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Abstract

Modeling and simulation of a matrix converter/induction motor drive are presented in this paper, which includes a three
phase ac to ac matrix converter, an induction motor. a field oriented controller, filters and a power source. In addition. a
developed precise loss calculation model for power converters is described with calculation results when it was applied to the
matrix converter. A harmonic analysis is described with a developed switching strategy, which reduces the harmonric current at
the matrix converter input. © 1998 IMACS/Elsevier Science B.V.

1. Introduction

The ac to ac matrix converter was first investigated by Gyugyi and Pelly in 1976 [1]. More recently
Venturini and Alesina have introduced a matrix converter design using a generalized high frequency
switching strategy [2]. The matrix converter has recently attracted numerous researchers because of its
simple topology, absence of large dc link capacitor, and easy control of input power factor. The purpose
of this paper is to investigate via simulation the technical issues of applying the matrix converter to field
oriented induction motor drives. In addition to the implementation of the drive system, a precise loss
calculation model for power converters is described and applied to the drive system to study the loss
characteristics of the matrix converter. The harmonic analysis of the matrix converter input current, the
filter current, and the input power source current were performed to study the filter size and to develop
a switching sequence combination which minimizes the harmonic contents of the matrix converter
input current.

The simulation language ACSL [3] (Advanced Continuous Simulation Language) was used for this
study, which is designed for modeling and evaluating the performance of continuous system described
by time dependent, nonlinear differential equations and/or transfer functions. The language consists of
a set of arithmetic operators, standard functions, a set of special ACSL statements, and a Macro

capability.
* Corresponding author. Fax.: +1-4145128582; e-mail: tmatsuo @ra.rockwell.com
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Fig. 1. Three phase ac to ac matrix converter.

2. Matrix converter/induction motof drive

A three phase ac to ac matrix converter basically consists of a 3 x 3 switch matrix. The 9 bi-
directional voltage blocking, current conducting switches are arranged so that any input phase can be
connected to any output phase at any time. The 3 x 3 switch matrix can be arranged in the form of
Fig. 1 for purpose of analysis. Since an inductive load is assumed, the voltage sources of the input must
be created by placing capacitors (filter) from line to line across the converter input phases. In principle,
for a given set of input three phase voltages, any desired set of output voltages can then be synthesized
by suitably toggling the matrix switches.

Fig. 2 shows a drive configuration for a field oriented control of an induction motor which is driven
by a three phase to three phase matrix converter. By means of an incremental encoder or resolver, the
angular position of the rotor 6 is established. The angular position of the slip &5, which ts calculated in
the field oriented control module, is added to the angular position of the rotor &, to form the angular
position of the stator MMF .. These sinusoidal components are used to refer those physical stator
currents from the physical (stationary) reference frame to the synchronously rotating (d-q) axes. The
encoder is also used to measure speed. The voltage command signals from the field oriented controller
are fed into the matrix converter block, where the matrix converter generates three phase PWM voltage

pulses to drive the induction motor.

3. Three phase AC/AC matrix converter

Assuming that the voltages of the input are cssentially constant during the switching interval, the
average output voltage can be found during any switching interval by the equations

1 Vi Vi2 Vial |t Vol
7 Vo Vis Vaullts| = |V (1)
§ Vi Vil Vi2 I35 VoS '
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Fig. 2. Matrix converter/induction motor drive.

where
V. = Vicos(wit — (N — 1)27/3) (2)
Voy = Vocos(wot + 6o — (N — 1)27/3) 3)
ta+ -+t =T “4)
N=1,2,and 3

where 8, = arbitrary output voltage phase angle and T denotes the switching interval in seconds.

The three output voltages can also be synthesized by switching in the reverse direction such that
during interval f1,, phase a of the input is connected to phase 2 of the output, phase b of the input to
phase ¢ of the output and phase ¢ of the input to phase b of the output. In effect the same ourput
voltages can be generated except that the switches can be described by:

1 Vil VI Vi3 la Vol
T Vo Vi Vallta| =V &)
$ Ve Vis Vi I3a Vos
where

fa + 12 + t3 = Ts (6)
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Since the two switching strategies can produce exactly the same output voltage, in general, the output
voltages can be formed by any combination of the symmetric Eq. (1) and antisymmetric Eq. (5) modes.
That is,

1 Vi Vo Vi) | ts Vi Vi Vi)t Vol
a5 Vie Via Vil |ts| +a2 T Vies Va WV ha|l = | Vi N
*1Va Vi Vil |, S1Vie Via Vi] {a Vo3
where
a+ax=1 (8)

It can be shown that while the output power factor angle ¢, is fixed by the load, the input power
factor can be adjusted to any value consistent with Eqs. (9) and (10).

1 1
o) = 2 +5tan¢ictn¢o 9)
=1 _1 1 .
m=1—Q| = 5 - Etan(qbi)ctn(tbo) (10)

That is, if the power factor angle ¢, is given, then any value of ¢; can be chosen such that neither «,
and o are negative nor greater than one. That is, from inspection

~¢o < ¢ < Po (an

This equation demonstrates that the input power factor can always be made unity. In fact if the power
factor is, for example, 60 degrees lagging, the input power factor can be adjusted to be as much as 60
degrees leading.

It should be noted that regardless of the switching strategy adopted, there are, however, physical
limits on the output voltage achievable with this system. For complete control of the output voltage at
any time, the envelope of the target output voltages must be wholly contained within the continuous
envelope of the input voltages. This limit can be improved by adding a third harmonic at the
input frequency to all target voltages [4]. The addition of this third harmonic increases
the available output voltage range to 0.75 of the input when the third harmonic has a peak value of
V\/4. Further improvement of the transfer ratio can be achieved by subtracting a third harmonic at
the output frequency from all target output voltages to minimize the range of the output voltage
envelope to 0.866 of the peak phase voltage which allows an absolute maximum transfer ratio of 0.75/
0.866=0.866 of V; when this third harmonic has a peak value of V/6. Hence the maximum possible
voltage transfer ratio becomes Vo/V1=0.75/0.866=0.866. A modulation strategy [M(2)] can be found

such that [4]

cos(wot + o) cos(3wit) v cos(3w,t + 36,)
[M{()].[Vi(r)] = V | cos{wot + 6, — %) + =9 1 cos(Buwit) | — —2 | cos(Bwet + 30,) | = [Vo
cos(wo! + 85 + 57) V3 cos(3w;t) cos(3wot + 36,)

(12)
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The switching periods ;{f) are given by the equation

ni(r) ta(f) ns(r)
[Tow (D)) = [le(f) (1) fza(f)] = T;[M(t)] (13)

tu(t) (1) #aa(2)

One can refer to [4] for the equations for [M(1)].

4. Matrix converter model

The implementation of the equations to calculate the switching periods #;(r) for 9 bi-directional
switches with the simulation language ACSL is straight forward because ACSL is a FORTRAN based
language. The bi-directional switches are treated as jdeal switches in the simulation program. The
conditional switch function RSW, which is available in ACSL, was used to obtain voltage pulses which
are associated with each switching interval. For example, to calculate the phase 1 output voltage, the
corresponding ACSL instructions are

voll = RSW((ta.GT.0.0.AND.ta.LE.t11),vi1,0.0) (14)
vo12 = RSW((tb.GT.0.0.AND.tb.LE.t12), vi2, 0.0) (15)
vo13 = RSW((tc.GT.0.0.AND tc.LE.t13),vi3,0.0) (16)

The phase 1 output voltage is expressed as
vol = voll + vol2 + vol3 amn

where tb=ta—t11 and tc=tb—t12. The instruction line of Eq. (14) means that the phase 1 output is
connected to the phase 1 input for the time period from ta=0 to ta=t11. that is, voll1=vil if 0.0< ta <
t11, otherwise vol1=0.0. The time ta is reset to zero at the beginning of each switching period Ts. The
phase 2 and 3 output voltages can be calculated in the same manner.

vo21 = RSW((ta.GT.0.0.AND.ta.LE.t21), vil, 0.0) (18)
vo22 = RSW(tc.GT.0.0.AND.tc.LE.122), vi2,0.0) (19)
v023 = RSW(td.GT.0.0.AND.td.LE.t23), vi3, 0.0} (20)
vo21 = RSW({ta.GT.0.0.AND.ta.LE.t31), vil, 0.0} (21
vo22 = RSW(te.GT.0.0.AND.te.LE.t32), vi2,0.0) (22)
v023 = RSW(tf.GT.0.0.AND.tf LE.t33), vi3, 0.0) (23)
The phase 2 and 3 output voltages are expressed as
vo2 = vo2l + vo22 + vo23 (24)
vo3 = vo31 + vo32 + vo33 25 |

where tc=ta—t21, Wd=tb—122, te=ta—t31, and tf=tc—t22,
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Similar instructions are used to calculate input currents.

iill = RSW((ta.GT.0.0.AND.ta.LE.t11),iol,0.0)

ii21 = RSW((tb.GT.0.0.AND.tb.LE.t12),i01,0.0)
ii31 = RSW((tc.GT.0.0.AND.tc.LE.t13),iol,0.0)
ii12 = RSW((ta.GT.0.0.AND.ta.LE.t21}),i02,0.0)
ii22 = RSW{(tc.GT.0.0.AND.tc.LE.t22},102,0.0)
ii32 = RSW{{td.GT.0.0.AND.td.LE.t23), 102, 0.0)
ii13 = RSW((ta.GT.0.0.AND.ta.LE.t31),i03,0.0)
ii23 = RSW{(te.GT.0.0.AND.te.LE.t32), 03, 0.0)
i133 = RSW((tf.GT.0.0.AND.tf.LE.t33),i03,0.0)
The phase 1, 2 and 3 input currents are expressed as

il = iill + ii12 +iil3

ii2 = ii21 + 1i22 +ii23

i3 = ii31 4 1132 4 ii33

5. Induction motor model

(26)
27
(28)
(29)
(30)
(3D
(32)
(33)
(34)

(35)

(36)
37

The simulation equations for an induction motor in the d—q stationary reference frame are typically

described, for the g-axis stator winding, as [5]

T
Ags = f(vqs -+ l-l;()\mq — Aqs))dt
= Lt
Mg = s+ B
lls llr

= 29 “'_'\mq

iqn - hs

3P ) ,
I.= 5'2‘(/\dslqs - Aqsxlds)
where :
1 1 1
L=1/—+—~+—
" /lls by L

(38)

(39
(40)

(41)

(42)

and X denotes flux linkage, v and / denote voltage and current, respectively. Quantities with subscript q
or d denote g-axis or d-axis quantities and quantities with subscript s or r denote stator or rotor
quantities. r, and r, are stator and rotor resistance and w; is rotor speed. /;; and /, are stator and rotor
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leakage inductances and Ly, is the magnetizing inductance. 7, is the motor torque and P is the number
of poles. Similar equations apply for the remaining d—q compoents [5].

The stator and rotor flux linkage equations are described in the form of integration, which is suitable
for the simulation language ACSL. Eq. (38) is described as Eq. (43) in ACSL.

lamdags = INTEG(vgs — 18"igs, lamdaqs0) (43)

It is important to use the line to line voltage to perform the three phase to d—q coordinate
iransformation because each phase voltage of the matrix converter contains the third harmonic
components to improve the output to input voltage ratio. The coordinate transformation equations to
relate the mauix converter model to the induction motor model are,

Ve — V.

Vq| = abs 3 = (44)
-¥

Vay = —7‘;— (45)

where Vabs=Vo1—Vo2» Ybcs=VYo2 Vo3, and veas=Vo3—Vol.

6. Field oriented controller model

A field oriented controller based on d—q current controllers in synchronous reference frame is
implemented. A typical d—q differential equation in synchronous reference frame is, [3]

Ve, = Taigy +PAG T+ We A, (46)
where
Mg = Lyigs + Lmigy (47)

where quantities with the superscript e denotc quantities in synchronous reference frame. The
conditions of the field oriented control, which enable that the rotor flux vector has only one component
¢ in the d-axis (A3, = 0), are described as

) 22 L T: (48)

- l L Lr L

i =Ny o PG (49)
. __ e rr Lﬂ)
=T (50)

Fig. 3 shows a block diagram of a ficld oriented control of an induction motor including 2 speed
controller. The required slip angular frequency ws to produce a specific motor torque is calculated based
on the d—q current commands and motor parameters, which is shown in Fig. 4, and is integrated to
obtain the slip angular position ¢;. Current regulators guaranice that the desired and actual values of the
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Fig. 3. A block diagram of a field oriented centroller including a speed controller.
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Fig. 4. Slip calculator.

d-q currents are obtained. The voltage command signals which are obtained in the synchronously
rotating d—q frame are, with the stator MMF angular speed, fed into the matrix converter block to
produce PWM switching pulses for the matrix converter.

The exact nature of the speed invariant current control block is explained in Fig. 5. Referring to the
stator voltage equations for an induction machine, Eq. (46) for example, the presence of the ‘“‘counter
emf terms” weAf; and we Af, is recalled. When speed changes rapidly, these terms cause an error in the
current regulator since the integrators of the two PI current controllers must continually integrate at a
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Fig. 5. Details of the speed invariant d—q current regulator.

rate proportional to speed due to the cemf terms in addition to performing their function of regulating
the two components of stator current. This requirement can be eliminated by supplying the counter emf
portion of the applied voltage separately by means of feed forward control as shown in Fig. 5. In this
figure, the speed voltage components we N = wWelmigs + weoLsi, and weAfls = —weoLgi ;s are added to
the outputs of the current regulators. vg; and vge form the applied voltages in the d—q frame, vgs and Vst
where oLy = 1 — L2 /L,L,.

The implementation of the field oriented controller into an ACSL simulation program is straight
forward. PI controllers can be implemented with ACSL operators such as LIMINT. An ACSL statement
described by Eg. (51) performs an integration of iqer igki with an initial value of vq0, bottom bound
on vqint of —vgmax, and a top bound on vqint of vgmax.

vqint = LIMINT (iger*igki, vq0, —vgmax, vqmax) 51}

7. Input filter and power source model

The three phase to three phase matrix converter is completed by filters at the input side.
The output side filters can generally be omitted in motor drive applications, where the stator
winding inductances of the motor work as the filters. One important role of the filters at input side is
to keep the input voltage from changing significantly during each PWM cycle. Another important role
is to absorb harmonic currents, which are generated by matrix converters, to prevent unwanted
harmonic currents from flowing into ac main supplies and to satisfy any power quality regulation
applicable.

A simple filter configuration was examined, as shown in Fig. 6, where a capacitor is connected
petween each line to line at the matrix converter input. The equations for one phase of the filter and
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main fitter matrix induction
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Fig. 6. Input filters and main power source of a matrix converter/induction motor drive.

power source are given as,
d"l

Ve1 — Vi1 = M1 + ISE- (52)
iclf = is1 — éj (53)
i = o (54)
vt = 61} f e 55)
vy = | (56)

where [, and » denote the leakage inductance and resistance of the power source and v~ are three
phase source voltages. The remainder of the fiiter equations are apparent by symmetry.

8. Simulation results

To illustraze the use of these equations, a simulation was carried out with the input source line to line
voltage of 480 V rms. The filter capacitance of 10 uF and the induction motor rating of 40 kW was used
for this simulation run. A waveform of the phase a motor current and a filtered waveform of the phase a
matrix converter output voltage are shown in Fig. 7. The matrix converter output voltage includes third
harmonic components at both the input frequency and output frequency in addition to the fundamental
component. Both third harmonic components do not appear on the line to line motor voltages because
each matrix converter three phase output voltage has the same third harmonic component. Fig. 8 shows
a waveform of the phase a matrix converter output voltage for 3 ms. The wave form of v, in Fig. 7 is a
filtered waveform of v, in Fig. 8. Typical waveforms of the voltage across one bi-directional switch
and the switch current are presented in Fig. 9. Fig. 10 shows how the capacitors at the matrix converter
input work as the filters. Most of the harmonic components of the matrix converter input currents are
absorbed into the filter capacitors. The voltage and current waveforms of the input main power source
are shown in Fig. 11, where it is demonstrated that the input power factor is controlled at near unity

value.
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Fig. 7. A waveform of the phase a motor cutrent and a filtered waveform of the phase a matrix converter output voltage
showing added third harmonic components at both the input and output frequencies, :
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Fig. 8. A waveform of the phase a matrix converter output voltage.
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Fig. 9. Waveforms of the switch voltage and current, which is connected between the input phase 1 and the output phase 1.

The switching frequency of the matrix converter was set at 10 kHz, that is, the sampling interval of
100 ps. The integration cycle in the ACSL program was set to carry out every 1 ps.

9. Harmonic current analysis

Harmonic components of the matrix converter input currents, filter capacitor currents, and input
source currents were analyzed to determine the size of the filter using the FFT (Fast Fourier
Transformation) function in MATLAB. A numerical data file for each current/voltage is generated with
ACSL program.

Then, MATLAB processes the data for FFT. The ACSL program generates data points of waveforms
every 1 s in the simulation described in Section 6. A FFT was performed for the data points of at least
1 cycle of output frequency, that is, when the output frequency is 10 Hz the data file has 100,000 points




186 T. Matsuo et al./Mathematics and Computers in Simulation 46 (1998) 175-195

ig] e B

=200

10 14 18 22 26 30

Fig. 10. Waveforms of the matrix converter input current. the filter capacitor current and the input current of the main power
source,

T D BN N
v P ) i N
-500
200
Isl _"'-\ /""\
w e ~
-200
i0 16 22 28 36 40

time (msec)

Fig. I1. Waveforms of the input voltage and current of the main power source,

for 100 ms of data. MATLAB also calculates rms value and distortion index for each waveform and
creates plot files for spectrum profiles. Typical spectrum profiles of the matrix converter input current,
the filter capacitor current and the input power source current arc shown in Fig. 12.

10. Switching strategy

An Optimized pulse pattern to minimize the input current harmonics, presented in Ref. [3], was
implemented in the simulator for its switching strategy. Each output phase of a three phase to three
phase matrix converter is connected to each three input phase for a certain time period during each
switching interval. Each time period is determined so that each output (Fig. 12) voltage is to be an

average voltage of three input voltage pulses.

h H2 h3

v01=vi;*—f}+vi2*%:+vi3*ﬁ- (57)
fz1 - 2 23

v = Vi| % — Vin k — Viq % —

02 il T, + iz Ts + vi3 T, (58)
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Fig. 12. Spectrum profiles of the matrix converter input current, the filter capacitor current, and the input source current.

I3 32 33
Vo3 = Vi1 * -+ Via ¥ 7+ Vi3 * — (59)
% s T,

The input phase 1 voltage appears in output phase 1 for a time interval #,,, the input phase 2 voltage
for a time interval ¢,,, and the input phase 3 voltage for a time interval ¢,3, where t); + t;; + 113 =T
and the switching interval Ty =1/f; (f; is the switching frequency). When the switching frequency fsis
10 kHz the switching interval T, =100 us. There is no restriction on the sequence of the three time
interval, that is, the output phase 1 can be connected to the input phase 2 first and then phase 3 and
phase 1, or to the input phase 3 first and then phase 1 and phase 2. The output voltage v, remains same
in either switching sequence combinations. There are basically 216 different switching sequence
combinations for a nine-switch three phase to three phase matrix converter to produce specific three
phasc output voltages. Matrix converter input current characteristics depend on the switching sequence
combinations while output current characteristics are not significantly affected by the change of the
switching sequence combinations. ‘

It was found [6] that the input current rms value can be reduced by applying proper switching
sequence combinations, which increase the time period when all the three output phases are short
circuited at the matrix converter input. The condition can be achieved by switching the three switches
connected to the same input phase at the same time. The switching sequence combinations illustrated in
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Fig. 13. Tllustration of one of the switching sequence combinations showing waveforms of three phase output voltages and
three phase input currents during one switching interval,

Figs. 13 and 14 produce the same fundamental components for both output voltages and input currents.
However, the total rms values of the phase 1, 2 and 3 input currents of Fig. 14 are 17%, 39%, and 39%
less than the ones of Fig. 13, respectively. There exist two other switching sequence combinations that
produce minimum total rms values of the input currents, which are the alternative schemes to the one
illustrated in Fig. 14. Balanced three phase input current can be obtained by alternating the three
switching sequence combinations. Low altenating frequency keeps the lowest major harmonic

components near the switching frequency.

11. Semiconductor loss model

The implementation of physical semiconductor models is often not possible or very inefficient in
large systems to be simulated. This is especially the case in the drive system depicted in Fig. 1 where
each of the nine forward and reverse blocking bi-directional current conducting switches is realized by
a back to back arrangement of IGBTs (Common Collector Configuration [6]). Since each four-quadrant
switch (4QSW) consists of 2 IGBTs and 2 diodes, the semiconductor losses of 18 IGBTs and 18 diodes
have to be detected. To solve this problem at low computation time a semiconductor loss model has
been developed which allows on the basis of ideal switching transients a sufficiently accurate loss
estimation of each semiconductor. The loss model contains besides an analytical description of the
significant losses especially an algorithm which determines the type of each occurring switching
transient and distributes the losses to the active semiconductors (2 IGBTs, 2 diodes) of the switches.
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Fig. 14. Illustration of one of the switching sequence combinations, which reduces the harmonic components of the matrix
converter input currents, showing waveforms of three phase output voltages and three phase input currents during one
switching interval.

The commutation of an output phase current from one switch to another in each of the three switch
groups can be described by the gquivalent commutation circuit presented in [7]. Two fundamental
commutations can be distinguished according to the instantaneous power of the load- the inductive
commutation with a positive gradient of power and the capacitive commutation with a negative gradient
of power.

The inductive commutation is initiated by a hard turn-on transient of a 4QSW (IGBT) and completed
by the passive turn-off transient of the other 4QSW (diode} during the interruption of the reverse
current. In contrast to this the capacitive commutation is characterized by a hard turn off transient
(IGBT) and a low loss passive zero voltage turn on transient (diode). Detailed investigations of the
switching losses of hard switching 4QSWs showed that nearly all switching losses are caused by the
active turn on transient of the IGBTs (Wont) as well as the reverse recovery losses of the diodes
(Woprp) during the inductive commutation and the active turn off transient of the IGBTs (Worrt)
during the capacitive commutation.

The basis of the model is the analytical description of these switching losses and the on-
state voltages at junction temperatures of T;=25°C and T,=125°C approximated by the following
equations:

125°C-T;[°
Vee = (Vo-r + Ror + ig‘""T) . (1 - __m-d'—[g]cconrr) (60)
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Vo = (Vap + rop - i) — (Tj[°C] — 125°C) - Ceonp) (61)
) 125°C - T;[°C
Wont = (Aot - ‘gom) (1 - “’TOCJ[—]‘CONT) -F (62)
) 125°C - T;[°C
Worrr = (Aorer - zfm) (1 - —'“To'éT,-c:j—['—]COFFI‘) -F (63)
) 125°C - T,[°C
Worrp = (Aosrp - 157°) (1 - _"'IOOTJ[_J'COFFD) -F (64)
600V — |v¢[V]]
F= (- )
where
Ve Commutation voltage
T Junction temperature
Vg Bias voltage at T;=125°C
ro Dynamic resistance at I;=125°C

A,B,C Curve fitted constants at Tj=125°C, (v.=600 V)

The fitting of the on-state voltages and switching losses for IGBT and diode of the considered
1200 V/300 A NPT-IGBT module SKM400GA 122D with “‘Mathematica™ has produced the constants
given in Table 1. It should be mentioned that the correspondence between the data contained in the data
sheet and the fitted functions is excellent for both the on-state voltages and the switching losses of
IGBT and diode (relative error 5%).

Fig. 15 shows the flow chart of the implemented IGBT and diode loss model for the switch group sg1
(S11,512,:513) of the matrix converter. Because the program parts of the other two switch groups are

completely dual it is sufficient to discuss only the represented flow chart.

First, the state of all switches of the matrix converter is fixed to a starting position in the “Initial”
section of the simulation program. Starting with the run of the integration algorithm in the “Derivative’”’
section the values of the input voltages and output currents of the matrix converter are computed for

Table 1
Fitted parameters of the NPT-IGBT module SKMA00GA 122D (1200 V/300 A) for loss calculation
IGBT Diode
Vorm 0.55 0.4
ot/ 0.11 0.11
Beontm 0.55 0.49
CeonTm 0.16 0.00396
Aont 0.18
Bont 1.01
Conr 0.36
Aorrrm 0.49 0.22
Borrtm 0.79 0.65
0.165 0.69

CorFtm
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Fig. 15. Flow chart of the implemented semiconductor loss model for one switch group of the matrix converter.
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each integration step Ar. The actual loss model begins with a renewed observation of the turned on
switches and a determination of the switch currents on the basis of the current duty cycles. If the active
switch was turned on with the new integration step initially, the type of the occurring commutation is
determined by an analysis of the directions of the commutation voltage (voltage interval) and the load
current [7). Afterwards the turn on losses are computed corresponding to the current values of the
switch current, the line to line voltage and the junction temperature. The distribution of the turn on
losses to the semiconductors of a switch (which means the addition of the occurring turn on losses to
the total turn on losses and the total semiconductor losses of the turning on device) is possible by an
evaluation of the former state of the switches, the direction of the switch current and the type of the

occurring commutation.

The following computation and distribution of the turn off losses of the occurring commutation is
realized in exactly the same manner as in the case of the turn on losses with the only difference that the
turn off losses are distributed to the IGBTs or diodes of the other two switches.

At the end of the detection of the switching losses the new state of the switches is set. After that (or
immediately after the detection of the switch current if the switch was not turned on with the new
integration step) the on-state voltages of the IGBT and the diode are computed for the current values of
the junction temperature and the switch current.

Finally the resulting on-state losses are distributed according to the direction of the switch current to
one IGBT and one diode and the losses are added to the total losses of the active semiconductors.

Since on the one hand the switching and on-state losses are computed at each integration step and on
the other hand also the fitted loss functions approximate the losses contained in the data sheet excellent.
the realized loss model should describe accurately the semiconductor losses of a real matrix converter.

Furthermore the semiconductor loss model is quite fast to compute because only logical operations
and some simple computations have to be carried out.

As an example, Fig. 16 shows the computed on-state voltages of the active IGBTs and diodes of the
switch S|,. Obviously the minimum values of the on-state voltages, the bias voltages, are reached when

the switch current becomes zero.

2
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Fig. 16. On-state voltages and switch current of the switch §), (SKM400GA122D; T;=125°C; f,=10kHz; w=125 rpm;
T=100%).
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Fig. 17. Type of commutation and tun off losses of the IGBT and the diode of §,, which carry the positive load current
(SKM400GA122D; T;=125°C, f,=10 kHz; w=125 rpm; T=100%).

Fig. 17 shows the waveforms of a variable which determines the type of the commutation of the load
current from Sy, to 12 (TR12=2 for capacitive commutations, TR12=—1 for inductive commutations)
and the turn-off losses in the diode (Wogrpi ) and the IGBT (Woppr: ) of 8y, which carry the positive
load current. It is to be seen that the turn off losses are generated in the transistor if there is a capacitive
commutation and in the diode if an inductive commutation takes place.

12. Estimated converter losses

The function of the converter losses of the rated motor torque for three different speeds in Fig. 18
<hows that the losses are strongly dependent on the torque which determines the load current. The

% 5000 ] T ! T 1
a 25%, 50% speed
T 4000 < o
u
z
&
" 3000 4 o o
§ “100% speed
g 2000 - ° 5P
° —e— 25% specd
1000 —— 50% speed B
o - o = 100% speed
1 i L
U 50 100 150 200 250 300

torque {%]

Fig. 18. Matrix converter losses versus the normalized motor torque for various speeds (SKM400GA122D; T=125°C,
£=10kHz).
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Fig. 19. Loss distribution of the IGBT and the diode of S|y which carry the positive load current (SKM400GA122D;
Tj=125°C;f.=10 kHz; T=100%).

decrease of the losses at high torques and high speed (e.g. 100% speed) is caused by the effective
reduction of the switching frequency at the upper limit of the maximum output voltage of the converter.
Fig. 19 shows the distribution of the total semiconductor losses for the IGBT and the diode of the
switch §,, which carry the positive load current for different switching frequencies. The turn on-, tum
off- and on-state losses of the IGBT at 10 kHz are approximately the same for 100% rated torque.
However at high switching frequencies substantial switching losses arise which limit the converter
efficiency essentially.

13. Conclusions

The implementation of the entire matrix converter/induction motor drive system into a simulation
program was presented in this paper, which includes a three phase ac to ac matrix converter, an
induction motor, a field oriented controller and a filter and a power source. In addition to the
implementation of the drive system, a precise loss calculation model for power converters has
been developed and applied to the drive system and the loss characteristics of the matrix
converter were investigated. The harmonic analysis was shown to be a useful tool to develop a
switching sequence combination which minimizes the harmonic contents of the matrix converter input
current.
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