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A Combined PWM and Phase-Shift Control Method
With Adaptive ZVS Boundary Regulation for
Bridge-Arm Reused FSBB-LLC Converter

Fei Liu

Abstract—The four-switch buck-boost (FSBB) converter cas-
caded with LLC resonant converter can achieve zero-voltage
switching (ZVS) of power switches and wide-range voltage reg-
ulation. To improve the power density and reduce the costs, the
bridge arms in the two converters can be reused, thereby forming
the bridge-arm reused FSBB-LLC converter. However, the reuse
of bridge arms reduces the degrees of control freedom, which is
detrimental to the realization of ZVS. In this article, a combined
PWM and phase-shift control method with adaptive ZVS boundary
regulation for FSBB-LLC converter is proposed, which realizes
ZVS of power switches while maximizes the reduction on inductor
current ripple in the full range (full voltage and load range). First,
the ZVS conditions of power switches along with the selection
principle of the inductor are revealed. Then, the basic idea of
the adaptive ZVS boundary regulation and its design method are
proposed. Based on that, a combined PWM and phase-shift control
method and its implementation for the FSBB-LLC converter are
proposed, which not only realizes full-range ZVS but also maxi-
mizes the reduction on inductor current ripple. Finally, a prototype
of a 500-W FSBB-LLC converter is built and tested in the lab. The
experimental results are provided to verify the effectiveness of the
proposed control method.

Index Terms—Bridge-arm reuse, combined pulsewidth modula-
tion (PWM) and phase-shift control, four-switch buck-boost
LLC (FSBB-LLC) converter, inductor current ripple, zero-voltage
switching (ZVS).

1. INTRODUCTION

N the applications with wide input voltage range, such as
I the distributed power system, electric vehicle charging sys-
tem, and energy storage system, power electronic converters
are required not only to provide galvanic isolation but also to
achieve wide voltage regulation, high efficiency, and high power
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density. The LLC resonant converter can achieve zero-voltage
switching (ZVS) for the primary-side power switches and zero-
current switching (ZCS) for the secondary-side rectifiers, thus
improving the efficiency, which has been widely adopted [1], [2],
[3]. However, traditional frequency control makes it difficult to
optimize the magnetic components over a wide voltage range. To
extend the voltage regulation range, the magnetizing inductance
of transformer could be reduced, which increases the circulating
current losses and degrades the efficiency in the full voltage
range [4], [5].

Considering both the wide-range voltage regulation and full-
range high efficiency, the two-stage converter based on the LLC
resonant converter has been proposed [6], [ 7], [8], [9], such as the
preregulator+LLC converter. In the two-stage converter, the LLC
resonant converter functions as a dc transformer (DCX), which
achieves galvanic isolation and voltage matching, allowing it to
be designed at the optimal condition. The preregulator is used
to achieve wide-range voltage regulation, and the nonisolated
dc—dc converters can be employed. To improve the efficiency,
ZVS for the preregulator is also necessary. For the buck, boost
and buck-boost converters, ZVS can be achieved either by auxil-
iary components [10], [11], which increases the complexity and
reduces power density, or by enlarging the inductor current ripple
swing negative, which however raises the conduction losses
at light load. Besides, the buck converter can only step-down
voltage, the boost converter can only step-up voltage, while the
buck-boost converter outputs a negative voltage. Compared with
them, the four-switch buck-boost (FSBB) converter can both
step-up and step-down voltage flexibly with positive polarity. By
appropriately controlling the three degrees of control freedom
(DoFs), ZVS for all the power switches is realized with fixed
switching frequency and the current ripple is reduced as the load
decreases, making it an optimal choice for preregulator [12],
[13], [14], [15], [16]. The two-stage configuration effectively
balances high-efficiency galvanic isolation and wide voltage
regulation range, enabling high efficiency in the full range
(full voltage and load range), whereas it suffers from increased
components number, high costs, and reduced power density.

To reduce the number of devices and improve the power
density, the bridge-arm reuse technique, which shares the power
switches on both sides of the intermediate bus capacitor, can be
adopted. In [17] and [18], the two bridge arms in the interleaved
boost converter are reused with the primary-side bridge arms
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Reused bridge arm

Fig. 1. Topology of the FSBB-LLC converter.

in the full-bridge LLC resonant converter, thereby saving four
power switches, whereas it makes the LLC resonant converter be
operated with PWM control and thus the efficiency is reduced.
The buck-boost converter is employed as the preregulator and its
bridge arm is shared with the half-bridge LLC resonant converter
in [19]. However, the buck-boost converter exhibits the negative
output-voltage polarity and suffers from high voltage stress on
power switches. As mentioned, the FSBB converter offers full-
range ZVS and minimized inductor current ripple with flexible
DoFs. By reusing the bridge arms in the two converters, the
bridge-arm reused FSBB-LLC converter is formed [20], [21],
[22], [23], [24], as shown in Fig. 1, which is hereafter referred
to as the FSBB-LLC converter for brevity.

In the FSBB-LLC converter, the LLC resonant converter is
operated in DCX mode, where the duty cycle of power switches
in the reused bridge arm is fixed at 50% . As a result, one of the
DoFs in the FSBB converter is lost, imposing great challenge
on the realization of ZVS and minimization of inductor current
ripple.

Several control methods have been proposed for the FSBB-
LLC converter. The simplest method is the PWM control with
unipolar inductor current [20]. This method is easy to imple-
ment, whereas the power switches in the nonreused bridge arm
are operated under hard-switching condition. A dual-frequency
control method is introduced in [21], where the switching fre-
quency of the reused bridge arm is increased to three times
that of the nonreused bridge arm, thus the power density is
increased. However, the power switches in the nonreused bridge
arm are still operated with hard-switching. By incorporating the
phase-shift control into the PWM control, a bipolar inductor
current with quadrilateral shape can be realized, thus the power
switches in the nonreused bridge arm can realize ZVS, and this
is the combined PWM and phase-shift control method. Based on
that, six switching modes were derived in [22] according to the
ZVS conditions. However, the inductor current is excessively
negative in some redundant modes, leading to increased current
ripple and high conduction losses. Additionally, the phase-shift
duty cycle is changed abruptly during load transients, resulting
in poor dynamic performance. In [23], the switching modes are
further optimized to four types, and a numerical fitting method is
employed to select the optimal phase-shift cycle, thus expanding
the ZVS range and reducing the conduction loss, whereas the
inductor ripple is not maximally reduced, indicating that the
inductor loss could be further reduced.

This article proposes a combined PWM and phase-shift con-
trol method with adaptive ZVS boundary regulation, which
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Fig. 2. Key waveforms of the FSBB-LLC converter. (a) Vin < Vpys.
(b) Vin > Vbus-

realizes ZVS for all the power switches while maximizes the
reduction on inductor current ripple in the full range. The con-
tribution of this article includes the following:

1) The ZVS conditions and inductor design principle consid-
ering the constraints on ZVS current and phase-shift duty
cycle are revealed.

2) The basic idea of the adaptive ZVS boundary regulation
and its design method are proposed.

3) The combined PWM and phase-shift control method with
adaptive ZVS boundary regulation and its implementation
are proposed for realizing full-range ZVS and maximally
reducing the inductor ripple.

The rest of this article is organized as follows. In Section II, the
ZVS conditions for the FSBB-LLC converter is revealed and the
design principle of the inductor is proposed. Then, the basic idea
of the adaptive ZVS boundary regulation and its design method
are proposed in Section III. Based on that, the combined PWM
and phase-shift control method for the FSBB-LLC converter is
proposed in Section IV. Experimental validation of the proposed
control method is provided in Section V. Finally, Section VI
concludes this article.

II. ZVS CONDITIONS FOR THE FSBB-LLC CONVERTER
A. Operating Principle of the FSBB-LLC Converter

The topology of the FSBB-LLC converter has been shown
in Fig. 1, where, Q1~Q, are the power switches, D1~D, and
C1~Cy are the body diodes and junction capacitance of Q1~Qy,
respectively, Or; and Qg are the output rectifier, L. is the
connection inductor, L., is the resonant inductor, C;, is the
resonant capacitor, and L, is the magnetizing inductor, C}, is the
intermediate bus capacitor, and C, is the output filter capacitor.
Vin, Vbus and V,, represent the input voltage, intermediate bus
voltage, and output voltage, respectively.

Fig. 2 illustrates the key waveforms of the FSBB-LLC con-
verter. Since the duty cycle of Q3 and Q4 is fixed at 50%, there
are two DoFs left, namely, the duty cycle of the power switch
01, Dy1, and the phase-shift duty cycle, Dy, which corresponds
to the delay time between the turn-ON instants of Q3 and Q;.
There are four switching modes in the FSBB-LLC converter,
which are presented as follows.



LIU et al.: COMBINED PWM AND PHASE-SHIFT CONTROL METHOD WITH ADAPTIVE ZVS BOUNDARY REGULATION

Mode 1: Q1 and Q4 are conducting, V;y, is applied on L., forcing
irc to increase linearly. L, resonates with C,, and when i,
equals to i1, Oro is turned OFF with ZCS. Subsequently, L,,
C,, and L, resonate together.

Mode 2: Q1 and Qs are conducting, Vi, — Vi, 18 applied on L,
making i increase (Vi, > Vyyus) or decrease (Vi, < Vius)
linearly. L, resonates with Cy, and iy, increases linearly.

Mode 3: Q5 and Qs are conducting, —V},s is applied on L,
forcing iy to decrease linearly. L, continues to resonate with
C,, and when iy, equals to i1, Or1 is turned OFF with ZCS.
Subsequently, L., C;, and L,, resonate together.

Mode 4: Q5 and Q4 are conducting, and the voltage across L.
is 0, maintaining iz, constant. L, resonates with Cy, and iy,
decreases linearly.

Since the duty cycle of the reused bridge arm is fixed at 50%,
the voltage gain of the FSBB converter is

Vbus _ D vyl

Vi 1-0.5

The LLC resonant converter operates in DCX mode, and its

voltage gain could be expressed as [25]
Vo _ 1
Vius 2N

where N is the primary-to-secondary turns ratio of transformer.

Combining (1) and (2), the voltage gain of the FSBB-LLC
converter is expressed as

Vo _ Vbus ‘/o _ & (3)
ij VEn Vbus N
As seen from (3), the output voltage of the FSBB-LLC
converter can be regulated by Dy .

—2D,. (1)

2

B. ZVS Conditions

1) Constraints on the ZVS Current

Before the analysis, it is defined that the minimum current
required to achieve ZVS of power switches is Izyg, and the
current through L. at points O, P, Q, and R are Io, Ip, I, and
I, respectively. Since all the power switches are identical, we
have C; = Cy = C3 = C4 = Cogs.

For the nonreused bridge arm, during the dead time of Q;
and Qo, iz, charges/discharges the junction capacitance for
providing the ZVS condition. Specifically, when Q; is turned
OFF, I charges C; and discharges Co. Once the voltage of Cs
decays to zero, Qo can be turned ON with zero voltage. When
Qs is turned OFF, I charges Co and discharges C;. Once the
voltage of C; decays to zero, Q; can be turned ON with zero
voltage. To complete the charging/discharging process within
the dead time, the required minimum ZVS current is

IZVS = 2C’ossvim/td (4)

where 74 is the dead time, and C.gs is the output capacitor of
the MOSFETS, which is nonlinear and could be considered as a
constant and obtained from the datasheet of MOSFETSs [26].

Therefore, to turn ON Q, with zero-voltage, Iq > Izyg must
be satisfied, and to turn ON Q; with zero-voltage, Io < —Izys
must be met.
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For the reused bridge arm, during the dead time of Q3 and
04, the inductor current iy and the magnetizing current iz,
(i.e., Ip + I, and Iy — I,) jointly charge/discharge the junction
capacitance for providing the ZVS. This means that, even if I,
is zero, ZVS can be still realized by iy in the FSBB converter.
This in turn, allows to design the magnetizing inductance to be
infinitely large, resulting in zero magnetizing current and thus
reducing the turn-OFF losses in the reused bridge arm, which is
another benefit brought by bridge-arm reuse.

Assuming that the magnetizing inductor is infinite, we have
I, = 0. When Qs is turned OFF, Iy charges C3 and discharges
C4. When the voltage of C4 decays to zero, Q4 can be turned
ON with zero-voltage. When Q4 is turned OFF, Ip charges Cy
and discharges Cs. Once the voltage of C3 decays to zero, Q3
can be turned ON with zero-voltage. To complete the charg-
ing/discharging process within the dead time, the required min-
imum ZVS current is

IZVS = 2C’ossvrlous/td - 4COSSN‘/O/td' (5)

Therefore, to turn ON Q4 with zero-voltage, Ip > Izys must
be satisfied, and to turn ON Q3 with zero-voltage, Ig < —Izys
must be met.

Based on (4) and (5), to achieve ZVS for all power switches
in the entire input and output voltage range, Izys must satisfy

IZVS = 26‘0ssrna'X {VrirL max 2]\/vvvofmax}/td (6)

where Vi max 18 the maximum input voltage, and V,_max is the
maximum output voltage.

2) Constraints on the Phase-Shift Duty Cycle

According to the operating principle, to realize full-range ZVS
for all the power switches, the optimal switching sequence of the
FSBB-LLC converter should remain consistent with that of the
FSBB converter. Specifically, Q; should be turned OFF before
03, Q3 should be turned OFF before Q-, and Q- should be turned
OFF before Q4 [12], [13], [14], [15], [16].

As can be observed from (1), when Vi, < Vi, Dy1 > 0.5.
Referring to Fig. 2(a), to ensure that Q; is turned OFF before
03, Dy should be larger than Dy —0.5. Additionally, to ensure
that Q3 is turned OFF before Q5, Dy should be smaller than
0.5. Conversely, when Vi, > Vi, Dy1 < 0.5. Referring to
Fig. 2(b), to ensure that Q5 is turned OFF before Q,4, Dy should
be larger than 0. Additionally, to ensure that Q; is turned OFF
before Q3, Dy should be smaller than Dy . Therefore, the con-
straints for Dy satisfying the optimal switching sequence can be
obtained as

(‘/in S Vbus)

(Vin > Vbus) . (7)

Vius
0 <Dy < gp=

{;’bv —0.5< Dy < 0.5

In summary, to achieve full-range ZVS for the FSBB-LLC
converter, the two constraints are required: the absolute value
of the ZVS current for any power switch should be no less than
Izvs in (6); and the phase-shift duty cycle should satisfy the
constraints in (7) considering the optimal switching sequence.
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Fig. 3. The curve of the maximum inductor value.

C. Design Principle of the Inductor

In the FSBB-LLC converter, the inductor is not only closely
related to ZVS range, but also affect its current ripple.
According to Fig. 2, the average current of Q; is

(Ip + Imin) Do~ (Ip + 1) (Dy1 — Dy) 3
5 5 (8)

where I,,;, is the minimum inductor current, and Ig = Ip =
I'in. Ip and I can be expressed as

I =

Vi
IP = Imin + 7D9Ts (9)
L.
Vbus
IQ = Imin + 7 (0.5—Dy1 +De) Ts. (10)
C
Substituting (9) and (10) into (8), we have
Vin D2, T. (Dy1 — Dy)>T,
IQl _ ylts Vbus( vyl 9) s +[minDy1- (11)

2L, 2L,

Based on (11), the input power can be expressed as

V;121D§1TS _ ‘/invbus(Dyl - DG)QT%
2L, 2L,

+ ‘/vinIminDyl'

Pin = ‘/inIQl -

12)

Assuming the efficiency is 100% [27], we have P;, = P,.
Then, according to (12), I,i, can be derived as

_VvinDles + Po Vbus(Dyl - D9)2

1
. (13)
2Lc ‘/inDyl 2Lchl

Imin -

To achieve full-range ZVS, I,,in < —Izvs is required. Then,

combining with (13), the inductor can be derived as

Vvinvbus - (Vbus - 2%nD9)2:| VbusTS

Lc < Lc max —
o - 4‘/111 (VbusIZVS + 2P0)

(14)

According to (7), Dy is always smaller than V},,,s/(2Viy,) in the

full range. Therefore, L. ,,,x increases as Dy rises. Substituting
the maximum value of Dy into (14), we have

[Vin Vous = (Vous—Vin)? | ViusTs
L _ 4Vin VbusIzvs+2P,)
c_max T.V.2
S "bus

4(VousIzvs+2P,)

(Vin S Vbus)
(‘/in > Vbus)

. (15)

Based on (15), the curve of L._pax can be plotted, as shown in
Fig. 3, where the parameters are given in Table II in Section V.
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Fig. 4. Inductor current waveforms when the load decreases. (a) Vin < Vpys.
(b) Vin > Vbus.

As seen, L. max increases as the input voltage rises. To achieve
full-range ZVS for all the switches, L. should be selected at
the minimum input voltage. Considering the losses and the
parameter deviations in practical circuit, L. is selected to be
slightly lower than L. ax.

III. BASIC IDEA AND DESIGN METHOD OF THE PROPOSED
ADAPTIVE ZVS BOUNDARY REGULATION

A. Basic Idea of the Adaptive ZVS Boundary Regulation

The inductor current ripple is expressed as

I _Imin:vaTs ‘/in<Vu
AIU;:{ P Lo 0 (Vin < Vous)

IQ - Imin = VLbi:b (05 - Dyl +D0) Ts (V;n > Vbus) .
(16)

As seen from (16), when the load is unchanged, the inductor
current ripple reduces as Dy decreases. However, the decrease
of Dy also shifts Iz and /o upward, making it more challeng-
ing to realize ZVS. Conversely, as Dy increases, the inductor
current ripple increases, which also shifts Iz and /o downward,
facilitating the realization of ZVS but increasing the conduction
losses. Therefore, there is a tradeoff between the inductor current
ripple and ZVS, that is, to minimize the inductor current ripple
while ensuring the ZVS condition, Dy should be controlled to
guarantee that /,,,;;, is exactly equal to —Izys.

Fig. 4 shows the inductor current waveforms when the load
changes. As seen, as the load decreases, Dy that corresponds to
the interval from O to P decreases, and Iq (Vin < Vius) orIp (Vi
> Vius) also decreases, thus inductor current ripple is reduced.
When the load continues to decrease, if Dy is further decreased,
Ip or I will fall below I7ys, as shown with the dash-dot line in
Fig. 4, resulting in the loss of ZVS for Q2 (Vi,, < Vius) and Qs
(Vin > Vpus) at light load.

To address this issue, when the load decreases to the point
when Iq (Vi < Vius) or Ip (Vin > Vius) equals to Izys, Dy
should be limited for ensuring that I or Ip remains constant
at Izvsg, as illustrated in Fig. 5. As a result, Dy is controlled
for maintaining the minimum inductor current (/g and /o) at
—Izvs at heavy load and is limited for ensuring I or Ip at Izys
at light load. This is the basic idea of adaptive ZVS boundary
regulation. It is worth noting that the minimum inductor current
may be slightly lower than —Izvg at light load.

Fig. 6 shows the implementation of the adaptive ZVS bound-
ary regulation. At heavy load, the minimum inductor current
is compared with —/Izyg, and then a phase-shift closed-loop
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Fig. 5. Inductor current waveforms with adaptive ZVS boundary regulation
when the load decreases. (a) Vin < Vpyus. (b) Vin > Vius.

Heavy-load conditions

Vo _err

Io=Ir =—Izvs —>| Phase-shift regulator | —

Light-load conditions : Max. [—»
E VOfcall

1o =1I7vs (Vin <Vpus) —>| Phase-shift calculation |

I = Iys (Vin>Vius) —>| Phase-shift calculation | V0_cal2

Fig. 6. Implementation of adaptive ZVS boundary control.

control is employed to adjust Dy, thus regulating the minimum
inductor current at—/Izys. At light load, the phase-shift regulator
is saturated, and Dy is determined through calculation to regulate
IQ (Vin < Vpus) or Ip (Vi > Vius) to Izys. At the power
boundary point, where Iq = Izys (Vin < Vi) or Ip = Izys
(Vin > Vpus) and Ig = Io = —Izvs, Dy generated by the
phase-shift closed-loop precisely aligns with the phase-shift
calculation, enabling smooth transitions between different load
conditions.

B. Design Method of the Adaptive ZVS Boundary Regulation

1) Calculation Method for Dy at Light Load: When V;,, <
Vbus, to realize ZVS for Qo, I > Izvs is required. Combining
it with (11), we have

Lc
VbusTs

Dy is obtained by comparing the phase-shift signal Vg with a
sawtooth waveform, satisfying Dy = Vp / V1, where Vi is the

amplitude of the sawtooth waveform. Therefore, the phase-shift
signal Vj_.,11 can be expressed as

L.
‘/e_call = (IZVS - Imin) ﬁ + DyIVM — 05VM
usts

When Vi, > Vs, torealize ZVS for Qs, Ip > I7vs isrequired.
Combining it with (10), we have

Dy > (Izvs — Iin) + Dy; —0.5. (17)

(18)

L
Dy > (I — Lnin) ——. 19
o > (Izvs ) Vi (19)
Therefore, the phase-shift signal V a2 can be expressed as
LW
Vo a2 = (Izvs — Imin) o (20)

‘/il'lTS -
Based on (18) and (20), the value of Dy at light load when
Vin < Vs and Vi, > Vi could be calculated, respectively.
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Fig. 7. Boundary power curve in the FSBB-LLC converter.

2) Selection of the Boundary Power: Based on (13), Dy can
be derived as

D
M:%“¢(§+

When Viy, < Vi, Iq = Izvs and Inin = —Izys are satisfied
at the boundary between light and heavy loads. Combining (11)
and (21), the boundary power when V;,, < Vj,5 can be derived
as

LcImin 2LCPO
- . 21
‘/inTs ‘/in VbusTs > ( )

Pboundl -
Vvin 1 Ts (Vbus - Vvl ) 2LcV}nI%VS
V us I - a -
b [ s (Vbus 2) - 8L, V2
(22)
Similarly, when Vi, > Vi, Ip = Izvs and i, = —Izvs

are satisfied at the boundary between light and heavy loads.
Combining (10) and (21), the boundary power when Vi, > Vi
can be derived as

Pbound2 =
Vbus 1 Tsvbus (V; - Vbus) 2LCI%VS
V us 1 - -
’ [ o ( Vin 2> BT T.Vin
(23)

Based on (22) and (23), the curve of the boundary power
versus input voltage is plotted, as shown in Fig. 7, where the
parameters are provided in Table II. As seen, at heavy load (see
the blue region), Dy is obtained through the phase-shift regulator,
while at light load (see the yellow region), Dy is calculated
through (18) and (20). When the operating region shifts due
to power change, the phase-shift duty cycle transits smoothly.
Therefore, the power boundary changes adaptively with the input
voltage, and thus Dy regulates adaptively with the input voltage
and output power, thus ensuring ZVS while maximally reducing
the inductor current ripple.

With the adaptive ZVS boundary regulation, the full-range
operating waveform of the FSBB-LLC converter is shown in
Fig. 8. As seen, ZVS for all the power switches is realized in
the full voltage and load range, and the inductor current ripple is
maximally reduced as load decreases, thus high efficiency could
be achieved.
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IV. COMBINED PWM AND PHASE-SHIFT CONTROL SCHEME
WITH ADAPTIVE ZVS BOUNDARY REGULATION

A. Proposed Control Scheme of the FSBB-LLC Converter

With the adaptive ZVS boundary regulation, a combined
PWM and phase-shift control method is proposed for the FSBB-
LLC converter, which is described as follows.

1) The output voltage of the FSBB-LLC converter depends
only on Dy 1, so the PWM control is used to generate the
duty cycle of O; and Q> and thus to regulate the output
voltage.

2) The phase-shift regulation part including the phase-
shift closed-loop control and phase-shift calculation
is employed to realize the adaptive ZVS boundary
regulation.

The specific control block diagram is shown in Fig. 9, which
consists of the output voltage control unit, the phase-shift closed-
loop control unit, and the phase-shift calculation unit.

Part A is the output voltage control unit and generate Dy .
The output voltage is sensed and compared with the voltage
reference V,of, and the error is sent to the voltage regulator,
producing the output voltage control signal v, which is used
to generate the duty cycle signal Dy .

Part B is the phase-shift closed-loop control unit, whichis used
to generate the phase-shift duty cycle at heavy-load conditions
and maintain the minimum inductor current at —Izys. The
minimum inductor current is sampled through valley detection
circuit and then compared with the current reference of —Izysg.
The error signal is fed into a phase-shift regulator to generate
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the phase-shift duty cycle control signal vy ¢, at heavy-load
conditions.

Part C is the phase-shift calculation unit, which is used to con-
trol the minimum phase-shift duty cycle at light load, ensuring
that the ZVS currents I for Qs (Viy, < Vi) and Ip for Q3
(Vin > Vpus) are maintained at Izys. Taking /.5, and v, as
the input for (18), and I,;, and v;;, as the input for (20), the
phase-shift signals of vg cal1 (Vin < Vius) and vg_cazo (Vi >
Vibus) under light-load conditions are calculated, respectively.
Finally, the output signals from the phase-shift closed-loop
control unit and the phase-shift calculation unit, vg_cyy, Vo _calls
and vy ca12, are compared to obtain their maximum value vg.
This signal, along with the output signal from the output voltage
control unit, ve,, are fed into the PWM generator to collectively
generating the driving signals for power switches Q1~Qj.

B. Comparison and Discussion

Table I gives the comparison between the proposed control
method and other control methods for the FSBB-LLC converter.
When the PWM control is employed, the inductor current is usu-
ally modulated as unipolar shape for reducing its ripple, whereas
the power switches in the nonreused bridge arm are operated
with hard switching. By employing the combined PWM and
phase-shift control, the inductor current could be modulated as
bipolar shape, enabling ZVS for the power switches. However,
the inductor current ripple in the existing control methods is
not maximally reduced, and the inductor loss could be further
reduced. The proposed method in this article introduces the
adaptive ZVS boundary regulation to the traditional combined
PWM and phase-shift control method, which realizes full-range
ZVS while maximally reducing the inductor current ripple, thus
improving the efficiency over the entire range.

V. EXPERIMENTAL VERIFICATIONS

To verify the effectiveness of the proposed control method, a
prototype of a 500-W FSBB-LLC converter is built and tested
in the lab, as shown in Fig. 10. The specific parameters of
the prototype are given in Table II. In this prototype, the dig-
ital control method is adopted, which is realized in the DSP
(TMS320F28335) from TI. The primary-side power switches
adopt the GaN MOSFET (NV6128) from Navitas, and the output
rectifiers employ the MOSFET (BSC117NO8NS) from Infineon.
Thanks to the realization of soft-switching, the switching fre-
quency is selected as 500 kHz for increasing the power density.
As for the FSBB-LLC converter, the bus voltage is typically
set at the midpoint of the input voltage range to maximize
efficiency [15]. Considering the convenience of selecting an
integer number of turns for the transformer, the intermediate
bus voltage is designed to be 288 V (24 x 6 x 2 =288 V) here.

Figs. 11-13 show the steady-state experimental waveforms of
the FSBB-LLC converter under no-load, half-load, and full-load
conditions when the input voltage is 200, 300, and 400 V,
respectively, where, vy¢ g2 and vgs 2 represent the gate driving
signal and drain-source voltage of power switch Qs, Vgs'qa and
Vdas Q4 represent the gate driving signal and drain-source voltage
of power switch Qy4, and iy is the inductor current. As can be
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g Voret Voltage regulator Ve : A
e
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s :’% Phase-shift Voer N
Tin regulator w1
e
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] »| Calculation Eq. (18) — —
) = . Vo 12;
folin »| Calculation Eq. (20) = D
Fig. 9. The combined PWM and phase-shift control block diagram for the FSBB-LLC converter.
TABLE I
COMPARISON OF THE PROPOSED CONTROL METHOD WITH OTHER CONTROL METHODS
Reference Modulation method Current polarity Switching mode Implementation ZVS condition  Inductor current ripple Peak efficiency
Li and . o .
Ruan [20] PWM Unipolar 2 / Hard switching Small 95%
zur[lzelt] PWM (dual frequency) Unipolar 4 Closed-loop control ~ Hard switching Small 92%
;“‘[‘28;] PWM and phase-shift Bipolar 6 Lookup table Full-range ZVS Large 90.5%
]IilEZe;] PWM and phase-shift Bipolar 4 Lookup table Full-range ZVS Slightly large 96.4%
al.
. . PWM and phase-shift with . Closed-loop control and . o
This article ZVS boundary regulation Bipolar 4 real-time calculation Full-range ZVS Medium 97.2%
switches with the proposed control method. Additionally, it can
be also seen that under heavy- load conditions, the minimum in-
ductor current is maintained constant at —Iy g, and the inductor
current ripple is gradually reduced as the load decreases, thus
maximally reduced the current ripple while ensuring ZVS. When
the load decreased below the power boundary, the ZVS current
for Qs (Vin < Vius) or Q3 (Vi > Vi) 1s limited at Iy g, and the
Inin 1s slightly lower than — Iy 5. The experimental results agree
well with the theoretical analysis in Section IV, validating the
effectiveness of the proposed combined PWM and phase-shift
control method with adaptive ZVS boundary regulation.
Fig. 14 shows the dynamic experimental waveforms of the
i FSBB-LLC converter. The dynamic waveforms when the load
Fig. 10. Photograph of the prototype. is step changed between no load and full load at rated input
TABLE II voltage (300 V) is shown in Fig. 14(a), where i, is the load
SPECIFICATIONS AND PARAMETERS OF THE FSBB-LLC CONVERTER current, v, is the output voltage, iz is the inductor current,
. 1 and i, is the resonant current. As seen, the overshoot and
. Paraineter/ ” 20\0/&:50\] ijramet/ez 2\1/6;“; undershoot on the output voltage during the load transients is
tvolt ' — tor / L . N C
Dpu? voTlage neue O_r £ only 1.6 and 3.2 V, and the recovery time is short, indicating
Output voltage / V, 24V Bus capacitor / Gy 6 uF . . . .
— that good dynamic performance is realized with the proposed
Bus voltage / Vius 288V Magnetizing inductor / L,| 90 uH . . .
. control method. More importantly, with the proposed adaptive
Output power / P, 500 W Resonant inductor / L, 1.7 uH . S .
— - ZV'S boundary regulation, the phase-shift signals for light-load
Switching frequency /f;| 500 kHz Resonant capacitor / C; 58 nF .. .
- - and heavy-load conditions are generated through the phase-shift
Turns ratio / N 12:2:2 Output capacitor / C, 100 uF

observed, the drain-source voltage of Q> and Q4 have already
decayed to zero before they are turned on, thereby realizing zero-
voltage turn-ON. In fact, Q; and Q3 also achieve ZVS, where
the waveforms are omitted for brevity. The experimental results
demonstrate that full-range ZVS is realized for all the power

calculation unit and the phase-shift closed-loop control unit,
respectively. Clearly, the transition of the phase-shift duty cycle
is smooth during load transients. Fig. 14(b) shows the dynamic
waveforms when the input voltage v;, is step changed between
200 and 400 V at full-load condition. As can be seen, the output
voltage also exhibits small overshoot and undershoot, indicating
that the control method exhibits good dynamic performance.
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Fig. 11.  Steady state waveforms of the FSBB-LLC converter when V;;, = 200 V. (a) No load. (b) Half load. (c) Full load.
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Fig. 12.  Steady state waveforms of the FSBB-LLC converter when Vi, = 300 V. (a) No load. (b) Half load. (c) Full load.
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Fig. 13.  Steady state waveforms of the FSBB-LLC converter when Vi, =400 V. (a) No load. (b) Half load. (c) Full load.
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Fig. 14. Dynamic waveforms of the FSBB-LLC converter. (a) Load step change between no load and full load when Vj,, = 300 V. (b) Input voltage step change
between 200 V and 400 V at full-load condition.
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Fig. 15. Measured efficiencies of the FSBB-LLC converter in the full range. (a) Vi, = 200 V. (b) Vi, =300 V. (¢) Vi, =400 V.
7 — 96.0% . Obviously, the loss breakdown is well in agreement
- m: . . . . .
6 b =300V with the measured efficiencies shown in Fig. 15.
|
5 .................................................................. VI‘ CONCLUSION
5 L3 SR AR | [ SRR The bridge-arm reused FSBB-LLC converter can achieve
PR [ TIN | | wide-range voltage regulation and high-efficiency galvanic iso-
S lation with reduced number of devices. In this article, a com-
RS | PRl | R | PRE | DN | | B bined PWM and phase-shift control method with adaptive ZVS
WY | U | | | boundary regulation is proposed, which realizes ZVS of power
switches while maximally reduces the inductor current ripple in
0 the full range. First, ZVS conditions considering the constrains
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on ZVS current and phase-shift duty cycle are revealed, and
Fig. 16. Loss breakdown of the FSBB-LLC converter. the design principle of the inductor considering ZVS range and

Fig. 15 presents the measured efficiencies of the FSBB-LLC
converter in the full load range, both with and without the
ZVS boundary control, when the input voltages is 200, 300,
and 400 V, respectively. As seen, the peak efficiency reaches
97.2% when V;, = 300 V and P, = 225 W. Furthermore,
with the incorporation of the proposed adaptive ZVS boundary
regulation, a notable efficiency improvement is achieved under
light-load conditions when the power is lower than the boundary
power. Therefore, high efficiencies are realized in the full range
with the proposed control scheme.

Fig. 16 shows the calculated loss breakdown of the FSBB-LLC
converter at the rated output power, where Ry is the sensing
resistor for the inductor current. Since all the power switches
realize ZVS, the switching losses are negligible. Consequently,
the majority of the losses in power switches are conduction
losses. As seen, the losses in the nonreused bridge arm (Q;
and Q») increase with the rise of the input voltage, while the
current flowing through the reused bridge arm (Qs3 and Qy) is
irc—Iirr,and the current cancellation effect is enhanced as input
voltage increases. Thus, the losses in Q3 and Q4 decrease with
the rise of the input voltage. For the transformer and secondary
rectifier devices, since the bus voltage is regulated to a constant
value, the LLC stage works in the same situation across the
full input voltage range and results in the same transformer
loss and secondary devices loss at different input voltages. The
efficiency over the entire voltage range is the result of the sum
of several parts, and in this prototype, the highest full-load
efficiency is obtained at an input voltage of 400 V, which is

maximized reduction on inductor current ripple is proposed.
Then, the basic idea and design method of the adaptive ZVS
boundary regulation is proposed. By adjusting the phase-shift
duty cycle to control the inductor current adaptively, ZVS is
ensured while the inductor current ripple is maximally reduced.
Based on that, a combined PWM and phase-shift control method
and its implementation for the FSBB-LLC converter are pro-
posed and compared. Finally, a prototype of a 500-W FSBB-LLC
converter is built and tested in the lab. The experimental results
verified the effectiveness of the proposed control method.
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