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The results of the intensive experimental study of the matrix converter-fed Induction Motors (IM) with high dy-
namic performance speed-flux tracking field-oriented control algorithm are presented. It is experimentally proven
that high performance speed tracking is achieved under heavy dynamic conditions of operation. High quality in-
put/output current waveforms of the matrix converter obtained during steady state conditions of operations for
both directions of the power flow. The results of the experimental tests prove that matrix converter does not have
limitations for implementation in high dynamic performance vector controlled induction motor drives.
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1 INTRODUCTION

Electromechanical energy conversion using dif-
ferent kinds of electric motors is one of the most
important areas of applications for modern semi-
conductor power converters. Recent requirements
for power converters to be implemented in high
performance electrical drives include:

— high precision tracking of the reference voltage
vector;

— bi-directional power flow capability;
— controlled input power factor;

— matching of the electromagnetic compatibility re-
quirements.

At present time these requirements can be achie-
ved using two types of power converters: standard
AC-DC-AC converters with vector controlled input
rectifier and direct frequency converters known as
matrix converters (MC). Back-to-back AC-DC-AC
converters have been intensively studied [1] and
now they established the industrial standard for
medium and high power applications. Recently ma-
trix converters have been found as attractive alter-
native to AC-DC-AC converters [2].

Number of promising results on application of MC
for control in electromechanical systems are reported
in literature: IM drives [3], synchronous motor dri-
ves [4], doubly-fed induction machine [5, 6]. Never-
theless as far as authors know MC never has been
tested in heavy dynamic conditions of operation,
which are typical for vector controlled IM drives.

In this paper we present results of intensive ex-
perimental study of the high dynamic performance
vector controlled induction motor fed by MC. For
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both MC and IM control we use recently develo-
ped by authors novel control algorithms.

An improved direct field-oriented control algo-
rithm for IM [7] with speed-flux tracking capabili-
ties has been selected for evaluation of the MC
performance, since it requires the high precision
tracking of the reference voltage vector during hea-
vy dynamic conditions. A new space vector modula-
tion (SVM) and improved commutation strategy
have been implemented for matrix converter control
[8]. The main features of the proposed SVM con-
trol are: linear loading of the line source (MC is
viewed by the line source as linear load); high pre-
cision tracking of the reference voltage vector. No
information about output current direction and re-
lation between input phase voltages are required
for implementation of the MC commutation.

The main conclusions from the results of experi-
mental study can be summarized as follows: i) ma-
trix converter control algorithms provide high preci-
sion voltage tracking suitable for implementation in
high dynamic performance AC electrical drives; ii)
safe commutation of the MC switching is achieved
in all condition of IM operation without of detec-
tion of the output current direction; iii) the satis-
factory waveforms of the input and output currents
are observed from the tests.

The paper is organized as follows. In Section II
the short description of MC control algorithm is
given. Section III presents general configuration of
improved vector control algorithm for IM. Results
of experimental testing of the MC during steady
state and during vector control of the IM are given
in Section IV.

47



Experimental Evaluation of the High Performance...

E. Chekhet et al.

2 MATRIX CONVERTER CONTROL

Figure 1 shows the matrix converter topology,
connecting the 3 input lines to 3 output lines with
help of nine bi-directional IGBT-switches S1-S9.
The SVM control technique of MC is based on the
instantaneous space-vector representation of output
voltage and input current.
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Fig. 1 Matrix converter topology

The averaged values of the reference voltage vec-
tor u,.; are obtained as the result of synthesis from
the five stationary vectors (four non-zero and one
zero) [2, 9, 10]. The desired averaged phase voltage
u,¢ in each of six sectors (Figure 2a) is defined as

follows:
4
_ , 2 2 ,j0,(1) _
Uper = Uy tUpE _kz dkuok (1)
=1

where u,, are the non-zero stationary vectors; dy is
on-time ratio; dy =t,/Ty; t is the interval duration,
in which u,, vectors are acting during current SVM
period Ty; u, and u, are the components of u in
orthogonal coordinate system a-b, 6, is a instanta-
neous angle of the space output voltage vectors
with respect to its initial position in the sector un-
der consideration, Figure 2a.

b)

Let us consider the case, when there are no shift
between the input current and voltage vectors. In
order to form the non-zero vectors the two input
line-to-line voltages with maximum instantaneous
values are alternatively used. Zero vector is formed
when all output phases are turned on to the same
input phase. The basis of the proposed SVM is the
argument that AC mains, feeding the MC, should
be linearly loaded [9]. In this case the waveform of
the averaged MC input current is sinusoidal under
sinusoidal input voltage conditions. Two input line
to-line voltages are selected in each of six 60-de-
grees intervals, the boundaries of which are deter-
mined by the transition moments of any phase vol-
tage wave through zero, Figure 2b. Inside these in-
tervals the two phase voltages have identical polari-
ty and the third one with maximum instantaneous
value has opposite polarity. Correspondingly, the
third phase is involved during all SVM cycles and
the first two phases alternately. The input current
running in the third phase is distributed between
the two other phases according to SVM law.

Let us dencourageenote the two input phases
which have the same voltage polarities inside of the
60-degrees intervals as 8 and y and the third phase
with opposite voltage polarity by index v. For exam-
ple at the instant of time ¢, under consideration in
Figure 2b us=u,, u,=ug, u,=uc. For other 60-de-
grees intervals the indexes will be transposed ac-
cording to the rule above.

In order to provide the linear loading of AC in-
put the following proportion should be satisfied [9]

ds _us
d " u

Y Y

)

where d; and d, are on-time ratios for phases & and
y respectively.

Fig. 2 Output space voltage vector diagram (a). Input voltages time diagram (b)
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Define the components of the output voltage
space vector u. oriented along directions of the
vectors, forming the sector in which vector u, is al-
located, as uy) (n=1...6), Figure 2a (the right
boundary of the nth sector corresponds to the

Ure(n))- The amplitude of each component for con-
s1dered sectors of input phases is equal to

2
Uref(n)| = g‘ds(n) Usy +dyn) uyv‘ =

®)

where ds,) and d ;) are on-time ratios for phases &
and y respectlvely

= %‘ds(n) (uS —-le ) +dy(n) (u.y _uv )

Taking into account (2) the expression (3) be-
comes

2, A
Ureri| = 5 s ﬁ =3 dym) I (4)

where A=u? +uy —(u5+u u,

Note that if the sum of instantaneous values of
the phase voltages is equal to zero, then
A=u52+u2+uv2=u§+u]32+ucz.
If MC is fed from a symmetrical voltage system
then A=(3/2)U2 where U, is the input phase vol-
tage amplitude.

When components uq,y of the u are conside-
red in a-b coordinate frame then from (4) we have

|L¢5|(1421 sin n3n —uy, cos %)
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The on-time ratio for zero vector is equal to
dO =1- d&(n) - dy(n) . d&(n +1) T %(n+1)

With the such forming of the SVM the following
features are obtained:

— linear loading of the symmetrical line source
(MC is viewed by the line source as linear load);

— high precision tracking of the reference voltage
vector u,.; under deviations of input voltages and
the unbalanced voltage supply system.

The commutation strategy in MC can be based
on two approaches. The first, based on the current
direction information and the second, based on
measured AC input phase voltages relationship [2].
In this work a novel mode is used. As compared
with the other approaches it requires no detection
of the current direction and measurement of the
relation of input voltage values, but only the detec-
tion of their polarity.

The proposed step-by-step commutation strategy
of transistors excludes the current commutation by
the switches, connected to the mains phases, whose
voltage curves are crossed inside of the current
time interval (Figure 2b). This approach is realized
by means of the optimal choice the order for form-
ing of the stationary vectors in time and by special
method of forming of zero vectors, consisting in si-
multaneous switching on all the switches, connected
to the mains phase with maximum voltage modulus
during current time interval.

Figure 3a shows the stationary vectors, denoted
as da, 8B (being formed from line voltage *us,),
ya, B (being formed from line voltage *u.,) and 0
(zero vector). The reference line-to-neutral voltage
vector u.; is supposed to be placed inside sector,
formed by above mentioned vectors.

The dashed lines in Figure 3a show the vectors
alternation which guarantees the safe step-by-step
commutations. Such groups of vectors are 0, da, 58
and 0, ya, YB.
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Fig. 3 Alternation of vectors (a). Sequence of commutations under u,,<0 (b) and u,,>0 (c)
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Figures 3.b and 3.c correspond for two cases,
when u,<0 and u,>0. They illustrate the sequence
of commutations in single SWM cycle, transition to
the next cycle and the configurations of the load
phases a, b, c, corresponding to each stationary vec-
tor, if vector u, is placed, for example, in sector I
(Figure 2.a). Presented version of switching algo-
rithm guarantees the minimum number of commu-
tations.

To implement the commutation strategy propo-
sed the following steps are necessary:

a) First the non-zero vectors of the one input line
voltage are formed.

b) Then the zero vector is formed.

c) At the end of SVM cycle the non-zero vectors
are constructed using other input line voltage.

d) Under transition to the next SVM cycle both in-
side of sector and under movement of vector
u,; from the one sector to another (Figure 2.a)
first the non-zero vectors are placed. They are
formed from the same line voltage used in for-
ming of the last vector of the previous SVM cycle.

3 SPEED-FLUX TRACKING DIRECT
FIELD-ORIENTED CONTROL ALGORITHM FOR
M

In order to test all control algorithms, proposed
for MC, during heavy dynamic conditions closed to
converter current and voltage limits we use recently
developed by authors [7] new direct field-oriented
vector control algorithm. Controller development is

. - @ .

iq iq g Uy
H >—F P> —
i Current
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based on novel design strategy for indirect field-ori-
entation presented in [11]. This design approach
has been modified in order to build observer-based
output feedback controller based on stator currents
and speed measurements. Specifically, the problem
of flux-speed tracking with no singularities is ad-
dressed, in presence of unknown constant load tor-
que and under the requirement of achieving new
features for the closed loop dynamics:

a) Global exponential asymptotic speed-flux trac-
king.

b) Asymptotic speed-flux decoupling.

c) Asymptotic linearization of the speed subsystem.

d) Robustness with respect to IM parameter (espe-
cially rotor resistance) variations.

Following the same conceptual line as in [11] we
design direct field-oriented controller with reduced
order (second order), but closed loop flux observer.
The two interconnected (electromechanical and elec-
tromagnetic) subsystems are designed, whose out-
puts are torque (speed) and flux vector, respective-
ly, with the two transformed stator voltages respon-
sible for control objectives in each subsystem. Based
on the concept of field-oriented decomposition,
special decoupling conditions are defined for speed
and flux subsystems which allow to design an ob-
server-based flux-vector control algorithm providing
closed loop exponential asymptotic flux vector
tracking as well as asymptotic speed-flux decoupling
via asymptotic field orientation. The property of
asymptotic linearization of the speed subsystem
(even with time-varying flux level) allows to use of
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Fig. 4 Block-diagram of the vector controlled IM fed by MC
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well-known linear optimization technique and speed
controller parameters tuning procedure, commonly
used in standard cascaded systems. Robustness of
the speed subsystem is guaranteed by the two-level
cascaded structure with astatic inner and outer
loops having nonlinear current and speed con-
trollers.

The flux subsystem is an open-loop system when
the standard field-oriented control strategy with re-
duced order observer is used. This system is de-
signed herein to get closed-loop properties. As re-
sult, significant improvement of the robustness
with respect to rotor circuit parameters variation is
achieved, when rotor speed is different from zero.
The proposed observer-based flux controller is sim-
pler as compared with controllers based on full or-
der observers and does not require the information
about stator voltages.

The block-diagram of the proposed system is
shown in Figure 4. Structure of the current con-
trollers in Figure 4 is the same as in [11] with the
flux reference W™ replaced by the estimated flux
modulus ¥, given by the closed loop reduced or-
der flux observer

q"ld =-Q lIId + aLmld

: i - (6)
& =wg=wp,+alL, 14 yf wig,
d d

where a is inverse of rotor time constant, L —
magnetizing inductance, p, — number of pole pairs
and y,;>0 is the tuning gain.

4 EXPERIMENTAL TESTING OF THE MATRIX
CONVERTER FED INDUCTION MACHINE

In order to justify the performance of the matrix
converter and its implementability for high dynamic
performance induction machine control an intensive
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Fig. 5 Block diagram of the experimental set-up

experimental study have been performed. Our main
interests of investigation have been concentrated on
the evaluation of the dynamic capabilities of the
MC during heavy dynamic conditions of operation,
line current dynamics and availability to achieve ze-
ro speed induction machine operation when almost
zero voltage of the MC is required.

4.1 Experimental set-up

The experimental tests have been carried out
using a Rapid Prototyping Station developed for
testing the matrix converter fed electric machines.
The Rapid Prototyping Station, whose block dia-
gram shown in Figure 5, includes:

1. A wound rotor IM, whose rated data are listed in
Appendix, supplied by MC. During investigation
of vector controlled induction machine the IM
rotor circuit is shortened.

2. A current controlled DC motor is used to provi-
de the load torque for induction motor drive.
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Fig. 6 Input voltage and input current (a). Output voltage and output current (b). Output frequency 50 Hz, carrier frequency 5 kHz
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3. A 6 kVA matrix converter with input filter: L =1
mH, C=10 pFE

4. A DSP-based real time controller implemented
using »dSPACE DS1102« control board
(TMS320C31) directly connected to PC bus. The
sampling time for control implementation has
been set at 200 ps, the visualization and exten-
ded acquisition system of DS1102 were used for
real time tracing of selected variables and data
storage.

5. All analog signals have been measured using
LEM current and voltage sensors and filtered
with second order analog filters having cut-off
frequency of 2 kHz. For speed and position mea-
surements an incremental encoder with 5000 li-
nes per revolution is used.

6. A personal computer acting as Operator Interface
for programming, debugging, program downloa-
ding, virtual oscilloscope and automation func-
tion during the experiments.

Figure 6 shows the waveforms of MC input cur-
rents and voltages as well as output phase voltage
and phase current during steady state operation of
1.4 kW induction motor with rated load.

4.2 Vector controller tuning and implementation

The tuning parameters of the speed and flux sub-
systems are proportional and integral gains of the
speed and flux controllers (k,, ki &, ki) as well
as proportional and integral gains of the current
controllers k;, k;;. According to the structure of the
cascaded system we use the standard tuning rela-

tion

k 2
k=—L=L,£=0707 (7)
2 1
Speed reference ( —— ) and load torque
profile ( --------- )
1 T
] 1
1
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[
0 \ =TT
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20 ! H
0 0.5 1 15
t, s
a)

where 7 and & are the time constant and damping
factor imposed for the second order error dynamics
and k, k; are the proportional and integral gains in
each Toop. The time scale separation is achieved
with 7,> (2 -4)1;, where indexes s and i stand for
speed, flux and currents loops. To get the discrete
time version of control algorithm the simple back-
ward derivative (Euler) method is used. The con-
trollers’ parameters, selected according to (7) were
set at: k,=100; k,;=5000; k;=500; k;;=125000;
k,=50; k;=1250.

All programs for controllers implementation have
been written using C** language.

Operating sequence

The operating sequences, reported in Figure 7, are
the following:

1. The machine is exited during the initial time in-
terval 0—0.25 s using a flux reference trajectory
starting at ¥*(0)=0.02 Wb and reaching the mo-
tor rated value of 0.7 Wb with the first derivati-
ve equal to 2.72 Wby/s.

2. The unloaded motor is required to track the
speed reference trajectory, starting at time ¢=
=0.5 s from zero initial value and reaching the
speed of 50 rad/s (60 % of rated) with the first
and second derivatives equal to 420 rad/s? and
8239 rad/s3.

3. During time interval of constant speed rotation
the step load torque, equal to rated value, is ap-
plied and removed.

4. The final time interval is given for unloaded mo-
tor breaking to zero speed.

Tracking of the speed reference trajectory adop-
ted requires a dynamic torque, which is equal to
double of rated value of the IM.

Flux reference

Y SR S SR S —

F====r==="3===="r=1°-7

el el itk ket st Sk

o
W

15

Fig. 7 Speed, flux references and load torque profile
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Fig. 8 Transient performance of the proposed controller
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Fig. 9 Stator currents waveforms during steady state condition » =50 rad/s: (a) no load torque; (b) rated load torque

4.3 Experimental results of vector controlled IM

The experimental results presented in Figure 8
demonstrate the dynamic performance of the pro-
posed controller adopting the controller tuning ac-
cording to (7). The speed tracking performance
(maximum speed error of about 0.3 rad/s) satisfied
the requirements of any high dynamic performance
applications. The Figures 9.a and 9.b demonstrate
the waveforms of the stator current during steady
state condition @ =50 rad/s without load and with
rated load.

The operation near by zero speed with o” =0.05
rad/s is shown in Figure 10. Excellent steady state
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Fig. 10 Operation near by zero speed: w*=0.05 rad/s, rated load is
applied at t=0.6 s and removed at t=2.4 s
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performance and dynamics during load torque re-
jection is achieved during this regime of operation
in low MC voltage region.

5 CONCLUSIONS

It is experimentally demonstrated that perfor-
mance of the investigated MC-fed vector controlled
induction motor has no significant difference with
that of standard AC-DC-AC converter-fed configu-
rations. From intensive experimental study we con-
clude that proposed solutions for matrix converter
control and control algorithms for matrix converter
fed IMs are suitable for any high dynamic perfor-
mance applications.

APPENDIX
Rated power 1.4 kW
Rated current 52 A
Rated voltage 380 V
Rated torque 15 Nm
Rated speed 880 rev/min
Number of pole pair pn=3
Rotor resistance R,=53 Q
Stator resistance R =47 Q
Stator inductance L,=0.161 H
Rotor inductance L,=0.161 H
Mutual inductance L,=0.138 H

Viscous friction coefficient v=0.45
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Eksperimentalna provjera vektorski upravljanog asinkronog motora visokih performanci napajanog iz matric-
nog pretvaraca. U clanku se izlazu rezultati temeljite eksperimentalne studije o asinkronom motoru napajanom iz
matri¢nog pretvaraca i upravljanom prema nacelu vektorske regulacije s visokim dinamickim performancama slije-
denja referencije brzine vrtnje i magnetskog toka. Eksperimentom je pokazano da se visoke performance slijedenja
brzine vrtnje postizu u uvjetima teSkog dinamickog optereenja motora. Dobivena je visoka kvaliteta valnih oblika
ulazne i izlazne struje matricnog pretvaraca za stacionarno stanje i za oba smjera toka energije. Rezultati eksperi-
mentalnog ispitivanja potvrduju da ne postoje ograni¢enja na primjenu matricnog pretvaraca u vektorski upravljanim
asinkronim pogonima visokih dinamickih svojstava.

Kljuéne rijeci: matri¢ni pretvara¢, asinkroni motor, vektorska modulacija, strategija komunikacije, vektorsko uprav-

ljanje
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