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Abstract. The tailpipe emission caused by the vehi-
cles using internal combustion engines is a significant
source of air pollution. To reduce the health hazards
caused by air pollution, advanced countries are now
adopting the use of Electric Vehicles (EVs). Due to the
advancement of electric vehicles, research and devel-
opment efforts are being made to improve the perfor-
mance of EV motors. With a nominal reference sta-
tor flux, the classical induction motor drive generates
significant flux, torque ripple, and current harmon-
ics. In this work, a Teamwork Optimization Algorithm
(TOA)-based optimal stator flux strategy is suggested
for torque ripple reduction applied in a Classical Direct
Torque Controlled Induction Motor (CDTC-IM) drive.
The suggested algorithm’s responsiveness is investi-
gated under various steady-state and dynamic operat-
ing conditions. The proposed Direct Torque Controlled
Induction Motor (DTC-IM) drive’s simulation results
are compared to those of the CDTC-IM and Fuzzy Di-
rect Torque Controlled Induction Motor (FDTC-IM)
drives. The proposed system has been evaluated and
shown to have reduced torque ripple, fluz ripple, cur-
rent harmonics, and total energy consumption by the
motor. Further, a comparative simulation study of the
above methods at different standard drive cycles is
presented. Ezxperimental verification of the proposed
algorithm using OPAL-RT is presented. The results
represent the superiority of the proposed algorithm
compared to the CDTC- and FDTC-IM drive. The
torque ripple reduction approach described in this study
can also be applied to all types of induction motors,
not only those for electric vehicles or Hybrid Electric
Vehicles (HEVs).
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1. Introduction

The global climate and environment are under
severe threat as a result of carbon emissions from
internal combustion engine-powered cars. The growing
usage of fossil fuels in these cars is a significant
contributor to global warming and climate change
concerns [I]. According to a recent study, trans-
portation accounts for 24 % of worldwide carbon
dioxide emissions. Another research conducted by the
European Union indicates that the transport industry
accounts for around 27 % of carbon dioxide (CO3)
emissions, with road transport accounting for 70 %
of emissions directly [2]. To address these issues,
Electric Vehicles (EVs) have garnered widespread in-
terest worldwide because of their zero greenhouse
gas emissions, minimal noise, lightweight construction,
enhanced performance, and great efficiency [3].

The electrical motor drive is the critical enabler
technology for electric and hybrid vehicles.  Per-
manent Magnet Synchronous Motors (PMSM) and
Induction Motors (IMs) are the most widely ac-
cepted motors for vehicle application due to their high
energy and torque densities, higher efficiency, and
many other advantages, as presented [4]. An induction
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motor is regarded as the best choice for electric
vehicle application in the metropolitan driving cy-
cle due to its low cost, less maintenance, good ef-
ficiency, and reliability [5]. Induction motor drive
control techniques are well-documented in the litera-
ture. To achieve fast dynamic response, Direct Torque
Control (DTC) and Field-Oriented Control (FOC)
are frequently utilized in IM drives. Because of its
simplicity, DTC looks to be highly useful for EV
applications. It does not require any speed or position
encoders and only estimates the flux and torque using
the observed voltage and current [4]. It also features
a quicker dynamic torque response, a low switching
frequency, no current regulator, coordinates transfor-
mation, and is insensitive to motor parameters other
than stator winding resistance. Despite its advan-
tages, traditional DTC has significant downsides, such
as high switching loss and torque ripple because of hys-
teresis bands and the availability of restricted voltage
vectors [4].

Several approaches for reducing torque ripple have
been documented in the literature [5], [6], [7], [8], [9],
[10], [11] and [12]. In [5], a sliding model-based predic-
tive torque control of an induction motor-driven elec-
tric vehicle to reduce ripples and harmonic distortion
is presented. A nonlinear switching feedback element
is incorporated into the prediction equation to address
the model uncertainties, disturbances, and variations
in motor characteristics. In [6], a Modified Brain Emo-
tional Controller (MBEC) technique for minimizing
torque and flux ripples in sensorless Induction Motor
drives is proposed. A biologically inspired intelligent
speed controller is used to enhance the system’s perfor-
mance. The speed error is determined by integrating
MRAS with SVM to operate sensorless DTC. With
the integration of the Sensory cortex into the BEC
and the accumulation of other limbic system compo-
nents, the response becomes fast. The Space Vec-
tor Modulation (SVM) approach [7] is another way
of reducing ripples. A preview approach is utilized
at each cycle to acquire the voltage space vector nec-
essary to precisely adjust for the flux and torque er-
rors. SVM correctly determines switching states for
the Voltage Source Inverter (VSI) when a voltage mod-
ulator is implemented [8]. As a result, DTC-SVM elim-
inates the need for hysteresis controllers and switching
tables found in CDTC systems. However, it necessi-
tates the online computation of multiple complex equa-
tions and is dependent on other machine parameters.
While the DTC-SVM technique achieves superior per-
formance with a simpler algorithm, it comes at the
cost of increased computation time as compared to
conventional DTC [9).

The authors in [I0] employ Fuzzy Logic Control
(FLC) to enhance the performance of the DTC-IM
drive. The fundamental benefit of FLC is that it
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estimates stator resistance change and reduces the de-
veloped torque ripple, resulting in accurate and faster
operation, as well as dynamic and robust performance.
In [II], an FLC-based DTC for analysing the torque
ripple of an induction motor drive is described. To
eliminate torque pulsation, it works with a fixed switch-
ing frequency. A comparison of the predictive ap-
proach, FLC, global minimum torque ripple strategy,
CFTC strategy, and duty cycle control with SVPWM-
based DTC for torque ripple reduction is presented.
A novel fuzzy adaptive speed regulator with a weight-
ing factor tuning technique was proposed to reduce flux
and torque ripple produced by inaccuracies in external
sensors and an unsuitable weighting factor over a wide
speed range [12].

Pulse-Width Modulation (PWM) is incorporated
into the DTC to ensure a constant switching frequency.
PWM-DTC additionally ensures excitation, reduction
of switching losses, and THD minimization for two and
multi-level VSIs [13] and [14]. As a result, it is used in
both sensored and sensorless IM drives equipped with
DTC. The authors in [I5] and [16] show a relationship
between over-modulation operation and dc-Link volt-
age fluctuation to reduce the actual torque ripple in
the over-modulation area. The over-modulation mod-
ule’s reference voltage amplitude [I5] and the period of
the voltage space vector [I6] are dynamically modified
in response to variations in the dc-Link voltage. As
a consequence, the torque ripple produced by dc-Link
voltage variation is reduced.

The stator flux reference magnitude has a consider-
able effect on the torque ripples in DTC. The nom-
inal stator flux value is not appropriate for a wide
range of load profiles. As a result, the reference flux is
optimized in response to the torque to limit torque
ripples [I7]. However, these methods are based on
approximate mathematical relationships between the
reference stator flux and torque. In [I8|, fuzzy logic is
used as a stator flux optimizer to select the reference
flux value in DTC. The fuzzy membership functions,
on the other hand, are asymmetric over the operational
range. Self-regulating ANFIS, ANN and FLC are used
to optimize the reference flux via torque variations for
performance improvement [I9]. These soft comput-
ing approaches are not widely used in electric vehicle
applications due to the high computational costs and
complexity of the system. In [20], a stator flux opti-
mizer based on TOA is used for efficiency improvement.
However, along with efficiency, there is a significant
reduction in ripples, which motivates us to apply the
same technique for ripple minimization.

In this paper, a novel torque ripple controller based
on optimized stator flux selection is proposed. The
TOA is used to estimate the optimized value of the sta-
tor reference flux corresponding to the instantaneous
speed and torque magnitude. This technique aims for
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the improvement in torque ripple at both steady-state
and dynamic operating conditions. The usefulness of
the suggested method is demonstrated, and the mo-
tor’s speed response and torque ripple are studied for
various vehicle operating modes using simulation and
experimental data. The dynamics of the proposed
methodology are compared with CDTC and FDTC
and presented in this paper through a simulation study.
A comprehensive analysis with different standard drive
cycles is also presented. The results presented in the
paper also represent a reduction in flux ripple, current
harmonics, and energy consumption, along with the
reduction in torque ripple.

2.  Conventional Direct Torque

Control (CDTC)

The authors in [21I], [22] and [23] discuss the Con-
ventional Direct Torque Control (CDTC) for induc-
tion motors. DTC operates on the premise of directly
applying a control sequence to the voltage source in-
verter switches [23]. The sequence is decided with the
help of a switching table and two hysteresis regula-
tors; it has the objective of controlling the machine’s
electromagnetic torque and flux in a decoupled man-
ner. The dynamic characteristics and control algorithm
of the induction motor are described here with the
help of the following equations as described by [23].
The stator and rotor fluxes are used as state variables
in the stator reference frame to describe the following
mathematical expressions:

Vs = sts + dwsu
7dt (1)
0=RT, + 2
= Lipdyp — JwWY,.,
a7’

Js = LSTS + LMTT‘)
( .

0, = L.1, + L.
By eliminating I, and I, from Eq. (I}) and Eq. ,

the induction machine equation takes the state variable
form, which can be represented as:

. _ RS RSLTn.
d [¥s oL, oL,L,
a\g) | BLlw (. R
Jw —
oL,L, oL, (3)

SHY
|+ Vs,
Ur 0

where R, and R, are the stator and rotor resistances.
Lg, L, and L,, are self-inductance of the stator, rotor,
and mutual inductance between them. 1, and 1, are

»
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stator and rotor flux vectors, respectively. w is the
angular rotor speed measured in electrical radian.

The most appropriate way to design a three-phase
machine is by a two-phase model expressed in the
(d, q) reference frame, which simplifies the complex-
ity of representing in the (a, b, ¢) reference frame.
Where the state variable can be represented with
their d- and ¢- axis components as ¥s = a5 + j¥qs,
Gy = Vae + s 3.

The electromagnetic torque equations expressed as
a function of state variables are given by [23]:

3pLy,

Tcm = mhﬂ {1/15 . wr}a

4o
Q=T — T
T e

(4)
J

Using Eq. , the stator flux can be calculated as
shown in Eq. and Eq. @ [22] in the stationary
reference frame as follows:

t

P, (1) = / (Vs (t) — Ris () dt.

0

(5)

From Eq. , the stator flux components along the d
and ¢ axis are given as:

Pds (t) = f (Vds (t) — Rsias (t)) dt,

B . (6)

Pgs (t) = [ (Vgs (t) — Ryigs (1)) dt.

Using Eq. @, the magnitude and phase angle of the

stator flux in the stationary reference frame can then
be estimated as:

= 2 2 _ -1 1/’qs
s = /i t¥5s and 65 =tan Ve

As per Eq. @, the stator resistance Ry must be known
to estimate electromagnetic torque and stator flux.
However, for simplicity neglecting resistance, we can
have [23]:

(7)

A, =V At (8)

As per Eq. the application of a stator voltage vector
for a small period of time can regulate the stator flux.
Hysteresis controllers are used to control the magni-
tude of the flux by selecting appropriate increments in
the voltage vector to keep the flux within the prescribed
hysteresis band, as seen in Fig. [I}

A two-level hysteresis comparator is used to regulate
the stator flux, while a three-level hysteresis compara-
tor is used to control the electromagnetic torque [23].
The outputs are estimated by the electromagnetic
torque and stator flux error, which are called T,
and AWV, respectively, as indicated in Eq. @D and
Eq. . The corresponding hysteresis bandwidths are
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(a) Trajectory of the stator flux vector.

2-level flux comparator 3-level torque comparator

(b) Flux and torque comparator.

Fig. 1: CDTC @ trajectory of the stator flux vector,
@ flux and torque comparator.

represented by HBT,. and HBy, respectively:

1 for AT, >HBT.,
HT.,=< 0 for —HBT. < AT, < HBT,, 9)
-1 for AT, < —HBT..
1 for Avygs > HB,,
Hy = L b (10)
—1 for Av, < —HBy,.

Torque and flux are directly regulated in CDTC by
selecting a proper voltage vector that causes the
stator flux to rotate in response to the desired torque
demand depending on the speed error. By comparing
the motor’s actual and reference speed, the speed error
is processed by a PI controller to provide the refer-
ence torque output (7),). The predicted electromag-
netic torque Tes; and stator flux ey are then com-
pared to their corresponding reference values T3, and
¢* [23]. The appropriate voltage vector is obtained
using the control Tab. [I] based on the flux sector and
the outputs of the two hysteresis comparators.

The stator flux reference as expressed in Eq. ,
may be computed using the motor’s specifications to
ensure that it is sufficient to provide the reference
torque:

4121,
3pL2,”

sl = (11)
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Tab. 1: Stator Voltage vector look-up table.

Sector

Hy | HTe |— 2 3 1 5 6

1 110 | 010 | 011 | 001 | 101 | 100

1 0 000 | 111 | 000 | 111 | 00O | 111

-1 110 | 010 | 110 | 010 | 011 | 001

1 010 | 011 | 001 | 101 | 100 | 110

-1 0 111 | 000 | 111 | 000 | 111 | 000

-1 001 | 101 | 100 | 110 | 010 | O11

3. Proposed Torque Ripple

Reduction Algorithm in
DTC

In conventional DTC, owing to the inclusion of
a hysteresis-band, the switching frequency is variable,
which generates current distortion and torque ripples.
The purpose of this section is to develop the expres-
sion of torque ripple and to evaluate the expression of
optimum stator flux to reduce the torque ripple.

3.1. Expression of Torque Ripple

The most distinguishing feature of DTC is its rapid
torque response. When the motor is supplied with
a suitable voltage vector, the stator flux vector rotates
incredibly fast, increasing the angle between the stator
and rotor flux. As a result of Eq. , the amplitude of
the motor torque is increased. If the sampling time At
is inadequately short, the torque waveform often jumps
to the hysteresis band. As a result, the motor torque
developed through DTC often exhibits a high torque
ripple. This torque ripple has a detrimental impact on
the motor’s life span and load capacity. Equation is
used to compute the stator and rotor fluxes for a small
span of time At.

_ _ dy
¢SK+1 =g + ﬁSK At,
K (12)
) =1 "K A,
wTK+1 wf’}( + dt

Substituting Eq. in Eq. , it can be rewritten as
shown in Eq. (13). Rearranging the terms in Eq. ,
it can be expressed as Eq. .

Equation expresses the flux of the induction ma-
chine in discrete form, valid for a small finite interval.
It is worth noting that in Eq. 7 the change in sta-
tor flux is due to the applied stator voltage vector for
a specific operating state, even though the applied volt-
age vector is not explicitly mentioned. The stator flux
variation is used to illustrate the influence on the rotor
flux. Neglecting the effect of stator resistance, Eq.
can be rewritten as:

wsKH = asK + VSKAt' (15)
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— — At — R,L
Vorerr = Vspe T | B 71, + i, + Vi | A,
oL, oLsL,
_ _  /mL R\ (13)
wTK+1 =Yt (ULSLTwSK + (ij - ULT> wr;{> At,
— — R, R,L _
Vserr = Ve 1 ) + U, (U ) At+ Vg At
’ ' (14)

According to Eq. , it seems as if the change

in stator flux follows the same direction as the ap-

plied voltage, and its magnitude is proportional to the

magnitude of, according to Eq. . From Eq. , the

developed motor torque in the (K + 1)* instance can
*

be written as:
m {w5K+1 ’ wTK+1} :

Substituting Eq. (14) in Eq. and excluding
higher-order terms for simplicity, the torque at
(K 4+ 1)*" instance can be expressed as:

)

3pLn,
20L.L,

Tisr = (16)

Rs R
7_’_7

Ly, L, r

TK+1:TK_TK( -

e s {0, o 5 ]}
(17)
Equation may be rewritten as:
AT =Tg41 — Tk = ATx1 + ATk, (18)
where ATk = —Tk (12: + %) %; ATy = Kq - At -
w{ Vo by, — jeor (B Ty | J and Ky = 5Ea

The first component is caused by the machine pa-
rameters and tends to diminish the torque magnitude.
This is independent of the stator voltage and rotor
speed in the instantaneous state but depends on the in-
stantaneous torque magnitude. The second component
denotes the influence of the applied voltage vector on
the variation of torque and is dependent on system pa-
rameters such as rotor speed and torque. Equation
can be further expanded and simplified as:

a7 =i ([ )
UG WSK o]} = (19)
= —KTrgAt + oy L L . At
T (Vo = o [0 0]}
where K = 1 (1]_1 + ILL:)
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R,
oL,

From Eq. (4), the expression of torque for the k-th
instance can be expressed as:

Applying Eq. in Eq. , the torque ripple

expression can be written as:
AT:7K~K1AtoIm{E o }

+ KAt -Im {VSKJ:K JWK [

= K At -Im {VSKEjK — (K + jwk) (wsK

3pLi,
20L,L,

*

Ty = tm {7,

(20)

)

(21)

Using Eq. and Eq. , under the steady-state
condition, the relation between stator flux and rotor
flux can be expressed as:

L,R,.—j (L?n — LSLT) (w— ws)

Ve = L.F T (22)
= (CL + Jb)¢r7
where:
a= Ls
=7
- (L%l — LSLT) (w — wy) (23)
o L,R, '

Using Eq. in Eq. the torque ripple expression
as a function of rotor flux, speed and stator voltage can
be formulated as:

AT = Ki At - Im {Vyhy — (K + jw) (a + jb) (¢s - ¥7)}

(24)

After further simplification and considering only the
imaginary part, Eq. can further be expanded as:

AT = KlAt . {(Vqswdr - Vdswqr) -

+ (aw + bK) (V3, +93,) } - (%)

If the reference frame is aligned on the rotor flux axis,
then the torque ripple in the motor can be calculated
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as:
AT = K1 At {Vogthar — (aw + bK) 93, } =

= KlAt : {Vqswdr -

L. K (L2 - L.L,) (w —w,
+<w 4 K LmRr)(w w)%}.

(26)

3.2. TOA-Based Optimal Stator

Flux Selection
1) Description of TOA

Population-based optimization algorithms are popular
techniques for tackling optimization issues. The algo-
rithm’s primary objective is to imitate team members’
collaborative behaviors to accomplish a goal. The TOA
is theoretically described to ensure that it can solve
optimization issues, as presented in [24]. The method
is a population-based optimization algorithm built on
simulations of team members’ interactions and behav-
iors while completing their jobs and accomplishing the
team’s intended objective. Thus, search agents are
regarded as team members in the TOA, and links be-
tween team members serve as a mechanism of transfer
of information. The team’s objective is to solve the
optimization issue.

The TOA updates the algorithm population in three
steps.

Stage 1: Supervisor guidance.

This stage involves updating team members as per
the instructions of the supervisor. At this point, the
supervisor communicates with the members and steers
them toward the goal. Equation is used to model
this update stage in the TOA:

X7V iali=wia+r(sqa—1-2ia),
¥ X7, FPU < F, 27)
! X;, else,

I =round(1 + ),

where F°1 is the value of the objective function, X!
represents the updated weight of d-th problem variable
as recommended by an i-th team member following
supervisor guidance, r is a random number between
[0,1], and I is the update index.

Stage 2: Information sharing.

Here, each member of the team competes to en-
hance their performance by utilizing the information
from other teammates who have performed better than
them. The team members of the proposed TOA are
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updated based on Eq. and Eq. :

Ne o
‘ ‘ ; Tj.d
XM gt = o (28)
7
X2 .’L‘f?i =Tiq+T (xgh -1 xi,d> .
-sign (FZ — FM’i) , (29)
¥ X2, FP? < F,
’ X;, else,

where FM+i and F;°? are the values of the objective
functions, X is the team’s average having higher
than that of the i-th team member, N; is the num-
ber of members who outperform compared to an i-th
teammate, 7'} is the value of the d-th variable recom-
mended by the j-th better team member for the i-th
teammate, X;5? is the second stage updated status of
an i-th teammate.

Stage 3: Individual activity.

Each member endeavors to enhance their perfor-
mance based on the present position in this stage.
Equation represents the update of teammates for
this stage:

X538, xfg = x4+ (—0.01 +0.02r) z; 4,

X583 F9 < F
Xl‘ — 7 ) 7 19
X;, else,

where F;%% is the value of the objective function, and
X,;S3 is the final status of an i-th team member. The
population is updated in three stages for each itera-
tion of the algorithm according to Eq. , Eq. ,
Eq. and Eq. . The iterative process is repeated
until the algorithm reaches the stop criteria. Finally,
the TOA provides the optimal solution to the optimiza-
tion problem.

(30)

2) Implementation of TOA for Optimal
Flux Selection

In this work, TOA is used to calculate the optimum
stator flux for minimizing the torque ripple while sat-
isfying the system constraints. Figure [2] depicts the
architecture of the DTC-based IM drive for EV with

the recommended loss minimization technique.

e Objective Function
From an induction motor point of view, reduction
in the torque ripple is one of the prime objectives
for selecting the reference stator flux, as, over time,
this torque ripple reduction will be reflected in the
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Battery

= AT, s,
- ;j:r — —p| InverterC
V., T Ay | Switching | S.
| wble | ||
S, | e
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optimisation
algorithm Se ctor
A 4 ‘l‘
9

Vs Torque and Clark
T flux estimator transformation
L2 N

Fig. 2: Block diagram of the proposed DTC for EVs.

controller

stator current THD and energy consumption from
the battery. The induction motor torque ripple
can be expressed as formulated in Eq. (26]).

3pLn,
AT = Tripple = L.l At - {Vqs¢dr —
N wLy K (L% — LsL,) (w — wy) 2
Lm LR, dr (-

(31)
So, the objective function can now be formulated

using Eq. :

f = min(Tripple)' (32)
o Constraints
The objective function described in Eq. is
optimized using TOA for the following pragmatic
constraints.

— d-axis rotor flux: The d-axis rotor flux is
allowed to vary within the minimum and
maximum permissible rotor flux:

PR < g, < PR (33)

o Generation of the initial population
In the present work, TOA is used to compute the
optimal d-axis rotor flux to minimize the power
loss of the induction machine. The initial popula-
tion of the TOA contains the uniformly distributed
d-axis rotor flux values as specified by Eq. :

X; =™ +rand - (Y3 — ") . (34)

e Detail steps of Implementation
The detailed implementation steps of the pro-
posed algorithm to minimize the power loss of the
induction machine are described in the flow chart
as shown in Fig. 3]

However, as stator flux control is required for a DTC-
based IM drive, a simple conversion between stator and
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| Read the Speed and Torque developed by the motor |

| Configure the parameters of optimization algorithms. |

| Construct the first population as per Equation (33). |

| Compute the objective function as per Equation (26). |

| Stage 1: Update .¥; based on Equations (27). |

| Stage2: determine better members and its number |

|

|

|

|

| |

| |

! l

! |

! |

! |

: | Stage2: Calculate X™' based on Equation (28) | |

I ] |

P i
|

|

! l

! |

! |

! |

|

|

|

|

|

|

|

|

|

Stage 2: Update X; based on Equations (29). |
| Stage 2: Update X; based on Equations (30). |

| Save best quasi-optimal solution. |

et Bl g
i=1

Yes

Compute the optimal stator flux from the optimal d-axis rotor
flux as compute by TOA using the objective function using
Equation (34).

Optimised reference
flux

Fig. 3: Flowchart of the proposed TOA.

rotor fluxes may be employed. As a consequence, the
optimal reference value for stator flux is as follows:

L 20L,\> <Tfef)2
* ref S x \2 T e
s — ¥s = r +13 * .
o - g (20 (B
(35)
4. Results and Discussion
To evaluate the effectiveness of the suggested

TOA-based stator flux Optimized DTC (ODTC),
a simulation-based comparison among Classical DTC
(CDTC) [23], Fuzzy DTC (FDTC) [10], and pro-
posed ODTC is presented here. Table [2] depicts the
specifications of the induction motor utilized in the
simulation study. The simulations are conducted in
MATLAB/Simulink environment with a simulation
step time of 25 pus.

Simulation studies are conducted for all three
methodologies under consideration. A speed profile
with starting, constant speed, acceleration, and break-
ing, a profile comparable to that used in electric vehicle
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100 Classical DTC Fuzzy DTC TOA based DTC (proposed scheme)
100,
~ enl ~ enl 0.0004
£ sof 0.0009* © 80F
. [ % [ *
£ ol 0.0008 ol 0.0002
<+ < F
2 40+ * Speed ripple * Speed ripple 3 40F
é. 20: % 20: * Speed ripple
+ —Reference speed — Actual speed —Reference speed — Actual speed F —Reference speed — Actual speed
0 )
0 10 20 i 30 40 50 60 ('0 10 20 30 40 50 60 G0 10 20 T 30( ) 40 50 60
me (s
400 ime (s) 400 Time (s) 400 ‘ 1n
E_r E_r E_T
Z 200 Z 200+ Z 200f
5] F o F
3 3 38 [
2 2
g g OJ g o
I = e L
2200+ i £-200¢ 8 L
Eo 200 * Torque ripple § 2007 * Torque ripple % -200 * Torque ripple
400 — Reference torque — Motor torque -400 — Reference'torque  — Motor torque = 400 — Reference torque — Motor torque
10 20 30 40 50 60 0 10 20 30 50 60 B 10 20 30 40 50 60
Time (s) Time (s) Time (s)
1.1 1.1 1.1
g 0.9 0.247% 0.246* §
0.7 =
= 0.5 * : . =
S L Flux ripple 3 . . 5
= 2 Flux ripple ]
& 03 S 03 Z03 * Flux ripple
0.1 0.1 0.1
10 20 30 40 50 6 10 20 30 40 50 60 10 .30 40 50 60
Time (s) Time (s) Time (s)
400 400 400
2 2300
= =
E
= =
3 3
&- .
5] =
% -200 * Current THD * Current THD %-200 * Current THD
-300 20 30 40 5060 00 o 20 00 % 6 0 20 30 40 30
Time (s) Time (s) Time (s)
150 150
< = _
=100 < 100 =
5 g ]
E 50 g 50 8
8 g 3
E» 0 S 0 =~
5 50 2 50 e
M & 8
-100 35 G 100G 5 2030 0 30 50 100G 70 3030 70 30 3
_ = Time (s) . Time (s)
% 1 Tux % 1 — d-akis flux _ —— g-axis Hux % 1 — d-akis flux —— g-axis fux
o %
205 2 os P\l Sosh AN AN f ‘
2 0 5 0 ‘ 0 TR i ‘ i
> > |
505 -0.5 505 AT I
s = 1 < ]
g g 8
8 0 10 20 30 40 50 60 ;,‘3) 0 10 20 30 40 50 60 = 0 10 20 30 40 50 6
@ Time (s) Time (s) 2] Time (s)
(a) CDTC. (b) FDTC. (c) ODTC.

Fig. 4: Performance of the electric vehicle

Tab. 2: IM Parameter.

P: | 50hp (37kW) | Ly = L.: | 0.724-10~3 H
V: 400 V Ly: 27.11-1073 H
Rs: | 82.33-1073 Q f: 50 Hz
R.:| 503-1073 Q p: 2

applications, is applied, as shown in Fig. [ Initially,
the vehicle starts and is allowed to build the flux, and in
3 seconds, the speed increases from rest to 60 km-h~".
It continues to run at different speeds and finally comes
to rest at 60 seconds. As seen in Fig. [d] the motor can
operate reliably under a variety of operating scenar-
ios, which initially validates the suggested method’s
efficacy.

To demonstrate the advantages of the proposed
optimized flux-based DTC of IM for the electric ve-
hicle application and also for a close comparison, the
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with [(a)] CDTC, [(5)] FDTC, and [(c)] ODTC methods.

algorithm is compared with the conventional DTC [23]
and fuzzy DTC [10], as shown in Fig. and
Fig. respectively. Along with the speed response,
Fig. [] depicts the IM’s torque, stator flux, and sta-
tor current response. The battery current profile and
d-axis g-axis stator flux profile have also been depicted
in this figure.

As can be seen, the motor’s torque response closely
matches the reference value; however, the resulting
motor torque in ODTC has the lowest torque ripple
among all. There is a reduction of 38.89 % torque
ripple in ODTC compared to CDTC, whereas this is
34.48 % with FDTC. Similarly, the reduction in stator
current THD is 17.39 % and 10.58 % when compared
with CDTC and FDTC, respectively. This reduction
in torque ripple and THD is due to the optimal se-
lection of stator flux, which can be observed in Fig. [4]
For CDTC and FDTC, the reference flux is constant as
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Fig. 5: Flux trajectory for CDTC, FDTC, and ODTC methods.

decided from Eq. ; however, the reference flux in
ODTC is a variable one with speed and load as per
Eq. . Figure 4| also represents the battery cur-
rent profile, which shows a rise in current drawn with
load and charging of the battery during braking due to
regenerative power.

Figure shows the d-q trajectory obtained in
the stationary reference frame using the three DTC
approaches during the driving cycle to demonstrate
the substantial reduction in the flux. As presented
in Fig. [5] the circular trajectory of the stator flux il-
lustrates the flux trajectory in a DTC drive, whereas
Fig. demonstrates a dynamic flux magnitude that
corresponds to the operating condition, validating the
suggested technique.

Figure [6] compares the speed error and battery en-
ergy for the three controllers. One can see that the
speed error is the minimum in ODTC among all. Due
to the reduction in torque ripple and current THD,
the battery energy required to drive the vehicle over
the entire cycle is also minimum. There is a reduction
of 36.2 % and 11.8 % of total battery energy in ODTC
compared to CDTC and FDTC, respectively.

Figure[7]and Fig.[§]compare the speed and torque re-
sponse of all the controllers. As shown in Fig.[7] though
the speed response of all three controllers is similar,
the proposed technique has a low overshoot and set-
tling time compared to the other two. Similarly, Fig.
compares the torque created for the controllers for the
entire speed range considering all the controllers. The
graph illustrates a considerable reduction in torque
ripple for the proposed strategy.

4.1. Steady-State Performance

To demonstrate the proposed ODTC’s improved
steady-state performance, a complete comparison of
CDTC, FDTC, and ODTC is performed under vari-
ous operating situations, evaluating flux ripple, torque
ripple, and current THD. Equation and Eq. (37))
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are used to determine the flux ripple and torque ripple,
respectively:

(36)

1 & 2
% Z (Te_j - Te_av) )
j=1
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Z/}sir = (37>

1
m
where Te j and 1/)5_ ;j are the instantaneous value of the
torque and flux; T. av and vs 4y are the torque and
flux references, respectively.

Figure [9] plots the low-speed operation results of
CDTC, FDTC, and ODTC at 20 km-h~!'. To pro-
vide a clear picture of the performance of the three ap-
proaches, the current harmonic spectrums are provided
together with the torque, flux, and stator current asso-
ciated with this speed, from which the current THDs
of CDTC, FDTC, and ODTC are found to be 9.3 %,
7.9 %, and 7.3 %, respectively. As a result, we can in-
fer that ODTC has the lowest current total harmonic
distortion and the least distorted current waveform at
low speeds. It can be noticed that torque ripple is also
the minimum among all for ODTC, which is 59.31 %
and 49.72 % less compared to CDTC and FDTC,
respectively.

Figure [I0] provides the results of CDTC, FDTC, and
ODTC at a high speed of 80 km-h~!. The current har-
monic spectra are presented, with the current THDs of
the three approaches being 9.1 %, 7.5 %, and 6.5 %,
respectively. As a result, we may continue to see that
ODTC has the lowest current THD at high speed. Sim-
ilarly, the torque ripple for the ODTC method is mini-
mum for high speed also, which is 28.42 % and 20.37 %
lesser than CDTC and FDTC, respectively.

As stated above, the quality of flux and torque con-
trol has a direct effect on the current THD of the mo-
tor drive. Table[3| presents the details of the ripples for
torque, flux, and speed as well as current THD at both
low and high speeds. Figure [TI] depicts the improve-
ment in performance characteristics relative to CDTC
and FDTC.

To demonstrate the performance at different operat-
ing points, the torque ripple, speed ripple, flux ripple,
and stator current THD values of the three approaches

were obtained at different speeds and loads and com-
pared in Fig. In Fig. ODTC has a lower flux
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ripple (0.178 Wb) at 40 km-h~! than CDTC (0.25 Wb)
and FDTC (0.241 Wb) at all load conditions. Addi-
tionally, ODTC has the lowest torque ripple of 2.7 Nm,
17.14 % less than CDTC and 7 % less than FDTC.
Also, the corresponding value of torque ripple in ODTC
has the minimum value among all methods. With
ODTC, the stator current THD is significantly reduced
compared to the other two for the entire range of load
as shown in Fig. [I2] Analysis at high speed, i.e., at
80 km-h™! and 100 km-h~!, demonstrates that the
suggested technique outperforms all other methods in
terms of torque ripple across all load ranges, though
the flux ripples of all the three approaches are close
to each other, ODTC having the minimum value. As
a result, it can be concluded that the proposed ODTC
has superior steady-state performance over CDTC and
FDTC in terms of flux and torque ripples, as well as
improved harmonics at low and high speeds. Though
the speed ripple in all operating conditions with all
three methods is very small, there still exists some
improvement in the speed ripple with the proposed
one compared to the other two.

4.2. Dynamic Performance

To evaluate the suggested approach’s dynamic perfor-
mance, the results of a simulation study comparing
CDTC, FDTC, and ODTC with acceleration, braking,
and speed reversal are depicted in Fig. [I3] Fig.[14] and
Fig. [I5]

The vehicle’s starting process may be separated into
two stages, pre-excitation and acceleration, as seen in
Fig. The speed reference is 0 km-h~! during pre-
excitation, but the flux reference is its nominal value
(1 Wb for CDTC and FDTC, whereas only 0.6 Wb
for ODTC). After the switching transient dies out and
the stator flux amplitude arrives at its reference value,
the reference speed steadily rises to 60 km-h~!, indi-
cating that the operation has entered the acceleration
phase. Additionally, as seen in Fig. the flux mag-
nitude increases to 0.8 Wb as the torque developed by
the motor increases during this acceleration process.
When the motor accelerates, the real-time torques of
CDTC, FDTC, and ODTC increase substantially to
150 Nm. Additionally, the time required for the three
techniques to achieve the reference speed is almost the
same, around 2 ms, indicating that CDTC, FDTC,
and ODTC all exhibit a comparable dynamic reaction
during the acceleration process.

Figure [14] describes the braking of the vehicle with
CDTC, FDTC, and ODTC. Initially, the speed of the
vehicle was 60 km-h™'; with the application of the
brake, it was reduced to 20 km-h~!'. The torque de-
veloped by the motor at both the steady-state speeds
is low, whereas during braking, the motor develops
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Fig. 9: Steady-state performance at low speed forCDTC7 (b)|[FDTC, and ODTC methods.

Tab. 3: Performance during steady-state.

Improvement (%)
Performance | Characteristics Speed CDTC | FDTC | ODTC w.r.t
CDTC | FDTC
Torcne Ripples (N) |20 kmh ' | 0.44 0356 | 0.179 | 59.32 49.72
d PP 80 kmh T | 148 0.458 | 0.3506 | 76.31 23.45
20kmh 1 | 0254 | 0248 | 0.174 31.5 29.84
Fl Ripples (Wb
e ipples (Wb) = =T [ 02403 | 0216 | 0.104 | 19.27 10.18
Soeed Ripples (rmin—1) |20 kmh-L | 0.005 | 0.0004 | 0.0002 26 50
P PP 80 kmh-T | 0.006 | 0.0009 | 0.0001 98 88.88
20 km-h—1! 9.3 7.9 7.3 21.5 7.6
Current THD
urren (%) 80 km-h 1 9.1 75 6.9 24.17 8

a large negative torque, i.e., around —150 Nm, in this
case, to bring the speed down more quickly. In CDTC
and FDTC, the flux during the process remains the
same, whereas, in ODTC, the flux has increased dur-
ing braking, which helps the motor to develop the
necessary flux more quickly.

As seen in Fig. [T5] the vehicle was running with an
initial speed of 80 km-h™!, at t = 25 seconds gradually
the speed starts reducing, and finally, at ¢ = 30 sec-
onds, the speed becomes 40 km-h~! but in the opposite
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direction. Under steady-state, only a small torque is
sufficient to drive the vehicle. When the speed reversal
is started, it takes almost the same time to arrive at
—40 km-h~! by CDTC, FDTC, and ODTC, this shows
that the three methods all have the same dynamic re-
sponse. As described in the braking condition, here
also for speed reversal, the motor torque becomes high,
so as the stator flux in ODTC, whereas in the other
two methods, the flux remains the same. In ODTC,
it took only 2 ms to produce the higher value of the
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Fig. 11: performance improvement of ODTC at steady-state.

torque with the inception of reversal, whereas this is
around 5 ms for CDTC and FDTC.

It can be observed from Fig. [I3] Fig. [14 and Fig.
that the flux ripple, torque ripple, and current distor-

tion is significantly large with the CDTC method. To
evaluate the performance during transient, the Integral
Square Error (ISE) of the torque during starting, brak-
ing, and speed reversal is computed and displayed in
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Tab. [ for all the controllers. Figure [I7] displays the
torque ISE improvements of ODTC over CDTC and
FDTC.

Tab. 4: ISE of the controllers during Transient.

. . Speed
Starting | Braking re\r/)ersal
CDTC | 6.48-107 | 4.97-107 | 9.48-107
FDTC | 5.81-107 | 4.35-107 | 8.96-107
ODTC | 3.41-107 | 3.02-107 | 5.84.107

4.3. Performance with Standard

Drive Cycle

In addition to the above performance, the CDTC,
FDTC, and ODTC are also tested considering EUDC
and HWFET cycles. The simulated results obtained
are shown in Fig. [I6] and Fig. [I§] respectively. From
the figure, it is clear that the vehicle speed tracks the
reference speed. With the proposed method, the torque
ripple performance is far better superior to CDTC and
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Fig. 15: Response during speed reversal for CDTC, FDTC, and ODTC methods.

FDTC. As the torque and flux ripple of the proposed tery energy consumed by the vehicle in both the drive
DTC is less so, the current magnitude is comparatively cycles with ODTC is lesser as compared to the other

small than the other two. Most importantly, the bat-

two.
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Fig. 16: Performance of the electric vehicle under EUDC drive cycle with CDTC, FDTC, and ODTC.

4.4. Performance Index

g T
: ISE = / e(t)?dt,
3 0
£ T
ITAE = /t|e(t)|dt, (38)
0

Starting Braking Speed reversal T

Fig. 17: Improvements in ISE of ODTC during transient. ITSE = /te(t)2dt-

The energy utilized by the vehicle during the EUDC

Table [6] compares the performance indices ISE, ITAE,
and HWFET driving cycles is compared in Tab. [

: o ; ! and ITSE for the speed, torque, and flux to deter-
Figure [[9 indicates improvement in the energy con- ijine the superiority of the suggested method over the
sumption by ODTC over the other two approaches. other two. These are evaluated using the expression as

The proposed technique requires less energy than gescribed by Eq. ([38), where e(t) is the error in the
CDTC and FDTC.

response.
Tab. 5: Energy consumption with standard drive cycle. The performance using these indicators is examined
for the drive cycle depicted in Fig. 4] and for the EUDC
CDTC | FDTC | ODTC .
EUDC 31832 | 62955 | 57507 and HWFET standard drive cycles. The performance
AWFET | 291458 | 17483 | 11853 indices of the suggested approach is superior to those

of the other two for all drive cycles.
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Fig. 18: Performance of the electric vehicle under HWFET drive cycle with |(a)| CDTC, FDTC, and ODTC.

Improvement (%)

EUDC

HWFET

Fig. 19: Improvements in energy consumption of ODTC with
standard drive cycle.

4.5. Comparison

Table [7] presents a comparison of the proposed method
with approaches published in recent literature. The
motor rating can vary depending on the size and weight
of the vehicle, and it also differs from the simulated
value to the actual motor size utilized for testing.
Table [7] presents the performance of motors employed

in several published works with varying operating con-
ditions. For the proposed work, a 37 kilowatt IM

(© 2022 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

traveling at 20 km-h~! with a load torque of 119 Nm
is considered, and an improvement of 59.32 % and
49.72 %, respectively, is discovered, which is relatively
more significant than the other strategies considered.

4.6. Experimental Validation Using

OPAL-RT

The suggested strategy is empirically validated in this
study by utilizing an OPAL-RT real-time simulator.
The OP4510 OPAL-RT is used in this experiment.
These devices mimic real-world operations and provide
control. Further, the platform for the real-time simu-
lation is equipped with a Xilinx Kintex-7.325T FPGA
board with an Intel Xeon CPU — 4 cores — 3.5 GHz
processor, which is controlled using a host PC. The
suggested approach (ODTC) is modeled and simulated
in Software-In-the-Loop (SIL) mode utilizing this real-
time digital simulator. The fixed time step used for
real-time simulation is 25 ps, which is the same as that
used in the case of simulation.
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Tab. 6: Performance indices.
Drive cycle | Index | Parameters CDTC FDTC oDTC Improvement (%) w.r.t
CDTC FDTC
Speed 147.62 126.5498 109.425 25.87 13.53
ISE Torque 4.92-108 4.48 - 108 2.01-108 59.06 55.1
Flux 2048.3447 | 1934.6351 | 1426.014 30.38 26.29
Drive cycle Speed 1.52-10° | 1.44-10° | 1.14-10° 24.84 20.83
as in Fig. ITAE Torque 5.61-10% | 5.51-10% | 3.14-108 44 42.92
Flux 1.31-106 1.23-106 1.02 - 108 22.59 17.14
Speed 3.81-103 3.67 - 103 2.96 - 103 22.4 19.42
ITSE Torque 1.46-1010 | 1.31-10% | 5.95.10° 59.22 54.48
Flux 591-10* | 5.71.-10% | 5.25-10% 11.25 8.08
Speed 2.27-102 212.4521 103.6128 54.44 51.23
ISE Torque 4.82-10° | 4.67-10° 1.53 - 107 68.18 67.15
Flux 2.85-10* | 2.58-10% | 2.35-10% 17.45 9.07
Speed 1.82 - 107 1.50 - 107 1.07 - 107 41.14 28.92
HWFET ITAE Torque 851-100 | 8.40-1010 | 4.88-100 | 42.68 41.03
Flux 2.58 - 108 2.10 - 108 1.87 - 108 27.81 11.05
Speed 8.01-10* | 7.86-10% | 4.08-10% 49.05 48.06
ITSE Torque 1.82-10'2 | 1.79-10% | 6.17-10'! 66.15 65.45
Flux 1.18 - 107 1.01 - 107 8.87 - 106 24.56 12.12
Speed 1.12- 102 110.0708 56.5844 49.55 48.59
ISE Torque 2.61-10° | 2.46-10° | 5.39-108 79.35 78.05
Flux 1.42-10% 1.34-10% 1.28 - 104 9.72 4.31
Speed 4.45-108 | 4.29.10° 2.99 - 106 32.86 30.36
EUDC ITAE Torque 251-100 | 2.34-1010 | 1.12-100 | 55.54 52.33
Flux 5.84 - 107 5.54 - 107 5.48 - 107 6.1 1.12
Speed 2.71-10* | 2.60-10% 1.33 - 104 51.08 49.02
ITSE Torque 5.31-10M | 4.93-10'" | 1.18- 10 77.76 76.03
Flux 2.82 106 2.63 - 106 2.58 - 106 8.29 1.63
Tab. 7: Comparison of IM drive for torque ripple control.
Torque ripple | Improvement . e
Reference Method Operating Condition
(Nm) (%)

5 SVM DTC 14.8 16,62 120 W induction motor
161 MBEC SVM DTC 7.9 ’ driven at the rated condition.
1 CDTC 6 4167 A 5.4 hp motor operated
1] CSVPWM 3.5 ’ with TL = 27 Nm.

o CDTC 25.75 42,91 A 30 kW motor operated
291 FDTC 14.7 ’ with TL = 200 Nm.

o HTFC 0.61 541 1 kW induction motor
|26] MST-HTFC 0.28 ) drive at the rated condition.
[27] ODDT’I?C 10 1.1 kW IM operated at rated load.
28] DTC 0.4 95

MTPA-DTC 0.3
Proposed CDTC 0.44 59.32 A 37 kW IM is driven at 20 km-h~—!
k FDTC 0.356 49.72 with a load torque of 119 Nm
wor ODTC 0.179 : 4 '

Figure shows the experimental setup. The per-
formance of the proposed control technique is vali-
dated experimentally with the inverter fed 3 hp induc-
tion motor, which is mechanically coupled with a DC
shunt generator connected with a variable resistive load
instead of the speed controller. The DC generator,
along with the load box, provides various load torque
to the induction motor. Thus, the DTC approach is
maximized by decreasing torque ripple while maintain-
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ing torque control capabilities across a wide range of
operating speeds. To record the experimental results,
a Digital Storage Oscilloscope (DSO) is attached to the
simulator’s output port and another across the motor.

Figure depicts the experimental observations at
a low speed of 20 km-h~™! for the proposed sys-
tem and the conventional DTC. The experimental re-
sults exhibit a strong correlation with the simulations
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Fig. 20: Experimental results at a 20 km-h~! for CDTC ODTC.

Fig. 21: Experimental setup for the proposed method.

(A)
Host PC, (B) 3-Phase VSI, (C) OpalRt-4510 con-
troller, (D) Induction Motor coupled with DC genera-
tor, (E) DSO.
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depicted in Fig.[9] The suggested method significantly
reduces flux, torque ripples, and harmonics, as demon-
strated by the experimental findings.The experimental
findings demonstrate a 44.74 % improvement in torque
ripple and a 25 % improvement in THD.

5. Conclusion

A TOA-based reference stator flux selection approach
was implemented for an IM drive for electric vehicle
applications. The primary purpose of this work was
to eliminate torque ripple and stator current harmon-
ics. This is accomplished by introducing the appro-
priate stator flux based on the instantaneous torque,
speed, and voltage. To validate this work, a compre-
hensive simulation analysis of the suggested algorithm
is provided, along with a comparison to CDTC and
FDTC, over a broad range of speed and driving sce-
narios. In comparison to the other two techniques,
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the suggested algorithm exhibits superior dynamic and
steady-state performance with lower torque ripple, sta-
tor current THD, flux ripple, and speed error. Addi-
tionally, it is estimated that the overall energy con-
sumed by the motor drive for this suggested algorithm
is the lowest of all since torque ripple and current THD
are reduced. The performance of all three methods was
compared with standard drive cycles, and the findings
support the efficacy of the proposed technique. The
proposed method was experimentally validated using
the real-time simulator OPAL-RT 4510 with software
in the loop mode.
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