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Abstract-L oss estimation is a critical aspect of inverter design.
The present work investigates the losses occurring in the
DC-link capacitors of the three-phase three-level Neutral Point
Clamped and Cascaded H-Bridge inverter topologies, by
performing a harmonic analysis of the capacitor currents.
Results are verified by simulations. Their analysis reveals the
advantage of the NPC inverter.

l. INTRODUCTION

An essential part of voltage source inverter (M&3¥ign is
the selection of DC-link capacitors. The capacitare a
sensitive element of the inverter and a common csowf
inverter failures. Capacitor lifetime is highly efted by
thermal stresses that occur due to internal capalisses.
DC-link capacitor losses can be significant, hesioertening
the capacitor lifetime and decreasing the invepemwer
output. An accurate estimate of these losses catmiloote in
the design processes of sizing the inverter DC-iaacitors
and estimating the efficiency of the inverter.

Losses in a DC-link capacitor occur because of
Equivalent Series Resistance (ESR). The rms vafuthe
total current flowing through a capacitor can pdavia first
approximation for its losses. The literature camgairms
expressions for the capacitor current of the twell¢l] — [3]
and the three-level Cascaded H-Bridge inverters & of
these expressions for loss estimation assumesed SR
value. However, the ESR is a function of the freguyeof the
capacitor current [5], [6]. Since the current ofD&-link
capacitor comprises several harmonics located féerelnt
frequencies, it is necessary, for accurate calioumaif losses,

to determine the rms values of the capacitor ctirren

Losses are also estimated using the rms valueeofatial
capacitor current and a single value for the ESke fhree
topologies are compared on the basis of both ofethe
estimates. Throughout the analysis, a ripple-fr€: ddrrent
is assumed to be supplied by the inverter DC sgurce

Section Il gives a description of capacitor ESR
characteristics and relates them to expressions tse
estimating capacitor lifetime. Section Ill preseexpressions
for the rms values of the DC-link current in thereth
topologies and uses these values to calculate Gdir
capacitor losses based on a constant value of $f HEhe
method that is used for the analysis of DC-link rent
harmonics is summarized in Section IV, along wité tesults
of its application to a two-level inverter. Sectigncontains
the main part of the present work, which is conedrmith
the derivation of the analytical expressions fag IC-link
current spectra of the three-level Neutral Poinangbed
(NPC) and Cascaded H-Bridge inverters. The resaits
presented and validated in Section VI. The comparis
iretween the three topologies is included in theesaection.
Section VII discusses the use of capacitor totatecu rms
expressions and a fixed value of ESR for loss edions and
Section VII summarizes the final conclusions.

. CAPACITOR ESRCHARACTERISTICS

The Equivalent Series Resistance of a DC-link ciémac
varies with the frequency of the capacitor curréntypical
ESR - frequency characteristic is illustrated ig. Ai [5].

In case that more than one current harmohjowith rms

harmonics and use the appropriate value of ESReémh valuesly, s and frequencief, flow through the capacitor, the

harmonic. The losses can be then estimated asitheo&the
losses caused by the different harmonics.
A harmonic analysis of DC-link capacitor currenshzeen

derived in [7] for the two-level inverter. This papextends

this analysis to the three-level Neutral Point Gdach (NPC)
and Cascaded H-Bridge inverters topologies. Theltieg
current spectra and a capacitor ESR — frequenawpctaaistic

are used to provide estimates of the DC-link capatbsses

in the two three-level topologies as well as the-tewvel
topology.

lossesP occurring on the capacitor’'s ESR can be calculated
using equation (1) below, wheRe(f,) stands for the value of
ESR at frequenc.

Pzzh:RC(fh)Dlﬁ,rms

Losses affect the capacitor lifetime, since theyseaheat
dissipation and thermal stress. A factgipe iS used by
capacitor manufacturers to quantify the effect ofrent
ripple on capacitor lifetime.
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Fig. 1. ESR — frequency characteristic of a 4.750V capacitor [5].
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Fig. 2. Capacitor losses estimated using totakeclirms expressions.

Kripple iS given by the following equation [6]: TABLE |
( ) LIST OFPARAMETERS
KRippIe = 2\8T~4T /5, Quantity Symbol| Valuel  Unit
| 2 Rc(f ) | 2 DC-link voltage Ve 800 \
Fundamental frequenc 50 Hz
AT:ATOEE( “J:ATOEE H @) Cartor roquency | 2 | wid
arrier frequenc Z|
n\ 1oF, h Rc(fo) lo duenty
Load resistance R 2 Ohm
where AT, represents the increase in capacitor core Load inductance L. 2 mH
Load power factor cogf | 0.954

temperature due to the rated ripple currénandf, represent
the rated ripple current’'s amplitude and frequereyl, and

f, represent the amplitude and frequency of currantnbnic
h. F, is a current multiplier given in data sheets oriwiel

from the ESR characteristic.

. DC-LINK CURRENTRMS VALUES

The rms value of the capacitor current can prowdast
approach to estimating its losses, using the eguaielow:

P=RIZ =R 12 ms @3)
h

The use of rms values for the estimation of lossgsies
an assumption of constant capacitor ESR valkg
throughout the whole frequency range. Section XHreines
the conditions under which this assumption can I¢ad
acceptable loss estimations. Equations that gieectirrent
rms values of the two-level and three-level
Cascaded H-Bridge inverters are included in the ehplix.
Their derivation for the case of the two-level irtee can be
found in [1] — [3]. The three-level inverter equets are part
of unpublished work [8]. An equivalent result fohet
Cascaded H-Bridge inverter is also found in [4]. idt
important to note that the two-level inverter Has same rms
value of capacitor current as the three-level NR@iter. An
rms-based loss estimation gives equal results Hfeset two
topologies and higher values for the Cascaded ggri
inverter. Fig. 2 illustrates the variation of cajpaic losses
with Modulation index for the three topologies. TNaues of
the expression parameters are summarized in Table |

V. DC-LINK CURRENTHARMONICS

A more accurate approximation of DC-link capaclomses
requires a harmonic analysis of the capacitor ourréhe
method used to analytically derive the current speis the
well-known geometric wall model, introduced by H.Back
in [9]. The method has been widely applied for gnialg the
harmonics of the output voltage of different ineert
topologies and PWM strategies [10]. The authorfrplised
this model for the analysis of the DC-link capacitarrents
of a two-level inverter. The resulting spectra aoenbined
with the ESR characteristics as shown in (1) tovio® a
more accurate estimation of the losses than thatiged by

A).

A. Summary of Black’s Geometric Wall Model

NPC andThe geometric wall model provides an alternativey\ﬂa{
in PWM

representing the process of pulse generation
converters. The carrier and reference waveformgetheawn
in a transformed plane, so that the intersectiata/éen the
new waveforms define the same train of pulses @astiginal
PWM method. The carrier waveform in this plane sumto a
straight line (assuming natural sampling) and thierence
waveform is transformed accordingly to form closedions
referred to as contour plots. The width of the gatesl pulses
is periodic with respect to both dimensions of tieev plane.
The function that describes the pulse train camefbee be
written as a double Fourier series. The Fouriehyaigresults
in a spectrum that plots the function in the fregryedomain.



B. Analysis of DC-Link Capacitor Current using the The following solution is given for the three-lev@hase-

Geometric Wall Model

The geometrical wall model has been widely appfied
the harmonic analysis of voltage pulse trains, asmtioned
earlier. The model
intersections that define the pulse widths. Thesiatp are
used to chop a constant waveform, whose amplitsicjual
to the pulse height, and convert it to a pulsentrahen
studying converter output voltages, this constaaweform is
the DC-bus voltage.

In the case of DC-link capacitor current, the wavef that
has to be chopped is a sinusoidal output currenthef
inverter (assuming in this paper a sinusoidal currat
fundamental frequency). For the cases of integefiecato
fundamental frequency ratios only, the resultingofmped)
current waveform is periodic, so it can be analybgdthe
geometrical wall model and expressed as a doubleidfo
series. However, an extension of the Fourier coieffit
integrals (see (4) for example) over a large numobgkr
fundamental periods also yields identical expressior the
Fourier coefficients, while covering the cases of finteger
frequency ratios [10].

The DC-link capacitor current harmonics of a tweele
inverter were analyzed in [7]. The derivation wassdd on
the current of the IGBT/Diode module V1 of phas¢hat is
connected to the positive-end of the inverter’'s RS- The
Fourier coefficients of this current were proved#given by
(4) below, whereM(y) is the function that defines the volta
reference waveform antl represents the amplitude of tl
load current.

1 M) ()
"y == | |2 cody— @)@ ™ ™dxdy (4
=5 {JZ@_M(YD {y-9) y @

The respective coefficients for the currents of thmper
modules V3 and V5 of inverter phases B and C arergby
(4), multiplied bye*"™® and 2", respectively. Since th
capacitor current is the complex sum of these timedule
currents, excluding the DC component that is assutoe
come from the DC source, the capacitor current iEour

coefficients can be calculated using the followaggation:

mny

1 mny
V3

mny —mny |
c— V5

+ (5)

V1 +

V. DC-LINK CURRENTHARMONICS OF THREE-LEVEL

INVERTERS

A. Neutral Point Clamped Inverter
As in the two-level inverter, the instantaneous reoir

flowing through the DC-link capacitor of the NPGrémter is -

the complex sum of the currents through the invirtiaree
upper modules (V1A, V1B, V1C), shown in Fig. 3. Ramnic
analysis of one of these module currents is sefficito
calculate the DC-link capacitor current harmonics.

Disposition Pulse Width Modulation (PD PWM) method
using two in-phase triangular carriers and a simao
reference waveform. The application of the georoetrall

provides the points of waveforrmodel to the three-level PD PWM results into thel wepdel

contour plot illustrated in Fig. 4 [10]. According this plot,
the output voltage for phase A is positioBly in the closed
region at the center of the graph. Hence, thishés region
where module V1A carries the current of phase Ae Th
complex Fourier coefficients @f; will therefore come from
(6).

mre 7M cosy

L7 e
lyia = ﬁ J j_ cos(y—qo) e nY)dXdy (6)
-2

7iM cosy

The results are summarized in the Appendix. Theadcitqr
current coefficients are given by a complex sure &), for
modules V1A, V1B and V1C.
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Fig. 3. Three-phase three-level Neutral Point @ledghinverter.
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Fig. 4. Contour plot for the three-level PD PWMthaal [10].



B. Cascaded H-Bridge Inverter VL. VALIDATION OF DC-LINK CURRENT SPECTRA AND
Unlike the NPC inverter, the current of each cajoadn COMPARISON OFINVERTERLOSSES
this topology is only determined by the operatidntile  The two three-level inverter topologies were sirtedain
respective H-Bridge. Hence, the derivation of aat#pr the SimPowerSystems Toolbox of Matlab — SimulinkisT
current is not given by an equation in the form(8f. The section presents the DC-link current spectra ddrixgng the
current that will be harmonically analyzed for thépology results of the harmonic analysis and compares thiémthe
will be iga, as shown in Fig. 5. The AC component of thigpectra that were taken from the simulations. Eignd Fig. 7
current flows through the DC-link capacitor of pbas illustrate representative results for the NPC araboaded
Since the purpose of the present analysis is ttomera H-Bridge inverters, respectively, for the operatpagameters
comparison between inverter topologies, it is in@ar 0 symmarized in Table | and a Modulation index edad.85.
select a switching method for the Cascaded H-Bridgerter The analytically-derived ~ spectra were validated by
that is equivalent to PD PWM for the NPC invertér. simylations for a wide range of operating parameteues
discontinuous PWM method, that yields equal switghi (Modulation index, load power factor, fundamentaida
losses and the same output voltage spectra fortwle carrier frequencies).
topologies, is described in pages 504 — 506 of.[Hlllse  Based on the results of the harmonic analysis, iDIC-I
generation is again based on the contour plot of #i The |psses were estimated assuming that the capaciBiRsE
output voltage for phase A is positive the region at the fo|iow the characteristic of Fig. 1. The NPC and ascaded
center of the plot and negative in the regionfiatsdges. The H-Bridge inverters use two and three of these dépac as
currentiga of the Cascaded H-Bridge inverter is thereforghown in Fig. 3 and Fig.5, respectively. The tweele
equal to the phase currepf or the opposite of it () in the jhverter that is also included in the comparisomsuswo
respective regions. Its Fourier coefficients aregiby (7). capacitors, connected in series.
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The Appendix contains the detailed results. Apannfthe
DC component, the capacitor current of phase A is
harmonically described by the coefficientd ff
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Fig. 5. Three-phase three-level Cascaded H-Biinlggrter.
Fig. 7. Estimated and simulated spectra of the & H-Bridge inverter.
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Fig. 8. Capacitor losses estimated using harmemédysis

The capacitor current rms expressions can be ussmiding

to (8) below to provide DC-link capacitor loss gstions.
Harmonic analysis is still necessary to obtain ahgplitudes
and frequencies of fundamental and baseband hacs)dmit
does not need to extend to carrier and sidebarnthdmcs.
The subscriptd=/B under the sums in (8) denote that they
refer to the fundamental and baseband harmonigs bnthe
second termRc corresponds to the high frequency constant
value of the ESR.

[E.

— 2
P= ZRC(fh)DIh,rms+RC
F/B
Equation (8) is not applicable to inverters thatrape at
low switching frequencies or use capacitors witffedent

2 —
rms

Z I r?,rms:| ®)

F/B

A plot of the estimated DC-link losses of the threESR characteristics. In these cases, certain cars@eband

topologies against the Modulation index is showrFig. 8.
The plot indicates that the Cascaded H-Bridge itevenas
the highest amount of losses. The losses in thdifiksf the
NPC inverter are significantly lower, while frometlsame
aspect, the two-level inverter is the most effitiamong the
studied topologies.

VII. DiscussioN

Comparison of the two plots in Fig. 2 and Fig. 8eads
that for the three-level topologies there is a bigtaleviation
between the loss estimations based on the DC-lurkent
rms expressions which assume a constant capa@ter &d
the harmonic analysis, respectively.
estimations are similar for the case of the tweeldnverter.
This difference is attributable to the shape of ¢kectrolytic
capacitor ESR characteristics.

A close examination of ESR characteristics of etdytic
capacitors indicates that their ESR decreases domdnic

harmonic groups may belong to the low frequency ESR
region and therefore the results of a complete baim
analysis should be used according to (1).

Two-level inverters generally switch at lower freqgies
compared to three-level inverters with the samegrawtput,
because of their higher voltage-rated power sendigctor
modules. They are therefore more likely to have low
frequency carrier and sideband harmonics. Increds8R
values for these harmonics can decrease or rewviise
advantage that the two-level inverters have over ttiree-
level topologies, and particularly the NPC.

VIII. CONCLUSION

In contrashe t

This paper investigated the losses occurring intBelink
capacitors of the three-level NPC and Cascaded itfgBr
inverter topologies. The three-level NPC invertesvproved
to have a significant advantage over the Cascad@didde
inverter in terms of its DC-link losses. The twedéinverter

frequencies between 50 Hz and 1 kHz, while it remaithat was also examined performs better than baththtee-

approximately constant for higher frequencies. Addally,
inverter switching (carrier) frequencies are comidrigher
than 1 kHz. As a result, the majority of carriedaideband

level topologies, under the assumption of similaitching
frequencies. In practice, a two-level inverter nmased to
switch at a lower frequency than the NPC due togikigher

harmonic groups, which appear around multiples lté tvoltage devices, in which case its capacitor lossay be

switching frequency, belong in the constant-ESRjdency
range. Fundamental and baseband harmonics, howenes,
to be associated with higher ESR values, accortbnl).
Loss estimation based on current rms expression&i{8 to
treat these harmonics separately, which results amn
underestimation of DC-link capacitor losses for theee-
level inverters. The DC-link capacitor current loé two-level
inverter on the other hand does not contain angdomental
or baseband harmonics [7]. Hence, the respective
expression and the harmonic analysis give siméaults for
this topology.

It is worth mentioning that in the common case aof
inverter that uses electrolytic capacitors fort€-link and

higher than those of the NPC inverter.

Loss estimations obtained by harmonic analysis were
compared with estimates based on total DC-link ciama
current rms expressions. The comparison indicated the
latter are likely to underestimate the capacitssés of three-
level inverters because they use a fixed valu¢hficapacitor
ESR. However, fundamental and baseband harmonicbea
combined with the total rms current expressiongite more
reccurate estimates of capacitor losses.

a

switches at a moderate frequency, a complete hacmon

analysis may not be necessary for the estimatiotosses.



APPENDIX Sideband harmonics, foreven andn even:

A. Neutral Point Clamped Inverter o e?3 (Mmir
The expression that gives the DC-link capacitoraltot m”iCYCaSC:(—l)lE—L _,"_1( ) a7
current rms value for the three-level NPC invertan be mi| -e ””Jnﬂ(Mmﬂ)
shown to be identical to that of the two-level irtee [8]. ) .
Sideband harmonics, forodd andn odd:
M43 (23 9 M e = (17 33, (MmO
I NPC,ms — IL —| o=t — M 0052 (@ ©) coese m7T2 k=],3,5...k
‘ 2|2 7T 8 _ _ _ _
cosp+ j(n+Kk)sing cosp+ j(n-K)sing
The solution of (6) provides the complex Fourier 1- (n+k)2 l—(n—k)2 (18)

coefficients for the current of the upper DC-lindkpecitor of
the three-level NPC inverter as follows:

Baseband harmonics, for= 3, 9, 15, ...: Note that the amplitudg of the load current is the same

for all topologies and is determined by the voltage the
Modulation indexM and the load impedancg at the

1l 6MI (Zcow

OniC,NPC = (_:I-)7 n_(nz _4) n + jSin(”j (10)

Carrier harmonics, fan=1, 2, 3, ...:

. 3l
mO — L
i =——=X7J,(Mms)cosp (11)
C,NPC miT l( )
Sideband harmonics, foreven andn=1, 2, 3, ...:
. n 31 e (Mmr [
™ npc = (_ 1)2 - ) l( ) (12)

2mm| —eJ . (Mm)

Sideband harmonics, forodd andn=1, 2, 3, ...:

(2]
, n1 6|
mnIC,NPC :(_l) 2 . Z:‘Jk(an-)D
k=135...
cosp+ j(n+k)sing cosp+ j(n—K)sing (13)
1-(n+k)? 1-(n-k)? 3]
B. Cascaded H-Bridge Inverter 4
The DC-link capacitor current rms value for theethvtevel
Cascaded H-Bridge topology can be shown to be diyethe s
following expression [4], [8]: g
M 6
| caceme = | L\/— 24-3M7+(8-3Mnm)cod2g]
24 .
Solution of (7) provides the complex Fourier coméfints
for the current of the DC-link capacitor of phase A
Baseband harmonic, for= 2, only: ]
. MI,
02 -
IC,Casc - 2L el(ﬂ (15)
Carrier harmonics, fam even: E]O]
. 2l
m0 — L
[ =-—J,{Mmrz)co (16)
C,Casc mJT 1( ) S(U

fundamental frequency, according to the followiogation:

| =MV (19)
2z |
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