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Abstract—This letter proposes a zero-voltage switching
control strategy for four switch buck-boost converters
where the output voltage and the base current are closed-
loop regulated. The analytical steady-state expressions
allow the control variables’ regulation by only knowing the
electrical parameters of the circuit and the zero-voltage
switching current. The control uses two proportional-
integrative controllers and a predictive function without
the need for complex rms current minimization techniques
or logic. The control scheme is implemented and demon-
strated using an experimental setup.

Index Terms—current control; four-switch buck-boost; zero
voltage switching (ZVS).

I. INTRODUCTION

HE four-switch buck-boost (FSBB) converter, displayed

in Fig. 1, is widely used to extend the input/output voltage
range of conversion circuits [1], [2] while achieving zero
voltage switching (ZVS) commutations for all the switches,
which is beneficial to reducing the converter losses.

Several techniques exist to achieve ZVS operation of con-
verters topologies like the FSBB, which often involve using
look-up tables [3], complex analytical relations with multiple
inputs and outputs [4]-[7], or additional circuits for ZVS
detection and operation [8], [9]. In [10], [11], ZVS operation
is established by directly controlling the turn-off instant of
the secondary-side top switch based on the sensed inductor
current, while ZVS for the other commutations is attained
using an additional phase-shift generation circuit. Similar
methods allow achieving ZVS during transient conditions too,
but require complex control circuits. In [6], a control logic
targeting ZVS while operating along the minimum root mean
square (rms) current trajectory is proposed. While not requir-
ing look-up tables, the modulation quantities are computed
via complex analytical expressions and algorithms, possibly
implying a high computation burden.

This paper presents an FSBB control organization for di-
rectly adjusting the switched inductor current to ensure ZVS
operation. The controller is constituted by two proportional-
integral (PI) compensators plus a compact analytical function.
The control modeling and design are enabled by a recently
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Fig. 1: Four-switch buck-boost (FSBB) converter.

introduced energy-based model of the FSBB [12]. In the
following, Sect.Il reviews the modes of operation and the
modeling of the converter, Sect. Il introduces the used ZVS
conditions and the proposed control technique, and Sect.IV
reports the experimental validation results of the control.
Sect. V concludes the paper.

II. REVIEW OF FSBB OPERATION AND MODELING

A. Operating Modes

The main converter waveforms are displayed in Fig.2a. D,
D, are the duty-cycles of the top switch of the input and
output legs, respectively (i.e., S1 and So in Fig.1); S is the
phase-shift between the two legs, defined as the relative time
between the center instants of the voltage pulses in v; and
in vy, positive if vy leads v;. The phase-shift can be used to
shape the current waveform ¢y, to achieve ZVS for the four
switches and to minimize its rms value.

Based on the phase-shift value, several different modes exist
for each of the step-up or step-down cases. The switching
period can be partitioned into four sub-periods At; bounded
by leg commutation instants tj, as represented in Fig.2a.
The sub-periods Aty and their normalized duration J;, can be
described as a function of the two duty-cycles and the phase-
shift:

At
Aty =ty —tp—1 = O = k
Tg'll)

At the boundaries between operating modes, d; = 0. Eight
regions results, namely, R 1,... R 8, partitioning the modula-
tion space and defining the converter modes, as represented in
Fig.2b for D, equal to 0.6.

From (1), the corresponding inductor current at the instants
t [i.e., Ir = ir(tx)] can be expressed as:

:f(Dg7D076)' (D

At
I =Ik_1+T’“VLk, k=1,2, 3,4, )
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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., D, > D,); (b)
mode boundaries for different output duty-cycles with D, = 0.6. Different possible switching patterns reported below.

where Vi is the voltage across the inductor L during the
k-th sub-period. Typically, only regions R4-8 are used in
practice because these allow ZVS turn-on transitions for all
four switches by modulating the phase-shift and minimum
rms inductor current [10], [11]. For this reason, the analysis
is focused on these regions.

In addition, by exploiting the modeling presented in [12],
the interval d, (i.e., 62 = Dy/2+ D,/2 + ), instead of (3, is
equivalently used as a control variable.

B. Energy-Based Modeling

Considering the input and the output ports, the energy wy,
entering, the energy w, leaving, and the variation of inductor
energy Awy, during the switching period can be calculated as:

| VyD; V63
Wo =g o |oPet T T e ©)
Vs, V0D2 V.62
0= 14D, o _ 92 4
Yo =T [ Dot S LT 2l @

Awp, = wg — W,
_ D,Vy — D,V, <I DyVy — DOVO) . 5)
fsw 2fswL
It is worth remarking that (5) shows the dependence from the
average inductor voltage and the mean between the initial and
the final inductor currents of the switching period, that is:
D,Vy—D,V, Io+ 14

Ve = DyVy — DoV,
e Tt 2fol 2

ze:IO+

(6)
with 7. that, in R4-8, can be associated with the lower
envelope of iy,

The average input and output currents in a switching period
can be derived from the terms in (3), (4), and (5), giving:

- - Vo,D,D V., 62
 —i.D oVgllo 002
PUTD K T VAN T) -
s = 5.0, + Yo PaPo _ Va5
out — teldo 2f3wL QfswL.

The resulting linear small-signal model, decomposing each
variable in (7) as © = X + & (where X and & represent
the steady-state and small-signal components, respectively), is
reported in Fig. 3, with related coefficients listed in Table I.

III. PROPOSED CONTROL SCHEME

The proposed control scheme employs a control loop to
regulate the converter output voltage and a concurrent control
to shape the inductor current to meet ZVS conditions for all the
switches. Current shaping is achieved by employing a regulator
that controls the base value of the inductor current, required
for ZVS at the instants ¢y and t3 in Fig.2a, and a predictive
function to impose the desired inductor current for ZVS at the
instants ¢1 and to in Fig. 2a. Eventually, the devised controller
exploits all the control variables involved in the converter
operation reviewed in Sect.Il to achieve the desired output
voltage control and ZVS operation.

The ZVS conditions at the basis of the employed predictive
function and the control design for the base inductor current
control using the FSBB energy model are reported in the
following.

A. ZVS Condition for Region 4-8

In order to reach ZVS operation, each current at the
commutation instant must present a proper sign and satisfy
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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.
Region ag by 9g g o bo 9o €,
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|I.| > Izvs, where the current Izyg can be estimated based
on the switches’ output capacitance C,;s and the dead time

tacad: 20 (V,, V)
OSSmaX ) o
Izvs = L . ®)
tdead

Operating in R 4-8 (see Fig. 2a), the relations [y < —Izyg and
min(Iy, I3) > Izys must be satisfied. The current values [
and I, depend from the voltage ratio V,,/V, and, based on (2),
can be written as:

Vy(Dy — 6
1110+9(fgL2)21ZVS it V, >V,
Sw (9)
Vo(D, — & .
I2zlo+(sz)ZIZVS itV, <V,

In order to strictly satisfy the ZVS conditions for all the
switches, [y is set to —Izys and I, I5 are set to Iyys. From
(9), the resulting D, is:

205y fowl :
DQZ%MQ iV, >V,
K (10)
2pvs fowl + 82V,
p, = Havs/ - + %2 iV, <V,

Remarkably, (10) comprises a couple of simple equations that
can be added to the control logic for achieving ZVS.

B. Control Design

The control scheme, displayed in Fig. 4, presents two loops,
one for output voltage control, the other to ensure the ZVS
conditions (9), as described next.

1) Output voltage control: is achieved by adjusting the
output duty-cycle d,. The related regulator PI, is designed
based on the transfer function G4, in (11), derived in [12]:

— bo D,V,

Uo(5) °T 2z
Gaols) = 225 _ 7 : 1
o(8) d,(s) 1+ D2Z,/Z; 1

where Z; comprises the inductor value L in series with
the total parasitic resistance of the circuit and Z, =
Rr/ (14 sR.C,) is the output impedance.

2) ZVS control: considering a desired ZVS current given
as reference to the controller (i.e., I}y, in Fig.4), the base
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Fig. 4: FSBB with output voltage and ZVS current control.

current [y is regulated to the set reference, while, by using
the relations in (10), the duty-cycle d is set to satisfy ZVS
conditions for the switched currents I; and /. From the small-
signal model in Fig.3, the transfer function from the phase-
shift 65 to the current i, (i.e., G;) can be computed, allowing,
after properly sampling the inductor current ¢, the control of
Iy using a linear regulator. The current regulator PI;y can be
designed computing Gs; from the small-signal model in Fig. 3.
Considering cfo = —9,PI,, knowing that v, is closed-loop
controlled, and by perturbing and linearizing (10), it yields:

8 iV, >V,

dy = (12)

~V
dg—

7
For example, if V;, > V},, the transfer function to be compen-
sated becomes:
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Fig. 5: Experimental converter setup; parameters in Table II.

TABLE II: Experimental Setup Parameters

V, 50V V, 45V
fsw 50kHz L 30uH
Rr, 4560 C, 100uF

Unlike alternatives in the literature, it is worth noting that
this control strategy exploits all the modulation variables to
enforce the desired converter operation. The control converges
to a unique solution where the output voltage is regulated and
ZVS conditions are met. In addition, the implementation does
not involve complex minimization functions as described, for
example, in [6], [7]. However, differently from valley current
control methods, the proposal does not ensure ZVS during
transient operation, a feature that can be reached with more
complex control logic and implementations [11]. Still, the
additional dedicated hardware, typically used for valley current
controllers [10], is not required for the proposed technique.

IV. EXPERIMENTAL VALIDATION

To validate the control technique, an FSBB is prototyped
using two Imperix Ltd PEB8024 half-bridges with 30 pH
inductance, while the control is deployed on an Imperix B-
Box 3.0, shown in Fig.5. The experimental parameters are
listed in Table II. The control logic is developed in Simulink;
it comprises the two PI regulators for the output voltage and
the base current loop, and the equation (10). The values of
the control variables have been properly saturated to keep the
converter operation within the desired operating mode R 4-8.
Based on the control design in Sect. III-B, the crossover fre-
quencies of the voltage and current loops are set to 140 Hz and
50 Hz, respectively, with phase margin 60 deg. The considered
ZVS current reference is set to 17, =5 A in the following.

To demonstrate the proposal, the system response to a load
step-change and an input-voltage step-change are shown, as
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Fig. 6: Response to a load step change from 45.6 2 to 91.2Q
with the proposed output voltage and ZVS current control.
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often done in other relevant papers. The reported results show
the desired tracking of the set current reference I7,,q at the
commutation instants to ensure ZVS.

Fig. 6 displays the obtained response to a load step change
from 45.6) to 91.2(2, showing a settling time lower than
10ms. The current ¢;, and the output voltage v, are regulated
close to the desired value, which proves that the control cor-
rectly adjusts the duty-cycles and the phase-shift to track the
given references. Fig. 7 displays the steady-state waveforms of
the FSBB converter before, in Fig. 7(a), and after, in Fig. 7(b),
the load step-change. The desired tracking of the set ZVS
current Iy, can be noticed. Small deviations in the current
value at the commutation instants are possible due to mea-
surement errors—as typical in digital control implementations
current regulation precision depends on the accuracy of the
current sampling [13]—-and parasitics.

Fig. 8 shows the system response to an input-voltage step-
change, from 45V to 50V. The ability of the control to
properly regulate the output voltage and ZVS currents after
short transients can be appreciated, with a settling time of
about 10 ms.

As a final remark, the measured dynamics normalized to
the converter switching period are comparable or faster than
alternatives found in the literature (see, e.g., [5], [7] and
[3], [10], [11]). Besides, the obtained speed of response
is suitable in several applications of FSBB converters with
typical dynamics as described in [14]-[16].

V. CONCLUSION

This letter describes a control organization for FSBB con-
verters that is capable of output voltage control and the
control of the switched currents at the switching instants to
ensure ZVS. This is performed by directly regulating the
base current of the converter using a PI regulator that adjusts
the phase-shift between the converter’s legs. The design of
this controller, never discussed before in the literature, is
allowed by applying a recently described energy-based model
of the FSBB converter. The output voltage is controlled by
an additional PI regulator that sets the value of the output-
leg duty-cycle, while the input-leg duty-cycle is derived by
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Fig. 7: Zoom-in view of inductor current and input and output voltages before (a) and after (b) the load step in Fig.6. The
currents at the switching instants are regulated at the desired value I7/g.
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Fig. 8: Response to an input-voltage step-change from 45V to
50V with proposed output voltage and ZVS current control.

using a predictive function to ensure ZVS operation. The
controller does not require complex functions or dedicated
control hardware. The proposed technique has been validated
with experimental tests.
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