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Abstract: The tailpipe emissions caused by vehicles using internal combustion engines are 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 development efforts are being made to improve
the performance of EV motors. With a nominal reference stator flux, the classical induction motor drive generates
significant flux, torque ripple, and current harmonics. 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 drive. The suggested algorithm’s responsiveness is investigated under various steady-state and dynamic operating
conditions. The proposed DTC-IM drive’s simulation results are compared to those of the classical and fuzzy DTC-IM
drives. The proposed system has been evaluated and found to reduce torque ripple, flux ripple, current harmonics, and
total energy consumption by the motor. Further, a comparative simulation study of the above methods at different
standard drive cycles is presented. Experimental verification of the proposed algorithm using OPAL-RT is presented.
The results represent the superiority of the proposed algorithm compared to the classical DTC and fuzzy DTC IM drives.
The torque ripple reduction approach described in this study can also be applied to all 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 fuel vehicles is a significant contributor to global
warming and climate change concerns [1]. According to a recent study, transportation 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 have garnered widespread interest
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. Permanent
magnet synchronous motors (PMSM) and induction motors (IMs) are the most widely accepted motors for

vehicle applications due to their high energy and torque densities, higher efficiency, and many other advantages,
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as presented in [4]. An induction motor is regarded as the best choice for electric vehicle application in the
metropolitan driving cycle due to its low cost, less maintenance, good efficiency, and reliability [5]. Induction
motor drive control techniques are well-documented in the literature. 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 transformation,
and is insensitive to motor parameters other than stator winding resistance. Despite its advantages, traditional
DTC has significant downsides, such as high switching loss and torque ripple because of hysteresis bands and

the availability of restricted voltage vectors [4].

Several approaches for reducing torque ripple have been documented in the literature [5]. The duty ratio
control technique [6] is one of them. The minimum torque-ripple condition determines the pulse duration of the
output voltage vector in duty ratio control. Though this substantially improves torque ripple, it enhances the
intricacy of the DTC algorithm, and the selection of duty ratio is also critical. The space vector modulation
(SVM) approach [7] is another way of reducing ripples. A preview approach is utilized at each cycle to acquire
the voltage space vector necessary to precisely adjust for the flux and torque errors. DTC-SVM eliminates the
need for hysteresis controllers and switching tables found in conventional DTC systems. However, it necessitates
the online computation of multiple complex equations and is dependent on other machine parameters. While
the DTC-SVM technique achieves superior performance with a simpler algorithm complexity, it comes at the

cost of increased computation time as compared to conventional DTC [8].

The authors in [9] employ fuzzy logic control (FLC) to enhance the performance of the DTC-IM drive. The
fundamental benefit of FLC is that it estimates stator resistance change and reduces the developed torque ripple,
resulting in accurate and faster operation, as well as dynamic and robust performance. Due to this superiority,
it is heavily emphasized in industrial applications [10]. A novel fuzzy adaptive speed regulator with a weighting
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 [11]. In [12], a modified brain emotional
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 performance. 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 components, the response
becomes fast.

The stator flux reference magnitude has a considerable effect on the torque ripples in DTC. The nominal
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 ripple [13]. In [14], 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. Adaptive neuro-fuzzy inference systems, artificial neural networks (ANN), and fuzzy
logic are used to optimize the reference flux via torque variations [15]. These soft computing approaches are not
widely used in electric vehicle applications due to the high computational costs and complexity of the system.

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 stator reference flux corresponding to the instantaneous
speed and torque magnitude. This technique aims to improve torque ripple under both steady-state and dynamic

operating conditions. The usefulness of the suggested method is demonstrated, and the motor’s speed response
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and torque ripple are studied for various vehicle operating modes using simulation and experimental data. The
dynamics of the proposed methodology are compared with classical DTC and fuzzy DTC 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

The authors in [16, 17] discuss the conventional DTC for IM. DTC has the objective of controlling the machine’s
electromagnetic torque and flux in a decoupled manner. The dynamic characteristics and control algorithm of

the induction motor are described here with the help of the following equations as described by [18].

T . o (1)

Es = szs + LMTT‘
{ LI, + L @)

The machine equations can be represented in the state variable form considering stator and rotor fluxes are

used as state variables as per Equation 3:

oo | I SE ¥, 1]
61T B - | Le T o)™ )

where R, and R, are the stator and rotor resistances. Ly, L, and L,, are self-inductance of the stator, rotor,

and mutual inductance between them. 15, and 1, are stator and rotor flux vectors, respectively. w is the
angular rotor speed measured in electrical radian.

The electromagnetic torque equations expressed as a function of state variables are given by [19]:

3pL *
Tem = ﬁﬁlm {ws-'(/)r } (4)
JE 4 fQ=T., T, .

Using Equation 3, the stator flux can be calculated as shown in Equations 5 and 6 [16] in the stationary reference

frame:

t
B0 = [ (Vo) =R 0) dt.. (5)
From Equation 3, the stator flux components along the d and q axis are given as

Vas (t) = f (Vas (t) — Rsias (t>) dt (6)
s () = [ (Vgs (t) — Ryigs (1)) dt .

Using Equation 6, the magnitude and phase angle of the stator flux in the stationary reference frame can then

s = 4/ V32, +¢2,  and 0y =tan! % . (7)

be estimated as
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In DTC from the measured voltages and currents in abc frame can be transferred to its corresponding values in

dq reference frame by using Clarke transformation using Equation 8.

Vgs 9 | cos 6 cos (6 —120) cos (6 + 120) Vgs
vis | =3 sinf sin (6 —120) sin (6 + 120) Ubs (8)
Vos 0.5 0.5 0.5 Ves

As per Equation 6, the stator resistance (Rs) must be known to estimate electromagnetic torque and stator

flux. However, for simplicity neglecting resistance, we can have [17]
A, =V AL . (9)

As per Equation 9 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 magnitude of the flux by selecting appropriate increments in
the voltage vector to keep the flux within the prescribed hysteresis band. A two-level hysteresis comparator is
used to regulate the stator flux, while a three-level hysteresis comparator is used to control the electromagnetic
torque [17]. The outputs are estimated by the electromagnetic torque and stator flux errors, which are called
0T, and AW, respectively, as indicated in Equations 10 and 11. The corresponding hysteresis bandwidths are
represented by HBT, and H By, respectively.

1 for AT, > HBT,
HT.,=< 0 for — HBT, < AT, < HBT, (10)
-1 for AT, < —HBT,

-1 forAys < —HBy

The stator flux reference, as expressed in Equation 12, may be computed using the motor’s specifications to

ensure that it is sufficient to provide the reference torque.

AI2L,

2.1. PI speed controller

This has been frequently utilised in conventional DTC due to its simplicity and ability to deliver adequate
performance across a broad range of speed operation [20]. It also reduces steady-state inaccuracy and enhances
the system’s dynamic performance. Therefore, the bulk of published speed control systems for induction motor
drives use a basic PI controller with a fixed gain to acquire the reference torque. On the basis of Equation
13, the reference speed is compared to the actual speed, and the error speed is input into the constant gain PI
speed controller to generate a reference torque command. The control signal of the PI controller in this study

is the torque reference signal, which can be obtained with the expression:

{ EQ, =QF —Q,

T = K,EQ, + K; [ EQ,dt . (13)
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3. Proposed torque ripple reduction algorithm in DTC

In conventional DTC, owing to the inclusion of hysteresis-band, the switching frequency is variable, which
generates current distortion and torque ripples. The purpose of the section is to develop the expression of

torque ripple and to evaluate the expression of optimum stator flux to reduce the torque ripple.

3.1. Expression of torque ripple

For a small span of time At, the stator and rotor fluxes at time may be computed using Equation 3 as follows:

I = At
Yoras =P 2 "
wr}(+1 = er + dtK At .

Substituting Equation 3 in 14, it can be rewritten as

At 7 RoLy, j)
“RyAL U, + B, 4V, ) AL

’ (15)
TK =+ OI-%LT{JE:ESK + (jw - %) @TK) At .

Equation 15 expresses the flux of the induction machine in discrete form, valid for a small finite interval At.
It is worth noting that in Equation 15, the change in stator flux is due to the applied stator voltage vector for
a specific operating state, even though the applied voltage vector is not explicitly mentioned. The stator flux
variation is used to illustrate the influence on the rotor flux.

From Equation 4, the developed motor torque in the (K + 1) instance can be written as

3pLy,

Tri1 = mlm {@sml-@mﬂ} : (16)

Substituting Equation 15 in 16 and excluding higher-order At terms for simplicity, the torque at (K + 1)

instance can be expressed as

R, R,\ At 3pLy, - —x ) .
Txi1 =Ty —T. —‘——7.&1{‘ - [ }} 1
K41 xk — Tk <Ls + L'r’) s 5oL.L, tIm Vs ¥y — JWk |V Vr e (17)
Equation 17 may be rewritten as
AT =Tk — Tk = ATk1 + ATko (18)

where AT = —Tk (f + IL?—:) %, and ATgs = QipLi’zT.At.Im {VSKE:K — jwi {@SKE:K]} .

The first component is caused by the machine parameters 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 instantaneous
torque magnitude. The second component denotes the influence of the applied voltage vector on the variation
of torque and is dependent on system parameters such as rotor speed and torque. Equation 18 can be further

expanded and simplified as

AT = ~K Ticht + 55 AT (Vo T, — ook [P T |} (19)
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where K = % (Ifi +%:) .

After further simplification, the torque ripple expression can be written as

AT = 2 A Im Vo by, — (K + joor) (B, ) | - (20)

Using Equations 1 and 2, under the steady-state condition, the relation between stator flux and rotor flux can
be expressed as

LsR.—j(L? —LsL,)(w—ws) .
Y = J( LR, ) - Yr= (a"']b)wr ) (21)
2 _ w—wsg
where a = LL:L,and b:% :

Using Equation 21 in 20 the torque ripple expression as a function of rotor flux, speed and stator voltage can
be formulated as
3pLy,

AT = ———
20L,L,

AtIm {Vah — (K + jw) (a+ jb) (bet])} - (22)
After further simplification and considering only the imaginary part, Equation 22 can be further expanded as

3pLy,

AT = ———
20L,L,

At. {(Vqswdr - Vdswqr) — (aw + bK) (¢3r + wgr)} . (23)

If the reference frame is aligned on the rotor flux axis, then the torque ripple in the motor can be calculated as

w K(L2 —LsL,)(w—ws)
AT = QipLLTE At {V:Is'(/}dr - (LLS + ( L,,LRT.) ) ¢3r} . (24)

3.2. TOA-based optimal stator flux selection

Population-based optimization algorithms are popular techniques for tackling optimization issues. In this article,
a new population-based stochastic algorithm known as the teamwork optimization algorithm has been considered
for selecting the optimal reference flux to reduce the torque ripples. The primary benefit of TOA is that it is a
nonparameterized online approach that tends toward optimum efficiency.

The most important thing to remember about any optimization process is that it is impossible to claim
that a single method is the best optimizer under all circumstances. All the optimization algorithms have their
own limitations. Hence, new optimization algorithms can be developed at any time to generate solutions that
are closer to the global optimal solution.

As described in [21], to study the effectiveness of the proposed optimal algorithm, it was compared with
eight commonly used optimization algorithms with the help of 23 standard objective functions. The proposed
algorithm is able to provide global optimal solutions for eight objective functions. On the other hand, the
proposed algorithm involves simple equations that are easy to use, no control parameters, the right amount of

exploitation and exploration, does not get stuck in local optimal solutions, and has a strong ability to converge.

3.2.1. Description of TOA

The algorithm’s primary objective is to imitate team members’ collaborative behaviours to accomplish a goal.
TOA is theoretically described to ensure that it can solve optimization issues as presented in [21]. The method

is a population-based optimization algorithm built on simulations of team members’ interactions and behaviours
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while completing their jobs and accomplishing the team’s intended objective. Thus, search agents are regarded

as team members in TOA, and links between team members serve as a mechanism for the transfer of information.
In TOA, every member of the population comes up with an idea for how to solve the optimization

problem. In reality, each person in the population gives a value for the variable that is being looked at. This

means that each person in the population can be shown mathematically as a vector with as many parts as

there are variables in the problem. The values for the objective function are derived by putting the proposed

values by the teammates into the objective function’s variables. Therefore, a value for the objective function is

determined for each member of the population. In each iteration of the algorithm, the team member with the

best performance is picked as the supervisor by comparing the objective function’s values. In teamwork, the

supervisor is responsible for leading the team and guiding the team members to reach the team’s objective.

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 25 is used to model this

update stage in TOA.

Xt ady=wia+r(sa—1Ixxia),

{0 (25)

X, else
I =round(l+r),

where F;*! is the value of the objective function, X;*! represents the updated weight of d problem variable
as recommended by an " team member following supervisor guidance, 7 is a random number between [0, 1],
and [ is the updation-index.

Stage 2: Information sharing

Here, each member of the team competes to enhance their performance by utilizing the information from other
teammates who have performed better than them. The team members of the proposed TOA are updated based
on Equations 26 and 27.

My . M, Z;V:ll x%

R (26)

X = 7XiSQ,FiSQ < Fz (27)
T X, else ,

M,i . ;
X5 at =g g4 z ZfIxxiﬁd) xszgn(FZ-fFM”),

where FM# and F;*? are the values of the objective functions, XM+ is the team’s average having higher than
that of the i*" team member, N; is the number of members who outperform compared to an i** teammate,
x?v’; is the value of the d'" variable recommended by the j¥* better team member for the i*" teammate, X;*2
is the second stage updated status of an i*" teammate.

Stage 3: Individual activity

Each member endeavours to enhance their performance based on the present position in this stage. Equation
28 represents the updation of teammates for this stage.

X2 a8 =44 (—0.01 +0.02r) ;. 4

X — { X583 FS3 < F, (28)

X, else ,
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where Fiss is the value of the objective function and Xf3 is the final status of an 7;, team member. The
population is updated in three stages for each iteration of the algorithm according to Equations 25-28. The
iterative process is repeated until the algorithm reaches the stop criteria. Finally, TOA provides the optimal

solution to the optimization problem.

3.2.2. 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 satis-
fying the system constraints. Figure 1 depicts the architecture of the DTC-based IM drive for EV with the

recommended loss minimization technique.

Battery

:IF > ay[ Inverter
* SN | L ¢
v, Ay | Switching | S._
Table 5, GJ
Teamwork > E
Optimisation
Algorithm
B
N s
T, Torque and Clark
PI Flux Estimator Transformation|
T, [ ——]
Controller

Figure 1. Block diagram of the proposed DTC for EVs.

1. Objective function
From an induction motor point of view, torque ripple reduction is the prime objective for selecting the
reference stator flux. The torque ripple of the induction motor can be expressed as formulated in Equation

28. Therefore, the objective function can now be formulated using Equation 28
f=min(Trippie) - (29)

2. Constraints
The objective function described in Equation 29 is optimized using TOA for the following pragmatic

constraints.

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

permissible rotor flux.

lbg?«m S wdr S 1/)$M ) (30)

where 1/12”" = 0.2Wb and ¢;** = 1.1Wb.

T T

3. 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
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the induction machine. The initial population of the TOA contains the uniformly distributed d-axis rotor

flux values as specified by Equation 31.
X; = 7 4 rand x (Y — f[;m) (31)
For example the first population may be calculated as X; = 0.2 + rand x (1.1 — 0.2) : X; = 0.3457 .

4. Detail steps of implementation
The following flow chart describes the detailed implementation steps of the proposed algorithm to minimize

the power loss of the induction machine is described in the flow chart as shown in Figure 2.

...............................................................

A
| Stage 3: Update X; based on Equations (26). |

--- [ N @

| Construct the first population as per Equation (29). | Yes

| Read the Speed and Torque developed by the motor |

| Configure the parameters of optimization algorithms. |

| Save best quasi-optimal solution.

| Compute the objective function as per Equation (22). |

| Update the supervisor | L _No @
> =

| Stage 1: Update X} based on Equations (23). | yes

* Compute the optimal stator flux from the optimal d-axis rotor
- . flux as compute by TOA using the objective function using
| Stage2: determine better members and its number | Equation (34).

| Stage2: Calculate X™i based on Equation (24) | Optimised reference
* flux

| Stage 2: Update X;based on Equations (25). |

Figure 2. Flowchart of the proposed TOA.

However, as stator flux control is required for a DTC-based IM drive, a simple conversion between stator and

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

2
e wes Ls |0 (200N (TCY
v = 2w+ (357) (5 ) 3

4. Results and discussion

To evaluate the effectiveness of the suggested TOA-based stator flux and the proposed optimized DTC, a
simulation-based comparison among conventional DTC [17], and Fuzzy DTC [9], and proposed DTC is presented
here. Table 1 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 (sampling time) of 25us.
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Simulation studies are conducted for all three methodologies under consideration. A speed profile with
starting, constant speed, acceleration, and breaking, a profile comparable to that used in electric vehicle

applications, is applied, as shown in Figure 3.

Table 1. IM parameter.

Power: | 50HP(37TkW) | Ly =L,: 0.724e-3H
Voltage: | 400V Lo 27.11e-3H
R;: 82.33¢ — 302 Frequency (f): | 50Hz

R,: 50.3e — 3Q Pole Pair (p): | 2

CDTC Method

FDTC Method

ODTC Method (Proposed Scheme)

100 100
= 80 =80 = 80f
E 60 E‘ 60 £ 60
< < S . ’
3 40 * Speed Ripple < 40 * Speed Ripple = 40t Speed Ripple
3 g L
& 20 & 20 & 20t
—Reference Speed — Actual Speed —Reference Speed — Actual Speed + —Reference Speed — Actual Speed
0 0 10 20 Ti 3?5 ) 50 60 0 0 10 20 Ti 3?5 ) 50 60 c0 10 Timg?Sec) 50 60
ime(Sec, ime(Sec;
400 400 400
E_ T E_r £
Z 200f Z Z 200
E 0 E ; E 0
5- * i 5-2001 S-
% 200 Torque Ripple g 200 * Torque Ripple ] 200 * Torque Ripple
= 400 — Reference Torque — Motor Torque = 400l — Reference Torque — Motor Torque =3 400L_— Reference Torque — Motor Torque i
0 10 20 - 3 40 50 60 0 10 20 3 50 60 0 10 20 .3 50 60
11 Time(Sec) 11 Time(Sec) 11 Time(Sec)
=09 =09 * =
H 0.232* 0.230* H 0247 0246
50.7 %’0.7
Los5 L o5 . .
Py . = * Flux Ripple
2 * Flux Ripple 1 2 * Flux Ripple
£0.3 E g03 £03 PP
&N ] n 2]
0. 0. 0.1
1 2 4 1 2 4 10 20 . 3 40 50 60
10 0 0 Timg?Sec) 0 50 60 10 0 0 Timg?Sec) 0 50 60 Tlme?Sec)
400 400
<

* Current THD

* Current THD * Current THD

Stator Current

10 20 40 50 60 10 20 40 50 60 10 20 50 60

3 3 3 40
Time?Sec) Time?Sec) Time?Sec)

Figure 3. Performance of the electric vehicle with (a) conventional DTC, (b) fuzzy DTC, and (c) optimized DTC
methods.

Along with the speed response, Figure 3 depicts the IM’s torque, stator flux, and stator current response.
The battery current profile and d-axis g-axis stator flux profiles 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 optimized DTC has the lowest torque ripple of all. There is a reduction of 38.89% torque ripple in optimized
DTC compared to conventional DTC, whereas this is 34.48% with fuzzy DTC. Similarly, the reduction in stator
current THD is 17.39% and 10.58% when compared with conventional DTC and fuzzy DTC, respectively. This
reduction in torque ripple and THD is due to the optimal selection of stator flux, which can be observed in
Figure 3. For conventional DTC and fuzzy DTC, the reference flux is constant as decided from Equation 12;
however, the reference flux in optimized DTC is a variable one with speed and load as per Equation 32. Figure
3 also represents the battery current profile, which shows a rise in current drawn with load and charging of the

battery during braking due to regenerative power.
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To further demonstrate the substantial reduction in the flux, Figure 4 shows the d-q trajectory obtained
in the stationary reference frame using the three DTC approaches for the driving cycle as shown in Figure
3. As presented in Figures 4a and 4b, the circular trajectory of the stator flux in a DTC drive. Both the
figures indicate a fixed flux magnitude irrespective of the driving scenario and reduced flux ripples in fuzzy
based DTC. However, Figure 4c demonstrates a dynamic flux magnitude that corresponds to the operating
condition, validating the suggested technique. As proposed in Section 3, it can be observed that the reference
flux magnitude varies according to the load profile and at the same time maintains a circular trajectory.

Figure 5 compares the speed error and battery energy for the three controllers. It can be observed that
the speed error is the lowest among all DTCs. Table 2 represents the mean square error (MSE) of the speed for
the drive cycle as presented in Figure 3. The results indicate the proposed method has the least MSE among
all, which indicates a better speed response by the proposed method.

lpds l:l’ds
(b) ©

Figure 4. Flux trajectory for (a) conventional DTC, (b) fuzzy DTC, and (c) optimized DTC methods.

Z160-

2% - S
cE | 7 Q120+
Xoif ‘ 1 §
— | i @ 80F
o o
s Tl T ol S
% 0_""‘ B P i 1 - % 40F
S01 ' [ s |
»01r . cpre — FDTC TOA _DTC | g o CDTC —FDTC  —TOADTC ]

0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (Sec) Time (Sec)
@ (b)

Figure 5. Comparison of (a) speed error and (b) battery energy.

Table 2. MSE of speed error for the drive cycle in Figure 3.

DTC Fuzzy DTC | Proposed Method
MSE | 9.16e-05 | 8.2427e-05 | 6.4595e-05

One of the objectives of this work is to reduce the battery energy consumption by the motor to enhance
the driving range in a single charge. To study the energy consumption by different methods, the battery energy
consumed during the drive cycle by each method is shown in Figure 5b. Due to the reduction in torque ripple

and current THD, the battery energy required to drive the vehicle over the entire cycle is also minimal. It is
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found that there is a reduction of 36.2% and 11.8% of total battery energy in optimized DTC compared to
conventional DTC and fuzzy DTC, respectively.

4.1. Steady-state performance

To demonstrate the proposed optimized DTC’s improved steady-state performance, a complete comparison of
conventional DTC, fuzzy DTC, and optimized DTC is undertaken under various operating situations, evaluating
flux ripple, torque ripple, and current THD.

Figure 6 plots the low-speed operation results of conventional DTC, fuzzy DTC, and optimized DTC at
20 kmph. To provide a clear picture of the performance of the three approaches, the current harmonic spectra
are provided together with the torque, flux, and stator current associated with this speed, from which the
current THDs of conventional DTC, fuzzy DTC, and optimized DTC are found to be 9.3%, 7.9%, and 7.3%,
respectively. As a result, we can infer that optimized DTC 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 minimum

among all for optimized DTC, which is 59.31% and 49.72% less compared to conventional DTC and fuzzy DTC,
respectively.

60 Classical DTC 60 Fuzzy DTC ‘ TOA based DTC (Proposed Scheme)
g g g
E a0t g 40 E40
] H g
220 220 & 20
%) @ %)
o ) ) ) 0 L L L . . . . 0 ) )
12 13 14 15 16 12 .14 15 16 12 . 14 15 16
Time(Sec) Time(Sec) Time(Sec)
=160
Torque Ripple: 0.44 Nm Torque Ripple: 0.356 Nm ;
;;140 Torque Ripple: 0.179 Nm
3120
100
S 80
o
n n n n n n n 2 60 n n n n
12 13 .14 15 16 12 13 14 15 16 12 13 14 15 16
Time(Sec) Time(Sec) Time(Sec)
12 _ L _12
g - = Flux Ripple: 0.248 Wh 2
2 Flux Ripple: 0.2538 Wh = =
S 1 s 1
3 = E]
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Figure 6. Steady-state performance at low speed for (a) conventional DTC, (b) fuzzy DTC, and (c) optimized DTC
methods.
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Figure 7 provides the results of conventional DTC, fuzzy DTC, and optimized DTC at a high speed of
80 kmph. The current harmonic 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 optimized DTC has the lowest
current THD at high speed as well. Similarly, the torque ripple for the optimized DTC method is minimum for
high speed also, which is 28.42% and 20.37% lesser than conventional DTC and fuzzy DTC, respectively. As
stated above, the quality of flux and torque control has a direct effect on the current THD of the motor drive.
To demonstrate the performance at different operating 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 compared

in Figure 8.
Classical DTC Fuzzy DTC TOA based DTC (Proposed Scheme)
100 100 100
S80 S8 < 80
£ E £
< 60 <60 < 60
2 g g
3 3
240 S 40 2 40
2071 7 I 23 24 2051 7R 23 24 2057 2 23 24
Time(Sec) Time(Sec) Time(Sec)
725‘200 ’Zézoo ’5‘200
T150 Torque Ripple: 1.48 Nm T150 Torque Ripple: 0.458 Nm T150 Torque Ripple: 0.3506 Nm
g g N e e e
S100 S100 £100
£ 50 £ 50 £ 50
s > s
21 2 _ 23 24 1 2 _ 23 24 T 22 _ 23 24
Time(Sec) Time(Sec) Time(Sec)
12 12 12
S 1 _ s 1~ B
? \g i 3 g Flux Ripple: 0.194 Wh
Tos8 Flux Ripple: 0.2403 Wb z08 Flux Ripple: 0.216 Wb Z08 ux Ripple: 0.
£06 206 206
w w w
0421 2 _ 23 24 0451 2 _ 23 24 0451 22 _ 24
Time(Sec) Time(Sec) Time(Sec)

150 THD: 7.5% 150

THD: 9.1% < THD: 6.9%

@ o
S o o

, Stator Current(,

, Stlator Curren

o
o o
l=R=]
N

] 23 2 23 24 21 2 23 24
Time(Sec) Time(Sec) Time(Sec)

=

THD=6.9%

o
=]

THD= 7.5%

IS

THD=9.1% |

W S
3
N w

N

[N
N

Mag (% of Fundamental)

Mag (% of Fundamental)
Mag (% of Fundamental)
w

II.III-I-- P
0 5 10

15
Harmonic order
(©)

o

o

‘IIIIIII.IIIII-III-I--- ‘Il-lll alalgee ma
0 5 10 15 20 25 0 5 10 1 20

5
Harmonic order Harmonic order
@ (b)

o

25 20 25

Figure 7. Steady-state performance at high speed for (a) conventional DTC, (b) fuzzy DTC, and (c) optimized DTC
methods.

As shown in Figure 8, at 40 kmph, optimized DTC has a lower flux ripple (0.178 Wb) than conventional
DTC (0.25 Wb) and fuzzy DTC (0.241 Wb) at all load conditions. Additionally, optimized DTC has the
lowest torque ripple of 2.7 Nm, 17.14% less than conventional DTC, and 7% less than fuzzy DTC. Also, the
corresponding value of torque ripple in optimized DTC has the minimum value among all methods. With
optimized DTC, the stator current THD is significantly reduced compared to the other two for the entire range
of load as shown in Figure 8. Analysis at high speed, i.e. at 80 and 100 kmph, demonstrates that the suggested

technique outperforms all other methods in terms of torque ripple across all load ranges, though the flux ripples
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Figure 8. Simulation study: induction motor drive characteristics (electromagnetic torque, speed, stator flux, and
stator current THD) under the steady-state condition with (a) conventional DTC, (b) fuzzy DTC, and (c) optimized
DTC methods.

of all three approaches are close to each other, with optimized DTC having the minimum value. As a result,
it can be concluded that the proposed optimized DTC has superior steady-state performance over conventional
DTC and fuzzy DTC 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 is still 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 performance, the results of a simulation study comparing
conventional DTC, fuzzy DTC, and optimized DTC with acceleration and braking are depicted in Figures
9 and 10.

The vehicle’s starting process may be separated into two stages, preexcitation and acceleration, as seen
in Figure 9. The speed reference is 0 kmph during preexcitation, but the flux reference is its nominal value
(1 Wb for conventional DTC and fuzzy DTC, whereas only 0.6 Wb for optimized DTC). After the switching
transient dies out and the stator flux amplitude arrives at its reference value, the reference speed steadily rises
to 60 kmph, indicating that the operation has entered the acceleration phase. Additionally, as seen in Figure 9,
the flux magnitude 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 conventional DTC, fuzzy DTC, and optimized
DTC 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 conventional DTC, fuzzy DTC, and optimized

DTC all exhibit a comparable dynamic reaction during the acceleration process.
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Figure 9. Starting response from zero speed to high speed for (a) conventional DTC, (b) fuzzy DTC, and (c) optimized
DTC methods.
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Figure 10. Response during braking for (a) conventional DTC, (b) fuzzy DTC, and (c) optimized DTC methods.

Figure 10 describes the braking of the vehicle with conventional DTC, fuzzy DTC, and optimized DTC.
Initially, the speed of the vehicle was 60 kmph; with the application of the brake, it reduced to 20 kmph. All

three approaches exhibit a similar speed response, whereas they have different flux and torque responses. For
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DTC and fuzzy-based DTC throughout the operation, the reference flux is maintained at a constant magnitude
of 1 Wb. However, for the proposed approach, both before and after braking, the reference flux was around
0.75 Wb due to load torque demand and during the transient, the flux level rose to around 0.95 Wb to fulfil the
high torque demand. The torque developed by the motor at both steady-state speeds is low, whereas during
braking, the motor develops a large negative torque, i.e. around —150 Nm in this case, to bring the speed down

more quickly.

4.3. Performance with standard drive cycle

In addition to the above performance, the conventional DTC, fuzzy DTC, and optimized DTC are also tested
considering HWFET drive cycles. The simulated results obtained are shown in Figure 11. From the figure, it
is clear that the vehicle speed tracks the reference speed, the speed response is similar for all three methods.
Similarly, a comparison of response using the ECE R15 drive cycle with DTC and the proposed DTC is presented
in Figure 12. In the conventional DTC for both the drive cycles, a significantly large torque ripple is observed;
however, this is reduced with fuzzy-based DTC, and with the proposed method, the torque ripple performance
is far superior. Similar observations are seen for the flux ripples as well. As the torque and flux ripple of the
proposed DTC are less so, the current magnitude is comparatively small compared to the other two. Most
importantly, the battery energy consumed by the vehicle in both the drive cycles with optimized DTC is lower

as compared to the other two.
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Figure 11. Performance of the electric vehicle under HWFET drive cycle with (a) conventional DTC, (b) fuzzy DTC,
and (c) optimized DTC.
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Figure 12. Performance of the electric vehicle under ECE R15 drive cycle.

Table 3. MSE for standard drive cycle.

Speed Torque

DTC Proposed DTC | DTC Proposed DTC
HWFET | 2.1604e-5 | 1.8543e-5 230.701 | 207.358
ECE R15 | 1.7534e-5 | 1.0318e-5 24.5761 | 20.7758

To analyze the performance of the proposed technique for the standard drive cycle, the mean square error
(MSE) of the speed and torque response is calculated and tabulated in Table 3. With the use of optimal flux,
the torque ripple reduces, which results in reduced torque error for both drive cycles. A reduction in torque
MSE of 10% and 15.46% is observed for the HWFET and ECE R15 drive cycles, respectively.

4.4. Comparison

Table 4 presents a comparison of the proposed method with approaches published in the recent literature. The
motor rating can vary depending on the size and weight of the vehicle, and it also differs from the simulated
value depending on the actual motor size utilized for testing. For the proposed work, a 37-kW IM traveling at
20 kmph with a load torque of 119 N.m is considered, and an improvement of 59.32% and 49.72%, respectively,

is discovered, which is relatively more significant than the other strategies considered.

4.5. 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. The suggested approach is modeled and simulated in software-
in-the-loop (SIL) mode utilizing this real-time digital simulator. The fixed time step (sampling time) used in
real-time simulation is 25 ps, which is the same as that in simulation.

Figure 13 shows the experimental setup. The performance of the proposed control technique is validated
experimentally with the inverter fed 3 HP induction motor, which is mechanically coupled with a DC shunt
generator connected to a variable resistive load instead of the speed controller. The dc generator, along with the
load box, provides the various load torque to the induction motor. Thus, the DTC approach is maximized by

decreasing torque ripple while maintaining torque control capabilities across a wide range of operating speeds.
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Table 4. Comparison of IM drive for torque ripple control.

T
Reference | Methods .orque Improvement | Operating condition
ripple (N.m) (%)
M DT 14.
[12] SV ¢ 8 46.62 120 W induction motor driven
MBEC SVM DTC | 7.9 at the rated condition
CDTC 6
[22] 41.67 A 5.4 HP motor operated with
CSVPWM 3.5 T, = 27 Nm.
CDTC 25.75
[23] 42.91 A 30 kW motor operated with
FDTC 14.7 T, = 200 Nm.
HTFC 0.61
[24] 54.1 1 kW induction motor drive at
MST-HTFC 0.28 the rated condition
CDTC 0.44 5932
Proposed | FDTC 0.356 ' A 37 kW IM driven at 20
work ODTC 0.179 49.72 kmph with a load torque of
119 N.m

Figure 13. Experimental setup for the proposed method (A) Host PC, (B) 3-Phase VSI, (C) OpalRt-4510 controller,
(D) Induction Motor coupled with DC generator, (E) DSO.

To record the experimental results, a digital storage oscilloscope (DSO) is attached to the simulator’s output
port and another across the motor.

Figure 14 illustrates the experimental observations and comparison of DTC and the proposed DTC. Both
approaches are examined at a speed of 20 kmph and the speed, flux, and responses are compared. The results

obtained indicate an improved response and ripple effects with the proposed approach. Figure 14b indicates a
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Figure 14. Experimental results at 20 kmph for DTC and the proposed method (a) speed, (b) stator flux, (¢) motor

torque, (d) stator current.

reduction in flux magnitude and ripples for the same load torque. Fifty percent reduction in flux ripple and
44.7% reduction in torque ripple are estimated with the proposed approach compared to conventional DTC.

The response at 20 kmph in the simulation process indicates a reduction of 27% in flux and 59.31% in torque
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ripples, so the experimental results exhibit a strong correlation with the simulation results. The observed stator

current also show a reduction of 25% 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 harmonics.
This is accomplished by introducing the appropriate stator flux based on the instantaneous torque, speed, and
voltage. To validate this work, a comprehensive simulation analysis of the suggested algorithm is provided, along
with a comparison to conventional DTC and fuzzy DTC over a broad range of speeds and driving scenarios. In
the literature, it is found that DTC is mostly used for EV applications, but torque and flux ripples are the major
issues with it. Most of the literature used Al-based techniques to reduce ripples, which are highly complex in
nature. Hence in this work, keeping the structure of the DTC the same, TOA is used to select the reference
flux dynamically to reduce the ripples.

With the proposed approach 59.31% reduction in torque ripple is observed which results in reduction
of 36.2% battery energy consumption. In comparison to the other two techniques, the suggested algorithm
exhibits superior dynamic and steady-state performance with lower torque ripple, stator current THD, flux
ripple, and speed error. Additionally, it is estimated that the overall energy consumed 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 loop mode.
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