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Modeling and Simulation of a Matrix Converter/Induction Motor System
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Abstract: Tn this study, a system composed of a matrix converter and an induction motor is modeled and
simulated using Matlab/Simulink software package. The modulation techniques used for the matrix converter
are Venturim and Optimum Venturim Methods. The variation of motor voltages, currents, torque and speed with
time are presented and compared with those obtained from previously published results to validate the

simulation process.
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INTRODUCTION

Traditionally, rectifier/inverter systems are used with
the induction motor dnive system (Trzynadlowski, 2001) to
control the motor speed Recently, matrix converter
which is a direct AC-AC converter has become a good
alternative to the rectifier/inverter topology because
of several advantages (Abdel-Halim et af, 2011,
Vargas et al, 2009, 2010). Several researchers have
presented the simulation of the matrix converter/induction
motor system using Matlab/Simulink (Altun and Sunter,
2003; Imayavaramban et al., 2006). However either the
transfer ratio was calculated using a m-file in Matlab
(Tmayavaramban et al., 2006) or using a simplified solution
algorithm (Altun and Sunter, 2003). In Abdel-Halim et al.
(2011), the matrix converter was simulated using
Matlab/Simulink when the converter 1s loaded only with
an inductive static load.

In this study, a matrix converter/mduction motor
system 1s modeled and then siumulated in detail using
Matlab/Simulink package when Venturini and Optimum
Venturini Modulation Techniques (Wheeler et al., 2002;
Arevalo, 2008) are used.

MATERIALS AND METHODS

Matrix converter model: A simplified circuit arrangement
of a nine-switch matrix converter system 15 shown in
Fig. 1. In Fig. 1, an input filter is used to eliminate the
higher order harmonics found in the input current and
the clamp circuit shown in Fig. 1 13 used for protection
against overcurrent which occurs due to short circuit and
against overvoltage which occurs due to open circuit
(Tmayavaramban et al., 2006). The mathematical model of

the matrix converter will be represented by its output
voltages and input currents. These voltages and currents
are expressed m terms of switching functions, S of the
conwverter switches. These switching functions are
defined as follows (Huber and Borojevic, 1995;
Wheeler et al., 2002):

5 1, switch 8, closed
S 10, switch S, open

K={A,B,C}, j={ab.¢

The output voltages and input currents of the matrix
converter can thus be obtained m terms of the
switching functions from (Huber and Borojevic, 1995;
Wheeler et al., 2002):

v.(D] [S,0 S, S.] [v.(D
V(D) =] 8,0 Sy SuM | vy D)
VO] 8.0 S0 S, | vt

and:
L] 8,0 8,0 S,0] L,
(D) | =] 8., S S, i, 2)
i.(t) _SCa(t) Sep (D) SCc(t)_ _ic(t)

There are two constraints that should be taken mnto
consideration during the matrix converter operatiorn; these
are (Huber and Borojevic, 1995, Wheeler ef al., 2002):

»  Short circuit between the converter mput terminals
should be avoided

»  Any output phase must never be open-circuited
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Fig. 1: Sunplified circuit arrangement of a matrix converter system

These two constraints can be  expressed
mathematically in terms of the converter switching
functions by Huber and Borgjevic (1995) and
Wheeler et al. (2002):

8,18y +8, :l,j:{a,b,o}

The pattern of the switching functions is based on
the selected switching pattern. Figure 2 shows a typical
switching pattern (Wheeler et al., 2002). When the matrix
converter switches are operated at a high switching
frequency, low frequency output voltages can be
obtained by controlling these switches according to
certain modulation strategy (Alesina and Venturini,
1981, 1989, Arevalo, 2008, Huber and Borojevic, 1995,
Imayavaramban et al., 2006, Shephered and Zhang,
2004; Wheeler et al, 2002).

In order to avoid high harmonic content in
the output voltages of the matrix converter, the switching
frequency must be =20 times the output frequency
(Tmayavaramban et al., 2006). The modulation duty cycles
of the switches of the matrix converter can be expressed
in matrix form which is called modulation matrix
(Arevalo, 2008; Shephered and Zhang, 2004) or transfer
matrix (Wheeler et al., 2002; Tmayavaramban et al., 2006)
as:
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Fig. 2: General form of the switching pattern
m, (1) m, () m.(@1)
M) =| M (1) sy (8) gy (0 (3)
m, () mg (t) m, (1)
where:
m (=t /T, (4)
The above mentioned constrains can  be
expressed mathematically in terms of the modulation
duty cycles of the switches by Alesma and
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Venturini (1981, 1989), Imayavaramban et al. (2006) and
Wheeler et al. (2002):

Y om, = Y my )=

K=&B,C K=A B.C K=4B,C

m (t)=1 (5

The modulation duty cycles can be obtamed
using the Venturim and Optimum Venturim Methods
(Arevalo, 2008, Wheeler et al., 2002). The Venturimi
Method is used when the voltage gain ratio, ¢ which is
the ratio between output and input voltage is <0.5. The
following compact form is wused for unity input
displacement factor to obtain the modulation duty
cycles in the considered range of g (Arevale, 2008;
Wheeler et al., 2002):

t,. 1 2v.V
my, = =0 (6)
320 m

for:
K=[A.B.C], j={ab,c]

where, v, refers to the input voltages which are given by:
cos{mt)

cos(mnt+ 2w/ 3) (7
cos(mt+ 4w/ 3)

v, =V

1m

and v; refers to the reference output voltages which are
given by:

cos(m, t)
cos{m,t+ 21/ 3) (8)
cos(m t+4m/3)

v, =qV,

The optimum Venturini Method is used when the
voltage gain ratio, qis >0.5and is <+f3/2. In this case, the
following compact form 13 used for unity input
displacement factor, to obtain the modulation duty
cycles in the considered range of ¢ (Arevalo, 2008;
Wheeler et al., 2002):

1 1+%+ 4q sin{mt + B
Mg =5 Vi 33 v ©)
sin(3mt)

for K=A,B,C j=1{ab ¢}, Bg =0, 2n/3, 4n/3 for
K = A, B, C, respectively. The reference output voltages,
v, i this case takes the following from (Alesina and
Venturimu, 1989; Arevalo, 2008; Imayavaramban ef al.,
2006, Wheeler et al., 2002):

cos(m, t) - écos(ﬁ%mot) + L005(303113)

23

cos(mt+2m/3)— %cos(3mot) + Lcos(3001t)

23

1 1
cos(mt+4m/3)— gcos(3mot) + —=cos(3mt)

23 |
(10)

v, =qV,

im

Induction motor model: The induction motor will be
modeled in terms of its d-q quantities in stationary
reference frame. In this reference frame, a model 1n which
the inversion of the inductance matrix of the motor
equation 1s avolded will be used. Thus the motor electrical
differential equation is (Abdel-Halim, 1979):

D[i] = o{[VL]+[RL].[i] + o [GL][i]} (11)
where:
.. T
(1=l 1, fe i)
[VL] = [Vder Vqer 7VdsM 7Vqu]T
-R.L, 0 MR, 0
0 -RL, 0 MR,
[RL] -
MR, 0 -RL 0
0 MR 0 -RL,
0 M? 0 M.L
—M’ 0 -ML 0
[GL]= ‘
0 -ML, 0 -LL
ML, 0 LL 0
1
o= .
LL —M
Where:
R, = The stator resistance per phase
R, = The rotor resistance per phase referred to
stator
M = The mutual inductance per phase
L, = The stator self inductance per phase
L, = The rotor self inductance per phase
referred to stator
D = The operator d/dt
W, = The rotor speed in elec.rad/sec
igandi, = The rotor direct and quadrature currents in
the stationary reference frame
v, and v, = The stator direct and quadrature voltages,

respectively

The stator direct and quadrature voltages (v, and
v,.) in Eq. 11 are obtained from the three-phase stator
voltages as (Sun ef al., 2005; Trzynadlowski, 2001):
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v 7 1 — . Vs
ds 2 2
_ v (12)
b e e
9 7 cs

The stator three-phase currents (i,-i.) can also be
obtained in terms of the stator d-q currents (i, and 1)
from (Sun et al., 2005; Trzynadlowski, 2001):

1 0
ias .
]2 1 \/3_’ Ly (13)
lhs Y . A :
_ 3 20 2 i,
i
=] B 1 7’5

The induction motor electromagnetic torque can be
obtained in terms of the d-q cuwrents in stationary
reference frame from (Sun et al., 2005; Trzynadlowski,
2001 ):

T, =pM[igd, —igig] (14)

Method of analysis: The system will be investigated for
certain values of voltage gain ratio, q output frequency,
fo unity input power factor and input voltages, Eq. 7 as
follows. The reference output voltages are obtained from
Eq. 8 when voltage gam ratio 18 <0.5. The modulation duty
cycles are obtained from Eq 6 using the obtained
reference output voltages and given mput voltages.
When the value of the voltage gain ratio 1s:
0.5<q<43/2

The reference output voltages are obtained from
Eqg. 10. Tn this case, the modulation duty cycles of the
matrix converter switches are obtained from Eq. 9 using
the obtained reference output voltages and the given
input voltages.

The conduction periods of the switches can thus be
obtained during a s witching interval using the
calculated modulation duty cycles. If the switching
pattern shown n Fig. 2 is used, the switching functions
can thus be obtained.

The switching functions can also be obtained by
comparing the modulation duty cycles of the switches
with a sawtooth waveform (Imayavaramban et al., 2006).
The amplitude of the sawtooth waveform is unity and
its frequency equals to the switching frequency. The
3-phase output voltages of the matrix converter can be
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obtained from Hq. 1 using the switching functions and the
given mput voltages. These voltages are transformed to
d-q stationary reference frame using Eq. 12 to obtamn v,
and v, These voltages are used in the motor electrical
equation, Eq. 11. When the variation of the motor speed
15 taken into consideration during the transient period,
Eq. 11 becomes nonlinear and numerical solution to obtain
the motor currents is required. For this purpose, the motor
mechanical equation is used at each step of simulation.

The induction motor mechanical equation is given by
(Abdel-Halim, 1979):

Dy, = L=~ 1) (15)
il
Where:
W, = The motor speed in rad/sec
I = The moment of inertia of the motor and its load

T, (w,,) = Motor total load torque which is given by:

T, ) =T, +Tg,

Where:
T, = The load torque
Ts = The  friction and windage torque. The

electromagnetic torque
Obtained from Eq. 14

T, =
In order to obtain the actual values of the motor
currents, a transformation from d-q to 3-phase quantities
is performed This is achieved using Eq. 13 for the
currents i,-i.,, respectively. The corresponding input
currents can be obtained, using Eq. 2 replacing 1,-1, by
1,1, Tespectively.

SYSTEM SIMULATION

Simulation is achieved for the system under
consideration using Matlab/Simulink software package.
The overall Simulink block diagram of the system under
consideration 1s shown in Fig. 3.

Time|. II'
v, i
H Vyu _I—t v, i, J i,
Va Vy ib
Ve ’ i,
Bty v, i, i,
* S8 S5,
Sw 5o SuSa
B v, i, i
ve S S0S.
Matrix converter Induction motor MC input
current

Fig. 3: System Simulink block diagram
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Fig. 4: Subsystem matrix converter
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Fig. 5: Subsystem q<0.5

Tt consists of three subsystems. They are matrix
converter, induction motor and MC input current. The
blocks v,-v. are used to represent the wmput voltage
waveforms which are shown in Eq. 7.

The subsystem matrix converter is shown in Fig. 4
(Abdel-Halim et al., 2011). It contains two subsystems
which are called q<0.5 and 0.5<q<0.866. These
subsystems are shown in Fig. 5 and 6, respectively. The
block labeled in Fig. 5 and 6, v, represents the sawtooth
waveform and the block labeled enable 1s used to enable
the subsystem output to be used when 1its input equals to
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unity otherwise the output will be disabled Figure 5
shows Eq. 1, 6 and 8. Figure 6 shows Eq. 1, 9 and 10. The
details of the subsystem induction motor are shown in
Fig. 7.

Tt consists of the subsystems wvoltage abc-dg
transformation, IM mechanical and electrical equations
and current dg-abe transformation. The details of the
subsystem voltage abc-dg transformation are shown in
Fig. &8 This subsystem shows Eq. 12. Figure 9 shows the
details of the subsystem IM mechanical and electrical
equations.
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Fig. 6: Subsystem 0.5<q<0.866
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Fig. 8 Subsystem voltage abe-dq transformation

This subsystem represents the motor electrical and
mechanical equations which are shown by Eq. 11, 14
and 15. Tt contains a subsystem named mechanical
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Fig. 9: The subsystem IM mechanical and electrical
equations

B¥(1/WS) 2

Fig. 10: The subsystem mechanical equations

equation whose details are shown in Fig. 10 and it
shows Fg. 14 and 15. The details of the subsystem
current dg-abe transformation are shown m Fig. 11. This
subsystem shows Eq. 13. The details of the subsystem
MC input current are shown in Fig. 12. Tt shows Eq. 2.
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Fig. 11: The subsystem current dg-abe transformation

Fig. 12: Subsystem MC input current
RESULTS AND DISCUSSION

Several results are obtained using the simulation
described above with the following data:

Voltage gain ratio of the matrix converter: g = 0.35
Peak value of the input voltage: V., =327 V
Output frequency: f,=42 Hz

Switching frequency: f, = 5kHz

The data of the three-phase induction motor used in
the system are shown m the Appendix. The mduction
motor 1s operated at no load. Figure 13 shows the
three-phase output voltage waveforms of the matrix
converter. Figure 14 shows the transient motor line
current. The obtamed line current 13 compared with that
obtained 1n a published reference (Imayavaramban et al.,
2006) which is drawn (Fig. 14). Tt can be noticed from
Fig. 14 that the compared results are almost identical
which proves the wvalidity of the constructed
Matlab/Simulink block diagram. Figure 15 shows the
steady-state motor line current. Tt can be noticed from this
figure the motor current is approximately sinusoidal and
contains low harmonic content. Figure 16 shows the
transient motor torque. The steady-state motor torque 1s
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Fig. 13: 3-phase voltages output of the matrix converter
whenq =035V, =327V, f, =42Hzandf,= 5
kHz
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Fig. 14: Transient motor lme current when q = 0.35,
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Fig. 15: Steady-state motor line current when q = 0.35,
V=327V, f,=42Hzand f,=5kHz

shown m Fig. 17. It can be noticed from Fig. 17 that the
torque containg oscillations. Figure 18 shows the motor
transient speed. Results from the published reference
(Imayavaramban ef al., 2006) are drawn in Fig. 18. It 18
noted that the obtained and the results of the reference
are almost identical which again proves the validity of the
simulation process. The steady-state motor speed is
shown in Fig. 19. It 15 noticed from Fig. 19 that
the speed contains very small oscillations which are due
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Fig. 16 Transient motor torque when q = 0.35, V,, = 327
V,f=42Hzandf,=5kHz
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Fig. 17: Steady-state motor torque when g = 0.35
Vi =327V, f,=42Hzand f, = 5kHz
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Fig. 18: Motor transient speed when q =0.35,V,, =327V,
f,=42Hzand f,=5kH=z

to the torque oscillations shown in Fig. 17. Another set of
results are obtained with the same switching frequency
and the motor parameters and with the following data:

+  Voltage gain ratio: q= 0.8
*  Peak value of the input voltage: V., = 204V
*  Output frequency: f,= 70 Hz

Figure 20 shows the three-phase voltages output of
the matrix converter for the case under consideration.
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Fig. 19: Steady-state motor speed when q = 035,
V=327V, {, =42 Hzand f, = 5kHz
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Fig. 20: Three-phase voltages output of the matrix
conwverter whenq =08, V,_ =204V, { =70 Hz
and f, = 5 kHz
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Fig. 21: Transient motor line current when q = 0.8,
V=204V, f,=70Hzand f,=5kHz

Figure 21 shows the transient motor line current. The
obtained line current is compared with that obtained in
reference (Imayavaramban et al., 2006). Tt can be noticed
from Fig. 21 that the two sets of results are almost
identical. Figure 22 shows the steady-state motor line
current. Tt can be noticed from Fig. 22, the motor current
15 approximately smusoidal and contains harmomnics.
Figure 23 shows the transient motor torque. The steady-
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Fig. 22: Steady-state motor line current when q = 0.8,
Vin =204V, £, =70Hzand f, = 5kHz
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Fig. 24: Steady-state motor torque when g = 0.8, V;,, = 204

V, f,=70Hzand f, =5 kHz

state motor torque 1s shown m Fig. 24. It can be noticed
from Fig. 24 that the torque contains oscillations.
Figure 25 shows the motor transient speed. The obtained
results are compared to those obtained from reference
(Imayavaramban et al., 2006). It can be noted that the
results are almost identical. The steady-state motor speed
is shown in Fig. 26. Tt can be noted from Fig. 26 that the
speed contains very small oscillations due to the torque
oscillations shown in Fig. 24.
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Fig. 26: Steady-state motor speed when g = 0.8,
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CONCLUSION

A system composed of a matrix converter and a
three-phase induction motor has been modeled and a
Matlab/Simulink block diagram has been constructed in
detail for it. The constructed block diagram for the matrix
converter/induction motor system is used to study and
analyze the performance of the system when the voltage
gain ratio q<0.5 and when 0.5<q<0.866. The obtained
results are almost identical with those obtained from
previously published results which proves the validity of
the simulation using Matlab/Simulink package.

APPENDIX

The parameters of the induction motor used in this
system are: Three-phase, star-connected, 200 V, 60 Hz,
5 hp mduction machine with (Imayavaramban et af., 2006):

+ R =02770Q

+ L., =00553H
+ R =01830

» L ,=005606H
+« L,=00538H

J=0.01667 kg m and rated speed = 1766.9 rpm
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