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ABSTRACT 
 

This paper develops a direct torque control method (DTC) using a matrix converter fed induction motor. The advantages 
of matrix converters are combined with the advantages of the DTC technique; under the constraint of the unity input power 
factor, the required voltage vectors are generated to implement the conventional DTC method of induction motor. The 
proposed DTC algorithm is applied to induction motors and the experimental results are given in steady-state and transient 
conditions, while the discussion about the trend of the DTC method using the MC is also carried out. Furthermore, the 
entire system of the matrix converter configuration using 7.5kW IGBT module is explained in detail. 
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1. Introduction 
 

In the past two decades, due to the need to increase the 
quality and the efficiency of power supply and usage, the 
three phase matrix converter has become a major modern 
energy converter and has emerged from the previously 
conventional energy conversion modules as one of the 
best substitutions [1], [2]. It fulfills all the requirements of 
the conventionally used rectifier/DC-link/ inverter 
structures. Some advantages of the matrix converter can 
be seen as follows: the use of a compact voltage source, 
providing sinusoidal voltage with varying amplitude and 
frequency besides the sinusoidal input current and unity 
input power factor at the power supply side. As shown in 
Figure 1, a matrix converter has a simple topology and a 

compact design due to the lack of DC-link capacitor for 
energy storage. 

Since the Direct Torque Control (DTC) method has 
been proposed in the mid 1980’s, the DTC method has 
become one of the higher performance control strategies 
for AC machines to provide a very fast torque and flux 
control[3]. There are no requirements for coordinate 
transformation, PWM generation and current regulators. 
The DTC method 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 the 
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.  

For such advanced reasons, the combination of the 
advantages of the matrix converter with those of the direct 
torque control method is effectively possible according to 
[4]. However, this research only focuses on some 
simulation results and the experimental results are not 
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sufficiently given. Moreover, some drawbacks still exist in 
the DTC method because the torque and the flux ripple 
always exceed their bandwidths. Thus, many researchers 
have paid much attention to solve these problems in the 
DTC methods [5], [6]. 

 

 

Fig. 1  Matrix converter schematic block diagram 

 
In this paper, the DTC theory in the matrix converter 

module to control the induction motor is first explained 
and then the experimental results are provided in detail to 
verify the effectiveness of the DTC theory. 

 
2. DTC Principles by Matrix Converter 

 
2.1 Matrix Converter Theory 
The three-phase matrix converter module includes nine 

bi-directional switches as shown in Figure 1. There are 27 
switching configuration states, which mean 27 possible 
space vectors can be used to control IM and can be split 
respectively into 3 groups as shown in Table 1; in Group I, 
two output lines are connected to one of the other input 
lines; in Group II, all output lines are connected to a 
common input line; while in Group III, each output line is 
connected to a different input line. The corresponding 
output line-to-neutral voltage vector and input line current 
vector have fixed directions as represented in Figure 2. 
However, Group III is not useful. Only 18 non-zero space 
vectors in Group I (±1, ±2, …, ±9) and 3 zero space 
vectors in Group II (0a, 0b, 0c) can be usually employed 
in the modern control techniques for the matrix converter 
(such as the Space Vector Modulation, DTC methods, etc.) 

Table 1  Possible Switching Configurations of MC 

Group Vector A B C   vs    α0   ii    βi 

+1MC a   b   b 2/3vab       0 2/√3isa    -π/6

-1MC b   a   a -2/3vab      0 -2/√3isa   -π/6 

+2MC b   c   c 2/3vbc       0 2/√3isa     π/2

-2MC c   b   b -2/3vbc      0 -2/√3isa    π/2

+3MC c   a   a 2/3vca       0 2/√3isa    7π/6

-3MC a   c   c -2/3vca      0 -2/√3isa   7π/6 

+4MC b   a   b 2/3vab     2π/3 2/√3isb    -π/6

-4MC a   b   a -2/3vab    2π/3 -2/√3isb   -π/6 

+5MC c   b   c 2/3vbc     2π/3 2/√3isb     π/2

-5MC b   c   b -2/3vbc    2π/3 -2/√3isb    π/2

+6MC a   c   a 2/3vca     2π/3 2/√3isb    7π/6

-6MC c   a   c -2/3vca     2π/3 -2/√3isb   7π/6

+7MC b   b   a 2/3vab     4π/3 2/√3isc    -π/6

-7MC a   a   b -2/3vab    4π/3 -2/√3isc   -π/6 

+8MC c   c   b 2/3vbc     4π/3 2/√3isc     π/2

-8MC b   b   c -2/3vbc    4π/3 -2/√3isc    π/2

+9MC a   a   c 2/3vca     4π/3 2/√3isc    7π/6

I 

-9MC c   c   a -2/3vca    4π/3 2/√3isc    7π/6

0a a   a   a  0        - 0        - 

0b b   b   b  0        - 0        - II 
0c c   c   c  0        - 0        - 

x a   b   c  x        x  x        x 

x a   c   b  x        x x        x 

x b   c   a  x        x x        x 

x b   a   c  x        x x        x 

x c   a   b  x        x x        x 

III 

x c   b   a  x        x x        x 

 

ii
iβ

8,5,2 ±±±

7,4,1 ±±±

9,6,3 ±±±

sv

0α
3,2,1 ±±±

9,8,7 ±±±

6,5,4 ±±±

 
Fig. 2  (a) The output line-to-neutral voltage vectors  

          (b) The input line current vectors 

 
2.2 DTC Principles Using VSI 
In the conventional DTC principles, there are three 

main coefficients: a stator flux hysteresis, a torque 
hysteresis comparator and the position of the stator flux as 
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shown in Figure 3. In order to maintain the estimated 
stator flux and torque within their boundaries which are 
determined by the two hysteresis bandwidths as shown in 
figure 5a & 5b, at each sampling period, the torque and the 
stator flux are estimated and compared with the 
corresponding reference values before passing the 
hysteresis comparator. The position of the stator flux is 
detected, and the most suitable space vector among 8 
space vectors generated by a VSI (6 non-zero space vector 
and two zero space vector in figure 4) is selected from the 
switching table given in Table 2 to compensate the load 
torque and the stator flux. Therefore, it is possible to 
implement the DTC schemes in having good and robust 
performances. 

 

 
Fig. 3  The DTC diagram for VSI 
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Fig. 4  VSI output line-to-neutral voltage vector and 

           corresponding stator flux variation in period  ∆t 
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Fig. 5  (a) Flux hysteresis comparator 

           (b) Torque hysteresis comparator 
           (c) Hysteresis comparator of average sin(ψi) 

Table 2  Basic DTC switching table using VSI 

Sector of Flux→ 1 2 3 4 5 6 

cT =-1 V2-vsi V3-vsi V4-vsi V5-vsi V6-vsi V1-vsi

cT = 0 V7-vsi V0-vsi V7-vsi V0-vsi V7-vsi V0-vsicϕ = 0
cT = 1 V6-vsi V1-vsi V2-vsi V3-vsi V4-vsi V5-vsi

cT =-1 V3-vsi V4-vsi V5-vsi V6-vsi V1-vsi V2-vsi

cT = 0 V0-vsi V7-vsi V0-vsi V7-vsi V0_vsi V7-vsicϕ =+1
cT = 1 V5-vsi V6-vsi V1-vsi V2-vsi V3-vsi V4-vsi

 
2.3 DTC Principles Using Matrix Converter 
According to [4], the basic DTC principles using matrix 

converters can be briefly described as follows: at each 
sampling period, the proper switching configuration, 
which allows the compensation of instantaneous errors in 
the stator flux magnitude and torque, is selected under the 
constraint of unity input power factor. This last 
requirement of the input side of the matrix converter is 
intrinsically satisfied if the average value of sin (ψi) is 
maintained close to zero, where ψi is the displacement 
angle between the input line voltage and input line current. 
The hysteresis comparator shown in figure 5c directly 
controls this variable and the average value of sin (ψi) is 
obtained by applying a low-pass filter to its instantaneous 
value. The average value of sin (ψi) is controlled close to 
zero because the input power factor is aimed close to 
unity. 

As a facultative example, after calculation at the first 
time of each sampling period and considering the stator 
flux vector lying in sector 1, the input voltage vector lying 
in sector 2, the output of the torque hysteresis comparator, 
the flux hysteresis comparator and the hysteresis 
comparator of the average value of sin (ψi) are 
respectively cT = +1, cϕ = 0 and cψ= +1. As shown in 
Figure 6, first with cT = +1, cϕ = 0 and the stator flux in 
sector 1, the suitable voltage vector V6-vsi is the VSI output 
voltage vector by the DTC algorithm in a given switching 
period from Table 2. Then, with the chosen VSI voltage        
vector V6-vsi, cψ= +1 and the input voltage vector in sector 
2, the opportune matrix converter voltage vector is finally 
selected as V-5MC from Table 3. 

The schematic of the DTC method using the matrix 
converter fed induction motor is represented in Figure 6. 
The reference values of the torque and the stator flux are 
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compared with the estimated values and coordinate with 
the average value of the sin (ψi) hysteresis comparator. In 
the lower part of the block diagram, the estimators of the 
electromagnetic torque, stator flux and the average value 
of sin (ψi) are represented. These estimators require the 
knowledge of input and output of voltages and currents for 
the matrix converter. However, only the input voltages 
and the output currents of the matrix converter module are 
measured by sensors, while other quantities such as the 
input voltages of the induction motor and the input 
currents of the matrix converter module are calculated 
from the previous switching states, the input voltages and 
the output currents of the matrix converter module. 

 

Table 3  DTC Switching Table Using MC 

Sector 
of iv  1 2 3 4 5 6 

cΨ +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1

V1-vsi
 -3MC +1MC +2MC -3MC -1MC +2MC +3MC -1MC -2MC +3MC +1MC -2MC

V2-vsi +9MC -7MC -8MC +9MC +7MC -8MC -9MC +7MC +8MC -9MC -7MC +8MC

V3-vsi -6MC +4MC +5MC -6 MC -4MC +5MC +6MC -4MC -5MC +6MC +4MC -5MC

V4-vsi +3 MC -1MC -2MC +3MC +1MC -2MC -3MC +1MC +2MC -3MC -1MC +2MC

V5-vsi -9 MC +7MC +8MC -9MC -7MC +8MC +9MC -7MC -8MC +9MC +7MC -8MC

V6-vsi +6 MC -4MC  -5MC +6MC +4MC -5MC -6MC +4MC +5MC -6MC -4MC +5MC
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Fig. 6  Block diagram of the DTC with MC 

 
3. Hardware Design for MC System 

 
3.1 MC Control Board 
The input voltages and output currents are measured by 

a 12-bit A/D converter (AD7891). The calculation of the 
DTC method is executed on a floating-point 32-bit DSP 
TMS320C32 by Texas Instrument, running at 60MHz. 

The DSP board includes the CAN (Control Area Network) 
function which is connected to a PC through a CAN card 
to monitor the entire system. The sampling period is 
200µs, corresponding to a switching frequency of 5 kHz. 

The control of the commutation process is performed by 
a high-CMOS (electrically erasable) programmable logic 
device (CPLD) board using EPM7128, manufactured by 
Altera, running at 40MHz. The 4-step commutation time 
is carried out within 2 µs. A gate driver board (TC4420) 
with six isolated power supplies is sufficient to drive the 
MC power modules. 

 
3.2 MC Power Circuit 
Figure 7 shows the hardware block diagram of a matrix 

converter, consisting of a 3-phase power supply and a 
220V/60Hz while a 5HP induction motor is coupled with 
an adjustable mechanical load in order to provide the load 
torque.  Motor’s parameters are as follows 

Stator Resistance  (Rs)  1.45875   (Ω) 
Rotor Resistance  (Rr)  0.9058333  (Ω) 
Stator Inductor    (Ls)  0.1511383  (H) 
Rotor Inductor    (Lr)  0.1638935  (H) 
Mutual Inductor   (Lm)  0.1483087  (H) 
Number of Poles 4 

A low pass filter including a 0.5mH inductor and 20µF 
delta-connected capacitors, corresponding to a cut-off 
frequency of 1.6kHz, is connected at the power supply side. 

A 7.5kW common-emitter IGBT MC module 
(FM35R12E3) by Eupec is used in this experiment. At the 
stop mode, the induction motor currents have no closing 
path and can cause over-voltage across the IGBT switches. 
The most common solution for this problem is to add 2 
3-phase full diode bridges between the input and output 
sides, and then the energy can be stored in the small 
capacitor of the clamp with the acceptable over-voltage.  

 

rω

 
Fig. 7  Experimental block diagram of matrix converter 
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4. Experimental Results 
 

Experiments are carried out to verify the validity of the 
DTC method for the matrix converter. The steady state 
performance of the matrix converter has been tested at low 
and high speeds. Figure 8, 9 and 10 show the motor 
currents for the different speed commands. The dynamic 
behavior has been tested under low speed changes in 
Figure 11 and 12, and under high speed changes in Figure 
13. 

Figure 14 shows the rotor speed transient state at 500 
rpm as the load torque changes from 1N.m to 1.5N.m.   
Figure 15 shows the electromagnetic torque at the low 
speed of 100 rpm as the load torque command is abruptly 
changed. In these experimental results, the stator current 
waveforms are almost sinusoidal. 

Furthermore, Figure 16 shows the experimental results 
of the motor speed at both forward and reverse directions 
as the speed reference changes between 200 rpm and 
-200rpm. 

 

 
Fig. 8  Stator current at 100 rpm with 1N.m load torque 

 

 
Fig. 9  Stator current at 500 rpm with 1.5 N.m load torque 

Finally, Figure 17 shows the unity input power factor at 
the power supply side, and the harmonic spectrum analysis 
of the input current shows the current harmonic 
components, which are filtered below the cut-off 
frequency, 1.6kHz. However, the input current still 
contains many high harmonics due to the hardware 
limitation; the sampling frequency must be much higher to 
achieve an efficient implementation of DTC technique. 

 

 
Fig. 10  Stator current at 1000 rpm with 1.5 N.m load torque 

 

 
Fig. 11  Stator current with the speed change from 400rpm to 

200rpm with 1 Nm 

5 (s/div)
0  

200

400

600

800

(rpm) 1000

 

 

5 (s/div)
0.3 

0.37

(Wb) 0.4

 

 

IM's Speed
Ref. Speed

Stator Flux
Ref. Flux

 
Fig. 12  (a) Rotor speed (b) Stator flux magnitude with            

the speed command between 200rpm and 400rpm 
with 1Nm  
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Fig. 13  Rotor speed as the reference speed change from 

         500 rpm to 1000 rpm with 1 Nm 
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Fig. 14  Rotor speed at 500 rpm when the load torque changes 

from 1Nm to 1.5Nm 
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Fig. 15  Electromagnetic torque with the load torque command 

between 3.5 Nm and 1 Nm 
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Fig. 16  Rotor speed in the forward and reverse directions 
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  Fig. 17  Input line to neutral voltage (100V/div)and input line 

            current (10A/div) waveforms with 3.5 Nm torque 
command 

 
5. Conclusions 

 
This paper deals with the experimental implementation 

with the DTC method using the matrix converter fed 
induction motor. This inherits the advantages of the DTC 
method and the advantages of the matrix converter 
characteristics. The experimental environment is 
explained in detail. The steady and transient experimental 
results are shown to validate the stability and the 
robustness of the DTC method in the practical applications. 
With an improved hardware design, the DTC method 
using the matrix converter may become the most 
appropriate solution to build a compact drive fed induction 
motor.     
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