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Dynamic Analysis of Loss-Limited Switching
Full-Bridge DC-DC Converter
With Multimodal Control

Ashish BendreStudent Member, IEEESiri Venkataramanan, and Deepak Diy&ellow, IEEE

Abstract—Full-bridge dc—dc converters with one soft-switched
leg and one hard-switched leg have recently been introduced as
an attractive approach for realizing high-frequency power conver-
sion at power levels greater than 100 kW. This paper presents a
new variable-frequency multimodal control strategy for these con-
verters for obtaining optimal operating characteristics. The con-
troller extends the soft-switching operating region of the converter
while lowering magnetic component core loss. Steady-state and dy-
namic analyses of the converter operation in the various modes are
developed. Simulation and experimental results verifying the oper-
ation of the converter are presented.

Index Terms—bDC-DC converters, modal analysis, multimodal
control, nonlinear dynamic modeling, soft switching.

|I. INTRODUCTION

EALIZATION of high-power (>100 kW) isolated dc—dc

converters is a challenging task requiring numerous
tradeoffs that involve topology selection, device utilization,
and magnetics design. Recently, a loss-limited switching dc—dc
converter employing one resonant soft-switching pole and one
phase-shifted hard-switching pole was demonstrated to be an
effective means of realizing the same [1]. Production units 6@. 1. Photograph of an isolated loss-limited dc—dc converter unit.
this converter that provide 750 V at 180 A (135 kW) have been
used to feed 18 isolated dc buses for a cascaded-multilevel
verter-based motor drive system [2]. This drive operates fr

155 of the full bridge are operated at fixed frequency with
% duty cycle and a constant dead time. The peak current is
Hggulated by controlling the phase shift between the two legs.
96 extend converter operation to higher power levels, capacitors
placed across the devices to controldhédt and reduce
tching losses [4]. In the loss-limited topology, these are
)}Jlaced only on the resonant soft-switching pole. The placement
of the capacitors leads to a load-current-dependent transition

shown in Fig. 1. An interesting feature of the dc—dc convert
feeding a cascaded multilevel inverter is wide variation in t
power throughput due to single phase loading posed to eachs
the dc buses [3].

It is common to employ a traditional fixed-frequenc

current-mode control for regulating the output of fuII—bndgem he device voltages. At light-load conditions, this transition

. . . . {
isolated dc—dc converters. In this scheme, the devices in eﬁme can be longer than the dead time between devices on the

same leg, and the incoming device shorts out the capacitor,
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Fig. 2. Schematic of the isolated loss-limited dc—dc converter.

while maintaining loss-limited switching is adopted [5]. Whetrated in Section VI along with the simulation results verifying
the operating frequency drops to 20 kHz, it is not allowethe analysis. Operation of the controller in the open-loop mode
to drop any further to prevent transformer core saturatioat very light loads is presented in Section VII, and flux-bal-
In this mode, the controller maintains balanced flux in thancing mechanisms are identified. Section VIl contains a sum-
transformer, while providing the maximum possible voltagenary of the concepts presented in the paper.
The converter control transition between these modes takes
place in a seamless manner. Thus, by using multimodal control,
a balance is obtained between the core and copper losses in the
magnetic components of the converter by minimizing the corePower device switching losses, loss of throughput due to
loss at rated load levels. transformer leakage, and diode reverse-recovery losses repre-
Converter power topology and operation is discussed in Séent the major impediments to realization of high-frequency
tion Il. Section Il presents a simplified high-frequency steadyrigh-power dc—dc converters. The loss-limited dc-dc con-
state analysis describing various switching modes of operatioerter topology uses low-leakage coaxial-wound transformers
A low-frequency dynamic model of the converter operation @&long with a novel primary commutation scheme that limits
developed in Section IV. The low-frequency dynamic model ibie switching loss, a split secondary that permits the use of
used to solve for the static operating conditions in Section Mwer voltage diodes, and an energy recovery clamp for diode
demonstrating the wide operating region using the multimodadcovery [1]. The converter topology is shown in Fig. 2. Major
control. Outer voltage loop controller design aspects are illugsarameters of the power circuit elements are shown in Table I.

Il. CONVERTER OPERATION
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TABLE | side bridges are on and the load current freewheels. When a de-

POWER CIRCUIT PARAMETERS vice on the leading leg Q3 (Q4) turns on, diodes D1, D4, D5,

D8 (D2, D3, D6, D7) are commutated off. The reverse-recovery

Parameter Symbol Value current associated with this flows in the leakage inductance of
Transformer turns ratio Np:Ng 21 the transformer. When the outgoing diodes in each bridge snap
Transformer leakage inductance La, Lo 500nH off, the trapped energy results in an increased voltage across the
Transformer magnetizing inductance Lut, Lz 500uH bridges. Clamp diodes D10 and D9 conduct as soon as this in-
Device capacitance Ca3, Cos 4nF creased bridge voltage exceeds the output voltage, transferring

. Commutation inductance Leo 250uH the recovery energy to clamp capacityy, and eventually to the

Resonant capacitance Cu, Coy 150nF output. The clamp circuit recovers the reverse-recovery energy
Output filter inductance La, Lp 50pH of the output rectifiers at the expense of increased conduction

Output filter capacitance - Ca, Co 13500pF loss due to the two series lower voltage rectifier bridges. The

Rated input DC voltage A\ 900V superior switching characteristics of the lower voltage rectifiers

Rated output DC voltage Ver, Ver 375V and the presence of a stiff clamping voltage source permit tight

Rated output current Iirs, e 200A control of rectifier voltage overshoots and makes this an optimal

tradeoff.
The secondary voltage of the coaxial-wound transformers is
The power throughput of the converter is controlled by phagesquare wave with a peak &f/2 due to the turns ratio of the
shifting the drive waveforms of the master leg (Q1, Q2 paitjansformer. If the converter is operated with an average duty
with respect to the drive waveforms of the slave leg (Q3, Q&tio of less than 50%, the output voltage is less than half the
pair) of the primary H-bridge. The master or lagging leg traitput voltage. In this scenario, the clamp diodes D9, D10 bypass
sitions the transformer primary from an actively driven state b€ filter inductorsL,, Ly during the active state, leading to
zero state. Resonant capacit6ts, C.., are added across theséeak charging of the output capacitors. In this mode the output
lagging leg devices Q1, Q2 to limitv/dt and switching loss currentdi/dt, which is limited only by the small transformer
during this transition. This leg obtains its commutation enerdgakage inductance, is unacceptably large. Thus, the converter
from the reflected load current flowing through the large outpgannot be operated with an effective duty ratio less than 50%.
filter inductanceg L1, L s»). To effect commutation at no load, However, this does not pose an undue limitation because in the
an additional commutation inductdr,, is connected from the present application, the converter is designed to operate at a
master pole back to the midpoint of the dc bus. If successfpminal effective duty ratio of 80%. At startup, charging of the
commutation of the resonant capacitors is achieved, the turn@#tput bus is accomplished at no load by using a half-bridge
loss is negligible for Q1, Q2, as the devices are turned on withode where only the slave devices Q3, Q4 are switchgg.
their antiparallel diodes conducting. limits the output currends /dt in this mode and the output bus
The commutation of the slave or leading leg, which trans¢an be charged to half the input bus voltage, allowing normal op-
tions the transformer primary from a zero state to an activegfation to commence thereafter. As the dual transformer clamp
driven state, is not fueled by the load current as the load c@ftcuit arrangement is a loss control mechanism for reverse-re-
rent is decoupled from the primary circuit in the zero state. Tig@very energy and does not affect the operation at rated output
only energy for this transition is that stored in the small leakag@Itage it can be replaced by an idealized bridge and a 1:1 trans-
inductance of the transformer, which is typically insufficient téormer for control analysis.
commutate any resonant capacitance across the slave devices.The commutation inductak., provides assistance at startup
low-leakage coaxial-wound transformers are used, the storedag-well as providing commutation energy to the master leg Q1,
ductive energy is even smaller and resonant capacitors cannogeat very light loads. As the closed-loop analysis presented
used to limit switching losses in the slave leg. The total enerdfy this paper primarily focuses on operation at significant load
in the primary circuit in the zero state before the outgoing slal@vels, the contribution of the commutation inductor can be ig-
device is turned off is smalll/2 (L + LSQ)I,,Z) and sets the nored in the analysis. Thus, the analysis of circuit operation
upper limit on the energy that can be dissipated in slave swittlem the point of view of power transfer, dynamic model, and
if it is hard switched. This limit is utilized in the loss-limited controller development s performed using the simplified model
converter by eliminating resonant capacitors on the slave leg §own in Fig. 3.
vices Q3, Q4 and hard switching this leg with modest turn off
losses. Furthermore, the hard-switched turn-on of Q3, Q4 also
exhibits lower losses as the finite leakage inductance provides
adequate turn-on snubbing. As there are significant time-scale differences between
Two coaxial transformers with a 2:1 turns ratio are connectsevitching dynamics, output filter dynamics, and the averaged
in a parallel primary, series secondary arrangement to provide behavior, the following convention is used for clear identi-
isolation. Two full-wave rectifier bridges D1-D4 and D5-D#ication of variables. Signals at the fast switching cycle time
rectify the secondary voltage and inductdrg;, Ly, and ca- scale(~ us) are designated in lower case italigsr, vor,
pacitorsCq, C'¢2 serve as the output filter. The clamp arrangeetc. Averaged signals analyzed at timescales at the order of
ment consists of clamp diodes D9, D10 and clamp capaCitor the outputLC filter corner (~ms) are described in lowercase,
When the primary voltage is zero, all diodes in the secondagyy., irr, vcr. Small signal behavior of these signals is

Ill. HIGH-FREQUENCY MODAL ANALYSIS



BENDREet al: LOSS-LIMITED SWITCHING FULL-BRIDGE DC-DC CONVERTER 857

Dlaster leg Slawre leg

AL B L Aﬁﬁsm
w -

il

(D -
* Ls
=g
°_{ P °"| i :
T
o
BOALAA AN
° W“Al
{4 ‘ o
+—4 [>—e
- = VB = 4+
i | gu
W v
- - CF -
T
H -
Fload
A

Fig. 3. Simplified isolated loss-limited dc—dc converter topology.

represented by r, iLF- Averaged steady-state dc quantities With nominal values from Table [, the time intervigl, is
are represented by capital letters with capital subscripts likeen to be negligibly smalk-100 ng.
I.r, Vor. Peak quantities are representediby:, i1, Mode 2(t1,s < t < trs +ton): During this interval, the con-
The converter operation can be divided into various modeg&rter is in its power stroke, and the primary current is identical
each of which is analyzed in this section. Typical idealized timés the filter inductor current
domain waveforms under various modes of operation are illus- ) )
trated in Fig. 7. Consider the converter in Fig. 3 to be initially ip=irr vp=V; vp=V,. ©)
in the zero state, with both slave leg devices Q3, Q4 open, therpg filter inductor current ramps up by the following equa-
master device Q1 closed, and the primary current at zero.  4iyn-
Mode 1(0 < t < t14): At time O, the slave device Q3 is

closed, applying/; across the primary winding of the trans- dipr — (Vi — vCF). 4)
former. The primary currenti,) increases until it becomes dt Ly

is clampeq to zero b)_/ the freewheeling sec_ondary rectifiefs peak valué ., and the master leg device Q1 is turned off.
The equations governing primary voltage, primary current  \jode 3(t;, + tox < t < t1s + tox + tg): When Q1 is

ip and bridge output voltages are turned off, capacitor’,; andC,., are charged and discharged
V. to V; and 0, respectively, by filter current . The governing
ip= L_lt vg=0 vp=1V,. (1) equations are
ip =1
This mode ends at;,; where P
vB =vp
tre = 2L L, 2 vp =V — — 24 (5)

I/i Crl + C(1’2 .
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This mode ends dt= ¢, +tox +tr When the primary voltage
goes to zero and the antiparallel diode in Q2 starts conductin
at which time device Q2 is turned on. The periggdis given by

Vi
tR = = (07’1 + Cr1)~ (6)

ILF X
MOde4(th+to1\;+tR<t<tL8+to1\;+tR+tz)ZThiSiS f”‘”‘""*‘ H'FH'H%H —' { :
the zero state interval when Q2 and Q3 are on. The load curre : : : : : :
freewheels in the secondary diodes, while the leakage curre
freewheels in the primary. The governing equations are

Ref1 zoom: 1.0X vért  0.2X Horz

i1p =ILF : g - - 1 M5 00us ‘Chi
kel | s00mv; s.00us¥ ; :
vB =0
vp =0 (7) Fig. 4. Transformer primary winding voltage waveform from the experimental
diLp _ —vcF ®) prototype converter (250 V/div, bs/div).
dt Ly

This mode ends at= ¢, +ton +1tr +1tz Wheret; is either
determined by the controller action or fixed.

Mode S(th +ton+itr+iz <t <trs+ton+1ir+
tz + tsca): The slave device Q3 is turned off with/dt of
kq. While current is still present in the device Q3, the primar
current and voltage are given by

’iP ZiLF - th+ k—QSin (w -t)
w
vB =0
vp=—kgLs{1—cos(w-t)} 9)

wherew = 1/./L.(Cgos + Cqa). The primary voltagesp '_m soomv.  toomsh . . o
reaches its largest negative valu€bf L, = 400 V. This mode

e”qs atsc1 = ZLF/kQ Wh?n the device qurem goes to Z€10rig 5. Transformer primary winding voltage waveform from the experimental
which for rated conditions is 250 ns. The final primary voltaggrototype converter (250 V/div, As/div).

at the end of this modévp,) may be determined to be about
145 V.

Mode 6(trs + ton +tr +tz + tsc1< t < trs + ton +
tr+tz+tsci4tsc2): With no current in the slave devices, the
device capacitana€; discharges whil€’'o, charges td/; by
resonating withL,

ip = gin (w-t)
UB =0
vp =vp, cos (w - 1) (10)

whereZy = \/Ls/(Cqs + Cq4). This mode terminates when

the primary voltage reaches zerotgto = 7/(2w), which for : : : :

given system parameters4s/8 ns. e 1,00V, 1.00ps)
Mode 7(trs + ton +tr + tz + tsn < t < trs +tox + r—ll\i%%l

tr+tz+ts, +tp): Both slave devices are off, while the master

device Q2 is on. The equations governing this condition are Fig. 6. Transformer primary current waveform from the experimental
prototype converter (100 A/div, As/div).

Math2 | Math3 U

PN

ipZO ?)BZU ’UPZO. (

Mode 7 is a zero state, representing the completion of one halfthe primary voltage and current during switching obtained
cycle. This mode ends when slave device Q4 is turned on aexperimentally is shown in Figs. 5 and 6. Typical waveforms
a complementary negative half cycle is initiated, with identicalbtained using a piecewise modal analysis are shown in Fig. 7.
modes. The slave leg dead tintg, (between turn off of Q3 Excellent correlation is observed between the theoretical wave-
and turn on of Q4) is 2s, which is the total allowable time for forms and the experimental results from the prototype.

Modes 5, 6, and 7. Thusp is less than 2us. Examining the waveform afp and:p under Modes 5 and 6,

Transformer primary voltage waveform obtained from thi may be observed that the primary voltage shows a narrow and
prototype converter is shown in Fig. 4. A detailed viewpoirgmall blip during this period. As the width of this blip is 300
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Fig. 7. Typical operating waveforms under various operating modes.

ns and the voltage never exceeds about 400 V, the volt-seconds
contribution due to these modes is very small, and may be ig-
nored. Similarly, Modes 1 and 7 can also be lumped into Modes
2 and 4, respectively. By eliminating these modes, nonidealities
in the slave leg switching are ignored.

Also, the bridge voltageg is essentially equal to the rectified
value of the primary voltagep. The bridge voltage and the filter
inductor current waveform under these simplifying assumptions
are illustrated in the last two waveforms of Fig. 7. The SySteHib. 8. Simplified equivalent circuit useful for dynamic and static analysis.
equivalent circuit can now be reduced to a sourge driving
the output filter as illustrated in Fig. 8.

rating the averaged high-frequency dynamics due to resonant
transitions [6]

IV. DYNAMIC ANALYSIS diiLtF _UB ;:CF = f()) (12)
The dynamic behavior of the system can be characterized dvcr _'L'LF — g

. : o = fioat — g(.) (13)
by state equations of the output filter alone, while incorpo- dt Cy '
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In peak current-control mode, the controller generates apee 30
current command that is compared with the inductor current
to determine switching instants. A compensating rampis

Constant

b @ 25 ‘
subtracted from for the stability of the current-mode controller 2 " Frequency
[7]. From this control action, we obtain % - th—\p
R R 8 R ‘ A At
1 — metoN = P (14) 0 | X Yz
. " 2 15L |
From Mode 2 equations and boundary conditions, E : Open | Constant ‘At T
Loop | Off-time | "ON
z _ —Mto_l\ (15) 10 - } y . Y.
L 2 10 50 90 130 170
: . Output Current lo (A)
From Mode 3 equations and boundary conditions,
R B [Crl + C,,Q]Vi Fig. 9. Variation of interval sections of the switching period.
g = ———————. (16)

tr
Also, the following equations can be written for each cycle: Knowing thatthe rated value 8% r is 750, these seven equa-
tions can be solved for dc quantiti€s, Irr, I.F, I, and time
tz +tr+ton — 1 =0 (A7) variables z, tg, ton With fixed knownT to obtain steady-state
tr values for the constant-frequency mode. Similarly,fis as-
Vi [tON + 7] =vpT. (18) " sumed to be fixed and known, the other time variablesox,
T can be obtained for the constant off-time mode. These solu-

. Equations (.14)_(13) can be solved first \.N'th a f'X?d t'me.p‘?i'ons obtained for both modes are checked against the following
riod T for the time variablesz, tr, tox, and intermediate vari- . .

ablesvg, i, . These can be expressed as functions of state vari-
ablesiyr, vor, inpute, and parameters;, C,1, Cra, Lf, m.

tz >2 uS: minimum dead time (23)
as follows: o
. T <25 ps: minimum frequency (24)
UB,iLF,tR, toN, tz T >20 ps: maximum frequency (25)

= (/) (iLF, VCOF, 'AL.7 V; Crh CTQ./ Lf7 Me, T) . (19)
The lower limit intz ensures adequate time for lossless com-

This control mode corresponds to fixed-frequency varmutation; the upper limit off’ ensures that the transformer peak
able-off-time operation. flux is below the saturation level and the lower limit @hen-

Alternatively, the equations can be solved with a fixed timgures that the power device switching losses are below the de-
periodt 7, and another set of functions can be derived as followsign value. At heavy-load conditions, only the solution obtained
for the constant-frequency mode satisfies (23)—(25) and the so-
R lution for the constant-off-time mode is discarded as it violates
=¢ (iLF-/'UCF-/i-/VhCrhCr%Lfvmcth) . (20) (24). This holds true until the load is reduced to about 60%,
when the constant-frequency solution violates (25) and, hence,
% discarded. However, at this load, the constant-off-time mode
solution satisfies (23)—(25). This solution can be used for loads
reduced down to about 30%, when (23) is violated.

The converter controller is encoded into a high-speed state

The static equations can be obtained by setting the left-hamdchine, which seamlessly transitions from fixed-frequency
side of (12) and (13) to zero. This yields two additional algebragontrol at heavy loads to constant off time for lighter loads.

vB,iLFstR, toN, T

This control mode corresponds to variable-frequen
fixed-off-time operation.

V. STATIC ANALYSIS

equations When the load current is reduced further, the converter operates
Ver in a constant-off-time constant-frequency open-loop mode.
0=V —-Ver 0=IrFp- 7 (21) The static solutions for this open-loop case can be obtained by
load

. o . solving (21) and (22), assuming bdth ¢t 7 fixed but with Vg
subject to the constraints imposed by the algebraic (14)—(18hknown. Fig. 9 shows the sectioning of the time period into

which, at steady state become the various components,x, tz andtg for different values
- 2 of load currents and the three distinct operating modes can be
I—mctON —ILF . g
A Vi — Ver] tox identified.
Irp —Inp :lTT Fig. 10 shows the extension of the operating region of the
f converter achieved due to the multimodal control method when
Irr :M compared with a fixed-frequency current-mode controller at 25
IR kHz. A fixed-frequency current-mode controller would have
" . ) . X .
Vi ltox + BRIyt to operate at 20_kHz in order to realize thls_operatlng region.
2 However, operating at such lower frequencies over the entire

tz +tg +ton — 1 =0. (22) range would result in larger magnetic component losses at
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H(s) Ver /ipx
700 ‘ . e
|
20khz current mode magnetic i Voltage regulator Converter with
| component loss estimate } current mode controller
600 | J
[ \\\ - |
a ; ‘ ‘
= ‘ Fig. 13. Block diagram of the converter voltage regulator.
® 500 1
@ -
| N\ ~ |
- | ) | VI. LooP GAIN AND COMPENSATORDESIGN
400 | y ~_ 4 Using the steady-state solution obtained from (21) and
| ' . - ‘ . | (22) and computing the Jacobian of the system described
Multi modal control magnetic A L. .
component loss estimate in (12)—(18), the state-space descrlptlor_l of the small-signal
500 | behavior [11] of the system can be obtained for both control

20 60 100 140 180 modes as follows:
Output Curent lo (A) - ; ; -
dipp of  of i of \ -
. . . . dt = | 9iLr Oucr - + [ 9irx 7).
Fig. 11. Variation of magnetic component losses as function of load level. dvcp ag ag Vo F ag

dt aiLF BUCF az'PK (26)

heavy loads. The transformers in the dc—dc converter were man] he control to output transfer functions can be evaluated at
ufactured using litz wire for primary windings, square coppdhe steady-state operating points under the various modes of
tubing for secondary windings, and ferrite E-E sets for cofé@ntrol. These are shown in Fig. 12 for two steady-state oper-
material. The copper losses can be calculated directly for théng points corresponding to the two different control modes.
litz winding from the manufacturers data sheet [8], while a very The block diagram of the outer loop voltage regulator is il-
good estimate for the secondary winding can be obtained uslHgtrated in Fig. 13. As the converter was designed to reject
skin-depth approximations [9]. The core loss can be determingifgle-phase loading up to 72 Hz, it was desirable to extend the
using the ferrite material parameters for “P” type materi#POP gain crossover up to a few hundred hertz. The voltage reg-
[10]. Fig. 11 illustrates the variation of total core and coppéHator also was required to have infinite gain at dc and reject the
losses with the multimode control scheme operating betwegfitching-frequency harmonics. These goals were achieved by
20-25 kHz in comparison with fixed-frequency current-modgsing a proportional plus integral (PI) regulator with a high-fre-
control operating at 20 kHz and the benefits realized due @ency roll-off whose transfer function is given by

multimodal control. The efficiency of the prototype power 14 s

converter under various modes of operation was measured to Hy (s) = K, ———%— (27)

be over 96% confirming the expectations. Details of the power s (1 + w—)

circuit design and steady-state operating conditions have been !

presented in [1]. A computer-simulation-based comparativeherew, =2 -7 - 72, w, = 2 - 7 - 2700.

evaluation of the proposed converter with other approaches fofThe gaink, was chosen to extend the unity gain bandwidth
realizing such isolated high-power system indicates that ttile maintaining a stable phase margin of abotit @he com-
proposed approach provides superior performance [4] fronbmed loop gains including the regulator for the two operating
thermal point of view. points illustrated in Fig. 12 are shown in Fig. 14. Several units
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Fig. 14. Frequency response of voltage regulator loop gain.

wm:ws  INtersection points with the measured primary current, unless
vieen the frequency is reduced. The converter frequency cannot be
vieco) reduced further as it will violate (23) and lead to high core
v(c.co) losses in the transformer. The converter frequency hence fixed
at 20 kHz and it is operated in the open-loop mode without peak
current control, and the output voltage is reduced as seen in
Fig. 10. During open-loop converter operation, small variations
in device and parasitic voltage drops can integrate up to lead
f{?ff;t(s’ to large flux excursions in the transformer, which are reflected
i as large imbalances in the magnetizing current. If there is an
unbalance present in the transformer magnetizing current the
applied voltage and current waveforms for the converter will
be asymmetric as shown in Fig. 16. The unbalance in magne-
tizing current manifests itself as a difference in the turn-off
current for the positive and negative cycles, leading to differing
resonant timesg; andtgs. Fixed-frequency controllers, in the

755.0

W

750.04

i)

T T T T T T T T T T
0.03 0.0325 0.035 0.0375 0.04 0.0425 0.045 0.0475 0.05 0.0525 0.055

) open-loop mode, operate with a constant on timgg for the

gwitch, while the new scheme operates by timing successive

inductor current to a step change in load. switch turn-off instances which leads to differing on times
ton1 andtonse. The net average voltag®,..) applied over a

of the converter power circuit incorporating the controller de2itching cycle can be shown to be

Fig. 15. SABER waveforms illustrating the variation of output voltage an

veloped herein have been produced and incorporated for feeding V20 (I — I

power to multilevel cascaded H-bridge inverters. Extensive tests avg = — iT - < - B 2) (28)
at various power levels have been conducted and have confirmed m

stable and acceptable operation. Recognizing that the flux imbalana®¢ is L, (I, — I»), it

Furthermore, a 'detailed simulation of the converter Wagn pe shown that it decays at an exponential rate given by
also performed using SABER computer software. The model

included insulated gate bipolar transistor (IGBT) device A¢ = A¢oe—3‘ézcr/4TLmlif. (29)
models for switching devices and a complete model for the

transformer. The waveforms of the response of the voltageA plot of the decay of flux imbalance as a function of time
regulator for a step change in load are shown in Fig. 15, for tmeder classical constant on-time control mode and the new
constant-frequency-control mode, near rated operating poiopen-loop control mode is shown in Fig. 17. The rapid decay of
The traces indicate stable operation of the controller withflux imbalance may be readily observed from the figure along
settling time of the output voltage to be about 15 ms. with the improved response of the new scheme.

VII. OPEN-LOOP OPERATION VIIl. CONCLUSIONS

Peak current control regulates the dc component of theA new loss-limited dc—dc converter topology employing
primary current to zero on a cycle-by-cycle basis, keeping tbee resonant soft-switching pole and one phase-shifted
transformer out of saturation. At light loads and low inpubard-switching pole has been introduced recently for
voltages, the commanded peak current is too high to yield ahigh-power isolated dc—dc power conversion [1]. Comparative
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I I I [5] R. B. Ridley, “A new continuous-time model for current-mode con-
trol with constant frequency, constant on-time, and constant off-time,
in CCM and DCM,” inProc. IEEE PESCJune 1990, pp. 382-389.

[6] S. D. Freeland, “A unified analysis of converters with resonant
switches,” Ph.D. dissertation, Power Electron. Group, California Inst.
Technol., Pasadena, CA, 1988.
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Fixed duty cycle controller

for high frequency co-axial winding power transformers,Qanf. Rec.
IEEE-IAS Annu. Meetindl991, pp. 946-952.

[10] Ferrite Cores Magnetics Inc., Butler, PA, 1998.

[11] M. Vidyasagar,Nonlinear Systems AnalysisEnglewood Cliffs, NJ:
Prentice-Hall, 1978.
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Fig. 17. Decay of flux imbalance with traditional and proposed methods.

analysis of this topology with alternate dc—dc converter topol
gies has demonstrated the viability of the new topology [4]. . _

new multimodal control scheme that extends operating regi ﬁfngeds‘i’gg‘;ﬁg’;)"rigﬁrcst' d"e'serl‘g;m“;‘r’]'tee;hpaer;&gc': Iﬁﬁrs
while maintaining reduced magnetic component losses has b@gdiry, primarily at Pillar Technologies and Soft Switching Technologies. He
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dc—dc converter. The paper has presented a detailed modal affg[logies, Miwaukee, WI.

ysis describing the operation of the converter. The analytical

results from the modal analysis have been approximated using
numerical justifications to develop a simplified dynamic mod
The simplified dynamic model is used to develop multimoda ™
control techniques and small-signal control transfer functiof
which are used to design a voltage regulator that is stable un
all modes of operation. The operation of the controller ar
the converter operation have been verified in production uni
Converter simulation waveforms have been used to illustrg~ - I t s

the dynamic response of the system under step changes in ltau. S foucsia?;egisrscftglregft rtf]:'(\:,\ﬁgg;rsﬁ? E\fgéfr'iocn,v?:cﬁ?néss'
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