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Analysis and Experimental Verification of an Isolated
Half-Bridge Bidirectional DC—DC Converter

Matthias Schulz

Abstract—This article describes the analysis of a zero voltage
switched isolated bidirectional half-bridge active-clamp current-
fed push—pull converter for a power in the range of 1 kW. Combin-
ing the beneficial characteristics of active-clamping and advanced
control scheme, this converter realizes soft-switching features for
a hard-switching converter design. The technique utilizes the in-
ductance and the clamp capacitor on the lower voltage (LV) side
to create zero voltage switching conditions for the transistors on
the higher voltage (HV) side. Additional overvoltage stress, voltage
spikes, and reverse-recovery for the transistors on the LV side are
reduced. By using the advanced control scheme, the effective turns
ratio can be increased. The operating principles are analyzed in
time-domain and validated by measurements.

Index Terms—Bidirectional power conversion, de-dc power
converters, pulsewidth modulation, zero voltage switching (ZVS).

1. INTRODUCTION

N literature, several isolated bidirectional dc-dc topologies

[1] have been proposed for applications like smart grids [2],
automotive [3], [4], uninterruptible power supplies, or battery
management [5], [6]. In addition, some well-known isolated
unidirectional topologies (e.g., flyback) can be expanded to a
bidirectional alternative with slight effort.

The flyback topology is mostly used as the dc-dc stage in
low power switched-mode power supplies due to its galvanic
isolation, simplicity, low number of components, wide voltage
range, and cost-efficient assembly [7]. The output power can be
increased up to the kW range using resonant und active-clamp
circuits [8]-[11], but, in general, they are applied and optimized
in unidirectional applications [12].

The LLC resonant converter is another well-established and
proven topology in the group of isolated dc—dc converters for low
and medium power. It can achieve high efficiency under nominal
load due to the soft-switching capability of the higher voltage
(HV) and lower voltage (LV) side power semiconductors [13],
[14]. This topology operates with variable switching frequency
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fsw»> and, therefore, designing an electromagnetic interference
(EMI) input filter and finding an appropriate control structure
over the full power range is challenging [15], [16]. This converter
shows different transfer characteristics in forward and reverse
directions, in which the LLC would no longer attain its soft-
switching advantages [17]. An increased number of components
is necessary to operate under soft-switching conditions in both
directions of power flow [18].

Another prominent topology in the group of isolated bidi-
rectional dc-dc converters is the dual active bridge (DAB) [3],
[19]-[21]. With its simple structure, the DAB topology can
achieve soft-switching on the HV and the LV sides, enabling con-
verter designs with high efficiency and high power density. No
additional reactive components are required if the transformer
leakage inductance Ly is advantageously utilized as the main
energy transfer element. At part-load, however, soft-switching
operation on HV and LV sides is limited to operating points
close to unity voltage transfer ratio [21]. It also suffers from high
reactive energy and increased turn-OFF power loss degrading the
overall efficiency [3]. The voltage-fed dual active half-bridge
(DAHB) [22] and the current-fed DAHB, depicted in Fig. 1
[23]-[27], offer a reduced number of power semiconductors
compared to a DAB. The current-fed DAHB combines the
properties of the voltage-fed DAHB (dashed outlined) and a
nonisolated buck—boost topology, outlined with dash dot line.
Soft-switching of the DAHB part can be ensured over a wider
power range by controlling the voltage Vy, via phase-shift .
In step-down operation, V), describes the input voltage for the
buck—boost converter, which controls the voltage Viy using
the pulsewidth modulation further on. The conditions for zero
voltage switching (ZVS) are shown in Fig. 1 based on i5 and iy .:
at to, the current i has to be negative, and at 1, the characteristic
point /5 , has to be higher than ir. while /5 }, has to be positive
and /5 . should be less than it [28]. These advanced control
schemes also reduce the reactive energy, but they are rather
complex and the turn-OFF losses are not significantly lower [29],
[30]. For both DAHB configurations, the current rating of the
capacitors C3 and Cy are high for a low-voltage, high-current
application up to 1 kW output power resulting in high component
stress [22], [31].

In this article, we present the analysis of an active-clamped
half-bridge current-fed push—pull (AC-HB-CF-PP) topology
implementing a novel modulation scheme to achieve ZVS at
the HV side transistors. Using a capacitive HB on the HV
side, the stress on the primary of the transformer is reduced to
half of HV side voltage. Furthermore, including a center-tapped
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Fig. 1. Topology and waveforms of the dual active half-bridge in “voltage-fed—current-fed”” configuration.
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Fig. 2. Schematic of the half-bridge active-clamp current-fed push—pull converter. (a) HV side with capacitive half-bridge. (b) Center-tapped transformer with

current-fed push—pull circuit. (c) Active-clamping circuit.

transformer, the passive components on the LV side can be de-
signed volume optimized due to twice the switching frequency,
which is seen by the components. Moreover, a low turns-ratio n
is favorable for a high-voltage, high-current converter regarding
low winding losses. In order to reduce the LV side current ripple,
an inductor L¢ is added in [32]. The novel modulation scheme
described in this approach is based only on a duty cycle control
Dy instead of frequency modulation f;,, and does not require
phase shift modulation ¢ to achieve soft-switching. As a result,
the control parameters are reduced to one duty cycle, and, thus,
one cascaded control structure is sufficient.

Based on the presentation of this topology in [33], in the
following, we will complement the fundamental equations for
the AC-HB-CF-PP topology in steady-state by a detailed analy-
sis of the time-domain analytical equations for different time
intervals in order to evaluate key current and voltage wave-
forms. The complex dependencies between the individual circuit
components and control parameters to achieve ZVS on the HV
side require a thorough and detailed analysis of these intervals.
Taking into account the interaction with the existing parasitic
components, a reliable and precise calculation of the design
parameters for the AC circuit is made possible.

The operational principles for the AC-HB-CF-PP topology in
steady-state are briefly recapped for step-down and step-up op-
eration mode in Section II. A new modulation scheme enabling
soft-switching of the HB transistors on the HV side in step-down
operation mode is discussed and validated using a full order
SPICE simulation model in Section III. In Section IV, the step-up
operation mode is analyzed in detail, considering the effects
described in Section III. In Section V, the proposed topology

and the novel modulation scheme are experimentally verified
using a 600 W lab prototype. Finally, Section VI concludes this
article.

II. CONVERTER TOPOLOGY AND OPERATIONAL PRINCIPLE

The schematic of the proposed bidirectional AC-HB-CF-PP
topology is shown in Fig. 2, which extends the bidirectional
dc-dc converter presented by Xiao et al. [32] by a center-tapped
transformer and a set of control parameters reduced to the
duty cycle in cascaded control structure. This dc-dc converter
combines an HB on the HV side (a) and a CF-PP circuit on
the LV side (b), which are typically used as standalone versions
in literature [34], [35]. The transistors S3 and S5 and the clamp
capacitor Cciamp constitute the AC circuit [cf., area (c) in Fig. 2]
[36]. The AC-HB-CF-PP topology has a certain similarity to the
CF DAHB. In [37], the schematic of the AC-HB-CF-PP without
the choke L is shown and operated like the voltage-fed DAHB
using phase-shift ¢ modulation. Applying the novel modulation
scheme, ZVS will be achieved by the pulsewidth modulation
instead of phase shift modulation. Additionally, the inductance
Lc is used for achieving ZVS instead of the leakage inductance
L.

For the steady-state step-down and step-up analysis, the fol-
lowing assumptions are made.

1) All semiconductor switches and diodes exhibit ideal

switching behavior.

2) Conduction resistances Ry, are implemented.

3) The transformer leakage inductances Ljx; and Lo are

considered.
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4) Magnetizing inductance Ly, is infinite.
5) The parasitic capacitances Cogs 3, Cogs,45 Coss,5, and Coss 6
on the LV side are equal and named Cogs v

6) The parasitic capacitances Cygs,1 and Cogs2 on the HV

side are equal and denoted as Cogs 1V -

7) The capacitances Cyy, C1, Ca, and Cryy are large and thus

constant dc voltages Vv and Viy are assumed.

The nonlinear behavior of semiconductor capacitances is ap-
proximated by an equivalent time-dependent linear capacitance
according to [38] for the analysis of ZVS processes. For this
purpose, the capacitance—voltage characteristic is extracted from
the datasheet of the transistor and the equivalent capacitance is
calculated as a function of the applied reverse voltage [38].

A. Traditional Step-Down Operation Mode

Generally, in step-down mode, the converter transfers power
from the HV to the LV side. The HB switches S; and S5 are
controlled by the same duty cycle Dy, which is shifted by half
a period and the transistors S4 and Sg are used for active rec-
tification. A comprehensive steady-state analysis of continuous
conduction mode (CCM) as well as discontinuous conduction
mode (DCM) based on the traditional step-down operation can
be found in [33] and [39].

B. Implemented Step-Up Operation Mode

Accordingly, the step-up mode is defined as power flow from
the LV to the HV side, and, thus, the four currents Iy, i1, iLc,
and Ity marked in Fig. 2 change to a negative sign due to reversal
of the power flow direction. In the step-up mode, the switches
S4 and Sg of the PP circuit are responsible for the power transfer
and the intrinsic diodes D1 and D», respectively; in case of active
rectification, §; and Sy rectify the current /;. In summary, the
proposed topology implemented with a traditional modulation
scheme exhibits equations similar to buck and boost converters
[40].

C. System Specification

For the analysis performed in the following, the proposed
AC-HB-CF-PP topology is used as a galvanically isolated bidi-
rectional converter between a 380 V and a 24 V bus, which
represents the nominal operating point. The system specification
and the varied design parameters are listed in Table I and are used
in the analysis, in the SPICE simulation, and in the validation
using measurements.

III. NOVEL MODULATION SCHEME TO ACHIEVE ZVS ON THE
HV SIDE

In the following, the operational principle will be supple-
mented by an analytical investigation. According to [33] and
[39], the operational principle of the AC-HB-CF-PP converter
depends on the transistors parasitic capacitances C,gs, the turns-
ratio n, the choke inductance Lc, output capacitors, and the
momentary output power. In this section, in the first considered
interval, the minimum dead-time to achieve ZVS on HV side
is calculated using the progression of vpg 1 and vpg 2. In the
second step, the influence of all relevant parasitic components
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TABLE I
PARAMETERS OF SPICE SIMULATIONS

Parameters Symbol Value
Nominal higher voltage Viv 380V
Nominal lower voltage Viv 24V
Nominal power P, 600 W
Choke inductance Lc 2.2 uH
Half Bridge capacitances Ci, G, 10 uF
Clamp capacitance Cclamp 4 uF
Switching frequency Jfew 100 kHz
Magnetizing inductance Ln 2.3 mH
Leakage inductance Ly, Lo 16.3 nH
Drain-to-source capacitance Viy Coss.iv 0.1...3nF
Drain-to-source capacitance /iy CossLv 2 nF
HYV side parasitic resistance Rpar,1, Rpar2 80 mQ
LV side parasitic resistances Rracs, Rpars 5 mQ
Rpars, Rpars
Turns ratio n 7

on converter behavior is analyzed and the effect on achieving
ZVS is investigated. Finally, the initial assumption of a constant
voltage across the clamp capacitor during operation is verified.
Additionally, in the following intervals, the behavior and the
stress of the AC circuit is analyzed.

The key waveforms in step-down operation mode showing
the principles of the novel modulation scheme are depicted
in Fig. 3 and divided into eight intervals. A comparison with
the waveforms of the CF DAHB in Fig. 1 shows visibly and
distinctly differences. In the following, only the first four, 1, —4,,
and the transitions between them will be discussed in detail due
to symmetry. All changes in the voltage and current waveforms
depicted in Fig. 3 and for step-up mode in Fig. 18 are discussed
using the corresponding equations and validated by SPICE
simulation. The equations are ordered in the same sequence as
the intervals appear in Figs. 3 and 18. The analysis of every
interval begins always with the drain-to-source voltage vpg. 1
and concludes with the current through the transformer i; will
be investigated. The influence of changing circuit parameters is
discussed with the derived equations and illustrated using param-
eter plots and key waveforms are calculated in time-domain at
different power levels. Various values of the output capacitance
Coss, v are assumed for the HV side transistors. The effect
on converter operation is shown in the following figures to
validate the derived equations and to confirm the validity of
the calculations.

The corresponding current paths of each interval are depicted
in Fig. 4. In the following, additional equivalent circuits are used
to derive the time-dependent equations, which will be validated
with a full order SPICE model of the AC-HB-CF-PP topology.
Parameters on the LV side, which are transferred to the HV
side of the transformer during calculation, are denoted by the
superscript “’ .

As shown in Fig. 3, the volt-seconds applied to the choke L¢
over one-half of a switching period in the advanced modulation
scheme must be zero in steady-state. Therefore, the duty cycle
Dciamp of the clamping transistors S3, respectively, S5 is defined
accordingly as
n Viv

ey

DClam -
N7
HV
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switching of transistors S and Sz in step-down direction.

Also, the dc offset Ij 1, can be derived based on Fig. 3

Py Viv (0.5 = Dciamp)
Tope = Y _ . 2
0.k VLV 2 LC fsw ( )

A. Interval 1, of Zero Voltage Switching (tg...t1)

Turning ON S3 applies the voltage Vciamp to the center-tap of
the transformer LV sides. Vgjamp can be calculated as

Vi
VClamp = % (3)

Across the inductor Lc, the difference between Vciamp and
Vix can be measured as vi.. Due to this voltage increase, the
current ir,. shows a higher slope in interval 1, compared to
subsequent ones. By switching Vjamp hard to the center-tap, the
condition of conducting D, or Dg is not maintained. Transistors
S, and Sg take the full blocking voltage Vciamp in this interval,
whereby vpg 4 is constant and vpg ¢ decreases to zero by the
end of 1,.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 5, MAY 2022

TABLE II
INTERVAL 1,: START AND END CONDITIONS

Vps.1 Vps.2 VDs.5 VDs.6 V1
start (0) VHV/2 VHv/2 0 Vc]umu 0
end (1) 0 Vv VClamp 0 Viv/2

According to Fig. 4(a), the current icjamp comprises two par-
tial currents and the circuit can be simplified to the subcircuits in
Fig. 5 with corresponding start and end conditions summarized
in Table II. The parasitic resistance Ry, 3 is included and the
leakage inductances Ljy; and Ly are transferred to the HV side
of the transformer and combined to L. The capacitance Cclamp
is large, and, thus, a constant dc voltage Vcjamp 1S assumed.

In Fig. 5(a), the current path to supply the LV side and to
discharge C,gs 1 is depicted. The current it enables ZVS of
transistor S; at the end of 1, and the following equations can be
derived from Fig. 5(a):

dvps,s2 11 irLe
oss — == 4
Cosstiv—, 2 2n @
v1 + Vg —vps,2 = 0 5
dir.
L¢ di + w21 + Vv — Volamp = 0 (6)

whereby vs; is equal to vi/n and Vo is equal to Vigy/2.

Starting the analysis at the drain-to-source voltage vpg 1 of
Fig. 3, to achieve ZVS at the end of the interval 1,, this voltage
must be zero at time instant #;, while at the same time, vpg 2 is
equal to Viy. Using (4)—(6) and the start conditions vpg 2(0)
and ig 1,c, vps,2(fo ...11) can be expressed as

vps,2 (t) = v/x11o 1e sin (w t) + zocos (w t) + x3

for % <wpg,2 < Vav (7
where

Le

A5 8

o 2 COSS,HV ( )
1

- )]

r2 =n (Viv — Vclamp) (10)

T3 =n (VCIamp - VLV) + Ves. (11)

The slope expressed in (7) is also valid for vpg i, which
decreases to zero until the end of interval 1,. The voltage vpgs 1
can be used to calculate the duty cycle D;, by determining the
Zero-crossing

UDS,1 (DlaTsw) = - (1‘1 Z'071-10)24_ 3722
. -1 T2
sin (w DTy + tan ()) —23+ Vv =0
L1 %0,Lc

Vav

for > upgy >0V, (12)
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Fig. 4.

(b)

Fig.5. Equivalent subcircuits of interval 1,. (a) if,c current path and impact on
the transformer primary as well as the secondary transferred schematic. (b) Flow
of parasitic capacitor charge through the converter, completed by transferred
schematic.
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Fig. 6. Parasitic capacitance Coss, 5V is set to 1.4 nF in this example; thereby,
a minimum of 280 ns has to be considered to achieve soft-switching at full load.
With decreasing pr,yv, the dead-time D1, Ty increases and a higher inductance
L reduces the current ripple Al and increases the dead-time for achieving
ZVS especially in the area of low pyy/.

The condition for achieving soft-switching (12) assumes the
nominal voltage values Viv, Vciamp, and Viy. The length of
interval 1, represented by D1,Ts, depends on the parasitic ca-
pacitance Coss 7v, Whichis set to 1.4 nFin Fig. 6, the inductance
Lc, and the momentary output power pry in the form of iy 1,c. To
achieve soft-switching for the HV side transistors, the dead-time
has to be considered before the channel can be turn-ON at 0 V.
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Fig.7.  Drain-to-source voltage vps, 2 including LV side parasitic capacitances

Coss,Lv of 2nF. Due to Cos, 1v, the voltage vpg 2 jumps at #g about AVpg 2
and the period time of 7 is 70.4 ns; the operating point is at Pr,y of 230 W.
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Fig. 8. Calculation and simulation of the voltage across the inductor vr,¢; the
output power on LV side is chosen to 250 W. (a) Neglecting the LV side parasitic
capacitances Cogs,Lv . (b) LV side parasitic capacitances Cogs, v of 2 nF are
added to the transistors S3-S6, so additional to (25) also (26) is valid.

Fig. 6 shows larger differences in the dead-time over the induc-
tance range at lower power, with increasing power the values
equalize. With decreasing p1yv, the length D, Ty, increases, but
the absolute length although depends on the chosen inductance
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Fig.9.  Inductor current waveforms for Coss pv of 1.8 nF at increasing output
power pry . Coss,Lv capacitors are neglected, Vciamyp is averaged to 52 V, and
as already mentioned in Fig. 6, how the length of interval 1, and 3, decreases
with higher output power is presented.
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Fig. 10.  Simulated waveforms of vclamp in AC depiction and calculated
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Coss,Lv are neglected.
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Fig. 11.  Simulation result of i1 at 250 W output power Pr,yv; Ty is measured to
70.3 ns and calculated with (22) to 70.5 ns; the parasitic oscillation is superposed
on the transformed current i, in 1,. The period time 77, in simulation is 235 ns
and calculated by (71) to 238 ns in 4,.

L¢. As aresult, a higher L reduces the current ripple Al but
expands the length of interval 1,.

Due to the sudden charging of the parasitic capacitance Cogg 6
at o in Fig. 3, the drain-to-source voltage vpg ¢ peak occurs. The
amplitude is twice of the maximum voltage on the transformer
LV side vo1, which can be expressed as

Vv
Vor,s = Vag s = —.

2n (13

Being transferred to the HV side, this voltage causes a voltage
drop at transistor S; and a voltage step AVpg o at transistor Sa,
which can be calculated as

n Vor g

; (14)

Vps,2 =

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 5, MAY 2022

et L Ll Rpas iClamp Ry Rpws L
o

.
l"‘z‘ Lc Vavin l

Ve |

(b)
Fig. 12.  Schematic diagrams of interval 2,. (a) Energy transfer from the HV
to the LV bus. (b) Resonance between leakage inductance and clamp capacitor.
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Fig. 13.  Waveforms of iCiamp’ and vciamp’ of SPICE simulation and calcu-

lation. veiamp' (0) is 187.2 'V, iclamp’(0) is —2.8 A, Tres can be calculated with
(45) and measured to 2.3 ps, and the choke current i1, is neglected.
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Fig. 14.  Subcircuits in transferred schematic of the first interval 3, of inductor
demagnetization. (a) Current path to the lower voltage side. (b) Oscillation path
recharging the parasitic capacitances.

and seen in Fig. 7. After this voltage step, the slope of the
waveform is the same as that calculated by (7), which is based on
the subcircuit in Fig. 5(a). Only the start condition is not Viyv/2,
and AVpg 2 has to be added. The parasitic oscillation vpg 2 Ac
can be derived by the equivalent subcircuit in Fig. 5(b). In (7),
vps,2,Ac 1s neglected but shown in Fig. 7 as high frequency part
and can be expressed by

1
vps,2,Ac(t) = _Zce

(iCoss/ (0) le+vDS,2 (0) Coss, Rpar/

at

. o
2 C(oss, L we S (W )

+vDs,2(O)cos(wet)) (15)
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Fig. 15. Comparison between calculated vps,2 and SPICE simulation for

different Coss, v at an output power of 250 W. (a) Interval 3,: the maximum
choke current /1 s isnearly 13.4 A, Volamp is 54.2 V; at the assigned horizontal
line, vpgs,2(#) reaches Vyv/2. (b) Interval 1, is significantly longer, whereby
Io,1c is between 3.6 and 7.5 A.

Ly ml:l R
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<
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Fig. 16.  Subcircuits of interval 4,. (a) Output circuit of the inductor current
ir,c with freewheeling path through D4 and Dg. (b) Equivalent circuit of the
additional parasitic oscillation icogs transferred to the higher voltage side.

whereby the constant factor ¢ represents the voltage across the
HYV side capacitors in the series connection of the subcircuit and
is defined as

4 Cvos.s,LV

C = .
2
Coss,HV n

(16)

The damping part « and the resonance frequency w, are given
by

Rparl
= 17
a=3 I (17)
we = Vwo? — a2 (18)
The parasitic resistance can be transferred to Ry, as
2
Rpar,: iRpar,3' (19)

4
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Fig. 17. Time-dependent waveform of ir,. as simulated dotted curve as well

as calculated for 2, and 4, by (37) and (67) including Ry, and simplified
according to (38) as well as (68) and marked with ir,c for an output power of
250 W. All parasitic elements like Lk, Cogs, and Rpa, are implemented in the
simulation model. Ay, is measured in SPICE to 7.1 A and calculated by (68)
10 6.6 A.

The ideal resonance wg, which is valid without damping
elements, can be calculated in interval 1, as

1
V le C1053, .

The transferred parasitic capacitance Coss’ can be written by
1

n2 1
8 Coss, LV + 2 Coss,HV

wo =

(20)

Cossl = (21)

In combination with Ly, the period 7; is defined as follows:

Tr = 27 V le C’oss/ .

In Fig. 7, the approximation of vps 2 as well as the wave-
form resulting from adding the parasitic capacitances Cogs 1v
is depicted. Both progressions reach the same end condition
and length of interval 1,. As a result, the calculated AVpg o of
47.5 V and the simulated one are also in good agreement, and
the voltage step is independent of the parasitic elements.

The slope of the drain-to-source voltage vpg,2 in (7) can be
transferred to the voltage across the choke vi,.. The peak voltage
V1,c,s can be calculated as

(22)

Vies = — — Viv. (23)
n

The peak voltage Vi at the beginning of interval 1, is
independent of parasitic capacitances, as shown in Fig. 8. The
voltage at #; is named V1. and can be expressed as

Vie= =¥ — Viy.
L 2n LV

Therefore, the time-dependent slope vy, (7 ...z1) including volt-
age Vi is

(24)

Vav — vps,2 (t)

vre (t) = + Vie. (25)

The same high-frequency oscillation as well as at vpg ; and
vps,2 can be observed at vi., which is shown in Fig. 8(b).
Therefore, the following correlation is evaluated:

1

Vreac(t) = - vps,2,ac(l). (26)

In Fig. 8(b), the slope of (25) is added with the AC part
VLc,Ac mentioned in (26). Subsequently, the LV side parasitic
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capacitances are not relevant for the energy transfer in this
interval 1, and, therefore, the length of the interval depends
on Coss,HV-

The voltage across the choke vy, has an impact on the slope
in interval 1, for the inductor current ir.. As depicted next in
Fig. 3, it can be calculated from Fig. 5(a) and written by

ULe (t) :\/@ n (VCIamp — VL\/) sin (w t) 27)

+ 0, 1c cos (w t).

Here, iy 1. represents the start value of ir., which is rising
with increasing output power on LV side and can be calculated
with (2) depicted in Fig. 9. The shown difference of the inductor
current Alrc clamp depends also on the momentary power pry
and can be expressed as

AILC,Clamp = iLc (tl) - I(),Lc~ (28)

During interval 1,, the clamp capacitor Ccjamy, 18 discharged
to supply the LV side load and to achieve soft-switching on
the HV side. In order to clamp the drain-to-source voltages
and to verify the assumption of a constant dc value Vciamp, a
detailed consideration of the slope AVjamp, i to be considered
in addition to (4)—(6)

delamp
de -

The resulting second-order differential equation has the form

Z.Lc(tO' . -tl) - C'Clamp (29)

VClamp (fo- - -t1) = a sinh (xt) —b cosh (xt)

+ cwith a, b, ce R. (30)

Fig. 10 shows the AC part of the clamp capacitor voltage
VClamp as a simulated waveform as well as calculated. The
voltage drop AVcjamp is marked and typically in the range
of Volts. Nonidentical operating points show that AVciamp
increases with rising output power despite the higher Coss 7v.

For the traditional and the novel modulation scheme, (31)
is applied for sizing the minimum value of Cciamp, Which is
derived using an energy balance

2 Le Iiy?

2
(VBRr,pss,Lv — “H¥)

€1V}

CClamp =

with VR pss,1v being the drain-to-source breakdown voltage
of LV side transistors. Using the traditional modulation scheme,
the rms value of icjamp depends only on the resonance between
Cclamp and Ly. Using the novel modulation scheme, iciamp
is equal to ir in interval 1, and behaves like the traditional
modulation scheme in interval 2,. In consequence, the rms value
is higher now, but, in general, both modulation schemes show
the same behavior. Increasing Ccjamp more than the calculated
minimum value of (31), the rms values of igjamp as well as iy
are getting lower. In this article, the minimum value of Cclamp
is implemented and stated in Table 1.

In Fig. 3, the HV side current through the transformer i; is
depicted and superposed by a parasitic oscillation in interval 1.
From Fig. 5(b), the parasitic current, which is transferred on the
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HYV side i1 (tg ...11), can be derived as

i(t) = p

(32)
The resistance Ry, inductor Ly, and capacitor C,ss” in series
are the reasons for the following form of i; in interval 1,:

Iiv o

Io,1 _
—’76-1-76
n

n

i(t) = sin (we t) (33)
whereby « can be calculated by (17) and w, by (18).

Fig. 11 shows the simulation result of i;. Based on (33),
i1(ty ...11) is calculated, and the period 7, is derived using (22).
On HV side between ¢ ...7;, no energy will be transferred to
the LV side. The parasitic capacitance Coss 1 Will be discharged,

what is superposed by a resonance oscillation caused by Cogs 1y -

B. Active-Clamp Mode 2, (t;...tz)

The channels of both transistors S; and Sg are switched ON
under ZVS condition at ¢ . Switching losses occur if Sy is turning
ON before #;. Turning ON S; at a time after #;, higher peak
currents in 2, occur, but all drain-to-source voltages are clamped,
which can be observed in Fig. 3. The resulting two independent
current paths iciamp and i, on LV side are depicted in Fig. 4(b)
and can be divided into the subcircuits in Fig. 12.

From Fig. 12, the following three equations can be deter-
mined:

diy  Vav — Voo —v1 — Bpar1 1

= 34
dt Lk 34)
diLc _ V22 — VLV - Rpar,ﬁ (iLc - 7:Clamp) (35)
dt Lo
delamp _ iClamp (36)
dt C(Claufnp .

Hence, in this interval, energy will be transferred from the
HV side to the load on the LV side. Fig. 12(a) can be used to
analyze the current ripple Al1 pin, given by

m—@—‘/LV_ (Rl;.baer +Rpar,6> ILV) (tQ_tl)

I . n: n n
Le,Dk To
37
V C ‘D n TSW
Ircpkn =~ % (38)

Equation (37) is a first-order differential equation with a long
time constant. An approximation by (38) can be done, whereby
the voltage drop across the parasitic resistances is neglected. Dy,
represents the duty cycle for interval 2,,. In Fig. 17, the approxi-
mation is validated by plotting the AC part of it including Ry,
(37) and without (38). The deviation between both solid lines
and the dotted line is almost negligible for small resistances in
the range of the stated value in Table I. The peak current It ¢

can be summarized as
ILc7s = IO,LC + AILQCIamp“‘ AILC,Dk]a =0 (39)

whereby the dc offset I 1. can be calculated by (2) and
Al clamp follows (28).
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TABLE III
INTERVAL 2, : START AND END CONDITIONS

vClamp iCIamp’
start (0) Vetam - AVclamp i(t)/n
end (1) Vclamp 0

From Fig. 12(b), the resonance waveforms iciamp and vciamp
can be derived and expressed by

diclam ! .
le% + 'LClaInp, Rpar,'i' UClamp, + V02 - VHV =0
(40)
4 Cclamp dvclam ! .
Clamp Clamp = ZClamp/- (41)

n2 dt
The following additional assumptions to (17), (18), and (20)
are necessary to simplify the analysis further:

T UClam
'UCIamp/ = - Clamp 42)
2
4 CC am
C’Clamp/ = % 43)
! n2
Rpar = Rpar,l + I (Rpar,?) + Rpar,fi) (44)
2
Tres = i (45)
We
1
wo = (46)

\V/ le C'Clamp/ .

On the HV side, the transferred currents iy’ and Iclamp are
superposed, as shown in Fig. 12(a). The part of current i1, which
occurs due to the resonance between Ccjamp and Ly, transferred
to the HV side can be written in time-dependent form as

Z'Clamp/(t) = e—ozt

(VHV -« le Z.Clamp/ (0) - VC2 - vCIamp/(O)
we Lk

sin (wet)

+iclamp’ (0) cos (wet)) (47)

with the start and end conditions given in Table III.
In contrast, the transferred voltage across the clamp capacitor
VClamp C€an be expressed as

Vlamp (t) = Vv — Voo + e

( Z‘Claump/(o) ;’ +a (7VHV+VCQ +vClamp, (0))

CClamp

sin t
e in (wet)

+ (Vo2 — Virv + vclamp’ (0)) cos (wet)>. (48)

Fig. 13 shows the comparison between the simulated wave-
forms in SPICE and the time-domain equations considering the
parasitic resistances as given in Table I. Therefore, only interval
2, is depicted. For iciamp’ (f) and voiamp' (£), the same parameters
are valid and the output power is set to 290 W. The clamp
voltage appears on the LV side with a scaling factor of half of
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TABLE IV
INTERVAL 3, AND 4,: START AND END CONDITIONS

Vps.1 Vps.2 Vps.3 Vps.4 V1
start (0) 0 Vav 0 VClamp Vay
end (1) VHV/ 2 VHv/ 2 Vclump 0 VH\// 2

n. As mentioned above, Cciamp 1S chosen to a minimum value
regarding to (31). The period time 75 increases and mainly the
amplitude of iciamp in Fig. 13 decreases, if the value of Cclamp
rises. In consequence, the rms value of icjamp and all derived
currents decrease.

The duty cycle Dy, and, therefore, the length of interval 2,,
is finally defined as follows:

Dkn = DClaInp - Dla . (49)

C. Analysis of Turn-OFF in 3, (t2...ts)

At 15, the transistor S; and, simultaneously, transistor S5 are
switched OFF, preventing an energy transfer to the LV side as
well as the oscillation between Cciamp and Ly k. Fig. 4(c) shows
the current paths during this first interval of demagnetization
of the inductor of L¢ in the form of the topology schematic.
Even in interval 3,, the circuit can be divided into two single
subcircuits: one for the power transfer to the LV side and the
second, representing an additional radio frequency (RF) oscilla-
tion between HV and LV converter sides, as depicted in Fig. 14.
The following equations can be derived:

dvps2  iCoss,HV  ULec
0SS — = . = 50
Coss.iv —g; 2 2n 50
vy + Voo —vps,2 =0 (51D
dir.
Le fﬁ — Vg + Viy = 0. (52)

Starting the analysis according to Fig. 3, the relation between
v1 and vos is the same as in interval 1,, and, therefore, voo is
equal to vi/n. Using (50)—(52) and the start condition vpg 2(0)
in Table IV, the drain-to-source voltage vpg 2(f2 ...t3) can be
expressed as

vps,2 (t) = y1 — y2lpes sinh (w t) +ys cosh (wt)  (53)
whereby
y1=n Viy + Vca (54)
| Lc
=4/ — 55
b2 2 C’oss,HV ( )
y3 = vpg,2(0) — Voo — n Viy. (56)

In Fig. 15, the decrease of the drain-to-source voltage vpg 2
from Vv to Vpvy/2 is compared to the length of interval 1,.
Equation (53) is validated by a SPICE simulation based on
different values for Co v at the same output power Pry . The
plotted progressions in Fig. 15(b) are based on (7), showing that
interval 1, is significantly longer than interval 3,.
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The end of interval 3, is achieved as soon as vpg (1) is
reached and the corresponding length can be calculated by
D5, = arsinh <VHv> w Thy. 57

2 Yo

Equation (57) is an approximation and can be implemented
because the hyperbolic sin is the dominant part in (53) and
the difference in the period under consideration is negligible.
Similar to interval 1,, the length of this interval decreases with
lower Cogs, 5V -

As Fig. 3 shows, the drain-to-source voltage vpgs ¢ is further-
more zero in CCM, and the voltage vpg 4, in contrast, decreases
although to zero in this interval. The correlation between the
drain-to-source voltages on HV and LV side is already described
in interval 1,. Therefore, the next waveform in Fig. 3 is the
inductor current it .. The current through the inductor i, (¢2 ...73)
can be expressed as

ine (t) =2 Ipes — (Irescosh (wt) +

vﬁiégggzr(th-—¥%m-—71¥iv) ﬁnh(uﬁ)). (58)

In Fig. 9, (58) is also validated for a HV side parasitic capac-
itance Coss v of 1.8 nF. The calculation and the results from
SPICE simulation are in good agreement over the full output
power range.

The high-frequency oscillation of #; in Fig. 3 and represented
by the subcircuit in Fig. 14(b) has the same period 7; as the
oscillation in interval 1,; thus, (22) can be used to calculate the
period 7;. In this interval, the parasitic capacitances Cogs,3 and
Coss,4 are recharged instead of Cogs 5 and Cogs 6. Especially, the
parasitic resistances on LV side damp the amplitude of the RF
oscillation, and the transferred value in 3, can be calculated by

2
Rpar/ = %Rpar,ﬁ-

The Ry, , inductor Ly, and capacitor Coss’ in series are the

reason for the following form of icess’ in interval 3,:

11 (T
i 2)670"& sin (we t) .

(39)

. Iy,
ZCoss/(t) = -

n 4n

(60)

Cclamp supplies no power to the LV side and S¢ conducts
the inductor current it,.. In addition, the amplitude is half of
the output current /15, which can be explained by the different
start conditions between intervals 1, and 3,. The waveforms in
simulated and calculated form are also depicted in Fig. 11 based
on the HV side current i; showing a smaller amplitude in 3,
compared to 1,. The oscillation can also be measured in iciamp
and the current through the lower side transistors S4 and Sg. This
is also true for voltages that are not clamped during this interval,
such as vy, vpg,3, OF Vpg 4.

D. Freewheeling Phase 4, (ts...t)

At t3, the condition for D, to conduct is fulfilled and the
current i1, is split between the transistors S4 and Sg. As Fig. 4(d)
shows, this interval can also be divided into two subcircuits,
which are shown in Fig. 16.
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Based on the subcircuit in Fig. 16(b), the following equations
can be derived:

dvDS 1 Z'Coss,
Cvoss = = 61
HY — 5 (61)
de oss/ .
le < + Rpar/ ZCoss/ + UDs,1 = 0. (62)

dt

As Fig. 3 shows, the drain-to-source voltages vpg,1 and vpg 2
are, on average, Viy/2. An overlapped parasitic oscillation is
depicted in Fig. 7, which can be calculated by

Virv Ity

2 ZRLC

e “'sin (we t)

ups,2(t) = (63)

with

1 2
Zric = (| Rpar?+| wo,40a Lix — ————— (64)
Wo,4a Coss,HV

describing the impedance of the series resonance circuit in
Fig. 16(b).
The ideal resonance wo 4, 1S

1
V 2 le Cvoss7HV .

The drain-to-source voltages vps 4 and vpg ¢ are zero and the
voltage across the inductor L¢ reaches its minimum of —Vpy.
From Fig. 16(a), the losses in the parasitic resistances can be
derived as

Wo,4a = (65)

. dipe
(Rpar,4 + Rpar,ﬁ) 1Le (t) + Lo d; =—Viv

and, hence, the slope of the inductor current in interval 4, can
be expressed by
(LC VLV + iLc(tS) LC (Rpar,4 + Rpar,G))

LC (Rpar,4 + Rpar,(i)

_ (Rpar,él + Rpar.G) (ts = tq)
e Lo

(66)

ire(t) =

- Viv
Rpar,4 + Rpar,ﬁ

. (67)

Neglecting the resistances in (67) in the intervals 3, and 4,,
the choke current can be approximated by

Viv (1~5 - DClamp) (t5 — t3)
Lc '

Fig. 17 shows the inductor current ir,. as a simulated wave-
form, whereby, in 4,, i1 is calculated by (67) and the approxi-
mation according to (68).

The parasitic oscillation icess’ is caused from the leakage
inductance Ly, and forms a series resonance tank consisting of
Rpar’s Coss,1, and Cogs 2 depicted in Fig. 16(b). This leads to

Z-Lc (t) ~ ILc,s - (68)

I
i1(t) = X e cos (we t)
n

(69)
whereby « can be calculated from (17) and w, from (18).
The damping part of the oscillation is the parasitic resistances
transferred to the HV side

2

n
Rpar/ = Z (Rpar,él + Rpar,(i) . (70)
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The period of this resonance can be calculated by

Tp:QW\/m-

The measured and calculated progression of iy is plotted in
Fig. 11, showing that the calculated period T}, and amplitude are
in good agreement with the result from SPICE simulation.

For the step-down operation, the novel modulation scheme
for the AC-HB-CF-PP topology is analyzed in detail in this
section. The principle to achieve ZVS is described based on
analytical equations and key waveforms. As a result, the respon-
sible interval 1,, can be shortened by selecting a lower Cogs 1v,
and with increasing output power Pry, the optimal dead-time is
reduced. Achieving ZVS is possible over the full power range
without additional effort. The evaluation shows that reducing
the parasitic elements Ly, and Cogs 1,v Suppresses the parasitic
oscillations on converter waveforms.

(71)

IV. STEP-UP OPERATION MODE

After discussion of the novel modulation scheme in step-down
mode, the operation principle in step-up mode will be analyzed.
The transistors S and Sg of the PP circuit are responsible for
the power transfer. The intrinsic diodes Dy and Do, or, in case
of active rectification, S; and So, rectify the current i;. The
modulation scheme as well as the resulting current and voltage
waveforms in step-up mode are depicted in Fig. 18. Overall,
in half of the period T, the converter passes three intervals
1, —31, which repeat in the second half of Ty,,. In the following,
a more detailed analysis of the intervals 1,—3y, as well as the
transition between them will be done according to Fig. 18.
Thereby, the descriptions of [33] and [39] will be complemented
by the following equations.

A. Switching Under Hard Condition 1y (ty...11)

At t, the transistor S, is switched OFF and Sg conducts the
full current it.. Due to this switching operation, the parasitic
capacitances Coss 1, Coss,2; Coss,3, and Cogs 4 can adapt their
amount of charge for the next steady-state mode. Like interval
3, in the step-down mode, two subcircuits can be analyzed in
I, (cf., Fig. 14). In step-up mode, vpg 2 reaches Vyy and vpg 1
reaches zero at #1. Thereby, the start and end conditions in steady-
state of Table IV must be interchanged.

For the time-dependent form of the drain-to-source voltage
vps,1 in Fig. 19, (53) can be used as well. Compared with the
step-down mode, vpg 1(0) exhibits more oscillation depending
on R, from the previous interval 34. These oscillations are
caused by the leakage inductance Ly and the parasitic capaci-
tances Coss, v, damped by the parasitic resistances Ry,,, 4 and
Rpar,6~

Therefore, first, in Fig. 19, the start condition of the drain-to-
source voltage vpg 1(0) will be analyzed for different parasitic
resistances. The reason for the oscillation, in the interval before,
with higher amplitude than in step-down mode will be analyzed
in Section IV-C. By using the value of vpg 1(0) from SPICE
simulation at 7y, Fig. 19 shows that simulation and (53) are still
equal.
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Fig. 18. Theoretical waveforms for the step-up operation.
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Fig. 19.  Evaluation of vpg,1 in interval 1}, depending on different parasitic

resistances Rp,a, from the previous interval 3q. With increasing Rpay, the start
condition voltage at 7o converges toward Vv /2.

The same parasitic capacitance Cogs v of 1.4 nF is chosen
in Fig. 20 for step-up mode as for Fig. 6, which shows the first
interval in step-down mode. At the same output power, the length
of the interval is shorter in step-up mode, which is also validated
through Fig. 15. In step-up mode, the start condition is changed
from Iy 1 to Irc,s, even though the relation between relevant
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Fig. 20. Time duration of interval 1}, depends on the parasitic capacitance
Coss,HV, the choke inductance Lc, and the momentary peak current ipc s}
Coss,nv is set to 1.4 nF. With increasing power from part-load to nominal load
the length become more and more independent from L¢.

voltages are not equal in (7) and (53). Using a higher value of
the choke inductance L¢ especially in part-load, a difference in
length of the interval is depicted in Fig. 20. At higher load, the
length becomes independent of the power and the inductance;
the minimum length itself depends on Coes 1v -

On the waveforms of vps 6, Vic, iLcs iClamps VClamp» and i1,
this interval does not have an impact; so a detailed analysis is
neglected for interval 1y,.

B. Active-Clamp Mode 2y, (t;...t2)

At t1, the channel of transistor S; can be switched ON under
ZVS and also transistor Ss is switched ON. Therefore, Fig. 12
is valid for step-up mode, but the start conditions of the clamp
capacitor parameters are different compared to the step-down
mode. The oscillation across the clamp capacitor vciamp starts
and ends at Vcjamp, and the current i¢lamp, begins and ends at
zZero.

The drain-to-source voltage vpg, 4 jumps to Vciamp according
to (3) and v to the negative voltage shown in Fig. 18. As a
result of the negative voltage, the slope of the current Ay, can
be expressed by (72), whereby the following approximation can
be done by neglecting the parasitic resistances, as is the case of
step-up mode as well:

% — Yy Tsw
Ipe~ LVL—C“ (1—Dy) 5~ (72)

The duty cycle D; represents the length of interval 3;,, which
will be described in (73).

Fig. 21 shows the comparison between the SPICE result
and both (37) and (72). By varying parasitic resistances, choke
inductance L¢, and momentary output power Py, Fig. 17 is
supplemented. The approximation can be used for resistances
shown in Table I; with higher values, the deviation will increase
and (37) should be used instead.

Due to Fig. 18, considering the volt-seconds applied to L¢
over Ty /2, and using Fig. 3, the duty cycle Dy in step-up mode
can be derived as

1 nVL\/
Dy = 5 Vi (73)

Due to the validation of (72), the dc offset /j 1, of the inductor
current can be calculated by the averaged current /1, minus half
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Fig. 21.  Current i, in interval 2}, at different parasitic resistances as well
as chokes. (a) Lc = 2.2 uH, Pryv = 200 W, Rpar1 = 185 m€Q, and Rpare =
50m€2. (b) Lc = 10 uH, Py = 600 W, Rpar1 = 85 m€2, and Rpare = 25 mS2.

of AlL.. The maximum inductor current /1 s is the addition of
I1,c and half of Al .

Next, inFig. 18, the clamp current icjamp as well as the voltage
across the clamp capacitor vciamyp, is depicted. For step-up mode,
the HV side is transferred to the LV side to determine the
resonance waveform resulting from the leakage inductance Ljx
and the clamping capacitor Cciamp. The parasitic resistances
Rpar in this interval can be summarized to

4 Rpar,l

Rpar = Rpar,3 + Rpar,G + n2 (74)

For calculation of the clamp current icjamp and clamp voltage
Vclamp in Teference to the LV side, further assumptions are made

4 L
Ly = —~ (75)
n
2V
Viy' = 2 (76)
n
2V,
Voo = =2 an
n
1
I — (78)
V lel CYCIEme
Rpar
=51 (79)

By replacing the variables, which are defined for step-up mode
analysis, (47) for iciamp and (48) for voiamp can be used.

Simulated and calculated progressions of iclamp as well as
Vclamp are depicted in Fig. 22. The time T is calculated as
2.3 ps and is the same as in the step-down example in Fig. 13.
The voltages across the transistors are clamped in this interval;
so the parasitic output capacitances Coss v have no negative
effect on 2y,.

The HV side current i; can be calculated by the summation
of iclamp and i1, transferred to the HV side.

C. Interval 3y, of Freewheeling Current (tp...t3)

At to, first, transistor S3 turns OFF and, after a short dead-
time, transistor S4 turns ON under hard-switching condition. As
mentioned in Section IV-A, the drain-to-source voltage vps 2 as
well as the HV side current i; shows a frequency oscillation with
high amplitude in interval 3},, which is similar to interval 4, in
Section III-D. Therefore, the drain-to-source voltage vpg 1 can
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Fig.22.  Comparison of simulated and time-dependent calculated ic1amp and
VClamp Waveform. In SPICE, all parasitic elements are implemented and, in
calculation, following start conditions are used: ic1amp(0) is equal to —100 mA;
VClamp(0) = 54.1 V. For Cogs 1V, a value of 800 pF is chosen, but like Tyes
shows, this has no effect on icjamp compared to the example in step-down
mode.

be expressed with

v
ups,1(t) = % —e

(iCoss (0) le + UDs,1 (0) CYoss,HV Rpar/
2 C(oss,HV Ly we

—at

sin (we t)

+ vpg,1(0) cos(we t)) (80)

whereby vpg 1(0) is equal to Vv /2 and w, can be calculated by
(18). The series resistance R,,," and the ideal resonance wq can
be written as

n2

Rpar/ = Z (Rpar,4 + Rpar,G)

1

wo = .
VL 2 Cooss v

In this interval, both voltages vps 4 and vpg ¢ are zero, and the
voltage V1 is applied across the choke vr,.. Therefore, the slope
of the increasing inductor current it . is higher than the slope of
the decreasing current in interval 2}, before. To calculate the
slope of current i, (67) can be used. The approximation for
the ripple current Al is expressed by

Viv Dy Taw
AILC ~ LV—t
Lo

The transformer current on HV side i; in Fig. 18 can be
calculated by

il(t) =e
—i1(0) Rpar + 2 vps,1(0)
2 Lk we

81

(82)

(83)

sin (we t) + icoss (0) cos(we t)
(84)
In Fig. 23, the calculated drain-to-source voltage vps 1 and
the current i1 on the HV side is validated with simulation. The
operating point is chosen as 380 W on the HV side and the
parasitic capacitance Coss v is 800 pF. At the end of interval
25, the channel of transistor S can turn-OFF at O V so that active
rectification stops. The intrinsic diode of S; is blocking at 7o
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Fig.23.  Drain-to-source voltage vpgs,1 and HV side transformer current i1 in

interval 3y,. i1(0) is set to 1.6 A and vpg,1(0) is 190 V. T}, is calculated with
(71) to 159 ns and measured in SPICE to 161 ns.

S1 &S

CClamp

CLV

Fig. 24.  Photography of the power board of the dc-dc converter prototype.

and, at the same time, the transistor S is switched hard from the
voltage Vciamp into the ON-state. In step-down mode interval
34, vps,2 decreases slowly to Vgy/2, while in step-up mode,
the transition is faster and an oscillation with higher amplitude
occurs.

As with step-down mode, the converter also works in either
DCM or CCM during step-up operation. The converter enters
DCM as soon as the polarity of the inductor current ir. is
reversed. In step-up mode, this does not change current or
voltage waveforms as it does in step-down mode because of
the CF-PP circuit on the LV side. Finally, in step-up mode, the
part-load is presumably less efficient than in step-down mode
because of the circulating reactive energy. In the next section,
the analysis will be validated by measurements.

V. MEASUREMENT RESULTS

The preceding theoretical analysis is validated in this section
by measurements. The voltage Viry is set to 380 V and Vi to
24 V. The prototype in Fig. 24 uses the semiconductors listed in
Table V.

A. Measured Waveforms

In Fig. 25, the waveforms with the traditional modulation of
the AC-HB-CF-PP topology in step-down mode are shown. The
duty cycle Dy of the HV side transistors controls the converter
and the AC circuit clamps the voltages across the LV side
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TABLE V
SEMICONDUCTORS SPECIFICATION

Components Symbol Part Number
HV Switches S, S2 SiC MOSFETs: C3M0065090J®
LV Switches 83, S4, S5, Se Si MOSFETs: FDMT80080DC®

4Cree, Silicon Carbide Power MOSFET C3M0065090J, Datasheet, Rev. A, June 2015.
bFairchild, FDMT80080DC N-channel Dual Cool 88 Power Trench MOSFET,
Datasheet, Rev. 1.0, July 2015.

400 10
350 9
L300 8

7
E 250 >
200 .2 g Z
150 2t 3
F100 = 5
- 50 2
0 1
-50 0

tin ps

Fig. 25. Traditional modulation scheme with hard switched transistor S at
time instant 5 ps. The current ripple AlL is measured to 6 A; the LV side output
power Py is chosen as 96 W.
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Fig. 27. Half of the period as in Fig. 26 in which the voltage peak of vpg,g
at 1o is depicted; between g and #1, the current on the HV side is measured,
whereby the energy transfer from HV to LV side joins in interval 2,.

TABLE VI
STEP-DOWN: THEORETICAL ANALYSIS VERSUS MEASUREMENT RESULTS

> >
= £
>\4 -
< <
g =
tin ps
Fig.26.  Output power Py is set to 290 W and an additional capacitor of 1 nF

Equation  Analytical Measurement
I (2) 7.8 A 83 A
Iies (39) 149 A 148 A
Al Clamp (28) 19A 19 A
AlL¢pxn 37) 52A 4.6 A
Dy, (12) 4% 4.3%
Dy (49) 38.8% 38.2%
DC]amp (1) 428% 425%
Tres (45) 2.3 us 2.3 us
T: (22) 72 ns 70 ns
T, (71) 216 ns 180 ns
VClamp (3) 54V 54V
AVciamp (30) v 1.3V
Vo,clamp (48) 528V 52V
VC]amp,s (48) 543 V 548 V
Vies (23) 303V 30V
Vie 24) 34V 29V

is implemented in parallel to the SiC transistor; overall, 1.4 nF is integrated;
ZVS can be seen at 11 when the channel of transistor S is switched ON.

transistors. Using this modulation scheme, however, the HV side
transistors are hard switched, which is depicted in Fig. 25 at 5
ps. Additionally, the resonant current iciamp jumps to the start
value, as shown in Fig. 25 on the basis of the HV side transformer
current i;. The theoretical ripple current Al is 6 A, which
agrees with the measured value and an adjusted duty cycle Dy
of 42% is achieved in Fig. 25.

To evaluate the SPICE model and the theoretical analysis of
the novel modulation scheme, Figs. 26 and 27 are used, which are
measured at 290 W. Using the traditional modulation scheme,
the rms value of icjamp at this operating point is calculated as
1.9 A and with the novel one as 6.2 A.

In Fig. 26, the gate-to-source voltage vgg,1, the drain-to-
source voltage vps 1, the HV side current through the trans-
former i1, and the inductor current iy, are depicted as in Fig. 25
before. The parasitic capacitance Coss gy Of the prototype is
measured as approximately 400 pF. The analysis in Section III

shows that interval 1, is very short for such a small drain-to-
source capacitance. The additional variation of Coye pv to 1.4
nF is achieved by using additional multilayer ceramic capacitors
(MLCCs) connected in parallel, which are not necessary for the
design of the AC-HB-CF-PP topology. They are implemented
only to confirm the validity of the calculations over a wide
range and further pronounce the ZVS in interval 1,. Thus,
the converter efficiency in Section V-B is measured without
additional MLCCs.

Table VI presents a comparison of the calculated and mea-
sured values together with the corresponding equations. The
associated measured characteristic parameters are depicted in
Figs. 26 and 27.

The same operating point as shown in Fig. 26 but half of the
period time T, is depicted in Fig. 27, showing the voltage across
the inductor vy, the clamp current icjamp, the voltage across the
clamp capacitor vciamp, and the drain-to-source voltage vpg 4.
The value of the clamp voltage vciamp in the second valley in
simulation and in measurement drops from Vciamp by 750 mV.
The resulting damping of the oscillation in theory, simulation,
and measurement is nearly the same. The resonance frequency
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Fig. 28. Waveforms for the operating point at 430 W Pry in step-up mode.
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Fig. 29. Besides the voltage across the inductor vr, the drain-to-source

voltage vps,2 across transistor Sz, the clamp current iclamp, and the voltage
across the clamp capacitor vclamp are depicted for step-up mode and 430 W.

is equal so that identical start and end conditions are depicted.
The characteristic voltage peaks, which occur using the novel
modulation scheme and described in Section III-A, are shown
based on the voltages vi,. and vpg . The voltage increase is
superimposed with a high-frequency oscillation due to Coss v,
Coss,1v, and Ly, Measured and calculated values are in good
agreement.

Instead of the waveforms just shown, for which parallel capac-
itances are implemented, in Figs. 28 and 29, only the parasitic
capacitances C,ss of the HV side transistors are used. The oper-
ating point Py at 430 W on the HV side is chosen for step-up
mode. Besides the gate-to-source voltage vgs 4, the drain-to-
source voltage vpgs 4, the HV side transformer current i;, and
the inductor current i1, are shown. By using the AC technique,
vps,4 has the voltage Vjamyp, as blocking voltage. Turn-ON of the
transistor S4 occurs under hard-switching condition, represented
as t = (. Turning OFF can be done soft. As mentioned before, for
lower Cogs v, the length of the interval is shorter, which can be
seen in step-up mode based on 1y,. Table VII lists the values for
the characteristic parameters marked in both figures.

Fig. 29 shows the voltage across the inductor v, the drain-to-
source voltage vpg o of transistor S, the clamp current iciamp,
as well as the voltage across the clamp capacitor vgjamp at the
same operating point of 430 W on the HV side. Based on vpg 2,
it is shown that the oscillation is higher in interval 3y, as in the
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TABLE VII
STEP-UP: THEORETICAL ANALYSIS VERSUS MEASUREMENT RESULTS

Equation Analytical Measurement

Dy (73) 6% 6.6%
Iorc 2) 14.6 A 16.0 A
Lics (39) 213 A 222 A
Al (83) 6.7 A 6.2 A
T, (71) 116 ns 120 ns
Trcs (45) 2.3 us 2.3 us
1C1amp.s (47) -12 A 9 A
Vetamp.s (48) 545V 55V

98

97 4
96
N 95
£ %4 .
= 93] _“ i advanced: traditional: ]
o 4 —e— V=340V e Py =340 V
924 F ]
e V=380V s =380V
91 Viy =420 V Vg =420V 1
90 T T T T T T
0 100 200 300 400 500 600 700
pyin W
Fig. 30.  Efficiency curves for the full grid voltage range of the prototype at a

constant LV side voltage of 24 V; the traditional modulation scheme with hard
switched as well as the novel and advanced one with soft-switched transistors
S1 and S5 are shown.

step-down mode in interval 4, but more damped as in Fig. 23,
which includes only the parasitic resistances of the transistors.
A comparison with Fig. 19 led to conclude an equivalent Ry, of
approximately 100 mS2 in the prototype design. The calculated
and measured duty cycle D; show, in Table VII, a deviation
of 0.6%, which results from a voltage drop with increasing
output power Pryv. The higher damping effect also confirms
the deviation between both Icjamp,s-

The subcircuits derived in the sections before can be used to
describe the AC-HB-CF-PP topology for step-down and step-up
modes. They allow a detailed evaluation of achieving ZVS,
falling and rising times, as well as upcoming oscillations at
voltage and current waveforms from part to nominal load.

B. Efficiency Curves

The efficiency measurements in Fig. 30 show the power range
in which the novel and advanced modulation scheme is advan-
tageous compared to the traditional hard switched scheme. The
boundary between DCM and CCM is also depicted, namely at
the point on which the efficiency decreases short and rises again.
The higher efficiency of the AC-HB-CF-PP in the lower power
range is a good characteristic for example in an application in a
commercial building because of the high partial load percentage
over aday. Over the full power range, the voltage level of 340 V is
more efficient than the higher level of 420 V. Since the switching
losses are proportional to the level of the switched voltage,
this behavior is plausible. With increasing output power, the
conduction losses are becoming more dominant. The efficiency
curves of the advanced modulation scheme and the traditional
one are nearly identical at both ends of the power range (part-load
and nominal load). Therefore, the novel modulation scheme has
three characteristics which increase efficiency.
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TABLE VIIT
COMPARISON OF STEP-DOWN MODE BETWEEN THE PROPOSED AC-HB-CF-PP AND OTHER ISOLATED BIDIRECTIONAL DC/DC CONVERTER TOPOLOGIES

Semi- Passives Efficiency  Voltage ratio .
Topology conductors  (ind./ cap.) (W /%) (Vav/Viv) Modulation schemes
Flyback
[7] 3 2/3 50/83 24/12 -> Use an auxiliary circuit to achieve ZCS
[8] 2 2/4 750/96.4 300/300 -> Partial resonant flyback
[9] 4 2/4 60/93.5 24/24 > Active-clamp flyback
[11] 5 2/2 200/91 380/24 -> 2-switch flyback
[12] 6 3/4 500/94.2 400/24 -> Combination of a buck-boost and a forward-flyback converter

ZVS by active clamping: The clamp capacitor is in resonance with the leakage inductance. To achieve ZVS at the main transistor, the energy in the
inductance Ly, has to be greater than the energy stored in the parasitic capacitor Cogsuv: Ly 1> > Cossv vDS,lz

Resonant
[17] 6 2/4 580 /94 400/48
[18] 8 2/4 480/96 400/48

- LLC with frequency modulation fq
- CLLC with frequency modulation f5

ZVS by using the inductive gain region: Obtaining sufficient inductive energy in the transformer (L, + Li) by the peak magnetizing current
(Lm + le) [111,52 >2 Coss.IIV VIIV2

DAHB
[26] 4 4/6 500/97 48/48
[24] 4 3/6 600/93.6 350/30
[23] 6 5/9 500 /92 400/45

-> Voltage-fed DAHB with built-in filters and phase-shift modulation ¢

-> Current-fed DAHB with phase-shift modulation ¢

-> Three-port current-fed and voltage-fed DAHB with phase-shift
modulation ¢ and duty-cycle Dy control

ZVS by shaping the transformer current: Using the voltage-fed DAHB, the characteristic points of the transformer current 7, , and 7, ,, must have the same
sign. For the current-fed DAHB the current waveforms have to fulfill following conditions: #y: Lqa <0 A, t;: lore < ba, t: Ly >0 A, t3: e < Iics

Proposed

topology 6 2/4 600 /96.6 380/24

-> Duty cycle Dy modulation
-> Soft switching capability on HV and LV side over full power range
-> Burst mode and pulse skipping in part-load

ZVS by using the current i..: An active-clamping circuit on LV side is used to supply the load during ZVS on HV side. Equation (12) has to be fulfilled.

Low Voltage Battery Chargers [7], Low-power DC Uninterruptible Power Supplies [9], Low Power [10], Electric Scooter [12], Multi-port
Applications [13], Inductive Charging [14], Energy Storage Systems [16], Uninterruptible Power Supply (UPS) System [18], Three-port

Applications

Applications like Solar and Battery Energy Generation and Hybrid Energy Storage Systems [23], Distributed Battery Energy Storage [25],

Automotive Systems [26], DC Microgrid Applications [33], Mobile Battery [39], On Board Charger [41], and Vehicle-to-Grid [42].

1) The boundary between DCM and CCM is shifted to higher

output power.

2) The rectifier on LV side employs zero current switching

(ZCS) for turn-oON also at full output power Pry .

3) Transistors S; and Sy turn-ON at O V over the full power

range.

Two additional operating points that are relevant for a Viy
voltage of 340 V are marked in Fig. 30. Point (a) represents
the maximum power that can be achieved with the traditional
modulation scheme. The reason is that the output power Pry is
transferred by the duty cycle Dy, which represents the ON-time
of the HV side transistor Sy, respectively S>. In the prototype,
the limit for the maximum duty cycle Dy is set to 49%, which
is reached at this point of operation. Using (1), which not only
represents Dciamp for the novel modulation scheme but also
Dy of the traditional one, a maximum duty cycle Dy of 55.6%
is calculated for the full power range, which is not feasible.
Thus, the converter cannot work over the full HV range, if the
turns-ratio depicted in Table I is used. The second point (b)
marks the output power at which the efficiency for Viy =340V
begins to decrease rapidly. At this operating point, the same
situation as with the traditional modulation scheme occurs: the
duty cycle Dy, reaches 49%, the maximum valid duty cycle
HV side in the prototype of the dc-dc converter. Nevertheless,
due to operation in CCM and the novel modulation scheme,
Dciamp can be increased further and V1 remains constant. The
significant drop in efficiency is caused by hard switched HV side

98 T T T T T
96
94 4 E
924 E
X 9] ]
-8
= 88 E
86 —e— Wy =340V] ]
84 4 e V=380V | ]
82 Vv =420V | ]
80 T T T T T
0 100 200 300 400 500 600
Pyy in W
Fig.31.  Efficiency curves in step-up mode: The dominant switching losses in

this operation mode are very obvious because the efficiency is higher at 340 V
compared to 420 V.

transistors and increasing stress on the clamping capacitor. In
interval 1,, Cclamp has to supply the load, which increases with
higher output power as well as the energy, which is necessary to
supply the LV side. As a result, operation in this mode is only
feasible by using the clamp capacitor Cciamp, as an additional
voltage source, which is described by the authors in [39].

For step-up operation, the traditional modulation scheme is
used for a CF-PP topology utilizing the AC circuit to reduce
the stress of the LV side transistors. In Fig. 31, the step-up
efficiency over the full grid voltage is depicted. It is obvious that
the switching losses are the dominant part in this operation mode
because the efficiency at 340 V is higher compared to 420 V.
The turns ratio given in Table I is in step-up mode sufficient to
fulfill a constant voltage over the full power range on HV side
of the transformer. Therefore, the AC-HB-CF-PP topology can
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be used both with the novel modulation scheme in step-down as
well as in step-up mode with a traditional one, over the full power
range. However, in part-load, the efficiency is lower for step-up
than for step-down mode. At the end of Section IV, the authors
already mentioned that in step-up mode, the reactive power is
needed for operation at part-load. Missing soft-switching ca-
pability and accruing conduction losses decrease the efficiency
in this power range. At nominal power, the deviation between
step-down and step-up mode is 0.5%, whereby step-up efficiency
is lower. In this power range, the hard-switching operation of
the transistors on the LV side occurs additionally. Therefore,
the part-load behavior in step-up mode has to be investigated
in further publications. The main focus should be a reduction
of the reactive power, for example, by using other modulation
schemes [43]. Nevertheless, at nominal load in step-up mode,
the prototype of the AC-HB-CF-PP topology shows efficiencies
in the same range as their counterparts [32], [44].

C. Topology Classification

A comprehensive comparison between the proposed topology
and other galvanically isolated bidirectional dc-dc converter
topologies is shown in Table VIII. Based on an extensive lit-
erature study, a comparison of the numbers of components,
efficiency, power, and voltage ratio of the bidirectional topolo-
gies flyback, resonant converter, and voltage and CF DAHB
are summarized, which will be compared to the AC-HB-CF-PP
in the following. Considering the application of semiconductors
and passive components on the primary and secondary sides, the
proposed topology is located in the mid-range compared to the
previously mentioned converters. The flyback topology can also
fulfill the power and voltage range requirements discussed in this
article [11], [12], but hardware and control effort are more com-
plex instead of the AC-HB-CF-PP topology and using the novel
modulation scheme. Capable of soft-switching, the resonant
converter achieves high efficiency at the nominal operating point
and shows a good EMI behavior, and the leakage inductance
can be advantageously used in resonant operation. The dc-dc
converter shown in [17] and [18] have similar requirements
and also different step-down and step-up characteristics like
the AC-HB-CF-PP topology. The voltage-fed DAHB exhibits a
high capacitor stress due to high ripple current, and similar to the
voltage-fed DAHB, the CF DAHB requires different modulation
methods and current waveforms to achieve the highest efficiency
at each operating point. In the power range of 1 kW, [45] uses
already the full-bridge topology. The AC-HB-CF-PP proposed
in this article shows a plain design with similar component
count and a simple control structure using one duty cycle for
controlling the power transfer and achieving soft-switching. The
laboratory demonstrator attains a high efficiency of more than
95% over a wide range of the output power, a power density of
9.5 W/in?, and good EMI behavior [39].

VI. CONCLUSION

A novel and advanced modulation scheme for step-down op-
eration of a bidirectional and isolated AC-HB-CF-PP converter
is introduced in this article. The AC circuit in combination with
the LV side inductor L¢ is used to achieve ZVS of the HV side
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transistors in step-down mode over the full power range. Addi-
tional overvoltage stress, voltage spikes, and reverse-recovery
for the transistors on the LV side will be reduced. By using the
advanced modulation scheme, the effective turns ratio of the
transformer can be extended over the traditional one in step-
down mode. For step-down and step-up modes, the topology
is analyzed in time-domain and validated by measurements.
The measured peak efficiencies of the prototype are 96.6% in
step-down operation and 96.1% in step-up mode. Compared
with the bidirectional types of the flyback, LLC, and DAHB, this
article shows an interesting alternative for converter topologies
in the power range of 1 kW.
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