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Abstract

This paper deals with a comparative study between the control of three to three phase matrix converter feeding a
star-connected three phase induction machine and the control of three to three phase dual matrix converter
feeding an open-end winding induction machine. The control strategy used in both cases is based on a proposed
direct transfer function control approach of Venturini algorithm which allows to obtain a unity power factor at
the input side to boost the output phase voltage up to 150% compared to the input phase voltage, while keeping
the main advantage of the matrix converter by providing a fully bidirectional power flow operation. The main
objective of using the open-end winding topology is to ensure the minimization of the common mode voltage
which is clearly observed in the case of star-connected winding. Simulation results are presented under both
control strategies, where both matrix converters are supplied from the same three-phase power source. Whereas;
the two output voltage system of the dual matrix converter are shifted with 180 degrees. Based on the obtained
results the performances of the both control approaches are technically discussed.

Keywords : Matrix converter, Dual matrix converter, Direct transfer function approach, Simulation Model, Open-End
Induction Machine Drive.

Acik-Uglu Sargili Asenkron Motoru Besleyen Cift-Matris Donlistiiriicu
Siiriciisii ile Asenkron Motoru Besleyen Matris Doniistliriicii
Siriucisiniin Bir Karsilastirmasi

Ozet

Bu makale yildiz bagli ii¢-fazli asenkron motoru besleyen lig-faza ii¢c-faz matris doniistiiriicliniin kontrolii ve
acik-uclu sargili asenkron makineyi besleyen li¢-faza {i¢-faz ¢ift matris doniistiiriiciiniin kontrolii ile ilgilidir. Her
iki durumda kullanilan kontrol stratejisi , tam olarak ¢ift yonli gii¢ akigini saglayan matris doniistiiriictiniin
avantajlarini koruyarak giris faz gerilimine gore ¢ikis faz gerilimini %150'ye kadar yiikselten ve giris tarafinda
birim gii¢ faktorii elde etmeyi saglayan Venturini algoritmasinin direkt transfer fonksiyonu kontrol yaklagimina
dayanir. Acik-uglu sargi topolojisinin kullanilmasinin ana nedeni yildiz-bagli sargt durumunda agikca
gozlemlenen ortak mod geriliminin en aza indirilmesidir. Benzetim sonuglari her iki matris donistiiriiciiniin ayni
iic-fazli glic kaynagindan beslendigi durumda her iki kontrol stratejisi i¢in sunulmustur. Cift matris
doniistiirticiiniin iki ¢ikis gerilim seti 180 derece kaydirilmistir. Elde edilen sonuglara dayanarak her iki kontrol
yaklagiminin performanslari teknik olarak tartigilmistir.

Anahtar Kelimeler : Matris doniistiiriicii, Cift matris doniistiiriicti, Direkt transfer fonksiyonu yaklasimi, Benzetim modeli,
Acik-uglu asenkron makine Siiriiciisii

1. Introduction attracted great interest due to their inherent
advantages compared to the standard star or delta

Recently, dual-matrix converter feeding  connected induction machine drives. The main
open-end winding induction motor drives have  characteristics of open-end winding induction
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machine are [1,2]: Since the machine is powered
from both ends of the winding, each matrix
converter has half of the machine power rating
and therefore each stator phase current can be
controlled individually. Consequently,
depending on the modulation strategy, possibility
of doubling the effective switching frequency is
caught. The matrix converter (MC) is a forced
commutated converter which can achieve
varying amplitude and frequency at the output
side. Indeed in recent years, significant research
efforts have focused on direct matrix converter
where it is increasingly used in several
applications due to some implicit advantages
comparing to their analogue indirect power
electronics conversion using two stages power
conversion, DC-AC and AC-AC. Main
outstanding advantages of the matrix converter
can be summarized as follows [2,3]:

1. Direct conversion (no dc link);

2. Sinusoidal input and output currents can be
achieved:;

3. The easiness of the input power factor control
for any kind of load;

4. Bi-directional power flow capability;

5. Simple and compact design;

On the other side, due to the high integration
capability of the semiconductor structures, the
matrix converter topology is being recommended
for several extreme and critical applications.
However, the topology of the matrix converter
itself has pushed the researchers to run after
more favorable control strategies. In this context
several modulation techniques have been
developed to fulfil the requirement of the matrix
converter control. Among these techniques two
main control approaches are being used, the
scalar approach such as; the direct transfer
function approach (DTF) proposed by Venturini
[4,5], and the space vector approach such as;
direct and indirect space vector modulation
(DSVM and ISVM) [6,7].

In this paper, the direct transfer function
control approach is applied to the matrix
converter for feeding an open-end three-phase
load topology to overcome the main problem of
the common mode voltage and to achieve a more
flexible control and the operation reliability
[8,9]. The both sides of the three-phase load are
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supplied using dual three-phase to three-phase
matrix converters. The dual matrix converter has
the same topology as shown in Fig. 1. The load
is an open-end winding induction machine
supplied by a dual matrix converter.

In this paper, a comparison between the
applications of the same induction machine
supplied by a single matrix converter and a dual-
matrix converter is presented. Simulation tests
were performed to demonstrate the effectiveness
of the used topology and control approach for
both single and dual matrix converter applications
for the same induction machine.

Ct limits the voltage distortion between the
terminals of the converter.

L+ limits the current distortion of the supply.

Rt limits the overshoot on turn-on and avoids
the resonance excitation by the supply or
converter.

2. The Matrix Converter Topology

The topology of a three-phase input - three-
phase output matrix converter is presented in
Fig.1. The voltages V;;, V;, and V;3 are the input-
voltages and V,;, V,,and V,zare the output
voltages. Each leg has three bidirectional power
switches to ensure the connection between one
phase of the input and one phase of the output at
any instant [8].

Matnx Converter

..............................

512 513

522

Input Filter p Vel

Figure 1. Three-phase matrix converter with input
filter
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These switches are operating under the two
main constraints which are: The input side is not
short-circuited and the output side cannot present
an open-circuit at any instant. These are the two
main important constraints that they are imposed
by the normal operation of matrix converter to
protect both of the matrix converter and the load
[9-11].

The vector of the input voltages is given as
follows:

V; cos(w;t)
Via| = Vi, [cos(w;t + 2m/3) (D)
Vi cos(w;t +4m/3)

The vector of the output voltages is given as
follows:

Vye cos(w,t)
Voz| = Vo | cos(w,t + 21/3) 2
Vo3 cos(w,t +4m/3)
2.1. The Switching Equations

The symbol S;; represents the ideal
bidirectional switches, where i (=1, 2, 3)

represents the index of the output side and j (=1,
2, 3) represents the index of the input side. The
relation between the output voltages and the
input voltages can be achieved via an
intermediate matrix M, which is known as the
modulation matrix, hence the relation between
the input and output voltages can be expressed as
follows:

Vol = [M]-[V{] ©)

The relation between the input current [Ii]
and output current [lo] can be deduced:

[1;] = [M]" - [I,] (4)

where [M]T represents the transposed matrix of
[M].

Equation (3) can be presented in a developed
manner as follows:

Vo1 my1my;My37 [V;
Voo | = [M21Ma2mys| | Vin (5)
Vo3 my My My3 | LV

where the elements of the modulation matrix
representing the modulation coefficients are
expressed as follows:

my; =2 (6)

During the switching process, the
bidirectional switches can connect or disconnect
the phase i of the input to the phase j of the
output which is connected to the load. In general,
the modulation coefficient must provide the
following rules [12]:

> At any instant, only one switch S;;(i =
1,2, 3) conducts in order to avoid short-
circuit between the input phases.

Yi=1235(t) = 1;j ={1,23} Vvt (7)

» At any instant, at least two switches
S;; G = 1,2,3) conduct to ensure a way
to the inductive load current.

> The switching frequency £, =%/,
must have a higher value than the
maximum of
fi fofs » max fif,).

> During the period, T, which is known as
the sequential period, the sum of the
conduction times of switches being used
to synthesize the same output phase must
be equal to Ty.

The time ¢;;; which is called the time of

modulation, can be defined as:

tij =my; T (8)
3. Modified Direct Transfer Function
Approach

The modified direct transfer function

approach [4,5] permits to control the switch, S;;,
whereas the output voltage, V,;; and the input
current, i;; are sinusoidal with the same values of
the output frequency, the input amplitude, the
input frequency and the displacement factor.

The maximum voltage output is obtained by
the injection of the third harmonic of the output
and input waveforms. The mean values of the
output voltage over the sequence K" are then
given by:
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)y _ (k) t11 (k) t12 (k) 13 where
Vo1 = Vix TS Vi Ts Vi3 ?S
wp = vl v © (A= amt+o
S S S

t t t
(k) (k) 21 (k) =22 (k) =33
% =V; + v; + v.
02 i1 Ts i2 Ts i3 Ts

The conduction time is modulated with
the wwhile Ty is constant, such as w,,
w, — w;, these times are defined as follows:

1. Inthe first phase, we have:

ti, = %(1 + 2qcos(w,t + 0))

tp = %(1 + 2gcos(wy,t + 6 — 2?71)) (10)
ti3 = %(1 + 2qcos(wy,t + 6 — 4?ﬂ))

2. In the second phase, we have:

ty; = %(1 + 2qcos(wp,t + 0 — 4?n))

tyy = %(1 + 2qcos(wy,t + 0)) (11)

trys = %(1 + 2qcos(wp,t + 0 — 2?”))

3. Inthe third phase, we have:

ty3; = %(1 + 2qcos(wp,t + 0 — 2?”))

t3, = %(1 + 2gcos(wy,t + 6 — 4?”)) (12)
ty3 = %(1 + 2gcos(wnyt + 6))
where 0 is initial phase angle.

The output voltage is:
o] = [M®]- [“] (13)

1+ 2qcos(4) 1+ 2qcos (A - 2?") 1+ 2qcos (A - %n)

[M(k)] _| 1+ 2qcos (A - 4?”) 1+ 2qcos(4) 1+ 2qcos (A - 2?")
4—”) 1+ 2qcos(4) |

| 1+2qcos(A—2?n) 1+2qcos(A— 5

(14)
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(15)

Wy = W, — W;

This mathematical development shows that
the matrix converter with modified direct
transfer function approach generates three-phase
sinusoidal voltage waveforms at the output.

4. Modelling of the Open-End Winding
Induction Machine

The open-end stator winding induction
machine presented in Fig. 2 is supplied by two
three-phase voltage systems and these systems are
defined as:

The three-phase systems supplied by the first
matrix converter: [Vi;] = [Ve11 Ve Viasl™;

The three-phase systems supplied by the
second matrix converter: [Vs,] =
Vez1 Vsaz Vizsl™:

Hence, the voltage vector applied on the
stator winding of the machine is:

[Vs] = [Vsll — Vs21Vs12 = Voo Vi3 — Vs23]T

The mathematical flux model is defined in
(d-g) reference frame, and described by the
following state equations representation:

ax() _

2 = [A(w 04| IX®] + [B]- U®) (16)

Y(®) =[C]-Y(®) (17)

where

X@®) = [0sq4 Bsq Bra @rq] is the state vector;
U(t) = Ul(t) - Uz(t) = [Vsdl - VstVsql - sqz] is
the control vector;
Y(t) = [Isq Isq Ira Ir4] is the output vector.

The principle diagram of the system is
shown in Fig. 2:



A. BELADEL, A. KOUZOU, A. HAFAIFA, S.

0 ’ . 2
- BTN e N
o e T
i | B
rul{fa("u) M=’ Three-phase open ‘e
end mduction motor
GND
i Control

Figure 2. Three phase open-end winding induction
motor fed by dual matrix converter
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Figure 3. Block diagram of the open-end winding
machine

On the other side the following parameters
are taken into account:

Ly . .
Ty = R—S is the stator constant time
S
Ly - .
T, = R—T is the rotor constant time
T

2
o =1 — == is the coefficient of dispersion of
sHTr
Blondel
R, s the rotor resistance, R is the stator
resistance, L, is the rotor inductance, Ly is the

stator inductance, Mg, is the mutual inductance
between stator and rotor.

The equation for current vector is

[ =[L]'[2] (18)

The matrices [A], [B] and [C] are defined as
follows:
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1 Msr
B O'_TS wdq o0TsLy 0
1 Mgy
—Wgq ——— 0
[A] =| 0Tg ) oTsLy (19)
oTyLg 0 e Wgqg — W
Msr —(wgg —®) - -
oTyLg dq oty
10 00
|0 1.0 0
B= IO 01 0‘
0 0 0 1
1 Mgy
olg oLgLy
0o - Msr_
_ s LsLy
== w7 R )
- OLyLg - a'_Lr
0 _ Msr 0o X
oLyLg oLy |
The mechanical equation is given as
follows:
.d
Tem_Trzjd_(:-I'fw (21)
3
Tem = Ep(q)salsﬁ - Q)sﬁlsa) (22)

where T, is the electromagnetic torque; T is
the load torque.

5. Simulation

In this work, two simulation tests were
performed to prove the advantage of the use of
the open-end winding induction machine fed by
a dual matrix converter having the same
topology and characteristic. The first simulation
presents the induction machine fed by only one
matrix converter, where the output voltage is
characterized by a fundamental frequency of
fo=50 Hz and a magnitude of V(=350 V. The
parameters of the input voltage source and the
induction machine are presented in Table 1. On
the other side, due to the distortion which may
occur in the input current and to avoid the
propagation of this kind of harmonics pollution
toward the source, an LC input filter is inserted
as shown in Fig.2 where its parameters can be
found in Table 1. [13-15].
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5.2. Induction Motor Fed by A Three-Phase
Matrix Converter

In this case, a single three-phase matrix
converter is used to feed a three-phase induction
motor. The output voltage and the output current
of the matrix converter are presented in Fig. 4
and 6, respectively. Total Harmonic Distortion
(THD) of the output voltage and current
waveforms, which is defined in Eq. (23), are
presented in Fig. 5 and 7, respectively. It can be
concluded that the harmonic rays are around the
switching frequencies (nx fy) where it is taken
as f=10 kHz

_|VE4VE+etvE
THD = /T
1

The fundamental harmonic amplitude of the
output voltage is 344.4 V with THD of 99.36%
as shown in Fig. 5 and harmonics rays can be
remarked clearly around the switching
frequency. However, due to the inductive nature
of the induction motor, the output current posses
a low THD as 2.77%. Figs. 8 and 9 show the
decoupling carried out between the flux and the
electromagnetic torque. The decoupling between
torque and machine speed is remarked clearly
especially at the interval between 1.5 s and 2.5 s.
The supply current waveform is shown in Fig.10.
The result shows great effect of the input filter
where the high order harmonics are eliminated
by the input filter.

(23)

Table 1. Simulation parameters

Vs Input voltage 350V
fs Input frequency 50 Hz
Lt Filter inductance 0.03H
R¢ Filter Resistance 050
Cr Filter Capacitance 25 pF
Rs Stator resistance 4.850Q
Rr Rotor resistance 3.81Q
Ls Stator inductance 0.274H
L, Rotor inductance 0.274 H
Lm Mutual inductance 0.258 H
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Figure 4. Output line voltage waveform of the matrix
converter

Fundamental (30 Hz) = 346.3, THD = 55%.36%
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Figure 5. Harmonic spectrum of the matrix converter
output voltage waveform
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Figure 7. Harmonic spectrum of the matrix converter
output current
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Figure 8. Torque (up) and speed (bottom) of the

induction motor
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Figure 9. Flux flowing rotor axis "d" (up) and flux
flowing rotor axis "q" (bottom)
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filtering, respectively
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5.2. Dual Matrix Converter Feeding Open-
End Winding Induction Motor

In this case, two of three-phase matrix
converter feed the both sides of the open-end
winding of the same induction machine stated
previously. Under this topology the common
mode voltage (CMV) will be totally removed
and the three-phase load can be controlled

204
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independently. Due to the balanced nature of the
load, the voltage applied at each load phase is the
same except for the eventual required phase
shift. Figs.11 and 12 illustrate the voltages
between the two terminals of the three-phase
load and the load currents, respectively. It is
obvious that the fundamental magnitude of the
voltage is 348.5 V with a THD of 75.12 %
whereas, the fundamental current is 4.636 A with
THD of 3.36 % which means that there is an
improved voltage and current quality in
comparison with the situation where the machine
is fed by a single three-phase matrix converter
(Fig. 13 and Fig. 14). In the same time a less
harmonic rays can be remarked clearly near the
switching frequency fs =10 kHz. The two level
voltages is clearly observed and the three-level
voltage at the load terminals is also obviously
observed. The effect of the input filter can be
seen clearly in Fig. 17., Figs.15 and 16 show the
decoupling carried out between the flux and the
electromagnetic torque. In the same time, the
decoupling between the torque and the speed of
the machine can be seen especially at the interval
between 1.5sand 2.5s.
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Figure 11. Output line voltage waveforms of MC1

(up) and MC2 (bottom)
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Figure 12. The Harmonic spectrum of the output

voltage applied to one phase of the induction motor
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Figure 13. Three-phase motor currents

Fundamental (30 Hz) = 4.636, THD = 3.36%
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Figure 14. Harmonic spectrum of the output current
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Figure 15. Torque (up) and speed (bottom) of the
induction motor
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Figure 17. The supply current without and with
filtering, respectively

6. Conclusions

In this paper, the main advantages of the
dual matrix converter used in open-end structure
are proved by simulation results. The results
show clear improvement on quality of the
voltages enforced to the induction machine drive
and elimination of the common mode voltage
which is major problem in all three-phase load
applications, especially in three-phase electrical
machines. On the other side, due to the
multilevel nature of the voltage applied at the
terminal of the open-end load, the current quality
is also improved, where the THD is decreased at
nearly 48% compared to the classical topology
based on one matrix converter. An important
issue is that the use of a dual matrix converter is
more reliable in case of fault on one or more
switches. This problem can be solved by easily
adjusting control signals of the switches. Finally,
it can be said that the presented topology can
have a large use in electric machines application
in industry based on the afore-mentioned
advantages.
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