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Abstract: Induction motors based electric drives are dominated in
many applications due to their superior characteristics over other
drives including cost. An effect control method is required to
reduce ripples in the torque. A direct torque control (DTC) is
implemented by various scholars recently, however for further
reduction of ripples in torque a modified DTC is implemented in
this paper. The proposed method considerably alleviates the
computational burden of control technique on chip. The selection
of inverter switching vectors is identified for restricting the torque
and flux errors within their respective hysteresis bands. Fastest
responses of torque, speed and flux are achieved. This paper also
includes the incorporation of modeling and designing of DTC with
induction motor to enhance comprehension. Extensive results
under various operating conditions are presented in this paper to
enhance the importance of the improved DTC.
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1. Introduction

The history of an electrical motor is started as early as 19" century. Alternating Current
(AC) motors are using for various applications in many industries as well as domestic
applications due to high robustness, low price, reliability, high efficiency etc. However,
variable operating speed is required to do many tasks especially where used induction
motors. Operating an electric drive at a low speed is commonly used for many places in
industries. Among many existing speed control techniques, a direct torque control (DTC)
method is exhibits superior characteristics over other methods [1-2]. Recently advanced
induction motor drives with PWM inverter based novel control strategies are developed
with the help of Space Vector Modulation (SVM), where the motor will be controlled
independently and directly without using transformations.

Because of no direct connection among stationary and rotating parts of the motor, an
induction motor is having some features over other. This implies, absence of mechanical
parts such are brushes, commentators. Hence, the maintenance and size can be reduced in
induction motors. Anyhow, in a variable speed drives, more mechanical energy is required.
Three-phase induction motors are commonly utilized across various applications because of
their ability to produce high torque. Hence a three phase inverter is required (either current
source or voltage source) to regulate the speed of the motor. By managing star to delta
connection, the motor were controlled before inventions of modern power electronics.
However, this gives very limited speed changes. Some of efficient controls methods are
listed below gather from recent publications.

» Scalar control techniques: these controllers are implemented based on constant ratio
between “Voltage-Frequency” (V/f) and it is very simple method. However, this
control technique unable to perform accuracy during all conditions.

» Vector control techniques: both torque and flux are controlling in these methods
independently. Hence, induction motor can be able to operate as similar to
separately excited DC motor. Park and Clark transformations are using to achieve
this method.

» Field Acceleration method: The phase and amplitude of the stator current will be
maintained constant in this approach.

The advanced approach of the vector control is a DTC approach. The DTC method is
an advanced approach of the conventional vector control. The flux and torque are
controlled directly through an inverter. Various features of DTC are listed below.

» Both torque and flux will be regulated directly.

» Voltages and currents of stator in a motor are regulating indirectly and they are
approximately sinusoidal in nature.

» Even at stand still, it have high dynamic performance.

» Absence of co-ordinate transforms.

» The response time for torque is very less as compared with other vector control
methods.

However, inherent torque ripples will be existed in a conventional DTC. Hence, a
modified DTC is implemented in this paper. In Section-II, the organization of this paper
entails the modeling of the induction motor and DTC. Dynamic state space model is
provided in Section-III. The enhanced DTC of an induction motor is provided in Section-
IV. MATLAB Simulink based results are listed in Section-V. The paper concludes with a
list of references at the end.
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2. Modelling of Induction Motor and DTC

Input voltage of induction motor is expressed as flowing equations to achieve the proper

transformations.
V. coséd sin & 1 qu;
V.. |=|cos(0—-120°) sin(@-120°) 1||V, (1)
V.| |cos(@+120°) sin(@+120°) 1|V
V. | o8 0 cos(0—120°) cos(6+120°) ||V,
Ve 3 sin @ sin(@—120") sin(0+120°) ||V, )
v 0.5 0.5 0.5 .
Vas = Vqss : (3 )
1o 3.,
Vbs - E Vqs - 7 de : (4)
1o, V3,
Vcs :_EVqs +7Vds' (5)
v, = _ L Vi, + L V. (6)
ds \/5 bs 3 cs
2 1 1
V:=xV ——V —=V =V . 7
qs 3 as 3 bs 3 cs as ( )
The angle 0, = o, t.
V, = qu; sin @, +V; cosb,. )
V=V,co86, -V, snb,. )
V, = —Vqs sin 6, +V, cosd,. (10)
V;S =V, cosO,+V, sin0,. (11)
Vs =V, cos(o,t +¢). (12)
V,, =V, cos(w,t — 277[ + ). (13)
27
V.=V cos(w,t+ ? +9). (14)
Ve =V,cos(wt+g¢). (15)
Vi ==V, sin(@,t +¢). (16)
Vqs =cosg.lV, . (17)
Vg ==V, sng. (18)
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From above expressions, it shows that Vqss and Vdss are two phase balanced components.

V = VquS = ti - .] de

=V, [cos(a)et + @)+ jsin( w,t + ¢)]

_ P el (19)
— \/_V Jj(6,+¢)

V=Vy—jVe=W,—jV,e’". (20)
‘17‘ =7, =V +Va Q1)
V=V, =iV

2 1 1 1 1
=_Vas__VS__VL’S _-j __VJ+_VYC~5 (22)
(3 3”03 j (ﬁb J3 J

- [V vav, +a'v,]

Where a=e 11 and a® = ¢ 13, Similar transformations of rotor wind also can be made
based on above equations. For induction motor in rotating two phase synchronous frame,
the following d° -q° and d' — q" expressions can be attempted:

s s d s

s s d s
VdAs = Rs Ids + Zl//ds . (24)

Similarly the other expressions which are needed in modeling of machine as well as DTC
are expressed below:

d
Vds = Rs [ds + _(//ds - a)el//qs : (25)
dt
d
V. :Rslqs+zl//qs+a)el//ds' (26)
t
Under non-rotating conditions, i.e., @, = 0, the rotor expressions can be re writing as:
ar = lr//dr + Rr idr + _a)e qu . (27)
dt
v, =Ri, +° 28
qr rlqr+5wqr+wel//dr' (28)

The rotor equations will be modified as listed below in case of considering the motor
speed.

. d

V,=Ri,+ e +(w, —o,)y,, . (29)
. d

Vdr = Rr ldr + El//dr - (a)e - a)r)l//qr : (30)

In similar way:
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l// Llslqs + Lm (iqs + Z‘qr) . (3 1)
v, =Li,+L,>G,+i,). (32)
l//qm = Lm (lqs + iqr ) : (33)
l//ds = Lm (ids + Z‘dr) + Llsids . (34)
l//dr = Lm (ids + idr) + Llridr' (35)
w,, =@, +i,)L,.. (36)
71T R+ ol SL. ol, Ti,
V, _ - a)eL.r Rx + SLV a)eLm SLm lds (37)
v, SL, (@,-0)L, R+SL  (0,-0)L|i,
vl l-e,-0),  SL,  -(o-0)l, R+SL |i,
2 do,
=T + (38)
e

Where T| and Te are torques of load and motor respectively, J represents motor inertia.

V=iV, R(qu ]%)"‘

gs

d .
qur = erqdr Zl//qdr + j(a)e - a)r )l//qdr .
d .
qus Rslqu El/lqu + .](a)e - a)r )l//qu :
V.=RI +jo,y,..
R
O=—"1 +joy,.
S joy,
3(P -
T =—|— v, 1. sno.
e A l//m r
3(P -
T =—|— xI ..
e 202 Wm r
3(P ,
Te = 5 3 delqr - l//qm[dr .
3(P .
Te = 5 5 delqs - l//qmlds'
3(P
T'e E(EJWdS qs l//qslds' .

,,ﬁ
l\) w
TN
|

jL (lqsldr - idsiqi‘) .

((//qs _\]l//dg)-l-]a) ((//qs ](//ds)

(39)
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T, = %(gj(‘//driqr v, 1) (50)

However,

vo=Rrit + Ly 1)
o = Mlgs ¥ W

Vi =Ris + Ly, (52)

dt
s d o s

0=Ri, Ve T OV (3)

0=R,i, +iw§ +toy,,. (54)
rar TV ar TOY

T=E Et//; TR VS (55)
e 2 2 m” qr gm”dr

T =§ L Wy —Wo 0. (56)
) mtqs gmtds

T _3(P Wi~y (57)
¢l st qs gs‘ds

T =% g L, (i i), (58)
T, =%(§ Waly —Vois)- (59)
V: =Ri, +ia//i,.. (60)
qds stads T g T ads

0=R,i, +El//qdr —JOY 4ar - (61)

3. State Space Model

In order to analyze the transient responses of the motor, the state space analysis should

be done.
Fds = a)bl//ds . (62)
Fdr = a)bl//dr . (63)
Fqs = COquS : (64)
F,=0y,. (65)
dF
v, =Ri, 18w P (66)
w, dt o,
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dF
v = Riig 4 Has  @e o | (67)
w, dt o,
dF -
0 — er-qr +L qr + (a)e C()r) Fdr' (68)
w, dt w,
1 dF -
0=Riy + L (©e=®) (69)
w, dt ,
F,=ow, =X, +X,>0,+i,). (70)
Fr=oyr=X,, +X,>(,+i,). (71)
qu = a)bl//qm = Xm (iqs + iqr)' (72)
Fds = a)bl//ds = Xlsids + Xm (ids + idr) . (73)
Fdr = a)bl//dr = Xlridr + Xm (ids + idr) . (74)
de = a)bl//dm = Xm (ids + idr) . (75)
Where X ;= @), Lis, X, = @, Li;and X,,= @, L, or
Fqs = Xlsiqs + qu . (76)
F,=X,,+F,. (77)
Fds = Xlsids +de' (78)
Fdr = Xlridr +de' (79)
. Fqs - qu
Hence, 1, = ———. (80)
Xls
F_—-F
i = e am (81)
! Xlr
. F,-F,
[ = _—dn (82)
¢ Xls
F, —F
i, =—4—. (83)
Xlr
F.-F_ F —F
Therefore, F,,, =X, . e K (84)
Xls Xlr
F. F,
qu = Xml i—i— : . (85)
Xls Xll
Where
1
X —
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F F
Fp =X, ~5+ . (86)
Xls Xlr
R 1 dF.. o
v =—(F —-F )+——2+—<F, . 87
qs Xls( qs qm) a)b d 1 a)b ds ( )
R 1 dF, o
v, =2 (F, —F, Y+ ——& _Zefp 88
ds Xls( ds dm) a)b d 1 C()b qs ( )
R dF, _
0=—= (Fq,—qu)+L G F,. (89)
Ir w, dt @,
0=, —Fy+ - L [ O0) ©0)
X, o, dt o, !
dr, o R
L =w)|v,——F,——(F,—F,)|. 91
dt b|: qs w, ds XIS( qs qm ):| ( )
dF,, , R,
~=w,| v, +—F ———(F, - F ) 92
d 4 b|: ds C()b qs Xls( ds dm )i| ( )
dF, (0, —.) R
To o | e e N _F 93
dt b|: COb dr Xlr( qr qm):| ( )
dF, (0, —w,) R
T gy | e = L S (F - F 94
dt b|: a)b qr Xlr( dr dm) ( )
3(P) 1 . .
T, zz(zjw—b(Fdslqs —Fqslds). (95)

4. Improved DTC

In a conventional DTC, more ripples will be existed in the electromagnetic torque.
Optimal sector for switching pulses are obtained from below basic equations.

T, %G}Z 1 (96)
W, =LJ, +L,1, ©7)
w, =L I +LI,. (98)
_ L _ -

v, :L_% +L 1, (99)
- 1 L _

I :L_'lr//s _L I v, (100)
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Fig. 1: Improved DTC of Induction motor.
— 3(P)L
T, =Z| 5 |77V, V. (101)
©2\2)LL
That is, the magnitude torque is
7 =32 Ln 7, |, |sin 7 (102)
©o2\2)LL "
Incremental of Ay , the torque AT, expression is given as
= 3(P) L )
AT, =2| = |27, |7, +Ai, |sin Ay (103)
« 202)LL ' ’

Fig. 2: Space Vector Strategy.
The block diagram of improved direct flux and torque controller is depicted in Fig. 1.



E3S Web of Conferences 540, 02007 (2024) https://doi.org/10.1051/e3sconf/202454002007
ICPES 2023

H,= 1 for E,>+HB, (104)
H,=-1 for E,<-HB, (105)
H,= 1 for E,>+HB, (106)
H, =-1 for E, <-HB,. (107)
H,= 0 for —-HB, <E, <+HB,,. (108)

Motor voltages and currents are helpful to calculate the torque and flux components. Space
vector strategy is applied to achieve the delivered pulse sequence as shown in Fig. 2.

The input signals /1, v H 70> are used to decide the pulse sequence as per below table

by using the following equations.

— d
V =" (7 109
ST (w,) (109)
Or
Ay, =V, At (110)
Tablel: SVM vectors selection.

T volT 1 T d i

5. Improved DTC

A model using MATLAB/Simulink has been developed to showcase the findings.
Various models are modeled in Simulink components and used to construct the improved
DTC as shown in Fig. 3.

Reponses under considering of changes in torque and speed are carryout in this section.
Following results are obtained and which are having satisfactory responses during both
steady state and transient period. Corresponding stator flux is given in Fig. 4. A stable flux
is achieved by proposed method. Voltage of stator phase —A is depicted in Fig. 5. Load
torque and electromagnetic torques are overlapped in Fig. 6. The motor electromagnetic
torque generated by motor with help of proposed DTC can be observed from Fig. 6. Flux
trajectory of motor is given in Fig. 7. Various speed references and motor speed including
negative speeds are listed in Fig. 8 and Fig. 9. Corresponding stator flux and currents are
shown in Fig. 10 and Fig. 11.

10
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Fig. 3: Simulink model of improved DTC of induction motor.
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Fig. 11: Stator current — phase A.

6. Conclusions

This paper presents an enhanced direct torque control technique for induction motors.
Detailed modeling of both induction motor and DTC are provided in this paper. In order to
select a proper vector sequences are also listed in this paper which is made to restrict the
errors of torque and flux within the respective torque and flux hysteresis bands. The
proposed method is made to achieve fast responses of torque, flux and speed under sudden
variations. The MATLAB/SIMULINK platform is utilized to observe the performance of
direct torque control in induction motors.
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