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Self-Balancing of the Clamping-Capacitor-\Voltages
In the Multilevel Capacitor-Clamping-Inverter under
Sub-Harmonic PWM Modulation

Xiaoming Yuan Member, IEEEHerbert Stemmler, and Ivo Bart$enior Member, IEEE

Abstract—The paper explores the spontaneous coupled
clamping-capacitor-current control loops and the resultant
self-balancing property of the clamping-capacitor-voltages in
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the multilevel capacitor-clamping-inverter. The case of the C ) ]
three-level capacitor-clamping-inverter under sub-harmonic v, 2 En=EWiSWaig
PWM modulation is dealt with first. The case of the multilevel =T l S./D,

capacitor-clamping-inverter (M > 3) under sub-harmonic

15=S Walioaq
PWM modulation is then analyzed. Test results on a half-bridge b
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three-level capacitor-clamping-inverter prototype under sub-har- — o} - =
monic PWM modulation are demonstrated in the end. val | A
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. INTRODUCTION S /Dy

ULTILEVEL inverters [1], [2] have been attracting
wide industrial interests recently. Among the major
topologies, the multilevel diode-clamping-inverter suffers frorfig- 1. Structure of a half-bridge three-level capacitor-clamping-inverter.
problems such as dc link voltage unbalance [3], [4], excessive
number of clamping diodes, indirect clamping of the inner !l. CLAMPING-CAPACITOR-VOLTAGE SELF-BALANCING IN
switches and diodes etc. [5]. Further, as at any moment onlJHE THREELEVEL CAPACITOR-CLAMPING-INVERTER UNDER
one switching cell in an inverter leg is allowed to operate, SuB-HARMONIC PWM MODULATION
the inverter leg output frequency is actually limited to the  syp-Harmonic PWM Modulation
instantaneous frequency of the switching cells, instead of

: . . L . As shown in Fig. 1, a three-level capacitor-clamping-inverter
being multiplied. The multilevel cascading inverter, despite . o
9 P g P tﬁy consists of two switching cells; /D; andS./ D, clamped

the constraint of isolated dc sides, has been successfﬁé the de link toaeth ith the cl . ; K
commercialized for medium voltage drive [6] and reactiv € de Iink together wi € clamping capa}m@;,, wor
Iéernatlvely forming the first switching cell, whilg, /D, and

power compensating [7] applications, new developments . :
also under way [8]-[10]. The multilevel capacitor-clamping-ir§3/D3 clamped by the clampmg_capacndl;n wor_k al_terna-
vely forming the second switching cell. To maintain steady

verter, with the rating limited to the heat capacity of th& te stability of the cl . i It the instant
clamping capacitors, has also been practically used [11], [1?4? € stabiiity of the clamping-capacitor-voltage, the instanta-

and seems yet to be another promising alternative. Sous duty cycles of the two switching cells must be equal to
One of the most crucial concerns over the muItiIeveqaCh other. On the other hand, to maintain optimum load voltage

capacitor-clamping-inverter is the stability of the clamping-c&>Sc"U™: the control signals for the two switching CE.}”S must be
P ping y ping ase-shifted by to each other [13]. Such control signals can

pacitor-voltages. The self-balancing phenomenon of t . .
clamping-capacitor-voltages was physically interpreted in [ﬁie generated by the conventional sub-harmonic PWM modula-

It is the objective of this paper to report a novel insight into th on [14], as shown in Fig. 2.

mechanism of the self-balancing phenomenon in the multile\ztelAISO shciyvn in E%hz ?redthelgorres??hndw%fclgargplng—ca;:ac—
capacitor-clamping-inverter. itor-currenti...,, and the load voltage of the half-bridge inverter

Vao. Itis observed that as the clamping-capacitor-voltigg
deviates from its nominal valug,./2 (Vo < Vi/2 for the

shown case), a switching frequency compon&hi, o appears
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capacitor-voltage so long as the dc component of the curren ,
flowing through the clamping capacitor is zero. If for any reason
this dc component deviates from zero, the clamping capacitot

Msin(®pt)

carrier

carrier 2
1

will be charged or discharged leading to load voltage variation, — ~/ = >
load current variation, and in turn dc component variation in |~ ~~——" TN
the clamping-capacitor-current. As will be verified in the fol- T=2n/a

lowing, under sub-harmonic PWM modulation, such dc com-

ponent variation will discharge or charge the clamping capac- S‘;

itor until the dc componentin the clamping-capacitor-current re-
turns to zero. This spontaneous clamping-capacitor-current con S4

v

trol loop is illustrated in Fig. 3.
S,
C. Verification of the Spontaneous S
. . 3
Clamping-Capacitor-Current Control Loop >
The switching function§W; andSW, generated from the 1 SW;
sub-harmonic PWM modulation, as shown in Fig. 2, can be ex- -
pressed in Fourier form by (1) and (2) 1 SW,
iload :
len
1 M . v
W1 = o + > sin(wpmt) Tioad
> +12J mg/h I /—'VQO: VarVal2
+ Z (-1) # sin (mwct — 5) Val2 T Vo VoVa2
m=1,3,5...
1~ ﬁ
+ mMn >
= S — i} Yae f—
+ Z AV40=(SH-SWo Vo)
m=1,3,5...n=22,44,... mm
. fmn _ Fig. 2. Sub-harmonic PWM modulation for the half-bridge three-level
X Sm( 2 ) cos (mwct + nwmt) m7r] capacitor-clamping-inverter, with load current in the positive directibf.
o +oo 2Jm1;/l7r Todulatior}inde_x;ﬁ_m: mogiu(;ating angular frequencyy.: carrier angular
requency;I": switching period.
+ 2 X T
mim
m=2,4,...n=%1,43,...
Mmy\ .
X COS(—) sin[(mw.t + nwy,t) — mn| Q) bCc
2 component mn
1 M . the clamping clamping load
swo = = + — sin{(wy,t) capacitor | chargingor | voltage | (., | voltage
2 2 e current discl]xargipg the functions
0 T2 DC component in clamping
— Z (_]_)mTJrl 2JO— sin (mwct — f) the clamping capacitor
. mm 2 capacitor current
m=1,3,5... in steady state is DC component in
o 400 mx;/lw zero (charge 4. the clamping-
Z 2Jn balance) acitor-current
m=1,3,5... n=42,+4, mn load
mi current
X sm(T) cos[(mwct + nwy,t) — mn|
Jore) +o0 mMw
2J, 2
D DD D
m=2,4,...n=%1,43,.. i . . .
ma Fig. 3. Spontaneous clamping-capacitor-current control loop in the
X cos| — ) sin[(mw.t + nw,t) — m7 alf-bridge three-level capacitor-clamping-inverter.
5 i ot 4+ nw,, 2) half-bridge three-level itor-clamping-i

which can be rearranged as

where J{™M™/2) s the Bessel function of the first kind and
n-th order of argumentmM ) /2.

Vdc
The load voltage of the half-bridge inverfék can be given as 9

5 (SWl + swo — 1) + (SWl — SWQ)

1%
X < ;C - chm.steady)
Vdc

Vao = swaVem +sw1 (VdC o ch) o 7 (3) + (Swl - SW?)(VCm.steady - ch) (4)

Vio =
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whereV,./2 is the nominal value of the clamping-capacitorwhere
voltage, and’.., steady IS the steady state value of the clamping-

capacitor-voltage. In particular, the third part in (4) represents e
the load voltage variation in response to the deviation of thg _1 i l(_l)mTﬂ 4Jy ® ] 1

clamping-capacitor-voltage away from its steady state value. 2 Lo c08(fmes. )
Substituting from (1) and (2) in the third part of (4), the load =35
voltage variatiom Vo can be given by 1 &> Foo 4y
+ = Z Z - Sin(ﬂ)
2 mim 2

m=1,3,5...n=12,%4,...

Zmwe

2

mMn 1
s mt1 4., "’“;/I’" T X —— COS(eran + nwrn) . (9)
x Z (1) 0 sin (mwct —) Zmwe+nwm
. mm 2
m=1,3,5
+ mMm

As the dc component in the clamping-capacitor-current at
me13,5.. ned2 4, T steady state is zera\i.,, 4. can be related to the clamping-ca-
pacitor-voltagéel..,,, by

aVem
(‘/cm.steady - ‘/cm)G = Cm dt .

Then the clamping-capacitor-voltage transient can be given
Giving ;26 representing the load impedance at the haf? the end by (11)

(10)

monic frequency of, the load current variatiofé,.q resulting —ot
from the load voltage variation can be written as (6) Ve = Vemesteady + [Vem(0) = Vemsteaayle 7 (11)
where
- Vem(0) initial value of the clamping-capacitor-voltage
. mil during the transient;
Adoad = (Vo steady = Vem) { _;, (1) Ch, capagitance of the clamping capacitor;
e e Cy,/G time constant of the transient which increases with
4Jy 2 1 . @ the capacitance of the clamping capacitor, the load
X ———sin (mwct - == Qmwc) . X !
MT Zces, 2 impedance amplitude, the load impedance angle
00 +oo ng“ 1 and decreases with the modulation index.
+ - During inverter starting, for example, the initial value of the
et B, nedzda T Pmec T Wm clamping-capacitor-voltagg.,, (0) is zero.
% sin(m ) COS[(Mwqt + nwmt) — MT — O, From (8), (9), and (11), as consta_ﬁt is always positive
2 except for the case when the load is pure reactive, the dc
component in the clamping-capacitor-current variation re-
+ nwn] } . (6) sulting from the clamping-capacitor-voltage deviation always

counteracts such deviation, until the dc component in the
clamping-capacitor-current variation becomes zero and the

When this load current variation is reflected back to thflamping-capacitor-voltage returns to its steady state value.
clamping capacitorC,,, the corresponding clamping-capac!t 'S In this sense, the clamping-capacitor-voltage is deemed

itor-current variatiomA:.,,, is given by self-balancing. . _ . .
When the load is pure reactive, however, the cosine parts in

(9) are zero and no dc component in the clamping-capacitor-

A = Nigoaa(sW1 — 5wa). (7) current variation will be generaFeq no matter hovy much |s.the
clamping-capacitor-voltage deviation. The clamping-capacitor-
voltage is then not self-balancing.

Substituting from (1), (2) and (6) into (7), the result obtained . )
for the clamping-capacitor-current variation is highly compliD: Steady State Clamping-Capacitor-Voltage
cated allowing for little physical insight. However, when the From the spontaneous clamping-capacitor-current control
clamping-capacitor-voltage is specifically concerned, only tHeop shown in Fig. 3, the clamping-capacitor-current is decided
dc component in the clamping-capacitor-current variation is b/ the clamping-capacitor-voltage, the switching functions as
interest. This dc component in the clamping-capacitor-curremell as the load impedance. With a given load, as the dc com-
variation A, . can finally be written as ponent in the clamping-capacitor-current must be zero at steady
state, the steady state clamping-capacitor-voltage is solely de-
cided by the switching functions. Ideally, under sub-harmonic
Adem.de = Vem.steady — Vem)G (8) PWM modulation, the steady state clamping-capacitor-voltage
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is equal to its nominal value, i.eV ., steady = Vae/2. This
result can be verified by following a similar calculation proce
dure as in Sectionll-C and is not detailed.

Depending on asymmetric operation conditions which me
arise in the system, such as mismatches in gating delays, de
properties etc., however, the actual steady state clamping-cay
itor-voltage under sub-harmonic PWM modulation may diffe
slightly from the nominal valu&y. /2. When these asymmetries
are insignificant, difference of the steady state clamping-cap:
itor-voltage from the nominal value will be negligible.

lll. SELF-BALANCING OF THE
CLAMPING-CAPACITOR-VOLTAGES IN THE
MULTILEVEL CAPACITOR-CLAMPING-INVERTER UNDER
SuB-HARMONIC PWM MODULATION

A. Mechanism of the Coupled Spontaneous
Clamping-Capacitor-Current Control Loops

Fig. 4 shows a half-bridgén + 1)-level capacitor-clamping-

inverter. When the inverter is modulated by sub-harmonic PWM
technique with the carrier for each switching cell phase Shiﬁ%é%acit
by 27 /n [13], a spontaneous clamping-capacitor-current con-

trol loop can be identifPed for each clamping capacitor. Hov
ever, the current control loop for any individual clamping capa
itor is coupled with the remaining current control loops of th
remaining clamping capacitors in the system by the load ct
rent, as illustrated in Fig. 5. As a result, deviation in any ir
dividual clamping-capacitor-voltage will contribute to the loa
voltage variation and in-turn the load current variation, affectir
not only that individual clamping-capacitor-voltage but also th
remaining clamPping-capacitor-voltages in the system.

B. Verification of the Coupled Spontaneous
Clamping-Capacitor-Current Control Loops

For any initial state of the clamping-capacitor-voltages, tt
load voltage of the half-bridge inverter is given by
VAO = SWI(‘/cml - ‘/cm?) + -+ swg (‘/cmk - ‘/(‘,In (k—l—l))

V::ml
5 (12)

which is further expressed in

+--- Swn‘/cmn -

‘/cm 1

‘/cxn
Vao = (sw1+ - +swp+ -+ sw,)— -

2

n—1
+ (SWI - SW?) TV:‘,ml - V:‘,le.steady
+---+ (SWk_1 - ka)

n— (k-1
X <¥VZ‘,1111 - V:‘,In k.steady)
n
1

+---+ (Swn—l - Swn) <E‘/cml - ‘/(‘,In n.steady)

+ (Swl - SW?)(V::mQ.steady - chm?)
+ -+ (ka—l - ka)(‘/cm k.steady — ‘/cm k)
+---+ (Swn—l - Swn)(‘/cmn.steady - ‘/cm n) (13)

where((n — (k — 1))/n)V.m1 is the nominal value of thé-th

clamping-capacitor-voltage and,, x steady 1S the steady state
value of thek-th clamping-capacitor-voltage. The load voltage
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Si/D R .
e SW-SW i HE A | =W
l Tome=(SWi1-SWidlicag
lel S./D
— ) i ¥ liﬁswkim
— fomery=(SWi-SWie i oaa
Vem/2
Eemi=(SWo.r-SWidlieag
l Su /D, .
V.=V C C C " g‘l i5=SWalica
t¥e=Vemt | g _1Cwe _ |G _ |Chasty_[Cim Y e
—p— (A4 (1} A
oG sV
Vw2
_ L ARG VsV Vet
Can S /D
°
LB Vs Vv
S]’/D]’
4. Configuration of a half-bridge (n + 1)-level
or-clamping-inverter.
2" clamping-
capacitor-current T
control loop

DC component in the

| clamping-capacitor-

‘C.:-:I'l;el'ﬂ is zero at steady cha.rging/dischargin I _’ load load
2 the‘clan‘-mu-‘l%l o 2 * g liage load current
ihe c ing- o " |functions Plimpedence

DC component [ capacitor-voltage —
in the i
capacitor-current
®  Jswitchin
DC component in the . 2
clamping-capacitor-current
k™ clamping-capacitor-current
control loop
——
o™ clamping:
capacitor-current [
control loop

Fig. 5. Coupled spontaneous clamping-capacitor-current control loops in the
half-bridge(n + 1)-level capacitor-clamping-inverter.

variation in response to the deviations of the clamping-capac-
itor-voltages from their corresponding steady state values is
given by the third line in (13) and is noted in

AVao = (sw1 — sw2)(Vom2 steady — Vem2)
+ 4 (swr—1 — sWi) (Vem kosteady — Vom k)
+ -4 (swio1 — W) (Vemnosteady — Vemn)-
14)
Note thatwj_1 —swy contains components of odd multiples
of the switching frequency. (14) can be rewritten as

o

AVYAO = E SW12.ifc (V:‘,le.steady - V;,m?)

1=1,3,5...
+ -+ SW(k—l)k.ifc (‘/cm k.steady — ‘/cm k)

+-+ S?V(n—l)n.i fc (‘/cm n.steady — ‘/cm n) (15)
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where SW . _1yxi 1 represents thé-th switching frequency WhereAicn ;5. represents the variation of teth clamping
component iW ;. 1y — SWi. capacitor current resulted from thieth switching frequency

For S|mp||c|ty, the fundamental Switching frequency Comp(pomponent in the load VO|tage variation and can be detailed by
nent(s = 1) is taken into account first. The corresponding load

Aicm .. fc
current variation resulting from the fundamental switching fre- bk

quency component in the load voltage variati®ij, z. can be =SW(k—1k.ife Alload.ife
expressed in =SW(k—1)k.i fc
. SWi12.rc SVVm.‘r
A'Lloa,d.fc = == (‘/ch.steady - ‘/ch) X |\ = s (‘/cmzsteady - ‘/‘:1112)
Zload.fc Z load.: fc
SW(k—1)k.lc % SW(k—1)k.i [c
+---+ _7( cm k.steady — Ycm k) +---+ _7(‘/::111 k.steady — V::m k)
Zload.Ic Zioad.i fc
SW(p—1)n.fc SVV —1)n.if
+--+ ¥(‘/cmn.steady - ‘/cm n) (16) +---+ M(%m n.steady — V::m n) (20)

Zload.fc y/ load.: fc

where Zioaqz is the load impedance at the fundamentgjperey, .. .. is the load impedance at tiigh switching fre-
switching frequency. guency.
The corresponding variation of the-th clamping-capac- Again, the variation of theé:-th clamping-capacitor-current

itor-current resulting from the fundamental switching frequency, 4 pe related to thie-th clamping capacitor voltage by
component in the load voltage variation can be given by

. AVem AdVem — Vems
Abem ko fe = (Sw(kfl) - ka) Afload.fe- (17) A'Lka = Crk C;:lk = —Chu ( ka.ste;tly ka) .
According to the principle of perpendicularity, multiplication o ) _ (21)
of two sinusoidal functions of different frequencies can be ay- €ombining (18)—(21), the transients of the clamping-capac-
eraged to zero, then (17) can be simplified to !tor—voltages foIIowmg the dewauons of the clamping-capac-
N - A itor-voltages from their corresponding steady state values can
bem k.fo =HW(k—1)k.fc Slload.fe be described by (22), shown at the bottom of the page, where
- SW192 fo . ) AVemr = Vemk.steady — Vem 1 represents the variation of the
=W (k—1)k.fo 7 em2 steady ™ Yom?2 k-th clamping capacitor voltage from its steady state value.
_ -leadfe This homogeneous state space equation can be solved by the
Foee g SW(k—1)k.lc (Vo ke steady — Vom &) state transfer matrix approach [15]. For the three-level gase
21 e ready 2), (22) is equivalent to (11). For the four-level case= 3),
o provided that’,,,» = C,,,3 = C, the transients of the clamping-
IS M(V:;mn.steady — Vo) | - capacitor-voltages can be obtained in
Zload.fc %t %t %t %t
(18) {AVCIHQ} _ | LTt 4 Lpe® Lge®i o+ Lye®
—1 —t —t —t
The variation of thé:-th clamping capacitor current resulted AVems Lse & 4 LgeTs  Lre o4 Lge &
from all harmonic components in the load voltage variation is AVona(0)
then given in om2 (23)
AVISHB(O)
Aigmp = Z Ao ki fe (19) Where you get (24) and (25), shown at the bottom of the next
i=1,3,5... page.
. [ —SWis i eSWisit ° —S;Vlz.ircs;\’(k_l)k,irc ° —S;Vlz.i rcs;\’(n_l)n,irc i
AVem2 Cina Z‘oad,i fe o Cina Z‘oad,i fe o Cina Z‘oad,i fe
® e e] — — — — — —
AV | = Z “SWekopki e SWinie o ZSWae ki eSWaenkie o Z5Woee ik i e SWin tinaige
° i=1,3,5... Conk Z‘oad,i fe . Conk Z‘oad,i fe . Conk Zl.oad,i fe
AVenn 75;\/(71—1)71,{[cs;vllifc . 75;\](71—1)71,7'[cs;v(k—l)k,i[c . 75;\/(71—1)71,7'[CSVV(W,—I)W,J' fc
L Cinn Zload i fc Cinn Ziload i fc Cinn Zload i fc —
A‘/ch
[
X A‘/cm k (22)
®

A‘/Cnl n
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Note that coefficientsl.;—Lg are functions ofSW, and parts of G;—Gy are always zero, the clamping-capacitor-volt-
SW,3. Since they do not affect the convergence propertges are not self-balancing. When the load is not pure reac-
of the equation, they are not detailed. Considering scakire, however, the real parts 6f,—Gs are always positive, the

multiplication of two vectors, (26)—(28) are true clamping-capacitor-voltages become self-balancing. The time
constants of the transients are dependent on the capacitances of

SW12 it iwl? ifc _SW23 it EW23 ife the clamping capacitors, the load impedance and the switching

7 toadi fe 7 toadli fe functions in the same relationships as the three-level case dis-

cussed in Section Il.

W2 _
= Mms@ Zioad.ite) (26) Capacitor-clamping-inverter above four-level has limited
| Zioad.ite | practical interest and is not detailed.
SWosi s SWisite _ [SWiaig 2 C. Steady State Clamping-Capacitor-Voltages
Zioad.ife | Zioad.ite | Following a similar calculation procedure as in part B of this

section, it can be verified that under sub-harmonic PWM mod-
- ulation, the dc components of the clamping-capacitor-currents
+ £ Zioadiite) (27) will be zero when the clamping-capacitor-voltages are equal

W | SW E to the nomina_l values. This implies that_ under su_b-harmonic
SWig ;o oot 23 1c ) T12ife PWM modulation, the steady state clamping-capacitor-voltages

Zioad.ite | Zioad.ite | are equal to the nominal values.

= = Again, when asymmetric operation conditions in the system
X COS;(Z SWagire =2 SWizire are taken into account, slight differences between the steady
— L Zioadiifc)- (28) state values and the nominal values may exist. When these

As a result, (24) and (25) can be simplified to (29) and (SOisymmetnes are insignificant, the differences will be negligible.

respectively, shown at the bottom of the page.

Examining the expressions for the transients of clamping-ca-
pacitor-voltages given in (23), and the expressiongigrGs A scaled half-bridge three-level capacitor-clamping-inverter
given in (29) and (30), when the load is pure reactive, the rgalototype (without the auxiliary starting network) was estab-

X COS(Z S?Ngg.if‘: -/ S?NIQ.ifc

IV. EXPERIMENTATION

. S?V ife . S;V ife
0o <SW12.ifc ~ 124l + SWos e ~ 23.4L )

load.ifc load.ifc
Gr=G3=0G;=Gr = E
=13

: 2

32,0

— — 2 — —
SWis it SWasz irc SWis it SWas it
<SW12.Z‘fC _1#— SWQg.Z‘fC #) + 4 <SW23.Z‘fC #) <SW12.Z‘fC #)

Zoad. ifc Z1oad. ifc Zoad. ifc Zoad.ifc

+ (24)
2
o <SW12 iro Va2t g W g i, SWas JC)
Gy =Gy =Gg=Gg = Z Z1oad.ifc Zoad . ifc
i=135... 2
— — _ — 2 _ _ R N
\/<SW12'”“ Szite — SWog it S;W¢r> +4 <SW23.7‘,fc im_Qr) <SW12'ifc EWQ—Sr>
_ Zicad.ifc Z1oad. ifc - Zicad.ifc Zioad.ifc (25)

GL=Gs=G5 =Gy

nd S?N i fc 2 - - W 7
= u#[cos(l Zioad.ite) + V €os?(£ SWazitc —Z SWiaisc) + €082(ZL Zicad.ite) — 1] (29)
i=1,3,5... | | ZLioadite |
Gy = Gy = Gg =Gy

. | SWizite | P \/ 2 ) o - -
= ——————[cos(£ Zicad.itc) — V €os?(£ SWazitc —Z SWiaisc) + c0os2(£ Zicad.ite) — 1] (30)

i=1,3,5... | | ZLioadite |
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N PN

% 50V /Div, 500mS/Div : : 50V /Div, 18/Div

() (b)

(© (d)

Fig. 6. Test results of the clamping-capacitor-voltage self-balancing in the half-bridge capacitor-clamping-inverter, with differenstaadeesvhen the dc
supply is switched off and on: (a) dc supply switched off, load resistdhce= 3 €2, (b) dc supply switched off, load resistanBg = 7.5 €2, (c) dc supply
switched on, load resistande, = 3 €2, and (d) dc supply switched on, load resistafite= 7.5 €).

lished in the laboratory. The sub-harmonic PWM modulation 2) For multilevel capacitor-clamping-invertét/ > 3)
discussed in Fig. 2 was employed. Parameters and specifications under sub-harmonic PWM modulation, the spontaneous

of the prototype are: dc input voltagg. = 200 V, clamping current control loop of an individual clamping capacitor
capacitance’,, = 1650 uF, switching frequency. = 6.5 is coupled with the remaining control loops for the
kHz, modulation index( = 0.62, output filter L; = 1.45 remaining clamping capacitors by the load current.

mH andC = 12 uF. Test results with different load resistances Similarly, the clamping-capacitor-voltages are self-bal-
when the dc supply is switched-off and switched-on are shown  ancing when the load is not pure-reactive, with the time
in Fig. 6(a)—(d). From the results, on the one hand, the clamping-  constants of the transients dependent on the capacitances
capacitor-voltage is self-balancing and the steady state value is of the clamping capacitors, the load impedance and
almost equal to the nominal value (100 V). On the other hand, the switching functions, in the same relatonships as the
the time constant of the transient increases with the load resis- three-level case.
tance. The analyses in Section Il are verified. 3) Due to self-balancing of the clamping-capacitor-volt-
ages, multilevel capacitor-clamping-inverter under
sub-harmonic PWM modulation may work without
active control of the clamping-capacitor-voltages. This
From the analyses and test results presented in the paper, the possibility enables significant reduction of the control
following conclusions are drawn. complexity. To deal with operation conditions with
1) Due to the spontaneous clamping-capacitor-current ~Weak self-balancing (light load, reactive load and low
control loop, the clamping-capacitor-voltage in the modulapon index etc.), apesudo load may be needed for
three-level capacitor-claming-inverter is self-balancing ~ €nhancing the self-balancing.
under sub-harmonic PWM modulation when the load is
not pure-reactive. The time constant of the clamping-ca-
pacitor-voltage transient increases with the capacitance
of the clamping capacitor, the load impedance amplitude,[l] J. S. Lai and F. Z. Peng, “Multilevel converters—A new breed of power
. . converters,” inProc. IEEE Ind. Applicat. Soc. Annu. Meetji®95, pp.
the load impedance angle and decreases with the modu- 5348 5354
lation index. The steady state clamping-capacitor-voltage[2] C.Hochgraf, R. Lasseter, D. Divan, and T. Lipo, “Comparison of multi-
is equal to the nominal value under sub-harmonic level inverters for static var compensation,’Rroc. IEEE Ind. Applicat.
dulation. When asymmetries in the system are 4 oo oono- Meeind994, pp. 921-928. ; ;
PWM mo ula : ) _y Y [3] F. Z. Peng, J. S. Lai, J. Mckeever, and J. VanCoevering, “A multilevel
taken into account, slight difference between the steady voltage source converter system with balanced dc voltages?tdn.
state value and the nominal value may exist. When the _ |EEE Power Electron. Specialists Cqrif995, pp. 1144-1150.
. insianifi he diff il b [4] G. Sinha and T. Lipo, “A four level inverter based drive with a pas-
asymr_net”es are Insignificant, the difierence wi e sive front end,” inProc. IEEE Power Electron. Spec. Carif997, pp.
negligible. 590-596.

V. CONCLUSION
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