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bAkshya College of Engineering and Technology, Coimbatore, India

ABSTRACT

In this study, the fuzzy-based reference flux estimator (RFE), reference torque estimator (RTE)
and sector rotation strategy called fuzzy logic estimator are proposed to direct torque con-
trol of induction motor (DTC-IM) drive for performance improvement. The basic DTC-IM drive
with conventional RFE, RTE and sector division causes large torque ripple, variable switching fre-
quency and uneven voltage vector contribution in stator flux. The torque and speed responses
of the proposed system are investigated with load variations. The simulation results of the pro-
posed DTC-IM drive are compared with the basic DTC-IM drive. The assessment of the proposed
system shows improved performance. A hardware is developed using Xilinx Spartan-6XC6SLX45-
Field Programmable Gate Array (FPGA) Kit for experimental verification of the results. Moreover,
sinusoidal pulse width modulation and space vector pulse width modulation techniques are
applied to reduce the torque ripples. The performance of the drive is investigated for vari-
ous speed ranges. The comparison of the simulated and experimental results proves that the
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proposed fuzzy-based DTC-IM drive provides better performance than the basic DTC-IM drive.

1. Introduction

In advanced motor drive applications, direct torque
control of induction motor (DTC-IM) drives have been
used widely owing to their instantaneous torque and
flux control with simple structure. The DTC drive sys-
tem is identified for its robustness and dependency on
motor parameter variations [1,2]. However, DTC con-
trol scheme uses hysteresis comparators for torque and
flux control which causes variable switching frequency
and torque ripple. Hence, it requires high sampling rate
for experimental validation. DTC scheme applies volt-
age vectors to IM based on the switching table which
is developed based on hysteresis comparators output
and stator flux angle. The instantaneous requirements
of variation in stator flux and torque are accomplished
by the switching table. The stator flux plot has been
separated into six equal sectors with respect to stator
flux angle, and DTC scheme is developed using the
induction machine model [3,4].

The literature survey indicates that the stator flux
control and torque control of DTC-IM are enhanced by
employing soft computing control strategies like fuzzy
logic controller (FLC), neural networks and genetic
algorithm [5]. The bandwidth of the torque hystere-
sis comparator is adjusted using FLC to reduce torque
and flux ripples [6]. The virtual voltage vectors as
well as model predictive control methods are proposed
for improving the performance of DTC [7,8]. Using

intermediate voltage vectors by synthesizing the con-
ventional full voltage vectors, an altered switching table
was proposed for preventing the demagnetization of
stator flux in DTC. However, the synthesizing of volt-
age vectors and computation of flux and torque ripples
becomes complex [9].

The reference value of stator flux is significantly
influencing the torque ripples in DTC. Nominal value
of stator flux is not suitable for all load variations.
Hence, the reference flux is optimized as a function of
torque to reduce the torque ripple [10]. In Ref. [11],
fuzzy logic is used as stator flux optimizer for self-
regulating the value of reference flux in DTC. How-
ever, the fuzzy membership functions are asymmetric
across the operating range. Some ranges do not come
under any membership functions. The reference flux
is optimized by torque variations with the aid of fuzzy
logic, Artificial Neural Network (ANN) and Adap-
tive Neuro Fuzzy Inference System [12]. The symmet-
rical membership functions are used for fuzzy logic in
Ref. [12]. On the other hand, the results are investigated
only through simulation [11,12].

The DTC scheme uses Proportional Integral (PI)
controller in speed control loop to produce the ref-
erence torque by tracking speed error as input. The
fine tuning of PI controller helps to improve the
dynamic speed response of the DTC-IM drive [12,13].
Soft computing techniques are used to tune the PI

CONTACT Balamurugan Sukumar @ s_balamurugan@cb.amrita.edu

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/00051144.2022.2051966&domain=pdf&date_stamp=2022-03-17
mailto:s_balamurugan@cb.amrita.edu
http://creativecommons.org/licenses/by/4.0/

controller [14]. The fuzzy gain scheduling (FGS)
decides the gain values of the PI controller through
online tracking of the speed error [12-14]. The input
membership functions are seven and output mem-
bership functions are only two, so that optimum
speed control is not attained [13]. Seven member-
ship functions are used for input and output of FGS
[12,14]. However, the results are validated only through
simulation [12-14].

In basic DTC scheme, the stator flux drooping at low
speeds near flux sector boundaries have been investi-
gated [15]. By rotating the sectors of the stator flux plot
based on the states of torque and flux hysteresis com-
parators output, the performance of the DTC system is
improved. Gated sector rotation in DTC is introduced
in Ref. [15]. The sector rotation angle has to mod-
ify every time whenever the system condition changes.
The decoupling of the stator flux amplitude and angle
for selecting reference stator voltage vectors to avoid
the flux droop during sector transition is discussed in
Ref. [16].

The flux and torque hysteresis band magnitudes are
varied and the effect of variation on the dynamic perfor-
mance of DTC-IM drive is investigated [17]. The exist-
ing DTC techniques for inverter fed IM and permanent
magnet synchronous motors together with soft com-
puting controllers are presented [18]. The performance
of the drive in low speed regions can be improved by
the model reference adaptive system-based direct flux
magnitude estimation technique [19]. Conventional PI
controller is made adaptive to improve the reference
torque in DTC [20,21]. A comparative study between
DTC based on fuzzy and DTC based on sinusoidal
pulse width modulation (SPWM) is performed [22].
The variation of stator resistance at low speeds in DTC-
IM drive is investigated [23].

This paper contributes to DTC majorly by

(i) Proposing a DTC scheme with fuzzy-based ref-
erence flux estimator (RFE), FGS-based PI speed
controller, and fuzzy-based sector rotation.

(ii) The fuzzy-based sector rotation scheme has not
been tried by any other researchers.

(iii) The proposed fuzzy DTC scheme and basic DTC
scheme are developed in hardware setup. The
experimental results are correlated with simula-
tion results.

(iv) The developed DTC scheme is validated by
changing the reference speed to medium and low
speed ranges to prove the high performance.

(v) SPWM and space vector pulse width modula-
tion (SVPWM) are applied to improve the perfor-
mance of the DTC-IM drive.

All the three fuzzy logic estimator (FLE) are devel-
oped to operate together adaptively according to the
instantaneous system conditions. Hence, the proposed
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fuzzy DTC-IM drive will be better than the basic DTC-
IM drive for reducing torque ripples and adaptive speed
control.

In this paper, Section 2 describes the basic DTC with
fixed angle sector rotation. Section 3 discusses about
SPWM, SVPWM as well as the three FLE, namely,
fuzzy-based RFE, fuzzy-based reference torque estima-
tor (RTE) (FGS-based PI speed controller) and fuzzy-
based sector rotation. In Section 4, the development of
the experimental setup for the basic DTC and fuzzy
DTC is described in detail. Section 5 investigates the
simulation and experimental results as well as the
performance indices of the basic DTC, SPWM-DTC,
SVPWM-DTC and proposed fuzzy DTC. The proposed
schemes are validated by various reference speeds like
nominal, medium and low speeds to prove the high per-
formance. In Section 6, it is found that the proposed
fuzzy DTC is performing superior to the basic DTC
based on simulation and experimental results.

2. DTC with sector rotation

The block diagram of basic DTC-IM drive is presented
in Figure 1. The IM of DTC is operated by stator flux
and torque hysteresis comparators. The inverter switch-
ing states are selected by a predefined look-up table [1].
The stator flux of the DTC-IM drive can be defined
using voltage space vector (Us) in Equation (1) by ignor-
ing the stator resistance (R;) as [2,3]

AV = U, % At. (1)

The stator flux plot is separated as six sectors as
given in Figure 2. The stator flux hysteresis comparator
(dWs), torque hysteresis comparator output (dT) and
the sector number o [i]of stator flux angle («) are used
for selecting the switching voltage vectors. The look-up
table is furnished in Table 1 [4].

The drawback in basic DTC is that while the stator
flux vector changes from beginning of a sector to the
end, the effect of the voltage vectors is not the same
throughout the sector as shown in Figure 3. When the
stator flux has to be improved and torque has to be
reduced in sector I, the voltage vector U6 has to be
applied based on Table 1. The activeness variation of
U6 at the beginning and end of the sector I is shown
in Figure 3(a). In the same way, when U5 is applied,
activeness variation is given in Figure 3(b).

It shows that at the beginning of sector I, the look-
up table gives U6. However, U5 is also compatible at the
beginning of sector I, suggested by the look-up table for
sector VI. In the same way, at the end of sector I, instead
of U6 the voltage vector U1 is compatible, suggested by
the look-up table for sector II. The change of stator flux
decides the effectiveness of voltage vector to meet the
desired output. If the sectors of stator flux plot based
on stator flux angle («) are slightly rotated by an angle,
then the performance improvement in the DTC scheme



442 e S. K. SUBRAMANIAM ET AL.

Udc
Voltage
Source IM
Inverter
lab, | Uab
Sa,Sh,Sc v Y
- " Concordia
Inverter optimal .
- Switching Table Transformation
|—>
Three Level| | Two Level .
Comparator| | Comparator Torque , Flux and Sector
(VP Estimator
(T*T) A\ Actual Flux (¥) |
Actual Torque (7)
Reference ..
Torque (T*) Reference Flux (¥ *) . Position Encoder
PI Reference
Controller Flux Estimator
$>‘ Actual Speed (w,)
Reference Speed (w,*)
Figure 1. Block diagram of the DTC-IM drive.
AY3 AP
Ys(new)

II

VI

|
|
|
|
|
11 | A vl
~ U3(010) |
S~ Ux(110
~_ : 2(110) A5 A¥6
N |
\\ I
\\ |
N |
v L UL\
U401 1) !
|
d |
// |
7 |
PR I
7
- Us(001) | U(101) RN
I N
\Y% |
|
|
|
|

Figure 2. Stator flux plot and voltage vectors in conventional DTC.



Table 1. Look-up table for DTC.

Sector number

dWs dr | Il 11 v \Y Vi
1 1 U2 u3 U4 us ué U1
1 0 uo u7 uo u7 uo u7
1 -1 U6 U1 U2 u3 U4 U5
0 1 u3 U4 us ué u1 u2
0 u7 uo u7 uo u7 uo
0 -1 us ué U1 U2 U3 U4

can be achieved [15]. The proposed sector rotation is
implemented using Equations (2) and (3) for modified
stator flux angle (oy,):

am = a + Aa, (2)
Aa = oy dWVsdT, (3)

where «, is the angle by which the sectors are shifted
from original position, dWs and dT are the outputs
from flux and torque hysteresis comparators. In this
paper, in basic DTC, sector rotation is performed at a
particular angle to improve the performance.

3. SPWM, SVPWM and fuzzy in DTC

The SPWM, SVPWM and fuzzy logic are applied in this
paper to reduce the ripples in torque and better speed
control for DTC-IM drive.

3.1. SPWM and SVPWM-based DTC

The basic induction machine (Equation (1)) clearly
depicts that the stator flux variation is proportional to
the applied voltage vector direction and the time period
At. The developed electromagnetic torque (T,) is also
dependent on the stator flux [1] as per Equation (4). The
block diagram of the DTC-SPWM/SVPWM strategies
is shown in Figure 4.

T, = WX L. (4)

A6

Ps(new)
(a)
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The torque, flux hysteresis comparators as well as
the look-up table are replaced by PI controllers and
SPWM/SVPWM module. The PI controllers are used
to decide the required voltage vectors.

In SPWM, the outputs of the PI controllers are used
to construct the reference sinusoidal signals (dq-abc).
The constructed reference signals are compared with
triangular wave carrier signal to determine the switch-
ing states of inverter.

The applied voltage vector and its duration affect the
torque and flux. The applied voltage vectors are synthe-
sized using predetermined time intervals by SVPWM
technique. Each cycle period is subdivided by comput-
ing the voltage space vectors required for torque and
flux errors sampled from previous state.

3.2. Fuzzy-based estimators for DTC-IM drive

Mamdani-type fuzzy logics are developed for DTC-IM
drive. The reference flux value (W*), gain values for the
PI speed controller and the sector rotation angle (ctyof)
are decided by the fuzzy logic in this paper.

3.2.1. Fuzzy-based reference flux estimation
The fuzzy logic is used to fine-tune the reference flux
(U*) value estimated by the conventional RFE [11].
In normal DTC operation, the standard RFE gives the
reference flux value derived from whether the motor
operating at constant flux region or field weakening
region [10]. If the flux level is adjusted in proportion
to the load, the energy consumed by the drive can be
reduced [10-12]. The RFE output (V*) and actual flux
(W) are used to calculate the flux error (V* — W) as
shown in Figure 1 [1]. In real-time experimental valida-
tion, the actual flux is estimated using Uds, Ugs, Ids and
Igs components with the help of current and potential
transducers.

By using torque error (T* — T) and reference flux
(*) from conventional RFE, FLE calculates the

‘I’s((}ld)

AYPS

Ps(new)
(b) AYS

Figure 3. Uneven voltage vector contribution in sector I. (a) For voltage vector U6 and (b) for voltage vector U5.
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correction in reference flux (AW*) as presented in
Figure 5. To reduce the torque ripple, fuzzy logic gives
the correction in reference (AW*) through approxima-
tion [11,12]. This correction in reference flux (AW*) is
added with reference flux (¥*) to obtain the modified
reference flux (W) as per Equation (5).
W= W AU, (5)

The (T*—T), ¥* and AW* are fuzzified using
six {NB = negative big, NM = negative medium, N =
negative, P = positive, PM = positive medium, PB =
positive big}, three S = small, M = medium, B = big}
and seven {NB = negative big, NM = negative

Table 2. Rule base for reference flux estimation.

(T* =17
NB NM N P PM PB
w* S 0 PM PB (0] PM PB
M NS 0 PS NS PM PS
B NB NM 0 NB NM 0

medium, NS = negative small, O = zero, PS = positive
small, PM = positive medium, PB = positive big}
membership functions, respectively. The universe of
(T* — T), ¥* and A¥* are [—100 to 100], [0 to 1] and
[—0.2 to 0.2], respectively.

The (T* —T) uses four trapezoidal membership
functions {NB, NM, PM, PB} and two {N, P} triangular
membership functions. The W* uses two trapezoidal {S,
B} and one triangular {M} membership function. The
AW* uses five triangular {NM, NS, O, PS, PM} and two
trapezoidal {NB, PB} membership functions [12]. The
18 rules of the developed FLE are given in Table 2 [12].

In Ref. [11], the membership functions are dis-
tributed discontinuously and irregularly. Hence, in this
paper, an attempt has been made to implement the
symmetrical membership functions proposed by the
authors [12] experimentally.

3.2.2. Fuzzy-based reference torque estimation

The torque ripples can be further reduced by replac-
ing the fixed gain PI speed controllers in basic DTC to
adaptive gain PI speed controllers. This is accomplished
using fuzzy logic for gain scheduling. Figure 6 shows
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Table 3. Rule table for K, and K;.

(0] — o)
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XS VB

VS B

S M

M VB VB B M S VS VS
B S

VB VS

XB M S VS VS XS

the PI speed controller with gain scheduler. The atti-
tude is to exploit fuzzy reasoning to develop the control
parameters.

In FGS, the gain values are calculated based on speed
error (w; — wy) and its first derivative (v} — wy)!. The
outputs of the FGS are Kprgs and Kjpgs from which the
gain values of speed PI controller are calculated using
Equations (6) and (7). The Kprgs and Kipgs values are
assumed with certain ranges [12,13].

K, = (] — o)Kpras, (6)

K} = (0} — op)Kiras, 7)
where K} and K} are the optimal online tuning gain val-
ues. The input and output membership functions are
of five symmetrical triangular membership functions
{VS = very small, S = small, M = medium, B = big,
VB = very big} and two trapezoidal membership func-
tions {XS = extra small, XB = extra big}. The inputs,
speed error (w} — w,) and rate of change of speed error
(wF — w,)! are normalized for 0-1 and —1 to 1, respec-
tively. The outputs Kppgs and Kipgs are in between
0-100 and 0-0.75, respectively. The rule base is fur-
nished in Table 3 [14].

Table 3 is used for load frequency control in hydro
thermal system [14], whereas Table 3 is used here for
adaptive speed control in DTC.

3.2.3. Fuzzy-based sector rotation

In Section 2, the sector division is rotated at a fixed
angle for performance improvement [15,16], but the
rotation angle has to be varied accordingly when the
system condition changes. In this section, the sector

Reference
(wr*'wrg PI Torque(T*)
g
Contrgller
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Table 4. Rule base for sector rotation.

(T*=1
S M B
(¥* —w) S VH L VL
M L M H
B VL H VH

rotation angle is chosen using fuzzy logic for the con-
troller to be adaptive. The direction of sector rotation
depends on the outputs from torque and flux hystere-
sis comparators. The torque error (T* — T) and flux
error (U* — W) values are the inputs to the respective
hysteresis comparators.

Whenever the torque error (T* — T) and flux error
(U* — W) are high, the sectors must be rotated in
anti-clockwise direction. In the same way, while the
torque error (T* —T) and flux error (W* — W) are
low, the sectors must be rotated in clockwise direc-
tion. The FLE uses torque error (T* — T) and flux error
(U* — W) as inputs. The output is the change in sec-
tor rotation angle (A«) as shown in Figure 7. For both
inputs, two trapezoidal {S = small and B = big} and
one triangular {M = medium} symmetrical member-
ship functions are used. The output of the FLE has
three symmetrical triangular membership functions
{H = high, M = medium, L = low} and two symmet-
rical trapezoidal membership functions {VH = very
high and VL = very low}. The membership functions
are scaled down to —1 to 1. For all the FLCs used in this
paper, centroid-type defuzzification method is used.
The modified stator flux angle («y,) for sector divi-
sion is calculated as shown in Equation (2). In Table 4,
a systematic algorithm is followed using the torque
error (T* — T) values and flux error (* — W) values.
If the product of torque error and flux error is greater
than zero, then the sectors have to be rotated in anti-
clockwise and vice versa. The linguistic values should
be selected such that the maximum angle of rotation
is 30°.

4. Experimental setup for basic and fuzzy
DTC-IM drive

The experimental setup of the proposed fuzzy DTC-
IM drive has been developed to analyse the perfor-
mance. In this work, the setup is built using “Xilinx
Spartan-6XC6SLX45-FPGA Kit in 7G676 package” for
verification.

The FPGA program design for DTC control
algorithm is performed in PC using Xilinx integral
square error (ISE) project navigator (P.40xd) software.
The Xilinx Spartan FPGA board is interfaced to the
PC through dual port to embed the control algorithm.
The basic DTC and fuzzy DTC control algorithms
are developed individually in the computer. Based on
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Figure 8. Schematic diagram of experimental setup for the DTC-IM drive.

the requirement, the respective algorithms are embed-
ded. The Xilinx Spartan-6XC6SLX45 model contains
43,661 logic cell equivalents, 16 pulse width modulation
(PWM) outputs and 8 capture inputs. Furthermore,
it is furnished with analog to digital (A/D) convert-
ers, digital to analog (D/A) converters, serial inter-
face and encoder interface as onboard peripherals. The
clock frequency of the Xilinx Spartan-6XC6SLX45 is
20 MHz.

The schematic diagram of the developed experimen-
tal setup of DTC-IM drive is given in Figure 8. The
IM with 1HP power rating is supplied by inverter with
switching frequency of 10kHz. Quadrature encoder
pulse (QEP) shaft encoder with 512 pulses per revo-
lution is used to measure the speed of the IM. The
encoder output is interfaced to the FPGA using QEP
signal processing card. Furthermore, the IM currents
are measured by hall-effect sensors and delivered to
FPGA using A/D channel.

Only two phase currents are sensed and given to
FPGA. The third phase is calculated from the measured
two phases. The reference speed (;) of the IM used is
146.53 rad/s. It is possible to run the IM at 149.67 rad/s
but as a safety measure, the reference speed (@) is kept
at 146.53 rad/s. The actual speed of IM is subtracted
with reference speed (@) to obtain error signal. The
speed error is fed to PI controller for reference torque.
The proportional (K;) and integral (K;) gain values of
the manual tuned PI controller are 2 and 0.3, respec-
tively. The reference flux (W*) value is based on the
actual speed (w,) of the IM.

Based on the actual measurements from sensors
and encoders, control algorithms are developed in the
FPGA for basic DTC and fuzzy DTC strategies. The
actual torque (T), actual flux (V) and stator flux angle
(a) of the IM are estimated using the reconstructed
voltages and currents in the control algorithm. If the
control algorithm embedded in the FPGA Kkit is for
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motor shaft.

basic DTC, then the respective PWM pulses are sent
to the driver circuit of the inverter. Similarly, the PWM
pulses for fuzzy DTC are also sent to the inverter by the
corresponding control algorithm. Based on the inverter
output, the IM performs. Hence, the individual perfor-
mance of basic DTC and fuzzy DTC are measured.
The integrated power module (IPM) -
PEC16DSMO1 - is used as an inverter. The IPM is sup-
plied by three-phase auto transformer, and DC link
voltage of the inverter is maintained at 400 V. The tim-
ings of the load variations are followed based on Ref.
[6]. The motor is loaded by direct step loading at 6,
12 and 16 s with full load (5 N m), half load (2.5 N m)
and no load (0 N m), respectively. The torque output is
measured from FPGA in terms of voltages from D/A
ports with a scaling factor of 1.03 for basic and 1.42 for
the fuzzy DTC system. The FPGA output of the speed
responses are obtained in terms of voltages with a scal-
ing factor of 25.64 for basic DTC and 38.46 for fuzzy
DTC. In Section 5, using scaling factors, the simulation
and experimental responses are shown in the same scale
for better understanding. The developed experimen-
tal setup, peripheral connections of FPGA and shaft
encoder are shown in Figure 9. The responses are per-
ceived with a digital storage oscilloscope (DSO) having
70 MHz bandwidth and 2 GSa/s sampling rate and the

data saved as Microsoft Excel comma separated values
(MECSVs) file.

5. Validation of simulation and experimental
responses of DTC

The simulation model is created with MATLAB/Simu-
link™ environment for basic DTC and fuzzy DTC. The
experimental setup of the DTC-IM drive is developed
as explained in the previous section for validation. The
simulation and experimental results are compared for
different loading conditions. The parameters furnished
in Appendix used for simulation are obtained from
actual experimental setup. This paper mainly focusses
on torque ripples and speed control at various speed
ranges for varying loads than voltages and currents.

5.1. Comparison of torque responses

Figure 10 compares the torque responses of the DTC-
IM drive for basic DTC and fuzzy DTC. The simulation
and experimental responses are compared for the load
variations. It is perceived that the torque ripples are
less in fuzzy DTC than basic DTC in both simulation
and experiment. The results clearly indicate that the
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Figure 10. Torque responses of basic and fuzzy DTC schemes.
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Figure 11. Speed responses of basic and fuzzy DTC schemes during starting.

reference torque is followed closely in fuzzy DTC than
basic DTC.

5.2. Comparison of speed responses

Like torque response, the speed response variations are
also compared for the basic DTC with the proposed
fuzzy DTC system. The starting speed characteristics
are given in Figure 11 for basic DTC as well as fuzzy
DTC. At starting, the speed characteristics of basic DTC
has less rise time with no overshoot and quick settling
time than fuzzy DTC in simulation. Similar behaviour
is reflected in experiment for rise time, but the over-
shoot isless and the settling time is compatible. The FLE
takes a small time deviation to get settled in the system.
Since no soft computing estimators are involved in basic
DTG, it takes less rise time. The reference speed (})
is followed closely in fuzzy DTC than basic DTC. The
speed responses of the proposed fuzzy DTC-IM drive
are related with basic DTC-IM drive for full load, half
load and no load variations as presented in Figure 12.
The simulation responses indicate that the drop in
speed for the same load is more in basic DTC than fuzzy
DTC. When the load is reduced, the speed is recov-
ered nearer to the reference speed (w;}) in fuzzy DTC
than basic DTC. The experimental responses prove that

the fuzzy DTC is superior to basic DTC for all load
variations.

5.3. Comparison of speed and torque responses at
medium and low speeds

In high performance drives like DTC, the drive should
be able to perform even at medium and low speed
ranges. Hence, the developed control strategies are ver-
ified for medium (146.53* 0.4rad/s) and low speed
ranges (146.53 * 0.06 rad/s).

It is perceived that the torque ripples are more in
the proposed DTC schemes, and to validate the perfor-
mance, SPWM and SVPWM techniques are introduced
in DTC [17-22]. The speed responses of the SPWM-
and SVPWM-based DTC are given in Figure 13 for
nominal, medium and low reference speeds. It is seen
that SPWM performs at nominal and medium speed
ranges but for low speed range, the performance of
SPWM is not satisfactory. The SVPWM performs at
nominal speed range but for medium and low reference
speeds, the performances are not satisfactory. In nom-
inal speed range, the SVPWM performs better than
SPWM.

The DTC-IM drive is independent of all the machine
parameters except stator resistance (R;) of the IM. At
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Figure 13. Speed responses of SPWM-DTC and SVPWM-DTC schemes for a speed reference of 146.53,51.612 and 8.7912 rad/s.

nominal speed range, stator resistance drop (I;R;) is
negligible when compared to input voltage. In medium
and low speed ranges, the input voltage becomes pro-
portionately less. Hence, the value of stator resistance
drop (I;R;) is acute while related to input voltage as
shown in Equation (8). Moreover, during the operation
of the drive, the stator resistance (R;) changes due to
temperature. The change in stator resistance (R;) causes
the change in stator current (I;). It causes incorrect
stator flux estimation, consequently the developed elec-
tromagnetic torque (T,) as in Equation (4) and position
of stator flux [23]. When the developed electromagnetic
torque (T,) is not proper and load torque remains same,
the speed control becomes difficult [12]. Hence, no
major improvements are observed in speed responses
at medium and low speed ranges.

W = / (Us - IsRs)dt- (8)

The torque responses of the SPWM- and SVPWM-
based DTC schemes for the various speed ranges
are shown in Figure 14. The SVPWM improves the
torque response prominently for nominal speed range
(146.53 rad/s) than SPWM. On the other hand, for
medium (58.612rad/s) and low (8.7918rad/s) speed

ranges, the torque performance is not satisfactory for
SVPWM when compared to SPWM.

In SPWM and SVPWM, the torque error (T* — T)
and flux error (W* — W) are given to the PI controllers.
The reference torque (T*) is the output of another PI
controller which is taking speed error (v} — w,) as
input. Hence, when the reference speed () changes
to medium and low ranges, the proportionate changes
are reflected in the reference signals of the SPWM.

Based on the output of these PI controllers, the ref-
erence voltage is calculated for SVPWM [17]. The DC
bus voltage (Ug.) and the sector angle («) are used to
determine the duty cycles of the voltage vectors. The
soft computing controllers are not effective in SPWM
as well as SVPWM for the reason that the conventional
look-up table as well as the hysteresis comparators is
removed. In Figure 15, the reference speed is kept as
146.53 rad/s, and the responses clearly prove that the
fuzzy DTC (3fuzzy) which consists of fuzzy-based RFE,
fuzzy-based RTE and fuzzy-based sector rotation per-
forms better than other control strategies. The fuzzy-
based RFE (1fuzzy) performs better than basic DTC.
The fuzzy-based RFE with fuzzy-based RTE (2fuzzy)
performs better than fuzzy-based RFE alone.

In Figure 16, the reference speed is reduced to
58.612 rad/s; here also the 3fuzzy DTC and 2fuzzy are
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Figure 14. Torque responses of SPWM-DTC and SVPWM-DTC schemes for a speed reference of 146.53, 51.612 and 8.7912 rad/s.
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Figure 16. Speed responses of basic, 1fuzzy, 2fuzzy and 3fuzzy
DTC schemes for a speed reference of 58.612 rad/s.

performing better than basic and 1fuzzy DTC. The
responses seem that basic and 1fuzzy are performing
same, still the difference can be realized in performance
indices in Section 5.4.

Similarly, Figure 17 depicts the speed responses for
the reference speed of 8.7912 rad/s. The responses show
the similar performance as Figure 16, and the 3fuzzy
DTC performs better than other strategies.

From Figures 15-17, it is inferred that the fuzzy
DTC (3fuzzy) performs better than other strategies.
The torque responses of nominal speed (146.53 rad/s),
medium speed (51.612rad/s) and low speed
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Figure 17. Speed responses of basic, 1fuzzy, 2fuzzy and 3fuzzy
DTC schemes for a speed reference of 8.7912 rad/s.
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Figure 18. Torque responses of fuzzy DTC (3fuzzy) schemes for
a speed reference of 146.53, 51.612 and 8.7912 rad/s.

(8.7912 rad/s) for fuzzy DTC are shown in Figure 18.
The ripples are comparatively less for low speed oper-
ating region. During starting time, speed error is equal
to reference speed and it approaches to zero at settling
time. Hence, speed PI controller output during start-
ing is high (reference torque). It is controlled by adding
saturator at the output of the speed PI controller.

5.4. Comparison of performance index

To prove the performance precisely, the proposed fuzzy
DTC and basic DTC are compared using the ISE as



Table 5. Performance index ISE for speed and torque error.

Basic DTC Fuzzy DTC
Time Load Torque Speed Torque Speed
ISE from simulation
6-125s Full load 966.2472 11,695.06 481.9875 4046.403
12-16s Halfload  603.156 2913.944  301.9639 1112.417
16-20s Noload 558.1334 1397.12 276.7639 1193.544
Total 2127.537  16,006.12 1060.715 6352.364
ISE from experimental work
6-125s Full load 860.629  22,025.68 142.364 9414.959
12-16s Halfload 240.421 5537.231 96.9985 2297.837
16-20s  No load 168.0812 5989.757 150.0733 2347.524
Total 1269.131  33,552.67 389.4358  14,060.32
performance index.
T
ISE = / e(t)*dt. 9)
0

The equation for calculating ISE is given in
Equation (9), where e(t) represents the error. The per-
formance indices for speed error and torque error are
given in Table 5 for basic DTC and fuzzy DTC. The
ISE values of fuzzy DTC are less than basic DTC in
both simulation and experiment as given in Table 5.
In Table 5, the hardware data are taken from DSO as
MECSVs file. The same number of data is collected
from simulation also to calculate the ISE values.

The bar charts in Figure 19 pictorially represent that
the ISE values are low for fuzzy DTC than basic DTC.
Hence, it is proved obviously that the fuzzy DTC sys-
tem improves the torque and speed control better than
basic DTC during loading conditions. The system con-
ditions, i.e. IM parameters, PI controller gain values and
inverter DC link voltage, are the same under simula-
tion and experimental studies. The responses derived
from simulation and experimental studies differ slightly
because of FPGA signal processing, direct loading and
other real-time variations. By observing the torque
response, speed response and performance indices, it
is clear that the proposed fuzzy DTC-IM drive gives
improved performance than basic DTC-IM drive.

In Table 6, the ISE values of speed error and torque
error for various speed ranges as well as for individ-
ual control strategies are furnished. It is seen clearly
that individual control strategies show the step by
step improvement in the speed and torque ISE val-
ues. In Table 6, the ISE values are calculated from the
Matlab/Simulink®™ directly.

At nominal speed (146.53 rad/s), the torque error
ISE value gets reduced by 93.48%. In the same way,
for medium and low speed ranges, the torque error
ISE value gets reduced by 26.45% and 15.8%, respec-
tively. In the same way, the speed error also gets reduced
by 73.26%, 99.47% and 99.36%, respectively, for nom-
inal, medium and low speed ranges. The percentage
improvement is calculated by ((4168 — 271.31)/4168) *
100 = 93.48%.

Table 6. Performance index ISE for speed and torque error for nominal, medium and low speed ranges.

ISE

8.7918rad/s

51.612rad/s

146.53 rad/s

Reference speed

With fuzzy
sector (3 fuzzy)

With FGS (2

Fuzzy flux (1

With fuzzy
sector (3 fuzzy)

With FGS (2

Fuzzy flux (1

With fuzzy
sector (3 fuzzy)

With FGS (2

Fuzzy flux (1

fuzzy)

fuzzy)

Basic

fuzzy)

fuzzy)

Basic

fuzzy)

fuzzy)

Basic

Time

Torque

0.4537
0.3498
0.3537
1.1572

0.5446
0.3681
0.3462
1.2589

0.5353
0.3129
0.2828

1.131

0.6329
0.3862
0.3553
13744

1.109

0.5856
0.4879
2.1825

1.281

0.6444
0.4918
24172

1.2744
0.7442
0.6373
2.6559

1.47

98.6
167.1

98.91
167.1

1354
1219
1593
4166

1357
1218
1593
4168

6-12 s (full load)

0.8212
0.6764
2.9676

12-16s (half load)
1620 (no load)

Total

6.031
271.731

6.833
272.843
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0.09954
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0.008
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3598 1983
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0.01444
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0.01447
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0.1735
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0.1419
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3811.23

50.62
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53.47
8116.97

0.137831

22.8449
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Figure 19. Bar chart representation of the performance index ISE for speed and torque error from simulation and experimental

studies.

6. Conclusion

The DTC-IM drive is made highly adaptive by fuzzy
logic in this work. Fuzzy logic is used for reference
flux estimation, reference torque estimation and sec-
tor rotation angle in DTC for performance improve-
ment. The proposed DTC system improves torque
and speed response than the basic DTC system. In
the proposed system, the reference flux is varied con-
tinuously according to system conditions, the FGS is
applied for adaptive gain values of the speed PI con-
troller and fuzzy-based sector rotation concept is used
for stator flux plot sector division. Furthermore, the
proposed DTC-IM drive performance is validated by
changing the reference speed to medium and low speed
ranges. SPWM-based DTC performs at nominal and
medium speed ranges. On the other hand, in low speed
range, SPWM is not effective. SVPWM technique gives
less torque and speed control at nominal speeds than
SPWM for DTC. In medium and low speed ranges,
SVPWM is not effective. The comparison with basic
DTC clearly proves improvement in system perfor-
mance with the use of fuzzy logic for the proposed RFE,
RTE and sector rotation angle. The experimental results
validate the simulation responses and clearly prove the
superiority of the proposed system. The performance
indices also prove that the proposed fuzzy DTC-IM
drive provides a better performance compared to basic
DTC-IM drive.

List of symbols

Uabe stator voltages

Ug. DC link voltage

I stator currents

ali] sector number (i varies from I to VI)

Uds> Ugs stator voltage components of d-axis and g-
axis

L, Igs stator current components of d-axis and
g-axis

Sas Spy S¢ switching states of the inverter

At change in time
AV change in flux
W (old) stator flux before applying voltage vector

W, (new)  Stator flux after applying voltage vector
I stator current
U0to U7  look-up table switching voltage vectors
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Appendix

IM parameters

Stator resistance (R;) = 19.32 2, resistance from rotor
(R;) = 8.04 2, inductance by mutual (L,,) = 0.601 H, induc-
tance from stator (Ls) = 0.633 H, inductance from rotor
(L,) = 0.633 H, inertia (J) = 0.0051 kg m>.

Rated values

Power = 1 HP,

voltage (V) =400V, speed (w}) =

146.15 rad/s, torque (T*) = 5N m, no of poles (P) = 4.



	1. Introduction
	2. DTC with sector rotation
	3. SPWM, SVPWM and fuzzy in DTC
	3.1. SPWM and SVPWM-based DTC
	3.2. Fuzzy-based estimators for DTC-IM drive
	3.2.1. Fuzzy-based reference flux estimation
	3.2.2. Fuzzy-based reference torque estimation
	3.2.3. Fuzzy-based sector rotation


	4. Experimental setup for basic and fuzzy DTC-IM drive
	5. Validation of simulation and experimental responses of DTC
	5.1. Comparison of torque responses
	5.2. Comparison of speed responses
	5.3. Comparison of speed and torque responses at medium and low speeds
	5.4. Comparison of performance index

	6. Conclusion
	List of symbols
	Disclosure statement
	References
	Appendix
	IM parameters
	Rated values


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


