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Abstract—This paper presents a novel DTC-SVM method
for matrix converter (MC) fed induction motor. The
advantages of DTC method are combined with the
advantages of the matrix converter based on space vector
modulation (SVM) technique. This proposed novel method
provides a precious input power factor control capability
beside the high control performances. Furthermore,
Conventional principles of DTC and SVM of MC were
described. The combination of the two was given in detail.
The FFT spectrum analysis of the input current shows the
better harmonic contents as compared to the conventional
DTC method. Finally, the simulation and experiment
research were carried out to identify the new method
effectiveness. The results of induction motor control at both
steady state and transient state are shown to improve the
low-speed performance and strong adaptability of this novel
control strategy.

Index Terms-Matrix converter; DTC; induction motor;
Space vector modulation; low-speed performance

1. INTRODUCTION

In two recent decades, due to the need to increase the
quality and the efficiency of the power supply and usage,
three phase matrix converter becomes a modern energy
converter. The research of matrix converter has been
carried on with many theoretical achievements [1],[2],[3].
These achievements along with the emergence of
bidirectional switch make it possible to apply the matrix
converter to practical applications. Various methods to
control the matrix converter have been proposed [4],[5],
being the scalar modulation and the indirect space vector
modulation widely used. I It fulfills all requirements of
the conventionally wused rectifier/dc link/ inverter
structures. Some advantages of the matrix converter can
be seen as following: the use of acompact voltage source,
providing sinusoidal voltage with varying amplitude and
frequency besides the sinusoidal input current and unity
input power factor at power supply side. Matrix converter
has a simple topology and a compact design due to the
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lack of dc-link capacitor for energy storage.

Since the Direct Torque Control (DTC) method has
been proposed in the middle of 1980’s, DTC method
becomes one of the high performance control strategies
for AC machine to provide a very fast torque and flux
control [6][7]. There are no requirements for coordinate
transformation, no requirements for PWM generation and
current regulators. It is widely known to produce a quick
and fast response in AC drives by selecting the proper
voltage space vector according to the switching status of
inverter which is determined by the error signal of
reference flux linkage and torque with their estimated
values and the position of the estimated stator flux. Some
research is being done to adapt DTC to new converters
and also to reduce the torque ripple, which is one of its
main drawbacks. DTC is the direct control of torque and
flux of a drive by the selection, through a look-up table,
of the inverter voltage space vectors. The main advantage
of DTC is its structure, no coordinate transformations
and no PWM generation are needed. However, torque
and flux modulus values and the sector of the flux are
needed. Not only it is a very simple and robust signal
processing scheme but also a very quick and precise
torque control response is achieved.

In this paper, the DTC-SVM is proposed which allows
the generation of the voltage vectors required to
implement the DTC of induction motor, furthermore, the
input power factor is continuously controlled to be in
phase with the input line-to-neutral voltage vector based
on the direct SVM technique. The appropriate switching
configurations of the matrix converter for each constant
time are presented in an opportune switching
table[8],[9],[10]. The table is only entered by the
imaginary voltage vector, which is generated from the
conventional DTC method for voltage source inverter
(VSI), and the position of input voltage vector which can
be measured exactly, respectively. Simulation and
experiment at the high-speed and low-speed are carried
out to prove the good performances of the novel method.

II. CONVENTIONAL DIRECT TORQUE CONTROL
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16 A Novel DTC-SVM Method For Induction Motor Fed By Matrix Converter

A. Mathematical mode of induction machine

Direct torque control system applies mathematical
analysis about space vector. The mathematical mode of
induction machine is shown in “Fig. 1” .

Figure 1. The mathematical mode of induction motor

According to “Fig. 1” flux-linkage equations of
induction machines in the stator stationary reference
frame as follows.

Vo = [ (Vs = Ril, )t . (1)
Voo = [ (Vs —Riij )t - )

Where v, and y,  are the o -axis and f -axis

component of i/ respectively;V  and Vj, are the o -axis
and S -axis component of vs respectively; i, and 1z are

the « -axis and f -axis component of is respectively.

The electromagnetic torque can be expressed using the
following equation.

3 - = 3 . .
Te:Enp(y/sxls):gnp(y/aslﬁswxﬁslas). 3)

Where T, is electromagnetic torque and n, is the
number of rotor pole pairs.

B. Principle of direct torque control

The basic principle in conventional DTC for induction
motors is to directly select stator voltage vectors by
means of a hysteresis stator flux and torque control. As it
is shown in “Fig. 2” .

Vs
. E
‘o Voltage B
T, H, | Vector s inverter
E. table
=0 {FH
W, o Fluxand (~ Ly
i |
torque p= I8
T, = estimator k—o, \
{motor)
AN

Figure 2. The diagram block of basic DTC

*

From “Fig.2” can obtain stator flux y and torque
T *

. references are compared with the corresponding

estimated values. Both stator flux and torque errors,
E, and E;,, are processed by means of a hysteresis band

comparators. In particular, stator flux is controlled by a
two-level hysteresis comparator, whereas the torque is
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controlled by a three-level comparator. On the basis of
the hysteresis comparators and stator flux sector a proper
VSI voltage vector is selected by means of the switching
table given in “Tab.1” .

TABLEI.
BASIC DTC SWITCHING TABLE

Sector of Flu— 2 L] 4 L] f

er=1 |Vova|Vivwa|Viw [Viva | Vo (Vi
o= 0 er=0 [Vova|Vowa|Viva |Vova| Vi Vi
cr=1 \-‘r;,\'q V|.\':| V].\':l \"I_a.\'il V-u':l Vs-\':l
cr=1 Viva V-u':l Vs val Vm':l V|.\'=| V:-\':l
Cy =+] Cr =0 \"Iu.\'=.| \‘"'.'.\'u \"r.;|.\'=.| \"r'.'.\'=.| \"r\'n'u V:‘.\'al
er=1 |[Vova|Veva Vi |Vava|Viva [Viva

III.  MATRIX CONVERTER SPACE VECTOR

A. working principle of matrix converter

A MC is an AC-AC converter, with m x n bidirectional
switches, which connects an m-phase voltage source to an
n-phase load. The three-phase, 3x3 switches, MC shown
in “Fig. 3” is the most interesting. It connects a three
phase voltage source to a three-phase load[11].

L e .

a_ i '

“ b | SASBaYSCal

i ¢ | NSABISBYSCh|

w L LD seselsced
* * 4 |B |C

Figure 3. The topology of matrix converter

In the MC shown in “Fig. 3,” vy, i={A,B,C} are the
source voltages, iy, i={A,B,C} are the source currents, v,
j={ab,c} are the load voltages, i;, j={a,b,c} are the load
currents, v;, i={A,B,C} are the MC input voltages and
ij ,i={A,B,C}are the input currents. A switch, §;,
i={A,B,C}, j={a,b,c} can connect phase i of the input to
phase j of the load. With a suitable switching strategy,
arbitrary voltages vjy at arbitrary frequency can be
synthesized. Switches are characterized by the following
equation.

4)

0 witch S; is open
"1 witch S; S, close’

A mathematical model of MC can be derived from
“Fig. 3” as follows:

V (t Spalt) Sgalt) Scalt)] [Valt
Von () [ =[ Sap(t)  Sgplt) Seplt) || velt)]. Q)
Ve (t Spaclt) Sgelt) Seelt)| | velt
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(92]

i) [Su(t) Sult) Sa(t)] it
ig(t)| =] Se(t) Sglt) Se(t)|-]i,(t)]. (6
ic(t)] |Sc(t) Selt) Se.(t)] i

The conventional three-phase to three-phase matrix
converter’s modulation process consists of two processes
of AC-DC and DC-AC. It is shown in “Fig. 4”.

Figure 4. The topology of 3 X 3 matrix converter

The control signal for bidirectional switches come
from the control circuit and drive circuits. The ratio
cycles of 9 bidirectional switches correspond to a 3 x3
matrix in each switching period.

B. DC-AC converter space vector modulation

6 power switches of inverter with 8 possible
combinations shown in “Figure. 3” are corresponding to
effective voltage space vector U, —U, and 2 zero vector

U,.U,. The phase angle between one effective voltage

space vector and adjacent one is 60 degrees. They
constitute 6 uniform segments. The three digits in
brackets express the linking state between three-phase
output A,B,C and the input DC, such as M=101 which

represents the switching of the switches S, 55,5 ¢ -

The output voltage space vectors and the

corresponding switching states are represented in “Fig. 5.

Figure 5. The composition of output voltage vector
and switchine states

Any expected output voltage space vector U, is
formed by adjacent two basic output voltage vectors
U,.U, and zero output voltage U,or U, . suppose the

angle between U; and U, is 6, .
U, =d,U, +dU, +dU,. 7

Where d,,,d, and d, are the ratio cycles of
U,.U, and U, respectively. And
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dy =T, /T, = m,sin(60° 6, ). )
dy =Ty /Ts =m,sin6, ©)
dy=1-dy ~d, (10)

Where T,, Ty is the switching time of vectors U,
and U respectively. T, is the switching period of

PWM. M, is the modulation index of output voltage.
And

m, :(2/3)1/2Uom/( M, €03 §) (11)

Where U, and U,, are the amplitude of output and
input voltage, m, is the input current modulation index,
generally set m, =1, ¢ is the input power factor angle.

When the rotating space vector U locates in a

segment, the local average of output voltage can be
formed by two adjacent basic voltage space vectors
constituting this segment and one zero voltage space
vector.

C. AC-DC converter space vector modulation

The space vector modulation process of AC-DC is
completely similar to the modulation process of DC-AC.
Its topology is represented in the left dotted line frame of
“Fig. 4”. The corresponding formulas are similar as well.
After rectification, the DC voltage is.

U, =1.5mU;, cos¢g . (12)

D. Matrix converter space vector modulation

Three-phase matrix converter module includes nine
bidirectional switches as shown in “Fig. 3”. There are 27
possible switching configurations (SCs), only 21 SCs can
be used to implement the DTC algorithm for MC as
shown in “Tab. II”: group I (£1, £2, ..., 9) consists of
the SCs which have two output phases connected to the
same one of the other input phase, group II (0,, 0, O.)
consists of the SCs which have all output phases
connected to a common input phase. For each SCs, the
corresponding output line-to-neutral voltage vector and
input line current vector have the fixed directions as
represented in “Fig. 6”.

p
£2, 35,48

@

(b)

Figure 6. (a)The output line-to-neutral voltage vectors
(b)The intput line current vectors
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The other 6 SCs have the output phases connected to
the different input phases. In this case, the output voltage
vector and input current vector have variable directions
and can not be usefully used.

TABLE IT.
MC ACTIVE AND ZERO VECTORS

Gr\'-\..p Vactor| ARBC

[ s b b

L b e a
2o | be e [
Ze [ebh |
N [

“hac 4 [

A b ab

c ab oa
S ] r
! we [ beh |
B 08 [
O C l
T [ b b o« |
T aa b [
Hhar ccbh t
B [ bb [
T i l
P 1 t
0, s u i t
11 0 [ 1y I t
|

IV. NOVEL DTC-SVM USE MATRIX CONVERTER

The novel DTC-SVM method will apply the direct
SVM technique to overcome the disadvantages of the
conventional DTC for matrix converter[14],[15].
According to the input voltage line to neutral vector
sector location, to combine the desired imaginary non-
zero VSI voltage vector, the two non-zero voltage vectors
will be selected.

The criteria utilized to implement the switching
patterns for the matrix converter can be explained
referring to the following example.

We can assume the imaginary VSI voltage vector is
V1, and the input voltage lint-to-neutral vector [12],[13]
is located in sector 1 as shown in “Fig. 7.

Figure 7. Block diagram of novel DTC-SVM for MC
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From “Tab. II”, in order to generate a voltage vector
in the same direction of V1, there are 6 possible SCs (£1,
12, +3). According to the input voltage vector location,
there are only 3 SCs having the voltage vectors as same
direction to V1: +1, -2 and -3. To synthesize the input
current vector to be in phase with the input voltage vector
located in sector 1, two SCs finally selected are +1 and -3.
The switching table based on these criteria is shown in
“Tab. [1I”.

TABLE III.
DTC-SVM SWITCHING TABLE USING MC

Sector 6

of v

Duy | t) || ||t ||t ||t ||tk
mLo
Vs luc | he
Vo] 7 | 1 | 9| Fuac] B | e[ | B | B [ [+ T
SVZN v ey [y s e vy ) e e e e

V| | 7| T | B | | Fhe] e | |
Viya| 7 | o | o [T | P T | o | | | | | 1
V| Hoe | o | e |- [ Snac | | Hoac | e | e |+ +5ac

As shown in “Fig. 7”7, the output voltage of matrix
converter for each SCs is calculated.

SaA SaB SaC Va Va
Vs=|Son Stz Sec ||[Vo [=T |V |- (13)
ScA ScB Scc Vc Vc

Where the switching function S;; is 1 when the switch
joining input line i to output line J is ON and is 0
otherwise, i=a,b,c and J=A,B,C. Matrix T represents the
status of each switching configuration in “TAB. 11

The input voltage vector of induction motor in the
stationary reference frame for each sampling period.

v 21_% _% Ve
— sd
v, = == tT +tT ||V, |. 14
S[VJSOﬁﬁ[”“V]V‘“ (1
2 2 c

From “Fig. 6”, the duty ratios of the two non-zero Scs.
are calculated as follows.

tV, +tsz =Visi

v, _ 4, (15
sin(z/6-a,) sin(z/6+a,)
t+t, =1
Finally,
sin(7/6- ;)
t = )
cos(a;) (16)
_sin(z/6+a;)
~ cos(a)

The induction motor stator flux can be obtained from the
calculated input voltage and the measured stator currents.

¢, =[(v,-Ri )t . (17)

The motor estimated torque can be obtained.
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~ 3
T :%((ﬁsdisq 7(ﬁsqisd) . (18)

V. SIMULATION OF DTC-SVM USING MC

A. The simulation model of DTC-SVM using MC

In order to verify the behavior of the proposed
scheme, some simulation has been carried out assuming a
sampling period of 50us. The system simulation model is
shown in “Fig. 8”. The machine utilized for simulations is
a three-phase 3KW cage induction motor: P, =2.2kw,
U, =380V, R, =435Q, R =043Q, L =2mH,
L =2mH, L,=69.31mH, J=0.089kgm*, P=2.

The whole system has been simulated using the
Simulink package. Equation (5) and Equation (6) are used
to obtain the matrix output voltages and the input
currents respectively, thus assuming ideal switching

devices. The mains filtered line current is calculated on
the basis of the matrix input current.

PhiF

Direct LooklUp yaltage measure
Table (n-Dy1

u
Prird [
—'Pmr Fhig |

flu saleulate

Figure 8. The simulation model MC-DTC for MC

B. The simulation result of DTC-SVM using MC

Both steady states at the high and low speed, the
dynamic performance are shown to verify the
effectiveness of the proposed MC-DTC method.

At the high speed operation, induction motor is
running at speed 1000 rpm, rated load torque 25 Nm and

flux reference 0.6 Wb. The simulation result show in “Fig.

9”-“Fig. 11"

0 campanent of statar flus (W]

4 08 08 04 02 0 02 D4 DB DA 1
o companen of stakor fux [We)

Figure 9. The simulation of flux at 1000rpm,25Nm
for MC-DTC

In relation with the DTC-SVM for MC scheme, “Fig.
9” shows a good performance in terms of stator flux. As
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it can be seen in “Fig. 97, stator flux shows a circle
waveform.

Va(V/div)

Time(ms)

oA A A A

T
[ 1 I 1 1 1

R R £ (s
7R /B ¥ A 7 S

by HAYA Ly
% = = o C——

Ta(A/div)
-
T

"
l
4
o
I
-
i
|
i
=
|
1
|
o]
h
4
i
4

-

l
=

w0
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Figure 10. Input voltage and current of phase-a for MC-DTC

“Fig. 10” shows the input voltages and current in
phase-a during the steady state operation. It can be seen
that the currents are sinusoidal and in phase with the
voltages meaning that the power factor is unity.

Current(A)
8 s & B

=

flux(Wb)

torque(Nm)
-]

=

o

0.0157div

Figure 11. The simulation of current flux and torque at 1000rpm
for MC-DTC

“Fig. 11” shows stator flux and electromagnetic torque
of the induction motor fully following the reference
values. Furthermore, the stator currents have sinusoidal
waveforms. This figure emphasizes the good performance
of the drive system with regard to the implementation of
the novel MC-DTC method.

At the low speed operation, induction motor is running
at a very low speed 100 rpm, load torque 20 Nm and flux
reference 0.6Wb. The simulation result show in “Fig.
12”- “Fig. 14”.

1
L] rm——
- //..— ™
04
oz i
H P
i
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:,
04 R ___7,
= =
- e
E] ] [] [ [

Figure 12. The simulation of flux at 100rpm,25Nm for MC-DTC
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Current(A)
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Figure 13. The simulation of current. flux and torque
at 100rpm for MC-DTC
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Figure 14. Simulation during a load torque step command from
+25Nm to -25Nm the torque. current and flux at 100rpm for MC-
DTC

“Fig. 13” shows the electromagnetic torque magnitude
perfectly follows the torque reference and stator current
still has a sinusoidal waveform.

“Fig. 14” shows the dynamic performances of the
novel control method at the rotor speed 100rpm and load
torque change as a step command from +25 Nm to -25
Nm. The electromagnetic torque shows a very good
response and the stator current waveforms are almost
sinusoidal immediately right after the step command.

VI. EXPERIMENT OF DTC-SVM FOR MC

A. The system setup of DTC-SVM using MC

The novel method had been tested. The parameters are
same as simulation parameters. The motor was fed by a
75 KW MC. The DTC-SVM algorithms were
implemented in a TMS320LF2407 DSP achieving a
sample period of 50us. The four-step commutation
process, required when bidirectional switches are used,
was implemented in a FPGA. A current-controlled
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hysteresis brake provides the load torque. A block
diagram of the system setup is shown in “Fig. 15”.

+ ' ' Input
(e : ; ) { V'
)\ woltage

Yvv
WV measure
(Gl
drivers

x3

Matrix
Converter

Current
HCTSOCS

DSP FPGA
Board Board

Encoder
signals

Figure 15. The system setup of DTC-SVM using MC

B. The experiment result of DTC-SVM using MC

At the high speed operation, induction motor is
running at speed 1000 rpm, rated load torque 0.2Nm and
flux reference 0.6 Wb. The experiment result show in
“Fig. 16”-“Fig. 18”.

THs 0 a 05 0 05 1 15

Vo /WD
Figurel6. The experiment result of flux at 1000rpm,25Nm
for MC-DTC
= 100
: A
s o :
g 750 Y — '— f }-
= .1000
Tnne (s)
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E 004 ——---q----——f--—--- R e e e
b= i i
= 1 1
S oo2f------- -t =i A i)
8 i i
g b
% 2000 4000 6000 8000 10000
Frequency (Hz)
(b)

Figure 17. Input voltage. current and spectrum corresponding
of phase-a for MC-DTC at 1000rpm

It can be seen from “Fig. 167-“Fig. 18,
electromagnetic torque, stator current, stator voltage, and
stator flux performance at high speed respectively. As
regard the ripple, the proposed novel method clearly
improves the performance of both the torque and flux.
Furthermore, in the case of torque, the type of the applied
vectors is also shown. At the same time, the inner torque
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hysteresis bands in the proposed method are identical to
the torque hysteresis bands in the classical method. Thus,
the outer bands in the proposed method can be seen as
security limits above which the large vectors are used in
order to quickly force the torque towards its reference
value.

The output currents i, 1, 1. and the spectrum
corresponding to i, for the classical and the proposed
method are depicted in “Fig. 18(c)” and “Fig. 17(b)”
respectively. As expected, there is a significant decrease
in the current ripple. Moreover, from the spectrum of
current i,, it can be notice that the average switching
frequency is also decreased with the proposed method.
This fact alleviates the switches stress, hence reducing the
switching losses.

L '\:'ri'_l

F-- ——fv-————%-————-3———---

Q@
" @

u w1 Z2 uE 0.4

a.uz Py

' w_;; 0

002
-0.04-0

i, i fd)
‘.

.

i
a

Figure 18. During a load torque step command from +25Nm to-
25Nmthe torque. current and flux at 100rpm for MC-DTC

“Fig. 17” shows that the input current i, and the
corresponding line-to-neutral input voltage v, for the
proposed method. In case the input line current i, is in
phase with the line-to-neutral voltage v. This confirms
the effectiveness of methods regarding the PF correction
capability.

At the low speed operation, induction motor is running
at a very low speed 100 rpm, load torque 25Nm and flux
reference 0.6Wb. The experiment result show in “Fig.
19”-“Fig. 21”.

“Fig. 19”-“Fig. 21” show that the stator flux. torque
and input line current spectrum contains harmonics with
higher amplitude in the low frequency range when
compared with the high speed. However, this is not seen
as a constraint since a re-design of the MC input filter
would be enough to overcome this drawback.

In order to study the dependency of the torque ripple
with respect to both the torque reference and the motor
speed, several tests were carried out at low-speed. The
standard deviation of the torque was calculated to
measure the torque ripple.

Copyright © 2010 MECS
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Figurel9. The experiment result of flux at 100rpm,
25Nm for MC-DTC
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Figure 20. Input voltage. current and spectrum correspondingof
phase-a for MC-DTC

Figure 21. During a load torque step command from +25Nm to-
25Nmthe torque. current and flux at 100rpm for MC-DTC

The results showed better performance of the proposed
novel method over all the motor operating speed.

VII. CONCLUSION

This paper presents a new DTC-SVM method for
matrix converter. The advantages of the DTC method
have been successfully combined with the SVM method
on matrix converter. A new switching table for the DTC-
SVM which fully controls the induction motor

1.J. Intelligent Systems and Applications, 2010, 1, 15-22
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requirements is suggested, besides perfectly controlling
the input unity power factor. The simulation and
experiment results on the induction motor at the low and
high speed range are shown to validate the effectiveness
of the new control scheme. Furthermore, the novel
control strategy shows the better input current harmonic
spectrum and low-speed performance as compared to the
conventional MC-DTC method and it can make the flux
and torque small and stable. It has advantages and good
future, it is worth further studying.
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