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Analysis, Designing, and Experimentation of a
Transformer-Assisted PWM Zero-Voltage Switching
Pole Inverter

Xiaoming Yuan Member, IEEEand Ivo Barbj Senior Member, IEEE

Abstract—This paper proposes a transformer-assisted pulsewidth modulation (PWM) operation capability. However,
pulsewidth modulation (PWM) zero-voltage switching pole the ARCPI suffers from the following problems.

inverter. As the auxiliary-resonant-commutated pole inverter
(ARCPI), the proposal guarantees zero-voltage switching of the
main switch and zero-current switching of the auxiliary switch,
with a small power auxiliary circuit and full PWM capability.

In particular, problems outstanding with the ARCPI such as
control complexity, auxiliary switch protection, and center-tap
potential variation, etc., are solved in the proposal. The commu-

tation process is discussed step by step in the paper. A detailed

analysis for the auxiliary circuit with regard to commutation
duration/duty-cycle limitation, auxiliary switch peak current/rms
current, resonant capacitor rms current, as well as pole output

a) The need for advance triggering of the auxiliary switch

necessitates additional measuring and timing with highly
demanding resolution [6], which reduces the overall
system reliability [7]. Bus inductivity and freewheeling
diode reverse recovery current cannot be counted on
even though they contribute to boost the resonance
toward zero-voltage switching [5], [7]. Without advance
triggering, zero-voltage switching will be lost and extra
loss will be incurred [8].

voltage loss are presented afterwards. A designing methodology
for the auxiliary circuitis recommended based on the analysis. The
proposal is experimentally verified with a 4.25-kW half-bridge
inverter prototype.

b) Measures taken to protect the auxiliary devices against
overvoltage due to the reverse recovery energy stored in
the resonant inductance result in extra loss and circuit
complexity [9], [10].

¢) Possible potential variation of the dc link capacitor center
tap reduces further the system reliability—this is true es-
pecially when a half-bridge inverter feeding a heavy low-
frequency load [11]. For a single- or three-phase system
where the net current flowing into the center tap during
switching cycle may add to zero in theory [5], the sta-
bilization of the center-tap potential may be lost when

Index Terms—Auxiliary resonant-commutated pole inverter
(ARCPI), zero-voltage switching.

I. INTRODUCTION

ODAY'’S high-power inverters with either hard switching
insulated gate bipolar transistors (IGBT’'s) or shubbed
gate turn-off thyristors (GTO’s) are severely constrained in _ ' O )
switching frequency limited to a few kilohertz (IGBT) or asymrr_letncal operatlon conditions arise petweenthe plus
even a few hundreds hertz (GTO), which fall far behind the ~ @nd minus semicycle of the load current in each phase.
needs for such advanced applications as active power filters oReference [12] solves problem a) by triggering the corre-
high-speed drives, etc. High switching frequency allowing f(ﬁponding auxiliary switch with constant advance set as per the
reasonable control bandwidth is necessarily required to elifpeak load current. Apparently, the main switch to be turned-off
inate harmonics up to certain order according to the relevapil be overboosted for commutations at nonpeak load current
international standards in the case of active filters, or to off&@vels. Significant loss penalty arises. Also, with constant trig-
satisfactory total harmonic distortion factor at certain machir@€ring advance, [13] inserts a current feedback magnetic ampli-
speed to avoid excessive torque ripple or harmonic loss in tiigr to create an initial blocking interval reversely proportional
case of high-speed drives. Low switching frequency problet@ the load current. With a well-designed magnetic core, a load
can be most promisingly resolved by resonant techniquportional triggering advance will be obtained. In addition,
as has been witnessed in low-power dc/dc converters [&]) alternative solution to problem a) was proposed in [3] and
[2]. Among the varied resonant concepts deemed eligible fatore recently in [14], where the need for advance triggering
the high-power inverter, the auxiliary-resonant-commutaté¥fs removed due to the raised forcing voltage source for the
pole inverter (ARCPI) [3]-[5], as shown in Fig. 1, has beefesonance. Complicated battery imbalance compensation circuit
mostly favored due to its small rating auxiliary circuit and fulmust be employed. For all the three proposals, problems b) and
c) are left not cared for.
On the other hand, [15] uses a bridge configuration for the
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Fig. 1. Configuration of the ARCPI.
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Fig. 2. Configuration of the transformer-assisted PWM
switching pole(k = N> /Ny < 1/2).

paths existing between the auxiliary devices and the main

zero-voltage

devices through both windings of the autotransformer [17].

A transformer-assisted PWM zero-voltage switching pole in-

73

Refer to Fig. 3 for the commutation step diagrams, and
Fig. 4 for the predicted relevant commutation waveforms, the
commutation procedure of the proposed circuit during a whole
switching cycle under positive load current is described as
follows.

Step 1
(to—t1)2)

Step 2
(t1—t2)2)

Step 3
(ta—t3)2)

Step4
(ts—t4):)

Step 5
(ta=t5)2)

Step 6
(ts—t7))

verter will be studied in this paper. The circuit proposed works Step 7

free of the three problems mentioned.

Il. COMMUTATION PRINCIPLE OF THETRANSFORMERASSISTED
PWM ZERO-VOLTAGE SWITCHING POLE INVERTER

The proposed circuit of this paper keeps the bridge config-

(t7—ts)?)

uration in [15] for the auxiliary circuit while a transformer is Step 8

introduced replacing the autotransformer, as shown in Fig. 2.(¢s—g):)
By setting the transformer ratig: = N»/N1) to less than 1/2
as per the resonance loop losses, problem a) is also solved due
to the increased forcing voltage soufcel /2V,..) for the reso-

nance, similar to the case in [14]. The auxiliary switch can now

be turned on simultaneously as the corresponding main switch
is turned off, for either diode-to-switch commutation or the re- Step 9

verse. In the meanwhile, as has been the case of ARCPI [11](t9—t10):)

turn-on signal for the opposite main switch can be released once
a zero voltage is detected across it. Transformer magnetization

now returns to zero after each commutation.

Circuit steady state. Freewheeling diabke car-
ries the load current.

Ss is turned off andS,; is turned on in the same
instant att¢y, leading to conduction oD,, and
D!,. N, sees a voltage dfV;, and an enforcing
voltage source ofl — &)V, is therefore estab-
lished. Current inD starts decreasing and I
increasing.

iz, rises to the load current level &t leading to
blocking of D,. Resonance among,., C,.2, and

C, is initiated and forced byl — £)Vj.. Cyz IS
charged whileC,.; discharged. Recovery current
of D enhances the charging current and therefore
facilitates the commutation process.

vero rises toVy, atts leading to conduction ab,

and releasing of the turn-on signal f6t. Instan-
taneous current transfer fro@i.. andC,.; to Dy

will cause oscillation depending on the current
loop parasitics and the forward recovery charac-
teristics of D, . S; is turned on at zero voltage.

i1, falls linearly to load current at; due to the
N> voltage ofkV,. applied across the resonant
inductor. D; then stops conduction and current
throughS; starts rising linearly.

i1, extinguishes at; allowing for withdraw of
the gating signal fof,» atts. S,2 is turned off at
zero currentS; carries the full load current and
the circuit reaches another steady state.

S1 is turned off andS,; is turned on at-, which
initiates a resonance betweén and C,.1, C,.2.
N> sees a voltage dfVy. due to the conduction
of D,; andD/,,. Again, the resonance is forced
by a voltage source dfi — k) Vy.. C, is charged
andC, is discharged.

Ve fises toVy, attg leading to conduction @b,

and releasing of th8; turn-on signal.S, is then
turned on at zero voltage. Also, instantaneous cur-
rent transition fronC,.; andC,.» to D> will cause
oscillation due taD, diode forward recovery and
circuit parasitics.

ir, falls linearly and reaches zero &, due
to the reflected voltage ofkVy. on N, al-
lowing for withdraw of the gating signal for
S,1 at t19. S,1 is turned off at zero current.
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Fig. 3. Commutation step diagrams of the transformer-assisted PWM zero-voltage switching pole inverter during a switching cycle under gasitientoa

The circuit returns to the original steady state. To compare with the ARCPI circuit, the proposed circuit has
D, carries the full load current (same to Stephe following features.
1). a) The introduction of the auxiliary transformer creates a
Commutation procedure under negative load current can be voltage source ofl — %)V, which is higher thaV./2
analogously inferred. forcing the commutation resonance, rather than that con-
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% PWM galing signal ation is eliminated. It may also imply a capacitor volume
reduction in the case where center tap is not readily avail-
able.

It is worth noting, however, that the auxiliary transformer in
the proposed circuit may cause manufacturing penalty. More-
over, the auxiliary devices now have to block the whole dc link
voltage.

A | : : : [Il. M ATHEMATICAL ANALYSIS OF THE
[ //’\\ s {s0D, o : TRANSFORMERASSISTEDPWM ZERO-VOLTAGE SWITCHING

j / ; \ T LN § POLE INVERTER
/o L R . P :
& SR ; 4 ; A guantitative analysis of the proposed circuit is presented
in this section. The following assumptions are made throughout
the analysis.
« Snubbing capacitances.; = C,, = C,., resonant fre-
Do R L D : quencywy = 1/4/2C..L,, resonant impedancg, =
N N HI Va oo : . .
W 4o o . Gt o v Lr /2C,., and switching cycle T.
* Unit currenti = ¢Z,/Vyc, unit voltagev = v/V,., and
_ _ _ _ o unit timet = twy.
Fig. 4. Predicted commutation waveforms during a switching cycle under . .
positive load current. Based on these assumptions, the phase plane representation of
the L. current and”,., voltage loci during the whole switching
cycleis shown in Fig. 5. Curvig—t; depicts the diode-to-switch
commutation D5 to S;) procedure, whereas curve—ts rep-
resents the resonance. Cutyety depicts the switch-to-diode
ty commutation §; to D;) procedure, whereas the resonance is
represented by curve—ts.

k'

=
>

A. Total Commutation Duration and Duty-Cycle Limitation

(K, 1oa0) (1K, 10ad)

ty Total commutation duration decides the auxiliary switch

gating signal width. It imposes yet a duty-cycle limitation on

modulation. The next commutation can start only after the
conclusion of the previous commutation. Expressions for total
commutation duration are given in Table I. Variations of the
total commutation duration with load current and transformer
ratio are shown in Fig. 6(a) and (b).

Apparently, for diode-to-switch commutation, the total com-
mutation duration increases with load current and decreases
Fig.5. Phase plane representation of the resonances during a switching Yt transformer ratio. For switch-to-diode commutation,
under positive load current. however, the total commutation duration decreases with both

load current and transformer ratio. The auxiliary switch gating
strained at(1/2)V,. in the ARCPI circuit. The higher Signal width should be set covering the maximum commutation

voltage source ensures zero-voltage switching and ghration at peak load current and remains constant over the
vance triggering is no longer necessary. As such, the ma@y-frequency cycle.
switch and its corresponding auxiliary switch can alway,
be gated simultaneously without any extra monitoring or
controlling circuit. Peak current concerns the rating of the auxiliary switch and
b) Bridge structure of the auxiliary circuit ensures tighthe designing of resonantinductor. Expressions for the peak cur-
clamping of the auxiliary devices. Protection circuitentare givenin Table Il. Variations of the peak current with load
is no longer necessary. On the other hand, despite #irent and transformer ratio are shown in Fig. 7(a) and (b).
bridge structure, no reverse recovery current will occur Obviously, for diode-to-switch commutation, the peak cur-
when turning on the auxiliary switch, as the oppositéent increases with load current and decreases with transformer
freewheeling diode has not been in conduction prior t@tio. For switch-to-diode commutation, the peak current de-
the turning on. The bridge structure also enables the ugg@ases with both load current and transformer ratio.

of module for the auxiliary circuit, which may ease the " i
integration of the system. C. Auxiliary Switch RMS Current

t, . ts Vc_r;

. Auxiliary Switch Peak Current

¢) The needforadclink capacitor centertap is removed. Pos-Auxiliary switch rms current concerns the rating of the
sible adverse influence from the center-tap potential vaauxiliary devices. Auxiliary switch flows the diode-to-switch
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TABLE |
ToTAL COMMUTATION DURATION EXPRESSIONS FORDIODE-TO-SWITCH COMMUTATION AND SWITCH-TO-DIODE COMMUTATION

actual expressions expressions in unit value
diode to switch I (SR | ey = o +17 D
commutation sapl ™ Cload zZ,
switch to diode LRV 2+l Z TP — S5 —
; A ETSUARTONCA © | Ty =00 i ®
commutation P z,
16.893 H H 7 3.704
14.601 |- 3.142f)
12.309, 258
fsy 10017 Opty7 2017
7725 1455
7/ ¢ k=0.35
5433 ": k=04 0893
_“; k=045
3142 - k=05 033
0 05 1 s 2 25 3 )
;Io; iload

(@) (b)

Fig. 6. Variations of commutation durations; andtg; with load current and transformer ratio: (a) diode-to-switch commutation and (b) switch-to-diode
commutation.

TABLE I
PEAK RESONANT CURRENT EXPRESSIONS FORDIODE-TO-SWITCH COMMUTATION AND SWITCH-TO-DIODE COMMUTATION
actual expressions expressions in unit value
; : 3 7 i =t o +1-
diode to SW.ItCh Do s Ja=0*v,) ) i, = Uipag +1-0 7)
commutation sopt — load z,
switch to dl.OdC P YOV, P+, 2, i (6) @ = {(1_,‘)2 R ®)
commutation sap z,

commutation current for one load current direction and thation or for switch-to-diode commutation, no matter what are
switch-to-diode commutation current for the other load currettie load current amplitude or direction. Even though triggering
direction. For the two currents, the rms expressions solved owdithe auxiliary switch for switch-to-diode commutation at load
switching cycle are,,p.ms andi.. :ms, respectively, as given current beyond an adequate level is not necessary, it causes neg-
in Table lll. Variations of the two currents with load currentligible extra loss while brings significant control simplification.
transformer ratio, and switching cycle are shown in Fig. 8(a) The resonant inductor rms current essential for resonant in-

and (b). ductor and auxiliary transformer designing is given by
Analogous to the previous cases, the auxiliary switch rms
current corresponding to diode-to-switch commutation in- Uprrms = \/igapmSJrigmns.

creases with load current, but decreases with transformer ratio
and switching cycle. In the meanwhile, the auxiliary switclyariations of this current with load current, transformer ratio,
rms current corresponding to switch-to-diode commutaticind switching cycle is shown in Fig. 9.
decreases with load current, transformer ratio, and switching .
cycle. D. Resonant Capacitor RMS Current

This result strongly justifies the gating plan in this paper trig- Resonant capacitor rms current information is essential for
gering the corresponding auxiliary switch simultaneously wheasonant capacitor rating. Resonant capacitor current consists of
the main switch is turned off, either for diode-to-switch commuthe diode-to-switch commutation component and the switch-to-
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Fig. 7. Variations of the auxiliary switch peak currents with load current and transformer ratio: (a) diode-to-switch commutation and (b)-dieitieh-to
commutation.

TABLE Il
AUXILIARY SWITCH RMS QURRENT EXPRESSIONS FORDIODE-TO-SWITCH AND SWITCH-TO-DIODE COMMUTATIONS
actual expressions expressions in unit value
diode to switch 14 1 15 ) Y
. . . . ; 2 =1k ra—ii2 di
fpms = 7 Itlpzdt +7 Itzpzdt + T It3p2dt (lsaprms) = Tfo‘l’[(l k- dt
0 0 [ E—
i ek, P Y7 — D
commutation where: = ;gz,, Bpqq +A-Rsin@)1 i+ g Wi=2k+i,, ~kF)2 dF
i), = Lald=B), (10)
Lr
L
k =i {2 .
1p = ttond A W_hCI'TC;
v klp=lln1ul/(l—k)
by = dyg + (1= K) 22 sin(@ 1) . X
Z k2ﬂ=n—acos(—] k)
. Z
\ =n_—acos(1_—k_) Ky, = (fpea + 12k 1 &
2p o,
.V, T . kt
&, =E~,/(1—/<) ~k +1M—ZV‘,[
. 2 2
k= Liwy , L(1-R) -k
kv, iz,
switch to diode , 1%, 1% (1n I — 12
s =\ gllfdt tr L[’andt Corms =700 U + Ge=Dsine)=Tcos(P1 i
. . [l —7 .2
commutation where: B bl ‘,l—2k+(z[0ad) g PR
i =i —(_);w‘/ﬁ —i,,, cos(®,£) where:
4 — k 1-k
)i ~bV k,=nr—acos === —qaCos —
T—acos e acos U-hY, l JU-07 +G)° U=k +G,, 7
A A R A B B e
k= o P kg = (A=K + () —hat)
V. A=k =k 1+, ,Z, 1 4
R (/SR (T e L A o KV
ZO r
" . L
kyy = {\/[(1 -k)? _kzlvdcz + [llondzolz =iy} m

diode commutation component during a switching cycle. The From Fig. 10, the resonant capacitor rms current de-
rms expressions for both components are given in Table IV. Rgseases with transformer ratio and switching cycle. For
onant capacitor rms CUrrefttrms = 1/%%,ms + i2,:ms- Vari- load current within 1 unit amplitude, it decreases also

ations of the resonant capacitor rms current with load curremtith load current. Beyond which, it becomes independent
transformer ratio and switching cycle are shown in Fig. 10. of the load current.
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Fig. 8. \Variations of the auxiliary switch rms currents with load current, transformer ratio, and switching cycle: (a) diode-to-switch comamnudafmn
switch-to-diode commutation.

TABLE IV
RESONANT CAPACITOR RMS QURRENT EXPRESSIONS FORDIODE-TO-SWITCH AND SWITCH-TO-DIODE COMMUTATIONS

actual expressions expressions in unit value
diode to switch J kjl"((l _k) Sm(w ’))Zdt (13) J ’j-"((l-k)Vdrsm(t) (15)
commutation
switch to diode . % ‘J ({1 = 08(@1) , Vi (k= Dsin(@t) 2 14 —_ Il T(i;(l—cos(i)+(k-1)sin(i))2 g (16)
2 2Z, rms T : ] 2
commutation
E. Pole Voltage Loss 0
Under zero-voltage switching, pole voltage.,) during : tjg'i %fgg
commutation period is not defined by the PWM gating signal, 12 | - k;O.S T;9o
but by the load current direction together with the resonance - k_0'3 Toas
Pole voltage loss is caused due to the difference of the actu o k=04 TAS
output voltage from the ideal PWM output voltage, as shown 098 S

by the shaded areas in Fig. 4. Expression for such pole voltag
loss is given in Table V. Variations of the pole voltage loss with i} 0.76
load current, transformer ratio and switching cycle are showr
in Fig. 11.

Fig. 11 indicates that with positive load current, the actual
pole output voltage is lower than the ideal PWM output. The
difference increases with load current and transformer ratio, bu
decreases with switching cycle. For negative load current, the re
lationship remains, but the sign of the difference will be negative
and the actual output will be higher than the ideal PWM output.
This result is similar to the dead-time effect in conventional in- Hoad
verter [18]. However, unlike the current case, the voltage loss
due to dead-time effect is not associated with load current aHi‘g. 9. \Variations of the resonant inductor rms current with load current,
plitude. transformer ratio, and switching cycle.

1.03 1.52 2.01 2.51 3
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T70.038 0.53 1.03 1.52 201 251 3 Fig. 13. Configuration of the 4.25-kW half-bridge IGBT inverter prototype.

i|<\aw:l
IV. DESIGNING METHODOLOGY OF THE
Fig. 10. Variations of the resonant capacitor rms current with load current, TRANSFORMERASSISTEDPWM ZERO-VOLTAGE
transformer ratio, and switching cycle. SWITCHING POLE INVERTER

0.16 A. Transformer Ratid:
€ (=03, =90 . .
o+ =04, T=90 When losses in the resonance process are considered, the ac-
014 1 g k=05,T=00 /. i tual phase plane becomes changed due to the damping effect of
e k=03, Ted5 / the losses, as shown in Fig. 12 by the hard line locus. To guar-

011 | i k=04, TodS antee that the pole voltage can still reach the rail level in this

o k=05, T=dS case, the transformer ratioshould meet
Ve 0084 7 1
1-k)——2> = 19
(1-k-5523 (19)

0.06

where@ = (w,L,)/R and R is the equivalent resistance of
the resonance loop. For either the diode-to-switch commutation
resonance or the switch-to-diode commutation resonance, the
center point of the phase plane is shifted#4$8¢ to include

0.03

0.007 g

5 1e a2 2% 3 the effect of losses. Equation (19) can be simplified to
fioad 1 T
< - - . 2
ks 2 8Q (20)

Fig.11. Variations of the pole voltage loss with load current, transformer ratio, ] o
and switching cycle. Transformer ratio should get the minimum value under the

condition defined in (20). This will keep minimum commuta-
tion duration and minimum rms stress with the auxiliary switch.
Even though less transformer ratio produces less pole voltage
loss which means better dc voltage utilization.

B. Resonant Frequency,

| #
".I Auztual plece plase
' ponskdenng losses

Y [Tk fosd )
1Y

The resonant frequency should be set by optimizing the rms
current stress of the auxiliary switch according to Fig. 8(a) based
on the desired switching frequency of the system.

C. Resonant Capacitanég. and Resonant Inductande.

The resonant capacitance should be optimized for the main
switch turn-off loss [2]. Based on the resonant frequency and the
resonant capacitance, the resonant inductance is then decided.

D. Auxiliary Switch Gating Signal Width/Duty-Cycle
Limitation

Fig. 12. Actual phase plane for the resonance after considering the losses i "€ Minimum V‘_”dth of the _auxnlary switch gating S'Qnal
the process. must be set covering the maximum commutation duration, as
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TABLE V
POLE VOLTAGE LOSSEXPRESSION
actual expression expression in unit value
1 oy k2 Kin 17 — 1 th by — = fha— -
v, =?(L V,,‘_art+f0 WV, _VP)dH-L v, dr) an Vd‘f=?(j.0 dt+}‘0 (1—vp)dr+j0 v, df) as
where: where:
v, =(1=k)V, +(k=1)V, cos(w,1) v, =(1 ~k)+ (k —1)cos(® )
v, = KV, + (A= 0V, cos(@,) — i, Z, sin(®,)] ¥ = Lk F (1= K)e0s(@,0) ~iyin(@,0)]

F. Magnetics Designing

FE——— - " With information of peak current, rms current, and magne-
A * f‘\‘o ' ﬁ tization duration, the resonant inductor and the auxiliary trans-
¢ Vo oo former can be designed.
f / Note that aside from the transformer ratio that is attributed

to ensure zero-voltage switching, designing of the resonant pa-
rameters is always a compromise among the many factors such
_ : ; as switching loss, device rating, and dc voltage utilization, etc.

f ,\ »»»»»»»» j ), T j Practical designing should be oriented for serving the specific

designing purpose where one particular requirement may out-

! Vo V - weigh the others.

© 100V/Div: 20A/Div: SmS/Div V. EXPERIMENTATION OF THE TRANSFORMERASSISTEDPWM
E A A ZERO-VOLTAGE SWITCHING POLE INVERTER

A proof-of-concept 4.25-kW IGBT half-bridge inverter as
shown in Fig. 13 has been built, with normal subharmonic si-
e nusoidal PWM modulation pattern. Specifications of the proto-
f\ A A type are shown in Table VI. Designing results of the resonant
i R VRY : and transformer parameters are shown in Table VII.

V51 o ;*1 gl : As a result of the above designing, the resultant maximum
‘ commutation duration is 12.7 uS according to Fig. 6(a). The

Fig. 14. Experimental load-side output voltage and filter inductor current.

{
\ ‘ / maximum peak and rms currents of the auxiliary switch are 89.5

\ i and 21.5 A, respectively, according to Figs. 7(a) and 8(a). Thus,

N [J . s the auxiliary switch gating signal width is set at 14.4 uS and the
\ y if minimum and maximum PWM widths are set at 16.8 and 136.8

v,;. : uS, respectively. Dead time of 2.4 uS is inserted interlocking the
two main switches.

Two SEMIKRON IGBT modules (SKM50GB123D, 1200
V/50 A) are employed as the main and auxiliary switches, four
ultrafast HFA30TA60C (600 V/30 A) work as the auxiliary
diodes. Two storage capacitof§ and C; each rated at 350
_ _ ' V/3300 uF form the dc center tap. A low-pass filtéry(= 1.45
Fig. 15. Experimental zero-voltage turn on of the main switgh). mH, Cf = 12 uF) is installed at the output.

Besides, four SEMIKRON SKH10 intelligent driver are used
demonstrated in Fig. 6(a). In the meanwhile, inverter duty cydlgr driving of the main and auxiliary IGBT’s. Each driver is
should be set to allow for conduction duration of main switcthterfaced by an external zero-voltage detecting circuit [17] to

7 100V/Div; 10A/Div; 2uS/Div

not less than the auxiliary switch gating signal width. the gate terminal of the IGBT module, which releases the gating
. . . signal when the detected voltage becomes zero.
E. Rating of the Auxiliary Switch From the load-side output voltage and filter inductor current

Due to zero-current switching in the auxiliary circuit and dueraveforms shown in Fig. 14, the peak value of the voltage (av-
also to the high switching frequency with respect to the thermalaged) at the filter input is deduced to be 142.6 V, indicating
inertia of the device, the rating of the auxiliary switch should experimental peak voltage loss of 13.4 V. In correspondence,
be chosen according to its rms stress as illustrated in Fig. 8¢&e predicted peak voltage loss according to Fig. 11is 10 V. In
However, auxiliary switch peak current defined from Fig. 7(dyig. 15, the details of zero-voltage turn on of the main swi¢ch
should not exceed the device peak output current rating, whiati)..q = 56 A are shown. For a predictetl/dt of 111 V/uS
is normally 25% higher than the device peak switching curre(dveraged ovet,—t3) anddi/dt of 20 A/luS, the experimental
in the case of IGBT. values are about 114 V/uS and 18 A/uS, respectively.
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ﬂ isa2

B

1 100V/Div; 10A/Div; 5uS/Div -

100V/Div; 10A/Div; 1uS/Div

. ) . . . Fig. 18. Experimental inductive turn on and zero-current turn off of the
Fig. 16. Experimental capacitive turn off of the main switdh ). auxiliary switch(S,z).

100V/Div; 20A/Div; 5uS/Div

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

Fig. 17. Experimental zero-voltage turn on of the main swit¢h) at
zero-load current.

Fig. 19. Experimental inductive turn on and zero-current turn off of the
auxiliary diode(D.2).

In Fig. 16, the details of capacitive turn off of the main switch
S1 atéaa = 56 A are shown. For a predictedy/dt of 307
V/uS (averaged over—tg), the experimental value is about 277
V/uS. The first voltage spike of about 120 V appears due to
the stray inductance in the turn-off snubbing path (prolonged
loop for measurement objective). Fig. 17 shows the main switch
zero-voltage turn on at zero-load current.

Fig. 18 shows the commutation process of the auxiliary
switch (S,2) atijeaq = 20 A. For the predicated commutation
duration of 7.2 uS according to Fig. 6(a), and the predicted
peak current of 47.8 A according to Fig. 7(a), the experimental
values are 6.7 uS and 40.5 A, respectively. The turn on is
inductive and no reverse recovery current from the opposite
diode is seen. Besides, no turn-off voltage spike is generated.
The voltage protrusion in the middle screen occurs due to the
dynamic charging/discharging of the floating middle potential
of the auxiliary leg. Fig. 19 shows the commutation process of
the auxiliary diodg D,») at the transformer primary side. The
voltage spike following turn off does not exceed the rail level.

a) With the transformer ratio set less than 1/2 as per the res-
onance loop losses, the proposed circuit ensures zero-
voltage switching of the main switch and zero-current
switching of the auxiliary switch without any extra mea-
suring or controlling. The corresponding auxiliary switch
can be turned on simultaneously when the main switch is
turned off.

b) The auxiliary devices are tightly clamped to the dc rail

voltage and protection circuit for the auxiliary devices

is no longer necessary. The turn on of the auxiliary
device sees no reverse recovery current from the opposite
freewheeling diode despite the bridge configuration of
the auxiliary circuit. With the transformer structure,
magnetization of the transformer core returns to zero fol-
lowing each commutation and no magnetic accumulation
is present.

¢) Mathematical analysis for the auxiliary circuit regarding
commutation duration, auxiliary circuit stresses, and pole
voltage loss is validated.

d) The proposed circuit presents an interesting alternative for

From the above discussion, analysis, and experimentation, the ARCPI circuit to be used for high-power advanced
the following conclusions are drawn. applications due to the simplicity and reliability.

VI. CONCLUSIONS
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TABLE VI

SPECIFICATIONS OF THE4.25-kW HALF-BRIDGE IGBT INVERTER PROTOTYPE

DC input V4.=400V Output voltage Vorms Modulation M=0. 78
voltage =100V index
Output P,=4.25kW Load current Lo rms Switching f.=6.5kHz
power =42.5A frequency
TABLE VI

RESONANT AND TRANSFORMERDESIGNING RESULTS FOR THE4.25-kW HALF-BRIDGE IGBT INVERTER PROTOTYPE

Resonant 1. Capacitance: C,=0.1uF, 2. Type: low-loss polypropylene, 3. Estimated maximum turn-off loss 4W.

capacitor

Resonant 1. Inductance: L=12uH, 2. Structure: 36 turns 15AWG copper wire wound on air core bobbin, 3.

inductor Current rate of change 20A/uS.

Auxiliary 1. Transformer ratio: k =0.4, 2. Structure: Two in parallel each made up of 60 turns Litz wire (7

transformer | strands 24AWG) in the primary and 24 turns Litz wire (15 strands 24AWG) in the secondary wound on
E65/29 ferrite core, 3. Allowed equivalent resonant loop resistance around 1.95Q.
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