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1. Infroduction

Now-a-days EV is used as an alternate to the traditional good dynamic performance.

ABSTRACT: A search control based energy loss minimization technique is proposed for Direct
Torque Control (DTC) of three phase Induction Motor (IM) with Fuzzy Logic Controller (FLC)
used in Electric Vehicles (EV). The performance parameters of the EV considered for analysis
are Dynamic performance and Efficiency. DTC is used to achieve the excellent dynamic
performance of the IM drive. FLC is employed to achieve accurate speed tracking and
enhance the ruggedness against disturbance and uncertainties. Loss minimization using
Golden section method is proposed to search optimum level of flux value for DTC of induction
motor drive. This will lead to minimum core loss and enhanced efficiency of the system. The
proposed work is simulated in MATLAB/SIMULINK. The simulation and experimental results
are presented to validate the performance of the proposed loss minimization algorithm.

RESUMEN: Se propone una técnica de minimizacion de pérdida de energia basada en el control
de blisqueda para el Control de par directo (DTC) del Motor de induccién trifasico (IM)
utilizado en vehiculos eléctricos. Los parametros de rendimiento del vehiculo eléctrico (EV)
considerados para el anélisis son el rendimiento dindmicoy la eficiencia. DTC se utiliza para
lograr un excelente rendimiento dindmico de la unidad de IM. Se propone la minimizacion de
la pérdida utilizando el método de las secciones doradas para buscar el nivel dptimo de valor
de flujo para el DTC del motor de induccidn. Esto conducira a una pérdida de ndcleo minima
y una mayor eficiencia del sistema. El controlador de velocidad ldgica difusa se emplea para
lograr un seguimiento preciso de la velocidad y mejorar la robustez contra perturbaciones
e incertidumbres. El trabajo propuesto se simula en MATLAB / SIMULINK. La simulacién
y los resultados experimentales se presentan para validar el rendimiento del algoritmo de
minimizacion de pérdida propuesto.

Many of the control techniques are available for
Induction Motor drive.  Direct torque control offers
Compared to FOC, DTC

transportation system due to the development of offers less dependency to machine parameter variation,

renewable energy technology and demand in fuel.
There are some constraints associated with EV. They are
longer charging time, lower energy density, heavy weight
and lower life time of batteries. DC motors were used for
EV because of its decoupling effect. But DC motors need
frequent maintenance and short life time. To overcome
these problems, an induction motor has been used in EV
application [1].
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easy implementation, good transient response, and
ruggedness. DTC does not involve current regulation and
coordinate transformation. DTC is simple and easy to
implement. The motor torque and flux linkage have been
controlled independently and directly by proper selection
of switching voltage vectors [2].

The Shortcomings of DTC are torque ripple, current
ripple and variable switching frequency due to hysteresis
band in speed and flux controller. This will lead to noise
and poor performance at low-speed operation. Selection
of the lookup table for the voltage vector produces variable
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switching frequency. Space Vector Pulse Width Modulation
(SVPWM)] has been proposed [3] to reduce flux and torque
ripples and provide constant switching frequency thereby
improves the performance of the Voltage Source Inverter
(VSI) fed IM drive.

In Variable frequency drive (VFDJ, IM operates at constant
flux to acquire the paramount transient response. The
supply of the Induction Motor through VS| induces current
harmonics at low speed that will make additional losses.
Losses have been reduced by optimal direct torque control
(ODTC) [4]. The flux varies with the load and the current
used by the machine has been reduced during acceleration
and deceleration operation. It would increase the battery
life and prevent its discharge which is suitable for EV.

DTC of the IM drive approach has been presented for
the fast-tracking ability of rotor flux and torque. Rotor
speed, Rotor-flux space vector and rotor time constant
has been simultaneously determined by a sliding-mode
rotor-flux observer. To eliminate load disturbances effects
on the IM operation under sliding, a Sliding Mode DTC-SVM
based adaptive load torque control has been proposed [5]
for the three types of load like constant load torque, linear
load torque, and quadratic load torque. This approach
extends best performances with no load disturbances
effects.

DTC and Finite Control State Predictive Torque Control
(PTC) for induction motor drive have been evaluated in
[6]. Both control strategies provide good performance in
steady and transient states and do not require modulator.
But compared to PTC, DTC method has lower computation
time. [6]

Approximate stator flux control (ASFC] approach has
been proposed [7] to control the magnitude and speed of
approximate stator flux. This method does not involve the
mechanical sensors and current transducers.

The loss manipulation capabilities for deadbeat-direct
torque and flux control (DB-DTFC) of IM drive system have
been proposed [8]. The expected torque has been obtained
at the end of each switching interval by Volt.-sec.-based
inverse model. Machine losses were controlled by stator
flux magnitude.

To produce maximum efficiency optimization techniques
(either minimization or maximization) have been proposed
[9, 10]. These methods are feed-forward approach called
as "Loss Model Controller” (LMC) that takes up the
situation logically by appropriately modeling the losses.
Another technique called "Search Controller” (SC) adopts
a search technique which is a feedback approach that
discovers the maximum efficiency.

Several loss minimization approaches have been broadly
inspected for IM drives [11]. All these methods to a large
extent optimize Induction Motor flux to minimize the
loss of overall drive system and are attained either by
controlling Motor torque or Motor loss model controller or
search controller [12].

At each operating step, the LMCs provide the optimum
flux at much quicker convergence rates, but they need
the accurate information of machine parameters. Drive’s
efficiency is enriched by 7 %; however, the overall
complexity of the system raises harshly due to system
parameter estimation. SCs decrease the machine loss and
the input power at a particular load demand by regulating
the flux level by physics or numerical approaches.

The search control based approaches are mostly preferred
because they do not affect by the machine parameter
changes. SC method has been proposed for minimization
of loss in the conventional direct torque controlled IM drive.
Optimization has been achieved by selecting minimum
stator current at certain load torque and speed. Anyhow,
this approach increases the ripple content of torque and
flux. Also, loss minimization by search control based on
adaptive gradient descent has been proposed to optimize
the stator flux, and efficiency of 51.3% has been achieved
[13]. But this approach acquires large convergence time
which is not appropriate for the electric vehicles needing
a fast dynamic response.

Loss minimization using both the LMC and SC techniques
produces 43.58% of efficiency for 2.5 kW IM drives during
fair load operation [14]. But the hybrid loss minimization
techniques develop the computational difficulty. Adaptive
gradient descent method needs an initial interval of
uncertainty. Adaptive Quadrature Interpolation (AQl) based
loss minimization approach involves large computational
equations and needs an initial value of controlling quantity
[15].

To overcome these problems, a new SC based on Golden
Section (GS) method is proposed to search optimum flux
level for loss reduction of direct torque controlled IM
drive. In this present system, fuzzy logic is employed for
speed control loop to improve its performance. FLC can
be implemented without the need of a system model.
The main requirements like fast dynamic performance
and exact speed tracking of EV can be obtained by the
use of FLC in an external speed control loop to generate
reference torque. FLC is one of the easiest non-linear
control techniques.

The proposed search control is explained in section 3.
The fuzzy logic controller has also proposed in section
4 instead of a Pl controller in the outer loop for best
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speed regulation and accurate torque reference creation.
SVPWM technique is used to reduce the torque and flux
ripples by preserving constant switching frequency. The
proposed methodology shows the excellent performance
of the DTC IM drive with reduced energy loss and improved
overall drive efficiency. The proposed methodology is
simulated in MATLAB/Simulink and investigated with
experimental results to verify the performance and the
results are discussed in section 5.

2. Induction motor drive

The Fuzzy Logic based Direct Torque Controlled Induction
motor drive with proposed loss minimization approach is
presented in Figure 1. The stator phase voltage and phase
current of an induction motor are measured and using
these values electromagnetic torque and flux values are
estimated for the present operating condition. The overall
power losses are calculated from the input and output
power of three phase induction motor. Using this power
loss golden section loss minimization block optimizes
the rotor flux. The fuzzy logic controller predicts the
reference torque value from the speed error. The actual
and reference values of torque and flux are given to the
Pl controller which in turn produces the reference voltage
for the SVPWM block. According to this reference voltage
and rotor angle, SVPWM block generates switching pulses
for the three-phase voltage source inverter. VSI controls
the stator voltage and frequency to obtain the desired
torque and speed. Due to the application of FLC, good
speed tracking can be achieved. The proposed approach
minimizes machine loss by selecting the optimal value of
rotor flux.

The stator voltage and flux in stator reference frame
are given as equations (1) - (3).

dAs
Vs = Rgis + o (1)
Ads = /(Vds - Rsids) dt (2)
>‘QS = /(‘/qe - Rsiqs) dt [3]

The stator voltage and flux in rotor reference frame are
given as equations (4) - (6).

dX,
=R — 4
V, = Ryi, + o (4)
Adr = / (Vdr - Rridr) dt (5)

Agr = / (Vi — Ryigy) dt (6)

In this present work, the induction motor drive is modelled
in stator reference frame. The rotor flux linkage,
electromagnetic torque and rotor angle are estimated
using equations (7) - (9). Rotor flux can be obtained from
the rotor flux linkage.

As = ()\38 + )\gs) (7)
6. = tan~! <)\93> (8)
)\ds
Te = gg (Adsiqs - )\qsids) [9]
Where,
P Number of stator poles
Rs Stator Resistance
R, Rotor Resistance
is Stator current
ir Rotor current
As Stator flux linkage
Ar Rotor flux linkage
Ads and Ags  Stator flux linkage in d-q reference frame
Adgrand Aqr  Rotor flux linkage in d-q reference frame
Ve Stator voltage
Ve Rotor voltage
Vgs and Vgs  Stator voltage in d-q reference frame
Vg-and Vg Rotor voltage in d-q reference frame
0 Rotor angle
Te Electromagnetic torque

3. Golden section based search
control method of loss
minimization

For unconstrained minimization, Golden Section approach
can be employed as the Line search decent method. In
this golden section algorithm, the initial optimum value

x? can be estimated by direct search algorithms. Using

X® as the starting point, the sequence of estimates x°, x’,

x? ... are derived to define the next point by sequentially
seeking from each point in a direction of descent. The
procedure is stopped if either no further progress, or if
a point X* is reached (for smooth functions) at which the
first necessary condition V{(x) = 0 is precisely satisfied.

At this point x* = x¥ and x'T! < x*is not required. [16, 17]

Line search method is suitable for smooth functions. The
Fibonacci search method of Kiefer and the golden section
method of Walsh are favoured for poorly conditioned
functions. The former method is optimal with respect to
the number of function valuations needed for a suggested
accuracy. Later is near optimal but considerably simple
and implementation is easy.
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The function which has only one maximum or minimum
value is called the unimodel function. [16, 17]. In the
Golden Section method, flux is selected as a unimodel
over the interval [a, b] and has a minimum value ¢* within
the interval [a, b]l. The terms ‘a’ and ‘b’ are the lower &
upper value of flux respectively.

The proposed golden section algorithm is presented
as a flowchart in Figure 2. The procedure involved in the
GS algorithm is given below.

Golden ratio, r = 0.618034

1 — Number of iteration

Initially set7 =0
Length of flux unimodel, Ly = b —a

Assume minimum flux value ‘a’” is taken as 0.3Wb. The
maximum flux value ‘b’ is 1.0Wb. The error tolerance of
flux interval is taken as 0.05.

Interior point Flux1 and Flux2 for the golden section
has been estimated as follows,

Fluzl = a+r? * Ly
Fluz2 =a+r=* Ly

The power loss corresponds to Flux1 and Flux2 are
measured and they are Ploss1 and Ploss2 respectively.

Increase the iteration number by one.
If Plossl > Ploss2
Then new unimodelinterval = [a, Flux2)]

The Flux1 value is set to "a” and Flux2 value is assigned to
Flux1. The new value of Flux2 is calculated as follows,

New interval length, L, = b —a

The new value of Fluaz2 = a + 12 x L;
IfPloss2 > Plossl

Then new unimodel interval = [Flux1, b]

The Flux2 value is set to 'b” and Flux1 value is assigned to
Flux2. The new value of Flux1 is calculated as follows,

New interval length, L, = b —a
The new value of Flurl = a+r? % L;

The above procedure is repeated until the length of flux
unimodel is less than the error tolerance value. Once

this condition is satisfied, the optimum value of flux is
estimated as, optflur = (b + a)/2. The golden
section method is near optimum and most straight forward
method. During transient operation, the golden section
method is initiated and generates optimum flux without
affecting the output power. So that losses can be reduced
with improved efficiency.

4. Implementation of fuzzy
controller

logic

In this proposed system, Mamdani type Fuzzy Logic
Controller is applied in the outer speed control loop and
it produces the torque reference. During disturbance
conditions, Conventional Pl controller exhibits poor
performance at some specific speed. As compared to a
conventional controller, FLC does not need an accurate
mathematical model of the system and it will adjust
itself corresponding to the situation. FLC has human-like
thinking to produce output from the known values of
input and it eliminates control issues of a conventional
controller for IM. FLC is unique control techniques for
uncertain and inaccurate nonlinear systems.

FLC consists of Fuzzification of input variables, Fuzzy
inference system for the mapping of input and output
variables and De- Fuzzification of output variables. Fuzzy
logic membership functions are designed to enfold the
whole universe of discourse. Triangular membership
function involves less computation, simple and easy
to implement. Therefore, the triangular membership
function has been used for input/output variables. The
membership functions are overlapped to get out of
discontinuity with respect to the minor changes in the
input/output functions. The number of linguistic variables
for input and output parameters is selected from the
knowledge of the induction motor drive system.

To obtain accurate control narrow region is created
around the zero membership value. Wider membership
functions are made away from zero regions to get a faster
response of the system. Seven linguistic variables, NB
(Negative Big), NM (Negative Medium), NS (Negative
Small), ZE (Zero), PS (Positive Small], PM (Positive
Medium) and PB (Positive Big) are selected for each input
fuzzy set as given in Figure 3. To increase the resolution
and accuracy eleven variables are introduced in the output
fuzzy set as given in Figure 3. These are NB (Negative
Big), NMB (Negative Medium Big), NM (Negative Medium),
NMS (Negative Medium Small), NS (Negative Smalll, ZE
(Zero), PS (Positive Small), PMS (Positive Medium Small),
PM (Positive Medium) PMB (Positive Medium Big) and PB
(Positive Big). This will enhance the dynamic behavior of
the drive and produce more mature output.
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After fuzzification of input/outputs variables, the fuzzy
rule base is formed as given in Table 1. The Mamdani
type fuzzy inference system has been used because of
its intuitive property. Totally, 49 rule bases (727 = 49)
are generated with fuzzy If-Then rules. Based on the rule
base output variables are selected for defuzzification.
The centroid type defuzzification method is used in this
proposed approach.

Motor speed error e;(k) = w} — w, and change in
speed error ea(k) = ej(k)ei(k — 1) are the two input
variables used in the proposed FLC. The reference torque
is chosen as the output variable.

5. Analysis of the controllability of
the system

The simulation and experimental results are compared and
analyzed in this section for validating the performance of
the proposed algorithm.

5.1 Simulation results

The proposed Golden Section loss minimization algorithm
for Fuzzy logic based DTC of Induction Motor drive is
established in MATLAB/Simulink. Figure 4 demonstrates
the Simulink model of the complete drive system given in
Figure 1. In Figure 4, some blocks are marked with red
color arrow and circle to correlate this Simulink model
with the block diagram in Figure 1. They are as follows,

1. Fuzzy Logic controller
2. Loss minimization algorithm

3. Torque Pl controller

0 0.2 0.4 0.6 0.8 1.0

Figure 3 Input and Output membership function

4. Flux Pl controller

5. SVPWM scheme

o~

. Three phase VSI
7. Induction motor
8. Torque and flux estimator

The parameters of Induction motor for simulation are given
in Table 2. The induction motor model for simulation is
selected from the Simulink platform.

Constant load operation

The simulation results at a rated speed of 150 rad/s with
no load and the simulation results of constant speed
of 15 rad/s with 5Nm load Torque is shown in Figure
5. At first, the drive operates at a constant speed and
constant load torque, and subsequently the proposed loss
minimization algorithm is enabled at 5.2s. Even though
golden section loss minimization algorithm is enabled the
drive exhibits an accurate speed tracing characteristics
and achievement of load requirement which is shown in
Figure 5.

As shown in Figure 5 the stator flux gets reduced
considerably. At the same time stator, current is
decreased. Also Figure 5 shows that IM drive’s losses are
reduced by 27.1% from the initial value due to the decrease
in flux value. This will increase the overall efficiency of the
IM drive.

Variable load operation

Figure 6 show the speed and torque response of the
proposed drive system using Pl controller for variable load
condition. The function of the suggested search controller



Jeyashanthi J. et al.,, Revista Facultad de Ingenieria, Universidad de Antioquia, No. 91, pp. 31-42, 2019

Table 1 Fuzzy rule base

GQ(k)

NB NM NS ZE PS PM PB
e1(k)

NB NB NB NBM NM NMS NS ZE
NM NB NBM NM NMS NS ZE PS
NS NBM NM NMS NS ZE PS PMS
ZE NM NMS NS ZE PS PMS PM
PS NMS NS ZE PS PMS PM PBM
PM NS /E PS PMS PM PBM PB
PB ZE PS PMS PM PBM PB PB

Theee-Phase Source
Diode mctifier

Product! output power

Figure 4 Simulink model of the proposed system

Table 2 Machine simulation parameters

S.NO. MACHINE PARAMETERS VALUES UNITS
1 Stator resistance, Rs 11.6 Ohm
2 Rotor resistance, Rr 10.4 Ohm
3 Stator inductivity, Ls 0.579 H
4 Rotor inductivity, Lr 0.579 H
5 Mutual inductivity, Lm 0.557 H
6 Inertia, J 0.002 kgm?
7 Friction coefficient, K 0.002985 -
8 Pole pair, P 2 -

9 Frequency, f 50 Hz
10 Rated shaft power, Pr 4000 w
11 Nominal speed, Nr 1430 RPM
12 Nominal phase voltage, VL-L 400 v

for IM drive at variable load torque is shown in Figure 7.
It also illustrates the exact speed tracking performance
with reduced torque ripples. Comparing Figure 6 and 7,
it has been proved that the accurate speed tracking is
achieved by the use of FLC. The proposed loss minimization

technique is activated initially at 3.1 s for the drive speed
of 55 rad/s and load torque of 5 Nm. Consequently, the
golden section algorithm actuates at the instance of load
transition (from 5to10 Nm) at 5 s. After the activation of the
search controller at 3.1 s stator flux reaches the optimum
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Figure 5 Simulation results at 150rad/s speed with no load Torque, 15rad/s speed with 5Nm Load Torque, Stator Flux and Total

value. Subsequently, the drive loss is declined from 349W
to 302W as illustrated in Figure 7. The stator flux relaxes
at a new higher optimum value. As a result, the drive loss
is increased to 324W at increased load condition. The loss
exaggerates due to a higher copper loss in IM to encounter
the higher load torque.

The efficiency of the IM drive with proposed search
controller is inspected at various load condition. Figure
8 exhibits the efficiency comparison of the proposed drive
system with conventional drive under variable load at 55
rad/s. The corresponding comparative analysis for drive
loss is also illustrated in Figure 8. Core loss comes to
rest at a new optimum value; however, copper loss rises
for constant speed, variable load operation. But copper
remains constant and core loss settles down to a new
optimum value for constant load, variable speed operation.
The proposed technique optimizes the flux level; therefore,
drive core loss is minimized considerably.

In Table 3 loss minimization is presented for different
load torque at a speed of 55 rad/sec. In table 4
efficiency assessment is presented for different load
torque at a speed of 55 rad/sec. The Tables 3

drive loss

Table 3 Performance evaluation of IM drive operation based on
overall drive loss with and without optimization

Speed Torque Loss (W), Loss (W),
(rad/s)  (Nm) without with GS
optimization optimization
55 5 192 108
55 10 257 175
55 15 345 251
55 20 401 309
55 24 455 390

and 4 review the comparative simulation results of
loss minimization accomplished with GS and without
optimization techniques. From the table, it is noticed that
GS techniques give reduced loss pattern and increased
efficiency.

5.2 Hardware results

In order to evaluate the performance of the actual system,
an experimental module was designed to validate the
simulation results. For the hardware implementation
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Figure 6 Simulation results of Speed and Torque using Pl controller

Variable load operation

overall drive efficiency with and without optimization

The performance of the proposed GS based loss

Speed Torque Efficiency (%), Efficiency (%), minimization algorithm is further verified for the sudden
(rad/s)  (Nm] without with GS change in load from 5 Nm to 8 Nm. at a constant speed of
optimization optimization 55 rad/sec. The results are shown in Figure 10 illustrates
55 5 32 44 that the motor speed and torque track their reference
55 10 49 58 value.
55 15 65 69
55 20 74 78 Figure 11 demonstrates the drive loss curve and efficiency
55 24 79 81 curve for different load condition with and without

of the proposed Induction Motor drive, DSP controller
board TMS320F28335 has been used. The proposed
control scheme is compiled, transformed into C-code
using CCS and involuntarily connected to the real-time
TMS320F28335 processor control board. The motor
parameters like speed, torque, input power, and output
power are measured from the proposed drive set-up in the
laboratory. Based on the measured values, the graphs are
drawn for speed and torque.

Figure 9 shows the laboratory results which confirm the
simulation results as given in Figure 5. The drive achieves
the accurate speed tracking with the use of FLC. Figure ¢
show the experimental results at a constant speed of 15
rad/s with 5Nm load Torque.

optimization. In Table 5, drive losses is presented for
different load torque at a speed of 55 rad/sec. In Table 6
the efficiency of the drive is presented for different load
torque at a speed of 55 rad/sec.

Table 5 Performance evaluation of IM drive based on overall

drive loss
Speed Torque  Loss (W], Loss (W),
(rad/s)  (Nm) without with GS
optimization optimization

55 5 198 116

55 10 264 184

55 15 352 272

55 20 415 334

55 24 462 398
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In this proposed control approach, for a given load torque
and a given rotor speed, the improved-efficiency has been
achieved by optimizing the amplitude of stator flux. The
simulation and experimental results on the drive losses
and efficiency for different types of speed responses
and electromagnetic torque are compared for validation
and verification. It is found that the simulation and the
experiment results are coordinated.

Figure 9 Experimental results of 15rad/sec Speed and 5 Nm
load torque

6. Conclusion

In this work, golden section algorithm of search controller
for the loss minimization of Fuzzy logic based DTC of IM
drive has been proposed. The proposed loss-minimization
algorithm is employed in the outer loop of the drive
to decide an optimum level of stator flux for the given
operating condition.  Subsequently, the core loss is
reduced and efficiency of the drive is increased with new
optimum flux. The proposed golden section algorithm is
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Figure 11 Experimental results of performance evalution
Table 6 Performance evaluation of IM drive based on IM
efficiency
Speed Torque Efficiency (%), Efficiency (%),
(rad/s)  (Nm) without with GS
optimization optimization
55 5 30 44
55 10 46 60
55 15 62 67
55 20 72 77
55 24 77 79

simpler compared to other optimization techniques and
has a faster convergence rate (0.2s) without affecting the
transient operation which is required in an EV application.
DTC with FLC in speed loop reduces the torque ripples

and also provides fast and good response. The algorithm
is not only simple to implement but it could also reduce
torque and current ripples. The proposed golden section
algorithm enhances the dynamic response. IM drive
with golden section algorithm has been simulated in
MATLAB/Simulink and verified by the experimental results.
The experimental measurements which were obtained
using the experimental setup proved that the proposed
method optimize the torque control process of IM drive and
reduces the drive loss.
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