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Zero-\oltage Switching for the
Neutral-Point-Clamped (NPC) Inverter

Xiaoming Yuan Senior Member, IEEEand Ivo Barbj Senior Member, IEEE

Abstract—This paper proposes a transformer-assisted ‘L‘
pulsewidth-modulation  zero-voltage-switching  neutral-point-
clamped (NPC) inverter. With the assistance of a transformer-as-
sisted small-rating lossless auxiliary circuit, the main switches
work with zero-voltage switching without suffering from any
voltage/current spikes, under simple explicit control. The tech- Ay
nigue allows for higher operating frequency and better device
utilization of the NPC inverter. Operation, analysis, design, as well
as testing results from a 7-kW prototype are presented in detail.

Index Terms—Neutral-point-clamped inverter, zero-current
switching, zero-voltage switching. A,
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I. INTRODUCTION

1
-

HE neutral-point-clamped (NPC) inverter [1] has been
playing a growing role in the past decade in drive [2], [4]
and power system applications [3], due to the expanded @@y 1. Configuration of the ARCPI NPC inverter proposed in [15], based on
pacity with the existing devices without the problematic serigise two-level origin [13].
association, as well as the reduced output harmonics. To limit

ghg dv/ (ft anggi/ at rhate of cr':_z;l_nge Of_ttgae CSISNitCtht? dev‘jfce,[lg], especially when possible fluctuation of the dc-link capac-
fiterent snubber schémes ulilizing el snubbers [4] jtor center-tap potentials are taken into account [16]. Protection

or low-loss snubbers [5], [6] have been developed, where Ein i iced A —AL) f | ik :
switching frequency has been substantially limited due to t&gt e auxiliary devices A~d,) from voltage spikes during

I . . eir reverse recoveries constitutes the other difficulty of the
significant snubber loss. Regenerative snubbers avoid the | it [17]. Moreover, the auxiliary devices in the circuit
at the expense of the considerable hardware complexity [ X '

. . subject to 1.5 times the main devices blocking voltage,
[8] , which may even include baby snubbers for the recoveQllgniﬁcantly raising the cost for the auxiliary circuit.

choppers [9]. Moreover, snubbers, either dissipative or regen-a< shown in Fig. 2, this paper proposes an alternative zero-

erative, suffer from such other problems as voltage/currg/rg

: o ltage-switching scheme for the NPC inverter, based on the
spikes, series inductor loss, as well as the adverse effects from_ - origin [18]. By setting the transformer ratigk —
the snubbing diodes [10], etc. :

Several previous publications have resorted to soft-switchi

ith t switchi it itchi h oreover, as the auxiliary devices are all clamped to the dc rails
With zero-current switching, zero-voftage switching sc em%§, the NPC configuration, an overvoltage protecting circuit is

realized with resonant dc link [12] and auxiliary resonant’ longer necessary. Except Bk, and D, all the auxiliary

commutated-pole- inverter (ARCPI) [13] have also beea’l - - : ;
. . . i evices block the same voltage as the main devices, renderin
investigated [14], [15] . In particular, the ARCPI NPC inverte g g

15 h 1 Fig. 1 . h fhe circuit more practically interesting. It is worth mentioning
[15], as shown in Fig. 1 seems a more promising sc CMfat the Dy, /D12 blocking voltage can be halved by using a

for high-power applications due to the small-power auxma%ll—bridge structure [18]. The number of diodes, however, is

CIrCUIt' .and full puIseW|dth-moduIat|9n (PWM). operation <, doubled. Operation, analysis, design, and testing of the cir-
capability. However, the scheme requires complicated currenky \will be presented in this paper

monitoring and controlling to ensure zero-voltage switching

Il. CIRCUIT OPERATION
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published on the Intemet May 16, 2002, Neglecting the effects from the second-order circuit parasitics
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Fig. 2. Configuration of the proposed transformer-assisted PWM [
zero-voltage-switching pole NPC inverter, based on the two-level origin
[18] (k = No/N1y = NafNyp < 1/4).
C
Dy l___g:,,/z
——
[19]. It will be assumed constant and will not be dealt with fur- Su s Do Dd}(; S:/4 D,
ther for the sole purpose of this paper. d N N i -

For the first pole, as shown in Fig. 3(a), the output can be Nu - m 1 g
switched between the plus rail and the zero rail by gafing . 0 "
and S5 alternatively, whileSs is alwaysoN and S, is always No Dua |
OFFin the main circuit, and,4 is alwaysoN andS,. is always Da
OFF in the auxiliary circuit. As a result, for the main circuit, = C;I-

D, forms the freewheeling path of the down-arm, &hdin Dy SR

. . a2 'sa2
series withD,.» forms the forward path of the down-arm. In the Vo2 J 1
meanwhile,C,.» always sees zero voltage, wheré&as serves sNInlc.
as the snubbing capacitance for the down-arm. Moreover, for . !

the auxiliary circuit,D,.; forms the freewheeling path of the (b)
down-arm, and,; in series withlq. forms the forward path Fig. 3. Decoupling of the transformer-assisted PWM zero-voltage-switching
of the down-arm. pole NPC inverter into two independent poles. (a) First zero-voltage-switching
For the second pole, as shown in Fig. 3(b), the output can Ipsde of the transformer-assisted PWM zero-voltage-switching NPC invéter.
itched b h ! il and th S il by qafi is alwaysoN and S, is alwaysoFrin the main circuit.S,4 is alwaysoN and
switche etwe_en the Z_ero r"f“ and the minus I’al_ y 9abnflg g . is alwaysorF in the auxiliary circuit. (b) Second zero-voltage-switching
and S, alternatively, whileSs is alwaysoN and S, is always pole of the transformer-assisted PWM zero-voltage-switching NPC invSgter.
OFFin the main circuit, andb,; is alwaysoN andS,s is always is alwaysoN and .S is alwaysorFin the main circuit.S.,; is alwayson and
. - LA . e . S,3 is alwaysoFrin the auxiliary circuit.
OFFin the auxiliary circuit. Similar to the first pole, in the main
circuit, Do forms the freewheeling path of the up-arm afd
in series withD_; forms the forward path of the up-arm®@,.; [18]. Assume further that the transformer ratiés set less than
always sees zero voltage where&gds serves as the snubbingl/4 which ensures the pole voltage swinging to the rail level
capacitance for the up-arm. Also, in the auxiliary circilit,.o during the commutation resonance with the presence of com-
forms the freewheeling path atd 4 in series withD,.; forms mutation loop losses [18]. Referring to Fig. 4 for the commu-
the forward path of the up-arm. tation step diagrams and Fig. 5 for the predicted commutation
Evidently, both of the decoupled circuits work as a trangvaveformes, the commutations betwegr(D, )-S5 during a
former-assisted PWM zero-voltage-switching pole invert@witching cycle under negative load current condition will pro-
[18]. In Fig. 3(a), auxiliary switchesS,; and S,s; assist ceed in the steps described as follows.

the commutations of5; and Ss, respectively, in the first  Step 1) (#,—,): Circuit steady state. Freewheeling diodes

zero-voltage-switching pole. On the other hand, in Fig. 3(b), D, andD; carry the load current. Circuit output is

auxiliary switchesS,»> and S, assist the commutations 6% connected to the plus rail.

andsSy, respectively, in the second zero-voltage-switching pole. Step 2) (t;—t2): Turn off S1 and turn onS,; simultaneously
As operation of one pole is identical to the other, only the at #1, leading to conduction of the auxiliary diode

operation of the first pole will be described. Assume that for D1,. A voltage source valued &b/ is induced on

each snubbing capacitance, a zero-voltage detecting circuit is Ns. Currents inD; and D, start decreasing.

installed across it for releasing the gating signal of its corre- Step 3) (¢.—3): D; and.D; becomes blocking at. C,1 is
sponding main devic&f.; — S1; Cr2—S2; Cr3—S3; Crya—S4) then charged an@, . is discharged.
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Fig. 4. Step diagrams for the commutations betwgenSs; when the load current is negativie is the transformer ratid; = No /Ny, = No/Nip < 1/4).

Step 4) (t3—t4): C,1 voltage rises td/y./2 att3. Currents S.1 gating signal can be withdrawn. Circuit reaches
transfer fromC,.; andC,.5 to D, instantly.S3 gating another steady state. The output is connected to the
signal is then released by the zero-voltage detecting zero rail.S; and D, carry the load current.
circuit installed acros§’,.s. Step 7) (ts—t7): Turn off S3 and turn onS,3 attg, leading

Step 5) (t4—t5): Resonant inductor current,. decreases to conduction of the auxiliary diod#,;. An in-
to the load current leveh..q4 atts. D, becomes duced voltage source éfVy. appears onVs. C,.3
blocking andS; starts conduction. is charged and’,; is discharged.

Step 6) (t5—ts): Resonant inductor curret,. and the aux-  Step 8) (¢t7—tg): C,1 voltage declines to zero &t. Currents
iliary diode current inD;, decreases to zero &}. in C,.1 andC,3 transfer toD; instantly. S; gating
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Fig. 5. Predicted theoretical waveforms for the commutations between @
S1=S3 in the first zero-voltage-switching pole with negative load current 3704
during a switching cycle. ¢ k=0.175
+ k=02
3142 §
\&A o k=0.225
signal is released by the zero-voltage detecting cir- 5 s O k=0.25
cuit installed across it. K\\
Step 9) (¢s—tg): Currents in the resonant inductds. and tgs 2017 \
the auxiliary diodeD;; extinct attg. S,3 gating \\\’&
signal can be withdrawn. Circuit returns to the orig- 1455 \
inal state.D, and.D; carry the load current. Circuit \K\
output is connected to the plus rail. 0893 S
. - %%2
In practice, due to magnetization of the transformer, fol- 033 —
lowing each commutation, a residual current will flow in the o0 52 25 3
auxiliary switch and the transformer secondary, when the Hoad
resonant current in the auxiliary diode and the transformer (b)

primary reaches zero. This residual current will not be reset - , _ ,
til the turn-off of the auxiliary switch. which must be WeIIFlg' 6. Variations of commutation duratiohs andtse with load current and

unti ! ) ry J i transformer ratio; mathematical expressiongferandtse are given in Table 1.

taken into account during transformer designing, so that t( Diode-to-switch commutation. (b) Switch-to-diode commutation.

residual current will be minimized.

Note tha_t thg in'ner SWi_tCH?’ may not WOI’k. gxgctly atzero- g problem can be resolved by paralleling to each clamping
voItag_e switching in p_ract_lce when th_e parasitic inductances a&%de(Dcl/Dd) a small rating switch so that a direct clamping
capacitances of the circuit are taken into account. Assume a RMih for the corresponding main SWitth,/S5) is established.

asitic inductance with the neutral rail and a negative load Curremtpractice the problem can be well mitigated by fine low-in-
flowing throughS3 and D> connecting the output to the neu-y,ctance Bus—bar designing

tral rail. Now, to transfer the load current froffiy and D, to

Dy and Dy, the neutral rail current will decrease leading to dis-

charging of the resonant capaci@,_@ via D.2. Upon reach_ing . CIRCUIT ANALYSIS AND DESIGNING

the steady statd{, and.D; conducting), bottC,.. andC,., will

be charged by’; via the parasitic inductance of the neutral rail. Since each pole works in the same way as the two-level trans-

Consequently, voltage acroSs, will not be zero. Thus for the former-assisted PWM zero-voltage-switching pole inverter, the

next commutation, the turn-on 6§ will see the discharging of characteristics of the two-level transformer assisted PWM zero-

C,2 and will not exactly be zero-voltage switching as a resultvoltage-switching pole inverter applies also in the present cir-
Analogously, inner switcts, will see the same problem in cuit. Under the following assumptions, the commutation dura-

the second pole when load current is positive. tion, the resonant inductor peak current, the resonate inductor
This problem is essentially resulted from the topologic&MS current (averaged over the switching cycle) and the reso-

drawback of the NPC inverter, i.e., the inner two switches of Nt capacitor rms current (averaged over the switching cycle)

NPC leg are actually not directly clamped as in the two-lev#] relation toload current, transformer ratio, and switching cycle

inverter. ItisS; in series withD,, that is clamped t@;, rather are shown in Figs. 6-10, respectively. Details of the mathemat-

thanSs itself. In the same sense, it$ in series withD,, that ~ical expressions [18] have been included in Tables II-V.

is clamped ta’s, rather tharf; itself. Therefore, whebs and * Snubbing capacitandg,; = Co = C,3 = Cpy = C,.

S, are bothorF, S3 can block higher voltage thasy, and D, resonant frequencyw, = 1/4/2C.L,, resonant
can see some voltage rather than zero, or, alternatively, when impedanceZ, = \/L,./2C,., and switching cyclg’. Unit
S; and .S, are bothorr, S> can block higher voltage thaf current: = iZ,/(Vy./2), unit voltagev = v/(Vi./2),

andD.; can see some voltage rather than zero. unit time. ¢ = twyp.
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TABLE |
SPECIFICATIONS OF THE7-kW HALF—BRIDGE NPC INVERTER PROTOTYPE
DC input V= Output voltage Voums Modulation M=
voltage 800V =164V index 0.62
Output power o= Load current Torms Switching f=
TkW =42.5A frequency 6.5kHz
365 0.65
¥ k=0.175
k=02
3.125 0.549 - k=0.225
) - k=0.25
2.6 0.447 m
iLipl 2,075 iLp2 0346 \\:
155 0244 k\\\\
% k=0.175 \\:\
1025 k=02 0.143 N
‘ o 1=0.225 ‘ N
o5 = 1=0.25 . %%\\%
T 0.5 1 15 2 25 3 o4l 0 0.5 1 L5 2 25 3
tload fload

@

Fig. 7. \Variations of the resonant inductor peak currents with load current and transformer ratio; mathematical expressionsdodi .,» are given in

Table Il. (a) Diode-to-switch commutation. (b) Switch-to-diode commutation.

(b)

TABLE I
ToTAL COMMUTATION DURATION EXPRESSIONS FORDIODE-TO-SWITCH COMMUTATION AND SWITCH-TO-DIODE COMMUTATION
expressions expressions in unit value
diode to switch oo Ve oad 2%
R VR il = A =
517 ' :
commutation 200512 &, g =
2 2 : + +M
L’«)(I—Zk) —(2K) %/2)+L Yo % T 2%
2,28, A
(3
¢))
switch to diode T—acos , Zkac2 _ a,, = 7-acs 72"7__2
. JA=20P(V, 12 +lipaZ, | (120247,
86
commutation @ g {128 —
2608 (1-2k)V, —-aos: m wzﬁ.___z i L sy ')
T A2V, 12 i 2T “ lod
@, .4
J(1—2k)2(v 120+l Zo T = QR (Ve 1 2 =i, @
+Lr de load’ dc “ad o
: 2KZ,(V,. 12)
2

« Circuit parasitics, device switching delays, losses, etc., damgluctor current increases with load current but decreases
neglected in the analysis. with transformer ratio. For switch-to-diode commutation, it
From Fig. 6, for diode-to-switch commutation, the comdecreases with both load current and transformer ratio. More-
mutation duration increases with load current but decreasmser, from Fig. 8, the resonant inductor rms current contributed
with transformer ratio. For switch-to-diode commutation, ifrom diode-to-switch commutation increases with load current,
decreases with both load current and transformer ratio. Frdmt decreases with transformer ratio and switching cycle. The
Fig. 7, for diode-to—switch commutation, the peak resonargsonant inductor rms current contributed from switch-to-diode
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Fig. 8. Variations of the resonant inductor rms currents with load current, transformer ratio, and switching cycle; mathematical expressigns. fand
i1 rnrms @re given in Table Ill. (a) Diode-to-switch commutation. (b) Switch-to-diode commutation.

TABLE Il
PEAK RESONANT CURRENT EXPRESSIONS FORDIODE-TO-SWITCH COMMUTATION AND SWITCH-TO-DIODE COMMUTATION
actual expressions expressions in unit value
diode to switch o a2y T = g #1-28) @)
. Ut Thppg T bpl
commutation Z,
3)
1 ] . — — 2 —
switch to diode o NA=20) (V. 1 2) + i Z, I i oy w2 - (8)
commutation Z,
©
2 k015 Teo0 it decreases also with load current, beyond which, it becomes
+ k=02 T=90 independent of the load current.
12| = k=0.25 T=90 / The reverse proportional relation of the commutation du-
o~ k=0.15 T=45 N . .
o k=02 T=45 //, ration, resonant inductor peak current, and resonant inductor

k=0.25 T=45 /ﬁ/’ _ nretit - _ - : !
D » Ly h|gh!y justifies the auxmar)_/ swnch_gatlng st_rategy in this paper
/ //‘ to trigger the corresponding auxiliary switch simultaneously
ose /{/ )4/ with the main switch not only for diode-to-switch commu-

' o tation where such triggering is indispensable for achieving
/}f/f//t/ zero-voltage switching, but also for switch-to-diode com-
mutation where such triggering becomes dispensable above
000 B certain load current level. Such triggering strategy facilitates

00% 05318 Loz 200 2t 3 significant control simplification while the extra loss so accrued
during switch-to-diode commutation is negligible.
Fig. 9. Variations of the resonant inductor rms current with load current, NOte that the auxiliary switch rms current equals the diode to
transformer ratio, and switching cyclé; ... = %, m. + i1.0me;  SWItCh commutation component for one load current direction,
mathematical expressions faf-prms aNdi . rxms are given in Table IV. and it equals the switch-to-diode commutation component for

the other load current direction. As far the auxiliary diode in the

commutation, however, decreases with load current, trarisansformer primary is concerned, the rms current stresses can
former ratio, and switching cycle. The synthesized resondre given accordingly from the transformer ratio.
inductor rms current contributed from both diode-to-switch For design of the auxiliary circuit, the transformer ratio
commutation and switch-to-diode commutation is given ishould be set less than 1/4 dependent on the actual resonant
Fig. 9, which increases with load current, but decreases witop resistance to ensure the pole voltage swinging to the rail
transformer ratio and switching cycle. Finally, the synthdevel during the commutation resonance [18]. The resonant
sized resonant capacitor rms current contributed from bathpacitance can be designed as per the device turn-off loss and
diode-to-switch commutation and switch-to-diode commut#he associated thermal condition [20]. Resonant inductance can
tion is shown in Fig. 10, it decreases with transformer ratithen be decided according to the accepted resonant circuit rms
and switching cycle. For load current within 1-unit amplitudegurrent stress based on Fig. 9, taking into account the system

]
74
]
0.98 gy // rms current with load current for switch-to-diode commutation
sl
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TABLE IV
RESONANT INDUCTOR RMS QURRENT EXPRESSIONS FOFRDIODE-TO-SWITCH COMMUTATION AND SWITCH-TO-DIODE COMMUTATION
actual expressions expressions in unit value
diode to switch By & by —— 1.5 -
i,_,Pm=‘/%_[i,Pzdt+% f izpzdt+%_[ispldt ®) (’Lrprms)z=?J{)‘1P[(1—2k)ﬂzdf
o 0 0 —_— —
commutation where: +%f(’)‘“’”toad*‘1“2k)3i“(ﬂ]2df+%‘§’PWl“”‘*ﬁ"z"fﬂ‘f
. _ W 12a-28
by =
e’ (10)
T 200V, 1 2)
iy = s + 1= 205 Dsina, ) where:
”-ams(IEZk) ki = gy 1 (1~ 21;)
k2V=T Icz_p=7t—acos(l_§k)
b, ) (=260 —(2k)? +iy -%(Vdc 12) Ky = (i + 1= 4K) 1 (20)
= Lig, L J0-20 k)"
P Ok(V, 12) 2%Z,
i i [ . 1% . By _
switch to lede A -;—}i,nzdt+%?i2"zdt (1 1) (iLmrm.s)2 =%IO Bpaa +(2k_l)sm6)—ilaad COS(;)]ZLE
. ° ’ L o +r— s 2k
commutation where: +T]’02[ 1 4k+(zload) +zload+2kz] a&
b= - LIOD 2y sy | 12D
P P where:
7-aas i3 axs e = 2% 1-2%
= UG/ HinZE A2 | BT iy R T o
B @ Ty = fU=20) + (g~} (20)
. _ A0 I2P0-27 - i AT 2V /2)
Iy, " load
Z, L
= ALY (O oy i L,
by, =4I~ 287 —@RP 10V, 1 27+ Z T D
0.078 se k=015 T=90 fall less than this duration. The next commutation should not
-+ k=02 T=90 start before the conclusion of the previous commutation.
gt — i = .
0.071 = ‘;‘gj: :_‘j(s’ On the other hand, transformer design can be based on
\\\ . b0z Tods the knowledge of commutation (magnetization) duration and
0.063 — k2025 Teds the resonant inductor rms current stress. Particular attention
i % =Y. = . . . . . L
\ \ is required keeping the magnetization current minimized.
— R Meanwhile, with peak and rms resonant inductor current
ierms 0-056 \\\\ L information, the resonant inductor can be designed.
0.048 \ e
\\\‘ IV. EXPERIMENTATION RESULTS
0.041 N A 7-kW insulated gate bipolar transistor (IGBT) half-bridge
\\\ NPC inverter prototype has been built. The specifications of
0.033 a0 S which are given in Table I. Circuit parameters of the prototype
oUE s a2 sl el are:L, =12 uH,Cyy = Crg = Cp3 = Cpy = 0.1 puF, k = 0.2,
Toad

Auxiliary switch gating signal width is set at 14.4. Maximum

and Minimum PWM widths are set at 136.8 and 16s8respec-

Fig. 10. Variations of the resonant capei(:i_;gr rms thJrrent. withhload _CUflfe'Fiver.

vanSlormer a0, nd SWICHNG Ry, = s PASMRICR  \poi uichess, —, and auilary SWheS, — S, used
are Semikron SKM50GB123D (1200 V/50 A). Auxiliary diodes
D, — D, andD,.; — D,.2, used are ultrafast HFA30T60C

operating frequency. Rating of the auxiliary switch or thgs00 V/30 A). Inverter output is installed with a second-order

auxiliary diode can be determined according to the rms curreier L; = 1.45 mH andC; = 12 uF.

stress given in Fig. 8, and the peak current stress given in Fig. 7Four 350-V/3300:F capacitors are used at the dc link. It is

Gating signal width for the auxiliary switch must cover thavorth mentioning that the half-bridge prototype is modulated

maximum commutation duration given in Fig. 6 and remaingith normal subharmonic PWM pattern under which the neutral

constant over the low-frequency cycle. In the meantime, tipetential has been proved to be self-balancing when the load is

minimum pulsewidth in the inverter PWM pattern should natot purely capacitive, due to the inherent feedback loop for the
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TABLE V
RESONANT CAPACITOR RMS QURRENT EXPRESSIONS FORDIODE-TO-SWITCH COMMUTATION AND SWITCH-TO-DIODE COMMUTATION

actual expressions expressions in unit value
diode to L lkj»"((l—k)Vdc sin(@q)s; (13) — l?((l—k)th sin®) , 2 (15)
ame =T o = )
switch
commutation
switch to ey kj. ((lcos(@y) |V, (k= Dsin(@y).; (14) L ?(E(kcos(?) = Dsin@®),
Ty 2 2z, Ty 2 2
diode
(16)
commutation
vS,3 Vs3
ANANA 1y f"‘h._.—ﬂl"-'l—ul-

: ittt i b Lo \ lioad
\ ; : : ~ }

100V/Div; 10A/Div; 2uS/Djv

I 100V/Div; 10A/Div; 4uS/Div

Fig. 11. Experimental waveforms of the main switgh voltage and current Fig. 13. Experimental waveforms of the main switéhvoltage, load current,
during S5—D,; commutation and?,—S5; commutation. and resonant inductor current durid.; —S; commutation.

- 'sa3

e

& 100V/Div; 10A/Div; 5uS/Div

Fig. 12. Experimental waveforms of the auxiliary switShs voltage and Fig. 14. Experimental waveforms of the main swit&hvoltage, load current,
current as well as the load current duriblg,—S; commutation. and resonant inductor current durifg—D.; commutation.

dc current component flowing into the neutral potential [21]. Nmain device works with zero-voltage turn-on and capacitive
specific measures are taken for stabilizing the neutral potentialn-off. No voltage/current spikes are produced in the process.
Four simple zero-voltage detecting circuits [18] are emn the meanwhile, Fig. 12 shows the waveforms of the auxiliary
ployed to interface the four Semikron SKH10 drivers to thswitch S,3 voltage and current as well as the load current
main IGBT switches for releasing the gating signals once tlderring D.; to S; commutation. The auxiliary switch works
detected voltage reaches zero. with zero current turn-off and inductive turn-on, and no voltage
Fig. 11 shows the main devicg; voltage and current wave- spike is observed. With a predicted commutation duration of
formes duringS3—D; and D;—S3 commutation. Obviously, the 7.2 us according to Fig. 6(a) and a predicted peak resonant
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current of 47.8 A according to Fig. 7(a) at load current of 20[13] R. W. De Doncker and J. P. Lyons, “The auxiliary resonant commu-
A, the experlmental values are al/% and 405 A respectlvely tated pOIe inverter,” irConf. Rec. IEEE-IAS Annu. MeetlnIﬁQO, pp.

1228-1235.

The analysis.results preser_lted in Section 11l are well validateds4) w. vi and G. H. Cho, “Novel snubberless three-level GTO inverter
Further, detailed relationships among resonant inductor current,  with dual quasiresonant DC-link,” iRroc. IEEE PESC'911991, pp.
load current and main switch voltage during diode—to—switchingllS] 880-884.

J. G. Cho, J. W. Baek, D. W. Yoo, and C. Y. Won, “Three level auxiliary

commL_Jtatl_on and SWItChIﬂg_-tO-dIOdE commutation are |||US_- resonant commutated pole inverter for high power application®too.
trated in Figs. 13 and 14. Minor errors occur due to the ohmic  IEEE PESC'961996, pp. 1019-1026.
losses in the commutation processes neglected in the analysit! F. R. Salberta, J. S. Mayer, and R. T. Cooley, “An improved control

strategy for a 50-kHz auxiliary resonant commutated pole converter,”

Measured prototype efficiency is 95%. in Proc. IEEE PESC'971997, pp. 1246-1252.

[17] H. G. Eckel, L. Sack, and K. Rascher, “FPGA based control of an
V.. CONCLUSIONS ARCP-inverter without additional sensors,” imoc. EPE Conf.1997,
pp. 4.385-4.390.

The analysis and experimentation presented verify that thE8] X. Yuan and |. Barbi, “Analysis, designing and experimentation of a

proposed small-rating zero-current —switching auxiliary cir-

transformer assisted PWM zero voltage switching pole invertEEE
Trans. Power Electronvol. 15, pp. 72-83, Jan. 2000.

cuit guarantees the zero-voltage switching of the NPC maiio] J. Steinke, “Switching frequency optimal PWM control of a three level
switches, without requiring any extra monitoring or controlling inverter,”|EEE Trans. Power Electronvol. 7, pp. 487-496, July 1992.

] R. L. Steigerwald, “A review of soft switching techniques in high per-

) . : ; 120

a_md Wlthout_ incurring any voltage/current spikes or modula formance DC power supplies,” Proc. IEEE [ECON'951995, pp. 1—7.
tion constraints. The auxiliary switches block the same voltagg1] X. Yuan, G. Orgimeister, and H. Stemmler, “Managing the DC link neu-
as the main switches. The scheme can be used to advantage tral potential of the three-phase-four-wire neutral-point-clamped (NPC)

for high-power high-frequency application of the NPC inverter

inverter in FACTS application,” irProc. IEEE IECON’99 1999, pp.
571-576.

where conventional snubber or hard switching is not expected
to offer adequate performance.

[1] A. Nabae, |. Takahashi, and A. Akagi, “A new neutral-point clampe
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