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ABSTRACT

The conventional direct torque control (DTC) of induction motor drive has two main problems such as
higher ripple in torque, flux and variable switching frequency. These problems are mainly due to the
hysteresis controllers. Appreciable reduction of torque and flux ripple can be achieved by increasing the
inverter switching frequency. Most of the torque ripples reduction methods in literature are centered on
this concept. The hysteresis based approach also results in variable switching frequency that depends on
operating conditions at particular speed. Hence a method for increasing the switching frequency and at
the same time maintaining constant switching frequency is needed. Most researches have chosen the
space vector pulse width modulation based DTC (SVM-DTC) scheme. In this paper, first the torque and flux
ripple in the conventional DTC method are shown and the improvement achieved by using proposed DTC
method based on slip angle is presented. A new method such as slip angle control of induction motor drive
based on DTC are proposed, analyzed, simulated, and tested. It is shown that this method progressively
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reduces torque and flux ripple.

1. Introduction

Induction motor speed control methods can be classified into
scalar control and vector control methods. In scalar control, only
magnitude and frequency of voltage, flux and current space vec-
tors are controlled. Scalar control does not act on space vectors
during transients. Contrarily, in vector control not only magni-
tude and frequency but also instantaneous positions of voltage,
flux and current space vectors are controlled. Thus, vector control
acts on the position of space vectors and provides their correct
orientation both at steady state and also during transients. The
invention of vector control in the beginning of 1970s brought
a revival in the performance and control of induction motor
drives. Vector control is also known as field oriented control
(FOCQ) [1], it has several limitations: torque control is indirect,
current regulators are required, coordinate transformation is
required and the PWM modulator, which processes the volt-
age and frequency reference outputs of the vector control stage,
creates a delay between the input references and the resulting
stator voltage vector produced. These factors limit the ability
of FOC to achieve rapid flux and torque control. To eliminate
these limitations, in 1986 Takahashi and Noguchi proposed a
technique called direct torque control (DTC) [2]. However, the
conventional DTC method has limitations. Large torque and
flux ripples are generated particularly at low speeds [3-6]. To
address these problems, switching frequency of the inverter
has to be kept constant for improving steady state torque and
flux response of induction motor drive by using Space Vector

Modulation (SVM) DTC technique [7]. SVM-DTC preserves
conventional DTC transient virtues furthermore it produces
better quality in steady-state flux and torque response over a
wide speed range. At each control cycle, SVM technique uses the
reference voltage space vectors to compensate the stator flux and
torque errors [8,9]. In [10], proposed a technique to increase the
performance of DTC at low speed operation by modified inverter
switching table of conventional DTC, but switching frequency
is uncontrolled. In [11-13] new techniques called dithering
was implemented, which increases the switching frequency of
inverter. These techniques, allow lifting the inverter switching
frequency to get silent motor operation, but it requires high
sampling frequency than SVM-DTC and the variable switching
frequency problem remains unsolved. A modified DTC tech-
nique was proposed [14] to maintain constant switching fre-
quency. But it is difficult to implement in digital control. Based
on current ripple principle in [15] a new DTC technique was
proposed for three-level inverter to reduce the torque ripple and
flux ripple, but switching frequency is still function of induction
motor speed. In [16], DTC technique was implemented with five-
level output voltage from the inverter to improve the low speed
performance and also reduces the torque and flux ripple. But
it needs the stator flux angle position and trigonometric func-
tion calculations in modulation unit. Multilevel voltage source
inverters increase the cost and control complexity [17,18]. In
order to reduce the computational complexity and parameter
sensitivity with low flux and torque ripple, a prediction DTC
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scheme was proposed in [19]. For digital implementation it
also requires high sampling frequency when compared to con-
ventional DTC. In [20], a new DTC technique was proposed
to improve the steady state response of flux and torque. But it
requires several complicated calculations and inverter switching
problem is unsolved. In [21], an accurate estimation method to
overcome the limitations of the existing speed and flux estima-
tion methods is proposed. It has been concluded by sensitivity
analysis. In [22], an estimation technique for motor parameters
like stator resistance and rotor resistance by using fuzzy logic
control was developed. But speed control technique has not been
considered in this method. In order to reduce the energy losses
in induction motor drive in [23] authors proposed a new soft
starting technique by using neuro-fuzzy method. But, as paper
is confined to starting transients, the performance analysis in
steady state has not been addressed. In [24], the sensor-less DTC
based induction motor drive is discussed in detail, but it requires
complex calculations to estimate controller parameters, co-ordi-
nate transformation and sector identification. From the literature
survey it is observed that available control schemes have various
advantages and drawbacks. However, most of the existing control
techniques are concentrated to operate the inverter with constant
switching frequency. The detailed torque and flux control law
is not properly presented and also the mathematical equations
which are required to determine the inverter switching sequence
are not clearly described. Consequently, the undesired torque
and flux ripple in DTC based induction motor drives may lead
to speed oscillations, resonances in mechanical portions of the
drive causing noise and vibration. Hence torque and flux ripple
should be reduced.

The objectives of this research paper are to: Propose bet-
ter scheme for DTC induction motor drive to reduce torque
ripple and flux ripple, develop mathematical models for the
proposed scheme, design and develop torque and flux PI con-
trollers for the proposed scheme, carry out simulation studies
on the proposed scheme, compare the simulation results of
proposed schemes with existing schemes and validate the pro-
posed schemes by conducting experiments. In proposed DTC
slip angle control technique, the required reference stator flux
space vector is generated from the controlled stator flux slip
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angle and measured rotor angle of the induction motor drive.
In this scheme, torque equation is derived in terms of stator flux
angle. In proposed DTC scheme, coordinate transformation
is not required; all mathematical calculations are done in the
stator reference frame. This proposed method is extension of
the author previous work [27]. For the proposed DTC scheme
detailed simulation and experimental results are presented and
significances are highlighted. The steady state and transient
behavior of the proposed DTC scheme based on slip angle
control is compared with conventional DTC for analyzing the
response of torque and flux.

2. Control strategy

The detailed block diagram of proposed DTC scheme based on
slip angle control is shown in Figure 1. In Figure 1, the speed
reference is compared with the measured speed, speed error
is given to PI controller and it generates reference torque. The
reference stator flux is obtained from the speed reference.
The reference torque is compared with estimated torque and
the error is the input to torque PI controller, it generates ref-
erence slip angle in this proposed DTC scheme. The reference
stator flux angle is calculated from the reference slip angle with
the help of reference stator flux angle; the required reference
stator flux is calculated and compared with the estimated stator
flux. Based on the error, the reference voltage is calculated.
Finally, the reference voltage space vector is realized by using
Kim-Sul SVM [25].

From [26], the modified instantaneous electromagnetic
torque T is given by:

3 L)

daslip
T(t) = |2p—= T
0= 3

dr 1)

2 —t/
il = e
If stator flux module |x//5| is maintained constant, then Equation
(1) can be written in Laplace transformation as

k
T(5) = 7= 04,(9) @

—+

Vi A, v, | Kim s L |_|
¢ s -Sul g
.|V . S —4%] VSI
v, AWS‘I C Uy |V S,
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Figure 1. Proposed DTC scheme based on slip angle control.
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where k_is the torque proportionality constant.

Equation (2) shows that the linear relationship between
torque and slip angle. Hence the electromagnetic torque T, is
directly controlled by using slip angle for a given sample time At.

From [12], stator voltage

dy,/dt =V —iR, (3)

where y_is the stator flux, V_is the Voltage space vector, i R_is the
stator winding resistive voltage drop and At is the sample time.
By neglecting stator winding resistive voltage drop, Equation
(3) becomes

Ay, = VAt (4)

The torque error AT, can be controlled by slip angle 6, using
Equation (2) and the stator flux error Ay_can be controlled by
suitable voltage vector V_ for particular sample time At using
Equation (4). The author’s previous [27] work shows how stator
flux and torque error are compensated by voltage space vector V.
in a given sample time At based on proposed scheme.

If the voltage space vector is in sector-1 as shown in Figure
2 which is at an angle of ‘o’ with reference to A-phase axis also
called as a-axis, the reference vector V" will be realized in the
average sense by switching amongst the three nearest vertices of
the sector in which the tip of this reference vector lies.

For instance, the switching combinations would be chosen
are (8-1-2-7), respectively, switched for the time intervals of
(T,/2—=T, —T,—T,/2). As per the conventional SVM, the
switching times are given by Equation (5) and its derivation is
explained with the help of Equations (6) and (7):

T - m,; T, sin(60° — a) (5a)
! sin 60°
_ m, T, sina (5b)
27 sin60°
P |V,.| X cosa Xsin60°) — |V _| X sina X cos 60°)
b V,, sin60°
(5¢)
== v —= 5
Vdc \/g
@ -axis
4(-++) >

5(--+)

6(+-+)

Figure 2. Space phasors corresponding to each switching state.

Since
vi|l |32 o Ya
; VAV \f DN | I
vf
v 5 1 0 .
v
il-2 an vae [
3 v (6b)
v; —1/2 =32 (L7
T, (3. 1 \/5
1 = SV, ——=X—, =v)) (6¢c)
Ve [27T 5 2
~T, = =T, (6d)
dc
where T, = LX T — X% g = IX%
as V Vd( cs Vdc
_ m, T, sina 72)
2T Tine0° a
T, 2 \/_ \/_
=3-X 7 - (7b)
de
TS * *
T2 = Vd [Vh - Vc] = T2 = Tbs - Tcx (7C)

In Equations (6) and (7) T, T, and T__ are the switching times,
which are proportional to the instantaneous three phase refer-
ence voltages and these are termed as the imaginary switching

times (8).
Vit +vi=0=>T, +T, +T,=0 (8)

In sector-1, actual gating times can be calculated as follows and
these are given by Equation 9)

MaX( as’ T ) - T Mll’l( us’ Tcs) = Tcs (9a)
>N+, =T;=T,~-T, (9b)

In other words
Tﬁ = Tmax - Tmin or TO = Ts - Teﬁ (9C)

The actual gate timings are now obtained by simply giving a time
shift that would place the effective time exactly at the center of
the sampling time interval. This time shift is given [26] as:

T, =2_T

offset 7 min (9d)



Therefore, the actual gate switching timings for the top switching
devices of the three-phase inverter are given as Equation (10):

Tga 1 00 ' 1
Tgb =10 1 0 T, |+ Toﬁm 1 (10)
Tgc 0 0 1 T, 1

It is proved that the implementation of the space vector PWM
is based on the three instantaneous phase reference voltages (8).
Figure 3 shows the pictorial representation of the generation of
the switching times from the instantaneous three phase reference
voltages. Thus, it is evident that the implementation of this PWM
scheme does not require any sector identification, look-up tables
etc. The switching sequences are automatically generated which
depend on the three phase reference voltages.
The merits of this proposed DTC is

o The required reference voltage vector is calculated from
the controlled reference stator flux space vector, which
is generated from the proposed torque controller. In
this scheme, coordinate transformation is not needed
since all mathematical calculations are done in the sta-
tor reference frame. The torque is directly controlled by
slip angle, which is generated from the proposed torque
controller. In this scheme one PI controller is required
to control the flux and torque. All reference voltage
vectors are calculated in stator reference frame. Hence,
coordinate transformation is not required to gener-
ate the reference voltage vector and also the required
inverter switching states in any sector can be generated
by using minimum and maximum values of control
time signals, this process does not require information
of the reference voltage sector number and trigono-
metric functions unlike SVM-DTC scheme. Hence, it
reduces the computation burden on the processor and
improves the performance of the proposed DTC scheme
because of digital control process, the performance of
the drive not only depends on control scheme but also
on computational time.

o The implementation of the scheme is shown to be sim-
ple, as it involves only maximum and minimum values
of reference voltage vector. Simulation and experimental
results will show the merit of the proposed DTC scheme

i+ ki Ous) ks T()
T | (I+s7)
S s
controller Plant
Figure 3a. Block diagram of the torque control loop.
o) + A9, 9 ki, [T TO | 1 |00
+ —_— > s
kp(u s GT (S) J s
controller Torque Plant
closed loop gain

Figure 3b. Block diagram of the speed control loop.
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based on slip angle control, i.e. the torque and stator flux
ripples are reduced when compared with conventional
DTC.

3. Design of Pl controllers

The design of parameters required for PI controllers to imple-
ment the slip angle control is explained below and parameters of
motor drive are described in appendix 1. This proposed scheme
is capable of controlling the torque by using slip angle and it also
maintains constant stator flux amplitude.

3.1. Torque PI controller

As shown in Figure 1, the reference electromagnetic torque T is
obtained from the speed PI controller output. The reference elec-
tromagnetic torque T, is compared with the actual electromag-
netic torque T, to generate a torque error signal. This torque error
is the input signal to the torque PI controller. The objective of
the torque PI controller is to generate the required slip angle for
adjusting the stator flux angle. The relationship between torque
and slip angle is expressed in Equation (2). From Equation (2), it
is clear that torque response depends on slip angle while keeping
stator flux amplitude constant at rated value. The torque control
loop block diagram is shown in Figure 3a.

Where k, = %P(Li /R.L)|w, |2, is system gain constant,
7.= 0L /R is the system time constant.

The system gain and time constants are given in Equation (11)

3

k, = 3 % 2(0.198%/(1.17 x 0.23)) = 0.437 (11a)
7, = oL, /R, (11b)
In Equation 9)

(6=1-L2/LL =1-0.198"/(0.23 X 0.23)) = 0.259) and T,
=0.259 x (0.23/1.17) = 0.051.

ka is the torque controller proportional gain and k. is the
controller integrator constant.

From Figure 3a, the plant output torque can be expressed as
Equation (12).

s + kb,
(7, + Kk )s + (1 + k k)

T,(s)= (12)

From Equation (12), the characteristic equation can be written as

(Ts + kaks)S + (1 + kiTks) =0 (13)

From Equation (13), the controller gains can be calculated and
the gains are given by Equation (14)

t. = (7, +k,rk) /(1 + koK) (14)

For first-order systems the settling time t =5 - ¢.
Consider settling time ¢_= 0.05 than time constant ¢ = 0.01.
Initially choose kpt = 0.5 and substitute it in Equation (14),
then controller integration constant k. can be calculated as
0.01 = (0.051 + 0.5 % 0.437) /(1 + k,; X 0.437) = k,;. = 59.
Based on these torque control parameters, the speed PI con-
troller parameters design is presented in the next section.
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3.2. Speed PI controller

As shown in Figure 1, the reference electromagnetic torque T
is obtained from the speed PI controller output. The reference
speed @, is compared with the measured speed w, to generate
a speed error signal. This speed error signal is the input to the
speed PI controller. The objective of the speed PI controller
is to generate the required torque for adjusting the stator flux
angle. The relationship between speed and torque is expressed
in Equation (15). The speed control loop block diagram is shown
in Figure 6.

do,
T.(t)=] + Bw, + T, (15)
dt
where ] is the inertia, B is the friction coefficient and T, is the
load torque.
Assume T, =0 and B is very low, then Equation (15) becomes
as

do,
T,(t)=] (16)

dt

On applying Laplace transformation to Equation (16), Equation
(17) was obtained.

1
==T,
@,(s) 7 .(5) (17)
where G,(s) is the torque closed loop gain, kpw is the speed con-
troller proportional gain and k. is the speed controller inte-
gration constant and J (0.051 kg m?) is the inertia of the motor.
The torque closed loop gain can be written as Equation (18)

oo L6 _ (kyrs + kipk,
O ey S B
Forward gain of the speed loop is given in Equation (19)
- k(1 +5T,,) (ks + kK, Lo
s) = —
@ sT,, (r, + kaks)s + (1 +kk) Js (19)
where T, is the speed integral controller time constant.
From Equation (19),
kpw(l +sT,,) kaksS + k- k, 1
Gco(s) = STiw L+ kol (. +k, k) E (20)
A+ ki s)[ + (1+k, k) S]
Substitute T, ) = ((Tl‘::”:‘)) in the above equation, then forward gain

will be given as Equation (21)

Ko ks + k) |
s(z, + kyrk,) Js

G, (s) = (21)

Opverall speed transfer function can be represented by Equation
(22)

by kyrk sthirk) 1

,(s) B stk k) s

W) ] 4 ki) 1
s(r$+kak$) Js

(22)

From Equation (22), the characteristic equation can be written as

k, kk

2 pw s pT
+
(@, +k k]

k. k k

iT pw™s

=0
(r, + kska)]

(23)

Compare Equation (23) with standard second order character-
istic equation; therefore it gives (24)

kpwkska
ZCa)n =0 anda)i =
(@, + kK, @+ kK,

k. k k

iT pw™s
- (24)

Using Equation (24), the speed kpw and k, can be calculated and
these are given by Equation (25).

k _kk
P s pT
26w, = ————— 25a
T @ Rk (252)
2 % X0.707 X w,,
k, %0437 % 0.5 25b
= ad Sk =0087xm, B0
(0.051 + 0.437 X 0.5) X 0.05 pe "

w kiTkpa)ks (25 )
= ——0 C

to(r+ kska)]

o 59 X k,,, % 0.437
" (0.051 4+ 0.437 x 0.5) X 0.05 (25d)

= k,, = ©,/1913 > o, = 166.43

The speed controller gains can be calculated by using Equation
(26).

k,, = 0.078 X 166.43 = k,, = 14.48 (26)

and the speed integral controller gain can be calculated as shown
in Equation (27)

(r, + kaks)

= T, k, =k, |———
kPw/ io = Kie /(1+kiTks)

=k,, (27a)

i

(0.051 + 0.5 X 0.437)
(1+52.31 X 0.437)

k,, = 14.48/ =k, = 1448 (27b)

The speed controller gains are given by k, = 14.48 and k;, = 1448.

The presently tested control system response is shown in
Figure 4a.

Table 1. Attributes of the step responses of the torque Pl controller.

Kpt K., t.(s) % overshoot
0.001 10.8 0.016 25

0.005 11.2 0.013 125

0.08 18.7 0.012 6.725
0.06 16.7 0.015 5.625
0.05 15.7 0.0155 5.25

0.03 13.7 0.016 6.625
0.01 11.7 0.0165 10.625
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Figure 4a. Step response of the closed loop speed control system for 40% of load torque.
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Figure 4c. Step load response of torque loop with Kp =0.005and K, =11.2.
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Figure 4d. Step load response of torque loop with Kp =0.05andK;=15.7.
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Figure 5. Simulation diagram for proposed DTC scheme based on slip angle control.
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Figure 6. Stator current la (2 amps/div): (a) simulation result of conventional DTC, (b) experimental results of conventional DTC, (c) simulation result of proposed DTC and
(d) experimental result of proposed DTC.
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Figure 7. Stator flux locus (0.5 wb/div): (a) simulated response of conventional DTC, (b) experimental reponse of conventional DTC, (c) simulated response of proposed DTC

and (d) experimental response of proposed DTC scheme based on slip angle control.

As analyzed in last section, speed controller parameters
are adequate for speed control. But in torque PI controller
design method assumptions are considered while design-
ing the parameters, which may not give exact adequate PI
controller parameters. Therefore, torque PI controller has to
be adopted and it parameters are adjusted to ka = 0.05 and
k,. = 16.67. These torque PI controller values gives minimum
settling time and low percentage overshoots. As a sample of
reference, three different torque PI controller combinations
are presented here.

Figure 4 represents effect of K, and K, on performance of
induction machine and the effect of various values of K and K;,
on settling time and percentage overshoot was summarized in
Table 1. From Table 1, K , = 0.05 and K, = 15.67 give minimum
settling time and low % overshoot.

4. Modeling

The developed mathematical models and proposed algorithms
are simulated using MATLAB/SIMULINK. The simulation dia-
gram of the proposed DTC is shown in Figure 5. The speed
controller proportional gain k  is 14.48 and integral gain k,
is 1448 and torque controller proportional gain k , is 0.05 and
integral gain k, is 15.7. It is found that these values result in

minimum steady-state error; hence all simulation and exper-
imental tests are performed from the obtained values of PI
controllers.

5. Simulation and experimental results of slip angle
control scheme

The operation of the induction motor drive system is observed
at steady state and during transient by sudden application of
load. To validate simulation results experiments are conducted
for same loaded conditions as applied during simulation pro-
cess. In order to implement the proposed control schemes for
DTC of induction motor drive in real-time a dSpace DS1104 R
& D control board is used as an interface between MATLAB/
SIMULINK/RTT model and induction motor drive. Simulink
models for proposed control scheme are developed. To connect
Simulink model to the induction motor drive, it is necessary
to introduce I/O interfaces into the model using dSPACE RTI
blocks. This will allow the simulation to interface with connected
hardware components. A model was created with Simulink and
RTTI blocks using the Simulink® CoderTM (formerly Real-Time
Workshop®). This generates C code. The RTI build process com-
piles the generated C code and links the object files and libraries
into an executable application and loads the application to the
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proposed DTC scheme based on slip angle control.

real-time hardware directly after the compilation (build). The
build status is displayed in the MATLAB Command Window
and generates the four files namely PPC: The real-time applica-
tion to be downloaded to a PowerPC board, MAP: Map file with
address information of variables, TRC: Variable description files
to be used by Control Desk, SDF: System description files with
references to the PPC, MAP, and TRC file. Using the informa-
tion from the SDF file the Control Desk can read and write the
variables in real-time.

Control Desk provides numerous instruments with their
control knobs to measure the variables, to control the varia-
bles, to view the output and to change the scale of the output
parameter displayed. The values of various parameters can be
changed in real-time to observe their effect in real-time and
also for fine tuning of parameters in real-time. Experimental
results in steady-state and transient operation for all the four
proposed control schemes are obtained by executing the appro-
priate MATLAB/SIMULINK files and models. Experimental
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Figure 11. Frequency spectrum of the phase voltage: (a) conventional-DTC and (b) proposed DTC scheme based on slip angle control.

on slip angle control schemes are shown from Figures 6 to 10.
The experiments are carried out for various loads but results are
shown for 60% of rated load as a sample.

Figure 6 shows the stator phase current for conventional
DTC and proposed DTC schemes. Figure 6(a) is simulated
phase current in conventional DTC whereas Figure 6(b) shows
experimental result. Figure 6(c) gives simulated phase current
of proposed DTC whereas Figure 6(d) gives phase current
of proposed DTC through experimentation. Figure 7 shows
the simulated and experimental results of stator flux locus
for conventional DTC and proposed DTC, respectively. The
transient response of conventional DTC and proposed DTC
scheme based on slip angle control induction motor drive is
observed by sudden application of load and results are shown
from Figures 8 to 10. The experiments are carried out for var-
ious step loads but results are shown for 60% of rated load.
Figure 8 shows the speed and torque transient response for
conventional DTC and proposed DTC scheme based on slip
angle control schemes.

Figure 8(a) and (c) shows simulated response of speed and
torque in forward motoring (70 rad/s) for a step change in
load torque of conventional and proposed slip angle controlled
DTC respectively. Figure 8(b) and (d) demonstrate experi-
mental response of speed and torque in forward motoring
(70 rad/s) for a step change in load torque of conventional
and proposed slip angle controlled DTC, respectively. Figure 9
shows the stator flux and speed response due to speed reversal

based on slip angle control schemes. Figure 10 presents the
speed transient for proposed DTC scheme.The experimental
results from Figures 6 to 9 show that the torque ripple and
flux ripple are less in proposed DTC when compared with
conventional DTC. In proposed DTC, the required voltage
space vector is calculating to compensate the flux and torque
errors exactly by using a predictive technique and then its
generation using the SVM at each sample period. Figures 8 and
9 show the transient behavior of drive for step variation of the
load torque and speed reversal. Figure 8 shows that there is a
sudden reduction in the speed due to sudden increase in load,
resulting in reduction in speed. To meet the load torque, the
angle between stator flux and rotor flux increases due to selec-
tion of accelerating voltage vector which results in increase in
motor torque, as a result the motor accelerates till motor torque
becomes equal to the load torque and the motor regain its ini-
tial reference speed. From Figure 9 it is noticed that the stator
flux amplitude of the conventional-DTC and DTC based on
slip angle control schemes is unaffected during speed changes.
From Figure 10 shows the transient and dynamic response of
proposed DTC scheme. In comparison with Figure 11(a) and
(b), for the conventional DTC, the SVM-DTC increases the
inverter switching frequency. As shown in Figure 11(b),
the inverter switching frequency is constant. In Figure 11(b),
the phase voltage harmonic spectrum of proposed DTC shows
that the harmonics are more at inverter switching frequency
(2.5 kHz) and its multiples, whereas in conventional DTC the
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phase voltage harmonics are more at lower frequencies. Hence,
proposed slip angle controlled DTC gives less harmonics when
compared to conventional DTC-SVM. The stator flux ripple
and torque ripple obtained with the conventional DTC are
higher than those obtained with the DTC based on slip angle
control and torque transient response of DTC based on slip
angle control is close to conventional DTC. From these results
it is observed that the DTC based on slip angle control tech-
nique offers the less torque ripple and flux ripple in simulation
and experimentation.

6. Conclusion

To reduce the torque and flux ripple of the DTC induction motor
drive based on slip angle scheme was proposed. Mathematical
models were developed and simulation studies were carried
out using MATLAB/SIMULINK for proposed DTC scheme.
The conventional DTC and proposed DTC of induction motor
drive were simulated. Simulation studies are performed under
steady state and transient operation. These studies established
not only the feasibility of the proposed schemes and also ability
to reduce the torque and flux ripple of induction motor drive
when compared with conventional DTC scheme. In order to
validate the simulation results, experiments were conducted
under steady state and transient operations by using dSPACE
1104 controller. From these results it is observed that the pro-
posed DTC technique offered less torque ripple and flux ripple
both in simulations and experimentation and also the switching
frequency of the inverter had to be kept constant for improving
steady state torque and flux response of induction motor drive by
using proposed DTC technique. The proposed DTC preserved
conventional DTC transient merits, furthermore produced better
quality in steady-state flux and torque response. The torque and
stator flux ripple of proposed DTC was significantly reduced.
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Appendix 1

Specifications of induction machine used for simulation and
experimentation:

Table A1. Parameters of Induction machine.

Name Symbol Quantity
Stator resistance R, 2230
Rotor resistance R, 1.15Q
Stator inductance L 0.21H
Rotor inductance L, 0.2TH
Mutual inductance L, 0.1988 H
Poles P 4
Inertia J 0.051 kg/m?
Power P 2.2 kW
Torque T 12Nm
Nominal speed N, 1440 RPM
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