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Abstrac® This paper demonstrates the thermal stress . .

reduction for the DC-link capacitors with multiple PWM (':Dc'i”—a"e locin
strategies. Anoptimized positioning of the gate pulse reduces the 3
DC-link capacitor current. The capacitor current reduction
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space vector PWM (SVPWM) strategies reduces thefilm i load
capacitor core temperature bya maximum of 9 . Ocompared c u
to those obtained with theconventional strategieswhereas the = de v [

—‘7 SinJ

maximum allowable temperature of the film capacitor is 105 . W

The carrier-based PWM approaches also reduce the thermal
smngl} smji;]}

stress; however, the reduction amount is not as large as the
Fig. 1. Threephase twdevel VSI employed in motor drive system.

SVPWM approach. In addition to the trade-off between the
implementation requirement and the reduction effect on the o
capacitor current, the analytical and experimental results
confirm that there is a trade-off between the improved capacitor
current harmonics and the worsened load current harmonis.

Keyword$ Two-level voltage source inverterDC-link  thermostatic bath, leading to fair comparisoims addition,

capacitor, Thermal stressPWM multilateral evaluations demonstrate that there is todfle
between the apacitor current and the output current
I. INTRODUCTION harmonics, which can be the choice index of the capacitor

Threephase AC motors are widely used in both industria!"e"t reduction PWM strategies.
and household applicatiof]i [5]. The employment of film This paper is organized as follows: firghe reduction
capacitors in the Ddink part of thethreephase VSI have methods of the Ddink capacitor current with the multiple
been actively researched to absorb the current ripple due to thgVM strategies are presented. Second, the effects on the DC
inverter fast switching. The maximum allowable temperaturgink capacitor current, the output phase current, and the
of polypropylene, which is a dielectric material of the film inverter efficiency are compared by analysis and experiment.
capacitor, is 105 6]; thus, the suppression oftsi Finally, the capacitor temperature rise test is presented to
temperature rise is importarit.is possible to suppress the confirm the effectivergs of thee capacitor current reduction
temperature rise of the capacitors by reducinghémenonic  PWM strategies.
components oDC-link currentipc.in, defined in Fig. 1

So far, several modulation strategies of PWM inverterll. PWM STRATEGIES FORDC-LINK CAPACITOR CURRENT
have been proposddr the reduction of the current stress on REDUCTION
the DGlink capacitors T]i [12]. In several approaches based
on space vector PWM (SVPWM), the capacitor curient A. SVPWM Approachg3]i[10]

minimized by selecting the optimized combination of the  Fig. 2 showsthe conventional and the capacitor current
voltage space vectors/][[[10]. On the other hand, with reduction SVPWM strategies at the modulation intfexof
approaches based on triangular caf@sed PWM, three (.7, phase angl@) of 25 degees and the load power factor
phase modulating signals which are shifted in every halfcos (i) of 0.866. Instantaneous value of the inverter input
control period also achieve the switching patterns for theurrent is the superposition summation of the switched current

capacitor current reductiodf]i [12]. Nevertheless, only the pulses from each phase g and calculated as
redudion effect of these PWM strategies on the capacitor

current have been demonstrated in the past works, whereas the
thermal stress for the Dlihk capacitors with these strategies iben = A (sX 3ix)_ (1)
have not been evaluated yet. X=U,W

This paper provides experimental evaluationsl dme
comparison of the thermal stress for the-IMR capacitors
with regard to the several PWM strategieg using the

The capacitor current &alculated adifference betweeiwc.in
and its average valuec.in ave as following equationand
corresponds to the shaded areasdm waveform [L4].
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(d) Zoomed-in waveform of ipcn
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Fig. 2. Conventional and capacitor current reduction SVPWM strai
atm=0.7,d = 25 deg., cosi = 0.866. In low modulation index region,
two nonadjacent active vectors and one zero vector are used to red
capacitor current.
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whereTsis the control period,, is the maximum value of the
load current, andi is the load power factor lagging angle.
Under heseconditions,the combination of one active vector
(Ve), one noradjacent active vecto¥g), and one zero vector

(V7) suppressethe capacitor current to the minimu@ji[[10].
This is because this vector combination resulte@omission
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(d) Zoomed-in waveform of ipcin
with ic reduction SVPWM.

Fig. 3. Conventional and capacitor current reduction SVPWM strat
atm=1.0,d = 25 deg., cosi = 0.866. In high modulation index region,
three consecutive active vectors are used to reduce the capacitor cur

three voltage space vectox&(V2, andV7) shown in Fig. 2(b),
the voltage reference vector cannot be generated by
synthesizing these voltage space vectors. Unitese
conditions, the combination of three consecutive active
vectors Vs, V1, andV2) suppresses the capacitor current to the
minimum [7]7 [10]. In addition,the availablearea with the
three consecutive voltage space vectmethe same as those
with conventional SVPWM. Therefore, the capacitor current
reduction SVPWM strategy allows the same output voltage
limitations as conventional SVPWM to be obtainddwever,
those gate pulse layofivr the capacitor current reduction
shown in Fig. 2(d)and Fig. 3(d)s notrealized by using only
one triangulaicarrier. Therefore, the capacitor current
reduction SVPWM leads téhe requirement of high cost
hardware such as fiejorogrammable gate array (FPGA).

of V1 which cause the largest error between the instantaneous

value (=iy) and average value of DBk current.

Fig. 3shows another example thie conventional and the

capacitor current reduction SVPWM strategiemat 1.0, i.e.

higher modulation index. If the tip of the voltage referenc
vectorV" does not belong to theangle formed by the tips of

B. Carrier-basedContinuous"WM Approach[11]

Fig. 4 shows the modulating signals of continuous PWM
(CPWM) and output phase currentrat= 0.7 and codi =
0.866.The carriethased PWM approachgenerate the gate

epulses by comparing the calculated modulating signals and the

high-frequeng carrier only with the generglurpose micre
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Fig. 4. Continuous modulating signals’xcpwm and output pha ‘ Ts ':
currentsy atm= 0.7 and cosi = 0.866. (a) Conventional CPWM
computer, whereas theT SVEWM approach requires FPG/ VLCPW;\\"V;
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wherem is the modulation index antlis the fundamental incin kmmmd---sTmmmmAC L KT
frequency. iutiy L
The concept of the capacitor current reduction carrier N Ts |
based PWM is realized under the premise that the modulatit (b) Capacitor current reduction CPWM.

signals can be updated twice during caerier cyclewhich  Fig 5. zZoomedin waveforms of CPWM modulatingignals, switchin
is the constraint of the micrmomputer. By shifting the  functions, and inverter input currentrat= 0.7,d = 25 deg., co$i = 0.866
modulating signals in every half control period while The divergence degree coefficients between the original voltage refe
maintaining its average value during a control period, only thand shifted references are setas 1.68,A, = 2.00, and\, = 2.00.

gate pulse timings is adjusted while maintaining these width

The positivelyshifted modulating signalv’y, and the

negativelyshifted modulating signaf x, are calculated as difference betweerocin (= iv with V1, or 0 with V7) and
ipcin ave are shortenedand eliminatedcompared to the

conventional CPWM. Furthermore, the applying durations of
V2 and Ve, which result in the smalipc.in harmonics,are
O) extended and generated with those gate pulsestder to
achieve both the criterion for avoiding thg.in polarity flip
4 compared to thic.in_avepolarity and the criterion for reducing
theipc.in fluctuation,

. *
2
If VX.CPWM

ij(p:(z 'A&) \;Q:PWM Ai" 1 '(
’va;n:A& @xCPWM 1} 1 +

\I.F.V;p =A @xcpwm 1)" 1- (if v <0)
TVa=(2 -A) Qo A; 1+ xcPwM 1) V', whose output phase current is positive, is shifted
to the positive side simultanesly with the larger
phase voltage reference between the other two phases,

whereAy is the shifting coefficient between the original and e v
.C. Ve

shifted modulating signal. The valueAfis defined from 1.0
to 2.0.Ac of 1.0 means that the modulating signal shiftis not 2) v, andv'y are shifted alternately and maximally to
performed.Ax of 2.0 indicates that the modulating signal is the positive side as long as they do not excégd
shifted maximally in lineamodulation region. andv'y,.

Fig. 5 shows the zoomeih waveforms of the modulating ) ) ,
signals, the threphase switching functions, and the inverterC- Carrier-based Discontinuou8WM Approact{12]
input current with the conventional and capacitor current Fig. 6 shows themodulating signals of discontinuous
reduction continuous PWM (CPWM) strategieBor the PWM (DPWM) and its injected zero sequence signah at
capacitor current reductiofirstly, u-phase modulating signal 0.7. The discontinuousnodulating signals lead to the
should become larger than the other two phase modulatiraglvantages of the switching loss reduction due to the reduced
signals, and the gate pukseshould coves, ands,in the time  switching transitions comparetb those with CPWM. In
domain to avoid thiac.in polarity flip compared to thiecin ave  @ddition, DPWM strategy extends the linear modulation range
polarity. Secondly the overlap of the other two gate pulses compared to CPWMThe discontinuous modulating signals
ands, should be shortened to further redimen fluctuation  are obtained by injecting the zero sequence sigaakiinto
aroundipc.in_ave With those modified gate pulse timings, the V'xcpwm[15] as
applying duratios of Vi1 and V7, which causethe large
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Fig. 7 shows the zoomeid waveforms of the modulating
signals, the threphase switching functions, and the inverter
input current with the conventional and capacitor curren
reduction DPWM strategie$n a similar way to the CPWM
approach, shifted discontinue modulating signals,
calculated as following, are used to reduce the capacit
current in the DPWM approach.

FV;p =1 (
Tvxn =2 QDPWM 1-

?V;pzz QDPWM 1- (
V= 1

if V:(.DPWM 2 O)
(6)

itV ppwn <0)-

For the capacitor current reduction, overlap period betwee
two uncl amped phassganisyiakg. t «
7, should be shortenetherefore, there two phase modulating
signalsVv'v.opwm and V'w.ppwm are shifted alternately to the
positive side. As a result, the applying durationg candVz,
which cause the large difference betwéghnn andipc.in_ave
are shortened and eliminated Instead of the omissithresé
worse switching periods for the capacitor currté@,applying
durations ofV2 and Vs, which result in the smallpc.n
harmonics, are extended and generated just like CPWM
approach shown in Fig. 5.

These carriebasel CPWM and DPWM approaches
requireonly generapurposemicro-computer and FPGA is
not necessary. However, the reduction effects on the capacit
current are inferior tone SVPWM approaches because the
degree of freedom for the gate pulse timing is limited in the
carrierbased PWM approaches. Therefore, the optimized ga
pulse layout for the capacitor current reduction cannot b
achieved in the carridrased PWM approaches

I1l. ANALYTICAL RESULTS

A. DC-link Capacitor RMS Current

As explained in above section, the Iidk capacitor RMS
current is dependent an, (i, and the switching patterns. The
DC side of the threphase VSI operates at six fold
fundamental frequency; hence, ethnormalized Dédink

capacitor RMS current is calculated based on (2) by

considering only a sixth of the fundamental period as
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(b) Capacitor current reduction DPWM.

Fig. 7. Zoomedin waveforms of DPWM modulating signals, switct
functions, and inverter input currentrat= 0.7,d = 25 deg., cos§ = 0.866.

wherety is the onduty of VSI voltage space vectdfk (k =
0~7) withinTs, andipc.inkis the instantaneous DIk current
value with the voltage space vector.

Fig. 8 shows the compariserof the DGlink capacitor
MS current under the higload power factor conditions.
Both figures confirm that there are hormgp.u) differences
between the conventional SVPWM, CPWM, and DPWM due
to those same applying durations of the active vectors and the
zero vectorsFig. 8(a) confirms that the capacitor current
reduction SVPWM lead#o the best reduction effect in the
modulationindex region from 0.6 to 0.8nder the unity load
power factorcondition, which is a typical operating condition
of the gridtied VSIL Within the carriethased PWM
approachesthe capacitor current reduction DPWM leads to
the better reduction effect compdrto the CPWM approach
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This isbecausehe fact that certain one phase discontinuou:

modulating signal is always clampedakingit possible to set

the switching pattern which leads to the smailbefin ripple

longer than CPWM approach. Fig§(b) demonstrates the

aftermentionedexperimental condition of cas= 0.891 with

an induction motor loadThis trend in the reduction effec I>'<T

between the three capacitor current reduction PWN\

approaches islearly showralsoin this condition. 'VOZ_ :‘ Vi Vo=V
B. Load Current Quality Vo V7 Vi
In order to evaluate the load current quality, the concept ¢ Ven
harmonic flux presented irl§] is used Assuming that the
motor switching frequency model is an inductaricea
harmonic flux load current vectom has a proportional Ve
relationship between the harmonic flux vectar (time (e) Conv. DPWM. (f) ic reduc. DPWM [12].
integral of the instantaneous error voltage vector) as Fig.9.  Harmonic flux vectoen trajectories am= 0.7 andi= 25 degree

The distance between the trajectories and the oryjmvhich is the initie
value ofay, at the beginning of the carrier cycle, corresponds to the mag

N, of the harmonic flux.
o =L, ) (Vi-V)dt ®)
Fig. 9 shows theharmonic fluxvectortrajectories am = / \/3 &3 (Nﬂ)TS )
0.7,d = 25 degreesThe distance between the trajectories and RS\ p

the origin ), which is the initial value odn at the beginning

of the carrier cycle, corresponds to the magnitude of the Fig. 10 shows theomparien of the harmonic flux RMS

harmonic flux [L6]. The calculation of (8) and Fig. 9 evaluate valuesFigs. 9 10 confirm that the capacitourrentreduction

the ripple current on a pearrier cycle base. Since the PWM strategies worsen the harmonic flux compared to those

harmonic flux vector characteristic has -8Wd space obtained with each conventional PWM strategldwe reason

symnetry, the pefundamental cycle (per 60 degrees inis because the capacitor current reduction PWM strategies

space) harmonic fluRMSvalue, which characterizes the load result in the application of the voltage space vector which is

current quality and the harmonic losses in the nestor, is  not the closes t&", i.e. Ve in Fig. 9. Within the capacitor

calculated as follows. current reduction PWM strategies, the SVPWM approach
leads tathe worst harmonic flux RMS value, and the casrier
based CPWM approach leads to the minimal deterioration.



This trend in the worsened harmonic flux RMS value with the 040 -

capacitor current reduction PWM strategies is in a todtle icreduc?f;] DPWM S'\j;'/‘\‘,‘,{j“[‘ig]
relationship with the trend in themproved DClink capacitor icc reduction CPWM
RMS current which is shown in Fig. 8. 030" T (1]

—_ Conv. DPWM

Tn‘ 020 x \\

IV. EXPERIMENTAL RESULTS z
=~ S —
Fig. 11 shows the experimental setup. The -tk 010
capacitor and the inverter, operated at the switchin | Conv. SVPWM
frequency of 10 kHz, are placed inside thermostatic batt Conv. CPWM
whereas the temperature te: 0.00 ' : : ' :
0.0 0.2 0.4 0.6 0.8 1.0 12

Fig. 12shows thdilm capacitor under test as the Bigk Modulation index m [-]
capacitor. The thermocouple is built in the central part of thig 19 comparison of harmonic flux RMS valuasus
film capacitor. An equivalent series resistance (ESR) i

measured using HIOKI 35320 LCR testerAt very low Thermostatic bath: EPFH-125-2S (ISUZU)
frequencies, ESR is high due to prevalent leakage. At lo ipcin ave IDCin
frequencies, ESR @ominated by the dielectric losses which DCL =

decrease in inverse proportion to the frequency. At mediur 10 mH
to high frequencies, the losses in the conductors are doming
and ESR becomes relatively constant. At high frequencie

ESR increases again due to thengiifect [L7]. -{/ _ 20 u_F 1l v

Fig. 13 shows the inverter operating test results with eacl 2828V Sel Snl Sa MVKBLI5A-R
modulation method. All capacitor current reduction PWM ] ] ] (Fuii Electric)
strategies reduce the switching frequency harmonics of tt anigogw
capacitor current compared to conventional strategie: © |nverter TMBPSORAL20 (Fuii Electri )n_ ”
nverter: ujl Ic,

Furthermorethe capacitor loss, whidgtcalculated as follows,

is also reduced. Fig. 11.  Experimental setup.
100 poenemmmmazena- mmmooooneeen
N _ Capacitor core
Rap =8 (Resnn Q) (10) g tomperature =25
n=1 7o 1 T
i
The maximumPcqp reduction of 54.2% is obtained by the i
SVPWM approach as observed in Figs. 13@) The | T
reduction effects ofcap With the capacitor current reduction g
PWM strategies are correspond with the analytical results « . otie ©
lc.rRMgp.uy ShOwn in Fig. 8(b). Y s
. . Frequency [HZ]
Fig. 14 shows the measured capacitor core temperatur (2) Photograph of film capacitor. (b) Measured ESR.

The temperature tests are conducted until the bath interrF. ) .

ig. 12.  Film capacitor under test.
temperature reached 60 , tt
vinyl of wire, under the same experimental conditions as il
Fig. 13. The largest reduicin of Pcap With the SVPWM  current reduction SVPWM leads the largest time integral of
approach, which can be observed from Fig8(a)i (b), the instantaneous voltage error and the worst current THD.
enables the greatest suppression of the capacitor core
temperature rise. The application of the capacitor current V. CONCLUSION
reduction SVPWM reduces the equilibrium capacitor core

tempeature, which is estimated by the leagtiare method, This paperdemonstrated the thermal stress reduction for

the DGIlink_capacitors with multiple PWM., strategies. The
by 11 ) at _mo St .c.o mp 'C_l red to S\EFRV\ﬁVI aﬁp oﬁcp{eg Héatliﬂe(?tﬁe%ﬁtimﬁ éa{e %Lﬁsgsq‘&f the
Table 1 lists the inverter efficiency with each PWM capacitor current reduction with FPGA, and reduced the

Strategies under same experimental conditions as |rilE|g Capacitor core temperature By 0 at mo s t comp

The CPWM strategies lead to thensbefficiency due to the conventional strategies. On the other hand, the optimal gate

requirement of more number of switching transitiofts. pulses generation led to the large instantaneous inverter

addition, the SVPWM and DPWM strategies result in almosvoltage error; thus, the capacitor current and the output current

same efficiency because the number of switching transitionsarmonics have the traaéf relationship The carrietbased

is same. PWM approaches, which do not require FPGA, realized the
Fig. 15 shows the harmonic spectrumigfinder the same intermediate performanpes on the capacitor current and the

experimental conditions as in Fig3. All capacitor current ©UtPUt current harmonics between the conventional PWM

reduction PWM strategies worsen the phase current THStrategies and the capacitor current reduction SVPWM.

compared to the conventional PWM strated¢iesause of the

instantaneous error between the voltage reference vector and

the autput voltage vectoil his trend is similar to the analytical

results oferms shown in Fig. 10In particular,the capacitor
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Fig. 13.  Experimental resultatm = 0.643,cos(i = 0.81, andP,, = 2.7 kW.
Fig. 14. Measured capacitor core temperature and its approximated curves. The experimental conditioms Gré48, cosi = 0.891, andP;,, = 2.7 kW

under same conditions in Fig. 13.



