily used for mechatronics, power electronics,
electric vehicle drives and power grid protection tests. As part of the model based design strategy for
testing computer models, there are several testing levels namely the software in loop (SIL), model in
loop (MIL) and hardware in loop (HIL). While SIL is employed for verification of the code with respect
to Matlab functions, MIL environment is used for testing the model without any physical hardware
components. The PIL strategy is similar to MIL, however, there is a difference in signal routing that is
real-time in PIL. Although several observers have been designed by making use of the concepts of
sliding modes, artificial intelligence and model reference.

• Very few cater to the handling of measurement and model disturbances and their effects on the
steady state and dynamic performance of the drive.

• Existing disturbance observers have short comings in terms of speed bandwidth, parameter
estimation, torque profile and stability issues.

• Although many have been validated in an offline simulation platform, some in an experimental
test bench, none of them have been tested in a real-time PIL test bench (which is an intermediate
between offline simulation and full hardware verification).

The purpose of this work is to design, test and analyze a SMLO estimating the speed and
disturbance torque for a three phase speed sensorless induction motor.

• By effective placement of the estimated disturbance torque in the proposed observer state dynamic
equation, greater handling of the disturbance is seen as compared to the other disturbance observer
whose tracking performance is affected. The speed bandwidth is increased and the torque holding
capacity is also good. It is comparatively more stable and the dame has been analyzed through
the pole placement technique.

• Furthermore, in a new real-time PIL platform, the plant and the controller are made to interact
through digital and analog I/O cards by providing a real-time link. This testing is based on a
model based design paradigm and has not been performed in the existing literature.

The paper is organized as follows: Section 1 relates to the motivation, literature survey and the
limitations of the existing work and the key contributions of the paper. Section 2 discusses the basic
principle of the adaptive system and the structure of the observer using sliding modes, the proposed
disturbance rejection mechanisms inside the observers and the stability analysis of the conventional
and proposed disturbance observers. Section 3 outlines the mathematical structure of the existing
indirect vector control strategy. Section 4 focuses on an elaborate introduction and representation of
the real-time test bench based on Opal-RT for the system validation. Section 5 presents the detailed
results and analysis of the dynamic and static performance of the observers when subjected to different
test cases followed by the pole placement study and performance comparison. Finally, the conclusion
section emphasizes the importance of the findings to the existing literature and its significance with
respect to vehicle performance and dynamics.

2. Basic Principle of MRAS and Structure of the SMLO

The SMLO with the estimated disturbance torque incorporated into the sliding hyperplane is
shown in Figure 2a. It is a multiple input multiple output system (MIMO) where the inputs are the
terminal quantities of the motor and the outputs are the estimated speed and the disturbance torque.
The state space model of the motor and the observer are used, as it is suited for estimation and control
functions. The primary reason of adaptive control is for parameter estimation. It is to match the
desired performance (observer model) with that of the process (motor model). This principle can
be explained as an optimization problem. Therefore, the essence is to minimize the error for state
convergence. The complete system is shown in Figure 2b. Here, ‘A’ represents the system matrix,
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‘ˆ’ denotes estimated parameters, ‘X’ represents the state variables comprising of the d and q axes
stator and currents rotor fluxes, ‘ksw’ is the switching gain, it can either be a fixed value or a reduced
order matrix. ‘J’, ‘p’ and ‘BV’ represent the moment of inertia, differential operator and viscous friction
coefficient respectively. ‘T∗e’ and ‘T̂dis’ are electromagnetic and estimated disturbance torque, ‘k’ is a
positive gain.
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Figure 2. (a). Speed sensor-less drive system: sliding mode speed and disturbance observer.
(b). Schematic of the voltage source inverter fed drive system employing the improved observer.

The selection and the stability conditions of the sliding hyperplane play a major role in observer
dynamics. It should be selected such that it satisfies the Lyapunov stability criterion [30]. The sliding
hyperplane ‘S’ and the LFC (Lyapunov function candidate) “V” is a scalar function of S [31].

.
V(S) = S(x)

.
S(x) (1)

The control law is expressed as:

u(t) = ueq(t) + usw(t) (2)
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The switching vector usw(t) satisfying stability conditions:

usw(t) = ηsign(S(x, t)) (3)

where, sign(S) =


−1 for S < 0
0 for S = 0
+1 for S > 0

, where, η denotes the switching control gain so as to make (1)

negative definite. This implies:
S(x)

.
S(x) < 0 (4)

This constrains the disturbance. Chattering is produced due to this non-linear high frequency
switching. To remove it, a saturation function with boundary layer of width (Φ) replacing sign (S) with
sat (S/Φ):

sat(S/Φ) =

 sign
(

S
Φ

)
if

∣∣∣∣( S
Φ

)∣∣∣∣1(
S
Φ

)
if

∣∣∣∣( S
Φ

)∣∣∣∣ < 1
(5)

2.1. Motor Model (Reference)

dx
dt

= [A]x + [B]u (6)

y = [C]x (7)

where,

x =
[
isds, isqs,ψs

dr,ψ
s
qr

]T
, A =

[
A11 A12

A21 A22

]

B =
[ 1
σLs

I 0
]T

, C = [I, 0], u =
[
vs

ds vs
qs

]T

I =
[

1 0
0 1

]
, J =

[
0 −1
1 0

]
A11 = −

[ Rs

σLs
+

1− σ
σTr

]
I = ar11I

A12 =
Lm

σLsLr

[ 1
Tr

I−ωrJ
]
= ar12I + ai12J

A21 =
Lm

Tr
I = ar21I

A22 =
−1
Tr

I +ωrJ = ar22I + ai22J

2.2. Disturbance Torque Estimation

It is expressed as:

T̂dis = T∗e − J
dω̂
dt
− BVω̂ (8)

2.3. SMLO1

The way the disturbances are handled play a major role in state convergence of an observer system.
The disturbance handling method in SMLO1 is similar to many disturbance observers where the
estimated disturbance is integrated into the state dynamic equation. In this case, the main difference
from the proposed method (SMLO2) is the way it handles the disturbance. Here, it is not constrained
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in the sliding hyperplane. Therefore, the estimated disturbance is not part of the state convergence of
the sliding hyperplane. This is elaborated in the following model:

dx̂
dt

=
[
Â
]
x̂ + [B]u + kswsat

(
îs − is

)
+ d̂ (9)

Sliding surface or hyperplane is s = îs − is and d̂ = k T̂dis

ŷ = [C]x̂ (10)

where îs, is= estimated and actual stator currents.

Â =

[
A11 Â12

A21 Â22

]

Â12 =
Lm

σLsLr

[ 1
Tr

I− ω̂rJ
]
= ar12I + âi12J

Â22 =
−1
Tr

I + ω̂rJ = ar22I + âi22J

Using the reduced order matrix:

ksw =

[
k1 k2

−k2 k1

]T

(11)

The purpose of the switching gain is to make (2) stable through pole placement. The eigenvalues
of the observer must be more negative with respect to the motor for faster convergence of the observer
and motor states. Consequently,

k1 = (m− 1)ar11 (12)

k2 = kp, kp ≥ −1 (13)

Therefore, ‘m’ and ‘k2’ are chosen to reflect the placement of the eigenvalues of the observer and
the motor. Additionally, the dynamics and damping of the observer are affected by the same thing.
‘k1’ is dependent on ‘m’ and motor parameters.

2.4. SMLO2

Here, the observer state dynamic equation is modified as shown:

dx̂
dt

=
[
Â
]
x̂ + [B]u + kswsat

(
îs − is − d̂

)
(14)

where, the sliding surface or hyperplane is s = îs − is − d̂ and d̂ = kT̂dis

ŷ = [C]x̂ (15)

2.5. Adaptive Mechanism with LFC

It is denoted by M:

M = eTe +
(ω̂r −ωr)

2

λ
(16)

‘λ’, being, a positive constant.
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The derivative of the function candidate with respect to t:

dM
dt

= eT
[
(A + kswC)T + (A + kswC)

]
e−

2∆ωr
(
eidsϕ̂

s
qr − eiqsϕ̂

s
dr

)
c

+
2∆ωr

λ

dω̂r

dt
(17)

where, eids = isds − î
s
ds and eiqs = isqs − î

s
qs

From (16), the estimated speed expression is obtained.

dω̂r

dt
=
λ

c

(
eidsϕ̂

s
qr − eiqsϕ̂

s
dr

)
(18)

‘c’ is arbitrary positive.

2.6. Stability Analysis by the Pole Placement Technique—SMLO1 and SMLO2

For the SMLO1 with conventional disturbance rejection mechanism, we have:

(
A11 + ksw + d̂

)
=

[
ar11 + k1 + d̂ −k2 + d̂

k2 + d̂ ar11 + k1 + d̂

]
(19)

Now, the characteristic equation can be obtained by:

SI−
(
A11 + ksw + d̂

)
= 0 (20)

On solving, we get the characteristic equation of SMLO1:

S2
− 2S

(
ar11 + k1 + d̂

)
+

(
ar11 + k1 + d̂

)2
+

(
k2

2 − d̂
2
)
= 0 (21)

From the characteristic equation, the observer poles are obtained:

S1 =
(
ar11 + k1 + d̂

)
+ j

(
k2 − d̂

)
(22)

S2 =
(
ar11 + k1 + d̂

)
− j

(
k2 − d̂

)
(23)

For the SMLO2 with improved disturbance rejection mechanism, we have:

(
A11 + ksw − kswd̂

)
=

[
ar11 + k1 − kswd̂ −k2 − kswd̂

k2 − kswd̂ ar11 + k1 − kswd̂

]
(24)

The characteristic equation is obtained by:

SI−
(
A11 + ksw − kswd̂

)
= 0 (25)

Therefore, on solving, the characteristic equation of SMLO2:

S2
− 2S

(
ar11 + k1 − kswd̂

)
+

(
ar11 + k1 − kswd̂

)2
+

(
k2

2 − k2
swd̂

2
)
= 0 (26)

The observer poles are obtained as follows:

S1 =
(
ar11 + k1 − kswd̂

)
+ j

(
k2 − kswd̂

)
(27)

S1 =
(
ar11 + k1 − kswd̂

)
− j

(
k2 − kswd̂

)
(28)
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3. Indirect Vector Control Strategy—Mathematical Structure

The pulse width modulation (PWM) technique employed here is hysteresis band current control
as it has short circuit current protection feature, load independent and good torque response. A discrete
PI controller processes and generates the reference torque.

ec = ω̂r −ω
∗ (29)

T∗e = ec
[
kp + (ki/s) ∗ Ts

]
(30)

where, ec, kp, ki and Ts denote speed error, proportional and integral gains and sampling time for
control algorithm execution.

ids
∗ =

(
ψr

Lm

)[
1 +

dTr

dTs

]
(31)

iqs
∗ =

(2
3

)( 2
P

)( Lr

Lm

)(Tref

ψr

)
(32)

Stator current components are inversely transformed from synchronously rotating to three phases
stationary reference frame making use of the field angle. Therefore, it is obtained from the slip speed,
as shown:

θf = θsl + θr (33)

i∗as = idssin θ+ iqscos θ (34)

i∗bs =
(1

2

){
−idscos θ+ √3 idssin θ

}
+

(1
2

){
iqssin θ+ √3iqscos θ

}
(35)

i∗cs = −
(
i∗as + i∗bs

)
(36)

The generated currents and the actual sensed three phase currents are compared and the current
errors are fed to the hysteresis band regulator to generate the switching pulses for the inverter.
The hysteresis band value is chosen taking into account the torque and the current pulsations.

4. RT-Lab Based PIL Test Bench

Time critical test and simulation platforms have gained more prominence over offline platforms
owing to faster execution, reduced design and development time. They use a fixed step discrete
time solver compared to the variable step solvers used in offline. The computer model executed by
them is in actual clock time provided the non-linearities and system dynamics are mathematically
modeled. It has several features such as hardware-in-Loop testing (HIL), virtual and real control
prototyping, data logging, etc. The sensorless drive system built using Simulink blocksets is integrated
with RT-Lab blocksets [32,33]. However, the interaction between the plant and the controller is through
analog and digital output and input channels and not by Simulink wires. Instead, a real-time link in
the form of two loopback adapters along with a 40 pin flat ribbon cable is provided to ensure a real
signal interaction. In this real-time link, only signal routing takes place, the signal is not processed.
Therefore the estimated speed and actual 3 phase currents are fed via the analog output channels to the
controller where it is captured by analog input channels. The switching pulses from the controller
is sent via the digital output channels and captured by the digital input channels at the plant side.
The output and the input pins and the number of channels are configured accordingly. This is also
known as PIL testing [34,35]. The analog loopback is standalone hardware equipment, which does not
need a power supply. A +5 V or +12 V source is required for Vsource and Vref for digital feedback.
The operation of both of them are shown in the following schematic in Figure 3a,b. Two carriers are
used as real-time targets. The OP4500 target has a single processor core activated. The OP5600 target
has more processor cores, which makes it possible to have both the plant and controller in two different
RT-Lab subsystems. The system model in the PC is connected to the OP4500/OP5600 targets through
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TCP/IP. The entire real-time test bench used for PIL testing is shown in Figure 3c,d for OP4500 and in
Figure 4 for OP5600 target.

Energies 2020, 13, x FOR PEER REVIEW  9 of 22 

Energies 2020, 13, x; doi: FOR PEER REVIEW  www.mdpi.com/journal/energies 

 

accordingly. This is also known as PIL testing [34,35]. The analog loopback is standalone hardware 

equipment, which does not need a power supply. A +5 V or +12 V source is required for Vsource and 

Vref  for digital  feedback. The operation of both of  them are shown  in  the  following schematic  in 

Figure 3a,b. Two carriers are used as real‐time targets. The OP4500 target has a single processor core 

activated. The OP5600 target has more processor cores, which makes it possible to have both the plant 

and controller in two different RT‐Lab subsystems. The system model in the PC is connected to the 

OP4500/OP5600 targets through TCP/IP. The entire real‐time test bench used for PIL testing is shown 

in Figure 3c,d for OP4500 and in Figure 4 for OP5600 target. 

   

(a)  (b) 

(c)  (d) 

Figure 3. Representation of real‐time PIL test bench using OP4500: (a) analog  loopback; (b) digital 

loopback; (c) OP4500 target and power supply for digital loopback and (d) rear view of OP4500 with 

analog and digital loopback. 

 

Figure 4. Representation of the real‐time processor‐in‐loop test bench for a multi core target OP5600. 

 

Figure 3. Representation of real-time PIL test bench using OP4500: (a) analog loopback; (b) digital
loopback; (c) OP4500 target and power supply for digital loopback and (d) rear view of OP4500 with
analog and digital loopback.

Energies 2020, 13, x FOR PEER REVIEW  9 of 22 

Energies 2020, 13, x; doi: FOR PEER REVIEW  www.mdpi.com/journal/energies 

 

accordingly. This is also known as PIL testing [34,35]. The analog loopback is standalone hardware 

equipment, which does not need a power supply. A +5 V or +12 V source is required for Vsource and 

Vref  for digital  feedback. The operation of both of  them are shown  in  the  following schematic  in 

Figure 3a,b. Two carriers are used as real‐time targets. The OP4500 target has a single processor core 

activated. The OP5600 target has more processor cores, which makes it possible to have both the plant 

and controller in two different RT‐Lab subsystems. The system model in the PC is connected to the 

OP4500/OP5600 targets through TCP/IP. The entire real‐time test bench used for PIL testing is shown 

in Figure 3c,d for OP4500 and in Figure 4 for OP5600 target. 

   

(a)  (b) 

(c)  (d) 

Figure 3. Representation of real‐time PIL test bench using OP4500: (a) analog  loopback; (b) digital 

loopback; (c) OP4500 target and power supply for digital loopback and (d) rear view of OP4500 with 

analog and digital loopback. 

 

Figure 4. Representation of the real‐time processor‐in‐loop test bench for a multi core target OP5600. 

 

Figure 4. Representation of the real-time processor-in-loop test bench for a multi core target OP5600.

5. Results (Real-Time Simulation and PIL Based Validation): Analysis and Discussion

The time step used for the discretized model was 50 µs. Both the plant disturbance and the
measurement disturbance were introduced in the system. The model was built in Simulink, interfaced
with RT-Lab blocksets and the code generated was loaded and executed by the real-time target OP4500.
Data logging was done by having OpWritefile blocksets of RT-lab to ensure the real-time data gets
populated in mat files from where the real-time results can be extracted. Additionally, the estimated
speed (analog output) and the switching pulses (digital output) were extracted from an oscilloscope to
emphasize and validate (Hardware verification) the signal routing taking place between the plant and the
controller via the Loopback adapter and cables. For, the study, a three-phase, 415 V, 50 Hz, star connected,
4 pole induction motor with the following model parameters considered are given below in Table 1.
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Table 1. Model parameters.

Parameters Ratings

Rated Power 50 HP

Rated Load Torque 237.4 Nm

Rs 0.087 Ω

Rr 0.228 Ω

Lls 0.8 mH

Llr 0.8 mH

Lm 34.7 mH

Inertia, J 1.662 kg m2

Friction factor 0.1

Both observers were analyzed in terms of their dynamic performance, like tracking ability,
disturbance rejection, speed bandwidth, time domain responses like overshoot, etc. Load perturbations
and speed command variations could also be considered as model disturbances. The dynamic
performance was obtained for the following test cases.

5.1. A Constant Speed Reference of 100 rad/s with a Constant Load Perturbation of 100 Nm

Both the observers are validated and analysed accordingly in the below subsections. For a constant
speed command and load, both observers SMLO1 and SMLO2 exhibited similar tracking. The estimated
speed, disturbance torque and rotor flux of both the observers were similar at medium speeds.
The oscillations in speed tracking and the overshoot were tolerable.

5.1.1. SMLO1

The tracking performance of SMLO1 and the dynamic performance of the same in terms of torque
holding capability and flux levels is shown in Figure 5.
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5.1.2. SMLO2

The tracking performance of SMLO2 and the dynamic performance of the same in terms of torque
holding capability and flux levels is shown in Figure 6.
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5.2. A Constant Speed Reference of 100 rad/s with a Step Load Perturbation (Initially at 5 Nm, after a Fixed
Time Interval of 15 s, Stepped up to 200 Nm)

Even when the drive was subjected to sudden load step perturbation from light load to rated load,
the performance at medium speeds for both the observers were similar. However, there was a slight
variation in the estimated flux performance of SMLO2 over SMLO1. The estimated flux of the former
stabilized after the load switched to the rated load. This could be attributed to better torque holding
capability of the improved disturbance rejection mechanism.

5.2.1. SMLO1

The tracking performance of SMLO1 and the dynamic performance of the same in terms of torque
holding capability and flux levels is shown in Figure 7.
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5.2.2. SMLO2

The tracking performance of SMLO2 and the dynamic performance of the same in terms of torque
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5.3. A Step Speed Reference with a Constant Load Perturbation of 100 Nm

The difference is observed here when a step speed command is given. Additionally, there were
some oscillations present initially when SMLO1 was tracking at 40 rad/s. As compared, the SMLO2
tracked well at speeds as low as 20 rad/s with considerably very few oscillations. The inability to track
lower speeds may be due to the state convergence going out of bounds due to magnification of the
speed and the stator current errors and also mismatch in critical parameters such as stator resistance,
rotor time constant, etc. The flux pulsations were slightly more in SMLO1 as compared to SMLO2 and
their profiles were different at low and medium speeds. However, the estimated disturbance torque of
both were almost similar due to similar torque error between the motor and the observer errors in
SMLO1 and SMLO2, however, the speed bandwidth varied.
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5.3.1. SMLO1

The tracking performance of SMLO1 and the dynamic performance of the same in terms of torque
holding capability and flux levels is shown in Figure 9.Energies 2020, 13, x FOR PEER REVIEW  14 of 22 
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5.3.2. SMLO2

The tracking performance of SMLO2 and the dynamic performance of the same in terms of torque
holding capability and flux levels is shown in Figure 10.
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5.4. Low Speed Command of 30 rad/s with a Constant Load Perturbation of 100 Nm

To verify, the low speed state convergence of both the observers, they were subjected to a low
speed command of 30 rad/s at constant load.

5.4.1. SMLO1

It can be clearly seen for SMLO1 in Figure 11 that around a time interval of 1.5 s, all the parameters
went out of bounds and became unstable. This only reflected the mismatch in parameter and error
dynamics at low speeds.
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5.4.2. SMLO2

Analysis Case 1: Real Time Simulation with Processor-in-Loop Validation

Here, for the purpose of adding more weight to the findings, the low speed performance analysis
was split into two cases. In case 1, the low speed performance was validated in the real time
processor-in-loop platform as was done for all the previous test cases. It can be observed that in
analysis case 1, for SMLO2, in spite of the initial high overshoot and undershoot present for a short
interval of time in the estimated speed, after 3 s, it settled down and provided a smooth tracking,
which is also reflected in the disturbance torque and the estimated flux waveforms shown in Figure 12.
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In analysis case 2, only the low speed performance of the SMLO2 was considered, and an
additional fragment for a time period of 4.5–5.5 s was zoomed for the purpose of clarity. Here, the same
was tested in just the real time simulation environment (without the processor-in-loop mode). Here,
the loop back cables, adapter and the power supply for the same was removed. Although the model
was executed in real-time, however, there was no real world signal interaction between the plant and
the controller here.

Analysis Case 2: Real Time Simulation without Processor-in-Loop Validation

It can be seen in Figure 13 that the number of overshoots and undershoots were considerably
reduced as compared to analysis case 1 and in the additional zoomed fragment of the speed waveform,
the tracking performance was very good with a bandwidth ranging from 29.95 to 30.05 rad/s, which only
proved the effectiveness of the same in the low speed region.
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5.4.3. SMLO1 and SMLO2 Stator Current Error Convergence

The high torque pulsations (estimated disturbance torque) were due to high pulsations in the stator
current. The large stator current pulsations and the subsequent stator current error was converged
well by the SMLO2 as compared to SMLO1, as shown in Figures 14 and 15.
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5.5. Estimated Speed Waveforms for a Constant Load Perturbation of 100 Nm as Recorded in Digital
Storage Oscilloscope

The estimated speed for different speed commands from the oscilloscope is shown in Figure 16a–d.
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Figure 16. Estimated speed: (a) for a constant speed reference of 100 rad/s for SMLO1, (b) for a step
speed reference of 40–140 rad/s for SMLO1, (c) for a constant speed reference of 100 rad/s for SMLO2
and (d) for a step speed reference of 20–140 rad/s for SMLO2.
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The poles of SMLO2 were shifted to the left of SMLO1 as shown in Figure 17 indicating improved
stability performance. The effect of this was more predominant in the low speed regions where the
SMLO2 was able to track speeds around 20 rad/s as compared to SMLO1, which is unable to track
speeds of the same range. The poles being shifted more to the left of SMLO1 had led to increased speed
bandwidth of SMLO2. Owing to high rating of the motor, the dynamics of the stator current impacted
the performance of the observer and as a result, the pulsations in the disturbance torque could be
attributed to the same. For hysteresis regulation, it is difficult to predict the exact switching frequency
since it is not related to the hysteresis band. The OP45OO target provides a maximum switching
frequency of (1/(2 × time step)), i.e., 10 kHz. Owing to successful execution of the model, it is to be
understood that the switching frequency was within the 10 kHz range. Driving an EV is an endless
series of dynamically changing operating states corresponding to the actual driving trajectory and
speed of the vehicle, however, the analysis confines itself to low and medium speeds in the motoring
mode and for constant load torque of 100 Nm (for all cases except Section 5.2, where there is a step
load perturbation). Table 2 highlights the improved dynamic performance of the proposed observer
for the different parameters.
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Table 2. Performance comparison.

Parameters SMLO1 SMLO2 (Proposed)

Medium speeds and near
synchronous speed (70–150 rps)

Exhibits good tracking
performance Exhibits good tracking performance

Low speeds (<70 rps) Convergence is affected and does
not track well.

Tracks up to 20 rps and considerably
better disturbance rejection.

Speed oscillations Has more oscillations even in the
steady state region Comparatively less oscillations

Observer stability
Less stable than the proposed

observer, due to which the speed
bandwidth is reduced.

Proposed observer poles are shifted to
the left of the SMLO1, which explains

the extended speed bandwidth.

6. Conclusions

The two sliding mode observers with different disturbance rejection mechanisms (SMLO1 and
SMLO2) for speed sensor-less induction motor drives were designed, tested and analyzed in a new
real-time Processor-in-Loop test bench based on a distributed real-time package RT-Lab for application
in the EV.

• The purpose of validating the same in a Processor-in-Loop platform is to introduce a real-world
signal routing and interaction where the system is placed virtually in the front end.
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• The dynamic performance can be treated almost on par with an actual physical system with
precise timing requirements.

• SMLO2 displays better performance at low speed regions (less than 70 rps), particularly in terms
of tracking, better disturbance handling and stability.

• It also has increased speed bandwidth (20–150 rps) and reduced speed oscillations at lower speeds
(20–30 rps).

• The proposed method (SMLO2) would be more ideal for the EV to address the issue of range anxiety.
It also delivers considerably better dynamic performance and able to handle disturbances better.

However, it can be further modified considering the real-time trajectory of the EV. This method of
hardware verification can also be further extended to having the real world controller interact with
the virtual plant or vice versa, where the real plant can interact with the virtual controller placed in
the target.
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Nomenclature

ids
s, iqs

s, idr
r, iqr

r d- and q-axis stator and rotor currents in the stationary and rotating reference
vds

s, vqs
s d- and q-axis stator voltages in stationary reference

Tr, Rs, Rr Rotor time constant, stator and rotor resistance
σ, Lr, Lm, Ls Leakage reactance, rotor, magnetizing and stator self inductance
Lls, Llr Stator and rotor leakage inductances
ωr, ω̂r,ω∗,ωbsync Actual, estimated, reference and base synchronous speed
ψds

s, ψqs
s, ψdr

s, ψqr
s d and q axes stator and rotor flux linkages in stationary reference

ϕ̂d, ϕ̂q d and q axes estimated rotor flux linkages
θf, θsl, θr Field angle, slip angle and rotor angle
ids
∗, i∗qs d and q axes stator currents in synchronously rotating reference

i∗as, i∗bs, i∗cs Three phase reference currents
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