IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 14, NO. 4, JULY 1999 771

Zero-\oltage Switching for Three-Level
Capacitor Clamping Inverter

Xiaoming Yuan,Member, IEEE,and Ivo Barbi,Senior Member, IEEE

Abstract—A zero-voltage switching (ZVS) scheme for a three-
level capacitor clamping inverter based on the true pulsewidth
modulation (PWM) pole is proposed in this paper. With this
scheme, the main switches work with ZVS through the assistance c,
of a small rating zero-current switching (ZCS) lossless auxiliary R
circuitry without imposing any voltage/current spikes on the icm
main devices or any extra control complexities. Consequently,
a three-level capacitor clamping inverter system can operate at
a promoted switching frequency and becomes more eligible to be —
considered for high-power advanced applications, for example, B
in high-speed drives or power active filter areas. In this paper,
the main circuit operation issues as regards the clamping voltage c
stability, clamping capacitor stress, and output voltage spectrum
are shortly reviewed first, after which the commutation principle,
auxiliary circuitry stress analysis, and auxiliary circuitry design-
ing methodology are presented in details. Experimental results
from a 700-V supply 3-kW half-bridge three-level capacitor
clamping inverter are demonstrated which conform well to the
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proposal. Fig. 1. Configuration of a half-bridge three-level capacitor clamping in-
verter. So and S3 form the first switching cell wherea$; and S, form
Index Terms—Soft-switching, three-level inverter. the second switching cell.

inverter in future drive or power system applications where
|. INTRODUCTION high-voltage high-power installation-(L MVA) is demanded.
HE neutral-point-clamped (NPC) inverter has in recent On the other hand, hard-switching frequency of the present
years been receiving growing attention from industry fdrigh-power IGBT components is severely limited to a few
drive or utility applications due to the extended capacity witkilohertz or even less [9], [10] due to the enormous switch-
existing devices without the problematic series associatiorg loss. Besides the voltage/current spikes resulting from
[1]-3]. Such problems, however, are outstanding with thisirn-on/turn-off snubber interactions, a dissipative snubber is

topology [4], [5]: particularly limited by its significant snubber loss, which is
« extra two clamping diodes per leg with the same requirroportional to the switching frequency and more than pro-
ments as the main freewheeling diodes; portional to the installation power. The optimized regenerative
« extra regulation loop for stabilization of the neutral poshubber [11], [12] seems to solve the problems, but also leads
tential; to a substantial increase of components. The series reactor in
« indirect clamping of the inner devices and the resultaffteé main current path as well as the polarizing diode in the
overblocking voltage. turn-off snubbing path cause extra problems.

An alternative topology capable of three-level inversion is [N the meanwhile, several zero-voltage switching (ZVS)

the capacitor clamping inverter [6], [7]. Instead of the two e){]lgh-power two-level inverter topologies have been explored

tra diodes, a flying storage capacitor is used in each leg acris§1€ Past replacing the conventional snubber and improving
the inner two devices, one leg of which is shown in Fig. 1. TH8€ Performance, among which the auxiliary resonant com-
clamping voltage can be established and stabilized throu@iytated pole inverter (ARCP) [13], [14] has been mostly
a inherent feedback mechanism without any further actig@Plauded in the literature for its small power auxiliary cir-
regulation [8], which enables direct clamping and thus tiglsitry. full pulsewidth modulation (PWM), and good device
control of all the four devices in the leg. These features renddf!ization. However, transducers for load current and resonant

the capacitor clamping inverter a potential match of the NPEdUCtor current monitoring must be installed so that the

“boost” stage is controlled [14], [15] to ensure true ZVS. The
. . _ transducers and the associated control complexity give rise to
Manuscript received November 24, 1997; revised November 16, 1998. L . e
Recommended by Associate Editor, S. Y. R. Hui. cost and reliability problems [16]. A simplified control scheme
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Fig. 2. The true PWM pole soft-switching scheme, consisting of a main 4
switching cell 61, S2) and an auxiliary branchSt.1, Sa2).
<First Sampling Cycle T/2 > <Sec-,cnd Sampling Cycle T/2 >

ARCP, the auxiliary voltage source in the true PWM pole
for the resonance is acquired with the help of a transformé&ig- 3. Main circuit modulation strategy for the half-bridge three-level
L acitor clamping inverter and the associated clamping capacitor current and

When the transformer ratio is set at a value le.s_s than put voltage waveforms (neglecting the commutation processes).

depending on the resonance loop losses, an auxiliary voltage

source higher than half the dc rail voltage is obtained. The ) )

extra energy compensates the commutation losses and enablesWill rgach the maximum whenos ¢ = 0. Here, 6 is the

the pole voltage swinging to the rail level during the resonance. l0ad impedance angle. _ .

ZVS is therefore guaranteed. e Output voltage sees an optimal spectrum. The triangle
This paper proposes a true PWM pole three-level capacitor Carrier frequency components together with its cross-

clamping inverter which can be used to advantage in high- Mmodulation harmonics are canceled. _

power advanced applications. With the assistance of a smalf €lamping voltage dynamics exhibits typical one-order

rating lossless auxiliary circuitry, ZVS is achieved for the main ~ Systém characteristics. Load property, modulation index,

devices with easy control and without provoking any switching nd clamping capacitance decide the time constant. Dy-
spikes on the main devices. namic stability is ensured so long as the load impedance

angle meetsos§ # 0.
II. MAIN CIRCUIT MODULATION STRATEGY The proposed ZVS three-level capacitor clamping inverter
AND THE PROPOSEDZVS TOPOLOGY (half bridge) is shown in Fig. 4. It consists of a main capacitor

The half-bridge three-level capacitor clamping inverter maflamping half-bridge circuit and two auxiliary branches. The
circuit shown in Fig. 1 can be decomposed into two two-levéfst auxiliary branch §.,, S.s) assists the commutation of the
switching cells.S, and S5 work alternatively and form the first switching cell 62, 53) and forms the first pole, whereas
first switching cell, wherea§; andS; work alternatively and the second auxiliary brancls(,, S,4) assists the commutation
form the second switching cell. Modulation of the main circuief the second switching cellSg, S4) and forms the second

will have major effects on the following aspects of circuiPOle- The two poles can be regarded independent from each
other so far as the clamping capacitor voltage is maintained

performance:
» steady-state stability of the clamping capacitor voltag‘r;‘et Vae/2.
Ve,
* rms current through and ripple voltage across the clamp- 1ll. COMMUTATION PRINCIPLE OF THE TRUE PWM
ing capacitor; POLE THREE-LEVEL CAPACITOR CLAMPING INVERTER
* output voltageVyo spectrum; Prior to discussion of the commutation process, the follow-

* dynamic state stability of the clamping capacitor voltaggsg conditions are assumed.

stance have been well explored [8]. Main circuit modulation  qyring the commutation.
scheme employed in this paper is shown in Fig. 3, where two. CapacitorsC; and C, are treated as voltage sources
triangular carriers (carriers 1 and 2) for the two switching cells  guring the commutation. Clamping capacitor voltage is
arer phase shifted, intersecting with a sinusoidal modulating  stabilized atV, /2.
signal mod{). Under this modulation pattern, the following « Transformer ratios are set to ensure sufficient energy for
results are obtained, which hold also for the three-phase case. the pole voltage swinging to the rail level in the presence
» Steady-state stability of the clamping voltage is ensured. of commutation losses.
* RMS current through and ripple voltage across the clamp- Construction parasitics, device switching transience, and
ing capacitor are dependent on the load power factor and transformer imperfections are neglected.
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+ Step 6 (¢ — t7): irr14 rises to the load current level at
t¢ leading to blocking ofD,. Resonance
amongL,14, C,q, and C, is initiated.
C,4 is charged whileC,.,; discharged.
Recovery current ofD, enhances the
charging current and therefore facilitates
the commutation process.

Step 7 ¢ — ts): Vera rises to Vy./2 at t; leading to
conduction ofD;. ThenS; is turned on
at zero voltage. Rapid current transfer
from C,, and C,; to D; may cause
oscillation.

Step 8 (s — tg): irr14 falls to load current atts. D
stops conduction and; starts carrying

of L current.

s b, lc, Step 9 € — £11): 4114 €Xtinguishes aty allowing for turn

off of S,4 at t19. Circuit reaches an-

Fa 4 Th d half-bridae true PWM pole three-level ior other steady stated; and D5 carry load
ig. 4. e proposed half-bridge true pole three-level capacitor clamp- . : .
ing inverter. The two auxiliary branches assist the commutation of the two current charglng the clamplng capacitor
main switching cells, making up two true PWM poles. C,,. Output voltageVo = 0.

The remaining two commutations in the second sampling

« Main switch turn off and auxiliary switch turn on happer?ycIe (Ds to S and S, to Dy) can be analogously inferred.
To summarize, for the proposed circuit, the main switch

at the same instant decided from the modulation scheme :
shown in Fig. 3, while the main switch turn on happen@’or.ks with SOft. turn_ on and snupbed turn off, whereas the
until the detected voltage across the switch declining fgain freeyvheehng diode quks with hard turn on and soft turn
zero. The conduction interval of the auxiliary switch i . Superior to_ the c_onventlonal snubbt_ar_, the snubbed_tu_rn-oﬁ
universally constant covering the maximum commutatio ss of the main SW!tCh here_ can be m|n|m|z_ed by OP“”!'Z'”g
duration as discussed later in Section IV the resonant capacitor to this end. Meanwhile, depending on
) ) i .. its forward recovery property, the hard turn on of the main
i Referring to thg th?‘”e"ca' waveforms for Fhe entire ,SW'tcr?FeewheeIing diode does not introduce any considerable loss.
ing cycle shown in Fig. 5 and the commutation step diagramsyqreqver, all the auxiliary devices work with soft turn off.
for the first sa_mphn_g cycle shov_vn in F|g._6, the commutatioget yoltage is only reapplied after turn on of the opposite
of the half-bridge inverter during the first sampling cyclgyyxiliary switch. Besides, despite the bridge configuration,
consists of the next steps. the turn on of the auxiliary switch is actually snubbed by
Step 1 ¢, —t;): Circuit steady stateD, and S, carry the resonant inductor since the opposite freewheeling diode
load current discharging the clampingcarries no current beforehand and thus its reverse recovery is
capacitorC,,. Output voltagely, = 0. negligible. Transformer excitation is reset to zero after each
Step 2 ¢, — t2): S turned off and S,. turned on at commutation and no magnetic accumulation can happen.
¢, which starts a resonance between In particular, by designing a transformer ratio less than 1/2,
L.o5 and C,s, C,5. No sees a voltage an auxiliary voltage of{—k)Va./2 higher thar¥/y. /4 becomes
of kVi/2 after tun on of S,, and available which delivers sufficient energy for the resonant pole
conduction of D, and D’,. C,, is 0 swing to the rail voltage. Thus, the “boost” stage and the
charged and’,3 is discharged. associated control complexity are no longer necessary. Losses
Step 3 €, — t3): Vego rises to Vie/2 at ¢, leading to incurred from the extra turn-on/turn-off actions of the switch

conduction of D3. Then Ss is turned are further avoided.
on at zero voltage. Snap on éf; may

cause oscillation due to stray/interna - )
inductances of the paths. Analysis in this section takes the second pdfe &nd S,)

Step 4 €3 — t5): ir.23 falls to zero atts; allowing for @S an example. The results remain valid for the first pSle (
turn off of S, at£,. The circuit reaches andS3). The following assumptions are made for the analysis.

another steady statd), and D5 carry  * Lpia = Lyoz = L, Cpp = Chp = Cr3 = Cpy = G, and

,V. THEORETICAL ANALYSIS OF THE COMMUTATION PROCESS

load current. Clamping capacit@?,, is Ny/N{ = Na/N; =k < 1/2.

floating. Output voltag#so = — Vi /2. * Resonance angle frequeney = 1/4/2C..L,., resonance
Step 5 5 — t): Sy is turned off andS,, is turned on impedanceZ, = \/L,./2C;., and switching period’.

atts, leading to conduction oD,, and ¢ Unit current i = 4Z,/(Vac/2), unit voltage v =

D',. N} sees a voltage dfV,./2 which v/(Vac/2), and unit timet = two.

joins V. /2 enforcing current decreasingThen the commutation process can be represented by a phase

in Dy. plane diagram as shown in Fig. 7. In correspondence with
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Fig. 5. Theoretical commutation waveforms for the proposed true PWM pole three-level capacitor clamping inverter in an entire switching cycle.

Fig. 5, diode-to-switch commutation{ — S;) and switch- Equations (1) and (2) are graphically shown in Fig. 8(a) and
to-diode commutationq; — D,) are depicted by; — ¢ and (b).
t11 — t13 in Fig. 7, respectively. The two arrows stand for the
radiuses of the two resonances in the commutation process.
B. Auxiliary Device Peak Current Stress

A. Total Commutation Duration For diode-to-switch D4 to S;) commutation, the unit
value of the auxiliary switch{,4) peak current,,,; can be

For diode-to-switch D4 to S;) commutation, the unit value
represented by

of the total commutation duratiofy; = t9 — £5 iS given by

Wolgs =

iload + <7l' _ a cos k ) + V 1-2k + iload ) isa,[n = (iload + 1- k) (3)
(1-%) 1-k k k
1)
For switch-to-diode §; to D4) commutation, the unit value
of the total duratiort;31; = t13 — t11 IS given by

For switch-to-diode §; to D4) commutation, the unit
value of the auxiliary switch{,:) peak current,,,» can be
represented by

wotlgll =7 — a COS b — _ -
(1 - k)Q + ZloadQ isapg = < (1 - k)2 + iload2 - iload) - (4)
(1-k)
— a cos ——
V(1= ) +0aa As shown in Fig. 9(a) and (b), for diode-to-switctD(

+ V1 =2k + t102d2 — tload- (2) to S;) commutation, the peak current of the corresponding
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Fig. 6. Operation step diagrams for the first sampling cycle.

Y14

Fig. 7. Phase plane of the resonance betwéepn, and C., during the

C. Auxiliary Device RMS Current Stress

The resonant inductor rms current stress over switching

period resulting from diode-to-switch commutati®n, p;ms
can be expressed by

( iLrprms )2 =

where

Ly

! [(1— k)] dE

T
R o

2 / [roma + (1 — &) sin(B)]* df
T Jo

+%/L3 [M—kfrdf
0

S~

()

Ly =tcaa/(1 - k)

k
Lo =7 —a cos <m>

ng(m-i- m)/k

whole commutation process of the second pole.

auxiliary switch increases with the load current. For switch-
to-diode commutationd; to D,), however, it decreases with
the load current.
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Fig. 8. Variations of commutation durationss and #3317 with load current and transformer ratio: (a) diode-to-switch commutation and (b)

switch-to-diode commutation.
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Fig. 9. \Variations of the auxiliary switch peak currents with load current and transformer ratio: (a) diode-to-switch commutation and (b)-dieitieh-to

commutation.

Similarly, the resonant inductor rms current resulting frorfihe auxiliary switch rms current during diode-to-switch com-

switch-to-diode commutatioty,,......s IS €xpressed by

( iLrnrms ) ?

1 2
= = / [iload + (k= 1) sin(f) — 410ad Cos(t)] 2
0

1 [ — s — 7.
+?/0 |:_\/1_2k+(Zload)2+lload+kt dt

(6)
where
k
Ji =7 —a cos -
\/(1 - k)2 + (iload)
1-k

— @ COS

V=12 4 (T )’

5= (V=12 + () =Tt ) /5

mutation ¢sepems @nd switch-to-diode commutatioikgprms

are equal t@ 1, prms andi s, respectively, and the relation-
ships are shown in Fig. 10(a) and (b). The resonant inductor
rms current can then be described by

H — 5 2 H 2
{Lrrms — \/LLrprms + {Lrnrms™ - (7)

V. DESIGN METHODOLOGY OF THEAUXILIARY CIRCUITRY

A. Autotransformer Rati&

To ensure ZVS in the presence of losses (device conduction
loss, resonant inductor loss, resonant capacitor loss, etc.),
autotransformer ratié should meet

1-k)—-52

1 =
210 (8)

| =
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Fig. 10. Variations of the auxiliary switch rms currents with load current, transformer ratio, and switching period: (a) diode-to-switch comianudati
(b) switch-to-diode commutation.

where@) = w,L,./R andR represents the equivalent resistanc@ Table |. Designing results of the resonant and transformer
in the resonance loop. Equation (8) can be simplified to  parameters according to Section V are shown in Table II.
1 < As a result of the above designing, the resultant maximum
k< 2780 (9) commutation duration is 11.3s. The maximum peak and
rms currents of the auxiliary switch are 54.2 and 8.4 A,
B. Resonant Frequency, respectively. Thus, the auxiliary switch gating signal width is
_ set at 15us and the minimum PWM ON/OFF time is set at 25
The resonant frequency can be set by optimizing the s ' sEMIKRON IGBT modules (SKM50GB123D, 1200
stress .Of the auxiliary switch according to Fig. 10(a) based 50 A) are employed as the main and auxiliary switches, and
the switching frequency of the system. eight ultrafast international rectifier diodes (HFA30TA60C,
_ 630 V/30 A) work as the auxiliary diodes. Two storage
C. Resonant Capacitaf;,. and Resonant Inductak,. capacitorsC; and C, each rated at 360 V/330QF form
The resonant capacitance should be optimized for the maie center tap. A low-pass filterL¢ = 1.45 mH, C; =
switch turn-off loss [20]. Based on the resonant frequency and ;F) is installed at the output. Besides, a voltage moni-
the resonant capacitance, the resonant inductance is decidgling circuit as shown in Fig. 11(b) is installed across each
main device to release the turn-on gating signal when the
D. Auxiliary Switch Gating Signal Width and detected voltage is zero. Such monitoring is essential for
Minimum PWM ON/OFF Time ensuring ZVS because of the load current dependant fraction

The minimum width of the auxiliary switch gating signal" the pole dead time taken for the conducting diode to

must be set above the maximum value of the commutati@fPCk which makes constant dead time setting not possi-

duration, as demonstrated in Fig. 8(a). In the same sense,rt‘iﬁa. ) o
minimum PWM ON/OFF time#; — ¢; and¢15 —#; as shown  Fig. 12 shows the output load side voltage and filter induc-
in Fig. 5) should also be set above this value. tor current waveforms. Fig. 13 shows the three-level output

voltage Vao.
Fig. 14 shows the ZVS commutation process of the main

switch S5 during switching cycle. Furthermore, in Fig. 15, the

Due to the zero-current switching (ZCS) in the auxiliary .iis of {Urning on aku.a = 21 A are shown. For a predicted
circuitry and due also to the high-switching frequency Witgv/dt of 90 V/us (averaged ovets — #11) anddi/dt of 14
respect to the thermal inertia of the device, the rating of t s, the experimental values are about 9g&/and 13 Afis
auxiliary switch should be chosen according to its rms stre esspéctively. In Fig. 16, the details of turning-offighy — 24’

as |Ilustr|?ted n dF'.g' ;_O(a)g. Hovzevclacri, auxiliary zwﬁch dpe"?‘ are shown. For a predictedv/d¢ of 152 Vius (averaged

current illustrated in '9. (@) should not exceed the ev'%?/erw — tg¢), the experimental value is about 146,/

peak output current rating. Fig. 17 shows the ZCS commutation process of the auxiliary

SWitch (Ses/Dsas) at 410aq = 22 A. For the predicated
VI. EXPERIMENTATION commutation duration of 9.§s according to Fig. 8(a) and

A proof-of-concept IGBT half-bridge inverter, as showrhe predicated peak current of 46.3 A according to Fig. 9(a),

in Fig. 11(a), has been built with the specifications showthe experimental values are 9.5 and 46.5 A, respectively.

E. Rating of the Auxiliary Switch
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the SEMIKRON SKHI10 driver with the main IGBT device.

Zero voltage detecting circuit

(a) Prototype configuration of the half-bridge modified true PWM pole capacitor clamping inverter and (b) voltage monitoring circgingterfa

TABLE |
PROTOTYPE SPECIFICATIONS
DC input voltage V3c=700V Output voltage (RMS) V=140V Modulation index M=0.62
Output power Po=3kW Load current (RMS) 1,=21.5A Switching frequency f.=6.5kHz
TABLE 1l

RESONANT AND TRANSFORMER DESIGNING RESULTS

Resonant capacitor

1. Capacitance: C=0.1uF, 2. Type: low-loss polypropylene, 3. Maximum turn-off loss 0.1W.

Resonant inductor

3. Current rate of changing 14A/uS.

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

Transformer

allowed equivalent loop resistance around 2.2Q.

1. Transformer ratio: k =0.4, 2. Structure: 60 turns Litz wire (7 strands 24AWG) in the primary

and 24 turns Litz wire (15 strands 24AWG) in the secondary wound on E65/29 ferrite core, 3.
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Fig. 14. ZVS commutation of the main switcl§y).

I B
i ] &
Vs load 3(——4

T iR
I e Ty

10A/Div; 4uS/Div

100V/Div; 10A/Div; 2uS/Div Fig. 19. Resonant inductor current waveformigtq = 22 A.

Fig. 15 Bxtended turn-on pracess §§. accordance with the predicated values of §s8and 46.3 A
according to Figs. 8(a) and 9(a), respectively.

Fig. 18 shows the resonant inductor current waveform whenyeasured efficiency of the prototype reaches 95% at full
iload = 0 A. For the predicated commutation duration of 5.954.
1S and the predicated peak current of 24.1 A, the experimental
values are about 5.5s and 23.5 A, respectively. In the mean-
time, Fig. 19 shows the resonant inductor current waveform
whenie,qg = 22 A. The experimental commutation duration From the theoretical and experimental studies reported
and peak current are about 9.5 and 46.5 A, which are in above, the following conclusions can be drawn.

VII. CONCLUSION
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« The proposed technique achieves zero-voltage comniiie right-hand four components correspondge- ¢, t7 —tg,
tation of the main devices in the three-level capacitag — ¢, andtg — ts, respectively.
clamping inverter with the help of a small rating zero For switch-to-diode commutation, the total commutation
current commutation auxiliary circuitry without incurringduration is given by (A2) at the bottom of the page. The
any additional spikes over the main devices and ydtht-hand components correspondite — ¢;; andt;s — ¢;9,
without necessitating any extra control complexities. respectively.

* The proposed technique assumes no modulation limita-Equations (1) and (2) can be obtained from (Al) and (A2)
tions except for a small duty-cycle loss comparable toy multiplying both sides of each hy,.
that demanded by a conventional snubber.

+ Validity of the theoretical analysis for the commutatiorg_ Auxiliary Device Peak Current Stress
process is verified by experimental results from a scaled
prototype.

* The proposed technique is suitable for high-power a
vanced applications due to the reduced loss, increased

For diode-to-switch commutation, the peak currénp, is
given by

— 2 2
operating frequency, and the widened system bandwidth. i, (¢, k) = 4100a(t) + v k)Z (Vae/2) . (A3)
APPENDIX , . . . .
BRIEF DEDUCTION OF (1)—(6) _ For switch-to-diode commutation, the peak curr&nj. is
given by
A. Total Commutation Duration . . VI =R (Vae/2)2 + [i0aa () Zo] / .
For diode-to-switch commutation, the total commutatiorfsap2(t; k) = Z, ~ toad ().
duration is given by (A4)
tos(t, k) Equations (3) and (4) can be obtained by dividing both sides
< kVae/2 ) of (A3) and (A4) by V,./2Z,.
. T—acos| —7———=<
_ g, eaa® T (1= k)Vac/2
"(1=-E)Va /2 wo 7 C. Auxiliary Device RMS Current Stress
L V(1 —k)?— k2, /2 I ioad (1) (A1) The resonant inductor rms current stress over the switching
+ L ZokVae/2 + o kVae /2" period resulting from diode-to-switch commutation,,;,s is
kVae/2 (1—k)Vae/2
T — a Cos = — a cos -
_7 VI = £)*(Vac/2) + litona () Zo]° VI = £)*(Vac/2)” + lirona () Zo]?
tizii(t, k) = o -
1_ 2 (‘22 Iboa Z2_ 2 (‘,22_/03 Zo
YL V= k)P (Vae/2)? + [i10a (t) Zo]* — £*(Vac/2)? = itona(t) (A2)
kZ,Vae/2
1 klp(t, k) 1 kzp (t, k) 1 kgp(t, k)
ilrprms(tv k? T) = _/ ilp(tlv k)2 dtl + _/ i?p(tlv k)2 dtl + _/ i3p(t17 k)2 dtl (A5)
r 0 r 0 r 0
. . 1— k) sin{w,t .
vt ) =inna(t) — ST o i 8) cos(nts)
kVae/2 (1—Kk)Vae/2
T — a CoS = — a cos -
ot 1) = V(1 = E)?(Vae /2)? + liroaa(t) Z,]? V1 = B2 (Vae/2)? + [iroaa(t) Zo]?
In\tb, -
Wo
, Vac/2)2[(1 — k)% — k2] + [10aa(t) Z5]2 . kt1Vae/2
ZQn(tl7 k‘) — _ \/( d / ) [( )Z ] [Ll d() ] +Zload(t)+ 1L'J /
L,
. ) — N2 _ 1.2 2 ; 2 _ 5 !
ban(t, 1) = { VI = B = R/ F Troaa 2T — ieas(t)Zo 37— (A7)
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given by (A5) at the bottom of the previous page, where  [g]

, Vie(1— &

irp(t, k) = % t1 [
. Ly

Eip(t, k) = t10aa(t) (1= M)WVae/2 [10]

. . Vdc 2 .
izt ) = aa(®) + (1~ 1) 22 i) a1
a COSs < k )
_— M
1—Fk [12]
kop(t, k) = o
izp(ts, k) = de;/2 (1—k)2—k2— Ml Vdc/2 [13]
L l'load(t) LT (1 — k‘) — k‘2
kap(t, k . [14]
ap(t k) = Ve /2 kZ,
The right-hand three components in (A5) correspond to intges]
valstg — t5, t7 — tg, andtg — t7, respectively.

Similarly, the resonant inductor rms current over the switchyg)
ing period resulting from switch-to-diode commutatign, . s

is given by [17]

Ll1n1rns t k T)

ki (t, k) Ko (t, k)
/ i1n(t1, k)% dt; + —/ ton(t1, k)2 dty

(A6)

(18]
[19]

as shown in (A7), given at the bottom of the previous page.
The right-hand two components in (A6) correspond;to-t; 1
and t;3 — t12, respectively.

Equations (5) and (6) can be obtained by dividing both sides
of (A5) and (A6) by V,./2Z,.
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