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Abstract

High-performance Current Source Inverter (CSI)- fed, variable speed alternating current drives are prepared for various industrial

applications. CSI-fed Induction Motor (IM) drives are managed by using different control methods. Noteworthy methods include
scalar Control (V/f), Input— Output Linearization (IOL) control, Field- Oriented Control (FOC), and Direct Torque Control (DTC). The
objective of this work is to compare the dynamic performance of the aforementioned drive control methods for CSI-fed IM drives. The
dynamic performance results of the proposed drives are individually analyzed through sensitivity tests. The tests selected for the
comparison are step changes in the reference speed and torque of the motor drive. The operation and performance of different vector
control methods are verified through simulations with MATLAB/Simulink and experimental results.

Key words: AC drives, CSI, DTC, FOC, Induction Motor, IOL, Vector control

I. INTRODUCTION

Three-phase squirrel-cage induction motors (IMs) are widely
used as industrial drives because they are rugged, highly reliable,
and economical. Single-phase IMs are extensively used for light
loads on home appliances such as fans and, small water pumps.
Although these IMs are traditionally used for fixed-speed
applications, they are currently being increasingly used with
variable-frequency  drives (VFDs) in  variable-speed
applications. VFDs provide important
opportunities to existing and prospective IMs in variable-torque
centrifugal fans, pumps, and compressor load applications.
Squirrel cage IMs are widely used in both fixed-speed and VFD
applications. Direct current (DC) motors, particularly separately
excited types, were widely used in the past because of their easy
speed and torque controllability. An IM has a rugged structure

energy-saving

because it is brushless and has few internal parts that should be
maintained or replaced. These characteristics makes IMs
cheaper compared with other motors, such as DC motors.
Pulse-width modulation (PWM) with a voltage source inverter
(VSI) is typically used in variable-speed electric motor
applications with low to moderate power. However, the
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switched voltages produce high voltage slopes over stator
windings, which stress insulations and cause bearing current
problems. A possible solution is to use PWM with a current
source inverter (CSI). Phillips [1], Lipo [2], Palaniappan [3],
Jung [4], Krishnan [5], Kazmierkowski [6], and Kim [7]
attempted to develop CSI to make it suitable for AC motors
(particularly IMs) with variable speed drives. Both stator current
and voltage waveforms are close to the sinusoidal waveform;
this condition reduces the occurrence of the aforementioned
problems. A CSI can also be used for high-power applications.
High-performance CSI-fed variable speed drives, particularly
IM drives, have been managed by using different control
methods in recent years. Important methods include
vector-based scalar control (V/f), input—output linearization
(IOL) control, Indirect Field Oriented Control (IFOC), and
Direct Torque Control (DTC). Each method has its own unique
features. The four methods are analyzed dynamically under
steady and simulated states by using MATLAB/Simulink in this
paper. The main objective of this paper is to ascertain different
vector control methods for CSI-fed IM drives, which is similar
to the work of Holmes [8], and to apply dynamic parameters to
these methods. This paper also discusses the dynamic responses
of each drive against step changes in speed and simultaneous
torque references. These factors can help improve
understanding on drive behavior for sudden changes in torque
and speed for the four vector control techniques.

This paper focuses on the control and dynamics of CSI-fed

© 2014 KIPE
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Fig. 1. IM modeling in an arbitrary reference frame.

IM drives and compares the steady-state and dynamic
performances of the four control methods for CSI-fed IM drives
by applying MATLAB simulation procedures. To date, most
simulation works for this type of drive system have been
performed under a steady state. Using general-purpose
simulation programs such as Electromagnetic Transient
Program and Simulation Program with Integrated Circuit
Emphasis to simulate the dynamic performance of the drive
system is difficult because of the special PWM techniques that
Ledwich [9] employed in the inverter and the complicated IM
model. Thus, specially designed computer simulation programs
are required. Simple simulation algorithms have been developed
for the four control techniques, and drive behavior is analyzed
through simulation and experimental results. From the results, a
comparative analysis is performed on the four control
techniques to determine the best control methodology for
dynamic load-changing drives used in industries.

II. MATHEMATICAL MODELING OF IM

The IM modeling is shown in Fig.1. In general, IM is used to
transform electrical energy into mechanical energy. It consists
of an electric, electromagnetic, and electromechanic circuitries
Krishnan[10]. The main objective of the motor modeling is to
build a simple but competent model that describes the
aforementioned circuits and their interconnections. The main
path in the model is related to voltage and current or the stator

phases in the input, whereas the magnetic flux within the motor
and electromagnetic torque are related to the output.

The squirrel cage IM is prepared for industrial applications.
This IM can be supplied either by a voltage source or a current
source. These sources are assumed to be ideal, which indicates
that they can supply any desired voltage or current without
losses. Krause [11] reported that basic IM equations are those of
the stator voltage [Equation (1)], rotor voltage [Equation (2)],
flux linkages of the stator and rotor winding systems [Equations
(3) and (4), respectively], and torque [Equation (5)], which are
as follows:

VE=Ri'+A, M
VI =0=Ri + 1, @)
Zﬁ = j’%n + Ll‘sis2 H (3)
ﬂ’z = /11211 _'_l’irir2 4 (4)
2
T
T - c@z&n 2 )

The equations are provided in vector format by Bose [12].
Each vector variable has two components. The first component
is parallel to the reference frame axis or d axis, whereas the
second component is perpendicular to the reference axis or ¢
axis. The symbols are as follows: v is the voltage, / is the
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Fig. 2. Rotor flux linkage in the d—¢ axis.

current, 4 is the flux linkage, R is the resistance, and L; is the
leakage inductance. The subscripts s and r indicate the stator
and rotor winding systems, respectively. The superscripts s
indicates the stator reference frame (stator coordinates), 7 is the
rotor reference frame, and « is any arbitrary reference frame. 4,,
is the magnetic flux in the motor air gap or the air gap flux, 7,is
the electromagnetic torque, C(m/2) is a rotation matrix over n/2
radians, and the dot () indicates a time derivative. Equation (1)
is restricted to the stator reference frame because of the
differential of the stator flux vector. Equation (2) is restricted to
the rotor reference frame because of the differentiation. The flux
and torque equations can be defined in any reference frame and
denoted by the superscript a.

Equations (1) to (5) show that the motor voltage, flux, and
torque can be managed easily by controlling the current and flux
of the motor.

The rotor flux linkage waveform in the d—¢ axis is shown in
Fig. 2 for all three reference frames, namely, the stator, rotor,
and synchronous rotating reference frames. A steady-state
operation is achieved quickly in the rotor rotating reference
frame unlike in the other two control frames. This frame type is
used to control the dynamic response of the motor parameters,
particularly in the DTC technique for efficient torque control
applications.

III. VV/F CONTROL FOR CSI-FED IM DRIVES

This section presents a simplified computer program for the
simulation of a CSI-fed IM drive control via vector-based V/f
control method by using MATLAB/Simulink simulation
software. The main features of this type of simulation program

DC Link Inductor

0 Line i CMotoi
AC —> onverter
Converter sl
. Gu-G ¢
Gri-Grs 1-Gig ’l\
Gating of Phase
Controlled CSIPWM Gating
Rectifier
2
n w?
DC Link Current >
Controller Ome
Speed Estimation

I
: [t |

Speed Controller and|
Current Reference
Generator

Iy

Speed Filter

Fig. 3. Control block diagram of the CSI-fed IM drive system.

are its simplicity, accuracy, and efficiency in terms of
computation time. This simulation program can be used to
verify system design, study system dynamic behavior, and
investigate steady-state waveforms of the drive system. The
feasibility and reliability of the system, as well as the validity
of the control method, are proven by the simulation results.
The CSI drive shown in Fig. 3 has many features compared
with VSI drives. When used as a switching device in the CSI, a
symmetrical gate turn-off thyristor also makes the drive
particularly suitable for implementation at medium- and
high-voltage levels. The corresponding state equation
(differential equation) with motor flux linkages as variables is
derived from the work of Wu [13].

. 6
x = Ax + Bu, ©)
dx
where x = s
dt
N R 0 1 0 0 0
o,L, L
0 _R o Ry 1 0 0
o,L L
R 0 R, 0 0 0 0
LI LI
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| KA, —KA, O 0 0 0 0 0]
x=[l A A g Ves Vas i Opel
— s ds qr dr qs ds dc me

000000L 0
L

00 0O0O0OTO



992 Journal of Power Electronics, Vol. 14, No. 5, September 2014

u= [Vdc T}]t

This state equation is arranged such that it is valid for all states.
Only the switching coefficients K(1) to K(4) in the equation need
to be modified for different states. Therefore, simulation
complexity is substantially reduced. This state equation is also
expressed in the stator reference frame, and thus, time domain
waveforms can be directly obtained by applying any numerical
integration method without further transformation. A CSI is
similar to a VSI except with a high-value DC-link inductor to
ensure a constant current source. The operation of the inverter can
be divided into six distinct states. Each state corresponds to a
unique pair of on-state thyristors (7,7, T3T,, and T5Ts). Reverse
blocking diodes are also needed in CSI to prevent capacitors from
discharging into the load. The numbering scheme for the thyristors
and diodes for a three-phase CSI is shown in Fig. 4.

The CSI switching state is provided in Table 1.

IV. IOL CONTROL FOR CSI-FED IM DRIVES

A type of IOL control method for the CSI-fed IM drive is
shown in Fig. 5. The controller is designed based on the pole
placement technique of Wonham [14] to a d—q axis state-space
linearized model of the drive that includes a reduced order
rotor current observer. A control law is developed to improve
the dynamic response of the drive by applying the concepts of
Veerachary [15]. These concepts include feedforward and
feedback controls, as well as the linearized CSI-IM drive
state-space model in a synchronously rotating reference frame
as follows:

x=Ax+Bu )
y==Cx ®)

Tracking error possibly occurs under steady state when the
usual state feedback control is used. Smith [16] introduced an
integral control that includes feedback and feedforward
controls to eliminate this error. An optimal control law is
derived in this paper by applying the concepts of Smith [16]. A
feedforward control in terms of reference and disturbance
inputs is added to the feedback controller—observer to obtain a
fast dynamic response either from Equations (9) or (10) as
follows:

‘ d
u:K1x+K2L(y_yr)dt+KFF|:y :| O]

or

Al

qs
- B 13 *
Al ) (6, — i, it
u = K1(2><4) Ai,’ + K2(2><2) 1( . *)d (10)
ACU,, J‘O w — qu t
@,

h

Rdc Ldr: [dc
— AAMMNA—YYY M >
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a Iai
Vi b Iy
[ [Ci
T, Ty T,

Fig. 4. Inverter circuit topology of the CSI-fed IM drive system.
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Fig. 5. Combined feedforward and integral feedback controller.

TABLEI
SWITCHING STATES
State On-state thyristors
1 Tyand T,
2 T,and T;
3 Tsand T,
4 T,and Ts
5 Tsand Tg
6 Tsand T

V. IFOC FOR CSI-FED IM DRIVES

This section describes a high-performance, current-fed
indirect rotor flux-oriented (RFO) control method for IMs.
The IM modeled in the rotor flux reference frame is
presented. The rotor flux orientation is also obtained. The
rotor flux components in the low-speed region can be
synthesized easily with the help of speed and current
signals. The design of the indirect vector controller and
rotor flux estimator is discussed. IFOC implementation on
the CSI-fed IM drive and transient response analysis of the
other simulation results are also discussed. The rotor
equations of the IM that contains flux linkages as variables
are provided by Krause [17] as follows:
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Ri'l'si' + p/ledr - (a)e - a)l’ )lte]f = O

) an
RS, + p, — (@, - @)%, =0
where
a)sl = a)e - a)r
Then, Equation (11) becomes the following:
er;r + p/er - a)sl/l;r = O
(12)

Ri, + ph, —w,l, =0
The resultant rotor flux linkage 2, also known as the rotor flux
linkage phasor, is assumed to be on the direct axis to reduce the
number of variables in the equations by one. Rotor flux
linkages are realistically a single variable. Thus, aligning the d
axis with the rotor flux phasor yields the following:

A=A, (13)
A, =0 (14)
p;t;, =0 (15)

Substituting Equations (13) to (15) into Equation (12) results
in the following new rotor equations:

Ri, +pl =0
Ri, +wyd, =0

The rotor currents with respect to the stator currents are

(16)

derived from Equation (16) as follows:

e __ Lm e
" _L_’qu 17
) __/L _Lm ) (17)
dr Lr L’ ds
i =i, =1+ L, Ay
ds r Rr p Lm (18)
e . A
lgy =1 = [HT"’D]L_
R Lm lys
sl Lr /1
) _RL G (19)
sl T L ﬂ
L i
=

The currents of the g and d axes are relabeled as the torque-
(ir) and flux-producing (i) components of the stator-current
phasor, respectively. 7, denotes the rotor time constant.
Similarly, the electromagnetic torque is derived by substituting
the rotor currents from Equation (17) into the torque
expression as follows:

DC Link
o AL Current
fl—’» (1 + p—r) = " ©,
R/L, iy
lgs
RL, iy Stator L—? PWM
T » Current [Zp|Switchingls €SI
r A | @4 | Generator |’y Lo ic
r .
Feal TR
3P4 Ly,
fr >
0, Rotor
Speed
o, Regulator

=)

Fig. 6. Simulink diagram of the IFO control method.

3 p m e '6 .e
7; = EE (/?’dr qs lds)

T - 3pL
22 L,

I,=K Ai =K, Ai,

e’ rvgs te r

(;LZ i) (20)

r-qs

where torque constant K,, is defined as follows:
Srl,
“221L

The torque is proportional to the product of the rotor flux
linkage and the stator g-axis current. This condition
resembles the air gap torque expression of the DC motor
that is proportional to the product of the field flux linkages
and the armature current. If the rotor flux linkage is
maintained as a constant, then the torque is proportional to
the torque-producing component of the stator current. This
scenario is related to the separately excited DC motor with

@

armature current control, wherein torque is proportional to
the armature current when the field current is constant. The
time constant is also measured in the order of a few
milliseconds. The rotor flux linkages and air gap torque
given in Equations (19) and (20), respectively, complete the
transformation of the IM into an equivalent separately
excited DC motor from a control perspective. The IFO
controller is designed by applying the concepts of Vas [18]
and Salo [19]. The relevant steps involved in the realization
of the IFO controller are discussed briefly in literature.

The implementation of IFOC on a CSI-fed IM is shown in
Figs. 6 and 7. The digital implementation of integrators for
estimating the rotor flux of an IM from the stator voltages and
stator currents poses problems associated with the offset in
sensor amplifiers. Traditional low-pass filters can replace the
integrator. Thus, the rotor flux estimated by using a low-pass
filter is described in this work. The instantaneous flux linkage
can be computed by using the measured d-axis stator current
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according to the following equation, which is referred to as the
current model:

/I _ Lmids

" l+1,s @2

VI. DTC-FED CSI IM DRIVE

Variable speed drives are used in all industries to precisely
control the speed of electric motor driving loads that range
from pumps and fans to complex drives on study machines,
rolling mill cranes, and similar drives. The most modern
method for these drives is the direct torque and stator flux
vector control method, which is usually called DTC. This
method is realized in an industrial manner by ABB by
applying the theoretical background proposed by Blaschke
[20], [21] and Depenbrock [22]. This solution is based on both
FOC and direct self-control theory. The basic idea of this
solution is that motor flux and torque are used as primary
control variables, which is contrary to the manner in which
traditional AC drives control input frequency and voltage. In
principle, however, this solution is similar to what is
conducted with a DC drive, where it is achieved in a more
straightforward manner.

Wang and Lee [23], [24] stated that by directly controlling
motor torque, DTC provides dynamic speed accuracy
equivalent to those of closed-loop AC and DC systems and
torque response times are 10 times faster. DTC also does not
generate noise such as that produced by conventional PWM
AC drives. This work describes a new modular approach to
implement the DTC method on a CSI-fed IM drive, which is
called the simulation implementation procedure. The dynamic
response of the drive is analyzed and presented.

The DTC method is developed from Babaei [25]. The stator
voltage and flux equation in the stationary reference frame can
be written as follows [11]:

K=R£+d& (23)
SOt
A= [, = Ri Mt = 2, + jiy, %)

= A+ Ay (25)

2/S

A

Zo, =tan'| 2 (26)
as

where R; is the stator resistance, and A, is the stator flux vector
in the stationary reference frame. | A, | and angle ¢, are the
amplitude and position of stator flux vector, respectively.

Determining the stator current reference in the DTC of a
CSI-fed IM is desirable so that torque and stator flux can
follow their reference values Babaei [25]. The proposed DTC
system is based on the stator flux-oriented (SFO) reference

frame. This rotating reference frame is written as follows:
Ay =0and 4, = |4 |ZLp, (27)

where d and ¢ are the real and imaginary axes in the SFO
reference frame. Therefore, the torque equation is rewritten as

follows:
3(P) 1
T ==|—|—I(1,i 28
e 2(2ja)b(dsqs) ( )

where i, is the imaginary part of the stator current vector in the
SFO reference frame. Therefore, if | AX* | and T, : are the stator
flux magnitude and torque references, respectively, then the
imaginary part of the stator current reference vector that leads
to the torque and stator flux magnitude references is as

i *_g[lji
s« 3\ p )y (29)

N

follows:

Given the existence of a capacitor in the control system and
its corresponding losses, the control system will not be
sufficiently accurate when Equation (29) is used to control the
torque for all rotor speeds.

The proportional-integral (PI) controller output must be
limited among proper values to control motor current in all
cases, particularly in the starting mode. The output signal of
the PI controller is the real part of reference stator current ids*.

Therefore, the stator current reference vector that leads to
controlling the IM stator flux and torque is as follows:

(g = las + Tl (30)

. )
Ly | = Las +lqs (1)

s

The obtained reference current vector is within the stator
flux reference frame. This vector can be generated by the
support vector machine of the CSI, when it is transferred to the
stationary reference frame. To realize this process, the stator
flux position is used to transfer this vector from the stator flux
reference frame to the stationary reference frame as follows:

. _ . ™ P P - *) gl
Litapy = las T g —(lds + Jji,, )e

= |i:|4[¢s + tan{l:LiJJ (32)
ld,r
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Fig. 9. Block diagram of the proposed DTC.

This reference current vector must be generated first in the
CSI and then applied to the motor after removing its harmonics
with a filtering capacitor. The current has a nearly sinusoidal
waveform that leads to a nearly sinusoidal voltage in motor
terminals after feeding the motor and passing through motor
impedances.

The speed and stator flux control of an IM with the DTC
method is shown in Fig. 9. Separate PI controllers are used to
control speed and flux. The input to the speed controller is the
error caused by comparing the reference speed and the rotor
speed. The output of this controller is the imaginary part of the
stator current vector iqs*, which is limited to a proper value.

VII. RESULTS AND DISCUSSION

High-performance, CSI-fed variable speed drives,
particularly IM drives, have been managed by using different
control methods in recent years. The important methods are
vector-based V/f control, IOL control, IFOC, and DTC. Each
of these methods has its own unique features. V/fis by far the
simplest drive because it requires no parameter knowledge and
is essentially an open-loop drive. IOL is a type of nonlinear
state feedback control that is completely input—output
decoupled at all times even in transients. IFOC provides
dynamic torque control performance similar to that of DC

motors, and provides fast, near-step changes in machine torque.

DTC has simpler control architecture than that of IFOC but
with a similar dynamic performance.
The vector-based V/f control method is used to study and

verify system performance that is related to the scalar control
concept. This method is also useful in real-time control
applications. The vector-based V/f control is valid for both
steady and transient states. In this paper, IOL control uses an
optimal control law that is designed to achieve pre-assigned
eigenvalues with minimum possible magnitudes for the
feedback gain elements and improved control performance. A
new RFO control system in IFOC is implemented for the
CSI-fed IM drive, whereas DTC provides simple control
architecture with a similar dynamic performance as that of
IFOC. A modular Simulink implementation of the IM model is
also developed, and the DTC concept is applied to the
developed IM model.

Similar studies on vector-controlled inverter-fed drives are
mostly discussed with VSIs. Few studies are available on
vector-controlled CSlIs such as those of Veerachary [15], Salo
[19], and Babaei [25]. Cruz [26] also compared IFOC, DTC,
and IOL for VSI-fed drives based on steady-state torque ripple,
current peak, and switching frequency. V/f, IOL, IFOC, and
DTC are compared in this paper for CSI-fed IM drives based
on the dynamic states of changing speed and torque
references in a single simulation cycle. The dynamic
performance results of the proposed drives are individually
analyzed via sensitivity tests. The results are presented in
graphical and tabular forms and verified experimentally to
increase understanding.

A. Simulation Results

The simulation model of the vector-based V/f, IOL, IFOC,
and DTC control methods for CSI-fed IM drive systems are
developed and simulated by using MATLAB simulation
software. Based on the simulation results, the dynamic
performance results of the developed drives are individually
analyzed primarily through sensitivity tests. The results of all
drives are compared with one another. The selected tests for
the comparison are step changes in the reference speed and
torque of the motor drive.

The first test is step change in the reference speed, which is
useful when attempting to change from one speed to another.
The next test is step change in the reference torque, which is
useful in identifying the controller with a high torque response.

Change in speed reference is the first test conducted to
compare the motor drives. The results of this test are shown in
Figs. 10 to 13. The speed command is varied from 0 to its rated
value. The speed response of the IOL drive is faster than those
of the other drives and has a settling time of 0.5 s. The DTC
and IFOC drives perform similarly but slower than IOL
(settling time of less than 1 s). The vector-based V/f drive has
an inferior speed response compared with the other drives
(settling time of more than 1 s).

The second test is the torque step test. The results of this
test are shown in Figs. 10 to 13. The torque reference is varied
from 0 to its rated value. The speed response of the IFOC drive
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Fig. 12. Speed and torque responses of the IFOC method.

is faster than those of the other drives and has a settling time of
0.2 s. The IOL and DTC drives perform similarly (settling time
of less than 0.5 s). The vector-based V/f drive has an inferior
speed response compared with the other drives (settling time
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Fig. 13. Speed and torque responses of the DTC method.
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Fig. 14. Schematic of the hardware setup of the CSI-fed IM.

TABLE I
PROTOTYPE MOTOR PARAMETERS

1 Hp, 3 phases, Star connected, 4 poles, 415 V, 1.8 A, 50 Hz

Stator resistance =0.087 Q Stator and rotor =0.8¢H
leakage reactance
. M izi
Rotor resistance =0.228Q agnetizing =347¢H
reactance

of more than 1 s).

The motor torque response of the DTC drive during this
test is nearly instantaneous within 0.2 s, and is followed
closely by the IFOC drive. The IOL and vector-based V/f
drives have slower torque responses than the other drives.

B. Experimental Results

Brief experimental results are presented for the IOL control,
IFOC, and DTC methods by using a hardware setup based on
TMS320F2812 digital signal processor (DSP) from Texas
Instruments Inc. (Texas, USA). The hardware schematic of the
laboratory prototype for the CSI-fed IM drive is shown in Fig.
14. The IM ratings are provided in Table II. The inverter
consists of CMT75TL-12NF. The gate-driving signal is
developed by using TMS320F2812 DSP. The software used to
develop programs for the TMS320F2812 DSP is provided by
Code Composer Studio and MATLAB/Simulink. The
processor contains the program downloaded from the
computer.
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Fig. 15. Experiment result of the torque and speed responses of the
IOL control method.
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Fig. 17. Experiment result of the torque and speed responses of the
DTC control method.

TABLE III

DYNAMIC PERFORMANCE RESULTS: STEP CHANGE IN SPEED
REFERENCE

Step change in speed command from 0 to rated speed

Motor speed response

Performance parameters Z4 IOL IFOC DTC

Settling time (z,) in ms 1032 570 976 800

Rising time (#,) in ms 114 81 467 315

Maximum peak overshoot
(M) in % 152 28 136 139
Motor torque response

Performance parameters Z/8 IOL IFOC DTC

Settling time (¢,) in ms 1031 987 957 520

Rising time (¢,) in ms 619 85 79 27

T T S Maximum pe"_lk overshoot 210 172 203 153

S T (M,) in%

Fig. 16. Experiment result of the torque and speed responses of the
IFOC control method.

The experiment result for the IOL method of the vector
control technique (Fig. 15) shows the faster settling time with
the feedforward control compared with the conventional
feedback technique. Thus, the proposed feedforward
technique exhibits the best speed response with respect to
changes in speed reference and provides smooth and fast
settling under speed changes. This result is also verified by
determining its dynamic behavior with respect to speed and
torque changes, which is presented in table form in the next
section.

The IFOC drive also exhibits the best speed response with
respect to changes in torque reference as shown in Fig. 16.
Similarly, the DTC technique (Fig. 17) depicts a larger torque
response within 0.2 s compared with the other vector control

techniques when subjected to changes in both speed and
torque commands. Thus, DTC is the most efficient torque
control technique for an industrial drive in any of the reference
changes.

This experimental verification clearly shows that IOL is
adaptive for speed response when subjected to changes in
speed command. IFOC is also adaptive for speed response
when subjected to changes in torque command. DTC is
suitable for torque response when subjected to changes in both
speed and torque commands.

C. Tabulated Results

Table III shows the dynamic speed and torque performance
of all four drives with respect to changes in speed reference.

Table IV shows the dynamic speed and torque performance
of all four drives with respect to changes in torque reference.
The IFOC drive evidently exhibits the best speed response,
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TABLEIV

DYNAMIC PERFORMANCE RESULTS: STEP CHANGE IN TORQUE
REFERENCE

Step change in torque command from 0 to full load

Motor speed response

Performance parameters Vif IOL IFOC DTC
Settling time (z,) in ms 1123 417 262 493
Rising time (#,) in ms 46 3 118 270

Maximum peak overshoot
. 137 4 7
(M,) in % 3

Motor torque response

Performance parameters 24 IOL IFOC DTC

Settling time (#,) in ms 1225 889 209 134

Rising time (#,) in ms 396 78 58 38
Maximum peak overshoot
14 14
(M,) in % 7 79 0 104

followed by the IOL and DTC drives. The DTC drive also
exhibits the best instantaneous torque response, followed
closely by the IFOC drive. The IOL and vector-based V/f
drives are slightly inferior to the others.

The IOL drive evidently exhibits the best speed response,
followed by the DTC and IFOC drives. The DTC drive also
presents the best instantaneous torque response, followed by
the IFOC and IOL. The vector-based V/fis slightly inferior to
the others.

VII. CONCLUSIONS

The results show that the DTC drive is the top performer for
a wide range of torque control applications (load-varying
applications) with respect to changes in speed and torque
references. The IOL drive is the best performer for speed
control applications with respect to changes in speed reference,
whereas the IFOC drive is the best performer for speed control
applications with respect to changes in torque reference. Thus,
the DTC method is the most efficient technique for industrial
drives with torque control applications to achieve the desired
operation of the drive in handling a particular load. IOL is the
most efficient method with respect to changes in speed
reference for speed control applications, whereas IFOC is the
most efficient method with respect to changes in torque
reference.
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