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Soft-Switched Three-Level Capacitor Clamping
Inverter with Clamping Voltage Stabilization

Xiaoming Yuan Member, IEEEand Ivo Barbj Senior Member, IEEE

Abstract—This paper proposes a zero-voltage-switching scheme 1) Assuming stable clamping capacitor voltage, all four

for the three-level capacitor clamping inverter. The proposed switches will be directly clamped. As ac current at

small-rating auxiliary circuit ensures not only zero-voltage the switching frequency flows through the clamping

switching of the main switches and zero-current switching of . . .

the auxiliary switches, but the clamping capacitor voltage of the capacitor, the CgpaCPtance W'II be small [12], a'thOUQh

inverter is also stabilized. The scheme prevents any voltage or the challenge arises in selecting the type of the capacitor

current spikes from happening over the main or auxiliary switches [13].

and no modulation constraints are incurred. Operation, analysis, 2) The redundancy in switching state giving different

designing, and testing aspects of the scheme are detailed. zero-sequence conditions can now be attributed to
Index Terms—Multilevel inverter, soft switching. dc-link voltage utilization, while the controlling of the

clamping capacitor voltage where necessary can be left
to the additional redundancy in switch combination for
the “0” state of each leg [14].

A. Neutral-Point-Clamped (NPC) Inverter [1] versus 3) Besides inverter mode operation [15], the capacitor
Three-Level Capacitor Clamping Inverter [10], [11] clamping inverter can also work as a multilevel chopper

N THE RECENT decade, the neutral-point-clamped (NPC)  [16], [17].

[1] inverter has been increasingly used in such high-powerAs such, the three-level capacitor clamping inverter repre-
applications as traction, industrial drives, and flexible-ac-tran§ents an interesting alternative to the NPC inverter for high
mission-systems (FACTS) [2], [3]. With the available switchingfower conversion.
devices, the NPC inverter increases the per-unit capacity while

it reduces the output voltage harmonics. However, the NPC %Alz(gggl Resonan_}_ Corgrr}mutg(;(f: I\I;’oge Iln;/_erter
verter has the following drawbacks. ] ( ) versus True-Pulsewidth-Modulation

. : . PWM)-Pole Zero-Voltage-Switching Pole Inverter [19] and
1) While the two outer switches are directly clamped by t ) ge-Switching v [19]

. . . . ) ransformer-Assisted PWM Zero-Voltage-Switching [20]
clamping diodes, the two inner switches are not dlrect\yole Inverter

clamped. As can be observed from field tests [4], [5], the ] o )
inner switches will see higher blocking voltage depending TO the end of high-frequency operation in a high-power
on the stray inductance of the neutral rail [6]. converter, the use of soft switching has been deemed a highly

2) The redundancy in switching state giving different zerdfomising solution [12], [21]. Soft switching of a multilevel
sequence conditior{d, 1,0 — 0, 0, —1, for example) at inverter can always be obtained by extending the resonant pole
the inverter output must be attributed to neutral potentif§chniques [22] appropriately to each two-level switching cell
control [7], and the dc-link voltage utilization [8] cannotin the multilevel inverter. o
be optimized consequently. The ARCPI circuit [18], as given in Fig. 1, has always been

3) Unless two legs are used [9], a single NPC leg canni&ferred to as the most suited structure for a high-power con-
work as a multilevel chopper, and the range of applicatioferter. However, no field application has been reported in the lit-
is limited. erature. The difficulty of the technique consists in the center-tap

As opposed to the NPC inverter, the three-level capacitdiucture of the dc-link capacitor. On the one hand, this structure

clamping inverter [10], [11] offers an alternative for high IOOWeI,lmlt_s the voltage source for the commutation resonance to half

conversion and has the following features. dc-link voltage, which warrants for the “boost” stage to be in-
troduced as discussed in [18]. On the other hand, possible fluc-
tuation of the center-tap potential renders the circuit unreliable
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Fig. 1. ARCPI[18]. Fig. 3. Transformer-assisted PWM zero-voltage-switching pole inverter
proposed in [20], wherér., = N, /N; < 1/2.
carries almost the same current as that in the ARCPI scheme
D, SJP (G as a result.
o A o-| — Reference [12] has reported several ideas for achieving soft
So 14Dy switching for the capacitor clamping inverter. In particular,
T’“w i an auxiliary resonant commutated pole three-level capacitor
el oN: L. clamping converter was discussed in [26], where commutations
T L = of both the two-level switching cells are assisted by a single
N resonant pole [27], [28]. The auxiliary switch will see twice the
5 o, b e main switch blocking voltage. Moreover, commutations of one
o] A °‘l - switching cell will interfere with the commutations of the other
Su LpIDa cell, as the two cells are independent from each other.
} C. Obijective of This Paper

This paper proposes a zero-voltage-switching three-level
Fig. 2. True-PWM_-poIezgro-voltage-switching pole inverter proposed in n%apacitor clamping inverter. The circuit employs the trans-
whereks; = N3 /N; < 1/2. . L
former-assisted PWM  zero-voltage-switching  scheme
in the inner switching cell and the true-PWM-pole
1/2), which enables simultaneous turn-off of the main switchero-voltage-switching scheme in the outer switching cell. The
with turn-on of the corresponding auxiliary switch. The neeglue-PWM-pole in the outer switching cell no longer suffers
for a “boost” stage for the commutation as needed in the ARCRPbm the autotransformer magnetization resetting problem ex-
scheme is removed. isting in the normal two-level true-PWM-pole inverter, because
In particular, in comparison with the ARCPI scheme, thef the clamping capacitor involved in the resonant paths. Most
auxiliary switch current in the true-PWM-pole circuit is nearlyignificantly, however, due to the charging and discharging
halved [1— k1) times,kry = N2/Ny < 1/2], as the resonant paths established by the true-PWM-pole auxiliary circuit,
inductor current is shared between the auxiliary switch and ttyg clamping capacitor voltage as well as the dc-link neutral
autotransformer primary winding. potential is forced to be stable, and no specific feedback control
Nevertheless, it is found that magnetization of the autotrarnisneeded as a consequence. Operation, analysis, designing, and
former in the true-PWM-pole structure is not able to be resgisting of the circuit will be reported in the paper.
[25] following each commutation, due to the freewheeling paths
existing between the auxiliary devices and the main devices Il. PROPOSEDCIRCUIT AND ITS OPERATION
through windings of the autotransformer, which renders the o o
scheme not practically applicable. A. Proposed Circuit and Its Soft Switching
The transformer-assisted PWM zero-voltage switching Fig. 4 shows the circuit scheme of the proposed
scheme recently proposed [208r. = N2/N; < 1/2), as zero-voltage-switching three-level capacitor clamping in-
shown in Fig. 3, solves the autotransformer resetting problererter. In the main circuit$; /S4 is a switching pair forming the
by means of a transformer replacing the autotransformer in thieter switching cell, where&$, /S3 is another switching pair
auxiliary circuit, while the bridge configuration of the auxiliaryforming the inner switching cell. Given a constant clamping
devices is kept. The scheme allows for reliable operation wittapacitor C,,,) voltage, the two cells are actually independent
no extra control. Unfortunately, the feature of current sharifgom each other. Each cell can be controlled by the normal
with the true-PWM-pole scheme is lost. The auxiliary switceubharmonic PWM pattern, with the two carriers for the two
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Step 6) (;—tg): Upon extinction of the resonant inductor
Fig. 4. Proposed soft-switched three-level capacitor clamping inverter, where current atts, S; takes the full-load current charging
k=N /Ny < 1,k = N2/Ni < 1/2, Lias = Lizg = Ly, andCry = the clamping capacitof,,,. Gating signal forS,,
Cr =G =Cu =G can be withdrawn atg considering a margin from
t5. Auxiliary switch gating signal width is predeter-
switching cells being phase shifted by offering an optimal mined to be a constant covering the maximum com-
output spectrum [15]. mutation duration at the peak load current [20], and
Evidently, the commutation of the inner switching &l)/Ss remains the same for all auxiliary switches. Aux-
is assisted by the auxiliary branéh, /S.s exactly in the same iliary switch S,4 works with zero-current turn-off.
way as in the two-level case [20]. During t¢—t7, inverter output is at the zero level.

Step 7) (7—ts): When$S; is turned off at7, S,; is turned on
' simultaneously, leading to conductionof, and a
reflected voltage oft’ /(1 + £)]Vac/2 on N5. Ca-
pacitorC; voltage V4. /2) then joins the\}, voltage
establishing a voltage source [@f/(1 + &')|Vae/2
forcing the resonance amofy;, C,4 andL,14. C;1

Given further a stable dc-link neutral potential at O, i.e.
Ver = Ve = Vio/2, the outer switching celb; /S, will
actually see a similar commutation procedure as the inner
switching cell. ForD4 to S; commutation, referring to Figs. 5
and 6, the procedure is described as follows.

Step 1) (o—t1): Circuit steady stateD, and D3 carry the is charged whileC,, is discharged. Main switch;
load current. Inverter output is at the minus level. works with capacitive turn-off while auxiliary switch
The clamping capacitdt,, is at the floating state. S.1 works with inductive turn-on.

Step 2) (1—t2): WhenS, is turned off att;, S.4 is turned on Step 8) (s—tg): Upon full discharging of®,4 attg, D4 starts
simultaneously, leading to conductiondf; and a conduction carrying the sum of the load current
reflected voltage of%’ /(1 + £’)]Vac/2 on the sec- and the resonant inductor current. Gating signal
ondary windingN5 (k' = N5 /N < 1). Capacitor for S, is released by the zero-voltage detecting
C, voltage V4./2) then joins theN}, voltage estab- circuit installed across it. Clamping capacitoy,
lishing a voltage source ¢f /(14 %")]Vac/2 forcing is discharged by the auxiliary switch current. The
the current decreasingiby. The clamping capacitor resonant inductor current continues to decrease.
is charged. Auxilairy switcty,4 works with induc- Step 9) (o—t10): When the resonant inductor current ex-
tive turn-on. Note thaftl /(1 + k")|Vac/2 > Vi /4. tincts attg, D4 starts carrying the full load current.

Step 3) (2—t3): D4 blocks atts, initiating a resonance Gating signal fos,; can be withdrawn &t consid-
amongL,14, C.4 andC,4, forced by the established ering a margin fromg. Auxiliary switchS,; works
voltage source dfl /(1 + £')]Va./2. C.4 is charged with zero-current turn-off. Aftet,q, inverter output
while C,; is discharged. Main switcf, works with returns to the minus level, and the clamping capac-
capacitive turn-off. itor returns to the floating state.

Step 4) (3—t4): Upon full discharging of>,; atts, D; starts Considering that the resonant capacitd;, is small
conduction and; gating signal is released by thecompared to the clamping capacit@r,,, charging and/or
zero-voltage detecting circuit installed across it. Thdischarging current througfy,s is also small and has been
resonant inductor current continues to decrease. neglected in the analysis.

Step 5) (4—t5): S; starts carrying current as the resonant Consequently, in the proposed circuit, with no extra control
inductor current falls below the load currenttat for the auxiliary circuit, all the main switches work at zero-
The resonant inductor current continues to decreaseltage turn-on and capacitive turn-off, while all the auxiliary
Main switchS; works with zero-voltage turn-on.  switches work at zero-current turn-off and inductive turn-on,
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Fig. 6. Operation step diagrams of the true-PWM-pole zero-voltage-switching pole in the outer switchikgeel( /N7 < 1, K = N, /N, < 1/2).

resulting in truly lossless commutations and, therefore, ammelower than either of the dc-link capacitor voltages. This mech-
space for switching-frequency increase. anism guarantees the stabilization of the clamping capacitor
Stability of the clamping capacitor voltage, stability of thevoltage as well as the stabilization of the dc-link neutral poten-
dc-link neutral potential (O), as well as the resetting of the matjal, as explained in the following.
netization of the autotransformer in the outer switching cell will When$; is gated, if the clamping capacitor voltage is lower
be treated, respectively, in the following. than the up-capacitof; voltage, then it will be charged by
) ) S ) the up capacitor throug8;, Dg,4, N, andL,14, as shown in
B. Clamping C_:apacnqr_ Vo!tage Stabilization and DC-Link Fig. 7(a), whereas the down capacitds is also charged. In
Neutral Potential Stabilization the other instance, wheby, is gated, if the clamping capacitor
Thanks to the specific configuration of the proposed circuitpltage is lower than the down-capacitoy voltage, then it will
the clamping capacitor voltage is prevented from being highlee charged by the down capacitds throughS.,, Dsa1, N5, and
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Fig. 7. Charging (discharging) paths for the clamping capacitor through the main circuit and the auxiliary circuit. (a) Charging path by upmhcitok€a
whens§; is gated. (b) Charging path by down dc-link capacitor whenS, is gated. (c) Discharging path to up dc-link capacitar whenS.., is gated. (d)
Discharging path to down dc-link capacit@r whenS,; is gated.

L,14, as shown in Fig. 7(b), while the up capacitor is also when clamping capacitor voltage fluctuation is taken into con-
charged. AsS; andS, conduct alternatively all the time exceptsideration.

for the deadtime interval, the clamping capacitor voltage cannotin summary, the clamping capacitor voltage cannot be lower
be lower than either of the dc-link capacitor voltages. than either of the dc-link capacitor voltages due to the charging

Also, the clamping capacitor voltage cannot be higher th@dths established by the main switgtyS,. In the meantime,
either of the dc-link capacitor voltages. Without regard to tHecannot be higher than either of the dc-link capacitor voltages
initial value of the clamping capacitor voltage, the clampingue to the discharging paths established by the auxiliary switch
capacitor will be discharged to the up capaci@r through Sat/Sa1. As a result, the clamping capacitor voltage must be
Dy, Ly14, Nb, andS,4 duringS,—S; commutation whei$,., is equal to either of the dc-link capacitor voltages, and the dc-link
gated, as shown in Fig. 7(c), while the down capacfferis neutral potential must also be stable. Due to the complexity of
also discharged. In the other instance, it will be discharged @®Mping capacitor voltage control involving monitoring of the
the down capacitof’, throughSa;, N}, Ly14. andDy during load current and the clamping capacitor voltage, the stability of
S,-S, commutation wher$,; is gated, as shown in Fig. 7(d),the clamping capacitor voltage as well as the dc-link neutral po-
while the up capacitof’; is also discharged. In either case, ifential is deemed an interesting property of the proposed circuit,
the clamping capacitor voltage becomes lower than the corydlich greatly enhances the attractiveness of the circuit.
sponding up- or down-capacitor voltage when the commutation , o
ends, it will be charged subsequently$yor S, until reaching ©: True-PWM-Pole in the Outer Switching Cell
the corresponding up- or down-capacitor voltage. On the otherThe autotransformer resetting problem arising from the
hand, the commutation will not end as long as the clamping dade-PWM-pole zero-voltage-switching pole inverter [19]
pacitor voltage is higher than the corresponding up- or down-aariginates essentially from the commutation residual current
pacitor voltage. It will end when the clamping capacitor voltagigowing from the active auxiliary switch to the incoming main
gets equal to the corresponding dc-link up— or down-capaawitch through the autotransformer secondary winding and
itor voltage. Note that the auxiliary switch gating signal widtlthe resonant inductor [25], during the interval after the auto-
has been assumed sulfficient to cover the commutation duratteamsformer primary winding current arrives at zero and before
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the turning off of the auxiliary switch. For instance, in Fig. 2, Rl =03 To50
a residual current flowing fron$, throughL, and N5 to S, + k=04 T=90
after N; current reaching zero and before turning off f; 12 | e k=05 T=90
during D; to S; commutation will cause the magnetization of - k=03 T=45
the autotransformer not being able to be reset when auxiliary ogr | 7 k=04 T4

k=0.5 T=45

switch S,; is turned off.

For the outer switching cell of the proposed circuit, how-
ever, such residual current loop always involves the clamping
capacitor and the corresponding dc-link up and down capacitors. 0.5
ForS, to S; commutation, for example, the loop involvies 4,
N4, Sa4/Deas, Cpn, S1/D1, andCy /Cs. ForS; to Sy commu-
tation, on the other hand, the loop involMes., N7, S,1/Dsai,
Cim, S4/Dy4, andC,/C; . In either case, no residual current will

1saprms 0.75 e

0.3

likely to flow in the loop continuously, since at steady state the o8 03 1.03 o2 251 3

clamping capacitor voltage must be equal to the corresponding Tioad

dc-link capacitor voltage and the current flowing in the loop @

must be zero. This is deemed reasonable taking into account the 0136 _

small time constant of the charging/discharging loop (resonant - ‘;:gj’ %:gg

inductance and thermal resistance) as well as the margin con 0114 "o k=0.5, T=90

sidered in the auxiliary switch gating signal width design. : k=03, 14
Without residual current, magnetization of the autotrans- o092 ]s - k=0.5,T=45

former will be reset appropriately. Hence, the true-PWM-pole
zero-voltage-switching pole scheme becomes applicable to thEim 0069
outer switching cell of the proposed circuit without suffering
from the autotransformer magnetization resetting problem.
As mentioned before, the true-PWM-pole scheme reduces the
current rating of the auxiliary switch to nearly half/[1 + &)
times, &’ = N,/N{] as compared to the ARCPI circuit [18] >
or the transformer assisted PWM zero-voltage-switching pole e —
circuit [20], in which cases the auxiliary switch carries the full OO0 5on os0s  roos  1so
resonant inductor current. foad

Note that, as shown in Fig. 4, the autotransformer winding
connection has been modified in comparison with that shown in ®)
Fig. 2. The modified connection [29], [30] allows the autotrandgdg. 8. Variations of the resonant inductor rms currents with load current,

. - . ransformer ratio, and switching cycle. (a) Diode to switch commutation. (b)

former secondary winding to carry the auxiliary switch curreng,ich to diode commutation.
instead of the resonant inductor current, without affecting the
autotransformer secondary voltage for synthesizing the auxil-

iary voltage source for forcing the commutation resonance. TReit- Rating of the auxiliary device can be evaluated according
autotransformer size is nearly halved as a result. to the resonant inductor peak current stress given in Fig. 9, as

well as the rms current stress given in Fig. 8.

Gating signal width for the auxiliary switch can be decided
referring to the commutation duration relation given in Fig. 10.

Characteristic curves for the transformer-assisted PWM zefeating signal width dimensioning must also consider the
voltage-switching pole inverter, including the commutation duecessary margin dealing with charging and discharging inter-
ration, the peak resonant inductor current, as well as the ragion of the clamping capacitor with the corresponding dc-link
resonant inductor current related to the instantaneous load dkpacitor, in order to guarantee that the clamping capacitor
rent, the transformer ratio, and the switching cycle, in cases\sfltage becomes equal to the corresponding dc-link capacitor
both diode to switch commutation and switch to diode commyoltage within the auxiliary switch conduction interval. In
tation, have been comprehensively addressed in [20]. the meantime, the minimum pulsewidth in the inverter PWM

For design of the aux”airy circuit for the inner Switching)attern should not be less than this duration. The next commu-
cell, the transformer ratio should be set first to less than 1f@tion should not start before the conclusion of the previous
depending on the actual resonant loop resistance, to ensurec@f@mutation.
pole voltage to swing to the rail level during the commutation Auxiliary transformer design can be based on the commuta-
resonance. The resonant capacitance can be designed as pdiaihémagnetization) duration information given in Fig. 10, and
device turn-off loss and the thermal conditions associated [3ffje resonant inductor rms current stress information given in
Resonant inductance can then be decided according to theFig- 8. The resonant inductor can be designed based on the res-
ceptable resonant inductor rms current stress given in Fig.dhant inductor peak current information given in Fig. 9, and the
taking into account the expected operating frequency of the diesonant inductor rms current information given in Fig. 8.
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I1l. ANALYSIS AND DESIGN
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Fig. 9. Variations of the resonant inductor peak currents with load currepfy 10. Variations of commutation durations;, andtg, with load current
and transformer ratio. (a) Diode to switch commutation. (b) Switch to diodgq transformer ratio. (a) Diode to switch commutation. (b) Switch to diode
commutation. commutation.

TABLE |

Characteristic curves for the transformer-assisted PWM
SPECIFICATIONS OF THE3-KW HALF-BRIDGE THREE-LEVEL CAPACITOR

zero-voltage-switching pole circuit utilized in the inner svv.itch. CLAMPING INVERTER PROTOTYPE
cell can be conveniently extended to the true-PWM-pole circuit
utilized in the outer witching cell. Based on these curves, the DC input Vo= output Voems | modula- =
true-PWM-pole circuit can be analogously designed. "°1:aE‘: 61()’0" "‘l"“‘dge =11°2°V “0'};;:?6* Ofﬁz
. - . outpul o= oa rms switching =
Note that throughout Figs. 8-104.ce = Vie/2, Zhase = power W current 5A | frequency | 6.5kHz

V4 Lr/2cra ibase = Vbase/Zbaser Wy = 1/\/ 2CrLr1 andtbase =
wet.
itor in use is 275Q:F with a nominal voltage of 500 V (two

55004:F/250-V capacitors in series). The half-bridge inverter
output is installed with a second-ordeC filter with L ; = 1.45
A half-bridge three-level capacitor clamping inverter protonH andC; = 12 uF.
type has been built in the laboratory. The main circuit of the Gating signal width of the auxiliary switch is set at 14.4.
prototype has been modulated by subharmonic PWM patteltinimum pulsewidth is set at 28.8s and maximum pulse
as detailed in [15]. Specifications of the prototype are given imidth is set at 124.3s. Deadtime of 2.4:s is inserted for each
Table I. The parameters of the half-bridge laboratory prototygeavitching cell. Besides, four zero-voltage detecting circuits are
are:L,14 = Loz =15 uH,C,y =Co = C,3 = Cy = 0.1 uF, employed to interface the four SEMIKRON SKHI10 drivers
andN;/N; = 0.4andN} /N = 0.67.S;-S, andS,;—S,4 used to the four main insulated gate bipolar transistors (IGBT's),
are SKM50GB123D (1200 V/50 AD.1-D.4, andD,-D., respectively [32].
used are HFA30T60C (600 V/30 A). Fig. 11 shows the prototype half-bridge inverter output
In addition, dc capacitors used atg = C, = 3300 uF, voltage waveform. The stable three-level output verifies well
each with a nominal voltage of 350 V. The clamping capathe stability of the clamping capacitor voltage as well as the

IV. EXPERIMENTAL VERIFICATION
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Fig. 11.
three-level capacitor clamping inverter prototype.
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Fig. 12. Experimental voltage and current waveforms of the main switch
duringD4 to S; commutation an&; to D, commutation. Main switch works
with zero-voltage turn-on and capacitive turn-off.
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S; — D4 commutation process. As expected, the main switch
works with zero-voltage turn-on and capacitive turn-off, and
neither voltage nor current spike arises. Fig. 13 shows the exper-
imental result of the auxiliary switc,4 voltage in relation to

the resonant inductok.{;4) current and the load current during
D4 —S; commutation process. As can be observed, the auxiliary
switch works with inductive turn-on and zero-current turn-off,
without the magnetization resetting problem.

1)

Experimental three-level output voltage of the 3-kW half-bridge

2)

3)

4)

V. CONCLUSIONS

The proposed soft-switched three-level capacitor
clamping inverter guarantees zero-voltage switching of
the main switches, zero-current switching of the auxiliary
switches, without incurring any voltage or current spike
over the main or auxiliary switches, and without being
subjected to any modulation limits. Due to simultaneous
turn-off of the main switch and turn-on of the corre-
sponding auxiliary switch, no additional monitoring or
controlling for the auxiliary switch is required.

Due to the charging and discharging paths established
by the auxiliary circuit in the outer switching cell, the
clamping capacitor voltage as well as the dc-link neutral
potential is forced to be stable during the operation, re-
gardless of whether an active control of the clamping ca-
pacitor voltage has been taken.

Due to the clamping capacitor involved in the resonant
paths, the true-PWM-pole zero voltage-switching circuit
can be utilized in the outer switching cell, without
suffering from the magnetization resetting problem of
the autotransformer occuring in the normal two- level
true-PWM-pole inverter. The current stress of the aux-
iliary switch is, therefore, almost halved f(1 + &'))
times,k’ = N4 /N < 1] due to current sharing of the
autotransformer windings.

The proposal can be used to advantage for advanced ap-
plications in high-speed drive or active power filtering
areas, etc., where high-switching-frequency high-power
operation is demanded.
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