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This paper describes the design and the solutions adopted for a matrix converter prototype of 10 kW, based
on new integrated power modules. The performance of the converter is verified by means of experimental tests.
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1 INTRODUCTION

A matrix converter (MC) is an array of con-
trolled semiconductor switches that directly connect
each input phase to each output phase, without any
intermediate dc link. The main advantages of the
MC are the absence of bulky reactive elements,
that are subject to ageing and reduce the system
reliability. Furthermore, MC provides bidirectional
power flow, nearly sinusoidal input and output
waveforms and a controllable input power factor.
Therefore MCs have received considerable atten-
tion as a good alternative to voltage-source invert-
er (VSI) topology.

The development of matrix converter prototypes
started when Alesina and Venturini proposed the
basic principles of operation in the early 1980’s [1].
Afterwards the research in this fields continued in
two directions. On the one hand there was the
need of reliable bidirectional switches, on the other
hand the initial modulation strategy was abandoned
in favor of more modern solutions, allowing higher
voltage transfer ratio and better current quality.

As regards the modulation strategies, in the origi-
nal theory the voltage transfer ratio was limited to
0.5, but it was shown later that, by means of third
harmonic injection techniques, the maximum volta-
ge transfer ratio could be increased up to 0.866, a
value which represents an intrinsic limitation of
three-phase matrix converters with balanced supply
voltages [2]. A new intuitive approach towards the
control of matrix converters was presented in [3].
As known, this approach is also defined »indirect
method«, because the matrix converter is described
as a virtual two stage system, namely a 3-phase rec-

AUTOMATIKA 46(2005) 1-2, 83-91

tifier and a 3-phase inverter connected together
through a fictitious DC-link. The indirect approach
has mainly the merit of applying the well-establi-
shed space vector modulation (SVM) for VSI to
MCs, although initially proposed only for the con-
trol of the output voltage [4]. The SVM was succes-
sively developed in order to achieve the full control
of the input power factor, to fully utilize the input
voltages and to improve the modulation perform-
ance [5, 6]. A comparison between different types
of modulation strategies can be found in [7, 8],
showing that the »indirect approach« for MCs, ini-
tially preferred for its simplicity, is now partially re-
placed by modern direct theories, that allow an im-
mediate understanding of the modulation process,
without the need of a fictitious DC link.

In the meantime several studies were presented
about the bidirectional switches necessary for the
construction of a MC. The bidirectional switches
were initially obtained combining discrete compo-
nents [9]. Then, as the interest toward MCs in-
creased, some manufacturers produced power mod-
ules specifically designed for MC applications [10].
As regards the hardware components, the switches
are usually traditional silicon IGBTsS, but also other
solutions have been recently tested, such as MCTs
or IGBTs with SiC diodes. The performance of the
switches has been compared in [11-13].

Another problem that the researchers have over-
come is the current commutation between the bidi-
rectional switches. The absence of free-wheeling dio-
des obliges the designer to control the commuta-
tion in order to avoid short circuits and over volta-
ges. A comparison among several solutions has been
done in [14] and [15].
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To obtain a good performance of the MC, it is
necessary also the design of a L-C filter to smooth
the input currents and to satisfy the EMI require-
ments [16]. It has been shown that the presence of
a resonant L-C filter could determine instability
phenomena that can prevent the MC to deliver the
rated power to the load [17]. A possible remedy for
this problem consists in filtering the input voltage
before calculating the duty-cycles. In this way it is
possible to increase the stability power limit and to
obtain the maximum voltage transfer ratio.

Some prototypes of MC have been already de-
signed [18-20]. In this paper the construction of a
10 kW matrix converter using new IGBT modules
is described. All the solutions adopted to achieve a
good performance are presented and practical re-
sults are given.

2 STRUCTURE OF MATRIX CONVERTERS

Basically, a MC is composed by 9 bidirectional
switches, as shown in Figure 1.
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Fig. 1 Basic scheme of matrix converters

The converter is usually fed at the input side by
a voltage source and it is connected to an inducti-
ve load at the output side. The schematic circuit of
a MC feeding a passive load is shown in Figure 2.
The system is composed by a voltage supply, an L-
-C input filter, the MC and a load impedance.

The input filter is generally needed to smooth
the input currents and to satisfy the EMI require-
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Fig. 2 Complete scheme of a MC system
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ments. A reactive current flows through the input
filter capacitor, which results in a reduced power
factor especially at low output power. As a conse-
quence, the capacitor is chosen in order to assure
at least a power factor of 0.8 with 10 % of the ra-
ted output power. After the selection of the capaci-
tor, the input filter inductance of the MC can be
chosen in order to satisfy the IEEE Recommended
Practices and Requirements for Harmonic Control
in Electrical Power Systems (IEEE Std. 519-1992).
If the input filter is well designed, current harmon-
ics at frequencies greater or equal to the switching
frequency are adequately smoothed.

3 INPUT CURRENT MODULATION STRATEGIES

As known, the MC allows the control not only
of the output voltages, but also of the phase angle
of the input current vector.

There are several possible solutions for the mo-
dulation of the input current vector that basically
differ in the direction along which the current vec-
tor is modulated. This direction can be represented
introducing an arbitrary vector ¥, here named
»modulation vector«. A modulation strategy is com-
pletely defined once the modulation vector ¥ is
assigned.

For any strategy it results
Y ji; =0 @)

where i is the input current vector. If the switches
are assumed ideal and the converter power losses
are neglected, the input current vector can be ex-
pressed as follows:

-~

_2 p, =
_3E-¢w 2

where p, is the power delivered to the load.

The input current space vector depends on the
output power level, the input voltage vector and
the modulation vector. Once the modulation vector
is chosen, this expression can be further developed.
Theoretical and experimental results obtained com-
paring some input current modulation strategies are
given in [21] and [22].

A. The input current vector is kept in phase with the
input voltage vector (Strategy A)

The simplest input current modulation strategy
is to keep the input current vector in phase with
the actual input voltage vector, determining instan-
taneous unity input power factor, as follows:

P=v. 3)
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It is worth noting that in case of input voltage
distortion, input currents cannot be sinusoidal. It
could be shown that the k% harmonic in the input
voltage leads to input current harmonic of order
kth and (2-k)th.

B. The input current vector is kept in phase with the
fundamental component of the input voltage vec-
tor (Strategy B)

In [21] it was demonstrated that a better per-
formance in terms of input current distortion can
be achieved if the input current vector is kept in
phase with the positive sequence fundamental com-
ponent of the input voltage vector.

In order to obtain the positive sequence funda-
mental component, the input voltage vector can be
filtered by means of a digital filter. Hence, the in-
put current vector is kept in phase with the filtered
input voltage vector v . Therefore, the modulation

vector ¥ is defined by

Y=V 4)

It is possible to demonstrate that this strategy
represents the optimal modulation strategy which
determines the lowest total RMS value of the input
current disturbance. It will be pointed out that this
strategy also has a stabilizing effect on the convert-
er operation.

For these reasons, Strategy B has been adopted
for the MC prototype described in this paper.

4 INSTABILITY PHENOMENA

The simplest voltage modulation strategy is ba-
sed on detecting the zero crossing of one input vol-
tage for synchronizing the input current modula-
tion. This control technique performs correctly as-
suming an ideal power supply (i.e. balanced and si-
nusoidal supply voltages), but in presence of input
voltage disturbances, these are reflected on the out-
put side determining low-order voltage harmonics,
as the MC has no internal energy storage. Conside-
ring unbalanced non-sinusoidal input voltages, the
magnitude and the angular velocity of the input
voltage vector are not constant. Then, a simple syn-
chronization with the input voltages is no longer
applicable but the input voltages must be measured
at each cycle period, in order to calculate the duty-
-cycles necessary to generate balanced and sinu-
soidal output voltages.

However, the compensation of the input voltage
disturbances achieved by this control strategy might
lead to instability phenomena when the MC output
power exceeds a maximum limit. The waveforms of
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DC:1:1 @ DC 11 . DCl1: - (20 ms/div)
: i H : : NORM:800 kS/s

Fig. 3 Experimental tests: stable steady state operation. Upper track:
line current (20 A/div). Middle track: input line-to-neutral voltage
(400 Vidiv). Lower track: load line-to-line voltage (600 V/div)

CHI=1V CH2=2V CH3
©DC A 1:

5ms/div
(5 mm/div)
:NORM:2 MS/s

Fig. 4 Experimental test: unstable steady state operation. Upper
track: line current (10 A/div). Middle track: line to line output volta-
ge (400 Vidiv). Lower track: line to line input voltage (400 V/div)

the line current, the output voltage and the input
line-to-line voltage during stable and unstable ope-
ration are shown in Figures 3 and 4 for a 10-kW
MC.

Here is a qualitative explanation of the instabil-
ity phenomena. Let’s suppose that a voltage distur-
bance is temporarily applied at the converter input,
thus leading to a variation of the input current. It
is worth noting that this current variation is pro-
portional to the output power. The current harmo-
nics with frequencies near the resonant frequency
of the LC input filter are amplified and their effect
is to reinforce the input voltage disturbance. If the
output power is small, this reinforcement action is
too weak and after the disturbance has vanished,
the converter returns to the normal steady state
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operation. Otherwise, if the output power is high
enough, the reinforcement action is sufficient to es-
tablish self-sustained oscillations in the input volta-
ges, even when the initial disturbance has vanished.
In this case, the system reaches a new steady state
operation, but the converter does not work correct-
ly because the input currents and voltages are se-
verely distorted. It is interesting to note that these
oscillations have the form of »beatings«, namely
they are composed by at least two separate har-
monics with close frequencies.

A first attempt to determine the stability power
limit was done in [23], where the stability is evalu-
ated by analyzing the migration of the eigenvalues
of a small-signal model of the system. The power
limit results as follows:

2
Py = %Vch L Q)

14 l,%, 12
where V; is the amplitude of the input voltage vec-
tor, w; the input angular frequency, and L is the
sum between filter and line inductances. For a pre-
fixed value of the input filter resonance frequency,
(5) emphasizes that, in order to increase the power
limit, high values of the capacitance C; and low va-
lues of the inductance L; should be preferred. Equ-
ation (5) is valid for the current modulation strate-
gy A. Changing the input current modulation stra-
tegy leads to slightly different output power limits.

In [17] it has been shown that the power limit
can be sensibly improved if the calculation of the
duty-cycles is carried out by filtering the MC input
voltages by means of a digital low-pass filter imple-
mented in a synchronous reference frame.

The continuous-time equation representing such
a filter applied to the input voltage vector is as fol-
lows
dvif _ Vi _(1_jwi77)17if ©6)
dr T
where w; is the angular frequency of the input vol-
tage source. By varying the time constant v of the
low-pass filter is possible to increase the limit volta-
ge transfer ratio until the maximum value 0.866.
The only drawback is that the filter may affect to
some extent the capability of the control system to
compensate the effect of input voltage disturbances
on the load currents.

5 BIDIRECTIONAL SWITCHES

The MC requires bidirectional switches with the
capability to block the voltage and to conduct the
current in both directions. There are two main
topologies for bidirectional switches, namely the
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Fig. 5 Bidirectional switches: a) common emitter configuration, b)
common collector configuration

common emitter anti-parallel IGBT configuration
and the common collector anti-parallel IGBT con-
figuration.

The common emitter arrangement is represented
in Figure 5a. As known, two IGBTs are connected
with two diodes in an anti-parallel configuration.
The diodes provide the reverse blocking capability.
The main advantage of this solution is that the two
IGBTs can be driven with respect the same point,
i.e. the same common emitter, that can be conside-
red as a local ground for the bidirectional switch.
On the other hand, each bidirectional switch re-
quires an insulated power supply, in order to en-
sure a correct operation. Therefore, a total of nine
insulated power supplies is needed.

The common collector arrangement is presented
in Figure 5b. The IGBTs are now arranged in a
common collector configuration. In this case, only
six insulated power supplies are needed. In fact,
three IGBTs have the emitter connected to the
input phase a. This common point can be conside-
red as a local ground for them. Furthermore, three
other IGBTs have the emitter connected to the out-
put phase A. Once again, this point has the mean-
ing of a local ground, that has to be insulated from
the previous one. The same can be repeated for
the couples of phases b-B and c-C, thus concluding
that six insulated power supplies are necessary. The
complete connection scheme of the common col-
lector arrangement is shown in Figure 6.

Fig. 6 Complete scheme of the power stage using common collec-
tor arrangement

For the MC described in this paper prototypes
of new power modules, rated 50 A and 1200 V, ha-
ve been adopted. Figure 7 shows one power mo-
dule and Figure 8 shows the complete connection
scheme.
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Fig. 7 View of the internal connection of the integrated power
module

a Input phases
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Fig. 8 Scheme of the power stage based on the new power modules

In this case each module contains three IGBTs
connected to one input phase and three IGBTs
connected to the corresponding output phase. The
arrangement shown in Figure 8 is particularly suit-
able for the common collector configuration and al-
lows a simplification of the control circuit layout,
since each power module requires only two insulat-
ed supplies to be driven. The traditional solution,
instead, requires four of the six insulated voltages
that are necessary for the common collector confi-
guration [19].
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6 CURRENT COMMUTATION

Matrix converters have not free-wheeling diodes,
like traditional voltage source inverters. This makes
the current commutation between switches a diffi-
cult task, because the commutation has to be con-
stantly controlled. The switches have to be turned
on and off in such a way as to avoid short circuits
and sudden current interruptions. Many commuta-
tion strategies have been already studied. The most
common solution is the »4-step commutation, that
requires information about the actual current direc-
tion in the output phases. The four step sequence
is shown in Figure 9, that refers to the general case
of current commutation from a bidirectional switch
»a« to a bidirectional switch »b«.

In the beginning both IGBT of switch »a« are
enabled. In the first step, the IGBT S,,, which is
not conducting the load current, is turned off. In
the second step, the IGBT S,,, that will conduct
the current, is turned on. As a consequence, both
switches »a« and »b« can conduct only positive cur-
rents and short circuits are prevented. Depending
upon the instantaneous input voltages, after the
second step, the conducting diode of switch »a«
could be reverse biased and a natural commutation
could take place. Otherwise, a hard commutation
happens when, in the third step, IGBT S,, is tur-
ned off. Finally, in the fourth step, the non-con-
ducting switch S, is enabled to allow the conduc-
tion of negative currents too. During a period of
the input voltage, the natural commutation occurs
in 50 % of all commutations and therefore this cur-
rent commutation has earned the name »semisoft
switching«.

7 PRACTICAL IMPLEMENTATION

The MC prototype is shown in Figure 10. On
the right there is the power board, mounted on the
dissipation sink, in the middle the control unit and
on the left the logic device devoted to the commu-
tation control.

Fig. 9 Four step commutation sequence
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Fig. 10 View of the matrix converter set-up

A. Control unit

The calculation of the output voltage and input
current reference as well as the calculation of the
switch duty-cycle is performed by a single fixed-
-point digital signal processor (DSP). The adopted
DSP is the TMS320F2812 by Texas Instruments,
running at 150 MHz. The DSP is mounted on an
evaluation board EzDSP manufactured by Spec-
trum Digital, which provides the basic interfaces
for the use of the DSP.

The control of the commutation process, instead,
is performed by a Cyclone EP1C20, a FPGA chip
manufactured by Altera, running at 50 MHz. The
commutation time is about 2 ps.

B. Space Vector Modulation

The MC prototype is controlled according to
SVM principle. The modulation strategy adopted is
»double-sided« or »symmetrical«, meaning that the
turn-on sequence of the switches is completed in
the first half of the cycle period and it is repeated
with inverse order in the second half of the cycle
period. The cycle period is 125 ps, corresponding
to a switching frequency of 8 kHz.

C. Compensation of the commutation time

The 4-step commutation strategy requires a mini-
mum time to be performed, that could be higher
than the application time of an active configura-
tion. This determines a deterioration of the input
currents and of the output voltages, since the ac-
tive configuration is not applied for a sufficient
time.

For a given cycle period, the minimum commu-
tation time determines a minimum value O, for
the duty-cycle of the active configurations and the
zero configurations.
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In order to improve the current quality, a simple
compensation law has been implemented. Any duty-

-cycle lower than —O.;, has been ignored, whereas

any duty-cycle greater than %5min and lower than

Omin has been approximated to d,,;, min, as follows:

. 1
0if o< Eémin
6compensated = 1 . (7)
min if Eamin <d< amin
Although this compensation strategy is very sim-
ple to be implemented, it can greatly improve the
current waveform, as it will be demonstrated in the
Section regarding the experimental tests.

D. Converter protections

Due to the lack of free-wheeling paths for the
currents, a number of protection strategies have
been adopted to prevent the damage of the con-
verter. Protections against over-load, short-circuit
and over-voltage have been implemented.

The over-load protection is performed directly
by the DSP, that turns off all the switches when
the load current is greater than the rated one. This
solution is not satisfactory in order to avoid the
damage of the switches if a load short-circuit hap-
pens, because the latency time of the DSP depen-
ding on the cycle period is too high. Therefore, the
protection against the short circuit consists in the
monitoring of the collector-emitter voltage of all
the IGBTs comprised in the power modules. This
task is performed by eighteen components
HCPL316, that are sufficient to drive the power
modules.

It is worth noting that it is not possible to sim-
ply turn off all the switches, otherwise the induc-
tive load current have no closing path. The most
common solution to this problem is to add a diode
bridge clamp across the input and the output sides
of the converter, as shown in Figure 11. The small
capacitor of the clamp is designed to store the ener-
gy corresponding to the inductive load current with
an acceptable overvoltage.

In addition the voltage across the capacitor is
continuously measured. In fact fault conditions are

2&2&2% AW

552 ] 584

Fig. 11 Clamp circuit for the protection of the matrix converter
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more frequently caused by instability phenomena
at the input of the converter or wrong switch com-
mutations rather than short circuits of the load.
When the voltage across the capacitor becomes
greater than a limit value, the over-voltage protec-
tion stops the converter.

8 EXPERIMENTAL RESULTS

Preliminary tests with a R-L passive load have
been performed to verify the effectiveness of the
solutions adopted.

Figure 12 shows the load current and the line-
-to-line load voltage for a voltage transfer ratio
q=0.6.

CHI=2V TCHa+2V 5ms/div
DC:1:1 ¢ DCi1:1 (5 ms/div)

-~ 'NORM:2MS/s

Fig. 12 Experimental test. Behaviour of MC in steady-state condi-
tions. Upper trace: load current (10 A/div). Lower trace: line to line
output voltage (400 V/div)

i CH3=1V 10 ms/div
i DCit:1 (10 ms/div)

NORM:1MS}s

Fig. 13 Experimental test. Behaviour of MC during a output frequ-
ency step. Upper trace: load current (5 A/div). Lover trace: line to
line output voltage (400 V/div)

In order to test the behavior of the converter
after a sudden load variation, the reference voltage
has been changed from ¢=0.3 to ¢g=0.6 and the
output frequency has been decreased from 100 Hz
to 50 Hz. Figure 13 shows the load current and
the line-to-line load voltage during the transient.
As can be seen, the output current remains nearly
sinusoidal.

To verify the effectiveness of the compensation
strategy given by (7), three different tests have been
carried out at low load current. Figure 14 reports
the load current and the load line-to-line voltages
corresponding to the three tests. In the first test
(Figure 14a), any duty cycle lower than d.;, was
replaced by J.;,. In the second test (Figure 14b),
any duty-cycle lower than J,,, was ignored. Finally,
in the third test (Figure 14c), the compensation law
(7) was adopted. It can be noted that, although this
law is extremely simple, it significantly improves the
quality of the load current.

(4]
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Line current spectrum, %
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Harmonic order

Fig. 15 Experimental result. MC behaviour with distorted input vol-

tage. a) Spectrum of the input voltage vector, in percent of the fun-

damental component. b) Spectrum of the line current vector, in
percent of the fundamental component

CHi1=2V CH3=1V CHi=2V

DC 1:1 DC 1:1
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i
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iHr
I~
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a)

CH3=1V
(10 ms/div) DC 1:1 DC 1:1
NO i

10 ms/div CH1=2V CH3=1V

10 ms/div
(10 ms/div) DC 1:1 DC:1:1

(10 ms/div)

NORM:1MS/s| NORM:1MS/s|

b)

¢)

Fig. 14 Experimental tests. Behaviour of MC with and without compensation of the commutation times. Upper trace: load current. Lower
trace: line to line output voltage. a) duty-cycles < 0,,;, are set to 0,,;, b) duty-cycles < 0,,;, are ignored, c) with compensation
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Finally, a test was carried out in condition of
distorted input voltage. The spectra of the input
voltage and the line currents are shown in Figure
15. As can be seen, the absence of reactive ele-
ments does not let the MC to generate sinusoidal
line currents. The line currents contains almost the
same harmonics of the input voltage.

9 CONCLUSIONS

This paper presents the implementation of a di-
gitally controlled MC based on a fixed-point DSP
TMS320F28 and new prototype of power modules.

This paper is mainly focused on the technical so-
lutions adopted to obtain good performances of the
converter. Several experimental results are provided
to show the effectiveness of the adopted solutions.
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Eksperimentalno ponasanje prototipa matri¢nog pretvaraca izvedenog s novim energetskim modulima. Clanak
opisuje projekt i rjeSenja usvojena za prototip 10 kW matricnog pretvaraca, izvedenog s novim integriranim ener-
getskim modulima. Svojstva pretvaraca provjerena su eksperimentalnim ispitivanjima.

Kljucne rijeci: matri¢ni pretvarac, elektromotorni sustav s pretvara¢em, modulacijska strategija, strategija za komu-
taciju struje, integrirani elektronicki energetski modul
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