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ABSTRACT

Matrix converters as induction motor drivers have received considerable attention in recent years
because of its good alternative to voltage source inverter pulse width modulation (VSI-PWM) converters.
This paper presents the work carried out in developing a mathematical model for a space vector modulated
(SVM) direct controlled matrix converter. The mathematical expressions relating the input and output of
the three phase matrix converter are implemented by using MATLAB/SIMULINK. The duty cycles of the
switches are modeled using space vector modulation for 0.5 and 0.866 voltage transfer ratios. Simulations
of the matrix converter loaded by passive RL load and active induction motor are performed. A unique
feature of the proposed model is that it requires very less computation time and less memory
compared to the power circuit realized by using actual switches. In addition, it offers better spectral
performances, full control of the input power factor, fully utilization of input voltages, improve modulation
performance and output voltage close to sinusoidal.
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1. INTRODUCTION flow in the virtual rectifier regardless of the
switching patterns for the rectifier, and as a result,

Recently, the induction motor fed from three the input current waveforms become distorted. In
phase matrix converter has established their [5], this problem was solved by changing the carrier
importance in industrial drive applications. In  wave on the virtual inverter side. Another solution
reality, the matrix converter provides important involves applying space vector modulation to the
benefits such as bidirectional power flow, virtual rectifier inverter control [6-8]. In yet
sinusoidal  input  current  with  adjustable another method, the maximum input line-to-line
displacement angle (i.e. controllable input power Vvoltage is discarded in PWM modulation when
factor), and a great potential for size reduction due  the modulation factor is low, thus suppressing
to the lack of dc-link capacitors for energy storage  harmonics in the output voltage [9]. The present
[1-3]. study deals with space vector modulation (SVM) in
virtual rectifier inverter control within the frame-

Various modulation methods for matrix - :
. . . work of virtual AC-DC-AC modulation [6-8].
converters have been investigated. Indirect AC-AC [6-8]

modulation [4], PWM patterns for nine switches of In this paper, induction motor fed by direct
the matrix converter are generated directly from the ~ controlled matrix converter with a space vector
output voltage reference and the input current modulated (SVM) was proposed. A complete
reference. In virtual AC-DC-AC modulation [5], the  mathematical analysis of the power circuit along
matrix converter is controlled as a combination of a  with the duty cycle calculation (switching
virtual current source PWM rectifier and a virtual  algorithm) is described for both low voltage transfer
voltage source PWM inverter, and then switching ratio (0.5) and maximum voltage transfer ratio
patterns for the matrix converter are synthesized. In  (0.866). The whole model is then realized by using
the latter case, the problem is that when switching ~ Simulink blocks such as math operators, relational
patterns are generated to obtain a zero voltage operators, and delay circuits. Finally, the proposed
vector in the virtual inverter, phase currents do not
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mathematical model is validated using a passive RL  j - 2 [I,,.(t) + ,u(t)e"%" + ,W(t)e"%"] = I,ei@it=00( 4)
load and active induction motor load. :

j.= 2 ]ZT" ”Tﬂ — J.e/(@it—®)
2. SPACE VECTOR MODULATION 1= 3 [ta® + B@e + 106 ] = 1ie

(%)

Space Vector Modulation refers to a special
switching sequence which is based on the upper
switches of a three phase matrix converter.
Theoretically, SVM treats a sinusoidal voltage as a
phasor or amplitude vector which rotates at a
constant angular frequency, . This amplitude
vector is represented in d-g plane where it denotes ~ A. Switching Principle
the real and imaginary axes. As SVM treats all
three modulating signals or voltages as one single  The three phase matrix converter (MC) topology is
unit, the vector summation of three modulating  shown in Figure 1.
signals or voltages are known as the reference

Respectively, where @, is the lagging phase angle
of the output current to the output voltage and @; is
that of the input current to the input voltage.

voltage, Vqres Which is related to the magnitude of »
output voltage of the switching topologies. The aim N
of SVM is to approximate the reference voltage — —c\ 'Y -«
vector, Vs from the switching topologies. N s k l sw \‘ S \L
- - h
For a balanced three phase sinusoidal system the —
instantaneous voltages maybe expressed as (1) | }—
A N\ N s\
Spu Spy - bw
V,(t) cos wyt o ] R | h
V,®) | = v, |cos(wet — 120° (D 7N
V. (0 cos(wot — 240° —_— _j—c\ - «
N\ 4 ~
This can be analyzed in terms of complex space St |\ " Sov o Sow |
vector
j2 ja 7/ \‘. rd -\'-‘ .'/—v
Vo=2[v.0+ V,(es + Vw(t)e'T] = V, et ( ] ] 1) | ! /
( 2) N I . ]’ P -\,_I_,,f

Where e/ = cos 6 + jsin 6 and represents a Figure 1: Three phase matrix converter

phase shift operator and 2/3 is a scaling factor equal
to the ratio between the magnitude of the output
line-to-line voltage and that of output voltage
vector. The angular velocity of the vector is w, and
its magnitudeV/,.

Since MC connects load directly to the voltage
source by using nine bidirectional switches, the
input phases must never be shorted, and due to the
inductive nature of the load, the output phases must
not be left open. If the switching function of a

Similarly, the space vector representation of the switch, S in Figure 1, is defined as

three phase input voltage is given by (3)
1, sij close

_ j2m jam . L. o=
V=2 V@ + vy + V(D5 = vieot (3) Sy = {5 open
The constraints can be expressed as

i € {uv,w}j € {ab,c} (6)

Where V; is the amplitude and w;, is the constant Siw + Sip + Sic = 1, (7)

input angular velocity. . .
P g y For a three phase MC there are 27 valid switch

combinations giving thus 27 voltage vectors as
shown in Table 1. The switching combinations can
be classified into three groups which are,
synchronously rotating vectors, stationary vectors
and zero vectors.

If a balanced three phase load is connected to the
output terminals of the converter, the space vector
forms of the three phase output and input currents
are given by

e
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Table 1: Matrix converter switching vectors

Group ON Switch V, V, V, I, I, I, Vo oo l; o
Sau Shy Sbw Va o -V L, -, 0 2 /oy 0 2 e -,
a iy
Shu Sav Saw -V, O Vo L I, 0 -2 /a1, 0 -2 N =
Swo Sw S Vo 0 <V 0k ok 2p, 0 Y "2
So  Sw Sw W 0V, 0k b T2, 0 Wi "2
Sw  Sw  Sw W% 0 Vo L O L 2/, 0 2/ 7/,
4 iy
Sa Sev Sew -V 0 v I, 0 —I _2/ 0 -2 7T
3V, e /6
Shu Sav Sow Vo W 0 L, -I, 0 2 /3y, 2y, 2 ' =
Say Sty Saw Vi -V, 0 -1, I, 0 —2/ o -2 —
3V /3 [3i, /6
S  Sw  Sw W W 0 0 L - % 2 2 .
3V, /3 [3i /2
| Shu Sev Spw Vy ) 0 0 =1, I, _2/3V 277.'/ -2 ’ T[/Z
b 3 V3
Sau Sev Saw Ve Ve 0 =1, 0 L, 2/3V 27'[/3 2 3 771'/6
c i,
S Sev Sew Ve Ve 0 L 0 =1, _2/ 2m =2 7
3V, /3 V3 /6
Shu Sov Saw o - V I -, 0 2/ 4, 2 = -,
a LW
Sau Sayv Spw 0 Va Vo L, I, 0 —2/ 4 -2 -
3Va /3 /3, /6
S Sw  Sw 0 <V ¥, 0 &, L, 2 4 2 n
3V /3 /3, /2
Shu Shy Sew 0 Vy -V 0 =1, I, _2/ 41 -2 T
3Vp /3 /3, /2
Sa Sav Sew 0 -V Ve -1, 0 I, 2/ 41 2 7
3V, /3 e /6
Seu Se Saw 0 V. V. I, 0 -, -2 /3Vc An /s -2 A 711/6
Se Sw Sw 0 0 0 0 0 0 0 - 0 "
I Su Sw  Sew O O 0O 0 0 0 0 - 0 -
Sy _Se Sw 0 0O 0 0 0 0 0 - 0 -
Sau Sy Sew A A V. I, I, I, V; w;t io wot
Sa Sev Sow - =V, =1 I, I, I, =V; —w;t io —wot
+ 47!/3
Sou Sev Saw Vap Vea —Voe b Iy Iy Vi —w;t lo _wzot
+ “m/
3
11 Shu Sav Sew Vo Ve Va Ly Iy L, Vi w;t io wot
+ 41r/3 + 21r/3
Scu Sav Sow Ve Va Vp Iy Iy I Vi wltz io woi
+ “T/a + /s
Seu St S -V Vo -V Uy I, Iy -V —w;t io —wot
+ 27r/3 + 47r/3
3. CONTROL ALGORITHM b Y
VA
The indirect transfer function approach is employed WERF S %
- .ge a . u
in both voltage source rectifier (VSR) and voltage FO— ; B o\c
source inverter (VSI) parts of the MC. Consider the n b | Ve oo “O\O_ v
VSR part of the circuit in Figure 2 as a standalone c 59 s
[ W,
VSR loaded by a dc current generator, ig. ’ “~ WC
SWT
¥

Figure 2: Indirect matrix conversion
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A. Voltage Source Rectifier Space Vector For a switching cycle within the first sector
Modulation
1, dgi + dp;
The VSR input current vector diagram is shown in || = —Zai lac
(A —agi

Figure 3. The space vector of the desired input
current can be approximated by two adjacent as cos (gi_ z)
shown in Figure 4. The duty cycles for VSR are _ m[ 6 } 1,

calculated as (8)-(10). ~sin (5~ 6,)
[ —sin(6,)
(12)
dyi = m;.sin (g - Bi) ( 8)
dg = m;.siné, (9 Substitute §; with
dy;=1-dg — dﬁi ( 10)
9i:(wit—‘ﬂi)+§' %Swit—‘l’iﬁ_% (13)

Where m; is the VSR modulation index
@; is the arbitrary angle. The transfer matrix of the

0<m <1 (11) VSR, Tysg is defined as
N cos(w;t — @;)
la 2 _
fa = 0t | = my.|€0S (wit_ i~ ?) dge = Tygp Iy (14)
(42,45, 48) [ |cos (wit — @+ )|
L=0,+ VD”JF
e — Y+ Tlab - - - -
5 & z fo =0t Replacing the modulation index from (11) in (14)
o 03,6,9) resulting the desired input current phase. The VSR
output voltage is determined as
4 i
=@ _ _
e Vpn = TVTSR 'Viph
3
T 5 G i = .M. V. cOS ¢; = constant (15)
(+3, +a, +1 [+1,+4,+70
fe = 0t B. Voltage Space Inverter Space Vector
£2,:5,8) Modulation

Consider the VSI part of the MC in Figure 2 as a

Figure 3: Input current vector diagram standalone VS| supplied by a dc voltage
source V,, = V4. The VSI switches can assume
only six allowed combinations which yield nonzero
output voltages. Hence, the resulting output line
voltage space vector is defined by equation (2) can

7 assume only seven discrete values, Vo — Vg in
Figure 5, known as voltage switching state vectors.

(a) L}

Figure 4: Vector diagrams (a) output sextant 2 (b) input
sextant 1
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A ‘
(-7,-8,-9) o] v ,f"“\;;\ v, L Ea
W = 0,4V 3 ¥, = 0, +ly | : i ; ¢
(+d+3,+4) (+1,+2,43) ¥ 3 4 5 6 -
0 | |
tage = 0 \ ! !
-30° 30° 90° 150° 210° 270° 330°
Vb‘ = D’_Vﬂu : Vw = El’_["‘Ula‘
Gl 2 (-4.-5,-6) Figure 6: Six sextants of the output line voltage
waveforms
W, = 0, +Fy,
(+748,49) The averaged output line voltages are
Figure 5: Output voltage vector diagram
]711. dav + d/?v
. . ‘71; = —dgy Vac
The space vector of the desired output line 7 ~dg,
voltages is "
cos (9,, - %)
V, = V3.V, el@t-0 +30) (16) = My .| _gin (g— 9,,) Vac (21)
—sin(0,)
Voi ;i € {u,v,w}. i
For the first sextant,
can be approximated by two adjacent state vect_ors 230" < wyt— gy +30° < +30°
V4 and V,, and the zero voltage vector, V, using
PWM as shown in Figure 4, where Vo_ref is the and
sampled value of ¥, at an instant within the 0, = (w,t — @, + 30°) + 30°
switching cycle T;. The duty cycles of the switching (22)
state vectors are
By substitution of (22) in (21)
d,, = m,.sin (g— 9,,) (17)
dg, = m,.sin@, (18) Vo cos(w,t — @, + 30°)
V,|=m,. [cos(w,t — @, + 30" — 1207)] .V,
doy =1— dgy — dgy (19) v, cos(wo,t — @, + 30"+ 120°)
where m,, is the VSI modulation index = Tysi Vae (23)
— (\/g'voi) - - . . .
0 <m,="-0<1 (20) Substituting the modulation index from (20) in

The sectors of the VSI voltage vector diagram
in Figure 5 correspond directly to the six sextants of
the three phase output line voltages shown in
Figure 6.

31

(23), the output line

Vv,
Voo |V, | = V3.V
Vi

(24)

The VSI averaged input current is determined as

o = . 3
U = Tys.ip = >z

voltages are obtained

cos(w,t — @, + 30°)
cos(w,t — @, + 30° — 120°)
cos(wot — @, + 30"+ 120°)

|

Ay .m,.cos(g,) = constant ( 25)
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C. Output Voltage and Input Current SVM

Direct converter modulation can be derived
from the indirect transfer function. First modulation
is carried out as if the converter is an indirect. The
switch control signals for DMC are then derived
based on the relation between the VSR and VSI.
The modulation index of the DMC is given as

(26)

m= m.m,

For simplicity, m, =1 and m =m;.The
modulation algorithm is derived similar to VSR and
VSI except in the opposite direction. Since, both
the VSR and VSI hexagons contain six sextants;
there are 36 combinations or operating modes.
However, only 27 valid switch combinations giving
thus 27 voltage vectors as shown in Table 1. If the
first output voltage and the first input current are
active, the transfer matrix become

T

cos cos 9 - —
Tpn=m. —sm -— 9 —sm -— 9 (27)
- sm(G,,) - sm(G )
The output line voltages are
V. dg, + dg,] [dei+ dgi]" v,
v, 7. |
17 _dﬁv —dg; Ve
Vab = Vao - VbO and Vac = VaO - VcO
(29)
which finally yield to
vu dll_m' + dﬂa_vi daﬁ'_vi + dﬁ'_vi
V’y = _da,m' Vap + _daﬁfvi Vac ( 30)
Vw _dﬁﬂ,m' _dﬁ,m‘
Where,
. (m . (m Ta_y;
Ao, = dq, dg, =m.sin (5_ 9,,) .sin (E_ Gi) =0
. : T _ Tﬁa-vi
dge , = dg, do =m.sin(6,) .sin (§_ Hi) = Ts
d =d, dg =m sin(E—G) sin(B-)—%
ap_yi — Yay Up; T 1 3 v) - i) = T,
Tﬂ,ui

dg_, = dg, dg, =m.sin(6,) .sin(6;) = T

32

(31)

As can be seen, the output line voltages are

synthesized inside each switching cycle from
samples of two input line voltages, v, and V..
By comparison of (30) and (31), it can be
concluded that simultaneous output voltage and
input current SVM can be obtained by employing
the standard VSI SVM sequentially in two VSI sub
topologies of the three phase MC.

When the standard VSI SVM is applied in the
first VSI sub topology, where V,,,, = V,,, the duty
cycles of the two adjacent voltage switching state
vectors are d,, , and dg, . as defined in (31). The
standard VSI SVM in the second sub topology,
with V,,, = V. , results in the state switching
vector duty cycles d,z , and dg, , also defined as
(31). The remaining part of the switching cycle is
given as

do=1—d, ,— dgs ,— dep,, — dg (32)

ap_yi

4. MATHEMATICAL MODELING

The complete model of MC is shown in Figure 7.
It comprises input modulator, output modulator,
MC modulator and MC IGBTSs switches.

S ilages

”rprrnm Iu

"ln'n\i}_' ¥
I k
h L
- r ' H
(Tl : H ¥ =,
lpqm‘l I g Ly b 4
g N
[ ¥ " T ; .
FIwF} ‘: . 5 W HH f \
F ‘ — t
figh i i | ;
’— - b ¥ =, Motor /
m Y
e ' —
[l mad s "I‘I [
L |t
ok (35 |° ¥ A ¥
‘ } Qe \‘lrwr Ly | y N N
i el et

MG il Nl

AT e

Figure 7: Block diagram of simulation model for direct
matrix converter
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Figure 8 is the sector identification and reference
angle generation. The angle is generated from the
reference output frequency by integrating it. Based
on the angle, the sector can be identified. The result
is shown in Figure 11. The modulation of input
current is shown in Figure 9; the output voltage
modulation is similar to VSI. The switch control
signals for MC are shown in Figure 10.

deg

@_

. >

I <&

.9 | AND Convert }
[ >

KED =] o
i =
. > prrrs
S I

]

= >

o] ]

Figure 8: Sector identification

] ot [t
& B =] e e
e B | Bk =
".@ [ [Eo—
o Eo—sps
e ~ ] e [Eans

Figure 10: Direct matrix converter modulator
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5. RESULT AND DISCUSSION

The simulations of direct matrix converter are
carried out using MATLAB/SIMULINK. The
processing took 56 seconds for the passive RL load
and 45 seconds for the induction machine load. It
was loaded by three phase induction motor (3hp,
200V, 60Hz star connected) for 0.5 and 0.866
transfer ratio.

Figure 12 shows the sector identification and
reference angle generation. The angle is generated
from the reference output frequency by integrating
it. Based on the angle, the sector can be identified.

The input and output line voltage with loaded
passive load is shown in Figure 13 and 14 for
transfer ratio of 0.5 and 0.866. For the induction
machine loaded the simulation result is shown in
Figure 15 and 16. Figure 16 and 17 is the input
current for the passive load and induction motor
load respectively. The input currents are mostly
sinusoidal for the induction motor load.

i
006

| | | | |
0.0 002 003 0.04 0.05 007

Figure 11: Result for sector identification
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Flgure 12: Input and output voltage with passweload for . . . . .
4=0.5: R=135.950, L=168.15mH, V=100 V/, f, = 60Hz, Figure 15: Input and output voltage with loaded induction

£ = 2kHz motor for g=0.866; 3hp, R;=0.277Q, R,=0.18302,
* N,=1766.9rpm, L,=0.0538H, L,=0.05606H, L,=0.0533H,
f,=60Hz, f=2kHz

Figure 13: Input and output voltage with passive load for
0=0.866; R=135.95Q2, L=168.15mH, V;,=100 V, f, =
60Hz, f, = 2kHz

0ol on2 003 004 008 006 0.07 [l

®

Figure 16: Input current with passive load; R=135.95Q,
L=168.15mH, V;,,=100 V, f, = 60Hz, f, = 2kHz (a) g=0.5,
(b) 9 =10.866

Figure 14: Input and output voltage with loaded induction
motor for g=0.5; 3hp, R;=0.277Q2, R,=0.183Q,
N,=1766.9rpm, L,,=0.0538H, L,=0.05606H, L;=0.0533H,
f,=60Hz, f=2kHz
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Figure 17: Input current with loaded induction motor for
0=0.866; 3hp, R,=0.277Q2, R,=0.183Q2, N;=1766.9rpm,
L,=0.0538H, L,=0.05606H, L;=0.0533H, f,=60Hz,
f=2kHz

6. CONCLUSION

The main constraint in the theoretical study of
matrix converter control is the computation time it
takes for the simulation. This constraint has been
overcome by the mathematical model that
resembles the operation of power conversion stage
of matrix converter. This makes the future research
on matrix converter easy and prosperous. The
operation of direct control matrix converter was
analysed using mathematical model with induction
motor load for 0.866 voltage transfer ratio.
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