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The function of the pulse-width modulator is to translate
the modulation waveforms into a train of switching pulses
for the inverter.
In the following, the dynamic analysis of three of the
most promising types of voltage source converters, is
studied. The converters supply squirrel cage induction machines and they employ hysteresis current control [6],[9],
voltage space vector modulation, sinusoidal pulse width
modulation (SPWM), respectively. The hysteresis current
controller is composed of three independent per phase current controllers. Indirect field-oriented control [3],[6],[9][11] is used for the regulation of the rotating speed and the
stator flux. Two PI controllers are used for the tracking of
the optimal dq-axis current. In case of stationary frame PI
regulator a cross-coupling term is very useful. In the present study a synchronous frame PI regulator is used. In case
of the converter employing hysteresis technique the tracking of the current reference does not require the use of PI
controllers. The main advantage of this method is the accurate tracking of the current reference and consequently its
high dynamic performance.
Most of the published models of electrical drives consider only the fundamental voltage component for the study
of fast transients. In this paper detailed and fully parametric
models for the power electronics and the induction machine are used, allowing the study of their behavior in a
broad area of switching frequencies. The presented models
are developed using Matlab code and Simulink that further
facilitates the accurate design and evaluation of the examined schemes.
The response of the examined variable speed schemes in
the extreme case of simultaneous step changes of the load
and the reference speed, is studied. Using the results obtained the operational characteristics of the proposed variable speed schemes are evaluated. Results relative with the
spectral density of the electromagnetic torque are obtained.
These results can be used in order to detect possible mechanical resonances. The propagated harmonics to the
stator currents that represent machine ohmic losses are also
calculated.

Abstract – In this paper, the dynamic analysis of three of the
most promising types of voltage source converters, is studied.
The converters supply squirrel cage induction machines and
they employ hysteresis current control, voltage space vector
modulation and sinusoidal pulse width modulation (SPWM),
respectively. Detailed models for the electrical drives are used,
allowing the study of their behavior in a broad bandwidth.
The presented models are developed using Matlab code and
Simulink. Indirect field-oriented control is used for the regulation of the rotating speed and the stator flux. The hysteresis
current controller is composed of three independent per phase
current controllers. DC side is considered ideal as it is assumed that the control system maintains the dc voltage at its
reference value. The operational characteristics of the examined variable speed schemes are studied using their response
to step changes of the load torque and the reference speed.
Keywords – Control, PWM, vector control, induction machines,
space vectors, hysteresis current control, harmonics, switching
frequencies.

I. INTRODUCTION
The recent evolution in power electronics [1],[2], the associated new modulation techniques and the microprocessors [3],[4], facilitated the application of sophisticated
control techniques ensuring better operational characteristics of the variable frequency drives. AC induction machine
drives now compare favorably to DC motor drives, on considerations such as power to weight ratio, acceleration performance, maintenance, operating environment and higher
operating speed without mechanical commutator. Cost and
robustness of the machine and control flexibility are often
reasons for choosing induction machine drives in small to
medium power range applications. Field-oriented and
torque control [3]-[5],[7] techniques render the induction
machines possibly the main choice for variable speed
drives in the future.
In a typical induction motor drive, the power converter
serves to convert the supplied energy into a form suited for
the operation of the motor. The power converter conditions
the power delivered to the motor in some desired manner
directed by the controller. The primary function of the
controller is to translate the command value and feedback
signals to control signals for operating the converter.
Inverter types can be divided into two broad categories by
the source characteristic of their dc links: voltage or current
source inverters. Most of today’s small induction motor
drives use voltage source pulse-width-modulation (PWM)
[5],[6],[8] inverter that allows for both magnitude and frequency of its output voltages to be changed electronically.

II. MODEL OF THE IM DRIVE
In this section the detailed models of the IM, the control
system and the modulation techniques are briefly reviewed.
The connection of the induction machine to the grid is
achieved via a voltage source converter cascade, as shown
in Fig. 1, in order to control the reactive power exchanged
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rotor flux linkage. In Fig.2 the production of the speed and
flux references from load torque and measured rotating
speed is shown. The field weakening and load –speed characteristics together with a low pass filter (T=0.01 sec) are
used. The measured load signal is led to the load–optimal
rotating speed characteristic, which produces the input signal to a low-pass filter of a 0.01sec time-constant. The output of the low-pass filter is fed next as input to the rotating
speed controller. So optimal performance is achieved by
tracking the optimal rotating speed. At high loads the control scheme imposes a constant rotating speed. As mentioned before, the desired electromagnetic torque is
achieved by the application of a field-orientation control
scheme.

between the network and the electrical machine and also to
provide variable speed mode of operation.

T load

Electrical
Grid

IM
T el

Control System

Fig.1 DVS converter cascade

A. Induction Machine Model
Induction machines are represented by the fourth order
model expressed in the arbitrary reference frame [10],[12].
Using generator convention for the stator currents the dqstator and rotor voltages are given by

T load
ωr

u sd = −rs ⋅ i sd − ω ⋅ Ψsq + pΨsd

u sq = −rs ⋅ isq + ω ⋅ Ψsd + pΨsq

1
1 + sT

ω ref

λ ref
Field Weakening

(1)

Fig.2 Production of the speed and flux references

u rd = 0 = rr ⋅ i rd − (ω - ω r ) ⋅ Ψrq + pΨrd

Knowing the value of the desired electromagnetic torque

u rq = 0 = rr ⋅ irq + (ω - ω r ) ⋅ Ψrd + pΨrq

Tem* , the q-axis current component in the field-oriented
frame is given by the equation [3],[10],

Where p = 1 d , ωο is the base cyclic frequency, ω is
ωo dt

I qse * =

the rotating speed of the arbitrary reference frame and subscripts {d}, {q}, {s}, {r} denote d,q-axis, stator, rotor, respectively.
The fluxes are related to the winding currents by the
following equations,

4 L 'r T em*
3 PL m λ 'dre *

(4)

Superscripts {*}, {e} denote the reference value and the
field oriented frame, respectively.
It is also known that, when properly oriented, the slip
speed and the dq-axis current components in the field oriented frame are related as [3],[10],

Ψsd = − Χ s ⋅ i sd + Χ m ⋅ i rd
Ψ sq = − X s ⋅ i sq + X m ⋅ i rd

Ψrd = − X m ⋅ i sd + X r ⋅ i rd

ω*

Load-Speed
Characteristic

ω

(2)

Ψrq = − X m ⋅ i sq + X r ⋅ i rq

*

= ωe −ωr =

e*
r r I qs
L r I dse *

(5)
e

Rotor flux can be controlled by regulating I ds . Given
some desired level of the rotor flux, the desired value of the
d-axis current component can be obtained from [3],[11]:
r + Lr p e
(6)
I dse* = r
λdr
rr Lm

The equivalent of the n elastically connected masses [10]
can be optionally used for simulating the mechanical system of the electrical drive.
In the reported simulations the following simple equation of the mechanical system is adopted.

C. Indirect Field-Oriented Voltage Control
The desired dq-axis voltages in the field-oriented frame
are traditionally obtained from the fourth order model of
the induction machine. The only drawback of this control
scheme is that it requires accurate knowledge of the machine parameters. It is commonly used with on-line parameter adaptive techniques for tuning the value of the parameters used in the indirect field controller, ensuring in
this way successful operation. A modification of the
method leads to the use of two PI controllers for the tracking of the optimal dq-axis current [3],[6],[13]-[15]and it is

dω r
(3)
J
= Tel − Tl − k ⋅ ω r
dt
Where ωr is the angular rotating speed, J is the inertia
and k is the damping factor. Subscripts {r}, {el}, {l} denote
rotor, electromagnetic and mechanical load, respectively.
B. IM Control
The generator control system consists of two major
loops, one for the rotor rotating speed and the other for the
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depicted in Fig. 3. In case of stationary frame PI regulator a
cross-coupling term is very useful. In the present study a
synchronous frame PI regulator is used, as shown in Fig. 3.

U a* ( t1 ) − U b* ( t1 ) =

This is less than what is obviously possible when e.g.
the phases α and b are switched to Ua =Ud/2 and Ub =-Ud/2,
respectively. In this case, the maximum line-to-line voltage
would equal Ud.
The aforementioned method operates at constant carrier
frequency, while the fundamental frequency is permitted to
vary. The switching frequency is then nonperiodic in principle and the corresponding Fourier spectra are continuous
containing frequencies lower than the lowest carrier sideboard. These harmonics are undesired and produce lowfrequency torque harmonics [16]-[18] that may stimulate
resonances in the mechanical transmission train of the drive
system. A synchronization between the carrier frequency
and the controlling fundamental avoids these drawbacks. A
reduction of the harmonic distortion can be achieved by
adding zero-sequence waveforms to the sinusoidal reference signal.

D. Indirect Field-Oriented Current Control
using
Hysteresis Technique
In case Indirect Field-Oriented Current Controlled IM
using hysteresis current control the PI current Controllers
do not apply. The exact tracking of the reference value of
the stator currents is achieved by the application of a hysteresis current controller, which is described in more detail
in subsection G. This method ensures high dynamic performance but gives rise to the problem of the higher
switching frequencies and the generation of subharmonic
components. It does not also adequately ensure the maintenance of the current inside the hysteresis band as a maximum error of twice the hysteresis band occurs on a random
basis.

ωref

Tel*

PI

ωr

*

λ

Calculation I
* *
of Ids, Iqs,ω

Current
Control

F. Space Vector Modulation
The space vector modulation technique [6],[8],[19] differs from the aforementioned method in that there are not
separate modulators used for each the three phases. Instead. the complex reference voltage vector is processed as
a whole. The switching vectors and the voltage reference
are shown in Fig.4 [6],[8]. Also the boundaries between the
controllable range, the six-step operation and overmodulation are shown in the same figure.

V
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Fig. 3 Indirect field-oriented voltage controller
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E. Sinusoidal Pulse Width Modulation
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This method employs individual carrier modulators in
each of the three phases [5],[6],[8],[10]. The reference signals Ua*, Ub*, Uc* of the phase voltages are sinusoidal in
the steady state, forming a symmetrical three-phase system.
They are obtained from the reference vector U*, which is
split into its three phase components Ua*, Ub*, Uc*. Three
comparators and a triangular carrier signal Ucr, which is
common to all three-phase signals, generate the logic signals Ua’, Ub’, and Uc’ that control the half-bridges of the
power converter.
This method does not fully utilize the available DC
voltage. The maximum value of the modulation index,
0.785, is reached at a point where the amplitudes of the
reference signal and the carrier become equal. The maximum line-to-line voltage amplitude in this operating point
is

U5

U6

Fig. 4 Voltage reference and switching-state vectors

The reference vector U* is sampled at a fixed frequency
2fs. The sampled value U*(ts) is then used to solve the
equations:

2 f s ⋅ (t aU a + t bU b ) = U * (t s )
t0 =

1
− t a − tb
2 fs

(8)

Where Ua and Ub are the two switching-state vectors
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adjacent in space to the reference vector U*. The solutions
of equation (8) are the respective on-durations tα, tb, and tο
of the switching-state vectors Ua, Ub, Uo:
ta =

3
1
U * ( t s )(cos α −
sin α )
2π f s
3

tb =

2 3 *
U ( t s ) sin α
2π f s

t0 =

1
− ta − tb
2 fs

The typical or expected behavior of the controller is to
confine operation to the interior, hexagonal region of the
switching diagram. Thus, whenever the current error
touches one of the switching lines, that inverter leg is
switched driving the current error in that leg in the opposite
direction. Note, however, that the current error can be carried to one of the switching lines by motion of the current
vector Iqdss or by motion of the current reference vector
Iqdss* and the attached switching diagram. Thus, the situation occurs, where, for example, the (A-) switching line is
encountered with the inverter in the state (a+,b-,c-). The
system is then effectively short-circuited and can "coast"
out to the tip of the switching diagram before a new
switching of the inverter occurs. During this period the
motor is effectively "out of control" since the exact trajectory is determined only by the motor parameters and the
internal E.M.F. at this condition and not by the applied
voltages. Hence, an error of 2ΔΙs, twice the expected value
equal to the hysteresis band, can occur on an almost random basis. This problem can be overcome by incorporating
a second threshold that senses when the boundary is being
reached with the inverter in a state that would produce a
short-circuited condition and avoiding this mode.
One of the main drawbacks of this method is that there is
a tendency to lock into limit cycles of high frequency
switching which comprise only nonzero voltage vectors.
Clocking and controlling the switching frequency can remedy this. Also the modulation process generates subharmonics increasing the mechanical stresses and the possibility of undesirable mechanical resonances. The current error
is not strictly limited while the maximum overshoot is
twice the width of the hysteresis band.

(9)

The angle α in these equations is the phase angle between the reference vector and Ua.
This technique in effect averages the three switchingstate vectors oνer a sub-cycle interval to = 1/2fs to equal the
reference vector U*(ts) as sampled at the beginning of the
sub-cycle. It is assumed in Fig. 4 that the reference vector
is located in the first 60o sector of the complex plane. The
switching-state vectors adjacent to the reference vector are
then U1 and U2. As the reference vector enters the next
sector, U2 and U3, compose the reference voltage vector.
Having computed the on-durations of the three switching-state vectors that form one subcycle, an adequate sequence in time of these vectors must be determined next.
The zero vector is redundant. It can be either formed as
Uο(---) or U7(+++). Uο is preferred when the previous
switching-state vector is U1 , U3 or U5 while U7 will be
chosen following U2 , U4 , U6 . This ensures that only one
half-bridge needs to commutate at a transition between an
active switching-state vector and the zero vector. Hence,
the minimum number of commutations is obtained.

III. RESULTS
In this section the results obtained by the simulation of
the aforementioned models are given. The induction machine is assumed to operate with a constant load of 0.5 p.u.
At t=0.5sec a step change of the load from 0.5 p.u. to 0.7
p.u. occurs. It is assumed that this load step change is followed by an identical change of the reference speed. The
step change of the reference speed and the responses of the
three examined electrical drives are shown in Fig. 6. The
rotor inertia is selected small so that fast changes of the
rotor speed are possible. It should be stressed that the small
inertia renders torque and speed resonances -because of the
harmonics produced by the power converter- more possible. It is obvious from Fig. 6 that the responses of the three
examined electrical drives are very satisfying. After about
0.5 sec steady state is reached. The permanent speed error
is zero due to the use of PI controllers. However the power
converter using voltage space vector modulation presents
the smallest overshoot and it is the less oscillatory.
In Figs 7-9 the current space vector trajectories are
shown. This is a way to evaluate the PWM schemes by
visual inspection of the trajectories of the current in the
complex plane. The harmonic content of a steady state trajectory is observed as the deviation from its fundamental
component, with the fundamental trajectory describing a

G. Hysteresis Current Control
The behavior of this kind of controller can be explained
in terms of complex plane switching diagram shown in Fig.
5 [6]-[8]. The switching lines are located at a distance h,
equal to the hysteresis band, from the tip of the current
reference vector. The entire diagram moves with the current reference vector with its center remaining fixed at the
tip of the vector.
b-axis
Im

B+

AI

A+
C-

*
qds

a-axis

BC+
c-axis
h

h

h

h

Re

Fig. 5 Switching diagram
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carrier and modulation signals. The observed peaks depend
on the used switching frequency, hysteresis band, the sampling technique and obviously on the use or not of a synchronization technique. The estimation of the peak values
of the electromagnetic torque spectral density, is very useful as undesirable mechanical resonances [16]-[18] can be
avoided if the natural frequencies of the induction machine
and the mechanical drive are known.

circle. Although deviations in amplitude are easily discernible, differences in phase are of equal significance. It
should be stressed that the harmonic currents determine the
copper losses which account for the major portion of the
machine losses. The voltage space vector modulator operates at a switching frequency of 4 kHz while the sinusoidal
pulse width modulator uses a carrier signal of 3.75 kHz.
The used hysteresis band is 0.05 p.u. of the base current.
The hysteresis current technique produces obviously the
higher harmonic distortion. In case of the hysteresis current
control scheme the used hysteresis band, the motor
equivalent reactance and the dc voltage affect the switching
frequency, and consequently the current harmonic content.
Tuning the previous parameters the current harmonic content can be optimally adjusted. The harmonic content of the
current in case of voltage space vector modulator can be
further decreased using an optimal modulation method
[20]-[22].
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Fig. 8 Current trajectory of the converter using hysteresis current
control.
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Fig. 6 Reference and actual rotating speeds for the three types of
converters
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Fig. 9 Stator current trajectory of the converter using SPWM modulation technique.
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Fig. 7 Current trajectory of the converter using voltage space vector
modulation technique.

In Fig. 10 the spectral densities of the steady-state electromagnetic torques of the three examined electrical drives
are shown. In case of the hysteresis current controller three
peaks at 13, 27, 41 Hz occur while the respective peak values in case of voltage space vector modulator are 10, 21
and 28 Hz. In case of SPWM technique a major peak occurs at 35 Hz and is result of the use of non-synchronized
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Fig. 10 Torque spectral density in the 0-50 Hz frequency area for the
three power converters.
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VI. CONCLUSIONS
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In this paper, the dynamic performance of three of the
most promising types of voltage source converters, is
studied. The converters supply squirrel cage induction machines and they employ hysteresis current control, voltage
space vector modulation and sinusoidal pulse width modulation, respectively. Detailed models for the electrical
drives are used, allowing the study of their behavior in a
broad bandwidth. The presented models are developed
using Matlab code and Simulink. Vector control is used for
the regulation of the rotor speed and the stator flux. In case
of SPWM and voltage space vector modulation, an indirect field-oriented voltage controller is applied. The hysteresis current controller is composed of three independent
per phase current controllers. The operational characteristics of the proposed variable speed schemes are studied
showing a very satisfactory dynamic response. The hysteresis current controller produces the highest harmonic content and ohmic losses as seen from current trajectories and
the obtained THDs. Using the steady state torque spectral
densities conclusions can be drawn about possible mechanical resonances. It is shown that mechanical resonances can possibly occur at 10, 13 Hz for voltage space
vector modulation and hysteresis current control technique.
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