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Abstract—An isolated buck-boost (IBB) converter with a hybrid
three-level full-bridge primary-side circuit is proposed to achieve
wider voltage range regulation. The primary-side circuit is com-
posed of a three-level leg and a two-level leg. The output voltage of
the primary-side circuit is five level (i.e., +Vi,, £ Vi// 2, and zero),
and the secondary-side circuit is a semiactive full-bridge rectifier
with two active switches and two diodes. The input voltage of the
secondary-side circuit is three level (i.e., =V, and zero). Hence,
the operation voltage range can be wider than the normal IBB
converter’s with three voltage levels in the primary-side circuit
and secondary-side circuit. This paper focuses on the control strat-
egy allowing the converter to operate in boundary current mode
at heavy load and in discontinuous current mode at light load
with smooth mode transition. The soft-switching performance and
output characteristics of the proposed converter are presented in
detail. Compared with the semi-dual active bridge converter, the
voltage range is doubled and the peak current of the clamped in-
ductor is decreased. An 800-W prototype with 100-400-V input
voltage and 380-V output voltage is built and tested to verify the
feasibility of the proposed control strategy.

Index Terms—Boundary current mode (BCM), clamped induc-
tor, discontinuous current mode (DCM), hybrid three level, isolated
buck-boost (IBB) converter, wide voltage range.

1. INTRODUCTION

HE ISOLATED converter with wide operation range
T and high conversion efficiency is needed in various
applications, such as power supplies for servers, front-end
converters, and power converters for solar array, fuel-cell,
battery, or supercapacitor. There are three applications of wide
voltage range converter; the first is constant input and vari-
able output, the second is variable input and constant output,
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and the third is variable input and variable output [1]-[3].
Set the turns ratio of a transformer as N:1. All of the
three applications satisfy My = N Vo min/Vinmax and Myax =
NVs_max/ Vinmin- The voltage range of a converter can be normal-
izedas R = Mmax/Mmin = (‘/injnax * Vvo,max)/(‘/inmin * V;)Jnin)-
According to the existing papers of wide voltage range convert-
ers, when R is about 2, the application can be basically consid-
ered as wide voltage range or wide voltage gain [4]—[8]. In this
paper, the wider voltage range application is R > 3 with variable
input and constant output. When R is bigger, the voltage range
of converter is wider. The energy can be utilized from the power
generation device or power storage device is larger as well.

Phase-shift full-bridge converter has been widely applied
in many fields. Many topological variations that are potential
candidate for the wide voltage range applications have been
proposed which reduced the voltage and current ripple of the
output filter [2]. However, the phase-shift full-bridge converter
can only operate in buck mode with limited zero-voltage
switching (ZVS) range and high-voltage ringing and reverse
recovery on the secondary-side diodes which will lead to low
efficiency and power density relatively.

An LLC resonant converter has an excellent soft-switching
performance and capacitive output filter. After adding ac-
tive switches in secondary rectifiers of LLC resonant con-
verter or series resonant converter, these converters can achieve
wide voltage regulation with buck and boost modes. In [9],
a high-frequency bidirectional ac switch has been utilized in
voltage-double rectifier of hybrid series resonant and pulsewidth
modulation (PWM) boost converter. The voltage levels of ac link
of this converter are £V, and zero level in primary-side port
and +V,/2 and zero level in secondary-side port. There are
some derivations of hybrid series resonant and PWM convert-
ers. For example, the voltages of the primary-side port are +Vj,
and +Vj,/ 2 [10] and secondary-side port are +V,/ 4 and zero
level [11]. In [12], a secondary-side phase-shift-controlled LLC
resonant converter with switches in rectifier for applications re-
quiring hold-up time operation has been proposed. Compared
with the traditional LLC converter, the novel converter adds
zero voltage level on the basis of £V in the secondary-side
port. These converters above can achieve good performances
at wide voltage range, and R is almost 2 in the experimental
verifications.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1. Proposed hybrid three-level full-bridge IBB converter with clamped
inductor.

The other types of wide voltage range converter are composed
of different voltage levels at different operation modes. The
special example is an LLC converter with semiactive variable-
structure rectifier [3]. The output range of this converter is dou-
bled by adaptively operating the secondary-side circuit as a
voltage doubler (£V,/ 2 and zero level in secondary-side port)
or a voltage quadrupler (£V,/ 4 and zero level in secondary-side
port). In [13], the output voltage of variable-structure primary-
side circuit can be £V}, or +Vj,/ 2 at different time. Moreover,
the hybrid full-bridge three-level LLC resonant converter can op-
erate in three-level mode and two-level mode with reduced input
current ripple and output filter [14]. However, there are mode
transitions between the two modes of these variable-structure
converters.

Apart from above, an isolated buck—boost (IBB) converter
is a family of converters comprised by primary-side circuit, ac
link, and secondary-side circuit. There are active switches in
both primary-side and secondary-side of IBB converter. There-
fore, it can operate in buck or boost modes and regulate the
input voltage in a wide range with high efficiency [15]-[18].
Dual active bridge (DAB) converter is an example of IBB con-
verter in bidirectional applications [19], [20], and R is almost
1.5-2 in the experimental verifications in references. In paper
[21], a dual-phase-shift control strategy of unidirectional semi-
DAB converter is proposed, and the output current at different
voltage gains and the peak current of the clamped inductor
are analyzed. However, the current increasing and efficiency
decline at maximum or minimum values of wide voltage range
limit the application. In order to achieve wider voltage oper-
ation range (such as R > 3), high conversion efficiency, and
smooth transition between different operating modes, a hybrid
three-level full-bridge IBB converter and its control strategy will
be proposed in this paper. With five variable voltage levels in
primary-side port, i.e., =Vi,, +Vi,/ 2, and zero level, the con-
verter can operate at a wider voltage range than normal IBB
converters. Furthermore, voltage regulation with smooth mode
transition under simple constant-frequency phase-shift control
is another important issue in this paper.

This paper is organized as follows. Circuit topology and op-
erational modes are analyzed in Section II, and an optimal con-
trol strategy is proposed in Section III. The output current and
peak current are analyzed and compared, and the design con-
siderations are presented in Section I'V. In Section V, a simple
and straightforward feedback controller is designed, and the
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Fig. 2.  Switching waveforms of the IBB converter in BCM mode at 0.5 < M
<1.(@0<D3 < Dy.(b)D;y <D3 <Dy + D3.(c) D3 > Dy + Ds.

experimental results are given. Finally, a summary and
conclusions are presented in Section VI.

II. OPERATIONAL PRINCIPLES
A. Topology Description

The proposed hybrid three-level full-bridge IBB converter
with clamped inductor L¢ is shown in Fig. 1. The primary-side



LI et al.: HYBRID THREE-LEVEL FULL-BRIDGE ISOLATED BUCK-BOOST CONVERTER WITH CLAMPED INDUCTOR FOR WIDER VOLTAGE

Fig. 3.

Ds=D
[ R :
N :
\ \
N :
2B\ ~\p=0
\\ B
\-
N\ H
3-B 1-B\ ™
NE D
0 Dy=D,+D, 1

(b)

Fig. 4. Divisions of three operating areas at 0.5 < M < 1 in BCM mode. (a)
M =0.6.(b)M=0.28.

circuit is hybrid three-level full-bridge, and its output port is an
AB port. The voltage levels of AB port could be £Vi,, £Vi,/ 2,
and zero level. Ty is the switching period, set the start time ¢
as the time when the primary-side switches turn ON and vap
changes from zero to positive level. The ending of positive half
cycle T is the time vap changes from zero to negative level.
T, = 2T, and the equal switching frequency is f;. We define
DT as the length of time interval vag = Viy, D271 as the
length of time interval vag = Viy/ 2, D1 + Dy < 1. In the rest
time, vap is the zero voltage.

The secondary-side circuit is a semiactive full-bridge rectifier
with two active switches and two diodes, and its input port is a
CD port. The voltage levels of CD port could be £V, and zero
level. D3T is defined as the length of time interval vcp = 0 in
positive half period. The current of L is clamped by the voltage
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Equivalent circuits for each operational state in positive half cycle. (a) State I. (b) State II. (c) State III. (d) State IV. (e) State V. (f) State VI.

across it, i.e., the difference between vag and vcp. That is the
reason why the inductor is named as clamped inductor.

To simplify the analysis, we suppose that N = 1. When V, =
Vin» M = 1 and when V, = V;,/ 2, M = 0.5. Therefore, M can
be divided into three intervals: M < 0.5, 0.5 < M <1, and M
> 1. The duty cycle of all the switches are fixed at 0.5, and the
converter is under simple fixed-frequency phase-shift control
with three control variables: Dy, D>, and Ds.

If the voltage leads the current of AB port, the converter is in
CCM mode with backflow power. The ZVS ON of primary-side
switches can be achieved. However, the RMS current value and
peak current value are larger, leading to increasing of conduction
loss and the current stress of devices. That is one of the reasons
why the operational mode of the proposed converter is limited in
boundary current mode (BCM) or discontinuous current mode
(DCM) mode. There is no backflow power, and zero current
switching (ZCS) of some devices can be achieved. The other
reason is that the control variables could be simplified. In this
paper, we use D; and D- as active control variables, D3 as the
indirect variable that can be calculate from D;, Do, and the
operational mode. This simplification has great significance for
the research of this paper.

B. Operational Modes

1) BCM Mode When 0.5 < M < I: Fig. 2 shows the
operational waveforms of the IBB converter in BCM mode
when 0.5 < M < 1. Three subwaveforms are 0 < D3 < Dy,
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(b)

Fig. 5. Three-dimensional graphs of I versus D1, Dy at 0.5 < M < 1 in
BCM mode. (a) M = 0.6. (b) M = 0.8.

D, < D3 < Dy + Dy, D3 > Dy + Do, respectively, and
named as 1-B mode, 2-B mode, and 3-B mode. Due to the
symmetry of the circuit, only six states in positive half cycle are
analyzed here and corresponding equivalent circuits are shown
in Fig. 3, without consideration the effect of dead time.

State I [ ty, t;] of Fig. 2(a): In CCM mode, the current of a
clamped inductor is zero at . The voltage across the clamped
inductor in state I is Vi,, and the current increases linearly until
the end of D3T'. The current of a clamped inductor satisfies

‘/inD?)T _ VvinDST

L= ipe (t) = ipe (t
1 =dre (t1) =ire (to) + I I

ey

State II [ 11, 15] of Fig. 2(a): At t;, Q7 turns OFF and Qg turns
ON, the voltage across the clamped inductor is Vj,—V,. When
0.5 < M < 1, Vi, is larger than Vj, and the current of a clamped
inductor increases with a new slope. The length of state II is
DlT—Dg T, and

w— Vo) (D) —D3) T

@)

State I11 [ ty, t3] of Fig. 2(a): Atts, @, turns OFF and Q)4 turns
ON, the voltage across the clamped inductor is Vi,/ 2- V,. When
0.5 <M < 1, Vip/ 2 is less than Vj, and the current of a clamped
inductor decreases at this state. The length of state III is D»T,
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Fig. 6.

Switching waveforms of the IBB converter in DCM mode at 0.5 < M

<1l.(a@D3=0.(b)0< D3 < Dy.(c) Dy < D3 < D1+ Ds.

and

Iz3212+<

Vi

2

)

D,T
LC ’

State 1V [ t3, T] of Fig. 2(a): At t3, Q2 turns OFF and Q3
turns ON, the voltage across the clamped inductor is —V;,. The
current of a clamped inductor decreases. Assume the length of
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Fig. 8.  Divisions of three operating areas at 0.5 < M < 1 in DCM mode. (a)
M =0.6.(b) M= 0.8.

the interval that the current decreases from I3 to zero is 37, and

IBL(:
V. .

pT = “4)

State V [ 1, t;] of Fig. 2(b): If D1 < D3 < D; + Do, state
V follows state I. The voltage across the clamped inductor is
Vin/ 2. The current of a clamped inductor increases at half slope
of state I, and the currents in Fig. 2(b) are

I = Yuful

m (D3 =D)T

L =5 + T &)
D3)T

b L+ (Y 1) @usDepT
After state V, next comes state III and state IV, and 8T in
Fig. 2(b) also satisfies (4).
State VI [ ty, t3] of Fig. 2(c): If D3 > D; + D,, state VI
follows state I and state V. The voltage across the clamped
inductor is zero, and the current maintains the same at state VI
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After state VI, next comes state IV, and 37T in Fig. 2(c) also
satisfies (4).

In BCM mode, the current of a clamped inductor increases
from zero at the beginning of each half period, and decreases to
zero at the ending of each half period. The condition D; + Dy +
[ = 1 requires to be satisfied in BCM mode. The simplification
is

D+

Dy :1—TQ~ (7

The boundary between the three operating areas is determined

by D3 =0, D3 = Dy, D3 = Dy + D>, and can be solved as
follows:

Dy=0:Dy+ 22 =M

D3=Dy:Dy(1+ M)+ 71:M )

D3 =Dy +Dy: Dy (1+M)+Dy (M+3) =M.

The conditions D> 0, D>> 0, and Dy + Dy < 1 should be
satisfied at the same time. Set D; as the variable of horizontal
coordinate, Do as the variable of vertical coordinate, and then
we draw the different boundary conditions of M = 0.6 and M =
0.8 in Fig. 4.

The output currents of three operating areas are (9) shown at
the bottom of this page.

Usually, the current quantities are normalized to the base
Ivase = V/wL. In this paper, we use [ pe = V, T/ 2L, to nor-
malize the output current, and draw the 3-D graphs of I versus
Dy, Dy at 0.5 < M < 1 in BCM mode in Fig. 5.

2) DCM Mode When 0.5 < M < 1: However, when the load
is light, it is not suitable to operate in BCM mode, but DCM
mode. The operational waveforms in DCM mode are shown in
Fig. 6. Three subwaveforms are D3 =0, 0 < D3 < Dy, and
D3 > Dy, respectively, and named as 1-D mode, 2-D mode,
and 3-D mode. In 2-D mode and 3-D mode, 3 = 0 that means
the current of a clamped inductor decreases to zero at the end
of state III. As a result, the control variables are simplified.

There is one more state in DCM mode than BCM mode. The
equivalent circuit of state VII is shown in Fig. 7. Similar to state
VI, the voltage across the clamped inductor in state VII is zero.
The difference is the current maintains zero in state VII in ideal
case.

In Fig. 6(a), the current of a clamped inductor and time length
0T satisfy

I = Wa=Ve)D\T
in ideal case L= L. -
Vio DyT Vi DiT | Vi DoT I = Iy + U2 Te)DT (10)
b=y =7t © BT = B
(1+M)< ) Dy
. _v,T (2D1+Dy) +1
1=-B:1, = 2L, 403 o M? M
) 2 9)
. _V,T (2D, +Dy) (2D, +Dy)(Dy—-2) (Di+Dy—1) (
2-B:1, = 35f, (_ T e T )

. _V,
3-B:I,= T)
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Fig. 9. Three-dimensional graphs of I versus Dy, D2 at 0.5 < M < | in
DCM mode. (a) M = 0.6. (b) M = 0.8.

Based on the condition of DCM mode, 3 can be derived as

Dy (1—-M)+ Dy (05— M)
= i )
In addition, BT need to satisfy Dy + Dy 4+ 3 < 1, hence

B an

D
Dy + 72 <M (12)
which is similar to the condition D3 = 0 in 1-B mode.

In Fig. 6(b), the first three states of mode 2-D are the same
with the first three states of mode 1-B. 2-D mode need to satisfy
0 < D3 < Dy and 8 = 0. D3 can be derived as

D, — Dy (M —1)+ Dy (M —0.5)
3 = Vi .

The boundary condition between 1-D mode and 2-D mode is

D3 = 0, hence

13)

Dy  2-2M

— = 14
D, 2M-1 (14

In Fig. 6(c), the first three states of mode 3-D are the same
with the first three states of mode 2-B. 3-D mode need to satisfy
Dy < D3 <Dy + Dy and 8 = 0. D3 can be derived as (13).
The boundary condition between 2-D mode and 3-D mode is
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(b)

Fig. 10.  Graphs at M = 1.2 in BCM mode. (a) Divisions of three operational
areas. (b) Three-dimensional graphs of I} versus Dy, Ds.

D3 = 0, hence

Do 2
=2 = . 15
D, 2M -1 (13

Above all, the different boundary conditions of M = 0.6 and
M = 0.8 in DCM mode are shown in Fig. 8. The dotted lines
are the boundaries in BCM mode. We can see the boundaries
of DCM mode and BCM mode across at two points on the
line D + Dy = 1. The conclusion also can be obtained by
mathematical calculation.

The output currents of three operating areas are

2 A 2
(DIHMDIMDIDrMDl Dy + Lf 77‘"@2 )

. _ T
1=D: 1, = 3% IE
3D, 2
9 D =Yl (LDitDs)* Di?+2D, Dy+252—  p,2
“to=73r, ISYE g 207
4. D] = VT (2M 1) (D1 +52)°
-~ to T 91, 2M° :

(16)

We also use [ pase = VoT'/ 2L, to normalize the output current
and draw the 3-D graphs of I versus Dy, Dy at 0.5 <M < 1
in DCM mode in Fig. 9.

The graphs in Figs. 5 and 9 both pass point (0, 0, 0), and cross
at the line when Dy + Dy = 1 and D3 = 0.

3) Other Modes: When M = 1 in BCM mode, Vi, < V.
Therefore, the current of a clamped inductor decreases in state
IT of 1-B mode, and I, is not the peak value any more while I}
is the peak value. The mathematical calculation results of M >
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Fig. 11.  Graphs at M = 1.2 in DCM mode. (a) Divisions of three operational
areas. (b) Three-dimensional graphs of I; versus D1, Do.

1 are the same to that when 0.5 < M < 1. Line D3 = 0 is not
cross with D; + Dy = 1. Divisions of three operational areas
and 3-D graphs of I versus Dy, Dy at M = 1.2 in BCM mode
are shown in Fig. 10.

When M = 1 in DCM mode, only 2-D mode and 3-D mode
exist. The boundary between 1-B mode and 2-B mode and the
boundary between 2-D mode and 3-D mode are crossing at one
point. Divisions of two operational areas and 3-D graphs of I
versus Dy, Dy at M = 1.2 in DCM mode are shown in Fig. 11.

When M < 0.5 in BCM mode, V;,2 >V,. Therefore, the cur-
rent of a clamped inductor increases in state III of 1-B mode
and 1-B mode, and I is not the peak value any more while /3 is
the peak value. D3 = 0 is not across Dy + Dy = 1. Divisions
of three operational areas and 3-D graphs of I versus D, D,
at M = 0.3 in BCM mode are shown in Fig. 12.

When M < 0.5 in DCM mode, only 1-D mode exists, and I
is the peak value. Divisions of three operational areas and 3-D
graphs of I} versus Dy, Dy at M = 0.3 in DCM mode are shown
in Fig. 13.

III. OPTIMAL CONTROL STRATEGY

There is a maximum value of output current in 1-B mode, the
values of variables and the current of this point are

M?+ M
D _max — —7D max —
! M2+ M+1"7 0
MZ
DB_maX = (17)

VSR Y I Io_max:—-
M2 +M+1’ M2 +M+1
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Fig. 12.  Graphs at M = 0.3 in BCM mode. (a) Divisions of three operational
areas. (b) Three-dimensional graphs of I versus D1, Ds.

I PR E

(b)

Fig. 13.  Graphs at M = 0.3 in DCM mode. (a) Divisions of three operational
areas. (b) Three-dimensional graphs of I versus Dy, Ds.
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Fig. 14.  Optimal control strategies in 3-D graphs. (a) M = 0.3. (b) M = 0.6. (¢c) M = 0.8. (d) M = 1.2.
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Fig. 15.  Optimal control strategies in 3-D graphs. (a) M = 0.3. (b) M = 0.6. (c) M = 0.8. (d) M = 1.2.

The current of a clamped inductor reflects the current of
transfer and power devices. The lower the peak current of the
clamped inductor, the less RMS current and less conduction
loss and switching loss of the converter will be. The optimal
control strategy should be set at the operational point with the
lowest peak current value, and can be listed as the optimization
problem

min : peakof i,
s.t. samel,.

(18)

where min means minimum, and s.t. means subject to.

A. Control Trajectories When 0.5 < M <1

The peak current values of the clamped inductor in BCM

mode and DCM mode are
1-B: L =2(1- Dy — 5%)
2_B: 12 — % (2M+2M2%\l/I;2D17D2)
3—B: I =y L B0l
1—D: I =3E2(1— M) Dy
2-D:L=%L2M-1)D,
3-D: I, = f—“M L

(19a)

(19b)
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TABLE I
SOFT-SWITCHING PERFORMANCE OF THE PROPOSED IBB
CONVERTER WITH CLAMPED INDUCTOR

M DCM BCM

O+ 04 OFF, 0. 03 ZVS ON;

M=0.5
0s~0s ZCS ON&OFF;
01+ 04 ZCS ON;
01~ O4» O7v O3 ZVS ON;
0.5<u<l O Osv Ose O ZCS ON&OFF;
Os. QsZCS ON&OFF;
01~05 ZCS ON&OFF;
01~0s ZCS ON&OFF;
M=1
0:« 05 ZVS ON;
1 - -
—— [T12X1MUM poINt
....................... PP turnin Oil’lt
AR RS N i SRR S
1, S :
0.4 : O R R R
0.2 :" =~ - Rp
\) .' Se LY o? ="
S, . L I d
0 i [N i i N0 i i
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
M
Fig. 16. Normalized output currents of maximum point and turning point at

different M.

Solve the optimal solution and the results are

{DCM P Do = 222

D, — 2M-1
BCM : Dy (2 —2M3) + Dy (1 —2M3) =2M — 2M*

(20
The optimal control trajectory is comprised of two stages. The
first is in 1-D mode at light load, and the other is in 1-B mode at
heavy load. In addition, there is a turning point between the two
stages. In the first stage, D3 = 0, D and D are increasing with
the increase of the output power until D; + Do = 1. The turn-
ing pointis D1 = 2M — 1, Dy =2 — 2M. Then, the converter
transits to the second stage, during which D5 > 0, Dy, D», and
Dj are all varied to regulate the output power. During the two
stages, the variables are changing continuously. The optimal
control trajectories in 2-D and 3-D graphs and in XOY plane of
M = 0.6 and M = 0.8 are shown in Figs. 14(b), (c) and 15(b), (¢).

B. Control Strategy When M > 1 and M < 0.5

Using the same method, the optimal control trajectories when
M =1 are

{DCM :Dy =0 21

BCM: Dy = 0.
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Fig. 17.  Comparison of normalized maximum output currents at different M.
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Fig. 18. Comparison of peak currents of clamped inductor with the same
output current at different M.

When M > 1, the first stage is in 2-D mode with Dy = 0,
D; and D, are changing with the increase of the output power
until Dy = 1. The turning point of the two stages is D; = 1,
Dy = 0. Then, the converter transits to the second stage, 1-B
mode with Dy = 0. D; is decreasing and D3 is increasing until
the maximum output point. That means + V;,/ 2 voltage levels
no longer exist when M > 1. The optimal control trajectories
when M = 1.2 are shown in Figs. 14(d) and 15(d).

Similarly, the optimal control trajectories when M < 0.5 can
be solved and listed as

DCM:D; =0
BCM : Dy (M? + M +1) + Dy WM = 2 4 0
(22)
When M < 0.5, the input voltage is large. The first stage
is in 1-D mode with D; =0 and D3 = 0, when only D> is
increasing with the output power. The turning point between the
two stages is Dy = 0, Dy = 2M. The converter transits to the
second stage in 1-B mode. The ending of the second stage is
also the maximum output point. The optimal control trajectories
in 2-D and 3-D graphs and in XOY plane of M = 0.3 are shown
in Figs. 14(a) and 15(a).
When M = 0.5, the turning point between the two stages of op-
timal control trajectories is D1 = 0, Dy = 1. When M = 1, the
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Fig. 19. Curves of duty ratio at different M when I; = 0.2. (a) Duty ratios

D1, Dy, and D3. (b) Duty ratio of direct energy transmission time.

turning point is D1 = 1, Dy = 0. As a result, the optimal con-
trol trajectories are changing continuously with the increasing
of value of M. Therefore, the converter under this control strat-
egy can regulate smoothly in the full output-power range and
input—voltage range.

IV. OuTPUT CHARACTERISTICS
A. Soft-Switching Performance

Due to the switches number and operational modes of hybrid
three-level full-bridge IBB converter being large, Table I shows
the soft-switching performance of BCM mode and DCM mode
when M is different.

The current of a clamped inductor in dead zone contains mag-
netizing current of transformer and the equivalent load current.
It is easy to realize ZVS of each switch in the converter. The
switching loss of ZCS operation of MOSFET is far less than that
with hard-switching operation. As a result, the converter has a
potential to maintain high efficiency in a wide range.

B. Output Current

The output currents of turning points are

M <0.5:1, =YL (1-2M)

= 32L.
_9M? M —
05<M<1:1,= LT () g3
1< M:1 = Yr (1)

2L, M?
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TABLE II
PARAMETERS OF THE PROPOSED CONVERTER

Components Parameters
Input voltage 100~400V
Output voltage 380V
Maximum output power 800W
Switching frequency 60kHz
Turns ratio of transformer 14:38
Clamped inductor 19uH
Primary-side capacitors(Ciy1,Cin2,Crry) 20uF
Primary-side MOSFETs(Q~Qs) IPB200N25N3GATMA
Primary-side MOSFETs(QOs~ Q) IPB65R110CFD
Primary-side diodes(Din1~ Din2) MBRB40250TG
Secondary-side MOSFETs(Q7+ Os) IPB65R190C7

Secondary-side diodes(Dy1+ Do2) VS-16CDU06-M3/1

Measurement

V“L
V. - Ve
= 7 5 PI-controller
T b7
010
M (él: :::Oall DiD: | Gate Singnal Qs O Power
Vin q q Generation | s Os Converter
Trajectories D; 0,0s

Measurement

Fig. 20.
verter.

Control block diagram of a hybrid three-level full-bridge IBB con-

and these currents can be normalized by [ pyge= Vo, 7/ 2L.. We
draw the normalized output currents of turning points and maxi-
mum output point at different M values in Fig. 16. With constant
switching frequency, the input voltage decreases as M increases,
and the clamped inductor current becomes smaller, which means
the maximum output current is reduced as well. Therefore, the
output current should be reduced when the input voltage is very
low. It can be found that when M = 0.5 and M = 1, the output
power corresponding to the turning point is zero. The voltages
of AB port and CD port are the same, Vi,/2 =V, or Vi, =V,
and the voltage across the clamped inductor is zero. There is no
power translating at the turning point.

Compared with the semi-DAB converter under dual-phase-
shift control, the normalized maximum output current of a hy-
brid three-level full-bridge IBB converter under three variables
control is decreasing lightly, as shown in Fig. 17. However, the
constant load current is not affected all that much for it is limited
by the maximum value of M.

C. Peak Current of the Clamped Inductor

Draw I; = 0.2 to Fig. 18, it is a straight line which is paral-
leled to the horizontal axis. Solving the operational point and
calculating the peak current of the clamped inductor, we can



LI et al.: HYBRID THREE-LEVEL FULL-BRIDGE ISOLATED BUCK-BOOST CONVERTER WITH CLAMPED INDUCTOR FOR WIDER VOLTAGE

v,
%WF

i (5A/div)

L

2933

VAB

(250V/div)

/\m (]()A/dn)/

>P

® V 5 - O —F—I-—' s -::-L—L—Jmnﬁ
,-J [ | (500{//d1\) L-f—. | (500V/div)
t (4us/div) t (4us/div)
(@) (b)
VAB VAB
(250V/div)

]

Q ANl (10A/diV)
Vb
e .

e

/\\//\ (10A/div)
S nauaat
-

vep p

. & A (500V/div)
m ———
t (4us/div) ¢ (4us/div)
(© (d)

: VaB i VAB
(250de) (250V/div)

Ll L lasasens]

i, (1()A/dn) /\__ /\__

_\

W Vep

. ’ \ J L(soowmv)

=)

*\/-'m (10A/div)
M vep =
(500V/div)

t (4us/div)

t (4us/div)

(©

Fig. 21.

®

Experimental waveforms at different operational areas. (a) Vi, = 100 V, P, = 200 W. (b) Vi, = 100V, P, = 800 W. (¢) Vi, = 200 V, P, = 400 W.

(d) Vin =200V, P, = 800 W. (e) Vin = 300 V, P, = 800 W. (f) Vi = 400 V, P, = 800 W.

draw the curve of a peak current of the clamped inductor at the
same output current, as shown in Fig. 19. The peak current of
the clamped inductor is the least at M = 0.5 and M = 1, when the
voltages of AB port and CD port are approximate to each other.
In addition, the peak current increases when M is far away from
these two points. In the interval of M € [0.4, 1.2], the normal-
ized peak current is less than 0.4, the twice of the output current.
Compared with the semi-DAB converter under dual-phase-shift
control, the peak current of the clamped inductor reduces obvi-
ously in the vicinity of M = 0.5 of hybrid three-level full-bridge
IBB converter. Figs. 17-19 verify that the hybrid three-level
full-bridge IBB converter under optimal control can operate in
a wide voltage range.

D. Duty Ratio of Direct Energy Transmission Time

When [} = 0.2, the duty ratios D;, D, and D3 are changed
at different M, and the curves are shown in Fig. 19(a). Although
the operation mode changes when the input voltage changes
continuously at the constant load power, the duty ratios will
change continuously without mutation. If the voltages of AB
port are £Vj, or £V4,/ 2 and CD port is Vj, the energy transmit
from the input port to the output port directly, and it is named as

direct energy transmission. The bigger the direct energy trans-
mission, the higher the efficiency of the converter will be. The
duty ratio of direct energy transmission time is Dy + Dy — D3,
and its curve is shown in Fig. 19 (b). In the wider range of M,
the duty ratio of direct energy transmission time is greater than
0.5. Fig. 19 shows that the hybrid three-level full-bridge IBB
converter can regulate continuously and smoothly and have the
potential to achieve high efficiency at a wide range of M.

From all above, there is a tradeoff between I and M of the
parameter design considerations. If I} is too large, the range of
M is declined. Otherwise, if M is too wide, the peak current will
increase significantly. In this paper, we choose M, = 0.35,
Max = 1.4, and the voltage range R = 4.

V. EXPERIMENTAL RESULTS

In order to verify the feasibility of the proposed converter
and control strategy, an 800-W prototype with 100-400-V input
voltage and 380-V output voltage is built. Turns ratio of trans-
formeris 14:38, R =4, and M is 0.35-1.4, the system parameters
are listed in Table II.

Fig. 20 shows the control block diagram of the hybrid
three-level full-bridge IBB converter under optimal control
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Fig. 23.  Experimental waveforms of modes transition in the case of input
voltage step.

trajectory with three control variables, which is similar to the
control block diagram in [20]. The output voltage is sampled,
and then compared with the reference voltage to get the error
signal v, and calculated with the sampled input voltage to get
the value of M. v, is sent to PI controller to generate the control
signal v.. Optimal control strategies block generate the control

= | %E iZSOV/dlv
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S S S S S
Vo (250V/div)
E o io (1A/div)
¢t (100ms/div)

Vo (250V/div)
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Fig.24. Experimental waveforms of modes transition in the case of load step.

variables Dy, D5, and D3. After gate signal generation block,
duty ratios are transferred to the gate signals of switches. The
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control strategy can be implemented by digital signal processor
TMS320F28035 easily.

Fig. 21 shows the experimental waveforms of a hybrid three-
level full-bridge IBB converter. When M = 1, V;, = 140 V,
and when M = 0.5, Vi, = 280 V. Fig. 21(a), (c), and (f) shows
waveforms in DCM mode correspondingtoM > 1,0.5 <M < 1,
M < 0.5, respectively. Fig. 21(b), (d), and (¢) shows waveforms
in BCM mode corresponding to M > 1,0.5 <M < 1,M < 0.5
respectively. Fig. 21(f) shows that vag appears £Vj, spikes in
the initial of each half cycle in DCM when M < 0.5. During
this stage, the junction capacitor of (), or 4 is charged by the
clamp inductor current, which cannot be avoided.

Fig. 22 shows the voltage waveforms of vy, and vg, of primary-
side and secondary-side switches in different operational areas.
ZCS or ZVS of both primary-side and secondary-side switches
can be achieved. Due to the influence of the junction capacitors
of power devices and clamped inductors, there may be resonance
at the process of ()2 ON and OFF.

The waveform of modes transition in the case of input-voltage
step is shown in Fig. 23. When the load power is 200 W, the
input-voltage steps up from 260 to 300 V that crossing the point
of M = 0.5. The peak current of the clamped inductor decreases
first and then increases, which is in accordance with the theo-
retical analysis. The waveforms of three different input voltages
are shown. As the relationship between the input voltage and
output voltage changes, the slope of an inductor current varies
accordingly in the direct energy transfer stage (D-).

The waveform of modes transition in the case of load step is
shown in Fig. 24. The input voltage is constant 160 V, and the
load power is changed from 200 to 700 W. When the load step
occurs, the converter’s operational mode switches from DCM
to BCM.

The efficiency curves are shown in Fig. 25. Fig. 25(a) shows
the efficiency versus output power under the input voltages 100,
120, 140, 220, 280, 360, and 400 V. The values of voltage gain
M corresponding are given. The maximum efficiency is 97.61%
when input voltage is 140 V (M = 1) and output power is
600 W. When the input voltage is 280 V (M = 0.5), the peak
efficiency is 97.34% with the output power is 500 or 600 W.
The peak efficiency of M = 1 is better than that of M = 0.5

—o— 100V(M=1.4) 96 1
~B- 120V(M=1.67)
e 140V (M=1)
== 220V(M=0.64)
280V(M=0.5)
360V(M=0.39)
400V (M=0.35)
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Efficiency curves. (a) Efficiency curves versus output power at different input voltages. (b) Efficiency curves versus voltage gain at different output

for the existence of the +Vj, voltage spikes of vag. When the
input voltage is 100 V, the efficiency decreases at heavy load
because the conduction loss increasing significantly. When the
input voltage is 360 or 400 V, the efficiency is the lowest at
light load. At this time, the switching losses of Q5 and Qg
are playing a dominant role in the whole converter efficiency.
Fig. 25(b) shows the efficiency versus voltage gain M under
output powers 200, 300, 400, 600, and 800 W. There are two
maximum efficiency points, which appear at M = 0.5 and M =
1.If M > 1.2 or M < 0.4, the efficiency decreases obviously,
which is because the peak current of the clamped inductor is
increasing.

In Fig. 25, most of the operating points are higher than 94%.
The experimental results indicate that the hybrid three-level full-
bridge IBB converter with clamped inductor can achieve smooth
mode transition, can operate at wider voltage range as R = 4,
and can be regulated at full load range with high efficiency.

VI. CONCLUSION

A hybrid three-level full-bridge IBB converter with clamped
inductor and its control strategy is proposed in this paper. With
the simplification of control variables in BCM or DCM, the
operational modes are reduced, and smooth mode transition is
possible. Key features of the proposed converter and control
strategy are as follows.

1) The proposed converter’s five variable voltage levels in
primary-side port, i.e., £Vi,, £Viy/ 2, and zero level, lead-
ing to a wider voltage range than normal IBB converters.

2) Low-voltage stress of ()1, (2, @3, and Q4 which is half
of the Vj,.

3) Wide voltage range regulation through simple fixed-
frequency phase-shift control, and smoothly mode tran-
sition. Compared with conventional DAB or semi-DAB
converters, the voltage range is doubled.

4) Low circulating energy because the converter always op-
erates in BCM or DCM.

5) ZVS and ZCS of all the devices in primary-side circuit
and secondary-side circuit regardless of input voltage or
output power.
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6) Low-current peak value and low-current stress of power

devices compared with semi-DAB converter.

7) There are eight switches and four diodes, thus the com-

plexity of the converter is increased. The number of opera-
tional modes increases and the control strategy is complex.

All these key features combine to result in a high-efficiency
IBB converter that is ideal for wider voltage range applications.
The key features were verified using an 800-W prototype. The
control strategy with three control variables can be applied to
other IBB converter derivations.
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