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Abstract: - An induction machine, fed by an auto-sequentially current source inverter (CSI) with
semiconductors having turn-off capability was investigated. An indirect field oriented control (IFOC) is
proposed for controlling the drive speed. However the speed performance control can be deteriorate by the
severe pulsating nature of induction motor torque at very low speed. In order to achieve precise torque control
with reduced pulsating torque and minimized speed vibration, space current vector modulation (SVPWM or
SVM) has been proposed.

The SVM is a performant open loop current vector modulation strategy. Compared with the sinusoidal PWM
(SPWM), this provides large inverter capacity and better harmonic characteristics. Simulation results with the
two PWM strategies’s are given and discussed. It is concluded the proposed control based on SVM schemes
produced better performances in both high and low speed with preserve of the good dynamic performance of
FOC. It also allows reducing the switching losses while achieving low levels of torque ripple that are
comparable with the torque ripple produced by the SPWM at a higher switching number.
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1 Introduction

To deal with the advances of the power electronics
and microprocessors, the induction motor used in
variable speed drive and position servo control have
become more and more attractive because of their
simplicity, rugged structure, low maintainability, and
economy etc. In Addition, induction motor can be
controlled like DC motor using space vector field-
oriented control approach [1], [2].

Usually, induction motors are fed by voltage
source inverters (VSI), mainly because VSI have
faster current response and can be applied easily to a
PWM system in the high-frequency region due to its
low impedance. The CSI, however, still has better
features, such as capability of four-quadrant
operation without any extra power circuit for
regeneration, ruggedness and reliability. With CSI,
high precision current control is possible. Thus, CSI
seem to be more appropriate for large capacity drive
systems such as steel mills, elevator motors, and so
on [1, 5-9]. However, at low speeds of operation, the
conventional current source inverter produces
undesired torque pulsations, due the presence of
harmonics in the rectangular current waveform. This
time variant harmonic torques and the associated
rotor speed oscillations inherent in a rectifier-inverter
induction motor drive system are objectionable in

applications such as machine tool and antenna
positioning, where uniform speed is mandatory [1, 2,
6,7, 10-12].

Presently used techniques, aimed at reducing the
pulsation torque in a current source inverter fed
motor drive, are based on reduction of the harmonics
present in the motor current. Common examples of
such methods are: 1) the improvement of current
wave shape by current superposing method using
multiple current source inverters, 2) the current
instantaneous value control method and 3) the
current-pulse width modulation (PWM) method |3,
6, 13].

PWM approach is one of the best techniques used
in power inverters to obtain controllable ac output.
Among of PWM methods, the sine-triangle or
sinusoidal PWM strategy (SPWM) which was
particularly suitable for early analogue pulse-width
modulators [3, 14-16]. The Space Vector PWM or
space vector modulation (SVPWM or SVM) is
another popular and widely used PWM strategy and
is more preferable scheme for instantaneous current
control since it gives a large linear control range, less
harmonics distortion and fast transient response. It
has also higher DC bus utilisation and reduced
switching losses as compared to the sine-triangle
intersection technique. Besides, it is well suited to
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Fig. 1. The proposed control scheme’s bloc diagram.

digital implementation. SVM also aligns better with
field oriented control technique, where improved
dynamic response is achieved [4, 9, 14, 17, 24, 25].

This paper brings out the principles involved in the
generation of PWM waveforms based on the Space
Vector approach. Different SVM schemes used for
an open loop control of indirect field-oriented-IM
fed by current source inverter, have been compared
to ecach other and to the SPWM by means of
computer simulation, based then on different merit
factors; such as the total harmonic distortion in the
output current waveform, switching losses, RMS
current ripple, or torque ripple.

2 System Structure

The drive system complete block diagram which
includes a speed controller employing field oriented
control is shown in Fig.1.

2.1 Machine Model
The electrical dynamics of an induction motor in the
synchronously rotating reference frame can be
expressed, [3, 18], as
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where :
Vias Vg d and q axis stator voltages,

Isdslsgsing sl d and q axis stator and rotor currents,

R, R, stator and rotor resistances,
L, L, stator and rotor inductances,

L.L, -1 .
L,.L,= mutual and leakage inductances,

Lr

P number of poles pairs,
o, ,0, electrical and rotor angular velocity,
Dy slip angular frequency,

The developed clectromagnetic torque is given by
3PL,

Te= 2 T '(Qrd 'isq _cprq 'isd) (2)
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with @ T 3)
D=L, iy + L,

The two rotor equations corresponding to the third
and fourth row of equation (1) can be rewritten as
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2.2 Indirect Field-Oriented Control
For field-oriented control, the instantancous speed of
rotor flux vector is selected to revolve at the
synchronous speed, and the d axis is aligned. Then,
the q axis component of the rotor flux vanishes and
the rotor flux @ is entirely in the d axis, i.e.,
and (7)
Substituting equations (6) and (7) into equations
(4), (5) and (2) yields
« R

D,; =D, =constant

L,

Dy = #lsq (8)
. @
iSd = A (9)
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From equation (10), if rotor flux @ is kept
constant for the constant torque operation, the
electromagnetic torque 7, can be linearly varied by

adjusting i;. Therefore, the induction machine is

controlled like a separately excited dc machine using
field-oriented control method.

2.3 Current Source Inverter

The CSI is supplied by a phase-controlled rectifier at
the front end and the dc voltage of the rectifier is
adjusted by a closed-loop current control. Fig.1
shows that a proportional-integral (PI) controller is
used in the current-feedback control loop. At the
rectifier level, an inverse-cosine firing-angle control
scheme is used.

The PWM-CSI allows simultaneous conduction on
the same phase legs, while only one of three devices
on the same side is conducted. At the output of the
inverter, a three-phase ac capacitor is needed, acting
as a filter together with the inductor. The dc inductor
also serves as an energy storage element, so that a
boosted voltage can be achieved at the output [23].

Fig. 2 left reveals the diagram of the CSI. Where
the semiconductors are considered as ideal switches
and the switching rules are as follow:

e Due to the dc-link inductance Lr, the dc-current
1; must never be interrupted.

e The distribution of the dc-current 7, into the three
phases a, b and ¢ must not depend on the load.
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Fig. 2. Left: model of the inverter
Right: switching states of the inverter currents

According to these rules, exact one of the upper
and one of the lower switches must be closed all the
time. This results in nine allowed switching states
(table 1). Three of them (7, 8, 9) are zero states.
Since their effects are equal, they are designated
homogeneously as state 0. These seven different

vectors of the inverter currents 7 are shown in Fig. 2
right and they are defined as:
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Table 1: states of the inverter

2.4 Space Vector Modulation Strategy

It is well known that SVM is produced by the
regular-sampling of a circular locus of a reference
current in the two-axis reference frame. These
current samples are then represented by two actives

vectors, chosen from i, —i, , adjacent to the
reference current sample together with cither all the
null vectors; 7,,7g,andi,, or only one null vectors;
iorijori,, by adjusting their respective times
within a sample period [14, 19-22.24-27].

Fig. 3(a) shows the principle; where the reference
vector i, is sampled at the fixed and equal intervals
of time 7, , called 'subcycle'. The sampled value
i, (t,) is then used to solve the equations:

Ty by + Ty gy =T, (1) (12a)
Ty =T =Ty = Then =T759 (12b)
where 7, and 7., are the two switching state vectors

adjacent in space to the reference vector i, Fig. 3(b).
The solutions of (11) and (12) are the respective
on-durations 7;,7,.,,and7, of the switching state

VeCtors iy, iy,

T, =| cos [(k—l)z}m +sin((k—1)zj iy | == (13a)
3 3 1,

Tp = [cos ((k+1)£ji:a +sin [(k+1)£) i:ﬂ]T—s (13b)
3 3 1,

Ty =T =Ty =Ty =T759 (13¢)
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Fig. 3. Space vector modulation; a) Signal flow diagram,
b) Switching state vectors of the first 60°-sector

Selecting the appropriate non-zero current vector

relies on the phase angle 6" witch can be divided into
six areas in a circle as following:

U“%«é’,ﬁsk%, fork=1,2,3,4,56 (14)

where 6" is the phase angle between i, and the fixed

as-axis expressed as: (included in Part 2 of Fig. 1)
0" =0; +tan’ (i, /iy) (15)

2.5 Selection of the Switching Sequence
The degrees of freedom we have in the choice of a
given modulation algorithm, are:
1) The choice of the zero vector (whether we
would like to use 7, or iy or iy or all of them).

2) Sequencing of the vectors.
3) Splitting of the duty cycles of the vectors
without introducing additional commutations.

The following section will analyse three
modulation schemes which can be subdivided in two
categories, symmetrical and asymmetrical SVM.
Theses schemes are described for the case when the
reference vector is in sector 1: all other cases are
circularly symmetric.

2.5.1 Symmetrically Generated SVM

This modulation scheme is based on symmetrical
sequence within each sampling period. The two
following switching mode will satisfy the criteria:

(SVM-1)
(SVM-2)
where only one zero vector is applied in between two
active vectors i, and i,,; adjacent to the reference

— i =iy, =iy =i, =)

— =y, =iy =1, =]

current vector i, as shown in Fig. 4 for two
sampling periods.
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Fig. 4. Timing diagram of : a) SVM-1, b) SVM-2

2.5.2 Asymmetrically Generated SVM

In this technique, the state current vectors are
arranged such that the number of switching within
one subcycle is minimized. According to this rule,
two switching schemes are proposed.

e Scheme 1

In this scheme, both the active current vectors are
there in-between two zero current space vectors.
Therefore, three possible switching modes can be
presented for example in two sectors (1 and 2) as
follows:

— ==L =iy o = =i =i (SVM-3)
— ==L =iy o === (SVM-4)
— ==L =i o =L == (SVM-5)

One disadvantage of the last mode e.g., SVM-5 is
that the zero vectors are anuniformly distributed and
the timing diagram shown in Fig. 5(c) (for two
sampling periods) is not the same for all sectors.
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¢) SVM-5
e Scheme 2

A modified version of the symmetrical SVM
schemes is used here with usually the same aim of
reducing the number of commutations. This can be
achieved by the two following sequence over
time 7, as illustrated in Fig. 6.

— =i =i (SVM-6)
— L= =0 (SVM-7)
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Fig. 6. Timing diagram of : a) SVM-7, b) SVM-6

2.6 Comparison of Switching Sequences

The switching performance of all schemes described
in this work are summarised in table 2. According to
this table and the previous discussion, SVM-7
renders the minimum number of commutations and
states within 7, . So SVM-7 has the lowest switching

frequency and hence results in minimum switching
losses.



In order to have an objective comparison of the
drive unit; all switching schemes have been
operating on the drive system and simulation results
have show to be favourable for all these schemes
with approximately the same ripple levels in current
waveforms and the consequent electromagnetic
torque.

Switching | N° switching | Dominant Ne

sequence within T's harmonics states
SVM-1 8 Fs=1/Ts 5
SVM-2 8 s 5
SVM-3 6 Fs/2 4
SVM-4 10 Fs/2 4
SVM-5 8 Fs/2 4
SVM-6 8 Fs/2 3
SVM-7 6 Fs/2 3

Table 2

Thus, the SVM-7 seems to be the best switching
sequence with minimum loss under open loop space
vector PWM control.

3 Simulation results

A computer simulation was performed for the
proposed drive system shown in Fig. 1 to evaluate
the performance of the proposed SVM schemes
using the software package of MATLAB/
SIMULINK. To show the effectiveness of the
proposed SVPWM control, the performance is
compared with that of the SPWM control studies in
the previous work [3].

By considering only the best switching sequence
of SVM schemes e.g., SVM-7 with sampling
time 7, = 0.001s, system responses of both PWM
control are shown in Fig. 7 and Fig. 8 for a speed
command of 100 rad/s. With no load, these figures
indicate that both PWM methods have no distinct

difference between transient and steady-state
responses of speed, torque, and stator/dc-link current.
However, in the case of SVM schemes, one can see
from Fig. 8 that the d-q axis currents are controlled
separately or very much decoupled. In contrast, with
the SPWM the d-q axis currents are bad decoupled
which deteriorate the basic performance of the FOC.

In order to verify the dynamic behaviour of the
two methods, a step variation from O to 12 Nm has
been applied to torque command at 0.5 s. Simulation
results included in figures 7 and 8 shows that this
causes a small decrease in the speed and good
dynamic performances for both PWM methods.

For more utilisation, of SVM schemes, one can see
from table 1 that the magnitude of the active vectors

is 2/y/31,. Therefore the dc link current can be kept
constant with reduced value evaluated as:

V3

> (16)

By using the SVM-7 with reduced dc link current
in the control of the drive system, simulation results
given in Fig. 9 show that, the reduction of dc link
current does not deteriorate the good dynamic
performance of basic SVM schemes.

For a close inspection of steady state performances,
a comparison of steady state behaviours obtained
using the two PWM control schemes is shown
respectively in Fig. 10-11, Fig. 12-13 and Fig. 14-15
for SPWM, SVM-7, and SVM-7 with reduced
dc-link current. Where for all, the machine is running
at low speed (10 rad/s) with no load. It is possible to
see in figures 10-13, a comparable results in terms
of current waveform distortion, torque ripple and
speed vibration have been obtained using both PWM
strategy’s.

From the locus current given in Fig. 13(c), one can
see an appreciable reduction in current ripple level

* *
Id: 1

5

| I I I I I I I I T I I I I I | I I

2 gm* - I 3 L I e e S S B R 2 a0
L NN

0 T B O I T N 0 T R N TR SO R S 0

04 02 035 04 05 08 07 08 09 1 01 02 03 04 05 06 07 08 09 1
Yy V= —f === 1~ . U I — . ¥
Egar | 2E0 EgD
g%igf ! g%Wg e o [3%13
I 1 1 1 1
2 E 04 02 03 04 05 0.‘6 0}7 0.|8 0.|9 E
EAWO g O =K s 7 mv e o C4 AR A7 AT £ 10
20 22l R
g A0 § A0 § A0 |77|77|77|77l77‘\7 L 7‘\77\7”
w2 w2 172]
.mgzo .mgzo ) ngmﬂ 0|1 0i2 0i3 0i4 0\5 Uv‘b‘ 0‘7 0‘8 0‘9 1
5% 0 R 5% 0fF =+ e S e ?;f:: Oéfr;-mn‘*r*f*ﬂ*ﬂ**
<5 [ S (N N R B < g [ e <5 T T T B B B
) O R IO TR SO 59 T I N R N B BN B 59 I S T SR R SR SN B

—pl 01 02 03 04 05 06 07 08 09 1 ol 01 02 03 04 05 06 07 08 09 Sl 01 02 03 04 05 06 07 08 08 ¢
,éi:/ [ I [ I I I [ [ 'éi:/ [ I [ I I I I I iC/J I I I I I I I I I
%Em B i e e B e i et e :‘Ew B i T e B i el S IR P E‘Em e O I B T e e
Cl I S G S IR | b i s e I RIS s =

0 L L | 1 1 1 1 1 1 00 1 1 1 1 1 1 1 1 1 00 1 1 1 1 1 1 1 1 1

0 01 02 03 04 _05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

Time (s) Time (s) Time (s)

Fig. 7. System responses for a speed
command of 100 rad/s with SPWM

Fig. 8. System responses for a speed
command of 100 rad/s with SVM-7

Fig. 9. System responses for a speed command
of 100 rad/s with SVM-7 under reduced de-link



o

e Stator current trajectory
-%31 ’-?u——:f77L774]777:777L774|77
Q)E E | | I I I I
= 205 g -
G =g . - - ' -
A~ 'Om | | I I I I a)
3
Y N S Y B I
3 v I I 1 1 1 1
5 gl L 1 I I I
] 06 065 07 075 08 085
5
g
< 4 T T T T T T
% . I I 1 1 1 1
B 2 lm——F—— A — - = — - — A — —
o
50 &
= g 0 b)
S 2
- E" 1
= 0 A
=] = I I | | | |
=
17} 4 1 1 1 1 1 1

Fig. 10: System responses for a speed
command of 10 rad/s and SPWM strategy.

o

Fig. 11: a) speed response, b) developed torque and

¢) stator current trajectory for a speed command of 10 rad/s and SPWM strategy.
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Fig. 14. System responses for a speed command of
10 rad/s and SVM-7 under reduced dc-link current.

with the need of less switching number which occurs
in the case of using SVM-7 as shown in Fig. 12.
Where the zero vector is uniformly distributed, with
high dc-link utilisation more than the SPWM
strategy, (Fig. 10 and Fig. 11(c)).

In addition, The proposed control scheme (SVM-7)
with reduced dc-link current, can achieve the
switching number with more reduction than SPWM
and basic SVM. It has been verified that even in this
case the SVM technique allows the torque ripple and
speed vibration to be reduced as well as with
trapezoidal current waveform as it is clearly
observed in Fig. 14 and Fig. 15.

4 Conclusion
The aim of the computer simulations was a search

Fig. 15. a) speed response, b) developed torque and ¢) stator current trajectory
for a speed command of 10 rad/s and SVM-7 under reduced dc-link current.

for a drive control system with good performance
properties in the case of PWM current source
inverter supplying an induction motor under field
oriented control. Thus the modelling simulation and
analysis of vector controlled induction motor with
speed PI controller are describes.

Different space current vector modulation schemes
have been proposed and compared to the SPWM
strategy. Simulation results have proved the
feasibility and the validity of the proposed SVM
method and shows that these SVM schemes
improves the torque control characteristic in both
high and low speed region. It also gives good
performance as well as SPWM method in terms of
current/torque ripple and speed vibration.

As it is deduced from simulation results; although



torque harmonics are produced by the harmonics
currents; there is no stringent relationship between
both of them. Lower torque ripple can go along with
higher current harmonics, and vice versa. Therefore,
for more reduction of torque pulsations a closed loop
torque control is required with current vector
selection using switching table.

Appendix

Induction motor parameters

Power 4 kw Stator leakage inductance 0.121 H
Stator voltage 200 v Rotor leakage inductance 0.121 H
Number of poles 2 Mutual inductance 0.1198 H
Stator resistance 2.4 Q Rotor resistance 1.452 Q
Inertia  0.013 Kg.m® friction coefficient 0.002 Nm/rd/s
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