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ABSTRACT This paper proposes a novel soft-switching control without zero-crossing detection for the
cascaded buck-boost converters (CBBCs). The proposed soft-switching control consists of two parts:
soft-switching modulation and closed-loop control. In the modulation, the employed PWM approach is
constructed by introducing a small negative current into the conventional PWM, and the soft-switching
modulation based on the negative-current-based PWM is presented by adding a new switching process
controlled by a modulation variable in the CBBC. In the closed-loop control, the relationship between the
models of the negative-current-based PWM and the soft-switching modulation is deduced, and by utilizing
the deduced relationship, the closed-loop control is designed while the PWM is modified to achieve the soft-
switching. Meanwhile, to further reduce the ripple current and device losses, the parameter of the proposed
control is optimized by refining the restrictive conditions. While the zero-crossing point of the inductor
current is calculated with a given algorithm based on a current measurement, the circuit of zero-crossing
detection is avoided. The validity and feasibility of the proposed soft-switching control approach are
confirmed by the simulations and experiments on a 200-W prototype.

INDEX TERMS Soft-switching control, negative-current-based PWM, zero-crossing detection, optimal

design, CBBC.

I. INTRODUCTION

With the rapid depletion of fossil fuel reserves, the growing
demand for electricity and the attention to climate change,
a deep exploration in the field of renewable energy resource
emerges. Buck or Boost converters are usually employed as
the interface of storage unit in PV systems, fuel cell and
electric vehicle, of which a major concern is that the change of
environment affects the converter output voltage. For Buck or
Boost converters, it is hard to satisfy the wide output voltage
range and the bidirectional power flow [1], [2]. Therefore,
in those applications, conventional Buck or Boost convert-
ers with a limited range of voltage regulation are unable to
meet the requirements of engineering designs. The Cascaded
Buck-Boost Converters (CBBC) shown in Figure 1, also
called H-bridge buck-boost converter, is able to operate in
both Buck and Boost modes while allowing the bidirectional
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FIGURE 1. Schematic circuit diagram of a CBBC.
energy flow, and thus suitable for the DC-DC transformation

in the case of storage field [3]-[7]. For the control methods
of the CBBC, the most common approach is the sectional
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control [8]-[10], which operates the CBBC as the basic Buck
converter, Boost converter or direct connection. However,
the input and output voltages need to be compared in this
approach, and the control modes need to be switched among
different operation modes. To overcome the above short-
comings, PWM control is proposed, but it has an increasing
switching loss due to the fact four switches are operated
together [11], [12].

Nowadays, the issue of the increasing switching loss has
drawn wide attentions, as the high switching frequency has
been commonly applied that further increases the switch-
ing loss, especially in the situation of high voltage or large
current [13], [14]. In order to reduce the switching loss,
soft-switching approaches are widely applied to all kinds
of power converters [15], [16]. In general, there are two
ways to achieve soft-switching for DC-DC converters [17]:
one way is to add the additional circuits to the main power
circuit of the converter, while the other avoids the insertion
of additional circuits and focuses on achieving soft-switching
by operating the converter in discontinuous conduction
mode (DCM).

In the way of adding additional circuits, some simple res-
onant circuits applied to the half-bridge CBBC have been
presented in the literature [18]—[22]. The basic operating prin-
ciple is to add the active and passive auxiliary components
to resonate with the inductor or parasitic capacitors of the
main circuit, and the switches of the converter can achieve
soft-switching. Also various resonant circuits for CBBC are
proposed in [23]-[26]. They ensure soft-switching of the
switches in the main circuit, using a combination of active
and passive auxiliary components. On the other hand, the
resonant switching cell proposed in [27]-[29] provides the
auxiliary resonant circuits formed by auxiliary switches,
the active and passive components. However, these additional
resonant circuits make the structure of the converters much
more complicated, and bring about an uncertainty for the
converters.

In order to avoid using additional circuits, the DCM-based
soft-switching methods are presented. For the half-bridge
CBBC, literature [15] proposes an approach. When the con-
verter works in Buck mode or Boost mode, the top and the
bottom switches act as main switches and auxiliary switches,
respectively. This approach employs the original structure
of the converter to form auxiliary switches instead of extra
circuits, and switches the operation mode according to the
values of input and output voltages. Literature [30] develops
a half-bridge integrated zero-voltage-switching (ZVS) full-
bridge converter, which features lower conduction loss and
secondary-voltage stress. But the developed converter struc-
ture is sophisticated. A different approach achieving soft-
switching for the bidirectional DC-DC converter is taken
in [31]. The appropriate inductor is selected to make sure
the direction of inductor current alternating in each switching
cycle. The approach omits zero-crossing detection of the
current, but it requires a high precision of inductance that is
hardly guaranteed under different circumstances.
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Aiming at a converter capable of realizing high efficiency
and bidirectional power flow, a soft-switching modulation for
CBBC is presented in [32]. The switches are gated in a way
that the inductor current has a negative current at the begin-
ning and the end of each pulse period, making the MOSFETSs
turn on when the antiparallel body diode is conducting.
By solving the equations of inductor current, the switching
time periods of the CBBC are calculated, and the open-loop
control based on the switching time periods is developed.
The patent [33] utilizes the same soft-switching method, and
realizes the closed-loop control using analog circuits with a
simple calculation. Literature [34] presents a control method
with sectional phase-shift to achieve soft-switching. In this
method, the modulation is adjusted according to the real-
time input and output voltages, so the modulation is closely
linked to control. The selection of phase shift directly affects
the soft-switching and closed-loop control, and it is hard to
decide the proper phase shift. And a digital control strategy
with the same soft-switching strategy for CBBC is presented
in [35]. Literature [36] proposed a constant frequency soft-
switching control with minimum root mean square value of
inductor current. The negative current is calculated and its
value is about one third of the average current, while this
relatively large negative current will influence the power
transmission and system efficiency. A novel control concept
for CBBC is presented in [37], while the PWM control signals
are modulated depending on operating points to minimize the
power losses. The optimal duty ratios are chosen in modu-
lation, but a lot of restrictions in the selection process are
needed.

The proposed control has been compared to the recent
works mentioned above in the aspects of: the realization of
closed-loop control, the utilization of zero-crossing detection,
the value of —Ip and the transmission efficiency. And the
comparison is summarized in Table 1.

TABLE 1. Comparison with recent works.

Closed- Zero- Value of —
Loop Crossing I Efficiency
Control  Detection 0
Soft-Switching - v Medium 98.3%
in [32]
Soft-Switching \ \ Medium 98.7%
in [34] and [35]
Soft-Switching v - Large 98.0%
in [36]
Soft-Switching y - - 97.79%
in [37]
Patent [33] v - Large 97%
Proposed Control N - Small 98.8%

When it is known that the closed-loop control has outstand-
ing performance for disturbance restraint, the closed-loop
control method is actually seldom studied for DCM-based
CBBC. On one side, the CBBC has two legs, which means
that there are two free variables in the control, thus the Single
Input Single Output (SISO) control for CBBC should be
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further studied. On the other side, the design goals of soft-
switching modulation and closed-loop control are completely
distinct, the traditional PWM control for CCM-based CBBC
is unable not be applied directly. Hence, this study addresses
these two difficulties and cooperates the soft-switching mod-
ulation with the closed-loop control, so it contributes the
controls of CBBC.

In DCM, when the inductor current drops to zero,
the inductor current flows backwards, which results in
the current intrusion and a great fluctuation of the output
voltage [38], [39]. To prevent the current intrusion phe-
nomenon, the zero-crossing detection circuit is usually used
in [32], [34], and [35], but it increases the system cost and
its accuracy influences the control performance. In the pro-
posed control, the zero-crossing detection circuit is avoided
by introducing a current measurement at a specific point and
the online calculation of the zero-crossing point of inductor
current.

One of the advantages of the zero-crossing detection is that
—1p can be controlled to increase the efficiency. By compari-
son, the method of timer and time calculation in [33], [36],
and [37] would produce great error of —Iy, which will
reduce the efficiency. To avoid the zero-crossing detection
and improve efficiency, —Ip is precisely controlled by cal-
culation and an inductor current is measured to heighten the
control accuracy.

Furthermore, literature [40] proposes an optimal control
of the inductor current to achieve a high efficiency for all
load conditions especially in light-load, but the way to reduce
ripple value of inductor current for the soft-switching of
CBBC operated in DCM has been rarely discussed in detail.
In order to optimize the design of the soft-switching closed-
loop control, the approaches of the ripple current reduction
are presented as well.

Motivated by the afore-discussions, this study proposes a
soft-switching closed-loop control for CBBC. With regards
to the literatures, the major contribution of this study can be
summarized as follows:

o The closed-loop control and modified PWM for soft-
switching modulation are presented. The relationship
of negative-current-based PWM (—Ip-based PWM) and
the soft-switching modulation is deduced, and based on
the deduced relationship, a modified PWM of the soft-
switching can be realized in the same control structure
for the soft-switching modulation. The design and the
implementation of CBBC would be soundly simplified.

o A relatively large current is measured to maintain a
higher calculation accuracy of —Ij, and the online zero-
crossing calculation is introduced to replace the zero-
crossing detection circuit.

« The optimization design for reducing the ripple current
and the device loss is provided through optimal selec-
tion of the variables in the soft-switching closed-loop
control.

The remainder of this paper is organized as follows.

In Section II, the proposed soft-switching control strategy
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is provided, and the soft-switching modulation and closed-
loop control are discussed in detail. Section III clarifies
the optimal design of control parameter that would ensure
soft-switching with a stable and better performance. Finally,
Section IV presents the experimental results and discussion,
while Section V concludes the paper.

Il. PROPOSED SOFT-SWITCHING CONTROL

The circuit of CBBC, as shown in Figure 1, is composed
of four MOSFETs (S1—S4) with antiparallel body diodes
(D1-D4) and parasitic capacitors (Coss1—Cossa), €nergy-
storage inductor L, two filter capacitors C; together with C,.
Because of the symmetry of the converter structure, it can
be achieved bidirectional power flow that features the same
operation. In this paper, we choose a left-to-right power flow
for research. The input voltage, the output voltage and the cor-
responding voltage on each switch are defined as vin, vouT
and v;—v4. For the CBBC circuit, the losses of MOSFETSs
have played a significant part in the total converter loss.
In order to reduce the total loss and maintain a high efficiency
of the CBBC, the soft-switching control is proposed.

Design controller Based
| on —/y-based PWM

Dl l | Closed-Loop
| Control
Establishing the Relationship |
between Two Modulations
- Dl_ — - Optimized
|- —— —— w— —— —— | DesignofD:
Determination of | D,
| duty cycles Di1-Ds | [,
l | Measuring the
| Current of 12
Triangle Wave

|_ Comparison Control |Soft-Switching
—— — — — _1 Modulation

FIGURE 2. The overall framework of proposed soft-switching control
for CBBC.

A. FRAME OF THE SOFT-SWITCHING CONTROL

The overall framework of proposed soft-switching control for
CBBC is shown in Figure 2, and it includes two parts: soft-
switching modulation and closed-loop control.

The inductor current waveforms of proposed soft-
switching control and —Ip-based PWM are shown in
Figure 3(a) as ir1(¢) and ir»(¢), respectively.

The control process includes 4 steps:

1) The closed-loop control is established according to —I-
based PWM to obtain the control variable as a duty cycle D;.

2) By comparing the model of —Ip-based PWM to the
model of soft-switching modulation, D’l is converted into a
duty cycle of soft-switching modulation as Dj.

3) An optimized D, and the measured inductor current />
att = (D1 + D;)Ts are utilized to calculate the duty cycles
D1—Dy of soft-switching modulation.

4) The triangle wave comparison control is employed to
get the control signals for each switch.
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FIGURE 3. (a) Waveform diagram of inductor current for —/y-Based
PWM (i 5 (t)) and the soft-switching modulation (i ; (t)) for Buck mode.
(b) Control signals of S; to S, for —/y-Based PWM. (c) Control signals of
S; to S, for the soft-switching modulation.

In this proposed control, inductor current I, at ¢t =
(D1 4+ D»)Ts is much larger than zero, which means the
measurement of I will have higher accuracy than the detec-
tion of zero-crossing point. Thus, by measuring /> and some
simple calculation, the zero-crossing point of inductor current
can be attained to avoid the zero-crossing detection circuit.
Further the ripple current and the device loss are reduced by
optimally designing the control parameter D».

B. SOFT-SWITCHING MODULATION

For the CBBC with conventional PWM, the MOSFETSs are
divided into two groups: one group uses S; and Ss, and the
other one uses S» and S3, and the two groups are comple-
mentary in each switching cycle T [17]. It is unnecessary to
compare the input and output voltages, and the same control
and modulation can be used in Buck mode, Boost mode and
equal-voltage mode (where the input and output voltages are
equal).

However, when the CBBC operates in DCM, the continu-
ously increasing negative current (—/Iy) will bring about the
current intrusion. To avoid the current intrusion, —Iy-based
PWM based on the conventional PWM is proposed in this
paper, which creates a continuous current circuit when the
inductor current is negative. By doing that, the inductor cur-
rent continues to be —Ij until the end of this switching cycle,
and the —Ij is employed to design the specific switching
sequence of soft-switching.

The inductor current waveform of —Ip-based PWM is
shown in Figure 3(a) for CBBC in Buck mode, and the control
signals of each switch are shown in Figure 3(b).

Stage 1 (0 <t < D’l Ts): The switches S| and S4 are turned
on while §> and S3 are turned off. In this period, the input
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voltage passes through the inductor to store energy, which
leads to the increase of the inductor current.

Stage 2 (D|Ts < t < (D} + D))Ts): The switches S; and
Sy are turned off while S» and S35 are turned on. At that time,
the electric energy stored by the inductor is transferred to the
output, so the inductor current is reduced to the negative.

Stage 3 (D] + D3)Ts < t < Ts): When the inductor
current reaches —I that is closed to 0 at t = (D] + D))Ts,
turning off S3 and turning on S4 create a new switching
process for the soft-switching modulation. In the last time
period (D} + D,)Ts < t < Ts, the switches keep unchanged,
while the mductor does not transmit energy at that time. Due
to the freewheeling process, the inductor current remains —1I.
In addition, there is a commonly used dead time in the control
signals of each switch.

In light of the charging and discharging processes of induc-
tor and capacitor mentioned above, the differential equations
that represent the dynamical behaviors of the circuit are
given by

p _VOUT/R 0§t<D/1TS
C VstUT — )i — VOUTRD/lTS <t< (D/l +D/2) Ts (1)
_VOUT/R (D/l +D/2) Ts <t <Tg
di VIN OSZ‘<D’1TS
Ld—L =1 —vour D|Ts <t < (Dy + D)), Ts  (2)
! 0 (D/1+D/2)T55I<TS

where it is defined as the inductor current.

As shown in Figure 3(a), Ipea is the steady-state peak value
of inductor current, while k; and k> are the rising and falling
slopes of inductor current in it »(¢), respectively. According to
geometric relationship of inductor current in the steady state,
ki, k> and Ipeax are calculated by:

Vin
k= N 3
1 T 3)
Vour
k = — 4
2 2 “4)
% 1%
DLyeak = —zN DTy — I = 2L D15 — Iy 5)

where VN, Vout. R, D) and D), are steady-state input volt-
age, output voltage, output resistor, charging duty ratio and
discharging duty ratio, respectively. It is noteworthy that —
is not the minimum inductor current due to the function of
inductance discharging.

Solving (5), it gets the relation between D and D):

Viv

D) = D (6)

Vour
The steady-state mean value of the current flowing through
the capacitor C; is denoted Ic2 1 , and it is calculated on the
basis of the waveform of iy »(¢) as:

- Lyear + 1o p Vour
Iy = 22— 5 D), — D,Iy — =
Vin Vour
~ —D; DLT. 7
oL VTS T TR )
32525



IEEE Access

J. Yu et al.: Soft-Switching Control for CBBCs Without Zero-Crossing Detection

where the inductor current determining the voltage control
through (1) could be obtained by the area of the specific
current. During the period between D) Ts and (D) + D})Ts,
—1p is much smaller than the rest of the switching cycle, so it
can be ignored. Substituting (6) into (7) yields:

2
VIN 2 Vour

2LV out s R

The capacitor current in (8) is equivalent to the inductor
current in (1), and the —Ip-based PWM can be designed
according to (1).

The approach of —Ip-based PWM has the advantage
of simple realization and safe operation especially in
equal-voltage mode, but it has the drawback of increasing
switching loss. In order to improve the efficiency of CBBC,
the soft-switching modulation approach is presented based
on the principle: the antiparallel body diode of the MOSFET
should be on before turning on the MOSFET, while para-
sitic capacitor should be charged firstly when the switch is
turned off. In order to do that, a new set of switch states is
added to —Ip-based PWM, so four switches are conducted in
the order of S1-53-52-S4. The mechanism for achieving soft-
switching of all switches can be fully explained in accordance
with the equivalent circuits shown in Figure 4.

In each switching cycle, there are ten different switching
processes, and each equivalent circuit in Figure 4 represents
one switch state.

Stage 1 (0 <t < D1Ts and i, < 0): When the time starts at
zero, the energy stored by the inductor L flows into the input
side through the antiparallel body diodes of S and S4. After
the dead time for S1 and S», S is turned on at soft-switching
state, as shown in Figure 4(a).

Stage 2 (0 <t < D1Ts and i;, > 0): As the energy in L dis-
sipated, the input voltage vin charges L, while Cogs1 and Cogga
are completely discharged through S and S4, in Figure 4(b).

Stage 3 (t = DTs): At this point, if, charges Cogsa While
S4 is turned off simultaneously to reduce the switching losses
of S4, as shown in Figure 4(c).

Stage 4 (D1Ts < t < (D1+ Dy)Ts): At the end of the dead
time for S3 and Sy, the full charge of Cyg4 is accomplished,
and the antiparallel body diode of S3 takes over the current.
Where, the charging-discharging status of the inductor L
depends on the difference of input and output voltage, so that
S3 is naturally turned on at soft-switching state, as depicted
by Figure 4(d).

Stage 5 (t = (D1 + Dy)Ts): iL, charges Cogs1 While Sy is
turned off at the same time to achieve low switching losses
of S, as depicted by Figure 4(e).

Stage 6 (D1 + D2)Ts < t < (D1 + D2 + D3)Ts =
(1 — D4)Ts and ip, > 0): In the period of dead time for
S1 and S, the full charge of Cyg1 is accomplished, and
the current flows through the antiparallel body diode of S,.
Where, L discharges to the output voltage v so that Sis turned
on at soft-switching state, as depicted by Figure 4(f).

Stage 7 (D1 + D2)Ts < t < (1 — D4)Ts and i, < 0):
When i1, changes direction, the output voltage vout charges

(®)

Ic2 =
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L while Cygso and Cogq3 are completely discharged through S,
and S3 as shown in Figure 4(g).

Stage 8 (t = (1 —D4)Ts): As S2 and S3 remain conductive,
iL, steadily drops until it reaches —Ip when t = (1 — D4)Ts,
and then S3 is turned off as shown in Figure 4(h). Due to the
freewheeling of the inductor current, the value of inductor
current will decrease to a negative value more than —Ij in
this time period. The light value of inductance makes the
minimum inductor current just slightly smaller than —I,
so the minimum inductor current is regarded as —Ij.

Stage 9 ((1-D4)Ts < t < Ts): At the end of the dead
time for S§3 and S4, the charge of Cys3 is accomplished,
the antiparallel body diode of S4 takes over the current, and
S4 is turned on after dead time to achieve soft-switching of
S3 and S4. In the process, i, keeps unchanged until the next
switch period, as shown in Figure 4(i).

Stage 10 (t = Ts): Similarly, S, is turned off in a low-loss
state in Figure 4(j)

In general, such switching sequence generates relatively
low losses especially when the converter operates under high
switching frequency or high voltage.

C. CLOSED-LOOP CONTROL

The arithmetical relation between the models of —Iy-based
PWM and soft-switching modulation is essential for the soft-
switching control. Therefore, the model of soft-switching
modulation is firstly built as follows.

The inductor current waveforms ip;(t) of CBBC with
the soft-switching modulation in Buck mode is depicted in
Figure 3(a). Based on the charging and discharging processes
of inductor and capacitor for the soft-switching modulation
discussed above, the dynamical behaviors of capacitor and
inductor are formulated as

—VOUT/R0§t<D1TS

iL —vour /RD1Ts <t < (D1 + D2) Ts
iL —vour /R (D1 + D)

Ts <t <(1—-D4)Ts

—vour [R(1 =Dy Ts <t <Tg

dvour
dt

)
vin 0<t<DiTsg
dir, vin —vourDiTs <t < (D1 + D2) Ts
dt —vour D1+ D2)Ts <t <(1—=D4)Ts
0 (1-DyTs<t<Ts

(10)

In the steady state, the internal relations among /1, I» and
duty cycles can be obtained according to Figure 3 as:

I = VLﬂDlTS — 1y
L—1I = VIN—LVOUT D, Ts
L = Yo D3Ts — I
Dy +Dy+ D3+ Dy =1

(1)
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FIGURE 4. EquivalenT circuit diagrams for the soft-switching modulation of CBBC.
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(8) (D1 +D,y)Ts <t < (1 —Dy)Tgand iy < 0. (h)t =(1—Dy)Ts. (i) (1 —Dy)Ts <t <Ts.(j) t =Ts.

The mean value of the current flowing through the capacitor
C called Ic; 2 can be calculated by:

- I+ I + 2I L+ 1
Ic2 = D) + D3
2 2
Vour
— (D2 +D3)Ip — (12)

The mean value of the inductor current I is solved as:
- I + I I + 1L + 21 I + 1
=" D+ TS0 £ S D~y (13)
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To indicate the functional relationship among steady-
state duty cycles D, D2, D3 and Dy, (11) is simplified
as

(11 + VIN_LVOUTDZTS _’_10>/V0L£TTS
D3 = N (14)
(I + Io) /Yoy

From (14), D3 can be calculated according to the measure-
ment of inductor current I or I».
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Substituting (11) into (12) and neglecting —1 yields

- TsVj Ts (Vi — VourVin)
Ieap = D D;
LVour 2LVour

TSVI%V »  Vour

(15)

2LVour ' R
Supposing that the average values of the current flowing
through C; in (8) and (15) are equal, it yields
D \/ VourD3 + ViyD3
1 =
Vin

—Ds (16)

where the function of D is obtained from Proportion Integra-
tion (PI) controller with the —Iy-based PWM. Besides, D, is
an uncertain variable that has some restrictions and influents
on the performance of soft-switching, and will be discussed
in next section.

With the principle of voltage-second balance, the inductor
current integral in the time period D, Ts is equal to that of
D>Ts + D3Ts as shown in Figure 3.

By employing (16), the PI control with —Ip-based PWM
for controlling the output voltage can be used in CBBC with
DCM-based soft-switching modulation.

Only the output voltage control loop exists because the
mean value of inductor current is too small to be controlled
individually in DCM. In the PI control, the output value of
PI controller is the duty cycle D, so the control approach
ensures the desired output voltage even if the load changes.
Since the system is nonlinear, the state average model of
CBBC with —Iy-based PWM is used for designing the output
voltage control loop. And considering the directivity of the
variables, the state average model of different modes can be
defined uniformly as

d vour )z, (viv (D)

_ (vour (1)),
dt 2L (vour (1)1

C
2 R

d? (1) Ts—

a7

where (viy (t)7) and (vour (t)7) are the state mean values
of input and output voltages. Using (17), the steady state
model applying Laplace transform is established by:

V2 DiRTs
LCRVours + 2LV our

where Gyq(s) is the transfer function of Voyr versus D).

The parameters K, and Kj of the PI controller are selected
such that the voltage control loop is regarded as typical
second-order systems in Buck mode, Boost mode and equal-
voltage mode. In addition, the parameters of Gyq(s) differ in
each operating condition, due to an alteration of capacitor of
C, and different voltage transfer ratios. As a consequence,
K, and K; have to be adapted to parameter variations.

Ga (s) = (18)

D. ZERO-CROSSING CALCULATION

OF INDUCTOR CURRENT

With regard to the traditional soft-switching method with
zero-crossing detection, it is difficult to guarantee the accu-
rate detection of zero point. And the precision of the detection
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as well as the switching speed have significant impact on the
soft-switching effect.

Instead of zero-crossing detection continuously, a current
measurement at specific instant is carried out in the proposed
soft-switching control, and a calculation of zero-crossing
point is introduced to avoid the zero-crossing detection.

In the modeling of CBBC with soft-switching modula-
tion, the negative inductor current —/ is considered into the
model, thus in the proposed control, the time period D; for
soft-switching modulation are calculated according to (16).
The given value of —Ip is a small value closed to zero,
so it can be neglected in the calculation process of (16).
A measurement of /1 or I is introduced when calculating Ds.
At this point, with the known optimal variable of D>, the cal-
culated value of D; and the measured/; or I>, D3 are obtained
according to (14). While —/j can be accurately controlled to
a given value closed to zero through (19).

v, Viv — Vi
ourt D3TS . IN our D2TS _ I]
Io = VL L (19)
OLUT DiTs — I

In the implementation of CBBC, the sampling inductor cur-
rent at D1Ts or (D1 + D») Ts as I or I, is employed for
system current protection, becausel; or I» is the peak current
in different modes as shown in Figure 5. Concretely, I is the
nearest turning point to —Iy which simplifies the calculation
process and time. While /; is measured at the steadiest stage
of current change where the error caused by the delay of the
measurement system is less affected. The large measuring
values of 11 and I, have higher detection accuracy and are
conducive to zero-crossing point calculation comparing with
the small current. Meanwhile, the measurement of inductor
current is benefit to suppress the continuous increase of —Iy
and enlarge the transmission power as well as the efficiency
of CBBC. In addition, choosing whether to measure /1 or I»
will be further compared in the experiment section.

A 1 A A
i, (1) 1, / ) i (1) 4 \ I i, (1) 1, I,
) ° /0 /,
-1, > — > -, —
D D, D, | D] DD D D" DD, DDt

FIGURE 5. Waveform diagram of inductor current for proposed
soft-switching control. (a) Buck mode. (b) Boost mode. (c) Equal-voltage
mode.

Remark 1: In the case of the timing error, the output
voltage under the closed-loop control is not influenced, while
the soft-switching affected in the current switching cycle
can be recalculated and corrected in the next switching
cycle. Further some observer-based adaptive control methods
can be employed in the case of the component parameters
variation.
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FIGURE 6. Proposed soft-switching control approach for CBBC.

E. IMPLEMENTATION OF THE PROPOSED
SOFT-SWITCHING CONTROL
As demonstrated in Figure 6, the control approach consists of
closed-loop control and soft-switching modulation. The con-
trol algorithm is realized on the DSP TMS320C28335 chip.
In the process of implementation, PI control is designed
to control the output voltage by software to obtain D}. The
PWM waveform which is set to D} is improved accord-
ing to (16). In this way, initial Dy for the soft-switching
modulation will be achieved in every switching cycle. After
that, the control signals ofS;(#) and S>(¢) are obtained by
comparing the triangular wave with the duty cycle D + D».
Similarly, S3(¢) and S4(¢) operate in the light of the duty cycle
D, + Dj3 through the triangular wave comparison, and the
rising edge is received at D while the trailing edge is got at
D1 + D> + D3. The duty cycle D3 can be calculated based on
(14) and D is a given value that can be optimized. In (14),
an interrupt has occurred to measure the value of I, when the
control signal of D| + D> flips that is t = (D1 + D»)Ts, and
I is the value measured in the last switching cycle. While the
measurement of /| can be attained in the same way. The dead
time of the control signals for each switch is introduced to
eliminate the effect of the turn-off delay and ensure the full
charge of the parasitic capacitors simultaneously.

1IlIl. OPTIMAL DESIGN OF CONTROL PARAMETERS

The selection of control parameters is critical to the achieve-
ment of the proposed soft-switching control for CBBC. Since
there is a degree of freedom to optimize according to (11),
the ripple current and device losses are chosen to be improved
under steady state.

A. OPTIMIZED RIPPLE CURRENT

The ripple current is the high harmonic component of the
current. Due to the large change of the current amplitude,
the current ripple may directly affect the performance of the
switching power supply. Operating in the DCM mode, the
CBBC can be designed with a low inductance, but its inductor
current is relatively large.
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The peak current can be expressed in (20) for Buck mode
and (21) for Boost mode.

VourTs

Ipeak = D3T —1Ip (20
VinTs

Ipeak =D -1y 21

By using (14), (16), (20) and (21), the inductor current ripple
Al can be expressed as

Al = Ipeak + Iy

(\/ VourVinD? + V3,D? — VOUTD2> L (a)

<\/V0UTV1ND% + VD3 — VIND2) TL—S (b)

(22)

where (22-a) is for Buck mode and (22-b) is for Boost mode.
As AL alters for every operation mode, its value is used to
satisfy the system requirements. When the system parameters
and the input and output voltages are fixed, it is only related
to the variable D>.

B. OPTIMIZED DEVICE LOSSES

Device losses contributes a large part of the total losses
of a DC-DC converter, particularly for a high switching
frequency. For the device losses of CBBC, they consist of
switching losses and conduction loss, which can be expressed
as:

Pioss = Peon + Py (23)

where Pg,, is switching losses, andP.,, is defined as
conduction loss,

The switching losses comprise the turn-on loss and turn-
off loss of MOSFETs and its antiparallel body diode, and
the losses of MOSFET’s parasitic capacitors. For the CBBC,
the turn-on loss and turn-off loss of the MOSFETs can be
ignored because of the soft-switching modulation, while it
is usually neglected for the antiparallel body diodes. Hence,
the switching losses can be calculated as:

Psw = 2Cosxvés (24)

where Vpg is the voltage between the drain pole D and the
source S at the cut-off time.

The conduction loss of CBBC could be evaluated by the
loss estimation method in [41]:

Peon = (2D14D2)* IgyisRastony +(1 — D2—2D1) Vsplps
+ (D242D3) Vsplrus +(1—D2—2D3)* IsgRason)
(25)
where, Ipg is the leakage current at the actual junction tem-
perature at the cut-off time, Vsp is the forward voltage drop
of the antiparallel body diode of the power MOSFET, Irpms iS

the effective current of the inductor, and the average inductor
current can be expressed by the average inductor current in
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the case of direct-current as (13). And Rgs(on) is the resistance
between D and S when it is conducted.

The device losses of the proposed soft-switching control
can be calculated according to (13) (23), (24) and (25). And
the formula of the device losses can be simplified on the basis
of (11), (14) and (16) while neglecting —Iy. After that, the
device losses can be expressed in terms of Dj.

C. VARIABLE SELECTION

In the proposed soft-switching control, there is no sufficient
condition to ensure each switching stage distinctly, so a given
variable of duty cycle is added. Based on that, the ripple
current and the device losses connect to D;, so D5 is chosen
to be the variable to achieve the optimal design.

Before the selection of D5, the duty cycles have a certain
range of value, those are, D4 > 0, D1, D> and D3 are more
than zero at the same time to ensure the specific conduction
sequence. After substituting (8) into (1), setting the left half
of (1) to zero, D] is got as (26). And substituting (26) into
(11), (14) and (16) can obtain the range of D; as (27).

2LVZ,,
~ TsRVA
D = \/(VOUTD% + VourD?)/Vin — D2 > 0
D, >0

Dy = \/(Vour VivD3 + V3, D}) [Vayp = D2 = 0
Dy=1—-D;y—D,—D3>0

2

1 (26)

27)

In order to achieve low ripple current and low device losses,
D> is optimized according to (22) and (23). It is obvious
that Dy specified by (27) is better to keep it as large as
necessary with a certain safety margin in case of abnormal
condition when CBBC works in maximum power condition.
As results, the obtained value of D, can not only achieve the
soft-switching successfully but also lead to a higher system
operation effect, which makes the ripple current and device
losses smaller.

Remark 2: Since there is only control freedom to optimize
the maximum power limit and medium/light load conduction
loss, a tradeoff between the two has to be made.

IV. EXPERIMENTAL RESULTS

The performance of the proposed soft-switching control
approach is tested and evaluated on a 200W CBBC proto-
type. For the purpose of performance evaluation, this same
converter is also tested with using —Ip-based PWM approach
and sectional control. The overall framework and principle
of experimental platform is depicted in Figure 7, and the
actual platform is shown in Figure 8. The whole system
consists of three parts: control circuit board, sampling board
and switch devices board. The control system uses a DSP +
CPLD structure with TMS320C28335 DSP and XC9572XL
CPLD chips. The sampling system includes hall sensors
(CHV-25P and CHB-25NP) and hardware protection circuits.
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FIGURE 7. The overall framework and principle of the experimental CBBC.

The main circuit are constructed according to [21] and [31]
with the inductor L = 13 pH, input side capacitor and
output side capacitor C; = C, = 470 uF. The MOSFET
adopts IPW60R099C6. In the sectional control, the induc-
tor is chosen as 1mH. Due to the hardware limitation, the
switching frequency is set as 12.8kHz. In the experiment,
the variable D; is set as 0.2 after optimization and —Ij is
chosen as —0.5A. A large value of —/y reduces the power
transmission efficiency, while a very small value will affect
the soft-switching. Based on [32], the range of —Ip should
meet following constraint:

C, e
Io > max (Viy, Vour) ,/ T (28)

Remark 3: Due to the limitation of the experimental con-
ditions, the switching frequency of the experiment is set
as 12.8 kHz. The proposed soft-switching control can be
applied to higher switching frequency.

A. EFFECTIVENESS OF CLOSED-LOOP CONTROL

The closed-loop control strategies of CBBC with soft-
switching modulation in all operating modes are tested. The
output voltage was controlled by PI controller which was
design according to —Ip-based PWM. After the calculation
of (16), the PWM wave was adjusted, and the switches oper-
ated in new switching sequence to achieve soft-switching.
The time periods in each duty cycle can be determined with
(14) and (16), so no zero-crossing detection was used.

With the proposed soft-switching control approach
for CBBC, the voltage and current waveforms shown in
Figure 9 demonstrated the performance with measured /1,
while a measured /I, was taken into the proposed approach
in Figure 10 where L1, viNy and vourt represent the inductor
current of proposed soft-switching control, input voltage and
output voltage. The CBBC was operating in Buck mode
with Vv = 24V and Vour = 15V, of which the voltage
waveforms and inductor current waveform represented as ir |
were shown in Figure 9(a). The voltage and current wave-
forms of CBBC operating in Boost mode with Viy = 24V,
Vout = 36V, were shown in Figure 9(b). While Figure 9(c)
showed the voltages and current waveforms of CBBC with
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FIGURE 8. Experimental 0.2-kW CBBC.

VIN = Vour = 24 V. In addition, the output power was
200W in these experiments. In Figure 9, the ripple current of
Buck mode was 39A, Boost mode as 36A and equal-voltage
mode was 34A, and —I is controlled to be —2A. While the
ripple current reduced to 37A in Buck mode, 33A in Boost
mode and 31A in equal-voltage mode, and —/ is about —1 A
as shown in Figurel0.
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FIGURE 9. The voltage and current waveforms of the proposed
soft-switching control with measured /,. (a) Voyr = 15V and Vj\ = 24V.
(b) Voyr = 36V and V| = 24V.(c) Vgyr = 24V and Vjy = 24V.
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The above experimental results showed that CBBC with
the proposed control and soft-switching modulation can real-
ize diversiform voltage conversions accurately in Buck, Boost
modes and equal-voltage mode. At the same time, the control
effect of measuring /> is better than that of measuring /1,
which is mainly reflected in the smaller ripple current and
the more accurate calculation of —Iy. And the following
experiments were based on measured values of /5.

With the developed closed-loop control, the output voltage
is kept stable under disturbances. The voltage and current
waveforms shown in Figure 11 demonstrated the response
to an abrupt load change. The CBBC was operating in Buck
mode with Viy = 24 V and Vour = 36 V. Two series of tests
were carried out in order to obtain a comparison between the
load resistance increase and decrease. Both cases used the
same control scheme presented in Figure 5. The results of
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FIGURE 10. The voltage and current waveforms of the proposed
soft-switching control with measured /,. (a) Voyr = 15V and Vjy = 24V.
(b) Voyr = 36V and Vjy = 24V. (c) Voyr = 24V and Vj = 24V.

the tests under increasing decreasing of the load resistance
from 72 to 102, was shown in Figure 11(a), and the results
of the decreasing load resistance from 10€2 to 7€2 was shown
in Figure 11(b), The results indicated the output voltage and
inductor current returned to stability after a small oscillation
when the load changed. In this way, the tests proved the
proposed soft-switching control maintains a safe, reliable,
and efficient operation.

B. VERIFICATION OF SOFT-SWITCHING

To further verify the performance of soft-switching, the wave-
forms of switches for CBBC with Voyr = 15V, Vin =
24V were shown in Figure 12, where vi—vy4 represented volt-
ages across S1—S4 and S1(7)-S4(¢) were the control signals
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FIGURE 11. The voltage and current waveforms of load change test.
(a) Increase in the load resistance R = 7 2 — 10 Q. (b) Decrease in the
load resistance R =10 @ — 7 Q.

of each switch, respectively. Because the currents of the
MOSFETSs were difficult to measure, inductor current was
presented instead. The turn-on and turn-off instants of S
were showed in Figure 12(a). The soft-switching in turn-on
instant of §1 occurred when the control signal S (#) increased
to driving voltage as 24V while v; dropped to zero, and the
current was zero because it went through the antiparallel
body diode Dj. The soft-switching in turn-off instant of S
emerged when S;(7) reduced to zero before v rose from
zero to input voltage as 24V, and the current was large than
—Ip because it charged the parasitic capacitor Cyg; firstly.
Similarly, the effects of soft-switching of S», S3 and S4 were
shown in Figure 12(b), (c) and (d). The current went through
the antiparallel body diodes to achieve soft-switching when
S$1-S4 were turned on, and the currents of S;—S4 were zero.
When S1-S4 were turned off, the current charged parasitic
capacitors first, which makes the currents through S;—Ss
close to zero. A lightly delayed turn-on of the S;—S4 in
Figure 12(a), (b), (c) and (d) was conducive to fully recharge
the parasitic capacitors.

The overall efficiencies for CBBC in all operation modes
with the proposed soft-switching control, —Ip-based PWM
approach and sectional control were measured using a HIOKI
3390 Power Analyzer. The input voltage was 24V and the
output voltage was 15V for Buck mode. In Boost mode,
the input voltage was set to 24V and the output voltage was set
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FIGURE 12. (a) Soft-switching condition of S; and S,. (b) Soft-switching
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to 36V. And the input voltage was 24V and the output voltage
was 24V for equal-voltage mode. In those tests, the change of
output power was achieved by adjusting the output resistor.
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FIGURE 13. Measured overall efficiency for CBBC. (a) Proposed
soft-switching control. (b)—/y-based PWM control. (c) Sectional control.

TABLE 2. Peak efficiency of three modulations.

Buck Boost Equal-Voltage

Operation Mode Mode Mode Mode
Proposed Soft- 98.4% 98.4% 98.8%
Switching Control
—I,-Based PWM 96.2% 96.1% 96.7%
Control
Sectional Control 94.5% 94.5% -

The power conversion efficiency of the three controls were
shown in Figure 13(a), (b) and (c), respectively.

It was evident from Figure 13 that with the proposed soft-
switching control, a close-to-peak efficiency of about 98.4%
of Buck and Boost mode, 98.8% of equal-voltage mode is
obtained for the output power ranging from SOW to 200W.
Within the same power range, the efficiency of —Iy-based
PWM control was 96.2% of Buck or Boost mode and 96.5%
of equal-voltage mode, and there were approximately 2%
lower because of the hard-switching. And the efficiency
of sectional control was about 94.5%, owing to the hard-
switching and large value of the inductor. And the efficiencies
for three approaches were summarized in Table 2. In the
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low-power condition, there was a rapid drop of efficiency due
to an increasing loss of inductor at low current [42]. In gen-
eral, a high efficiency of proposed soft-switching control was
maintained over a wide operating range.

C. VERIFICATION OF RIPPLE CURRENT REDUCTION

The proposed soft-switching control reduces the ripple cur-
rent by using the optimized duty cycle D> when comparing
to —Ip-based PWM control. The inductor current waveforms
of CBBC with —Ip-based PWM control method in the same
operating conditions of Buck, Boost and equal-voltage mode
were shown in Figure 14(a), (b) and (c) where i1 » represented
the inductor current with —Ip-based PWM control. While
the ripple currents of proposed soft-switching control can
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TABLE 3. Ripple current of two modulations.

Soft-Switching —I,-Based PWM

Operation Mode Control Control
Buck Mode 37A 47A
Boost Mode 33A 48A

Equal-Voltage Mode 31A 48A

be found in Figure 10(a), (b), and (c). As seen from the
Figure 14, the ripple current was 47A in Buck mode, 48A in
Boost mode and 48A in equal-voltage mode. The compar-
ison of ripple current between soft-switching control and
—Ip-based PWM control was listed in Table 3. By comparing
the two controls, it is clear that the ripple current can be
reduced sufficiently by the proposed soft- switching control.

V. CONCLUSIONS

This paper proposed a soft-switching control method for
CBBC, and the features of the proposed soft-switching
control can be outlined as follows:

1) It is a modification of PWM based on —Iy-based PWM
modulation and its closed-loop control.

2) By modeling the CBBC with —Ij-based PWM and the
soft-switching modulation, the relationship between the duty
cycles of the two modulations is deduced.

3) No zero-crossing detection of inductor current is
required, and —/j in the proposed method can be controlled
as a small value, so the transmission power and the efficiency
of CBBC are improved.

4) An optimal design of D, that is an additional freedom
in the proposed control method is presented to achieve lower
ripple current and device losses.
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