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Abstract—This paper reports a resonant snubber for the neu-  thyristor three-state inverter [11] originated from the modified
tral-point-clamped (NPC) inverter using the auxiliary resonant McMurray two-level inverter, which works actually with
commutated pole inverter (ARCPI) technique. The proposal zerq_cyrrent switching, zero-voltage-switching NPC schemes

guarantees zero-voltage switching of the main switches and . . - .
zero-current switching of the auxiliary switches without incurring 1121, [13] using quasi-resonant dc-link [14] and auxiliary

any voltage or current spikes across or through the main switches 'ésonant commutated pole inverter (ARCPI) [15]-[17] were
and without being subjected to any modulation constraints. The also explored. The auxiliary switches in [11] and [13], however,
operation principle of the ARCPI NPC inverter is illustrated. A are subject to 2 and 1.5 times the main switches blocking
simple method dealing with the static overvoltage problem of the voltage, respectively.

inner switches is described. Commutation durations and current .. h h . . | d d
stresses in the basic ARCPI circuit are analyzed. The results ~R€COgnizing that the NPC inverter is always used to ad-

enable mathematical understanding and practical designing of vantage in high-power applications, the ARCPI circuit which
the basic ARCPI circuit. In particular, the self-balancing quality ~was deemed the best for high-power use [18], has the most
and controlling possibility of the dc center potential in the basic potential in securing an applicable zero-voltage-switched
ﬁ;ﬁi :;@'}t‘ﬂkacri'ln,‘\l’gsct'?ﬁ\}gﬂ'eﬁ‘aeb%rrgﬁ’g;a;z ;ﬁ;ggd bya3-kW  high-power NPC inverter. An uncertainty which remains with
' the basic ARCPI circuit, however, is the stability of the dc
Index Terms—Auxiligry resonant commutate_d p_ole inverter, center potential, as mentioned in [19].
neutral-point-clamped inverter, snubber, soft switching. It is the objective of this paper to propose an alternative
ARCPI NPC inverter. Like the basic ARCPI circuit, the aux-
|. INTRODUCTION iliary switches in the proposal see only one-half of the main
HE NEUTRAL-POINT-CLAMPED (NPC) inverter [1] sw(ijtches blllg)ckin? xoltj\ge. Understandirpgs ﬁf sbelf—.balancing
T has been playing a growing role in the recent decaaaén gontro Ing of the dc center potential in the basic ARCP!
) ) . .~ 7~ "Citcuit are reported.
especially in traction [2], [3] and power system applications
[4], due to the expanded capacity with the existing switches
without the problematic series association of switches as well
as the reduced output harmonics. To limit the/dt anddi /dt II. PROPOSEDARCPI NPC NVERTER
rates of change when gate-turn-off thyristors (GTO’s) are us
different snubber schemes utilizing eithRCD snubbers [4]
or low-loss snubbers [5], [6] have been developed, where theFig. 1(a) shows the proposed ARCPI NPC inverter. The cir-
switching frequency is significantly limited due to the enormousuit can actually be decoupled into two ARCPI cells, as shown
shubberloss. Regenerative snubbers avoid the loss atthe expam&ég. 1(b) and (c). Wherb, is ON and S, is OFF, auxiliary
of the considerable hardware complexity [7]-[9], includingwitchesS,; andS,3 assist the commutations betwegnand
even baby snubbers for the recovery choppers [10]. Moreovss, connecting the output to the plus and the neutral rail alter-
snubbers either dissipative or regenerative, suffer from suehtively and forming the first ARCPI cell, whil&,,, = 0,
other problems as voltage/current spikes, series inductor lossVas = V. andiz,.24 = 0. On the other hand, whe$g is ON
well as the adverse effects from the snubbing diodes, etc.  andsS; is OFF, auxiliary switches,» andS,4 assist the commu-
Several previous publications have resorted to soft-switchitations betweets; and.S, connecting the output to the neutral
techniques for snubbing of the NPC inverter. Besides the eadyd the minus rail alternatively and forming the second ARCPI
cell, whileV_,.; =0, V.1 = V. andif,.13 = 0. To understand
Paper IPCSD 99-83, presented at the 1999 Industry Applications Socigfva operation of the circuit, commutations in the flrSt. ARCPI
Annual Meeting, Phoenix, AZ October 3-7, and approved for publication @€ll betweenS; /D; andS3;/Ds when the load current is neg-

the IEEE TRANSACTIONS ONINDUSTRY APPLICATIONS by the Industrial Power gtjve (D1 < S3) will be explained. The following assumptions
Converter Committee of the IEEE Industry Applications Society. Manuscri%tge made
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Fig. 1. Configuration of the proposed ARCPI NPC inverter I8g. /S5 assist cellS; /S5, while S.2/S,4 assist cellS;/S4, both exactly in the same way as
the basic ARCPI circuitR. is clamping resistor to prevent overvoltage from happening across either of the inner switchredS;. (a) ARCPI NPC inverter
configuration. (b) First ARCPI cell5; isoNandS, isOFF, V... = 0 andV.,., = V.. (c) Second ARCPI cellS; isoNnandS, iSOFF, V.3 = 0 andV,,.; = V..

snubbing capacitor, a zero-voltage detector is installed. The pre-

% PWM gating signal
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Fig. 2. Predicted waveforms for commutations betw8ehpD, and.Ss;/ D5
when the load current is negativ®{ < S3). Note that %,..s¢” for switch to
diode commutation is equal to the,;..." for diode to switch commutation,
and is consistently applied without regard to the level of the load current.

Step 3 (tg—tg) .

dicted commutation waveforms are shown in Fig. 2. The com-
mutation step diagrams are shown in Fig. 3.

Circuit steady state. Output is con-
nected to the plus rail byp, andD; .
Auxiliary switch S,; is turned on at
t1, causing current decreasing i,
currentincreasing ith.,.; 3 while current

in D, keeps.

D, blocks att, while S; begins car-
rying the increasing difference between
the resonant inductor current and the
load current.

S; is turned off att3 when the current
in S; reached,..st, resulting in reso-
nance betweeh, 3 andC,.1, C,3. Cy1

is charged while”, 5 is discharged.



588

Say

Sas

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 36, NO. 2, MARCH/APRIL 2000

——Cn
Va2 _oL iLa3
‘_—
g
Dsar Das  Lu3
—t— Cyy .
T Va2 Ca
o
- Cn Cop—
Va2
Dyr  Dsw Los
iﬁ—- Cn
IL24
A T T de &7
T Va2 Sz Su = Va2 S22 Su _l,
step 1: tp-t

L. C22
[ Va2

e

-1 Cr
=T Va/2

i1

b C22

[ Va2

PR

S22 Su

b C22

— Va2

Y

Saz

Iiw

Sud

step 10: to-typ

step 8: t;-tg

step 9: tg-ty

Fig. 3. Step diagram for commutations betwég2nand.S; in the proposed ARCPI NPC inverter when the load current is negative.
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Step 5 (ta—t3): Currents changeover front,; and tensible to any level diode clamping multilevel inverter reported
C,3 to D, at ty instantly when in [20], [24], and [25].
voltage acrossC,; reachesVy.. S3 Without regard to the clamping resistor.,Rhe snubbing
gating signal is then released by theapacitor (,3/C,2) in parallel with the clamping diode
zero-voltage-detecting circuit installed(D.; /D.2), as shown in Fig. 2(a), also help to mitigate the

acrossC.s. overvoltage problem [20]. The reverse-recovery energy ac-
Step 6 (ts—ts): Ss and D, start carrying current & cumulated in the neutral line parasitic inductance is snubbed

when current inL,.;3 decreases to the by the snubbing capacitorC{s/C,z), rather than by the

load current level. parasitic capacitance of the clamping diode.{/D.,) alone
Step 7 (te—t7): Ss and D, carry the full load current in the hard-switching case, allowing mitigated voltage stress

attg whenL, 3 current arrives at zero. across the clamping diodd)(; /D..) and, hence, mitigated
S.1 gating signal can be withdrawn.overvoltage across the inner switc (' Ss).

Circuitreaches steady statg.andD .,

connect the output to the neutral rail. lIl. BAsic ARCPI QrCUIT

Step 8 (t7—tg): S.3 is turned on at-, increasing the . . N .
current flowing in Ss and Dey. Lyys For thg analysis of the basic ARCPI circuit, the following
assumptions are made.

current ramps up in the reverse direc-

tion. » Resonant inductanck, 13 = L,24 = L,. Snubbing ca-
Step 9 (tg—to): S is turned off atts when theL, s pacitanceC,; = Cp2 = CT?f/z: Cry = C,. Angle

current is promoted té,oos:, leading to frequencyw, = 1[12/(20?,L,,_)] . Resonant impedance

resonance betwee,s, C,,, andL, 3. Z, = [L,/(2C,)]'/. Switching cycler.

C,3 is charged and’,., is discharged. * Ohmic losses in the resonant loops are neglected.
Step 10 (to—ti0):  D; starts conducting current afy * Unit currenti = iZ, /Va.. Unit voltagel” = V/Vq.. Unit

when C,3 voltage reachesV,.. S; timet = tw,.

gating signal is then released by the * thoost = 20% or as specifiedVcy; = Ve = Voo =

zero-voltage-detecting circuit across ~ Vezz = Vae/2 or as specified.

C,1. L,13 current starts decreasing

until extinguishing atto. S.3 gating A- Commutation Durations and Current Stresses

signal can then be withdrawd), and 1) Total Commutation Durations and Duty Cycle Limita-

D; connect the output to the plus railtion: Total commutation durations decide the auxiliary switch

as shown in Step(io—t1). gating signal width. They impose yet duty cycle limitation

Commutations betweef; /D, and S3/Ds when the load 0N modulation leading to reduced dc-link voltage utilization.

current is positive §; — D.;) as well as the commutationsThe next commutation can start only after the conclusion of
betweenS, /D, and S,/D, when the load current is eitherthe previous commutation. Expressions for total commutation
positive (52 « Dj) or negative D., « S,) can be analo- durations corresponding to diode to switeh,§ and switch to
gously inferred. Obviously, with the assistance of the auxiliagiode ¢.4) commutation are given in (1) and (2), respectively,
branches, all the main switches work with zero-voltage turn-on

and capacitive turn-off, while all the auxiliary switches work 2. = 2a.cos boost t A+ o]
with zero-current turn-off and inductive turn-on. Moreover, all L —
the auxiliary switches block onl¥,./2, which is one-half of 4 T Phoost

the main switches blocking voltage.

iboost + iload

B. Static Overvoltage Limitation for the Inner Switches t.a = 2acos + 4diboost-  (2)

Indirect clamping resulting in static overvoltage of inner \/Z + [Thoost + tload]?
switches is one of the most serious disadvantages of the diode
clamping multilevel inverter [20]. The problem in the NPC Variations of the total commutation durations with load
inverter case can be clearly observed [5]. Solutions wegarrent are shown in Fig. 5. Apparently, for diode to switch
also pursued [21]-[23], but with limited effectiveness. Innetommutation, the total commutation duration increases with
switches in [23] even suffer from significant turn-on currenbad current. For switch to diode commutation, however, it
impulse due to the discharging of the snubbing capacitaiecreases with load current. The auxiliary switch gating signal
through the inner switches without any resistive dampings. width should be set covering the maximum commutation dura-

The problem can be effectively and economically resolved iipn for diode to switch commutation at the peak load current
connecting a clamping resistor across the inner switches, adélel and remains constant throughout the low-frequency cycle.
lustrated in Fig. 4(a) and (b). While the value of this resistor can2) Resonant Inductor Peak Current®esonant inductor
be set as high as possible as long as the corresponding clampiegk currents concern the rating of the auxiliary switch and
diode @.1/D.2) can conduct, loss accrued from the clampinthe designing of the resonant inductor. Expressions for reso-
resistor is negligible. Note that the solution is theoretically exrant inductor peak currents corresponding to diode to switch
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(b)

Fig. 4. \oltage limitation mechanism for the inner switcttgsand S5 by the
clamping resistoR.. (a) ForSs: whenSs; andS, areorFFandS; andSs areon,
D 5 will conduct due to the clamping resist&r., makingS., voltage clamped
to C, andS; voltage clamped t€’; . (b) ForS,: whenS; andS. areorFrand
S5 andS, areoN, D¢y will conduct due to the clamping resisté., making

S1 voltage clamped t6’; andS. voltage clamped t@’,.
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Fig. 5. Total commutation durations for diode to switch commutattan:(
te—t1) and switch to diode commutation t ¢,,—t-) versus load current.

switch cycle are given in (3) and (4), respectively

r— o 1 D
tLrpl = tload T \/ Z + 'LboostQ
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Fig. 8. Resonant inductor average currépt., solved over the switching
cycle flowing out of the center potential corresponding to positive load current

versus load current and switching cycle.

- . 1
L Lrp2 = —tload T \/Z

+ (iboost + iload)Q-

(4)

Variations of the peak currents with load current are shown in
commutation and switch to diode commutation solved over tiéd- 6(&) and (b). Obviously, for diode to switch commutation,
the peak current increases with load current. For switch to diode
commutation, the peak current decreases with load current.

3) Resonant Inductor RMS Current®esonant inductor

®)

rms currents concern the rating of the auxiliary switch and the



YUAN et al: ARCPI RESONANT SNUBBER FOR THE NPC INVERTER

( [E
|

Fig. 9. Basic ARCPI circuit structure with dc voltage distribution factok of

0.35
lLrav (k lloa;d)

03 |

T=90, 1w05‘—40%

0.25

ate, jlbdd

23

KVal(1-K) Ve,
liLFf (K, ivoost> 10ad) |

iLr
v

(b)

Fig. 10. (a) Resonant inductor average currépt,, solved over the

switching cycle flowing out of the dc center potential corresponding to positive

load current versus load current and dc-link voltage distribution fdetgb)

591

0.66
T=45
054
T
0.43 . 7
031 " L
Tosen=d0%
02 A e
“/‘Agf/; froes=20%
0.08 ; *
M i rava
0.029 huserEEEEE

0 05 1 L3 2 25 3

l10aq

Fig. 11. Resonant inductor average current averaged over the switching cycle
versus load current, switching cycle, and... for diode to switch commutation
(izravp) @and switch to diode commutationz( g, )-

rms expressions solved over switching cycle &g, ;s and
1 rrnrms, F€Spectively, as given in (5) and (6)

2 2(Tload +iboost ) 1.
/ 1  dt

T Jo
—_ 1 /-2a 008 (Toost /V/1/A4iv00s1?) )
Lrprms — + —
2
L
. <'Lload + 5 Sin £ + hoost COS t) dt
iLrn rms

2iboost 1
= / - t2 dt

1 2a<0s((uoometitond) / V1/4+ (hoom +itoa)?)
+ —_— / .

2
I 1 _ - _ _
. <i10ad - 5 sin t — (iload + iboost) Ccos t) dt
(6)

Variations of the two currents with load current and switching
cycle are shown in Fig. 7(a) and (b). Analogous to the pre-
vious cases, the resonant inductor rms current corresponding to
diode to switch commutation increases with load current, but
decreases with switching cycle. In the meanwhile, the resonant
inductor rms current corresponding to switch to diode commu-
tation decreases with both load current and switching cycle.
This result justifies the gating plan in this paper to impose
the “boost” current consistently for switch to diode commuta-

Neutral line current feedback loop and self-balancing of the dc center potenfﬁ;n no matter what is the load current level. The additional loss

in the basic ARCPI circuit.

accrued is negligible, while it brings considerable control sim-
plification.

designing of the resonant inductor. Auxiliary switch carries 4) Resonant Inductor Avage Current: Resonant inductor

the diode to switch commutation current for one load curreatverage current allows for understanding of the static fluctuation
direction and the switch to diode commutation current faf the dc-link center potential. Expression for the resonant in-
the other load current direction. For the two currents, thductor average current solved over the switching cycle flowing



592 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 36, NO. 2, MARCH/APRIL 2000

out of the dc center potential corresponding to positive load cuiircuit is always in zero-voltage-switching operation in spite of

rent is given in (7) the dc center potential fluctuation.
Variations of this current with load current and the dc voltage
5 2t | distribut.ion factork are shown_ in Fig. 10(@). .Evi(.jently, the
vy = — / ZFdE current increases with the dc-link voltage distribution fadtor
T Jo 2 In the same sense, the resonant inductor average current solved
1 20008 (Toost /V/1/44in00sc?) over the switching cycle flowing into the dc center potential
+ T /0 corresponding to negative load current will decrease with the
S S N dc-link voltage distribution factok:.
. <i10ad + 3 sin £ 4 fpoost COS t) dt Consequently, for disturbance leading to increase of the
‘ capacitorCs voltage, the average resonant inductor current
2 /2“""’“ 1_ flowing out of the dc center potential will increase making
4+ = —tdt ; ; i
T Jo 2 capacitorC, more discharged and capacit@r more charged,

decrease making capacit@r, less charged and capacitor
C; less discharged. The implication of this regulation is the

) <iload 1 Sint 7 — (Fload + Thoost) COS E) dt. (7) negative feedback in the neutral line current loop and, in
turn, self-balancing of the dc center potential, as illustrated in
Fig. 10(b).

Variations of this current with load current and switching Under symmetrical operation conditions, the neutral line cur-
cycle are shown in Fig. 8. Evidently, the current increases witnt will be averaged to zero when the dc-link voltage distribu-
load current, but decreases with switching cycle. Note that tHen factor is 0.5. It is mainly in this sense that the dc center
resonant inductor average current flowing into the dc center gatential is deemed self-balancing.
tential corresponding to negative load current is equal in value
at a given load current level. C. Controlling of the DC-Link Center Potential

1 (2acos((room+inond) /V/1/ 4+ (oo Hirona)?) while the current flowing into the dc center potential will
—"_ e
rl

) Referring again to Fig. 10, the neutral line current feedback
B. Current Feedback Loop of the Neutr_al Line Current and loop does not guarantde = 0.5. When asymmetrical opera-
Self Balancing of the DC Center Potential tion conditions arise, zero neutral line current will correspond to

Referring to Fig. 9, assuming that, in the basic ARCPI circuitlc-link voltage distribution factor different from 0.5. Depending

the dc-link voltage distribution factor fs capacitoiC;, voltage on the extent of the asymmetry, the dc center potential may drift
is kVq4., while capacitorC; voltage is(1 — k) Vj.. The reso- beyond the range where zero-voltage switching can still be se-
nant inductor average current solved over the switching cyaared. An active voltage feedback loop for the dc center poten-
flowing out of the dc center potential corresponding to positiviial is, hence, needed in this case.
load current is then given by (8), shown at the bottom of the To look at the possibility of such controlling, expressions
page. Note that, for this expression, it has been assumed thafitinethe resonant inductor average currents averaged over the

tLrav =

1 ((m—l—iboo;t)/k) o 1 T—a cos( ((l—k))/ k2+i1,oogt2) —a cos(k/\/ k2+i1,oogt2)
T / ktdt + = /
0 0

/((\/mmu(l—kwm) J-m)

_ _ - o~ 1
“(f10ad + £ sin(t) + fhoost cos(t)) dt + =
0

Thoost — N\ 1 fCveest/(1=R)) o
' W’“Q Foost* = (1= £)* +d1oaa = (1 —W) d+ 5 / (k — 1) dF
0

1 /W—a cos(k/\/(l—k)z-l—(m-l—m)z ) —a cos((l—k)/\/(l—k)z-l—(m-l—m)z )
+:
T Jo

. o 1 (VR4 Grenativee )2 =k —ii0aa) [¥)
: (iload + (k - 1) sin ¢ — (iload + iboost) COs t) dt + ? /
0

. <_\/(1 - k)Q - kQ + (iload + iboost)Q + iload + k%) df (8)
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switching cycle contributed from diode to switch and switch to
diode commutation are given by (9) and (10), respectively

2 2(t10ad+iboost ) 1_ _
iLravp = ? / g bt
0

2

1 2a cos (iboost/\/l/4+iboost2 ) i, d
+ = 14t

T Jo

- 1 _ - B B lload(+ )
. <i10ad + 3 Sin £ + ho0st COS t) dt 9)

iL=f(K, ivoost, iioad)
iLr
v
2 Zivoost | _ 1
Travn = — / —tdt+ — Fig. 12. DC center potential control system including the intrinsic neutral line
T Jo 2 T current feedback loop and the extrinsic dc center potential voltage feedback
/211 COS((iboost-I-iload)/\/ 1/44+ (005t +iload )? ) loop.
0

D. Resonant Circuit Designing of the Basic ARCPI Circuit

- ]- . - ra— o - T
) <'Lload N t = (iload + thoost) €O8 t) dt. (10) For designing the resonant circuit, current valvg,; should
be set first dependent on the actual resonant loop ohmic loss to

Variations of the resonant inductor aver rrents with | ggsurethepolevoltageswingingtothe rail level during the com-
ariations ot the resona . uctoraverage currents Atation [16]. A margin must also be considered §Qf,s; to
current, switching cycle, ang,..s; are shown in Fig. 11. From

this figure, the resonant inductor average current contribute[gSure zero-voltage switching under dc center potential fluctu-
gure, . S 9 . : &flon to some reasonable extent. Snubbing capacitance should
from diode to switch commutation increases Withos:, While

: : . bﬁ set as per the allowable switch turn-off loss [26]. Auxiliary
the resonant inductor average current contributed from SWIthitCh gating signal width and pulsewidth modulation (PWM)
to diode commutation decreases with.s:. Such relationship

: . . s|ignal duty cycle limitation should be designed according to the
creates an opportunity for controlling of the dc center pOtent'%aximum commutation duration given in Fig. 5. Resonant in-

If & is detected to be higher than 0.5, then when the load “Ylctance can be designed according to Fig. 7 with information

;ﬁpggltfgtilc?;é?opgvs\/littl::ﬁ ";Or;’at g\\:\lllilt?r? tlgczjr;?jseego?z;s:a rtlitcr)zllt_arr regarding the accepted resonantinductor rms current and the ex-
. . ) ected switching frequency. Rating of the auxiliary switch can
resonant inductor average current flowing out of the center

: . . : . . e selected according to the peak current and the rms current
tential will get increased allowing the dc-link capacitos to 9 b

be more discharged and the dc-link capacitgrto be more information given in Figs. 6 and 7.

. Note that the resonant inductor average current is not in
charged. .On t_he (_)ther ha@‘”“ should be kept when the IoadIinear relationship with the load current according to Fig. 8. The
current direction is negative.

) Ili lue i hree-ph ARCPI
If kis detected to be lower than 0.5, then when the load cunret neutral line current average value in a three-phase C

T L . : System will not be zero for each switching cycle and will see a
rent direction is negativéy,..s: Will be increased by a controller

for both diode to switch and switch to diode commutation. Thtglrd-order harmonic current. The expression for this current

. o can be deducted analogously and will help the designing of the

resonant inductor average current flowing into the center PQ:-link capacitors
tential will get increased allowing the dc-link capacitos to '
be more charged and the dc-link capacifgrto be more dis-
charged. Againj,..st Should be kept when the load current is
positive in this case. Againy,..s; Should be kept when the load Specifications of the 3-kW half-bridge ARCPI NPC inverter
current direction is positive. prototype are given in Table I. Considering that the switching

The overall control concept combining the intrinsic neutrdfequency taken in today’s high-power NPC inverters is lim-
line current feedback loop and the extrinsic dc center potentisdd to some hundreds of hertz for GTO’s [7] and to around
voltage feedback loop is shown in Fig. 12. 1000 hertz for insulated gate bipolar transistors (IGBT’s) [27],

Note that, for the half-bridge ARCPI case under considerf28] or integrated gate commutated thyristors (IGCT’s) [29], the
tion, while charge balance (ampereseconds) of the dc-link switching frequency chosen for this prototype is 6.5 kHz.
capacitors will be lost during the fundamental frequency cycle The resonant circuit parameters d&rgs = L,oq = 12 uH
leading to center potential drift when asymmetrical operatiandC,.; =C,» =C,3 =C,.4 = 0.1 pF. Auxiliary switch gating
conditions arise, flux balance (voltsseconds) of the resonantsignal width is 14.4;s. Minimum and maximum PWM signal
inductor will be automatically maintained for each commutawidths are 16.8 and 136;8, respectively. In additiof,os; =
tion, no matter what the operation conditions are, as long as thé.
resonant inductor current can return to zero during the commu+our 3300xF/350-V capacitors are used at the dc link.
tation. Ripple of each dc-link center potential is, therefore, minimized

IV. EXPERIMENTATION RESULTS
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TABLE |
SPECIFICATIONS OF THE HALF-BRIDGE
ARCPI NPC NVERTER PROTOTYPE

DC input Vac= Output Voms= | Modulation M=
voltage 600V voltage 122V index 0. 62
Output P= Load Torms= Switching =
power 3kW current 25A frequency | 6.5kHz

Vi3
: -
153
Y]
.l L I b
S;to D, D; to Ss Ss;to Dy
commutation commutation ‘commutaiion
100V/Div; 10A/Div; 20uS/Div

at the prototype output. A & resistor is used as the load.
Main switchesS;—S, and auxiliary switchesS,;—S,4 used
are SKM50GB123D (1200 V/50 A), and clamping diodes
D.1—D., used are HFA30T60C (600 V/30 A). A resistor of 6.8
kQ/25 W is used as the clamping resisfoy.

Note that, for this prototype, no controlling over the two dc
center potentials has been taken. The two potentials are self-bal-
ancing due to the two neutral line current feedback loops in the
two ARCPI cells, as discussed in Section IlI-B. No consider-
able unbalance has been witnessed in the prototype. This result,
however, is not necessarily extensible to practical high-power
inverters where major asymmetrical operation conditions may
arise.

The commutation waveforms of the main switéh and the
auxiliary switchS,3 are shown in Figs. 13 and 14, respectively.
From Fig. 13, obviously, the voltage and current spikes arising
during the commutations of the main switSh are negligible
in comparison to a conventional snubber case [5]-[7]. However,
as an inner main switch§s is also involved in the commuta-
tions of its neighboring devicegX.> < S,) during itSON state
and experiences current spikes, as can be observed in Fig. 13,
the minimization of which requires fine layout designing of the

Fig. 13. Experimental voltage and current waveforms of the inner malPC inverter hardware. In Fig. 14, with a load current of 20.5 A,

switch .S; during D; to S5 andS; to D; commutations. Main switches work

with capacitive turn-off and zero-voltage turn-on. Besides, static overvolta

e measured commutation duration is 8.5%nd the measured

problem of the inner switches has been resolved by the clamping registor reésonantinductor peak currentis 40 A, corresponding to the pre-

-ipr13

j R— T

Vsa3

50V/Div; 10A/Div; 10uS/Div

dicted commutation duration of 8.2 according to Fig. 5 and
the predicted resonant inductor peak current of 40.8 A according
to Fig. 6.

Measured conversion losses of the prototype together with
the predicted conversion loss are given in Table II. Also shown
in the table is the conversion loss in the hard-switching case of
the same prototype. Device models discussed in [30] have been
taken for the prediction. Note that controlling and gating power
are supplied by an additional power source.

V. CONCLUSIONS

The following conclusions are obtained from the analysis and
experimentation reported above.
1) The proposed ARCPI resonant snubber for the NPC

Fig. 14.' Experimental voltage _and_curren_t waveforms of the auxnlary's_wnch inverter guarantees the zero-voltage switching of the
Sas during D.; to S; commutation in relation to the load current. Auxiliary

switches work with inductive turn-on and zero-current turn-off. Besides, the main switches, without incurring any voltage/current

auxiliary switches block only half of the main switches blocking voltage.

TABLE I
LossCOMPARISON OF THE3-kW HALF-BRIDGE NPC INVERTER PROTOTYPE
load current in measured loss at | predicted lossat | measured loss at
RMS soft switching soft switching hard switching
(A) (W) W) W)
5 52.5 61.1 101.2
10 67.2 73,9 121.5
15 93.1 98.1 170.5
20 115.6 121.6 200.1
25 138.5 142.6 251.1

due to the use of the large capacitance. A second-dr@er
filter with Ly = 1.5 mH andC; = 14 uF is connected

spikes and without being subjected to any modulation
constraints.

2) The small rating auxiliary switches in the proposal work
with zero-current switching. Like the basic ARCPI cir-
cuit, the auxiliary switches block only one-half of the
main switches blocking voltage.

3) Due to the installation of the clamping resistg, the
static overvoltage problem of the inner switches in the
NPC inverter is resolved successfully.

4) Duetothe neutralline current feedback loop, the dc center
potential in the basic ARCPI circuit is self-balancing to
one-half of the dc-link voltage under symmetrical oper-
ation conditions. Theoretically, under asymmetrical op-
eration conditions, dc center potential balancing can be
achieved by increasing the “boost” current according to
the direction of the dc center potential drift, as well as the
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direction of the load current. This concept needs yet to bg4]
implemented.

The proposed ARCPI NPC inverter can be utilized to ad—[zs]
vantage in advanced high-power applications in which re26]
quired performance criteria such as high switching fre-
quency, wide control bandwidth, and lo#¥//d¢ rate of
change, etc., cannot be achieved otherwise.

5)

[27]

(28]
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