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Abstract—This paper introduces a variable-frequency zero
voltage switching (ZVS) modulation strategy for the four-switch
buck+boost converter with one operating pattern for the inductor
current, i.e., three-segment inductor current modulation control.
The proposed modulation scheme guarantees a smooth transition
from step-up to step-down or from step-down to step-up oper-
ating modes without abrupt duty cycle or switching frequency
change. Triangular current mode (TCM) ZVS control could
be derived from this three-segment inductor current modula-
tion strategy. Moreover, the controller design can be simplified
compared with other multi-mode control methods. Experimental
results were given to validate the modulation control strategy
based on a 300 — 600 V input, 400 V output, 3.3 kW prototype.

Index Terms—zero voltage switching (ZVS), variable fre-
quency, seamless transition, modulation.

I. INTRODUCTION

Recently, more attention has been paid to the non-isolated
four-switch buck+boost converter. This is due to its bi-
directional power flow capability. Another reason is that it has
both voltage boost and buck capabilities. For example, this
converter has found a good application in the field of electric
vehicles (EVs) charging due to its excellent performance for
the wide operating range of input and output voltage values.

For the pursuit of power density design merit, which is usu-
ally realized by increasing switching frequency, soft switching
technique has to be adopted to guarantee acceptable efficiency
even with wide-bandgap (WBG) semiconductor devices [1],
[2]. The soft-switched modulation strategies for the four-
switch buck+boost converters can mainly be divided into
two categories: fixed-frequency four-segment inductor current
modulation [3]-[7] and variable-frequency modulation [1],
[2], [8]-[10]. For both fixed- and variable-frequency zero
voltage switching (ZVS) modulation, the basic principle is to
utilize the inductor current during the dead time to charge
and discharge the parasitic output capacitance C,ss of the
MOSFET such that when the drain-source voltage damped
to zero through the body diode conduction, the MOSFET can
be turned on at zero voltage to reduce the switching losses.
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Systems for European Leadership Joint Undertaking under grant agreement
No 876868. This Joint Undertaking receives support from the European
Union’s Horizon 2020 research and innovation programme and Germany,
Slovakia, Netherlands, Spain, Italy.
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For the fixed-frequency four-segment inductor current control,
the optimization of the switching instant of the semiconductor
device is complicated, besides, the selection of the inductance
and switching frequency values are usually not covered in the
literature. For variable-frequency modulation strategy [2], [8],
TCM-ZVS control was extended to the transition mode, how-
ever, with this modulation, the root mean square (rms) value
of the inductor current is not optimized, therefore, a sudden
efficiency drop was observed, besides, an abrupt frequency
and duty cycle change during the transition between different
operating modes can also be found. In [11], all the possible
variable-frequency ZVS modulation cases were studied in the
buck-boost-type (transition) mode with duty cycle of d; being
larger than ds, it is found that the three-segment inductor
current modulation is the most suitable solution with regard to
inductor rms current reduction and convenient operation. Zhe
Yu et al. proposed a novel variable-frequency ZVS control
method in [10], however, both the analytical solution and
experimentally recorded waveforms were missing. In [12], a
single mode control strategy was proposed with a fixed duty
cycle applied to S7 (cf. Fig. 1), which, however, is a fixed-
frequency hard-switched modulation.

In this paper, a variable-frequency ZVS modulation strategy
with a seamless transition between step-down and step-up
operating modes is presented and analyzed in detail with ana-
lytical solution, which, further more, will not compromise the
inductor rms current compared with TCM-ZVS modulation.
The proposed modulation strategy with feedback control is
verified by experimental results.

II. CONVERTER OPERATION
A. Voltage Gain of the Converter

The topology of the four-switch buck+boost converter is
shown in Fig. 1.

In Fig. 1, S; and S5 form the buck-type half-bridge circuit
while S5 and Sy form the boost-type half-bridge. The pulse
width modulation (PWM) signals applied to each half bridge
are complementary. d; and ds are defined as the duty cycles
of S7 and Sy, respectively. The average voltage of terminals
A and B with regard to the bottom-side dc-bus rail are

4 =d1 V1,0 = (1 —d2)Vs. (1)
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Fig. 1: Topology of the four-switch buck+boost converter.
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Fig. 2: Three-segment inductor current ZVS modulation. (a) Vi > Va. (b)
Vi< Vs,

Based on the volt-second balance law in quasi-steady-state
operation for the inductor, the voltage gain can be derived as
Vo o dy

Vi 1-—dy’

Gv - (2)

B. ZVS Modulation Control with Seamless Transition

The ZVS turn-on in a four-switch buck+boost converter re-
quires the inductor current to be negative during the switching-
on transition for S; and Sy, and to be positive while turning
on Sy and Ss. In this paper, the three-segment inductor
current modulation adopted for the transition mode [11] will
be extended to cover all the input and output voltage range
with d; always being larger than ds. The variable-frequency
three-segment inductor current ZVS modulation is illustrated
in Fig. 2.

In order to realize a smooth transition between step-up and
step-down operating modes, the control variables of frequency
and duty cycles are suggested to be continuous at the boundary
[13], therefore, a control strategy of the duty cycles is proposed
as below:

{ Gv(l - dmin)an <1
di =

do — dminva <1
dmax7G'u > 1. T 1

dmax
- =Gy 2 1.
3)

=N

Duty cycle
o o =)
N o o)

o
[N

o

0.5 1 1.5 2
Voltage Gain of Gv

Fig. 3: An example of d; and dg values under different voltage gain.

example, Fig. 3 shows the duty cycle of d; and d under
voltage gain G, between 0.5 and 2.

In Fig. 2, for both step-up and step-down operating cases,
the inductor current expression can be written as below with
to =0,

Li+%t0<t<t
in(t) + U2t —t), 1 <t<t, (4
ip(ty) — Y2 (t —ta),ty <t < Ti.
In (@), T\ =t1 —to = doTs, To = to — t1 = (d1 — da)T5,
T is the switching period. Since the power is only transferred
when 53 is on, so, the average output current is

I + I Iy + I
! 2(d1—d2)+ 22 0(1—d1). %)

Based on (2), (4) and (5), the expression for switching fre-

quency is derived as

P Wldi(1 —dy) + do(dy — do)]
o L{Lut — Io(1 — d)]

Iy is set as a fixed negative value for the variable-frequency

ZVS modulation. By substituting (6) into (4), one can get

- 2do1 s + [(1 — dl)(dl — dg) + dg(dg — 1)][0 7
= (1= dy) + da(ds — da) -

. 2d1(1 — dl)Iout + (1 — dg)[dg(dl — d2) + dl(dl — 1)][0
- (1= d2)[d1(1 — dy) + da(dy — dy)] '

ir(t) =

Iout =

(6)

I

I

(®)
For (6), (7) and (8), when Iy becomes zero, then the cor-
responding equations for the critical conduction mode (CRM)
could also be derived directly. Based on (7) and (8), the current
values of I; and I are independent of inductance. According
to [11], the inductor current rms value is also independent of
inductance, which is

Iers = \/I%/r‘msl + I%rms2 + I%rmsi’)' (9)

I rmsts Inrms2 and I, 53 are the rms values of each segment
of the inductor current, and they can be expressed as

124124101 413+ 1
Irrms1 = \/‘Ea Itrms2 = (dl - d2) s 23 5

In (3), din and dp,,x are the minimum and maximum duty Irrmss =4/ (1 — dl)w.
cycles respectively, and diin + dmax = 1. As an illustration (10)
2809
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C. Relations with TCM-ZVS Modulations

Triangular current mode (TCM) ZVS modulation for typical
buck, boost and buck-boost modes can all be derived from
the three-segment inductor current modulation described above
simply by applying corresponding duty cycles to the derived
formulas of (6), (7) and (8). Assuming I, and I; to be
the valley and peak inductor current value for TCM-ZVS
modulation respectively. The rms value of the inductor current
for TCM-ZVS buck, boost and buck-boost modulations can all
be expressed as

1
Ifrms = \/3(Jg+112+1011). (11)

1) TCM-ZVS Buck Mode: In this mode, do = 0 and d; =
%, therefore,

o Vidi(1 — dy)
° 2L(Iout - IO)
2) TCM-ZVS Boost Mode: In this mode, d; = 1 and dy =

V;
1— v;, therefore,

;Il = 2Iout - IO~ (12)

Vidg(l —dg) 2Iout

= I = ~ I,
Y Ay A ARl

3) TCM-ZVS Buck-Boost Mode :

13)

In this mode, d = d; =

dy = % therefore,
Vvld(]. - d) 2Iout
s = I = — Iy. 14
J W[l — L1 —d)]" ' 1—d ° (14

D. Inductor RMS Current and Switching Frequency

The inductor rms current comparison between TCM-ZVS
and the proposed modulation strategy is shown in Fig. 4 based
on the parameters from the laboratory prototype. Herein, V; =
300 — 600 V, Vo =400V, P, = 3.3 kW. The duty cycles are
between 0.1 and 0.9.

In Fig. 4, the TCM-ZVS mode is subdivided into TCM-ZVS
buck, boost and buck-boost modes as described previously. It
can be seen from Fig. 4, the inductor rms current at dy,q,; =
0.9 is in fact even smaller than both TCM-ZVS buck and boost
mode operation. When d,,,,,, = 0.8, the current rms value is a
bit larger than TCM-ZVS buck or boost mode operation. The
selection of Ij is explained in Section III.

Fig. 5 shows the switching frequency at 3.3 kW and 500 W
respectively. As expected, the frequency is continuous at the
voltage gain boundary.

Due to the high switching frequency at low power condition,
a frequency limiter is adopted. In this paper, the switching
frequency is set between 20 kHz and 160 kHz.

E. Closed-loop Control Diagram

A closed-loop control is proposed for the modulation strat-
egy, which is shown in Fig. 6 based on the derived equations
of (3) and (6). Compared with multi-mode operation [11],
[14], the hysteresis comparison function between the input
and output voltage can also be avoided due to the continuity
of control variables.

22 ! :
- TCM-ZVS
20 -~dmaz = 0.97]
=dpar = 0.8

-
[oe]

-
~ o

-
N

Inductor rms current (A)

-
o

400 450 500 550
Voltage of V; (V)

8 L
300 350 600

Fig. 4: Inductor rms current comparison at 3.3 kW with Iy being -2 A.
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Fig. 5: Switching frequency with L = 150 pH and Igp = —2 A. (a) 3.3 kW.
(b) 500 W.
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III. EXPERIMENTAL VERIFICATION

The converter prototype is shown in Fig. 7. Each sin-
gle switch was composed of three parallel-connected silicon
carbide (SiC) MOSFETs of G3R75MT12J from GeneSiC
semiconductor to increase its current rating capability. The
inductor was made with N87 material on PM 74/59 core.
The inductance and equivalent resistance is given in Table I,
which was measured by Agilent 4294 A precision impedance
analyzer. During experiments, the inductance was selected as
155.5 pH. As a key parameter, the switched ZVS current of
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Fig. 6: Closed-loop control diagram.

Iy can be estimated by (15) as

2C,ss max{Vy, V.
|IO| > 0S5 { 1 2}. (15)
tdead
Fig. 7: Four-switch buck+boost converter prototype.
TABLE I: Inductance and equivalent resistance of the inductor
Frequency (kHz) 20 60 100 140 160
L (uH) 155.51 | 155.53 | 155.48 | 155.53 | 155.70
R (m€2) 49.5 99.5 144.7 205.9 283.0

In (15), Cyss is the lump equivalent output capacitance of
the MOSFET and ¢ 4.4 is the dead time. Herein, I is chosen
as —2 A and the dead time is 300 ns.

A. Steady State Operation

The experimental oscilloscope waveforms are given in
Fig. 8 when the input voltage is 300 V, 400 V and 600 V
respectively at 3.3 kW power level. The value of d,,q; 1S
chosen as 0.8.

As it can be seen from Fig. 8, at switching transient when
the inductor current is at its lowest value, Vg dropped to zero
while V4 reached to the input voltage value when turning on
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Fig. 8: Measured waveforms and efficiency at V1 = 300, 400 and 600 V, P, =
3.3 kW, dmaz = 0.8, Vo = 400 V. The switching frequency is calculated
based on (6). S1(t) is the gate-source voltage of Si, ir(t) is the inductor
current, v4 (¢) and vp(t) are the voltage potentials of terminals A and B
relative to the bottom-side dc-bus rail shown in Fig. 1. (a) V3 = 300 V. (b)
Vi =400 V. (c) V3 =600 V.
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Fig. 9: Measured efficiency from Yokogawa WT500 power analyzer. Udcl,
Idc1 and P1 are the DC bus voltage, current and delivered active power values
respectively from input side while Udc2, Idc2 and P2 are the DC bus voltage,
current and delivered active power values relggectively from the output side.

The prototype efficiency is defined as nl =57.

100 : : : : : :
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Z

£ 985 ~300v] |
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97.5+ 50V
600 V

97 e
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Fig. 10: Measured efficiency at different operating input voltage and power
values with Vo = 400 V and dnar = 0.8.

Sy and S;. For 600 V input, which is the hardest case to
realize ZVS turn-on of Sj, V4 almost reached V; when S;
was turned on, therefore, it can be concluded that the ZVS
turn-on for the four switches was achieved simultaneously.
Fig. 9 shows the efficiency measured by Yokogawa WT500
power analyzer at 3.3 kW when input voltage is 400 V and
600 V respectively. Efficiency measured at different operating
points is shown in Fig. 10, which, covers a power range
between 350 and 3300 W, as it can be seen, the efficiency
remains at a relatively high value in a wide operational range.

B. Transition Operation under Constant Power

The transient experiment was carried out under a constant
power of 2 kW based on control logic from Fig. 6, the input
voltage first decreased from 425 V to 375 V, after another
period of 1 s, it rose from 375 V to 425 V to cover both
transition cases from voltage step-down to step-up and voltage
step-up to step-down. The result is given in Fig. 11.

As it can be seen from Fig. 11, the converter could operate
smoothly (i.e., display a seamless transition) as expected when
it crosses the voltage gain boundary, which proves the oper-
ating principles and advantages of the proposed modulation
strategy for the four-switch buck+boost converter.

Normal Edge CH1 T 400.0 V

@ 2022/12/13 16:19:05
1 12.5M8/s Auto
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]
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20 V/div J{ 4 A/div J{100 V/div)

Fig. 11: Experiments of transition operation. V3 = 425 — 375 — 425 V,
Vo =400V, dmaz = 0.8, P, =2 kW, Ip = —2 A.

IV. CONCLUSION

A variable-frequency zero voltage switching (ZVS) modu-
lation strategy for the four-switch buck+boost converters fea-
turing seamless step-up/down mode transition with analytical
solution has been introduced in this paper. One operating
pattern of three-segment inductor current was applied to the
converter operation for all the working conditions. Due to the
continuity of the control variables of duty cycles and switching
frequency, the converter can realize a smooth transition at
the boundary of voltage step-up and step-down. Finally, The
modulation strategy was verified by experiments.
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