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Abstract

In today's competitive and advanced motion control industries, any designed controller is expected to provide precise
speed control and reduced time-to-market for its practical deployment. In the current study, a Model Reference
Adaptive System based sensor-less vector controlled induction motor drive system is meticulously designed and
simulated in time-domain using an offline environment namely MATLAB/SIMULINK software utilizing a rotor reference
frame. The suggested controller's ability to precisely follow the reference speed even at 33% of its rated speed
demonstrates its superiority. The efficacy of the proposed strategy is further substantiated through an examination in
the s-domain.However, the signals generated by this controller are not real-time clock synchronized due to a large
computation burden of up to 20 times, even when utilizing the latest configured PC with i7 processor. Thus, the model
is transformed from offline to online model with a field programmable gate array based OPAL-RT real-time-simulator
using Rapid-Control-Prototyping strategy. Due to parallel processing of the simulator, the proposed set-up produces
real-time clock synchronized signals by reducing the computation load to the required value of one. The similarity of
offline and online results not only validates the proposed model, but the development process can help researchers to
analyze potential design flaws early, reducing both costs and time-to-market, boosting practical implementation of the
proposed controller in reduced time.

Keywords: Induction Machine, Model-Reference-Adaptive-System, Rapid-Control-Prototyping, Real-Time-
Simulator.

Introduction

Induction motors are extensively employed in
industrial applications owing to their durability,
cost-effectiveness, and exceptional efficiency (1,
2). Nevertheless, the control of these machines
poses significant challenges due to their inherently
non-linear and interdependent characteristics.
Vector control technique has emerged as an
effective solution for precise speed control of
induction motor. This control method often relies
on speed sensors, which can increase costs, reduce
reliability, and limit the application of the drive
system in certain environments (3). To address
these various sensor-less control
techniques based on back-emf estimation, high
frequency injection, model estimation, specialized
schemes and Model Reference Adaptive System
(MRAS) have gained popularity during the last two
decades (4-9). Among these, MRAS has shown
potential due to its adaptive nature and fast

dynamic The MRAS-based speed

issues,

response.

estimation compares the outputs of a reference
model with an adaptive model, adjusting until the
error between them converges to zero (9).
Furthermore, MRAS observers estimate rotor
speed and position using machine currents,
allowing for effective vector control in both grid-
connected and stand-alone operations (10, 11).
MRAS-based sensor-less control can be combined
with other techniques to enhance performance.
For instance, integrating sliding mode observers
can improve robustness against model
uncertainties and parameter variations (12).
Additionally, the use of adaptive-gain super
twisting sliding mode speed controllers can
provide better speed tracking under load torque
variations (13). Some studies have also explored
the combination of MRAS with Adaptive Neuro-
Fuzzy Inference Systems (ANFIS) to further
improve reduce
sensitivity to parameter variations (14).

dynamic performance and
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The method's adaptability to parameter variations
and its ability to be combined with other control
techn iques make it a versatile solution for
industrial applications requiring precise speed
control without mechanical sensors. However,
these complex combinations results in increased
computational burden, which deters its usefulness
in real-time environment. Out of three reference
frames i.e. stator reference frame, rotor reference
frame and synchronously rotating reference frame,
selection of an appropriate reference frame for the
implementation of intricate schemes such as MRAS
based sensor-less vector control of induction
machines is of paramount importance (1, 15,16).
The rotor reference frame (RRF) has been
identified as suitable for fast and accurate dynamic
response of the field-oriented control of rotor-tied
Doubly Fed Induction Generator for wind energy
conversion scheme. The rotor phase 'a' current of
DFIG is superimposed on rotor g-axis current,
which allows the decoupling of flux and torque
components, enabling independent control of
these parameters (16). Recently, a Minimum-
Order Sensor-less Induction Motor Control Method
has been devised for the regulation of induction
machines. The outcomes from both slow and rapid
reversal experiments indicate that the design is
proficientin achieving dynamic performance while
ensuring stable operation in proximity to zero
frequency. Although the results are promising, the
implementation poses challenges due to the
necessity for a specialized experimental setup,
which escalates both cost and complexity (17).

Therefore, the integration of MRAS-based sensor-
less vector control represents a promising
direction for improving the performance and
practical deployment of induction motor drives in
modern industrial applications. This approach
precise  speed
implementation time, and enhanced adaptability
to meet the competitive market demands.
Moreover, most of the control algorithms
developed and simulated in offline environments

offers control, reduced

using software package like MATLAB/Simulink,
their
challenging. This is because the control signals
generated in offline simulations are not
synchronized with real-time clocks (18).

practical implementation remains
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To bridge this gap, researchers have explored the
use of digital real-time simulation (DRTS)
platforms. These platforms enable the generation
of control signals synchronized with real-time
clocks. Rapid Control Prototyping (RCP), a specific
implementation of Hardware-in-the-Loop (HIL)
simulation, has emerged as a promising approach
for validating control algorithms and reducing
development time and costs (18-24). This process
allows the practical implementation of complex
control algorithms by reducing the computational
burden while minimizing plant stoppage time and
enhancing deployment in competitive industrial
environments.

In light of the aforementioned considerations, a
Model Reference Adaptive System-based sensor-
less vector-controlled induction motor drive
system has been meticulously designed and
simulated within the time domain utilizing the
MATLAB/SIMULINK environment. The proposed
controller adeptly tracks the reference speed even
at one-third of its rated velocity. Consequently, the
model has transitioned from an offline framework
to an online paradigm, employing a field-
programmable gate array-based OPAL-RT-4510
real-time simulator through a Rapid-Control-
Prototyping strategy. Thanks to the parallel
processing capabilities of the simulator, the
proposed setup generates clock-
synchronized signals while significantly reducing
the computational load to the essential value of

real-time

one.

Methodology

The system considered for this work shown in
Figure 1 has a power and a control circuit. In the
power circuit, a grid-simulator feeds the desired
variable supply to the induction motor for precise
speed control. Whereas, the control circuit
generates the pulses to the grid-simulator, after
comparing the motor and reference signals. The
control is based on sensor-less vector control
theory. In this section, the dynamic modelling of
the induction machine, its feed forward vector
control along with the description of the model
reference adaptive system (MRAS), determination
of induction machine parameters, and its control
and transformation from offline to online
environment are discussed.
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Figure 1: Block Diagram for Sensor-Less Vector Control of Induction Motor Drive

Dynamic Modelling of Induction Machine

Considering the d-q model (1) of the induction machine in the reference frame rotating at a synchronous

speed we,
dg
_ . qs
Vqs Rslqs + t + wg¢ds
de,
vds = Rsids + ¢d$ - we¢qs
dt

(1]

(2]

For a squirrel cage induction machine vds = vgs = 0, thus

. dg,
v, =0=Ri, +7+(wg —0,)¢,

d ¢dr

vdr = 0 = Rridr +7

—(0, - w,)¢,

3]

[4]

The electromagnetic torque ‘T’ produced in the induction machine is given as

L, .. .
T;' = 15pL_ (¢drlqs - ¢quds)
Where
¢qs = Lsiqs + Lmiqr
¢d.v = L.Yid.v + Lm idr
¢qr = Lriqr + Lmiqs

¢dr = Lrldr + Lmlds

The nomenclature of the symbols used is given as:
vgs = quadrature axis stator voltage, vas = direct axis
stator voltage, vqr = quadrature axis rotor voltage,
var = direct axis rotor voltage, Rs = stator winding
resistance, Ls = stator winding leakage inductance,
Lm = magnetizing inductance, Rr = rotor winding
resistance referred to the stator, Lr = rotor winding
leakage inductance referred to the stator, ws =
do,

dt

T.-T,=J

[5]

[6]

synchronous speed for ds-qs axes, wr = rotor speed,
p = number of pole pairs, ¢¢s = quadrature axis
stator flux, ¢as = direct axis stator flux, ¢gr =
quadrature axis rotor flux, and ¢4 = direct axis
rotor flux.

The speed wr in equations [3] and [4] cannot
typically be assumed constant, it relates to the
torque as

[7]

where T, = load torque, and / = moment of inertia of the machine.



Vivek Pahwa, Vol 6 | Issue 4

Feed forward Vector Control
Rearranging the terms in [6], the following expressions can be obtained

1 L, .
ly = L_ qr _L_lqs [8]

r r

) 1 4 L, ; 9
i, =—¢, ——
dr Lr dr Lr ds [ ]
Substituting the equations [8] and [9] in [3] and [4] respectively, yields
d¢, R R.L
LTy - (- =0 10
a1 3, L (@, —0,)¢, [10]
dg, R R.L
—=+—¢, ——i, —(0,-w,)p, =0
dt Lr ¢dr Lr ds ( e r)¢ql [11]
For decoupled control, ¢q- is set to zero to simplify flux reduces to ¢r = ¢qr , ensuring that only the
the control strategy and ensure independent direct-axis component contributes to the rotor
regulation of torque and flux. Since ¢qr = 0, which flux. With this simplification, the following
implies that d¢q/dt = 0. As a result, the total rotor expressions can be easily obtained.
__RL, ; 12
e r ¢,.Lr qs [ ]
dg R R.L
ks W Wk .
da I 4 L * [13]
L, . .
T.=15p""(8i,) [14]
Speed Estimation Using Model Figure 2. With the speed signal wr available, the

model calculates the flux components from the

Referencing Adaptive System (MRAS)
The Model Reference Adaptive System (MRAS) is a
used for estimating the speed of an induction

stator current inputs. When the correct speed is
determined, the fluxes estimated by the reference
model align with those from the adaptive model,

motor. It operates by comparing the outputs of a )
Le, &gr = dgrand dgr = §gr, where g, and gy

reference model with those of an adaptive model

until the error between them converges to zero (9). are the outputs of the adaptive model. The
The block diagram illustrating the MRAS-based following expression for speed estimation is
speed estimation of an induction motor is shown in derived using Popov’s criterion for hyper-stability:
J— K’_
a),:.s(Kp+T) [15]
Where,
&= ¢qr ¢d7‘ - ¢dr ¢qr [16]

It is evident from the above equation thatif ¢4 = ¢y and Py = by, thene=0.
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Figure 2: Speed Estimation Using MRAS

Parameters of Induction Machine and

its Control

This with the parameter
determination of induction machine and its control
scheme. The parameters of induction machine
have been determined using the blocked rotor test,

subsection deals

Per phase stator resistance Rs = 10.75 £,
Per phase rotor resistance R = 11.06 {2,

Per phase stator inductance Ls= 0.048 H,
Per phase rotor inductance Lr = 0.048 H,
Per phase mutual inductance Ln = 0.904 H, and
Moment of inertia of the rotor / = 0.0124 kg-m?

The values of the capacitance,
activation voltage, and shutdown voltage of the d.c.
bus are 200 uF, 542 2, 636 V, and 596 V
respectively. Further, the values of the

proportional and integral constant used in the

resistance,

speed regulator are 5 and 10 respectively, and
those for the flux controller are 100 and 30. These
parameters have been calculated using the Zeigler-
Nicholas method (26).

Transformation from Offline to Online

Environment Using RCP

The model as illustrated in Figure 1 has been
developed in an offline environment using
MATLAB/Simulink software and generates the
unsynchronized control signals. Therefore, the
conversion of this model to an online environment

939

the stator resistance test and the no-load test (1).
However, the moment of inertia which is a critical
component for machine dynamics has been
determined using acceleration test (25). The
induction machine used is three-phase 440 V, 50
Hz, 4 poles, 1-hp motor with its calculated
parameters are given below:

is essential. A flowchart depicting the conversion
process is shown in Figure 3 where the host PC
contains the command authorities of the real-time
simulation, for the desired
controlled system is designed in the
MATLAB/Simulink environment. The designed
model is then converted into subsystems, i.e.,
Master subsystem (SM) and Console subsystem
(SC).

The SC contains the monitoring components which
are required during the simulation and the rest of

and the model

the model resides in the SM. This converted model
is then burnt into the real-time simulator OPAL-RT
(OP4510) via its interfacing software RT Labs. The
OPAL-RT outputs are connected to the grid
simulator external control via a DB-37 connector.
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Figure 3: Flowchart Showing the Transformation from Offline to Online Environment

Figure 4: Experimental Set-Up in Online Environment Using the RCP Technique

After burning the model in RT Lab software, a
connection between the host PC and the real-time
simulator is established via Ethernet. The model is
then interfaced with the hardware setup of the grid
simulator and the results are observed with the
digital storage oscilloscope as shown in Figure 3
and Figure 4.

Results and Discussion

The model of the system given in Figure 1 is
developed in MATLAB/Simulink environment
using equations [1] to [16]. The calculated
parameters of the 1-hp motor and drive system are
given in the previous section. The simulation was

940

run for 8.2 seconds. At 1 second, the machine is
started with a ramp of 500 rpm/s with an applied
load torque of 2.5 Nm. The speed set point is 500
rpm and remains constant for the next 2 seconds.
After 2 seconds, the machine is decelerated with
the same ramp. For the remaining period, the
machine runs at zero speed. The simulated results
of various important variables are given from
Figure 5 to Figure 11.

It can be observed from the Figure 5(A) and Figure
5(B) that the actual rotor speed follows the
speed accurately, without any
oscillations and, moreover, the steady-state error

reference

between reference and actual speed is zero,
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showing the superiority of the MRAS controller.
Thus, there is no need for any sensor. Another
noticeable point is that the speed remains constant
even at 500 rpm, which is the unstable region of
the induction machine showing the superiority of
The dynamic of
electromagnetic torque with reference load torque
is illustrated in Figure 6(B) and 6(A) respectively.
Itis to noted here that the time span chosen here is
2.2 sec for clarity. Further, it can be seen from these
figures that electromagnetic torque follows the
load torque adequately. The settling time for
torque is 0.01 seconds at starting, and it remains
below 0.01 seconds during subsequent alterations.
Similarly, the peak-to-peak variation is 10 Nm at
starting, diminishing to 6 Nm or less during all
other adjustments.

The stator currents of phases ‘a, b and ¢’ have been
shown in Figures 7(A), 7(B) and and 7(c)
respectively and are 120 degrees displaced from
each other. It is evident from the Figures 7(A) that
the initial current of phase ‘a’ is constrained to 5 A
(peak-to-peak) due to the implemented speed
ramp; consequently, both the size and cost of the
inverter will be reduced significantly. In contrast,
in the absence of this ramp, the typical starting
current of an induction machine could escalate to
5 to 6 times its rated current, increasing the size
and cost of the inverter (1).

The three-phase currents illustrated in Figure 7
the
representation, as demonstrated in Figures 8(A)

vector control. variation

have been transmuted into qd-axis

and 8(B), employing Park's transformation. These
qd-axes are oriented 90 degrees apart from one

another, exemplifying the vector-controlled
operation of the induction machine drive system.
Similarly, the three-phase rotor currents,

displaced by 120 degrees, are depicted in Figures
9(A), 9(B), and 9(C). The transformed qd-axes for
the rotor phases are presented in Figures 10(A)
and 10(B).
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Observation of waveforms in Figure 7(A) and
Figure 8(A) reveals that the pattern of is1 and igsis
not same, which highlights the fact that reference
frame chosen for this study is other than stator
reference frame. Whereas the pattern of ir1 and igr
as depicted in Figure 9(A) and Figure 10(A)
respectively, is same indicating that the reference
frame is rotor reference frame (15, 16). Critical
observation of stator and rotor flux waveforms as
shown in Figure 11(A) and 11(B) reveals that for
any change only the stator flux changes in contrast
to rotor flux. This further establishes that the
reference frame chosen here is the rotor reference
frame (15, 16). The offline simulated results have
been validated with real-time simulator, OPAL-RT
4510 wusing HIL with RCP technique. The
conversion procedure is given in previous section
2.5. The results obtained with real time simulator
are given from Figure 12 to Figure 18.

The congruence of offline rotor speeds illustrated
Figures 5(A), 5(B) with their online
counterparts depicted in Figures 12(A), 12(B),
alongside the alignment of offline torques
represented in Figures 6(A), 6(B) with those in
Figures 13(A), 13(B), underscores the practical
applicability of the proposed controller. Similarly,
offline stator and rotor phase currents displayed in
Figures 7(A), 7(B), 7(C) and 9(A), 9(B), 9(C) exhibit
a
equivalents showcased in Figures 14(A), 14(B),
14(C) and 16(A), 16(B), 16(C) respectively. The
offline qd stator axes and rotor axes currents
illustrated in Figures 8(A), 8(B), and 10(A), 10(B)
mirror their online versions presented in Figures
15(A), 15(B) and 17(A), 17(B) respectively. A
similar pattern is also evident for the offline and
online stator and rotor fluxes (refer to Figures
11(A), 11(B) and 18(A), 18(B)). The congruence of
all these variables in both offline and online
integrity of the

in

remarkable resemblance to their online

environments validates the
conducted work.
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It is to be noticed here that although the pattern is
same, there is a significant difference in real-time
clock and offline simulation w.r.t. time vectors. The
time vector in offline environment runs at its own
it is
synchronization with is real-time clock. This can be

whereas in online environment in
understood with the help of computation burden.
For better understanding, the same model is run in
offline environment with three computer systems
having different configurations, i.e, i3, i5 and i7
with 8 GB RAMs.

The computational burden, y imposed on the
system across various model configurations has
been meticulously evaluated in both offline and
online environments, as delineated in Table 1,

corresponding to a simulation duration of 8.2

seconds. The table unequivocally underscores the
disparity in real clock time consumed by
computers operating in the offline environment,
with configurations i3, i5, and i7 recording times of
351, 240, and 158 seconds, respectively, in stark
contrast to the mere 8.2 seconds observed in the
online setting. Consequently, the computational
burden is calculated to be 42.8, 29.26, and 19.26
times greater for the i3, i5, and i7 computer
configurations, respectively. In juxtaposition, the
utilization of the real-time simulator (OPAL-RT)
significantly alleviates the computational burden
to a mere 1, thereby indicating that the control
signals generated are impeccably synchronized
with the real-time clock (17).

Table 1: Computational Burden in Offline and Online Environment

Environment Different Systems Real-clock Time Computational Burden
T,
(Te) = 52
Offline i3 351 sec 42.80 times
i5 240 sec 29.26 times
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Apart from the comprehensive analysis of the
induction machine drive system in the time
domain, the stability of the machine is assessed
through s-domain analysis, as illustrated in Figure
19 (27). The nonlinear machine equations [1] to
[5] are linearized around its operating point at 500
rpm (Figure 5) within the MATLAB/SIMULINK
environment. The input is the electromagnetic
torque, while the output is the rotor speed. The
Bode plot demonstrates that the machine exhibits
stability with the proposed control strategy
(indicated in red), whereas it displays instability in
the absence of the controller (depicted in blue).

Conclusions

In this work, a Model Reference Adaptive System
(MRAS) based vector-controlled
induction motor drive system was developed and
simulated in both offline and online environments.

sensor-less

Furthermore, the machine’s stability has also been
checked in s-domain. The main objectives of
achieving precise speed control and facilitating
practical deployment were successfully met. Key
conclusions from this study include:

e The proposed scheme demonstrated
accurate reference speed
during acceleration and deceleration,
even at lowest speed.

e  The use of acceleration and deceleration
scenarios resulted in reduced peak

tracking

on Machine during Stable and Unstable Mode

currents, potentially lowering inverter
ratings and costs.

e The selection of the rotor reference
frame was validated by observing the
similarity of rotor phase 'a' current and
rotor g-axis current, as well as the
observed changes in stator flux during
load changes while rotor flux remained
constant.

e The
burden was significantly reduced from
approximately 20 times to the required
value of one when transformed into an
online model using the OPAL-RT 4510
real-time simulator.

offline model's computational

e Theimplementation of the Rapid Control
Prototyping (RCP) technique further

enhanced the real-time model,
minimizing plant stoppage time and
improving practical deployment
potential.

The proposed control scheme and its real-time
implementation offer improved features suitable
for existing industries looking for Dbetter
performance and meet competitive market
standards. This approach can help industries to
upgrade their systems with minimal disruption,
making
competitive environment.

it particularly valuable in today's
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The present study has been conducted on a
machine characterized by a low moment of inertia
(MOI). The dynamics of control exhibit significant
variations with an increase in MOIL. Consequently,
this limitation can be regarded as a potential
avenue for future exploration. Another prospective
avenue for this research entails enhancing the
precision of the Model Reference Adaptive System
(MRAS) based controller through the
amalgamation of Model Predictive Control (MPC)
and model-free Deep Reinforcement Learning
(DRL) algorithms. Furthermore, the incorporation
of noise, along with its analysis and mitigation,
holds paramount significance in such systems.
Consequently, this aspect may also be considered a
prospective direction for future exploration.
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