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Letters1

A Zero-Voltage Switching Control for Four-Switch Buck–Boost Converters
Using the Energy-Based Modeling

2

3
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Abstract—This letter proposes a zero-voltage switching control5
strategy for four switch buck–boost converters where the output6
voltage and the base current are closed-loop regulated. The analyt-7
ical steady-state expressions allow the control variables’ regulation8
by only knowing the electrical parameters of the circuit and the9
zero-voltage switching current. The control uses two proportional–10
integrative controllers and a predictive function without the need11
for complex rms current minimization techniques or logic. The12
control scheme is implemented and demonstrated using an exper-13
imental setup.14

Index Terms—Current control, four-switch buck–boost, zero15
voltage switching (ZVS).16

I. INTRODUCTION17

THE four-switch buck–boost (FSBB) converter, as dis-18

played in Fig. 1, is widely used to extend the input/output19

voltage range of conversion circuits [1], [2] while achieving20

zero-voltage switching (ZVS) commutations for all the switches,21

which is beneficial to reducing the converter losses.22

Several techniques exist to achieve ZVS operation of con-23

verters topologies, such as the FSBB, which often involve using24

look-up tables [3], complex analytical relations with multiple25

inputs and outputs [4], [5], [6], [7], or additional circuits for ZVS26

detection and operation [8], [9]. In [10] and [11], ZVS operation27

is established by directly controlling the turn-OFF instant of28

the secondary-side top switch based on the sensed inductor29

current, while ZVS for the other commutations is attained using30

an additional phase-shift generation circuit. Similar methods31

allow achieving ZVS during transient conditions too, but require32

complex control circuits. In [6], a control logic targeting ZVS33

while operating along the minimum root mean square (rms)34

current trajectory is proposed. While not requiring look-up35

tables, the modulation quantities are computed via complex36
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Fig. 1. FSBB converter.

analytical expressions and algorithms, possibly implying a high 37

computation burden. 38

This letter presents an FSBB control organization for directly 39

adjusting the switched inductor current to ensure ZVS operation. 40

The controller is constituted by two proportional–integral (PI) 41

compensators plus a compact analytical function. The control 42

modeling and design are enabled by a recently introduced 43

energy-based model of the FSBB [12]. 44

The rest of this letter is organized as follows. Section II re- 45

views the modes of operation and the modeling of the converter, 46

Section III introduces the used ZVS conditions and the proposed 47

control technique, and Section IV reports the experimental val- 48

idation results of the control. Finally, Section V concludes this 49

letter. 50

II. REVIEW OF FSBB OPERATION AND MODELING 51

A. Operating Modes 52

The main converter waveforms are displayed in Fig. 2(a). Dg , 53

and Do are the duty-cycles of the top switch of the input and 54

output legs, respectively (i.e., S1 and S2 in Fig. 1), and β is the 55

phase-shift between the two legs, defined as the relative time 56

between the center instants of the voltage pulses in v1 and in v2, 57

positive if v2 leads v1. The phase-shift can be used to shape the 58

current waveform iL to achieve ZVS for the four switches and 59

to minimize its rms value. 60

Based on the phase-shift value, several different modes exist 61

for each of the step-up or step-down cases. The switching 62

period can be partitioned into four subperiods Δtk bounded 63

by leg commutation instants tk, as represented in Fig. 2(a). 64
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Fig. 2. Modulation details of the FSBB. (a) Example of converter waveforms for region R 8 in step-down (i.e., Do > Dg). (b) Mode boundaries for different
output duty-cycles with Dg = 0.6. Different possible switching patterns reported below.

The subperiods Δtk and their normalized duration δk can65

be described as a function of the two duty-cycles and the66

phase-shift67

Δtk = tk − tk−1 ⇒ δk =
Δtk
Tsw

= f(Dg, Do, β). (1)

At the boundaries between operating modes, δk = 0. Eight68

regions’ results, namely, R 1, . . . ,R 8, partitioning the mod-69

ulation space and defining the converter modes, as represented70

in Fig. 2(b) for Dg equal to 0.6.71

From (1), the corresponding inductor current at the instants72

tk [i.e., Ik = iL(tk)] can be expressed as73

Ik = Ik−1 +
Δtk
L

VLk, k = 1, 2, 3, 4 (2)

where VLk is the voltage across the inductor L during the kth74

subperiod. Typically, only regions R 4–8 are used in practice75

because these allow ZVS turn-ON transitions for all four switches76

by modulating the phase-shift and minimum rms inductor cur-77

rent [10], [11]. For this reason, the analysis is focused on78

these regions. In addition, by exploiting the modeling presented79

in [12], the interval δ2 (i.e., δ2 = Dg/2 +Do/2 + β), instead80

of β, is equivalently used as a control variable.81

B. Energy-Based Modeling82

Considering the input and the output ports, the energy wg83

entering, the energy wo leaving, and the variation of inductor84

energy ΔwL during the switching period can be calculated as85

wg =
Vg

fsw

[
I0Dg +

VgD
2
g

2fswL
− Voδ

2
2

2fswL

]
(3)

wo =
Vo

fsw

[
I4Do +

VoD
2
o

2fswL
− Vgδ

2
2

2fswL

]
(4)

ΔwL = wg − wo

=
DgVg −DoVo

fsw

(
I0 +

DgVg −DoVo

2fswL

)
. (5)

It is worth remarking that (5) shows the dependence from the 86

average inductor voltage and the mean between the initial and 87

the final inductor currents of the switching period, that is 88

v̄e = DgVg −DoVo, īe = I0 +
DgVg −DoVo

2fswL
=

I0 + I4
2

(6)
with īe that, in R 4–8, can be associated with the lower envelope 89

of iL. 90

The average input and output currents in a switching period 91

can be derived from the terms in (3)–(5), giving 92

R 4–8 :

⎧⎪⎪⎨
⎪⎪⎩
īg = īeDg +

VoDgDo

2fswL
− Voδ

2
2

2fswL

īout = īeDo +
VgDgDo

2fswL
− Vgδ

2
2

2fswL
.

(7)

The resulting linear small-signal model, decomposing each 93

variable in (7) as x = X + x̂ (where X and x̂ represent the 94

steady-state and small-signal components, respectively), is re- 95

ported in Fig. 3, with related coefficients listed in Table I. 96

III. PROPOSED CONTROL SCHEME 97

The proposed control scheme employs a control loop to 98

regulate the converter output voltage and a concurrent control 99
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Fig. 3. Linear small-signal model of the FSBB based on [12].

TABLE I
PARAMETERS OF THE SMALL-SIGNAL MODEL IN R 4–8

to shape the inductor current to meet ZVS conditions for all the100

switches. Current shaping is achieved by employing a regulator101

that controls the base value of the inductor current, required for102

ZVS at the instants t0 and t3 in Fig. 2(a), and a predictive function103

to impose the desired inductor current for ZVS at the instants104

t1 and t2 in Fig. 2(a). Eventually, the devised controller exploits105

all the control variables involved in the converter operation106

reviewed in Section II to achieve the desired output voltage107

control and ZVS operation.108

The ZVS conditions at the basis of the employed predictive109

function and the control design for the base inductor current con-110

trol using the FSBB energy model are reported in the following.111

A. ZVS Condition for Region 4–8112

In order to reach ZVS operation, each current at the commu-113

tation instant must present a proper sign and satisfy |Ix| ≥ IZVS,114

where the current IZVS can be estimated based on the switches’115

output capacitance Coss and the dead time tdead116

IZVS =
2Cossmax(Vg, Vo)

tdead
. (8)

Operating inR 4–8 [see Fig. 2(a)], the relations I0 ≤ −IZVS and117

min(I1, I2) ≥ IZVS must be satisfied. The current values I1 and118

I2 depend on the voltage ratio Vg/Vo and, based on (2), can be119

written as120 ⎧⎪⎨
⎪⎩
I1=I0+

Vg(Dg − δ2)

fswL
≥IZVS if Vg ≥ Vo

I2=I0+
Vo(Do − δ2)

fswL
≥IZVS if Vg < Vo.

(9)

In order to strictly satisfy the ZVS conditions for all the switches,121

I0 is set to −IZVS and I1 and I2 are set to IZVS. From (9), the122

resulting Dg is123 ⎧⎪⎪⎨
⎪⎪⎩
Dg =

2IZVSfswL

Vg
+ δ2 if Vg ≥ Vo

Dg =
2IZVSfswL+ δ2Vo

Vg
if Vg < Vo.

(10)

Fig. 4. FSBB with output voltage and ZVS current control.

Remarkably, (10) comprises a couple of simple equations that 124

can be added to the control logic for achieving ZVS. 125

B. Control Design 126

The control scheme, as displayed in Fig. 4, presents two loops, 127

one for output voltage control and the other to ensure the ZVS 128

conditions (9), as described next. 129

1) Output Voltage Control: This is achieved by adjusting the 130

output duty-cycledo. The related regulatorPIv is designed based 131

on the transfer function Gdo in the following equation, derived 132

in [12]: 133

Gdo(s) =
v̂o(s)

d̂o(s)
= Zo

ao +
bo
2

− DoVo

ZL

1 +D2
o Zo/ZL

(11)

where ZL comprises the inductor value L in series with the total 134

parasitic resistance of the circuit and Zo = RL/(1 + sRLCo) is 135

the output impedance. 136

2) ZVS Control: Considering a desired ZVS current given as 137

reference to the controller (i.e., I∗ZVS in Fig. 4), the base current 138

I0 is regulated to the set reference, while, by using the relations 139
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TABLE II
EXPERIMENTAL SETUP PARAMETERS

in (10), the duty-cycle dg is set to satisfy ZVS conditions for140

the switched currents I1 and I2. From the small-signal model in141

Fig. 3, the transfer function from the phase-shift δ2 to the current142

ie (i.e.,Gδi) can be computed, allowing, after properly sampling143

the inductor current iL, the control of I0 using a linear regulator.144

The current regulator PII0 can be designed computing Gδi from145

the small-signal model in Fig. 3. Considering d̂o = −v̂oPIv,146

knowing that vo is closed-loop controlled, and by perturbing147

and linearizing (10), it yields148

d̂g =

⎧⎨
⎩
δ̂2 if Vg ≥ Vo

δ̂2
Vo

Vg
if Vg < Vo.

(12)

For example, ifVg ≥ Vo, the transfer function to be compensated149

becomes:150

Gδi(s)=

1−Zo

[
Do(bo+eo)−PIv

(
aoVg+bo

Vo

Vg

)]
D2

oZo

Vg

[
1 +

ZL

ZoD2
o

+
PIv
Do

(
Vo + ao

ZL

Do

)] . (13)

Unlike alternatives in the literature, it is worth noting that151

this control strategy exploits all the modulation variables to152

enforce the desired converter operation. The control converges153

to a unique solution where the output voltage is regulated154

and ZVS conditions are met. In addition, the implementation155

does not involve complex minimization functions as described,156

for example, in [6] and [7]. However, differently from valley157

current control methods, the proposal does not ensure ZVS158

during transient operation, a feature that can be reached with159

more complex control logic and implementations [11]. Still, the160

additional dedicated hardware, typically used for valley current161

controllers [10], is not required for the proposed technique.162

IV. EXPERIMENTAL VALIDATION163

To validate the control technique, an FSBB is prototyped using164

two Imperix Ltd PEB8024 half-bridges with 30 μH inductance,165

while the control is deployed on an Imperix B-Box 3.0, as shown166

in Fig. 5. The experimental parameters are listed in Table II.167

The control logic is developed in Simulink; it comprises the168

two PI regulators for the output voltage and the base current169

loop, and (10). The values of the control variables have been170

properly saturated to keep the converter operation within the171

desired operating mode R 4–8. Based on the control design172

in Section III-B, the crossover frequencies of the voltage and173

current loops are set to 140 and 50 Hz, respectively, with phase174

margin 60◦. The considered ZVS current reference is set to175

I∗ZVS = 5 A in the following.176

To demonstrate the proposal, the system response to a load177

step-change and an input-voltage step-change are shown, as178

Fig. 5. Experimental converter setup; parameters in Table II.

Fig. 6. Response to a load step change from 45.6 to 91.2 Ω with the proposed
output voltage and ZVS current control.

often done in other relevant papers. The reported results show 179

the desired tracking of the set current reference I∗ZVS at the 180

commutation instants to ensure ZVS. 181

Fig. 6 displays the obtained response to a load step change 182

from 45.6 to 91.2 Ω, showing a settling time lower than 10 ms. 183

The current iL and the output voltage vo are regulated close to 184

the desired value, which proves that the control correctly adjusts 185

the duty-cycles and the phase-shift to track the given references. 186

Fig. 7 displays the steady-state waveforms of the FSBB converter 187

before, in Fig. 7(a), and after, in Fig. 7(b), the load step-change. 188

The desired tracking of the set ZVS current I∗ZVS can be noticed. 189

Small deviations in the current value at the commutation instants 190

are possible due to measurement errors—as typical in digital 191

control implementations, current regulation precision depends 192

on the accuracy of the current sampling [13]—and parasitics. 193

Fig. 8 shows the system response to an input-voltage step- 194

change, from 45 to 50 V. The ability of the control to properly 195

regulate the output voltage and ZVS currents after short tran- 196

sients can be appreciated, with a settling time of about 10 ms. 197

As a final remark, the measured dynamics normalized to the 198

converter switching period are comparable or faster than alter- 199

natives found in the literature (see, e.g., [5] and [7], and [3], [10], 200

and [11]). Besides, the obtained speed of response is suitable in 201
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Fig. 7. Zoom-in view of inductor current and input and output voltages (a) before and (b) after the load step in Fig. 6. The currents at the switching instants are
regulated at the desired value I∗ZVS.

Fig. 8. Response to an input-voltage step-change from 45 to 50 V with
proposed output voltage and ZVS current control.

several applications of FSBB converters with typical dynamics202

as described in [14], [15], and [16].203

V. CONCLUSION204

This letter describes a control organization for FSBB convert-205

ers that is capable of output voltage control and the control of206

the switched currents at the switching instants to ensure ZVS.207

This is performed by directly regulating the base current of208

the converter using a PI regulator that adjusts the phase-shift209

between the converter’s legs. The design of this controller, never210

discussed before in the literature, is allowed by applying a211

recently described energy-based model of the FSBB converter.212

The output voltage is controlled by an additional PI regulator that213

sets the value of the output-leg duty-cycle, while the input-leg214

duty-cycle is derived by using a predictive function to ensure215

ZVS operation. The controller does not require complex func-216

tions or dedicated control hardware. The proposed technique has217

been validated with experimental tests.218
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