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Abstract — This paper presents the design and construction of an
Indirect Matrix Converter (IMC) utilizing newly available IGBTs
with reverse voltage blocking capability (RB-IGBTs). The design
process involves the characterization of the RB-IGBTs by mea-
suring the on-state parameters and the switching behavior in the
rectifier stage of an IMC topology. Based on analytical equations
the semiconductor losses are calculated and are used to perform
the thermal design and simulation of the cooling system. Experi-
mental measurements demonstrate that the designed IMC is
capable of generating sinusoidal input and output currents and
that the RB-IGBTs ensure low rectifier stage conduction losses
and/or high IMC power conversion efficiency.

I. INTRODUCTION

A survey of the technology state for motor drives shows that
industrial interest in Matrix Converters (MC) is increasing [1-4]
and commercial products are already on the market [2]. This
motivates continuing research on this topic with the objective
to overcome challenges of existing MC structures. Different
indirect (two-stage) matrix converter topologies have been
proposed in the literature [4-6], which require the same or a
lower number of turn-off semiconductors as the Conventional
Matrix Converter (CMC). The basic structure of an Indirect
Matrix Converter (IMC) for four quadrant operation is de-
picted in Fig.1, showing different examples of the bi-
directional switches in the rectifier stage. IMCs offer a reduced
complexity modulation, allowing the system to commutate
safely [4-5] without special voltage or current sensing mecha-
nism, as required for the CMC [7]. A further advantage
compared to the CMC is that no additional over-voltage pro-
tection circuit is required. However, indirect topologies have
more semiconductor devices in the current path from an input
to an output terminal than the CMC. This tends to increase the
conduction losses at their nominal operating point. Recently,
Reverse Blocking IGBTs (RB-IGBT) [8-11] have become
available that enable the construction of a bi-directional bi-
polar switch by employing only two transistors connected in
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anti-parallel. The use of such devices in a CMC potentially
lowers the dissipated power due to the low on-state conduction
losses of the semiconductors [12-17], but as described in the
following sections of this work the switching performance of
the available RB-IGBTSs tends to degrade the system efficiency
unless very low switching frequencies are employed. In order
to take advantage of the lower conduction losses of RB-IGBTs
this paper presents an Indirect Matrix Converter (IMC) topo-
logy with RB-IGBTSs in the rectifier stage and conventional
IGBTs in the inverter stage, as depicted in Fig.2. The RB-
IGBTSs of the rectifier stage switch at zero-current, thus reduc-
ing the switching losses and allowing the converter to switch
with higher switching frequencies while maintaining a high
efficiency. The objective of this work is to design a complete
IMC for motor drive application, which takes advantage of the
lower conduction losses provided by the use of RB-IGBTS.
The paper describes, in Section II, the experimental evaluation
of the conduction and switching performances for the RB-
IGBT [11], the advantageous use of zero-current commutation,
and the choice of the switching frequency based on the meas-
ured RB-IGBT’s characteristics. The device parameters are
used for the analytical loss calculations [18] carried out in Sec-
tion III, which also presents the thermal requirements and the
design of a customized heat sink aiming for highest system
compactness. The completion of the design for a compact pro-
totype is finally illustrated in Section IV including the
hardware structure, input EMC filter specifications, estimated
efficiency and a photo of the constructed prototype. The ex-

Table I — Electrical specifications for the designed IMC.

Input RMS line voltage Uy 3x230V
Input displacement (03] 0°
Output RMS line voltage U, 3 x0-199 V, 0-200 Hz
Max. output power 82, max 6.8 KVA
Max. ambient temperature T, 55°C
Rectifier switching frequency Jor 10 kHz
Inverter switching frequency ot 20 kHz

Load

e
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—

Fig.1: Topologies: (a) Conventional Matrix Converter; (b) Indirect (two-stage) Matrix Converter topology; (c) examples of bi-directional switches.
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Fig.2: Designed Indirect Matrix Converter (IMC) schematic, showing the power circuit including the input EMC filter and auxiliary power supply
connected to both the input mains and “DC link™ in order to implement ride-through capability.

perimental results are presented in Section V. The rated speci-
fications for the designed system are given in Table 1. Finally,
conclusions and an outlook for further research are summa-
rized, including the design of a new IMC employing bi-
directional power switch modules in ISOPLUS packages and
IGBTSs with reverse conduction capability (RC-IGBT).

II. EXPERIMENTAL SWITCHING PERFORMANCE
CHARACTERIZATION OF THE RB-IGBT

RB-IGBTSs are usually constructed as NPT devices [10] with a
proper termination. A possible structure is shown in Fig.3,
where a heavily p-doped isolation region is added at the side
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Fig.3: Internal structure of a Diffusion Isolation RB-IGBT constructed
as a NPT structure with an additional isolation region (p*).

perimeter of the basic structure of an IGBT in order to improve
the reverse voltage blocking capability. Due to this, a similar
switching and conducting behavior as for an NPT IGBT is ex-
pected, including a low on-state forward voltage drop. An
important characteristic is that the devices are not designed for
a diode commutation type of switching because the p-n collec-
tor junction is optimized for conduction, leading to a high
reverse recovery current and a long current tail. These device
characteristics are measured for the commercially available
RB-IGBTs IXRH40N120 from IXYS [10-11], rated for 1.2 kV
and 55 A, in order to provide a basis for the IMC design.
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Fig.4: (a) Switching losses measurement setup and applied pulse pat-
terns with (b) commutation under full current and (c) commutation
under zero current. Not mentioned switch signals are constantly OFF.

Table IT — On-state characteristics for the IGBTs used in the IMC
(measurement results for 7; = 25°C).

ch » RB-IGBT IGBT
aracteristic |\ pHAoN120  FII50-12E
Ur [mV] 878 940
M) 714 52.4

For the conduction losses calculation it is important to deter-
mine the forward voltage drop Ur and the differential
resistance r. This is performed for the IXRH40N120 RB-IGBT
and, for comparison, for an IGBT in the IXYS FII50-12E
module [19], which is implemented in the inverter stage of the
designed IMC. In view of the achieved results, presented in
Table II, low conduction losses are expected.

The switching performance of the RB-IGBT is evaluated util-
izing the measurement setup, shown in Fig.4, that aims to
acquire data for the switching losses calculation and deciding
on switching frequency and commutation strategy for the IMC.
Two types of commutation strategies are applied and all IMC
switching sequences are simulated in the measurements. The
pulse pattern shown in Fig.4(b) is used in the first measure-
ments, where the RB-IGBTSs are forced to switch the full load
current. In the scheme illustrated in Fig.4(c) however, the out-
put stage (S,, and Sy,) is switched into a free-wheeling state
before the input stage switches (S, and S;,) change their states,
thus providing a commutation under zero current. For both
types of commutation different operating points are analyzed
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Fig.5: Examples of the measured switching waveforms for a
switched voltage AU = 200 V (cf. Fig.4(a)) and a switched current
I,aq = 10 A. Different commutation strategies are used for positive
and negative input voltage differences AU. (a) Switch turn-off under
zero current and (b) switch turn-off under full current.



7
6 RB-IGBT, full current
5 on—soff
e 4
= 3 RB-IGBT, zero current
= S,
2 on—off
(1) IGBT, Syrrug-
50 100 150 200 250 300 350
Voltage [V] @)
4
3 RB-IGBT, full current
= off—~on
E 2
2 RB-IGBT, zero current

Sn//~>on

1
IGBT, Sopson —
0 50 100 150 200 250 300 350
Voltage [V] (b)
12
10
RB-IGBT, full current
'E‘ 8 on—off
= 6
2 RB-IGBT, zero CM
4 Sonao/f
X /
0 Diode, Do _

50 100 150 200 250 300 350
Voltage [V] (c)
Fig.6: Examples of the least-square approximated switching losses
curves for different commutation strategies of the RB-IGBT
(IXRH40N120) and for comparison of the IGBT module (FI150-12E)
for 7; = 25°C. (a) Turn-off; (b) Turn-on; (c) Turn-off (diode, FII50-
12E). Note: different vertical scales of (a), (b), and (c).

by varying the load current and the amplitude of the input volt-
ages (u; and uy). The currents (i; and i;) and the voltages
across S, and S,,, are measured with Tektronix A6312 current
probes and LeCroy DA1855A differential probes with a Le-
Croy WavePro 950 oscilloscope. The scope is connected to a
computer to transfer the measured data directly to a Matlab
program where the instantaneous power is calculated and the
energy involved in the commutations is determined. The layout
for the measurement setup is similar to that of the expected fi-
nal IMC layout in order to reproduce the parasitic elements.

The energy involved in the commutations is dependent on the
voltage and current levels. Four characterizing commutation
types are of relevance, namely turn-on and turn-off when the
input voltage difference AU is either positive or negative. The
measured switching waveforms are depicted in Fig.5 for both
commutation strategies. The final result is a least-square ap-
proximation of the measured switching losses to provide

polynomial coefficients for the analytical loss calculations [18].
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Fig.7: Time behavior of the DC link quantities for the implemented
modulation [4] in the interval ¢, € [n/6...n/3] and ¢, € [0...n/6]. The
Rectifier stage switches at zero DC link current.

Examples of the fitted curves are shown in Fig.6 for different
commutation sequences and devices. Table III summarizes
the approximated polynomial coefficients for the RB-IGBT
and the conventional IGBT bridge-leg module (FII50-12E)
used in the inverter stage for both commutation types. The in-
dex “for” denotes a forced commutation (IGBT) and “nat” a
natural (diode) commutation.

Based on the switching energy levels involved in the different
types of commutation, shown in Fig.6, it is evident that the
zero current commutation strategy [4-5] is especially attractive
for RB-IGBTs and makes the IMC the preferred topology. To
guarantee low switching losses a minimal width of the zero
current interval is needed. This interval leads to a dead time in
the IMC which has to be considered for determining the
switching frequency. Fig.4(c) illustrates the sequence for mini-
mum commutation times with an overall dead time of
2.5 ps. In order to limit the dead time to 5% of the switching
period, the rectifier switching frequency is set to 10 kHz. This
results in an inverter stage switching frequency of 20 kHz (cf.
Fig.7, two inverter switching periods per rectifier switching
period T),z). This is a reasonable choice for low power motor
drives (< 10 kW).

III. ANALYTICAL LOSS CALCULATIONS AND
THERMAL DESIGN

The loss calculations for the IMC are based on the procedure
presented in [3] and [18] for a Very Sparse Matrix Converter
(VSMC) with identical operating behavior. Unlikely the
VSMC designed in [3], which utilizes fast switching devices in
both rectifier and inverter stage, the switching losses in an
IMC rectifier stage, built with RB-IGBTS, are not neglectable
and therefore must be calculated. The inverter stage losses and

Table III - Coefficients K;...Ks derived by least-square approximations of the measured switching losses at 7; = 25°C for the specified semiconduc-
tors. Single commutation loss w is approximated by a polynomial equation w(u,i)= K, wi+ Kywi*+ Kyu?+ K, u.i+ Ksu®i® dependent on the

switched voltage, current and device characteristics [18].

Ks [nWs(V2A%)1]

Commutation  Ki ["Ws(VA)']  K; [nWs(VAY)']  Kj [nWs(V)™'] Ky [nWs(V?A)!]
IGBT + Diode [24] Sonsop 129.0 -947.10% 471.10° -84.1.10° 2.52:10°
FI150-12E Soff-son 416 1.75 308-10° 60.7-10° -923-10°°
“Full current” Dot 66.6 -2.54 332.10° 95.4.10° 2.90.10°
RB-IGBT Sonsofisor 3.06-10° -167.0 13.10 -4.37-10° 0.263
IXRH40N120 Soncsoftnar 9.23.10° 56.0 -4.59 30.30 -3.490
“Full current” Soronmat 5.88-107 383 227 253 -0.370
Sonsogs AU> 0 1.85.10° -124 13.00 -3.46 0.506
RB-IGBT Sonmsopy AU< 0 3.16-10° -182 16.70 -5.74 0.550
IXRH40N120 .
“Zero current” Sofrsom AU>0 98 -3.81 1.29 0.22 -6.93-10
Sosom AU 0 446 -24.30 351 0.22 -47.910°




rectifier stage conduction losses can be calculated based on the
equations in [18]. The derivation of the equations for the calcu-
lation of the rectifier stage switching losses is presented below
in (1) to (9).

Due to the symmetry properties of the circuit topology and the
input and output voltage and current waveforms, the following
analysis is constrained to the interval where the input phase ¢;
€ [n/6...n/2] and the output phase ¢, € [0...n/3]. ®, e [0...n/6]
is assumed for the output displacement angle. The switch S,,
switches complementarily with S,, whereas S,., is on con-
stantly. Fig.7 shows the DC link voltage and current for one
rectifier switching period for unity power factor at the output,
where the voltage and current values within a pulse period are
considered to be constant due to the high switching frequency.
For the calculation of the switching losses, the appropriate
voltages and currents can be taken from Fig.7, where the
switched voltage equals to u,, and the switched current corre-
sponds to the current block i, or -ic depending on the output
phase ¢,. The local average switching losses of a bi-directional
switch over the relevant output phase interval ¢, € [0...7/3] is
given by

/6 p
)= 0| [l Tl | 0
where
w(u,i) = Kui + Kyui® + Ku® + K,u’i + Ku’i® 2
u, =01'\/§'COS((/71+7Z'/6) (3)
i =1, -cos(@,—@,) . (4)
i =—1I,-cos(p, + 27/3-®D,). (5)

The global average switching losses are the result of the inte-
gration of the local losses over ¢ € [n/6...1/2]

7/2
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In the interval ¢, e [n/6...n/3] the coefficients K; for AU > 0
are used, because u,;, > 0, whereas for ¢, € [n/3...n/2] the coef-
ficients for AU < 0 are applied (u,, < 0). The evaluation of the
integral leads to
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The total switching losses for the rectifier stage are

Pk =8B ©)

The time between the turn-off of the inverter stage and the
switching of the rectifier stage is given by the freewheeling in-
terval 7111) .., Which is dependent on the modulation index M.
For the maximum modulation index M,.., 7ui1). IS deter-
mined by the minimum commutation time, which is the sum of

t1, tr, and 3 (Fig.4(c)). The rectifier stage switching losses are
calculated for this operating condition. For lower modulation
indices, 7111y is longer and the switching losses are smaller
because more of the remaining charge carriers in the RB-
IGBTSs recombine.

For the sake of brevity Fig.10 summarizes the calculated semi-
conductor losses for the designed IMC at the rated power for a
junction temperature 7; = 25°C. Based on the semiconductor
losses for T; = 125°C a cooling system is designed in order to
maintain the maximum junction temperatures 7, in all semi-
conductors below 130°C. The cooling system comprises three
high performance fans (SanAce 40/28 1U) and a customized
heat sink (R, = 0.07 K/W), designed according to [20]. The re-
sult of the thermal simulation for the given operating condition
is shown in Fig.8. Along the center line of the heat sink, where
the highest temperatures can be observed, the three output
stage bridge leg packages are placed. The influence of the in-
put filter inductors on the airflow is taken into account by
placing them 15 mm from the end of the heat sink to provide
an outlet for the cooling air.

IV. FINAL DESIGN AND EVALUATION OF AN IMC
UTILIZING RB-IGBT TECHNOLOGY

In order to achieve a compact layout with an optimal place-
ment of the components, a 3D prototype model Fig.9 is used,
where the main parts of the converter system are indicated.
The IMC is composed of five PCBs: (1) main board, which in-
cludes the power semiconductors, gate drives, auxiliary power,
current sensors, and parts of the input filter; (2) filter board
with parts of the differential mode (DM) input filter and surge
protection; (3) measurement and signal conditioning board; (4)
PWM generation board (CPLDs) incorporating different
modulation strategies; and (5) DSP control board providing a
software link to a computer and hardware monitoring.

As this IMC is designed for motor drive application it should
provide a safe operating concept in case of mains loss. The ap-
proach chosen is to decelerate the machine after the mains loss
has been detected (and all power transistors of the rectifier
stage have been turned off) and to feed back energy through
the diodes D,,, and D,,, (cf. Fig.2) to the auxiliary power sup-
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Fig.8: Thermal analysis of the designed cooling system including the
customized heat sink (28 fins — 43 x 120 x 180 mm®). Ambient tem-
perature is 55°C and maximum expected junction temperature is
130°C. Input filter inductors are placed 15 mm from the heat sink.
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Fig.9: 3D prototype model of the designed IMC illustrating the me-
chanical placement of the different components.

ply. The main advantage of such a ride-through capability is
that the whole motor drive system remains controllable also
through mains failure.

The input filter, presented in Fig.2, is designed in order to meet
CISPR 11 specifications for Class A equipment. The differen-
tial mode stages are designed as in [21] and the common mode
stages are designed with reference to [3]. The expected losses
in the filtering elements sum to approximately 27 W. For the
gate drives, fans supply and control electronics a value of
30 W is projected. The final power distribution for the com-
plete IMC system at the rated power is shown in Fig.10. The
expected overall efficiency based on the losses measurements
and calculations for the nominal operating point (cf. Table I) is
7= 95%.

The losses in a CMC can be calculated with [18] for the same
specifications and operating conditions. For a CMC, built with
the same RB-IGBTSs the total losses are considerably larger
than for the IMC due to the large switching losses of the RB-
IGBTSs. This makes the IMC the preferred topology for utiliz-
ing RB-IGBTs, once the above mentioned zero current
commutation can not be directly applied to a CMC.

V. EXPERIMENTAL RESULTS

In this section measurements of the prototype IMC are pre-
sented to demonstrate its operation and the in circuit switching
behavior of the RB-IGBTSs. The converter is supplied with a 4-
quadrant linear amplifier emulating a symmetric three phase
grid. At the output a star-connected linear RL-load is con-
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Fig.10: Calculated losses distribution at the rated power of 6.8 kVA
(cf. Table I), Uy = 230 V, M = M.y, and @, = 0°; 7; = 25°C is as-
sumed for all power semiconductors.

Fig.11: Photo of the developed RB-IGBT IMC based on the 3D proto-
type model. Power circuit dimensions: 76 x 120 x 260 mm®.

nected to the IMC. The measurements are performed with a
LeCroy Waverunner LT584L oscilloscope for the operating
point defined as follows:

Input RMS line voltage U; =230V
Input frequency f1 =50 Hz
Output power P, =15kW
Output frequency f>=120 Hz
Modulation index M=0.78.

Fig.12(a) and Fig.12(b) depict the DC link voltage u, the input
phase current i, and the output phase current iz. The DC link
voltage shows the characteristic pattern for the conventional
space vector based modulation scheme [4]. As it can be seen,
the IMC is capable of generating sinusoidal currents of dif-
ferent frequencies at the output and input terminals. The
implemented rectifier stage interlock delay time of 1.5 ps,
shown in Fig.4(b), is determined based on measurements and
adjusted to achieve minimum switching losses in the rectifier
stage. A further increase of this delay time would not lead to a
considerable reduction of the rectifier stage switching losses. It
has to be taken into account that for lower interlock delay
times the input current waveforms and therefore also the THD
can be improved. However, the switching losses would then
increase because the time for the remaining charge carriers to
recombine before the next switching action takes place is re-
duced.

In order to evaluate the in-system switching behavior of the
RB-IGBT, two switching waveforms are considered where S,
is clamped to the positive DC link bus bar and the DC link cur-
rent commutates from S,, to S, and vice versa. The
measurements are performed for the worst case condition. This
is when the RB-IGBTs have to conduct the maximum output
current for the given operating point right before the inverter
stage is switched to the free-wheeling state. The resulting
switching transients are presented in Fig.13(a) and Fig.13(b)
by measuring the collector-emitter voltages of the switches S,
and S,... The achieved switching time is approximately 200 ns.
Due to the reverse recovery effect slight overshoots can be ob-
served for the device which is turned off. The measured
switching behavior and transients prove that the RB-IGBTSs are
suitable for use in an IMC.
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ugy,ce Of the RB-IGBTs S, and S, for the switching from the (a)
higher to the lower DC link voltage level and (b) vice versa.

VI. CONCLUSIONS AND OUTLOOK

The design and realization of an IMC, utilizing available RB-
IGBTS, is presented by considering different aspects of its con-
ception. The analysis focuses on the analytical calculation of
the switching losses for the implemented power semiconduc-
tors, which is carried out through measurements with device
samples. The results show that the tested RB-IGBTs
(IXRH40N120) present very low on-state characteristics,
which lead to low conduction losses in a converter that re-
quires bi-directional switches. However, the switching losses
can be high due to the non-optimal switching behavior. A solu-
tion is the application of a zero current switching strategy,
which is possible in an IMC topology and leads to reasonable
total switching losses, indicating the IMC as a well suited to-
pology for the use of RB-IGBTs. The work shows the
derivation of equations to calculate the switching losses in the
rectifier stage of an IMC, which along with equations from
[18], allow for the theoretical calculation of the total losses.
The complete IMC design comprises different aspects such as
the thermal design, EMC filtering, protection, auxiliary power
and ride-through strategy. The measurements show that the de-
signed IMC is capable of generating sinusoidal input and
output currents and that the desired matrix converter function-
ality can be achieved with RB-IGBTSs in the rectifier stage.

An important aspect of the RB-IGBT rectifier stage of the IMC
is the commutation between the corresponding switches, when
the difference of the two input voltage levels applied to the DC
link equals zero. In this case the resulting commutation voltage
is zero (similar to AU in Fig.4), which leads to a slow commu-
tation and results in increased input current distortion. This
occurs six times within an input period and corresponds with
the contractions in the DC link voltage pattern (cf. Fig.12, *).
As the RB-IGBTs have an unfavorable switching behavior, fu-
ture analysis will focus on this special case for the
commutation of the rectifier stage to improve the performance.

In a next step, a new version of the IMC with RB-IGBTs will
be designed employing ISOPLUS packages configured with
two RB-IGBTSs in anti-parallel, forming a bi-directional switch.
This enables an even more compact design and allows further
reduction in the wiring inductances. Another point for future
research is the use of RC-IGBTSs [22-23], which could be em-
ployed in the inverter stage of an IMC, thus reducing the total
semiconductor silicon volume and lowering the final costs.
The schematic of the power circuit for this future generation
IMC is illustrated in Fig.14.

Bi-directional switches: 2xRB-IGBT Inverter module: 6xRC-IGBT

PN 7
3 o Jlf:lrj oL 1
§ L i

Fig.14: Future IMC concept based on the use of “state-of-the-art”
power semiconductors to achieve maximum wafer utilization. In the

rectifier stage, RB-IGBTs are used forming a bi-directional switch. In
the inverter stage, RC-IGBTSs are employed.
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