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Abstract 

Simulation is nowadays common way how to develop and test control algorithm of a 
drive before its run up on the real converter. The main problem is that because the 
control algorithm of the drive has to run in real time and it usually calculates and 
then outputs switching commands for the transistors, debugging and stopping of the 
algorithm execution is not possible. Therefore the developed code has to be tested in 
another way before putting to the real controller. This paper describes development 
and testing of FOC algorithm for IM drive fed by matrix converter. 

 

1 Matrix Converter 
Matrix converter is a frequency converter, which does not contain a DC-link and therefore no 

bulky passive accumulation element are needed as it is common in indirect frequency con- verters. 
That makes matrix converter perfect candidate for applications, where the DC-link is not allowed 
because of the volume or where the weight of the device is more important than its price. It is to 
underline that this converter produces output voltage by direct switching of the proper input voltage to 
the output terminals. This fact limits maximal output voltage amplitude to 86.6% of the input voltage 
amplitude. In contrast this way of conversion offers abilities as regulation of input power factor and 
possibility of the work in all four quadrants. 
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Figure 1: Matrix converter block diagram 

Because of the absence of the DC link there exists several restrictions paced on the matrix 
converter’s switching patterns: 

• The input of the matrix converter can be considered as voltage source, therefore in 
every switching moment none of the input phases shall be shortcircuited. 

• The load connected to the output of the converter has mostly inductive character. Any 
of the output phases of the converter cannot be disconnected. 

With respect to these restrictions several modulation strategies has been developed. The indirect 
space vector modulation (ISVM) proposed by Huber and Borojevic belongs among them. The 
principle of ISVM is based on splitting of the converter virtually into two parts according to the 



function that they perform (Figure 2). The matrix converter can be taken as a combination of virtual 
current source rectifier and virtual voltage source inverter connected by virtual DC link. The virtual 
inverter then generates output voltage in same way as VSI. The virtual rectifier directs output current 
to input phases to consume sinusoidal currents with defined power factor. The switched voltage 
vectors are selected from space vectors available for both parts. 

3. Modulation and Control Strategies for the Matrix Converter . . . . . . . . . . . . . . . . . . . . . . . .
Visualization of the example situation by the means is in Fig. 3.10. Due to the

bidirectionality of the switches the sign of the voltage in the virtual DC-link is not
important. Therefore the situations depicted in Fig. 3.10 and Fig. 3.11 are equal.
However, in most cases it is silently assumed that two phases with highest line-to-line
voltage are always used on the input stage of the converter, so the condition uPN Ø 0
is fulfilled. Modulation of the both parts must be synchronized together because the
MC lacks DC-link accumulation elements. Synchronization is achieved by selection of
correct switching pattern of the MC.
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Figure 3.10. Example of switching combination of (3.36)
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Figure 3.11. Example of switching combination of (3.36)

Output voltage SVM is implemented like classical space vector modulated VSI. Avail-
able vectors are summarized in Tab. 3.4. The output voltage vector is generated as
two nearest active voltage vectors and zero vector Fig. 3.12.

According to Fig. 3.12 the d

–

and d

—

represents duty times of both active vectors.
The output voltage vector can be then defined as

uout = u

–

d

–

+ u

—

d

—

(3.37)

The sum of the duty times during one switching period TS is equal to 1, therefore d0
is duty time of zero voltage vector

d

–

+ d

—

+ d0 = 1 (3.38)
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Figure 2: Matrix converter ISVM model 

2 Induction Machine 
The induction motors (IM) becomes recently spread ones in the area of regulated drives. Main 

advantage of the IM is its robustness, low maintenance, low cost and high reliability. However the 
speed regulation is more complicated compared to DC machines. Because of its principle the speed of 
IM depends directly on the frequency applied to its terminals. The generation of the voltage with 
variable frequency was the main limiting problem of IM application at the beginning. This problem 
was eliminated by arrival of power electronics and utilization of frequency converters. 

In order to obtain maximum performance from the drive, a precise regulation al- gorithm is 
needed. These algorithms are based mostly on the regulation of machine flux, that can not be 
measured directly. For an estimation of the inner machine flux, the models based on machine 
equations, machine parameters from an equivalent circuit and measured values are used. The final 
accuracy of the equivalent circuit and herby controller as well depend on an exact knowledge of the 
equivalent circuit values. 

The aim of vector control is not only the control of magnitude and frequency but also the 
control of orientation of the controlled variables in machine. Methods of vector control can be further 
divided according to many criterions e.g. if the flux is controlled directly or indirectly, or if the 
controlled variable is stator resp. rotor or air gap flux, according to incorporated type of modulator, 
etc. But all methods offers high dynamics of regulation and tries to decouple control of flux and 
torque, thus they can be controlled independently like separately excited DC machine. The vector 
control aims to split current space vector into flux producing current component isd and torque 
producing component isq and regulate these components separately. The flux producing component isd 
is always oriented with the reference flux vector (stator resp. rotor) and therefore the decomposition of 
the current space vector into current components depends on selected reference flux. Simple block 
schematics of the vector control structure is in Figure 3. The block with motor model is used for 
calculation of actual position of the flux, that is further used in transformations. Current components 
are separately regulated, decoupled, then transformed into values acceptable by modulator. 



5. Matrix Converter Induction Motor Drive Control Strategies . . . . . . . . . . . . . . . . . . . . . . . .
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Figure 5.2. Current type scalar control

5.2 Vector Control Methods for IM
The aim of vector control is not only the control of magnitude and frequency but also
the control of orientation of the controlled variables in machine. Methods of vector
control can be further divided according to many criterions e.g. if the flux is controlled
directly or indirectly, or if the controlled variable is stator resp. rotor or air gap flux,
according to incorporated type of modulator, etc. But all methods o�ers high dynamics
of regulation and tries to decouple control of flux and torque, thus they can be con-
trolled independently like separately excited DC machine. The vector control aims to
split current space vector into flux producing current component isd and torque pro-
ducing component isq and regulate these components separately. The flux producing
component isd is always oriented with the reference flux vector (stator resp. rotor) and
therefore the decomposition of the current space vector into current components de-
pends on selected reference flux. Simple block schematics of the vector control structure
is in Fig. 5.3. The block with motor model is used for calculation of actual position of
the flux, that is further used in transformations. Current components are separately
regulated, decoupled, then transformed into values acceptable by modulator.
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Figure 3: Vector control block diagram 

Equations (1) and (2) describes behavior of the induction machine and are therefore used in the 
model of the IM in Figure 2. 

 

4. Problems of the Induction Motor Mathematical Description . . . . . . . . . . . . . . . . . . . . . . . .
than mechanical ones, the system can be then treated as time invariant over sampling
period T and thus discreet representation of the (4.1) is after integration expressed as

x(k + 1) = �x(k) + Hu(k)

y(t) = Cx(k) (4.2)

where input vector u(k) is given by controller and has step shape. The transition
matrix � and input matrix H depends on sampling period. They can be calculated
from matrix exponential function eAT . Solution of this function can be found as series
expansion (4.3). For the systems with sampling period lower than 500µs the first order
approximation is usually enough.
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Derivation of the IM model for the control will proceed from continuous state space
model of the IM, afterwards this model will be discretised. As a starting point for the
derivation of the model are used stator and rotor voltage equations. Under assumption
that rotor and stator windings of IM are symmetrical we can apply (9.1) to (9.16), thus
we get representation of IM by space vectors
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where superscript s resp. r represents quantities in stator resp. rotor reference
system. Lets assume arbitrary rotating system denoted as k then (4.4) is
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where ◊r means rotor angle and ◊k is selected reference frame angle. After derivation
of (4.5) we obtain
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(4.6)

and space vectors of the stator and rotor fluxes
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.1 IM Description Based on State Variables
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Splittitng of the space vector to its components (real and imaginary part) x = xu+jxv
in (4.6) and (4.7) will produce final equation system for modelling of IM

usu = Rsisu + d
dt

�su ≠ Êk�sv

usv = Rsisv + d
dt

�sv + Êk�su

0 = uru = Rriru + d
dt

�ru ≠ (Êk ≠ Êr)�rv

0 = urv = Rrirv + d
dt

�rv + (Êk ≠ Êr)�ru

�su = Lsisu + Lmiru

�sv = Lsisv + Lmirv

�ru = Lriru + Lmisu

�rv = Lrirv + Lmisv

(4.8)

As was stated before we can select coordinate system with arbitrary angular speed
Ê

k

. In praxis only 3 angular speeds are used. Here will be presented only coordinate
system connected with stator (stationary) where Ê

k

= 0, that is used in realisation of
control algorithm. This system is noted with –, — coordinates.
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(4.9)
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3 Control Algorith Simulation 
Because developed control application have to run in real time and it calculates switching 

commands for the transistors, debugging and stopping of the code execution is not possible. Therefore 
the code have to be tested in another way. For this purpose were used SW Matlab/Simulink and 
toolbox Plecs (Piece wise Linear Electrical Circuit Simulator). The Plecs is toolbox for simulating of 
electromechanical components within Matlab environment and is specially developed for simulations 
of power electronics and drives. 

The model of the whole converter including supply, input filter, transistor matrix and load was 
created at first. The functionality of this model was firstly tested by continuous time solver and with 
predefined switching patterns. This testing ensures that the ISVM modulator works properly. Then 
parts of the model that should run with the fixed step e.g. control algorithm, data measurement were 
put into separate sub model and parts of the code were transformed into Plecs C-script block. C-script 
block enables to simulate parts of code written in C-language to be simulated in Plecs. However the 
interconnections of the code modules are still handled by Simulink ”virtual wires”. In order to test 
whole structure of the application with handling of data through pointers the Mex function compiler of 
Matlab was used (Figure 4). In this way were tested all parts of code together. The model of matrix 
converter was further extended to simulate behaviour of commutation, dead-time and minimal 
switching times. 



6. Compact Matrix Converter Realization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Figure 6.20. Simulation testing

This sequence of the simulation model development was used further when developing
the control strategies. The model of the IM controller was created from Simulink
blocks at first, then transformed to the discreet time domain and finally implemented
in Eclipse in C-language. The C-code was imported back into Matlab and connected
to the model of matrix converter drive created in Plecs. All controller gains were tuned
in Matlab/Simulink/Plecs simulations and only then the code put into the converter.
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Figure 4: Vector control simulation 

This sequence of the simulation model development was used further when developing the 
control strategies. The model of the IM controller was created from Simulink blocks at first, then 
transformed to the discreet time domain and finally implemented in Eclipse in C-language. The C-
code was imported back into Matlab and connected to the model of matrix converter drive created in 
Plecs. All controller gains were tuned in Matlab/Simulink/Plecs simulations and only then the code put 
into the converter. 

4 Results 
As the first step when developing the control, simulation models of the drive in 

Matlab/Simulink, Plecs were created. Control algorithms written in C language were translated into 
Matlab Mex-functions and simulated. The power part of the converter and induction machine were 
simulated in Plecs toolbox. 

To test the behaviour of the matrix converter control part field oriented control strategy was 
implemented. Induction machine was coupled to separately excited DC machine. Loading torque of 
the DC machine was controlled by variable resistor connected to armature terminals. Input and output 
currents are measured directly by the matrix converter. Speed is estimated by the controller. 
Comparison of the simulated waveforms and measured results are listed below. 7. Matrix Converter Drive - Results of Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Figure 5: Vector control simulation 



. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.3 Direct Rotor Flux Oriented Control Realization
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Figure 7.12. DRFOC control - �r trajectory

7.3 Direct Rotor Flux Oriented Control Realization
Following section shows results of realised DRFOC algorithm on matrix converter IM
drive. DRFOC was realized according to Fig. 5.5. Results of the control algorithm
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Figure 6: Vector control simulation – reaction to torque steps 

 

7. Matrix Converter Drive - Results of Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
on the real HW are loaded with some errors, because of inaccuracy of measured signals
required for the IM model. Performance of the control could be improved by pre filtering
of the measured signals and precise tunning of the controller gains, however this task
is nearly unsolvable without SW for monitoring and visualisation of the inner variables
of the control algorithm, that is still under development. Therefore the constants from
the Matlab models were used for the realization.

Fig. 7.13 show reactions of the flux and speed controller. In upper part of the Fig. 7.13
is shown behaviour of the flux controller. During the test of DRFOC the reference value
of the flux was set to �r = 0.8 [Wb]. Reference value of the speed was increased form
zero to nominal value and back.
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Figure 7.13. DRFOC control - flux and speed controller reaction

In order to test flux and torque current component controllers IM was run up to
Êm = 100 rad

≠1 and then the IM was abruptly loaded with DC machine with set
breaking torque 20 Nm and after some time the IM was unloaded again. Responses of
the d, q current controllers are in Fig. 7.15. From the figure is obvious that decoupling
works well, because only torque producing component of the current has changed.
Upper part of the Fig. 7.14 shows currents on the input of the matrix converter drive,
middle part shows output current. In order to make figure legible RMS values of the
currents are visualised. Bottom part of the figure then shows actual values of flux and
torque components of the current. Detail of the current reaction is in 7.15. Upper part
of the figure shows the reference flux producing current component as output of the
rotor flux controller and actual value of isd calculated form measured output currents.
Bottom part shows same situation for torque producing component of the current.
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Figure 7: Vector control realization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.3 Direct Rotor Flux Oriented Control Realization
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Figure 8: Vector control realization – reaction to torque step 

From the simulated and measured results can be seen that they are in accordance. Testing of the 
developed C code of the control algorithm in Matlab/Simulink/Plecs environment was very helpful 
when designing own algorithm and also when tuning controller’s gains. It was also much safer than 
testing of the algorithm on the real HW from the beginning. 
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