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Abstract—In this paper, a Direct Torque Control method for
Matrix Converters fed Induction Motors is proposed. A predictive
algorithm which ensures minimum torque ripple is employed for
the selection of the appropriate voltage vector from the Matrix
Converter. A new look-up table for Direct Torque Control using
Matrix Converters has been developed which delivers a set of
three vectors, at every sample period, that fulfil the torque and
flux demands. The predictive algorithm computes the torque
error that would be present applying each vector and selects the
one that contributes with the minimum error. Simulation results,
which confirm the good performance of the novel predictive
Direct Torque Control using Matrix Converters are shown.

[. INTRODUCTION

Direct Torque Control (DTC) [1] and Direct Self Control
[1] were introduced for Voltage Source Inverters (VSI) drives
in 1986 and 1988 respectively. Since then, DTC has gained
popularity and nowadays is widely recognized as a high
performance technique to control Induction Motors (IM) [2].
However, some research is still being done to adapt DTC to
new electrical motors and power converters and also to reduce
the electromagnetic torque ripple, which is one of its main
drawbacks [3]. The limited number of voltage vectors available
from traditional drive power converters makes the torque ripple
more challenging. This has prompted a number of researchers
to utilize improved multilevel converters that allow a higher
number of voltage vectors [4], [5], [6].

Recently, MCs have emerged to become an attractive alter-
native to the conventional VSI [7], [8], specially in applications
where size and weight are relevant issues [9], [10]. The use
of MCs in DTC of IM was proposed in [11]. A new look-up
table exploiting the higher number of voltage vectors of MCs
was proposed in [12] in order to reduce the torque ripple of
an IM DTC drive without the introduction of space vector
modulation techniques.

Lately, predictive control methods [13], [14], [15] have
been investigated to face the challenge of controlling several
variables of VSI fed electrical drives. In [16], a Model Based
Predictive Control (MPC) directly controls the flux and torque
of an IM fed by a MC. The selection of the switching state
of the MC is performed by means of a quality function
that considers 27 set of predictions; One for each of the 27
permitted states of the MC.

This paper proposes a new look-up table for DTC using
MCs which delivers a set of three switching states every

Antoni Arias
and Jordi Espina
Electronic Department
Universitat Politecnica de Catalunya
Email: arias@eel.upc.edu

sampling interval. Based on the torque prediction for each of
the delivered states, the system selects the one that introduces
less error in the next sampling interval allowing a significant
torque ripple reduction.

II. 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 most widely used configuration is the three-
phase, 3 x 3 switches, MC shown in Fig. 1. It connects a
three-phase voltage source to a three-phase load. In the MC
shown in Fig. 1, vg;, where ¢ = A, B,C, are the phase
source voltages, ¢g; are the phase source currents, v; N, Where
j = a,b,c are the load voltages, 7; are the load currents, v;
are the MC input voltages and ¢; are the input currents. A
switch, .S;; can connect input phase ¢ to the output phase j of
the load. With a suitable switching strategy, arbitrary voltages
v;N at an arbitrary frequency can be synthesized. Switches are
characterized by the following equation:

S = { 0 %f sw%tch Sij %s open
1 if switch S;; is closed

I Input Filter Matrix Converter

s i v i

L g C/,-L S\/;\Q\\S\A?‘
T i

A i TS\ [

Cr C—_— . Spa &Sz & [Spe

D:!:’\_J 7 T/(' /T ic \\ \\
b Sca SC\Z\\S\JZ
T I

Bidirectional switch

Fig. 1. 3 x 3 Matrix Converter.

The permitted switching states of a 3 x 3 MC are shown
in table I, and have been classified in groups. The first
three groups containing the states (1, 42, £3), (£4, %5,
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TABLE 1
VOLTAGE AND CURRENT VECTORS OF A 3 X 3 MC

‘ MC State ‘ On Devices ‘ Vo a, ‘ i Bi ‘
+1 Saa Spy Spe | 2/3vas 0 [ 2/V3i, —7/6
—1 SBa Sab Sac —2/3vaB 0 —2/\/§ia —m/6
+2 SBa Scy Sce | 2/3vBc 0 | 2/V3iq /2
—2 Sca Sy Spe | —2/3vBc 0 | —2/v3i, /2
+3 Sca Sap Sac 2/3vca 0 2/\/§ia /6
-3 Saa Scy Sce | —2/3vca 0| —2/v/3i, /6
+4 SBa Sab SBe | 2/3vaB 27m/3 | 2/V/3ip —7/6
—4 Saa Sey Sac | —2/3van 21/3 | —2/v/3iy —7/6
+5 Sca Spy Sce | 2/3vsc 27/3 | 2/V/3iy w/2
—5 SBa Scb SBe —2/3vpc 27/3 72/\/§ib /2
+6 Saa Sob Sac | 2/3vca 27/3 | 2//3is /6
—6 Sca Sap Sce | —2/3vca 21/3 | —2/v/3iy /6
+7 SBa Spb Sac | 2/3vas an/3 | 2/V/3i. —7/6
-7 Saa Sap Spe | —2/3van 4w /3 | —2//3i. —7/6
+8 Sca Scy See | 2/3vBc 4n/3 | 2/V/3i. /2
-8 SBa Sy Sce | —2/3vBC 4m/3 | —2/V/3i. w/2
+9 Saa Sap Sce | 2/3vca 4w/3 | 2/V/3i. /6
-9 Sca Scb Sac | —2/3vca 4m/3 | —2/v/3i. /6
04 Saa Sap Sac 0 0
0p SBa SBb SBe 0 0
Oc Sca Scp Sce 0 0
+10 Saa SBb Sce | Vimaz ai | tomaz Bi
—10 Saa Scb SBe | Vimaz —ai | fomaz —Bi
+11 Sca Sab SBe | Vimax @ +27/3 | tomax Bi +27/3
—11 Spa Sab Sce | Vimaz —oi —27/3 | iomax —Bi —27/3
+12 SBa Scb Sac | Vimax @i +47/3 | tfomax Bi +47/3
—12 Sca SBy Sac Vimae —®i —47/3 | Yomae —Bi —4m/3

+6), and(£7, +8, +9), produces active vectors of variable
amplitude, depending on the line-to-neutral voltage, but at
stationary position (pulsating vectors). States 0, 0 and O,
corresponding to group 4, connecting all the output lines to
the same input line, are the corresponding zero vectors. The
last six states (group 5), providing a direct connection of each
output line to a different input line, are the rotating vectors.

III. SYSTEM MODEL

Since the proposed method can be considered a MPC,
a mathematical model representing the real system with
sufficient accuracy is necessary. Based on the models, the
behavior of variables of interest can be predicted actuating
in consequence.

A. Matrix Converter Model

The state of the converter switches can be represented
by means of the so-called transfer matrix 7" which has the
following form:

Saa(t) Spa(t) Sca(t)
T = SAb(t) SBb(t) Scb(t) 2)
SAC(t) SBC(t) SCC(L‘)

Each row shows the state of the switches connected to
the same output line while each column shows the state of
the switches connected to the same input line. Due to the
instantaneous power transfer of MCs, voltages and currents
in one side may be reconstructed, at any instant, by means
of the corresponding voltages and currents in the other side

[17]. Because the MC is connected to the grid, the input line-
to-neutral voltages are known, therefore, applying Kirchhoff’s
voltage law in Fig. 1, the output line-to-neutral output voltages
are found as follows:

Va N (t) SAa (t) SBa(t) SCa(t) vaA (t)
vpn(t)| = | Sab(t) See(t) Sco()| |vs®)| ()
Ven (t) Sac(t) Spe(t) Sce(t)| |vel(t)

The output current results from applying these output
voltages to a given load. Measuring the output currents and
applying Kirchhoff’s current law, the input currents can be
easily found:

ia(t) Saa(t) Sap(t) Sac(t)| [ia(t)
ig(t)| = |SBalt) Spu(t) Spe(t)| |in(t) 4
ic(t) Sca(t) Sc(t) Sce(t)] [ic(t)

As it can be seen in (4), in order to find the input currents
the transpose transfer matrix 7’7 is applied.

SAa(t) SAb(t) SAc(t)
T = |Spa(t) Spu(t) Spelt) ®)
Sca(t) Scu(t) Sce(t)

B. Induction Motor Model

The dynamic model of the IM referred to the stator has
been widely studied [2]. The space vector representation of the
stator and rotor equations can be written in the stator reference
frame as:

- d -
_;: sls 5 Vs 6
vy = Ryt +dt1/1 (6)

5= 0= Ryil + S~ jul, )
where R, and R, are the stator and rotor resistances, JS and
w_; are the stator and rotor fluxes and w is the rotor angular
frequency.

The stator and rotor fluxes are related with the stator and
rotor currents by means of the following equations:

s = Lyiy + Ly, 8)

G = Lynis + Lyi, ©)

where L, and L, are the stator and rotor self inductances, and
L,,, is the mutual inductance.

The electromagnetic torque developed by the motor can be
expressed as follows:

3 L - -
Te = = s |: s " j Ti|
3P oL.L. s - JYP
where p is the number of pole pairs of the IM.
Resolving for i and 7, in (8) and (9), and substituting in
(6) and (7), the IM can be modeled with stator and rotor fluxes
as the state variables by the following equation:

(10)
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d _ R. RiLpm )
Vs L LsLy -
e AT e A E + M v (11)
a¥r oLy \I¥ 5L
In order to predict the the flux and torque values for the next
sampling instant ¢(k + 1), a discrete-time set of equations can
be derived from the continuous-time model. For small values

of the control sampling time T, the stator and rotor fluxes at
t(k + 1) can be calculated as follows:

Ds(k + 1) = 9y (k) + %JS(MTS (12)

. . d -
Substituting (12) and (13) in (11) yields:

—

Us(k +1) =

Gk + (= B0 + T + ) T, )
Ur(k+1) =

G0+ | S + (w0 - 2 ) 60| 79

Substituting (14) and (15) in (10) the torque slope at instant
t(k + 1) is obtained:

Mmre =

At oL, + oL,

ATe(k+1) _ . ( R, R, ) .
Lm

m [_’Uaswﬁr + vﬁswar —w (waswar + wﬂswﬁr)]

(16)

3
5P

where At = T's is the sampling interval.

Notice that the sampling instant ¢(k) at which all the
variables at the right side of (16) has been removed for
simplicity.

IV. CONTROL STRATEGY

From table I, it can be seen that at every sampling interval
there will be three MC states that fulfil the DTC requirements
[11].

A new look-up table is developed which delivers these three
vectors instead of just the one having the largest amplitude.
As in [11], the system implements the conventional DTC
imposing the voltage vectors that would have been delivered
by a VSI (V to V7). Depending on the sector in which the
input voltage vector lies, table II delivers a set of three MC
states having the same direction of that of the standard VSI
vector.

Since the magnitudes of the MC states are different, a set of
four torque slopes (mr.) are calculated using (16); One for a
zero vector and three for the vectors delivered by table II. The
electromagnetic torque for every vector is predicted at instant
t(k+1) as:

TABLE II
NOVEL LOOK-UP TABLE FOR PREDICTIVE DTC USING MCSs

[ Wsi | Sector of Input Voltage Vector
1 2 3 4 5 6
Vi —-321 2-1-3 —-123 3—-1-2 —231 1-2-3
Vs 987 8 =7 -9 —789 9 -7 -8 —897 7 -8 -9
Vs —654 5—4 —6 —456 6 —4 —5 —564 4 -5 —6
Vy 3-2-1 —213 1-2-3 —312 2-3-1 —-123
Vs 9 -8 -7 —879 7 -8 -9 —978 8 -9 -7 —789
Vs 6 —5 —4 —546 4 -5 —6 —645 5—6 —4 —456
TABLE III
INDUCTION MOTOR PARAMETERS.
Output power 1000 W Torque 6.7 Nm
Voltage 380 V/ Pole pairs 2
Stator resistance 4.7 Q Stator self-inductance 320 mH
Rotor resistance 5.05 Q Rotor self-inductance 320 mH
To(k+1) = mp. Ty (17)

For each torque prediction, the absolute torque error is

obtained as:

|T:7»7-o7.‘ _ |T: _ Tc(k' + 1)|

(18)

where the superscript ”*” denotes the reference value. As
shown in Fig. 2, the MC state that generates the minimum

absolute torque error is then selected.
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Fig. 2. Block diagram of the proposed predictive DTC.

V. SIMULATION RESULTS

Simulation results for the proposed method has been carried

out with the DTC having the following settings:
o Torque reference, T} = £6.7 Nm (Lrated torque)
o Flux reference, |¢)**| = 0.8 Wb (rated flux)
o Sampling time, T = 50us

The parameters of the IM employed during the test are

shown in table III.

The IM is loaded with a DC machine which controls the

rotating speed at 100rpm.

A positive torque reference of 7 = 6.7Nm is applied to

start up. At ¢ = 0.5s, a torque reversal is applied (T}

—6.7Nm).
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The performance of the electromagnetic torque and stator
flux with the proposed MPC-DTC are shown in Fig. 3. Both
the electromagnetic torque and the stator flux follow their
respective reference values. It can be seen the fast and de-
coupled control of both variables achieved with the predictive
algorithm. The electromagnetic torque reverses quickly and
has a ripple of less than 10%, the standard deviation being
0.1331Nm.

10
£
£ of 1
HO

o
% 0.5r i
o
0 i i i i i
0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (s)
Fig. 3. Step torque response with the proposed MPC-DTC. (a) Electromag-

netic torque. (b) Stator flux.

Figure 4 shows the electromagnetic torque and stator flux
performance of the standard DTC using MCs without MPC.
It can be observed an increase in the electromagnetic torque
ripple in comparison to Fig. 3, the standard deviation being
0.2258 N'm.

o
% 0.5r i
o
0 i i i i i
0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (s)
Fig. 4. Step torque response with the standard DTC using MCs. (a)

Electromagnetic torque. (b) Stator flux.

The o — 3 components of the stator flux are shown in Fig.
5 and Fig. 6 for the proposed MPC-DTC and the standard

DTC using MCs respectively. The stator flux vector path
is also shown, which follows a circular trajectory as in the
conventional DTC. Comparing the flux performance of Fig. 5
and Fig. 6, it can be noted that although with less ripple, the
proposed MPC-DTC shows a slightly distorted flux trajectory
due to the application of voltage vector with lower amplitude.

Voo Vg (WD)
e
S D

—0.5 1
71 i I I i
0 0.2 0.4 0.6 0.8 1
Time (s)
1
§ 0.5
< 0
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> 05
-1
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Fig. 5. Stator flux performance with the proposed MPC-DTC. (a) o« — 3
components. (b) Stator flux vector path.
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Fig. 6. Stator flux performance with the standard DTC using MCs. (a) o — 3
components. (b) Stator flux vector path.

The stator line-to-neutral voltage and the corresponding
phase current of the proposed MPC-DTC are shown in Fig.
7. It is possible to distinguish the high frequency components,
due to the MC commutations, from the fundamental frequency
of the stator voltage. The sinusoidal behavior of the stator
currents proves the indirect control of this variable.

Figure 8 shows the stator line-to-neutral voltage and the
corresponding phase current of the standard DTC using MCs.
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Fig. 7. Stator line-to-neutral voltage and phase current with the proposed  Fig. 9. Selected MC states and torque slope. (a) Torque slope. (b) MC state.

MPC-DTC. (a) Phase A stator voltage. (b) Phase A stator current.

the proposed MPC-DTC with the standard DTC using MCs,

The stator current ripple is significantly higher in comparison
to the proposed MPC-DTC shown in Fig. 7.

VaN V)

i (A)
o

02 03 04 05 06 07 08 4
Time (s)
Fig. 8. Stator line-to-neutral voltage and phase current with the standard [5]

DTC using MCs. (a) Phase A stator voltage. (b) Phase A stator current.

Finally, the MC states and the corresponding torque slope
are presented in Fig. 9 for the proposed MPC-DTC. The
electromagnetic torque slope is highly affected by the selected 7
MC state and, as expected, the highest value is found at the
instant of the torque step.

VI. CONCLUSION

A predictive DTC of MC fed IM drives has been presented
in this paper. The new look-up table allows the predictive DTC
to select, from three different states, the one that ensures the
minimum torque error. It has been shown the effectiveness and ~ [10
simplicity of the method achieving fast and decoupled control
of torque and flux with considerable low ripple. Comparing

978-1-4244-4649-0/09/$25.00 ©2009 IEEE 1244

an improvement of more than 41% in the toque ripple has
been achieved.
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