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Abstract— With a constant current dc power distribution
system, the input voltage of each series connected power
converter module varies with the load. Achieving zero voltage
switching (ZVS) for the converter using passive techniques
becomes a challenging and difficult task with the wide variation
in the load that also changes the input voltage. Therefore, an
active assisting method that adapts to the varying input voltage is
needed for achieving ZVS with good efficiency over the load
range. Traditional active ZVS assistance techniques either
operates with higher rms currents in the main switches and the
ZVS assisting branch, which further result in higher conduction
losses, or result in hard switching of assisting switches, which
result in high EMI due to high dv/dt, at full DC bus voltage. In
this paper, an active ZVS assisting circuit is proposed which
operates with low rms currents in the assisting branch with lower
EMIs due to dvdt in the assisting branch. The proposed
technique is experimentally verified through testing of a series
resonant converter whose input is connected to a 1 A current
source and output current is regulated at 0.33 A for a full load of
250 W, operating at a switching frequency of 250 kHz.

Keywords—zero voltage switching, resonant converter, dc
distribution, constant current distribution, active ZVS

L

Resonant converters have gained wide popularity due to
their advantages of high power density, soft switching ability,
low EMI, high reliability. Therefore these converters are
widely used in dc distribution systems [1-2], wireless power
transfer systems [3], and battery management systems [4-5].
With the advent of modern high speed wide band gap devices,
operating frequency of power converters is increasing and thus
soft-switching of the devices has become important for reliable
and efficient power conversion [6,14]. With the fixed
switching frequency, series resonant converters (SRCs), which
is one of the popular converters due to its low component
count, cannot operate with zero voltage switching (ZVS) for
the entire range of load and input voltage and, as a result, ZVS
assisting circuit are needed to accomplish soft switching [14-
16] in order to have efficient power conversion.
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For SRCs with constant input DC voltage, various passive
[7-9] and active ZVS assisting techniques [10-14] are proposed
in literature. Passive ZVS assisting methods have advantages,
such as simple to implement and small volume that is occupied
by the components. However, achieving ZVS of switches using
passive techniques fail to maintain high efficiency for a wide
operating range of loads. Active ZVS assisting techniques can
easily overcome this limitation by controlling the assisting
current. Active assisting techniques used in [13-14] achieve
ZVS for both the main switches and the assisting/auxiliary
switches. However, it should be noted that depending on
operating point, the rms current in the assisting branch as well
as the main switches can be high, which can reduce the
converter efficiency. In [10-12], authors presented several
techniques to reduce the conduction losses in the assisting
circuit, but these techniques do not have ZVS for the auxiliary
switches. These techniques result in additional losses due to the
energy that is stored in devices’ output capacitance and also
result in high dv/dt at the turn on of the auxiliary switches,
especially at higher input voltages.

In this paper, an active ZVS assisting circuit is proposed
that achieves ZVS of the main leg switches with low rms
current in both the main switching leg as well as the assisting
branch with low dv/dt of the assisting switches. The topology
and analysis presented in this digest is for a DC-DC SRC with
constant current input where the input voltage varies with the
load. This topology is suitable for undersea applications as
presented in [2], and its ZVS requirements vary over wide
range, based on the load. Section II covers the basic steady
state operation of the converter which is needed to analyze the
ZVS assistance requirement. In section III, the proposed ZVS
assisting circuit and its variants are presented. Operation of the
proposed circuit is explained with its equivalent circuit, along
with desired ratings of the circuit components. Hardware
results are presented in section IV for an SRC operating at
250 kHz from a constant input source of 1 A with its output
regulated at 0.33 A for a load up to 250 W.



II. STEADY STATE ANALYSIS OF SRC WITH CONSTANT
CURRENT INPUT

The SRC circuit topology operating from constant current
input is shown in Fig. 1. On the primary side of the converter,
MOSFETs Q1 — Q4 forms the DC-AC inverting stage, that
applies an output voltage (v4p) across a resonant tank
constituted by an inductor L, and a capacitor C,. The output
side of the converter is a diode half bridge voltage doubler with
a capacitive filter, which rectifies and filters the AC output of
the 1:n isolation transformer. The power delivered to a load
(Rioaa) 1s obtained from a DC constant input current source (Zp).
The converter design and its steady state analysis are presented
in [1-2]. As presented in [2], the SRC is operated at a switching
frequency (f;) that is equal to the resonant frequency (f,) of the
tank, resulting in a constant current behavior at the output
irrespective of the load resistance Rio.q. This current source
nature of the converter reduces an effort required from the
controller to regulate the load current. From [2], the steady
state DC input voltage (Vi,), DC output voltage (Vo) and DC
output current (/) of the converter can be given as

g IgRload (1)
! 4n’ sinz(g) ’
2
V = IgRload , (2)
" 2n sin(g)
2
I,
out :—éa’ (3)
2nsin(—
(2)

where, a is the phase shift angle between leg A and leg B of the
converter, with leg A voltage leading that of leg B. Symmetric
phase shift modulation technique with constant switching
frequency is employed for the primary side inverter. These
steady state quantities are needed to evaluate ZVS assistance
requirement for each of the switching legs. From (3) it can be
seen that the output behaves as constant current, independent of
load resistance (Rioaq), for a given input current (/g), transformer
turns ratio (n) and phase shift angle (). So, for a regulated
output current scenario, phase shift angle (o) is constant, under
ideal circumstances. With constant a, I, and n, input voltage
(Vi) varies linearly with Rj,.q. This brings in wide variation in
DC bus voltage of the primary side inverter and hence passive
ZVS assisting techniques cannot achieve ZVS of all switches
for the entire load range without compromising heavy load
efficiency.

In addition to the main power processing circuit in Fig. 1, a
ZVS assisting circuit is connected between switch node 4 and
DC bus negative terminal. Based on the analysis presented in
[9, 14], only the leading leg (leg A) needs ZVS assistance
whereas the lagging leg achieves natural ZVS by the tank
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Fig. 1. SRC circuit topology with ZVS assisting circuit, operating from
constant current input.
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current. Hence, in the remaining part of this paper, only leg A
of the converter and its assisting circuit is shown.

III. ZVS ASSISTING CIRCUIT

The proposed basic ZVS assisting circuit which is similar
in operation with the assisting circuit mentioned in [10] is
shown in Fig. 2(a). Capacitance Cp; and Cpy represent the
output capacitor of MOSFETs O, and Q,, respectively.
Inductor Lzys provides the reactive current needed for ZVS
and capacitor Czps blocks the DC voltage at switch node A.
Active switches S| and S, are turned on such that they create a
short duration triangular pulse around the switching instant of
main MOSFETs. Prior to the gate turnon of the main
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Fig. 2. Proposed basic ZVS assisting circuit diagram (a). Modified
configurations of the proposed ZVS assisting circuit: (b) with floating gate
driver for the auxiliary MOSFETs (c).with ground referenced gate driver for
the auxiliary MOSFETs.



MOSFETs, these pulses create a net current at switch node 4
in an appropriate direction to charge/discharge the effective
capacitance at the node. Diodes Ds; and Ds, ensure zero
current turn on and off of auxiliary switches Si and S,. It
should be noted that even though the auxiliary switches
change state with zero current, energy stored in the output
capacitance (C,s) of the devices is discharged in the device
while turning on. This energy lost increases exponentially as
the operating DC bus voltage increases and also creates large
dv/dt related EMI, at device turn on. Therefore, this circuit is
not favorable for the SRC with the constant input current,
because its DC bus voltage increases with the load where ZVS
is mostly needed.

In order to overcome these limitations, a modified ZVS
assisting circuit is proposed in Fig. 2(b) where the auxiliary
switches are transferred to the low voltage side of an auxiliary
transformer and, thus, reduces the turn on voltage magnitude
across the auxiliary switches. Leakage inductance of the
transformer is utilized as ZVSS assisting inductance, Lzys. Since
the voltage stress across the auxiliary switches are lower, a
low cost silicon based MOSFET can be used to realize these
switches. Capacitor Czys works as a DC blocking capacitor in
the circuit whose operating voltage is 0.5V;. The ZVS
assisting circuit of Fig. 2(b) can alternately be realized by
circuit shown in Fig. 2(c) where the auxiliary MOSFETSs gate
driver is referenced to ground. However, one major drawback
of these circuit realizations is reverse recovery effect of the
body diodes of auxiliary MOSFETs which can introduce high
frequency oscillations near the zero crossing of ZVS assisting
current and thus produce more EMI. A schottky diode with
lower on state voltage drop, compared to the body diode of
auxiliary MOSFETs, can help reducing these oscillations.
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Fig. 3. Proposed ZVS assisting circuit with 3 winding auxiliary transformer
(a). Ideal PWM drive and operating waveform of the active ZVS assisting
circuit (b).
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Fig. 4. Equivalent circuit during resonant transition.

Because of these disadvantages, the circuit configuration
presented in Fig. 3(a) is used as the ZVS assisting circuit for
the SRC and the analysis presented here on is for the circuit
proposed in Fig. 3(a)

A three winding transformer is used in the circuit shown in
Fig. 3(a) so that both the gates of auxiliary switches, which
have a common ground, can be driven without isolation. And
the diodes Di; and D), are selected to be schottky diodes so
that there is no reverse recovery effect.

The drive signals for the auxiliary switches are shown in
Fig. 3(b) along with the ideal waveform of izys. Angle ¢
controls the amplitude of izys (Izrs) which is dependent on V7,
Lzys and operating angular switching frequency ws, related by

_ 20, L1y )
V.

in

“4)

The actual peak value of izys will be higher than Izys and is
determined by the resonating circuit formed by Lzys and the
capacitor (Cp) at switch node A4 [17], as shown in Fig. 4.

The equivalent circuit during the dead time (¢s) between
01 and O is shown in Fig. 4. From the equivalent circuit
shown in Fig. 4, the inductor current and capacitor voltage
dynamics, during the resonant transition, are be given by

di

Lys 25 = 0.5V, —v,, )

D di = i7VS - itank A _on> (6)
e~ -

where, Cp is the total capacitance at switch node 4, due to the
output capacitance of MOSFETs (O; and Q», including any
board parasitic capacitance present across these devices
[14, 17]. In (6), iwnk 4 on is the current out of the half bridge
switching node A, at the turn off instant of (> and is assumed
to have negligible variation during the resonant transition at
the switch node. The value of i 4 on can be found through
the time domain analysis of tank current, as presented in [8].
Since the input DC voltage varies with the load, the analysis
from [8] has to be performed for the range of load. A circuit
simulation can also be performed to know the value of iwunk 4 on
at different load. The above equations are also valid for the
transition from turning off Q) to turning on O, transition as
well, due to half wave symmetry in the circuit. The solutions
to (5) and (6) can be given by



o Vi}1 :
iy ()= _2Z sin(w, t)

oa 0
+ (IZVS - itankiAion ) cos(a)nat) + itankiAion 4
VC (t) = OSI/m (1 - Cos(a)oat)) (8)
+ Zaa (IZVS - itunkiAion ) Sin(a)out)’
where, Z,, and w,, are defined as
LZVS 1
oa .~ a)oa I s (9)
CD V LZVS CD

From (7) and (8), we can find out whether, with a starting
current of Izys in Lzys i.e. izvs(0) = Izys, the voltage across Cp
can make a transition from initial voltage of O V to a final
voltage greater than or equal to Vj, within dead time #s, to
ensure that the body diode of Q) turns on before its gate pulses
are turned on. This will assure ZVS turn on of the main
MOSFETs. The time required for ve to make this transition
from 0 V to Vi, tzrs, can also be found out from (8) with the
boundary condition of vc¢ (zvs) = Vis. In order to clinch ZVS
turn on of the main MOSFETS #zys should be less than 7. It
should be noted that the node capacitance Cp is a voltage
dependent nonlinear capacitor and hence to get accurate
estimation, (5) and (6) have to be solved numerically, or Cp
has to replaced by an equivalent linear capacitance Cp.4, as
presented in [17].

The rms and average current in the auxiliary MOSFETs
and diodes and their reverse blocking voltage can be
calculated by

29
aux _rms = nTIZVS >
RY/1
Iauxiavg = nT]ZVS 2’ (10)
T
Vi
aux znT ‘

Device ratings for auxiliary circuit can be decided from
(10). The conduction losses in the auxiliary circuit of Fig. 3(a)
is given by

2
_ IZVS

cond ~

2
f(n;"RDS_ON +Ryys )+ 1y %nTVDa (1)

where, Rps ov is the on state resistance of the auxiliary
MOSFETs, Vp is the on state drop of the auxiliary diodes, Rzys
is the effective series resistance of the ZVS assisting current
carrying path which includes Czys and the auxiliary
transformer. The turn on loss of each of the auxiliary

829

i

10
=
&
8
§10°; 1
g «C__from datasheet
a, 0ss
<
3 —Interpolated COSS
10° - ‘
10” 10’ 10%
VDS [V]
()
0.6 T
2 04 ]
&
3
Zo2t ]
O
10 20 30 40 50 60 70 80 90 100
Vs [V
(b

Fig. 5. (a) Output capacitance of the auxiliary MOSFET [orange] and its
energy equivalent linear capacitor [blue] versus drain to source voltage (¥ps)
of the MOSFET, (b) turn on energy lost from the stored energy in the output
capacitor of the MOSFET versus Vps.

MOSFETs due to the energy stored in its output capacitance
(Coss) can be given by

1 v,
_Ce, ( m)
2 “Fop,

P,

SW _loss _turn—on ~

’f (12)

where, Ce.r is the energy equivalent linear output capacitor
[17] of the auxiliary MOSFET. Fig. 5(a) shows the Coss and
Ceqe  Wwith respect to Vps of the MOSFET
(part number: FDB110N15A) and Fig. 5(b) shows the turn on
loss in each of the auxiliary MOSFET for different Vps.

IV. EXPERIMENTAL RESULTS

A prototype of the SRC operating at 250 kHz has been
developed with the parameters shown in Table . The
hardware setup of a SRC is shown in Fig. 6(a) whereas the
ZVS assisting circuit is shown in Fig. 6(b). The auxiliary
transformer used in the ZVS assisting circuit is a 5:1:1
transformer whose leakage inductance is used as Lzys.

Hardware test results at ~50% load and full load are shown
in Fig. 7 where the SRC is operated from a 1 A DC current
source and its output is regulated at 0.33 A with 1 kQ and
2 kQ load resistance, respectively. In Fig. 7, yellow trace
(CH1) is the gate to source voltage for top MOSFET in leg A,
light blue trace (CH2) is the primary side inverter voltage
(vas), purple waveform (CH3) is the current in the resonant
tank (i:nx) and the current in the ZVS assisting branch (izys) is
shown by the green trace (CH4). From these results it can be



TABLE1
PARAMETERS OF THE CONVERTER

Parameter Value
Lr (uH) 174.2
Cr (nF) 2.33
/s (kHz) 250
n 2
Iz (A) 1
Low (A) 0.33
PLoaa’ (W) 0-250
nr 5
Lzys (LH) 15
O, O FDB110N15A
D1, D2 STB15200TR
01, - O4 C2M1000170D
_ Transformer

Resonant
tank

-Primary bridge’ &
) 2

(b)
Fig. 6. (a) Photograph of the SRC hardware and (b) the ZVS assisting circuit.

seen that at the positive rising edge of vss, the voltage
waveform reaches Vj, before the gate of the top MOSFET in
leg A is turned on confirming ZVS turn on. Figure 8 shows
another set of waveforms of the converter operating at full
load, where yellow trace (CH1) is the gate to source voltage of
auxiliary MOSFET Qii, the light blue trace (CH2) is the
voltage across drain to source of Qi1, purple waveform (CH3)
is the current in the resonant tank and green waveform (CH4)
is the current in the ZVS assisting branch. It can be observed
from Fig. 8, that the auxiliary switches turn on and off at zero
current and the auxiliary MOSFET Qi turns on with voltage
across its drain to source of ~35V while the Vj, at this
operating condition is ~250 V, which results in lower turn on
voltage across the auxiliary MOSFETSs and hence lower dv/dt.
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Fig. 7. Operating waveform of the SRC with the proposed ZVS assisting
circuit at ~50% load.(a) and at full load (b). Yellow trace (CH1) is the gate to
source voltage of top MOSFET in leg A, light blue (CH2) is the inverter
output voltage vz, purple trace (CH3) is the tank current and green waveform
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Fig. 8. Operating waveform of the SRC with the proposed ZVS assisting
circuit at full load of 250 W, yellow waveform (CH1) is the gate-source
voltage of auxiliary MOSFET (), light blue (CH2) is the voltage across drain
to source of Oy, purple trace (CH3) is the tank current and green (CH4) is the
current in the assisting branch.



V. CONCLUSION

For a constant current input DC-DC SRC, achieving ZVS
for the full load range is challenging to realize using passive
techniques. Conventional active ZVS techniques either
increase the rms current in the main and auxiliary switches,
leading to high conduction loss or have high voltage across the
auxiliary switches at turn on which results in high dv/dt and
EMLI. In this paper, a multi-winding transformer based ZVS
assisting circuit is proposed which has low rms current in the
assisting branch as well as the main switching leg and at the
same time lower voltage stress across the auxiliary switches.
The leakage inductance of the auxiliary transformer is utilized
as the ZVS assisting inductor so that no additional inductor is
needed. Equivalent circuits of the ZVS assisting branch,
during transition, is developed along with -calculations
showing the desired rating of the components required to
realize the proposed circuit. Hardware prototype has been built
to test the circuit operation at different loads. The waveforms
obtained from hardware testing verifies the proposed circuit
operation The proposed ZVS assisting circuit can be used in
conjunction with any voltage fed half bridge switching leg to
realize ZVS turn on of the switches.
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