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~ Abstract—This paper provides a comprehensive compar- compensate for their limitations, such as the lack of
ison of a Direct Matrix Con\_/erter, an Indirect Matrix Vo|tage step-up Capabi”ty and/or the limited maximum
Converter, and a Voltage DC-Link Back-to-Back Converter output voltage oR6.6% of the input voltage

for a 15 kW permanent magnet synchronous motor drive. - . . . .
The comparison involves the investigation of the passive The main objective of this paper is to describe the

components including the EMI input filter, the required  Key criteria required for a systematic converter system
silicon chip area for a defined maximum admissible thermal  evaluation. Based on this set of criteria, a comprehensive

loading of the power semiconductors, the total losses and comparison of the Conventional (direct) Matrix Converter
achievable efficiency, and a prediction of the resulting (CMC), the Indirect Matrix Converter (IMC), and the

volume of the passive components. With this comparative .
evaluation a systematic procedure is presented that ulti- Voltage DC-Link Back-to-Back Converter (VLBBC), de-

mately allows for determining the application area of the  picted in Fig. 1, is performed for a5kw Permanent
considered converter topologies. Magnet Synchronous Motor (PMSM) drive.
) _ Section 1l first summarizes the main properties of
Index Terms—Matrix converter, voltage dc-link back-to-  the \MC and VLBBC and highlights the similarities and
back converter, comparative evaluation. .
differences between the two converter concepts. Subse-
quently, a brief overview of the considered modulation
schemes and the main converter control loops is provided.
In academia, for a fairly long time Matrix Converters Therewith, the essential converter operating properties a
(MCs) have been considered as one of the future convertelefined and the key criteria required for a systematic
concept for variable speed drives (VSDs) for industry anccomparison are identified. Section Il is dedicated to
more recently also for more electric aircraft or renewablehe passive components and derives the basic relations
energy applications. However, despite intensive researdbetween the volume and the weight of capacitors and in-
for the last three decades, MCs have until now onlyductors and their main lifetime limiting quantities. Based
achieved low market diffusion. The industrially most on these findings, in section IV, the design of the passive
widely used bidirectional, low-voltage ac-ac convertercomponents including the EMI input filter components
topology is the 2-level Voltage DC-Link Back-to-Back of the individual converter topologies is demonstrated.
Converter (VLBBC), also known as \oltage Source Back-Section V briefly presents the main properties of the
to-Back converter. The proponents of the MC technologyselected power semiconductor devices, which forms the
argue that the direct ac-ac power converters without instarting point for a semiconductor area based comparison
termediate energy storage elements would not only allowf the considered converter topologies. Based on the
for a more compact implementation, but also considerablyindings of the previous sections, ultimately, in section VI
increase the system lifetime due to the absence of théhe actual comparative evaluation of the CMC, IMC,
dc-link capacitor. On the contrary, the critics claim thatand VLBBC is performed. This paper concludes with a
MCs would not provide significant advantages that wouldcompilation of the key findings.

I. INTRODUCTION
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Fig. 1. Considered converter topologies, shown withouuirfiter. (a) Voltage DC-Link Back-to-Back Converter (VLEB, (b) Conventional
(direct) Matrix Converter (CMC), and (c) Indirect Matrix @eerter (IMC) with link voltageu and link current.



Il. CONVERTERPROPERTIES L Lo

A. Circuit Topology U I—-—I—NCT ly
1 2

The VLBBC is a two-stage topology (Fig. 1(a)) that is \ IT
formed by a back-to-back connection of a \oltage Source(a) ° °

Rectifier (VSR) input stage and a Voltage Source Inverter L,

(VSI) output stage, which are decoupled by the dc-link - : ! -
capacitorCp¢. The dc-link capacitor serves as an energy U, _L c, % * lUZ
storage element and impresses a constant voltage across T

the dc-link. The inductord enable input Power Factor (b) °
Correction (PFC) under the restriction of boost operation
; ; ; ig. 2. Dc-dc converter equivalent circuits for (a) the VLBEboost-
of the_ input stage. Therefqre, these inductors are in thEuck converter) and (b) the MC (buck-buck converter).
following termed as boost-inductors.
Ac-ac converter topologies without any intermediate

energy storage are referred to as Matrix Convertershe stator inductance.s of the motor. The VLBBC
(MCs). They can provide simultaneous amplitude andepresents a series connection of a boost and a buck
frequency transformation of three-phase voltage-currerdonverter (cf. Fig. 2(a)) and thus features a boost-buck-
systems. Their operating principle is based on the contype characteristic, whereas the dc-dc converter equivale
stant power flow in a symmetrical three-phase voltageof a MC is a buck converter (cf. Fig. 2(b)) and thus
current system. The CMC (cf. Fig. 1(b)) performs thefeatures a buck-type characteristic.

voltage and current conversion in one semiconductor For both converter concepts the motor control is iden-
stage. Alternatively, the IMC (cf. Fig. 1(c)) features a two tical and typically consists of an outer speed control loop
stage (indirect) power conversion. Regarding their basieind two inner current control loops for the d- and g-axis
functionality both MC topologies are equivalent. Their stator currents. The motor control actually is already the
different physical implementation results in a differentwhole feed-back control required for a basic MC based
loading of the semiconductors and a different commutadrive system. The VLBBC requires another three control
tion scheme, which is going to be addressed in this papeloops for its input stage: one outer control loop for the
dc-link voltage and two inner loops for the d- and g- axis

B. Energy Sorage : ) i .
input currents that are impressed in the boost inductors.

Concerning the energy flow, the dc-link capaci€dsc
of the VLBBC enables to decouple load variations fromD. Considered Modulation Schemes

the mains input and to absorb the discontinuous (block- The characteristics of the considered Space Vector
shaped) dc-link currents generated by the switching ofodulation (SVM) schemes are briefly described, starting
the input and output stage. Correspondingly, the inpuiyith the VLBBC. For symmetry reasons it is sufficient to
capacitorsCr of the MC provide the major energy consider only one converter stage, in this case the output
storage between the mains and the load and smooth thRgage of the VLBBC. The switching state of the output

discontinuous input currents that are impressed by thetage (VSI), can be represented by a tripg, s, sc)

load. Due to the absence of an intermediate energy storaggth s; = {p,n}, which is formed by the switching

the input capacitors are the key passive components th@inctions of the three bridge-legs that are connected to the
limit the feed-back of the load on the mains and determingutput phasest, B, and C. The switching statépnn),

the control behavior of a MC system. In analogy to thefor instance, means that the output phasés connected
input capacitors of the MC, the boost inductdtg of {0 the positive dc-bug, and the output phasés and C

the VLBBC absorb the discontinuous (switched) voltagesare connected to the negative dc-budhe corresponding

of the input stage and therewith enable continuous inpu§pace vector diagram is depicted in Fig. 3(b). The selected
currents. The stored energy in the boost inductors is lowmodulation scheme is a discontinuous SVM. Within a
compared with the dc-link capacitor. From a topologicalpulse period the desired output voltage space vegfor
view it could hence be stated that in MCs the intermediat% formed by two active V0|tage vectors and one zero

energy storage of the VLBBC has been shifted to the inpuector. The resulting switching sequence for a phase angle

filter and the load. paz € [0,7/6] of iy equals to
C. Control
. : o .| (pnn)—(ppn)—(ppp)— (ppn)—(pnn)| ... (1)
The main control properties of the individual converter 0 Te

topologies are briefly discussed for a basic feed-back It has been already stated that the IMC topology can
control scheme of a motor drive. From a control pointbe conceived as a back-to-back connection of a CSR and
of view there is no significant difference between theVSI. This topological relationship forms the basis for the
CMC and IMC. It is hence sufficient to restrict the SVM of the IMC. For that purpose the switching states of
considerations to MCs in general. In order to visualize thehe CSR are represented by a duple€t, s,) with s, =
main control properties of the VLBBC and MC, in Fig. 2 {a,b,c} ands, = {a,b,c}. In analogy to the VSI, the
their dc-dc converter equivalents are presented. Theretswitching state(ac), for example, means that the input
L, represents the boost inductofss of the VLBBC  phasea is connected to the positive bysof the CSR
and C; the dc-link capacitolCp of the VLBBC or the and the input phase is connected to its negative bus
input capacitors’y of the MC. The inductorL, models  (cf. Fig. 1). The corresponding space vector diagram of



the CSR is shown in Fig. 3(a). The resulting switchingproper design, the reactive power compensation capability
sequence of the IMC for a phase angle. € [0,7/6]  of VLBBCs is primarily limited by the component ratings,

and apgz; € [0,7/6] is given by whereas for MCs there are different restrictions imposed
by the topology. For standard modulation schemes of MCs
.| (ac)(pnn)—(ac)(ppn)—(ac)(ppp)— the formation of real input poweP; and reactive input
0 power @, can be quantified by the subsequent equations,
(ab)(ppp) —(ab) (ppn) —(ab) (pnn)| ., whereby the converter losses are neglected.
b —(ab —(ab - A
(ab) (pnn) —(ab)(ppn) — (ab) (ppp) P = 3f MiaTdy cos (87) cos () (4)
(ac)(ppp) —(ac)(ppn) —(ac)(pnn)| ... (2) 513
Q1 = M12U1]2 sin ((I)I*)COS ((1)2) (5)

As can be seen in (2), for a complete switching sequence 4

of the 'input stage the switching sequence of the outpultyl represents the amplitude of the input voltage the
stage is repeated for two different link voltage Ievelsamplitude of the output current);» the modulation

- _The_ advantage of t.h's modulation scheme is that t.h?ndex, & the desired voltage-to-current displacement at
switching state of the input stage can be changed durin

. fhe input and®, the apparent voltage-to-current phase
the free-wheeling state of the output stage, when. r]%isplacement at the converter output. Thus, it appears that

. . "he formation of reactive input power is only possible
strategy is required for the IMC. Consequently, Zero-if the real power flow is different from zero and that

Current-Switching (ZCS) of the input stage is enabled . L .
: o . . the maximum reactive input power decreases with an
and therewith no switching losses occur in the input stage

apart from losses due to component parasitics ereasing displacement angle.
P U mp P Hes. Special, hybrid modulation schemes, suggested in [2]
For the CMC a slightly different modulation scheme

is selected than for the IMC, which is advantageous inaIIOW for decoupling the real power transfer from the

. reactive power transfer and hence enable the formation
terms of the CM voltage generation for the CMC. The P

switching states of the CMC are represented by the tripl Of reactive input power aIsp for a purely reactive load
o . ®, = =+m/2). However, if the instantaneous output
(siassiB,Sic). The switching statgacc), for instance, L
. . currents of the MC equal to zero, no reactive input power
means that the input phasgeis connected to the output . . : .
. . can be provided at all, neither with standard nor with
phaseA, and the input phaseis connected to the output . ,
. L extended, hybrid modulation schemes.
phasesB and C. The resulting switching sequence of
the CMC for a phase angle 0/5;1* € [0,7/3] and a
ay € [0,7/3] yields to

E%

Tlm

b

Ml,max =1
O(acc) —(aac) —(aaa) — (aab) — (abb) )

(abb) — (aab) — (aaa)— (aac) — (acc)

®3)

Due to its topology, for the CMC a multi-step commuta-

tion strategy is required to guarantee safe commutation. In
this work a conventional four-step commutation sequence
is considered, which is based on the measured input volt-
ages and the measured output currents. A more detailed
description of all considered modulation and commutation - 4- -
scheme is provided in [1]. c =

T

E. \Voltage Sep-up Capability R Im
Output voltage step-up capability (boost operation) is \ 1 —
a desirable feature of converter systems for drive ap- “2.(npn) “2.(ppn)
plications, as it allows for a less conservative machine
design. The VLBBC inherently provides voltage step-up
functionality and thus is able to maintain the nominal
output voltage also at reduced input voltages. For MCs the
maximum output voltage is limited #6.6% of the input
voltage, and hence the control can only compensate for
input voltage drops as long as the maximum modulation
index M2 = [0...1] is not achieved [1].

F. Reactive Power Compensation U2, (onp) U3, (pnp)

- /
Another preferable characteristic of three-phase ac-ac ¢
converters is the capability to provujt'a reactive inpUt POWE kig 3 (a) Space vector diagram of a CSR with the referenesiret)
in order to compensate the capacitive currents drawn byiput current vectori;. (b) Space vector diagram of a VSI with the
the input filter or to perform active damping. Assuming areference (desired) output voltage vectdy.



I1l. PASSIVE COMPONENTS therewith with the capacitance and with the resulting cur-
A. DC-Link and EMI Filter Capacitors rent ripple at a given operating voltage. For_the_specified
: . operating temperature df0 °C and by considering the
.A frequently used argument_m favor OT the MC is that loss and cooling properties of the capacitors this comnlitio
V.V'th. the_ak_n_;ence of the d(?'“r.‘k c_a|_oaC|tor,_ a con\(ertelis used to determine the maximum current ripple of the
lifetime limiting component is implicitly omitted. With de-link capacitor such that a useful life 660000h can
respect to state-of-the-art capacitor technologies this Qpe achieved. Evaluated for a current ripple frequency
gument however seems to be inadequate. Additionally, i{)f 10kHz and an operating temperature o °C, the
should be noted that also the input capacitogs of the '

MC suffer f . F thi i maximum tolerable rms ripple curret ,msmax can be
sufier from an aging process. =rom this _p_erspec_'veexpressed as a function of the capacitance and yields to
the provided internal energy storage at a specified lifetime

of the energy storage components or simply the lifetime of
the energy storage components are more adequate criteri
for comparing the MC with the VLBBC than the argument

of “thermal aging of the dc-link capacitor” stated above. . . . .

In the following we restrict our considerations to polypropylene X'Cap‘fiC't.o.rS of typical input filters, the
polypropylene (PP) foil capacitors. Fig. 4 presents the twc';(.ESUItIng I_osses are S|g_n|f|cantly lower than for an equally
characteristic foil capacitor types that are utilized for a sized dc-link capacitor in a VLBBC as the voltage respec-

ac converters: dc-link and EMI suppression capacitors. | Ively the current ripple of the input filter capacitors isdo

this comparison X2 and Y2 capacitors, both rated for a hus, the losses are mamly_determmed by the reac_:t_lve
: . currents generated by the mains voltage and are uncritical

continuous rms voltage &05 V, are considered for EMI o2 SO .

suppression for 50/60 Hz applications. An exception is provided by

The volume per capacitance scales with the rate%;e input capacitor<’yy of the MC as they absorb the

. . block-shaped currents of the input stage. In terms of a

voltage and the surge voltage capability. If the relation : . :
. . . worst case consideration (10) has to be considered as
between volume and capacitance is evaluated for mStan%econstraint for the X2 input capacitot& of the MC
for the dc-link capacitors, it is found that the volume P P :

) . . .An additional important constraint for the X2 capacitors
scales for a given rated voltage linearly with the capaci- . . . .
. . . is given by the maximum voltage rise and fall time,

tance and for a given capacitance with the square of the, 2"~ . .
which is inversely proportional to the lead spacing of

rated voltage, which is proportional to the stored eNeT8he capacitors. With reference to [3], for the selected X2
Vo(C,U) « C andx U? (6)  capacitors it may hence be modeled as

L rms,max(C) = 0395 C +48TA C>2uF. (10)

The corresponding equations can be found in [3]. For

As can be seen in Fig. 4, the volume of the)0V dc- duc(C) v v s v
link capacitor {100V at 70°C, 920V at 85°C) scales ‘ 7 ‘ < 2305089 e VC+252:L . (11)
similarly with the capacitance as for the considered X2
capacitors. The resulting mathematical relation, evatiat g pitferential Mode Inductors
for an operating temperature @6°C, yields to
em® 3 DM inductors are required to implement the boost

Vo(C) =2.38 Ot 6.45em C=068uF. (7)) jnductors of the VLBBC and obviously the DM filter
This scaling law is used in the following to determine theinductors of all topologies. In this comparison toroidal
volume of the dc-link and DM capacitors. By utilizing Powder core inductors are considered as they provide

the average density of foil capacitgrs .., the resulting & good compromise between achievable inductance per
weight of the capacitors can be calculated. volume, ac- and dc-magnetization properties, and feature

a soft saturation curve, which is desirable regarding the
mc(C) = pcaveVo(C)  poave 13825 (8)  converter control.

The Y-capacitors have a marginal impact on the filter _1he core material selected is the High Flux biFman-
volume as the maximum allowable capacitance is limited!factured by Magnetics. The main inductor parameters are
by the specified current in the Protective Earth (PE)N® inductance at zero currefiby,o, the inductance at
conductor and is small compared to the required DM inpufh® Peak current valuépy; and the rms inductor current

capacitors. Assuming a maximum tolerable PE current of L.xms @t @ given frequency and temperature. Based on
ToM Y max < 3MA, for 2400V /50 Hz mains system the these quantities the inductors are designed such that the

maximum Y-capacitance value is then limited to desired DM inductance.py is provided at the peak
inductor currentl;, = \/iles and the inductance value
O mmax < Tom,y max _ 41.5nF . (9) drops at the peak current tg, = 80% of its initial value
27Uy fi a zero current.

By inspection of the curves in Fig. 4, this Y-capacitance The starting value of the wire diametés, (current
value hardly contributes to the overall filter volume andconducting cross section) is selected such that a maxi-
is accounted for with a default volume 8f5 cm?® for the  mum rms current densityy, ., of 8 A/mm? results. In
maximum Y-capacitancé€'y max-. order to minimize the parasitic winding capacitance, only
The remaining dimension is the relation between thesingle layer designs are considered. The resulting relatio
capacitor lifetime and the capacitance value. The capacitdetween the boxed inductor volume and the inductance
losses scale with the volume of the dielectric material ands depicted in Fig. 5 as a function of the peak inductor
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Fig. 4. Volume versus capacitance for polypropylene dc, X&l, &2 Fig. 5.  Volume versus inductance for single layer, toroida¥l D
capacitors (B320xx-, B3277x-, and B3292x-series, EPCQ@3paC. inductors based on HF 60 core material (Magnetics).
current and can be expressed as five components of the Fourier-series of the resulting flux
Vi (j L) = (12) density. This quasi-linear loss behavior results from the
Lomi Lo . X selected core material and the applied inductor design,
(FLv,Los T+ k2,v Lo L + K3 v Loy ) L+ limiting the variation of the relative permeability.
(kav on L2 + k5.7 Low Ir + k6,v,Low ) - The wire losses can be calculated by means of the wire

resistanceR,,, which is split into a dc (low-frequency)
component?,, pc and an ac (high-frequency) component
Ry ac. Under the assumption that the wire diameter is

3
kivLpy = 1.99 - 10° m

— 2 cm®
Az.H  k2.vipy =3.11-10 ApH

k3.v,Lpy = 5.82-10° Cﬂf b viipy = —1.06 - 107225 significantly larger than the skin depth, the resulting wire
P 1.13“‘:3 lig v Ly, = —3.56 cm? resistance may be approximated by
For the above scaling factors; v 1,,,, the inductance Ry (T, f,ly) = Rypc + Ry Ac (15)
value and the peak inductor current are restricted to
’ ; Al ( 1)+ o/ Lreu @) i )
I L =1[50...4000/ApH I, =[5...35]A. md2 " 7r

In analogy to the capacitors, the inductor volume scale¥he temperature dependency of the specific dc resistance
for a given peak current approximately linearly with the of copperpc, is modeled by

inductance and for a given inductance approximately with

the square of the peak current, which again corresponds ~ Pcu(T) = pcu2o (1 + acur (T —20)) . (16)

to the stored energy.

- . pcuz20 = 1.76 - 107° QM acur =3.9-107° 55
Vipu (I, L) < L andx Iﬁ

The maximum average inductor temperature is limited
The ratio between the mass of the core material ango 100°. In free air and for a low-profile arrangement, the
copper wire within the boxed inductor volum,,,, is  thermal resistance of the DM inductors varies within
obviously not constant. The weight of the inductor thus K
can be estimated by using an average density, ave- Rinipy =332y Tipy—Ta =40K. (17)

MLy (ILs L) = prp.ave Vios (1L, L) (13) T_he imp_act of the temperature on the Ii_fgtime of the con-
e sidered inductors is significantly less critical compared t

cm? capacitors as for the selected HF 60 cores no temperature
The major loop core losses at the mains frequencysensitive compound material is utilized. A temperature

referred to as low-frequency core losses, are modeled witlependent variation of the core parameters is not required

PLoa,ave ~ 3.0

the standard Steinmetz equation according to as within the specified temperature range the permeability
of the HF 60 material changes only @¥s.
PorerouBH=k-B - {7, (14) ges only vt
C. Common Mode Inductors
k=257-10"°2%- =256 (=123

For the CM inductors of the input filter, toroidal cores
The minor loop core losses due to the current ripplefrom Vacuumschmelze are considered with a tape-wound
referred to as high-frequency core losses, are more ircore made of Vitroperm 500 F. The main design param-
tricate to estimate, as the bias of the core varies with theters of a CM inductor are the impedancg (insertion
mains frequency. The pragmatic approach, chosen herkss) provided at a certain frequency, the CM saturation
is to perform core loss measurements with a squarezurrent respectively the corresponding voltage-time area
wave voltage. The measurement results prove that fgoroduct, and the rms inductor current. In order to mini-
the chosen DM inductor design, the core losses hardlyize the parasitics, again a single layer design is assumed.
depend on the resulting dc-bias along the major loop an@he main design steps are similar to those shown for the
that the HF core losses can be approximated by the firddM inductors and therefore are not presented here. The



TABLE |

CONVERTER SPECIFICATION SUMMARY A similar criterion can be derived for the input ca-
pacitors Cr of the MC by considering the input EMI

Parameter Value filter depicted in Fig. 6. The design relevant operating

Nominal rms input voltage 3 x 400V, 50Hz condition occurs, when the current drawn from the input

Rated continuous output power 15KkVA capacitorsCk is larger than the current supplied to them,

at90% of Uz max and thus the capacitor voltages drops. The voltage

Swm.:hmg frequency 8 kHz, 32 kHz drop Auc,q depends on the DM inductandepy 2 tot,
DC-link voltage of the VLBBC | 700V the in ut’ca acitorCr, and the variation of th7e7 load
PMSM phase inductance 2.0mH...3.0mH P P ¥

current. If the coupling between the d- and g- axis is
neglected, which is allowable for the mains frequencies
of 50/60 Hz and typical filter parameters, the voltage drop
Aucq = dyg U, across the input capacitors is given by

Conducted emission EMC norm Class B, CISRP 11
Maximum ambient temperaturel 40°C

scaling law for the boxed CM inductor volume, evaluated dig ¢ 20)
Atiga = Loy 120 [ () - 1} e
at 100 kHz, equals to res ™y VCr e
View Urs |Z]) = (18) By inspection of (20), two cases for the duration of the
(k1,v Lon L2 + k2. v Loy I + K3y Low) |Z]+ current rise timet,;. have to be distinguished.
(k47v=LCMIE + k5aV7LDM I+ k67v~,LCM) . trise < T/ CrLres and tpse > ™/ CFLyes (21)
& —978. 10~ & _ 789, 10-tm® Mostly, the second case is design relevant, and therewith
LV.Lom = =127 Azq T Vibow O AQ the capacitance of the filter capacitors only indirectly
ks v.Loy = 585107795 kv Loy = 148107793 limits the voltage dropAucq across the input filter

K5V, Lo :5,71.10—1% K6y Loy = 4.49 cm® capacitors. The relative voltage drop is assumed with

Oupe = Ouey = 10% for both the VLBBC and the MC.
Besides the control based dimensioning criterion, for
IV. PASSIVE COMPONENT AND INPUT FILTER the MC also the voltage ripple across the input capacitors
A. Input and DC-Link Capacitor at the switching frequency needs to be considered. In

In order to meet the dynamic requirements that aré)rder to gnable safe operation, the_maximum peak-tp-peak
imposed by the load, for both converter concepts a min\-/Oltage rippleAuc, pp across the input filter capacitors

imum internal energy storage needs to be provided. Fo?F '?’ I'm'Eed t0 duc,, = 10% of the input voltage
the VLBBC, the energy storage is implemented by the2MPlitudeU; and can be calculated to

dc-link capacitorCpc, whereas for the MC the internal I .

energy storage is mainly provided by the input capaci- Aucg, pp,max = 1Crf ducppUr - (22)
tors Cr. The worst case for the VLBBC occurs for an FJsw

instantaneous load shedding at nominal motor operatiorf,n€ maximum rms currentc yms max Of the input ca-
which is caused by the load and therefore cannot be préacitors for MCs occurs at two-third of the maximum
controlled. In order to limit the relative overshoot of the output voltage and@- = 0 for the considered modulation
dc-link voltaged,,. = Aupc/Upc, a minimal dc-link ~ schemes and may be written as

capacitance is required that can be calculated to

ICF,rms,max ~0.41- j2 . (23)
Coe > Py V3LgPyUpc 4 36 (19) Assuming a center-aligned synchronization of the modu-
~ 18U dupe U? <\/§Ul+@) fsw ]’ lation of the input and output stage of the VLBBC, the
V3 maximum rms dc-link capacitor current equals to
whereby regular sampling and a worst case dead time of .
two pulse periodsXTp = 2 f;!) are assumed. Tepe rms,max = 0.67 - I . (24)
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Fig. 6. Considered input EMI filter topolog¢/pn,1 corresponds to the input capacitarg of the MC. The boost inductorsp of the VLBCC
(not shown here) are connected to the terminalsb:, andc; and represent the DM filter inductofspyy,1 of the input filter.
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Fig. 7. Required DM and CM filter attenuation for the VLBBC and Fig. 8. Corner frequency. of an LC for a different partitioning of
MC at a switching frequency o kHz and32 kHz. the total filter volume oftl00 cm? between capacitors and inductors.

Ultimately, the energy storage density in a MC isabove. Therewith, all three converter topologies are epera
compared with a VLBBC. Assuming a symmetrical three-tional and the required filter attenuation can be calculated
phase mains system with a phase voltéigeand a dc-link  The filters are designed for nominal converter operation as
voltageUpc, the stored energy can be quantified by  specified in Tab. | to meet the CISPR 11 Class B Quasi-
Peak (QP) level for conducted emission.

The actual filter design is performed with a custom
By determining the required volume using (7), it is foundQeveIopgd, autqmated filter de5|gn.software. For the DM
that for the considered capacitors and an input rms phaggter design the Impact of the_ load is marg_mal. However,
voltage of U; = 230V, the energy storage density in a for t_he CM filter design a first-order equwe_ll_ent of the
MC is three-times lower compared to a VLBBC with a CM impedanceZ,, o Of the motor oad is utilized. The

1 3 .
Wepe = 5CDCUE,C Wey = 1CFUl2 . (25)

de-link voltage ofUpc = 700V impedance is parameterized based on measurement results
' of PMSMs (LST-series, LTi Drives) including &m long
B. Boost Inductors motor cable.

The boost inductoré g of the VLBBC are dimensioned B
based on the current ripple at the switching frequency. In =m,CM — 32mCom.cm
analogy to the input capacitors of the MC, the boost in-
ductors are designed for a maximum peak-to-peak current

—+ j27TfLm,CM + RII),CM (27)

Cmom =2nF Lyov =435NnH Rymom =2.1Q

ripple Airy ppmax Of dir pp = 20% of the input current  The impedance parameters are valid within the frequency
amplitude/,. range of 100kHz to 8 MHz, which is required for the
1 3U7 high-frequency CM filter design. In order to ensure that
W ( 1= 2UDC> (26)  the CM-inductors do not saturate in the frequency range of
JRWTILPP the electrical input and output frequency of the converter,
C. EMI Input Filter Design also a low-frequency equivalent impedance is needed,
Although different advanced filtering concepts havewhich is not shown here. In view of the wire losses of
been presented for ac-ac converters, as for instance the CM inductors, their core losses are marginal for the
[4] for the CMC, in this comparison a conventional considered switching frequency rangeS8dHz to 32 kHz
multi-stage LC filter topology is applied, in order to and hence are neglected. For the considered modulation
establish comparability with commercial EMI filters. The schemes the DM noise of the CMC and IMC are identical
considered filter topology is presented in Fig. 6. Theand the CM noise spectrum mainly differs in the low
protection devices are not shown. Only the last capacitoirequency range at multiples of the input and output
stage ('pw,1) is equipped with bleeding resistors,. frequencies. Thus, it is sufficient to consider the EMI filter
The first step in the filter design is to investigate requirements for MCs in general. The required DM and
the parameter variation of the passive components. ThEM EMI filter attenuation values, are shown in Fig. 7.
Ayr-value respectively the permeability of the considered The overall filter volume can mainly be minimized by
DM inductor material varies withint8%. For the Vit- an adequate design of the DM filter stages with regard
roperm 500 F material, which is utilized for the CM to the volumetric scaling factors of the capacitors and
inductors, a permeability variation of45%/—25% is  inductors. The basic principle can be best explained by
specified. The variation of the capacitance for the consideonsidering the corner frequengy py of a single LC
ered polypropylene foil capacitor technologies is limitedfilter stage (e.gCpwm,2 and Lpa, 2 in Fig. 6).
to £10%. Consequently, the considered DM filter design 1
margins are set t6 dB for the DM attenuation and0 dB fo= ———
for the CM attenuation. The next step is to design the 27v/CL
input capacitors”r and boost inductoréd according to  The lower the corner frequency is, the higher is the filter
the ripple and control performance based criteria definedttenuation. The linkage between the filter volume: ;..

Ay pp,max =

(28)
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Fig. 9. Boxed volume of the EMI input filter components for the Fig. 10. Total boxed volume of the passives components of tHe8BQ.
VLBBC and MC at a switching frequency &kHz and32kHz. and MC at a switching frequency &fkHz and32 kHz.
and the attenuation can be established by expressing the V. SEMICONDUCTORS

capacitance and inductance value as a function of thg i conductor Selecii
component volume. ' conductor: eiection

Ve Vi WL The considered power semiconductors are latest gen-
C=— L=—  qvrc=-—— (29) eration Trench and Field-Stap200V silicon IGBT4 de-
WC W,’L ) V.0 vices and EmCon4 diodes from Infineon that are rated for
By substitutingC’ and L in (28) with (29), the corner 5 maximum junction temperature 875°C and packed in
frequency is then given by standard power modules with an,8; ceramic substrate.
B 1 _Ww.e W.LC 30 Although, it is known, that CMCs are often implemented
fe= or Ve i 21 \[ Vo (Vo —Ve) (30) Wit Reverse-Blocking IGBTs (RB-IGBTSs), in this com-
.0 WL parison conventional IGBTs are utilized, as only a few

f. is minimal and thus the attenuation is maximum for manufacturers of RB-IGBTs exist and therewith only low
component diversity would be given.

VLc tot ' (31)
] 2 ) ~ B. Required Semiconductor Chip Area
In other words, independent of the volumetric scaling

~v.Lc between the capacitors and inductors, the maxi-hIn order tg provide a common fbﬁs'i/ If_cgégveﬁt'gg&rg
mum attenuation of a singleC filter stage at a minimal the semiconductor requirements of the , the '

filter volume is achieved if one half of the total filter "é”d the me. ;‘Ciemic"”?“dord fyea basl_e(zlj Converter
volume is utilized for the capacitors and the other half for omparison ( ) is performed. The applied algorithm

the inductors. This optimization approach was suggeste ete_rm.in_es the minimum requiret_j semiconductor area for
in [5] for optimizing the drive train of an electric vehicle. the individual IGBT and diode chips of all converters and

In Fig. 8 the resulting corner frequency is plotted versudtt given operat:cng:] p(l)gI;sTsuchdtf;gtége average jun(;,tlon
the partitioning of the capacitor and inductor volume fortémperatures of the > and diotss/p are equa

different scaling factors between the inductor volume and)(rj less than ?r;])_redefm%d maximum Va]lﬂﬁma"'_ The
its inductance and the scaling of capacitors provided ipdvantages of this consideration are as follows:

(7). The implemented filter design algorithm additionally e The algorithm ensures an optimal partitioning of the
ensures that semiconductor chip area and thus avoids a converter

performance reduction due to an inadequate chip
area selection.

By adjusting the average junction temperature to a
predefined maximum value, an essential precondition
is provided for limiting the variation in the lifetime
of the semiconductor modules of the individual con-
verter topologies.

VC,opt = VL,opt -

« the filter resonances do neither occur at the switching
frequency nor at the beginning of the EMI measure-
ment range ai50 kHz, °

o passive damping is provided for the resonances
above the current control bandwidth of the converter,

« the output impedance of the filter is minimized,

o the lifetime based loading limits of the passive

components (cf. section IIl) are fulfilled, Different design relevant operating points in the torque-
« the total reactive power of the filter including the speed plane of bidirectional motor drives were identified.
input capacitors(r) is below 15% of the nominal « Motor operation (OP1) and generator operation
converter output power, and (OP5) at nominal output current, nominal electrical
« an nominal efficiency of the EMI input filter of at output frequencyf, = 150 Hz, and nominal output
least99.6% is achieved. power of P yom = 15KW.

The required boxed volume of the EMI filter components « Motor operation (OP2) and generator operation
(without the boost inductors of the VLBBC and the input (OP4) at an electrical output frequency equal to the
capacitors of the MC) is presented in Fig. 9. Ultimately, input mains frequencys, = f; = 50 Hz.

Fig. 10 shows the total boxed volume of the passive « Motor operation (OP3) at electrical stand-still at the
components. output fo = 0 Hz.



The current rating of transistors and diodes is pro- 10T B IGBT, main circuit B IGBT, protection
portional to the active chip ared yip act, Whereas the I Diode, main circuit O Diode, protection
differential forward resistances,p r is inversely pro- 8
portional to the active chip ared uip ac.. The resulting
thermal impedance between the junction and the heat sink -~ ¢

Zin,3s IS inversely proportional to the total chip area f,/
Achip > Achip,act and depends on the semiconductor 5 ﬂ
module assembly and the cooling system. =
IS/D,nom X Achip,act Ts/D,F X AAChip,acti1 (32) 2
Zth,JS X f4chip71 (33)
C. Cooling System 05 : : ‘ ‘ ‘
g Sy ) _ ) 8k 32k 8k 32k 8k 32k
The cooling system design aims for a simple and VLBBC CMC IMC

compact construction with an average Cooling System

Performance Index (CSPI) betwedid W/(Kdm®) to  Fig. 11. Required minimum semiconductor chip areasTfgr= 40°C

12 W/(K dmg) The demanded characteristics can besuch that at OP1 and OPB; < 150°C for all power semiconductors
. e . . . at a switching frequency d§ kHz and32 kHz.

achieved with a forced air cooled, customized aluminum

heat sink. For the heat sink a sub-optimum design, sug-

gested in [6], is applied to simplify the manufacturing \ g tages of the PMSMs are matched to the output voltage
while still maintaining superior cooling performance. Theranges of the VLBBC and MC such that 2% of the

thermal resistance of the cooling system between the hegi,imum output voltage of the converter and at equal

sink and the ambient aif, cs is expressed as a function gjectrical output frequency of50 Hz all drives deliver
of the lengthics > 160mm and for a given width of 1o same nominal shaft power.

200mm of the cooling system. In this comparison, for all converter topologies the

Runcs(los) = k1rosl2s + karoslos + kspes  (34) minimum semiconductor chip areas are determined such
’ 77’ K ' ' Lk that 7 max is equal or less thai50°C for all semi-
kires = 750107 e k2ros = —443- 107" conductor chips at the operating points OP1 and OP5
ksres = 1.05-107" & and at an ambient temperatufg of 40°C. The required
The boxed volume of the cooling syst ields to sem[conductor th'p areas are d'eplcteq n .F|g. 1A
g systels y detailed description of the SACC is provided in [7].

Ves(les) = ki vesles + ko, ves - (35)
Fives = 92022 oy = —3.36 - 10" cm?

mimn

B. Main Results

For the considered5 kW drive system with PMSMs,
D. Protection Concepts both the CMC as well as the IMC enable a more compact

All converters should enable a controlled emergencmplementatmn than the VLBBC. For the considered

A . . .
stop of the drive, even in case of mains phase loss. Fo(}dentlcal) component selection and design and at a

that purpose the VLBBC requires only a brake choppe V\r/ggh':tgo:ecgl,:ﬁgztgf kg:zh:ztsz'l[r?eco;;e'p; ilcl)?;vsofénts
that is connected across the dc-link capacitor. For thé& reduct volu passiv P

CMC and IMC it is assumed that the auxiliary supply |t)r10Iud|Pgttr1re ?ia; s'nrkn byradfa\l;l:ittcr)]r ?: a\nl?_gé?g k?ﬁi
is implemented with a three-phase diode rectifier that jgy @ factor ot 1.5 compare N ' s
connected to the input phases and thus provides a OIvolume reduction is mainly due to the absence of the

bus voltage of approximately/G [;. In order to provide %bost inductors. For a switching frequency 8kHz,
1- . .
. : laminated iron cores or amorphous tape-wound cores (e.g.
a path for the motor currents during mains phase los . X
P g b ﬁbowerllte, Metglas) could be used for the boost inductors

for the CMC an additional three-phase diode rectifier ; .
needs to be connected between the output phases and fethe VLBBC instead of powder cores as considered.

(high-voltage) dc input of the auxiliary supply. For the . is would allow for redugmg the volume of the boost
IMC, only two additional power diodes are required thatmdUCtors' Thus, t_he previously stated factor ‘ffor
» Oy . P . : g . the volume reduction between the VLBBC and the MC
connect the rails of the intermediate link to the dc input .
of the auxiliary supply. at 8kHz would then_ be reduc_:ed te.5 (cf. Fig. 1Q).
Unfortunately, the higher achievable power density of
MCs is overshadowed by the lack of desirable, basic con-
verter properties such as output voltage step-up capabilit
A. Setup unconstrained reactive input power compensation, simple
All three drive systems are designed to operate on &ed-back control of the input currents, and the possjbilit
balanced three-pha$e Hz mains system with a nominal for single-phase operation.
voltage of400V and to meet the CISPR 11 (Class B) The resulting total efficiency of all three converters
EMC standard for conducted emission. The converterfor the considered worst case at an ambient temperature
are controlled to provide unity power factor at the input.of 40°C, a junction temperature of50°C, and for a
The dc-link voltagel/p¢ of the VLBBC is assumed with  minimum semiconductor chip area varies betwéér%
700V. In order to enable a fair comparison, the ratedand 95.2% at 8kHz and betweer93.2% and 93.9% at

V1. COMPARISON



32 kHz. For switching frequencies abo2@ kHz the semi-
conductor chip area (without the devices for protection)

TABLE Il
CONVERTER SYSTEM PARAMETER OVERVIEW

of the CMC is smaller than for the VLBBC. For the | Parameter VLBBC | CMC IMC
considered switching frequency range and semiconductgrNominal output voltage 256V 175V 175V
design the IMC always requires a larger chip area comp Nominal output current 196A | 28.6A | 28.6A
pared with the VLBBC and CMC. If the VLBBC and | BoostinductorsL 8k | 2.0mH - -
CMC are implemented (including the chopper IGBT and : 32k | 0.5mH — —
protection diodes) with the same total semiconductor arep "PUt capacitor<s ?;t - i‘g “IE ;lg “E
of 7.4cm’, which is required by the IMC a&2kHz, then |5~ apaToCos sk | 10L.F 5”’; 5;;
at 32kHz the CMC provides the highest semiconductor (Ubc = T00V) 39k | 25uF | 5uF 5 LF
. DC i W Iz
efficiency of 95.1%, whereas the VLBBC and the IMC | pacsive components 8k | 8.4dm? | 2.3dn? | 1.9dn?
allow for a semiconductor efficiency 0$4.6%. The (including heat sink) 39k | 4.1dm? | 2.9dm? | 2.4dm?
results of the comparative evaluation are compiled N Number of gate drivers 12 18 12
Tab. Il. For a commercial converter system typically more| Semiconductor chip area 8k | 3.7cm? | 5.2cm? | 6.7cm?
semiconductor chip area would be implemented and foy (73 < 150°C) 32k | 5.5cm? | 6.0cm® | 7.4cm?
the VLBBC more dc-link capacitance would be provided| Semiconductor efficiency 8k | 96.7% | 94.8% | 95.6%
than the determined minimum value. Assuming a dc{ (OPVOPST; = 150°C) 32k | 94.4% | 93.9% | 94.6%
link capactiance oft50 uF (10 uF/kVA), the volume of | Total efficiency 8k | 95.2% | 94.2% | 94.9%
the passive component of the VLBBC would increase a (OPL/OPST, = 150°C) 32k | 93.3% | 93.2% | 93.9%

8 kHz by only 2% and at32 kHz by 15%.
C. CMC versus IMC

However, the strong competitor of the MC technology

The major difference is given by the fully symmetrical in this application area obviously is the VSI with a B6

topology of the CMC compared to the IMC, which leads
to an even loading of all semiconductors of the CMC. The
simple commutation of the IMC due to its two-stage struc-

diode bridge rectifier (B6-VSI), which is an industrially
well established and reliable converter concept allowing
for a high efficiency betweeAd7% and 98%. Since the

ture is achieved at the expense of more, potentially nop6-VS! enables an input power factor above) and

evenly loaded power devices in the current path, whictgvidently also provides compliance to the considered
results in a higher semiconductor effort compared to thé-/2ss B (CISPR 11) EMI standards, the main advantages

CMC. The CMC should hence be selected for applica-Of the USMC compared to the B6-VSI is its potential for

tions, where the conduction losses are dominant. For higffducing the volume of the passive components and the

switching frequency MCs, where advanced (expensive?'nlgso'dal,'npUt Ic'urlrerlts.' i« limitai he MC d
semiconductor devices are indispensable, the IMC should ue to its multiple intrinsic imitations, the MC does

be considered, as it enables more degree of freedofPt S€€M t0 be the appropriate topology for a general pur-

regarding the combination of different semiconductorg?©Se: flexibly configurable, bidirectional, low-voltage ac
(e.g. SiC JBS diodes only in the output stage). ac converter. For such requirements, the VLBBC clearly is

the preferred choice. In conclusion, in the low-voltage and

VIl. CONCLUSIONS low-power ac-ac converter segment the MC technology is

The MC represents a converter concept that aims at
minimizing the internal energy storage. This key converter

system property should be considered as an assessment

rather restricted to niche-applications.
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