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A New ZVS LCL-Resonant Push—Pull
DC-DC Converter Topology

Michael J. Ryan, William E. Brumsickle, Deepak M. Divarellow, IEEE and Robert D. LorenzZ;ellow, IEEE

Abstract—A new LCL resonant dc—dc converter topology is V) and current may be high>150 A); 2) nearly continuous
presented in which the resonaniC L components are located after power flow, keeping the peak currents down to a reasonable
the output rectifier diodes. The push—pull converter topology level: and 3) zero-voltage turn-on of switching devices due

is suitable for unregulated low-voltage to high-voltage power t tati f the t f tizi t
conversion, as in battery-powered systems, where input currents 0 commutation of the transformer magnetizing current [1].

can exceed input voltages by an order of magnitude. The resonant With paralleled MOSFET switches, zero-voltage turn-off is
circuit operates at twice the switching frequency, allowing for provided by the inherent drain-source capacitance of the
small resonant components. The MOSFET primary switches switches [7].

operate under zero-voltage switching (ZVS) conditions due to In contrast to theLCL-resonant converter topologies pre-

commutation of the transformer magnetizing current and the . . .
snubbing effect of the inherent drain-source capacitance. Output sented previously in the literature [4]-{6], theC-L resonant

rectifier turn-off is effectively snubbed by the resonant capacitor. topology presented in this paper is unique in that@hé res-
Laboratory tests show 93% efficiency at 12-V 160-A input, 235-V onant components are located after the output stage rectifiers.
1.8-kW output. Surge capability of up to 5 kW for 1 s has been Fig. 1 depicts the converter topology.
tested. Circuit simulations and experimental result; are presented The LCL-resonant output stage provides for a reduced-
and are shown to have excellent agreement with fundamental . . -
mode analysis. current tur_n-off of the primary SWItChe.S,. thus keeping the
trapped primary leakage energy to a minimum. In effect, the
Index Terms—bC-DC converter, push—pull topology, resonant | ¢ circuit acts as a “tuned” output filter for the converter. In
converter, zero-voltage soft switching. . . . e
addition, the resonant capacitor effectively snubs the rectifier
diodes’ reverse-recovery transients. A unique coaxially wound
transformer [2] provides extremely low interprimary leakage
inductance and resistance. With inherently thermally stable
NEW LCL-resonant dc—dc converter topology suitableesonant properties, a fixed-frequency, fixed-duty-cycle open-
for unregulated low-voltage to high-voltage conversiofop control is all that is required for converter operation. In
is presented. The converter acts as a “dc transformer” tifsts, the converter has exhibited an input current-frequency
systems where power from a low-voltage source, typicalptoduct of 4.2 AMHz.
batteries, must be converted to an unregulated, albeit stiff,The following sections cover converter topology and oper-
higher intermediate voltage for use by a subsequent convei@ibn, computer simulations, experimental results, and conclu-
stage. In these systems, the limited energy storage capacitgighs.
the battery calls for very high efficiency in the dc—dc converter.

For medium-power applications, input currents can exceed||. | CL-RESONANT PUSH—PULL CONVERTER TOPOLOGY
input voltages by an order of magnitude, thus presenting

un;ghuee gg;gegaiﬁjg&? t@g;f;ff; :g ﬁ]e?;ﬁg converter hilralow Ry on MOSFET's in parallel. These devices share
cHrrent well and provide high-efficiency switching with excel-

the f_ollowm_g advantages: 1) a single device vqltage drop nt surge capability. Fig. 2 depicts the modeling of the coaxial
the input side, where the source dc voltage is low (12— :
ransformer used in the converter prototype.

The coaxially wound transformer has a two-turn center-
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Coaxial Transformer
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Fig. 1. LCL resonant push—pull dc—dc converter topology.

(zero deadtime assumed). Equivalent circuit models for each
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ImQ  20nH 10uH 180mQ 18uH 1.03Q mode are also shown in the figures, in which= NV, where

pl sl pl si
9.46uH 9.46uH
ot 4.17mH o 4.17mH
9.46uH 9.46uH
p2 s2 P2 52
Im@ 20nH  1:1:21 1:1:21

2 and 4.

(@) (b)

Fig. 2. Coaxial transformer models. (a) Full model. (b) Lumped secondarg. Mode Equations

For each of the four modes in Fig. 3, closed-form equations

N is the transformer turns ratio.

In normal operation, Modes 1 and 3 represent brief switch-
ing transitions wherein the transformer magnetizing current is
commutated. The majority of the power flow occurs in Modes

twice the switching frequency of; and S». By using a for circuit operation are found; damping has been ignored.

good quality (highly stable) capacitor fof' and an air- These equations are listed below. Initial inductor currents and
core inductor forL, the LCL resonant frequency will remain capacitor voltage at the start of each mode (when the input
constant over the entire range of converter loading. WithOSFET’s and/or output rectifiers switch) are designated as

high-frequency switching (25-50 kHz), the transformer ang,, I, o, and Voo, respectively. These initial conditions are

resonant components are kept relatively small.

Although the primary-side leakage is assumed zero for thkermsV; and I, are redefined for each mode.
following fundamental mode analysis, some energy is actuallyMode 1(S, — Off, S; — On, iz, < 0):

trapped in this leakage inductance (equal ®6/%L) and
must be dissipated by avalanching the body diodes of the
MOSFET's. This trapped energy is significant, due to the high
primary current of the converter, and will be addressed in
a later section. The avalanche action of the MOSFET body
diodes can be neglected for the purposes of understanding the
basic operation of the resonant circuit.

A. Fundamental Modes of Operation

In general, the converter operates in conventional push—pull
fashion, with the switches each running at 50% duty cycle,
180° out of phase. The net effect is a square-wave voltage
impressed across the primary of the transforeh&t. During
switch commutation, the magnetizing current of the trans-
former will flow through the body diodes of the MOSFET’s,
leading to a zero-voltage turn-on. The output stage is a
conventional full-wave rectifier, with the exception of the
additional C and L resonant components, which along with
the leakage of the transformer form th€L-resonant circuit.

The converter has four fundamental modes of operation, as
depicted in Fig. 3(a)-(d), where damping has been ignored.
Note that Mode 1 begins whesh turns off andS; turns on

+

ir, (t) =Io + ({,0 — Lp) cos{wot)

(Vo +Veo) (Vs +Va)
* < Zy 7
(VS;«ZVd) (wot)
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o = ZAika0 — Z7L0
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found from the end values of the previous mode. Note that the
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Fig. 3. (a) Mode 1.5; — Off, S; — On, iy, < 0. (b) Mode 2:S; = On, So = Off, iy, > 0. (c) Mode 3:$; — Off, So — On, iy, > 0.
(d) Mode 4: S, = On, S1 = Off, iy, < 0.

Mode 2(S; = On, 52 = Off, iz, > 0): Mode 3(S1 — Off, Sy — On,ir; > 0):
ZLl( ) =1+ (IL10 — Io) COS(Wot) iLl (t) =1y + (IL10 — Io) COS(th)
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=+ (IL10 — ILO) 3 sin(wot) (8) =+ (IL10 — IL()) 3 Sin(th) (13)
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Vo = <71 s ) ©) Vo = (—1 “ ) (14)
LL(t) IIO —+ (ILO — Io) COS(th) LL(t) :IO + (ILO + IO) COS(th)

+ <(VC°Z: Ya) o (Vs Z_de)) sin(wot)
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Mode 4(S, = On, S; = Off, iy, < 0):
ir, (t) =1Io + (IL,0 — lo) cos(wot)
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where for each mode

C {uF]

Fig. 4. LCL resonant frequency three-dimensional contour over lth€

LI'=L +1L (21)

w0 =7 (22)

Z= 1 (23)

Zo =1L LLL;C @4 =

Zs = \/E (25)

Zy = Izg (26)
Although the mathematical representation of tt@L res-

onance is fairly complex, the design and operation of the
converter is relatively straightforward in practice.

107°
CIF]

Fig. 5. LCL constant resonant frequency lines [kHz] over L€ plane for

C. Resonance Frequency Range

With a given transformer and its leakage inductance, the
resonance frequency of theCL tank can be calculated for a
range ofC and L components using (22). The contour foy

TABLE |
CONVERTER PARAMETERS

L, = 18 pH: prototype point (uF, 27 #H, 50 kHz) marked withx.

is shown in Figs. 4 and 5, where the leakage of the transformerparameter

L, is taken as 18:H [refer to Fig. 2(b)]. A listing of circuit

parameters is found in Table I.

As can be seen in Fig. 5, for a given transformer leakage
and desired switching frequency, there is a range of viable-

L and C component values. The switching frequency of the

converter prototype was 25 kHz. The resulting 50 KHzZL

resonance was accomplished with= 1 uF, andl, = 27 pH.

D. Design Considerations

Symbol | Value Units

Input Voltage Vi 12 v
Nominal Output Voltage Vg 235 \Y%
Nominal Output Power Py 1.8 kW
Surge Output Power Pos 5 kW
Lumped Rds on Rygs =] mQ
Avalanche Diode Voltage \'%% 60 \Y
Resonant Capacitor C 1 uF
Resonant Inductor L 27 __uH

fs 25 kHz

In practice, once the input/output voltages and power levelg Nominal Operating Frequency

of the converter are defined, a suitable transformer would
be designed; size and weight are traded off with switching

frequency and efficiency. The transformer constructed for thesultant airgap was found to be sufficient to prevent core

prototype converter utilized cut-toroidal ferrite cores. Theaturation due to any slight volt-second unbalances between
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Fig. 6. Matlab simulation of (a) full-load transformer secondary voltage an . . . .
(b? current. @ y 9 I%g. 9. Matlab simulation of (a) switch currents and (b) switch 1 voltage

at full load.
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1020 % 4 %0 & 70 8 %0 10 g 10, Matlab simulation of full-load input and output power waveforms.

(b) .
Fig. 7. Matlab simulation of (a) full-load resonant capacitor voltage and (8f L and ¢ Comp-one-m-s Can be found using (22), V\{here
curent. wo ~ 2(2rfs). While it is difficult to extract exact design

metrics from the mode equations listed previously, it can be

observed qualitatively that larger values ©f will result in
smaller deviations ofv. and, thus, will reduce the voltage
stress on the output rectifier diodes. This is traded off with
1 higher ripple currents in botl and L. Conversely, larger
values of L will reduce output ripple current at the cost
. of higher voltage deviations across. In considering the
depth of the resonance, the savings in turn-off loss obtained

ol ‘ : ; i i s : s by minimizing the turn-off current must be weighed against
0 10 20 30 40 50 80 70 80 80 100 . . . .
t{us] higher conduction losses that will accompany higher peak
resonance currents.
Fig. 8. Matlab simulation of resonant inductor current at full load. While any combination of. and C' that satisfies (22) will

work in theory, there is a limited selection of component
the two primary windings. A separate balancing mechanisvalues available. This will be particularly true for the resonant
was not required. capacitorC. In general, circuit simulations should be used
The leakage inductancé.; of the transformer is thento evaluate whichL and C values are optimal for each
determined and, for a desired switching frequerfigya range application. Resonant components with tight tolerances are not
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Fig. 11. Saber simulation circuit: lumped secondary model.

necessary, as the switching frequency of the converter canasev/2r = 48.2 kHz. Comparing this ta, /27 = 48.4 kHz

easily “tuned” to match the resonance of th€L tank. from (22), it can be concluded that (22) is sufficiently accurate
for purposes of design.
IIl. CONVERTER SIMULATIONS Figs. 6-10 depict the simulated converter operation under

fltlc|)|-|0ad operation. In Fig. 6, note that the transformer voltage

Several time-based computer simulations were created : . i
! , ..—and current are in phase and transformer current is approxi-
study the converter's operation under constant load conditions

The circuit parameters used in the simulations were set rpately sinusoidal, thus, transformer utilization is good. Note

match those of a prototype converter tested in the lab (sae%o that switching occurs at the minimum of the current

Section 1V), and are listed in Table I. Refer to Fig. 2 fof)scilllatlon,dthuts reduE:rlrr:.g thhe energy ttrapbped mtth;. prlrrt]ary
details on the transformer. eakage inductance. This has proven to be riwst efficien

It should be noted that accurate computer simulations of tl%Berating pointfor the converter and is further discussed in
ction IlI-B.

converter are invaluable, in that they allow access to circ £C 7 and 8 depict the full-load ¢ fth ;
voltages and currents that are inaccessible with the actuaF'gs,' an epict the full-load wavelorms of the resonan
acitorC and inductorZ. As can be seen, the capacitor

hardware, i.e., the primary side currents of the converter wh ; )
low-leakage packaging prohibits the use of a current probe‘.’OItag,e and inductor current oscillate about average dc offgets.
Also, it can be seen that the resonant waveforms are relatively
free of high-frequency harmonics that tend to incur higher
losses. Fig. 9 depicts the voltage and current waveforms of
To simulate the fundamental operation of the converter,ige switches. Note that the off voltage imposed across the
time-based simulation was created in Matlab, where circwyitches is twice that of the supply voltage, as is characteristic
operation was modeled via the differential equations for eagh push—pull converters.
of the four modes of operation. These differential equationsgig 10 depicts the input and output power waveforms. It can
include damping [lumped to the secondary side, see Figs seen that the input power is discontinuous in nature, thus,
2(b)] to allow convergence in the simulation. The differentigle converter must include sufficient decoupling capacitance

A. Matlab Simulations

equations for Mode 2 are found as: at the input to supply the resultant ripple current. The brief
< 1 . 9 reverse-direction supply current “spike” produced during the
‘T (Vo —ir, By —ve) (27) " switch transition Modes 1 and 3 is, thus, absorbed by these

decoupling capacitors and not the supply. When primary-side
(28) leakage inductance is included in simulations, the amplitude

of the reverse current is greatly reduced.
The differential equations for the other modes of operation areAs will be seen, the simple models used in the Matlab
similarly formed. Note that, other than leakage inductance, thignulation accurately reproduce the fundamental operation of
transformer is considered ideal, wilh = £(NVV}). the converter as observed in the laboratory. This acts to verify

To evaluate the validity of (22), which does not account fahe analysis of Section Il and lends credence to the converter

damping, theLCL resonance frequency was determined fromesign considerations, specifically, the resonance frequency
the eigenvalues of the Mode 2 differential equations (27)—(28ven by (22).

1
Ve :6 (ir, —iL)-
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Fig. 12. Saber simulation results of transformer secondary voltage and current (full load).
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Fig. 13. Saber simulation of resonant capacitor voltage and current under full load.

B. Saber Simulations Fig. 12 below depicts the transformer secondary current and

To more accurately simulate the switching transitions ary@'tage under fuII-Ioad_ cor_lditions_. Note the similarity with the
loss mechanisms of the circuit, circuit simulations were peMatiab results shown in Fig. 6. Figs. 13 and 14 depict the full-
formed using the Saber simulation software. The circuit mod@@d waveforms of the resonant capacitor and inductor. Again,
used is depicted in Fig. 11. note the agreement with the Matlab results of Figs. 7 and 8.

While detailed Saber models for the MOSFET switches are TO help understand the transition between modes, Fig. 15
available, it was found that these models significantly slowétgpicts a close-up of the Mode 4 Mode 1 — Mode 2
the simulation and offered little additional insight into thdransition. Note in Fig. 15 that, whe$}, turns off, the current
operation of the converter. Thus, ideal switches with seriggmediately transfers to the body diod®,) of S;. S; can
resistance and an antiparallel zener diode were used to mddw be gated on under ZVS conditions.
the switches. These were found to be computationally efficient,After the load current is driven toward zero, there is a long
while accurately reproducing results seen in laboratory testil” of diode current. This is the magnetizing current of
Note that all of the Saber simulations were done with an inptite transformer being commutated. Once the diode current
voltage of 12 V and a switching frequency of 25 kHz, unlesgaches zero, the current il begins to ramp up and the
otherwise stated. cycle continues.
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Fig. 14. Saber simulation of resonant inductor voltage and current under full load.

250.0
v_S1 g
.j.
20.0 20004 ™., Vi
., 182 7
\.\.... ) /.-
15.0 150.0- o, e

(2]
A)

10.0 100.0

5.0 50.0

i_D1 i_S1
0.0 0.0

918u 920u 922u 924u
t(s)

Fig. 15. Saber simulation of full-load mode transition: mode-4 mode 1— mode 2.

Fig. 16 depicts the output voltage regulation of the con- To demonstrate the effects of switching frequency on con-
verter. This represents a series of Saber simulations in whigdrter operation, Saber simulations were repeated for a range
the converter was allowed to reach steady state for a rar@feswitching frequencies. For these simulations, a fixed output
of output loading. The converter was found to operate aslaad resistance of 3Q was used. In addition, the transformer
dc voltage source with a finite output impedancg;,; ~ model was refined to include the primary-side leakage in-
1.6 €2, or about 0.05 p.u. This open-loop voltage regulatioductances, as depicted in Fig. 2(a). Figs. 18-21 depict the
is adequate for most intermediate voltage supply applicatiomesults.

Fig. 17 depicts the efficiency of the converter over this sameActual circuit operation differs slightly from that shown
range of loading. Note that, from 1/4 to 3/4 load, the convertar Fig. 15. A more detailed analysis shows that the sharp
efficiency is at 95% or better. With such a low voltage sourdgangular current pulse labeleéd®1 at the beginning of mode
(12 V), this level of efficiency is as good or better than similat (as MOSFETS2 is turned off) would, in fact, be the current
dc—dc converters used in uninterruptible power supply (UP8)wing in the avalanched body diode &2. The source
systems. (battery) current decreases from its mode 4 value toward zero
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Fig. 16. Saber simulation of output voltage load regulation. (Riona = 30 0, Ly, = 20 NH, fresonance & 50 kHz).
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Fig. 17. Saber simulation of steady-state converter efficiency over load

range. Fig. 19. Saber simulation of converter efficiency versus switching frequency
(Rlnad =30 Q7Llp = 20 nH, fresonance =~ 50 kHZ)

along this same trajectory, and only the lower plateau/af

in Fig. 15 actually flows in body diodé)1. Similarly, the correctly tuned to the circuit, then the switch turn-off point is
body diodeD1 absorbs avalanche energy wheh is turned no longer at the minimum of the current resonance, and there
off at the end of mode 2. All energy stored in the primary-sidie a corresponding dramatic increase in loss.

leakage inductance is dissipated in the avalanched MOSFET’s}t will be shown in the next section that both the Matlab and

Inspection of Figs. 18 and 19 shows that there is a@aber simulations accurately predict the fundamental operation
optimum frequency tuning where the output voltage anst the LCL-resonant converter as seen in the laboratory. The
efficiency reach a peak. This point directly corresponds to thetailed circuit-based nature of the Saber simulation allows
minimum of avalanche diode power dissipation depicted far greater insight into the loss mechanisms of the design than
Figs. 20 and 21. either Matlab simulation or physical experiments.

The sharp change in avalanche diode power loss can be
understood by noting that the energy dissipated is always equal
to the energy stored in the primary side leakage inductance
I’L regardless of the avalanche voltage. Furthermore, theA 12-V input 2-kW converter was built and tested in the
current is dramatically less at the tuned frequency. Thus,léb. Figs. 22 and 23 show the transformer secondary voltage
the switching frequency is moved to a frequency which is nand current waveforms.

IV. EXPERIMENTAL RESULTS
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Fig. 20. Saber simulation of peak avalanche zener diode power verdilg- 22. ngperimental trgnsformer secondary voltage and current at full load
switching frequency Rionq = 30 £, Ly, = 20 nH, V. = 60 V, one switch). (1.7 kW, Vip = 12.0 V, Vour, =235 V, F = 25.3 kHz).
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Fig. 23. Experimental transformer secondary power and output current at
Fig. 21. Saber simulation of average avalanche zener diode power verBtsload (1.7 kW, V;, = 12.0 V, Vour =235V, F' = 25.3 kHz).
switching frequency Ri,.q = 30 €, L;;, = 20 nH, one switch).
TABLE 1l
SUMMARY OF SIMULATION AND EXPERIMENTAL RESULTS

Comparing Fig. 22 to the computer simulation results (Figs

6 and 12), it can be seen that the analysis and modelinfarameter Saber™ Simulation | Experim. | _Units
of the converter accurately reproduces the operation of thénput Voltage, Vi 12 12 v
converter in the laboratory. Note that the switching frequencyinput Current, I 168 163 A
of the converter was adjusted to obtain the maximum efficiencynput Power, P; 2.01 1.96 kW
point. Output Voltage, Vo 237 234 v

In Fig. 23, it can be seen that the power flow e>.<h.ibi.ts AOutput Current, I 79 78 Iy
low “crest factor,” thus, peak source currents are m|n|m|zedIHpul Power, Py T8 & | ww
The converter has been successfully tested with a surge loaé

of 5 kW for 1 s. Table Il lists the experimental results and-2ioency 234 229 %

compares them to the results of the Saber simulation. From

Table I, it can be seen that the converter exhibits excellent V. CONCLUSIONS

full-load efficiency and that the Saber simulation results agreeThe LCL-resonant topology presented is ideally suited for
closely with the laboratory results. unregulated dc—dc conversion from a low-voltage high-current
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source, as it provides very high efficiency with simple oper
ation.

* The circuit exhibits ZVS for the MOSFET switches anc
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