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A High-Efficiency and High-Power-Density
Interleaved Integrated Buck-Boost-LLC Converter
and Its Comprehensive Optimal Design Method

Zhiwei Wang, Zongheng Wu, Teng Liu

Abstract—Integrated buck-boost-LLC (IBBL) dc converter is
a good solution for high efficiency and high power density ap-
plications. However, the bridge leg integration causes asymmet-
rical zero-voltage-switching process and asymmetrical secondary
current. The method of high quality factor or symmetric phase
shift modulation proposed in the existing research can improve
the asymmetrical current issue under heavy load, but is ineffective
for light load conditions. This article proposes a novel Interleaved
IBBL converter to improve the asymmetry issue for whole load
range. Interleaving makes the secondary current be symmetric
naturally. In addition, a comprehensive optimal design method for
phase-shift angle and choke inductor is proposed to minimize the
total power loss of all primary elements. A 600 W/1 MHz prototype
verifies that the proposed IIBBL converter achieves symmetric
secondary current in whole load range, and it achieves 95.7 % effi-
ciency and 180 W/in® under the proposed comprehensive optimal
design method.

Index Terms—High efficiency, high power density, integrated
converter, interleaving, phase shift.

I. INTRODUCTION

O ACHIEVE the energy conservation and conform to
T the development trend of miniaturization and lightweight,
efficiency, and power density have always been the core require-
ments and important indicators of the power electronic convert-
ers. The key to achieve high efficiency and high power density
is to decrease power loss and increase switching frequency.
Soft switching technology is an effective way to decrease the
high switching loss under high frequency. LLC resonant con-
verter (see Fig. 1) can achieve zero-voltage-switching (ZVS)
of primary switches and zero-current-switching of secondary
switches in wide voltage range and wide load range, so it is
a good candidate for high efficiency and high power density
isolated dc—dc applications [ 1]-[7]. However, voltage regulation
limits the efficiency and power density improvement of LLC.
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Fig. 1. Topology of the LLC resonant converter.

There are two main reasons. First, voltage gain range limits
the design of resonant parameters Q and k. This results in very
low magnetizing inductance and high current stress for primary
switches, which goes against efficiency improvement. Second,
regulation requires variable frequency. It makes difficulty in
magnetic elements design and synchronous rectification, which
goes against frequency and power density improvement [8], [9].

To achieve high efficiency and high power density and solve
the difficulty caused by regulation, an LLC-based two-stage
scheme is proposed and adopted in many research works
[10]-[16]. An additional non-isolated PWM regulator with sim-
ple structure is used to regulate output so that LLC can operate
at fixed frequency. Under this circumstance, the voltage gain
of LLC stage is almost constant, so it is known as LLC dc
transformer (LLC DCX). LLC DCX eliminates the above two
disadvantages of regulated LLC. First, magnetizing inductance
can be designed very large so that the current stress of pri-
mary switches is decreased. Second, magnetic elements work
at fixed frequency, so they are easier to design. Synchronous
rectification needs no detection circuit, so that frequency and
power density can be raised. LLC DCX has achieved extremely
high efficiency and high power density in many research works
[17]-[21]. Benefited from higher frequency, the power density of
LLC-based two-stage converter also reaches considerably high
level, as 107 W/in® in [12] and 195 W/in? in [13]. However,
the efficiency of two-stage converter is degraded due to more
switches and more passive components.

To improve the efficiency of two-stage converter, Sun
et al. [22] proposed an integrated two-stage scheme. It employs
four-switch buck-boost as regulation stage and merges boost
bridge leg and LLC bridge leg together, then the integrated
buck-boost-LLC (IBBL) converter is derived, as shown in Fig. 2.
S3 and S, form the multiplexed bridge leg. Though the number
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Fig. 3. Topology of the IIBBL converter.

of components of IBBL converter is same as that of conventional
buck + LLC orboost + LLC, the IBBL converter has two obvious
advantages according to the analysis in [23]. First, the choke
inductor current can reduce the current stress of LLC primary
switches. Second, the choke inductor current can help achieve
ZVS so that magnetizing current is unnecessary. In consequence,
the air gap of the transformer is cancelled and eddy current loss
is decreased. In summary, bridge leg integration optimizes LLC
stage and increases the efficiency, and these can’t be achieved
in the buck + LLC or boost 4+ LLC converter.

Except for above advantages, bridge leg integration also
causes an unexpected issue. The integration makes the choke
inductor current iy, change the ZVS process of LLC stage and
causes difference in the commutation process of upper switch
S3 and lower switch S4. The voltage of switching node, i.e.,
the input voltage vp of resonant tank is asymmetrical. Wang
et al. [23] indicated that this asymmetrical voltage vp will
distort the resonant current and make the secondary current be
asymmetrical. To improve this issue, Wang et al. [23] proposed
a modulation-based method, which is to eliminate the difference
of commutation process by modulating the phase-shift angle be-
tween two bridge legs. The specific phase-shift angle varies with
the input voltage and the load, and it is unsolvable under light
load conditions. Thus, the modulation method can’t improve
the asymmetry issue under light load. Sun et al. [22] and Li
and Ruan [24] employed a hardware-based solution, which is to
correct the distortion of resonant current by using larger quality
factor Q. However, larger Q requires larger resonant inductance,
and this will degrade efficiency and power density. Moreover, Q
decreases with the decrease of load condition, so that the effect
of Q is weak under light load conditions.

To solve the asymmetry issue, this article proposes a topology-
based method, which is interleaved IBBL. The proposed topol-
ogy is shown in Fig. 3.

In the IIBBL converter, the phase angle between two phases
buck-boost is 180°. Even if each switching node voltage of LLC,
i.e., vpy or vpry is asymmetrical, the input voltage of the resonant
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Definition of phase-shift angle e. (a) circuit and (b) waveforms.

tank, i.e., vpr.pi1, is naturally symmetric. Therefore, no more
large quality factor or symmetric modulation strategy is nec-
essary for balancing the secondary current. Moreover, whether
VBIL.BII 1S Symmetric or not is irrelevant with the load conditions,
so that this topology can achieve symmetric secondary current
in full load range.

The main design parameters in the IIBBL converter are the
choke inductance L and the phase-shift angle e between two
bridge legs. e is defined as the lag time between the turn-ON
moment of Sy_; and Si_3, as shown in Fig. 4. Because there is
no coupling between two phases, the design of L and e only
need to consider single phase, just like the IBBL converter. The
existing research about IBBL also focuses on the design of L
and e. In [23], the design of L and e is limited by the symmetric
commutation process and is the optimal design for heavy load
(light load condition is not analyzed). Sun et al. [22] and Li
and Ruan [24] aimed at minimizing the ripple of choke inductor
current and modulate the current as unipolar. This makes upper
switch of buck bridge work at hard switching and is a burden
for high frequency. Sun et al. [25] aimed at achieving ZVS of
all primary switches and modulate the choke inductor current as
bipolar. However, there are three drawbacks in the design in [25].
First, the analysis about operation modes is not comprehensive.
Though all possible eight modes are listed, only two modes
are excluded by evaluating ZVS feasibility. In the remaining
six modes, only two modes are discussed. Second, the analysis
about power loss related to L and e is not comprehensive. Only
the conduction loss of switches is considered while the switching
loss is ignored. In terms of loss of the choke inductor, only the
current stress is given. The winding resistance and the core loss
are not considered. Third, L and e are designed individually.
Power loss is a binary function of L and e. The optimal solution
cannot be obtained by separate design. Therefore, to make up
above design procedure, this article proposes a comprehensive
optimal design method of L and e. The advantages are as follows.

1) All possible operation modes are discussed and compared.
Two optimal modes are chosen.

2) All power loss related to L and e are analyzed, including
conduction loss Pe;, and switching loss Pg,, of all primary
switches, winding loss P, and core loss Py, of the choke
inductor. All loss is based on detailed hardware design.

3) L and e are comprehensively designed. As aforemen-
tioned, total loss is a binary function of L and e, i.e., Pjogs
= Peon + Pow + Pew + P = f(e, L)|v;,,p,. The optimal
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solution Possmin = f (€0, Lo)|v;,,p, is hard to obtain con-
sidering the complex express of Pj,ss and the wide range
of input voltage Vi, and output power P,,. To achieve ZVS
and minimize power loss, this article finds the relationship
between e and L, i.e., e = g(L)|v;, p,. This function de-
creases the number of designed parameters from two (L
and e) to only one (L), which is Poss = f(e, L)|v;, . p, =
flg(L), L)|v,,.p, = f(L)|vi,p,- According to this unary
function, the optimal L, is easily obtained: Lo =
Y (Piossmin). Furthermore, the optimal eq is obtained:
eo = g(Lg). The design procedure is significantly sim-
plified.

A 600 W/1 MHz prototype verifies that the proposed [IBBL
converter can achieve symmetric resonant tank voltage in full
load range, which is hard to achieve in the IBBL converter. Under
the proposed comprehensive optimal design method of L and e,
95.7% full load efficiency and 180 W/in® power density are
achieved.

The rest of this article is organized as follow. Section II
introduces the topology and regulation principle of the proposed
IIBBL converter; Section IIT discusses all possible operation
modes and gives the best modes based on efficiency; Section IV
gives the comprehensive optimal design method of L and e and
designs L in a specific converter; Section V is the experiment to
verify above analysis. Finally, Section VI concludes this article.

II. REGULATION METHOD AND THE SYMMETRY PRINCIPLE

The IBBL converter shown in Fig. 2 is obtained by merging
the bridge leg of four-switch buck-boost converter and LLC con-
verter. Switches S1—S4, choke inductor L, input dc-bus capacitor
C; and output dc-bus capacitor Cj; make up the front stage
four-switch buck—boost converter. Primary switches S3—S4, sec-
ondary rectifier switches S5—Sg, resonant elements C,. and L,,
transformer 7, input dc bus capacitor Cjs and output dec-bus
capacitor C, make up the back stage LLC converter. The bridge
leg S3—S4 is the multiplexed bridge. C;, Cyy, and C, are large
enough to hold the input voltage V;,,, the intermediate bus voltage
Vs and the output voltage V,,. The regulation principle of IBBL
is basically same as conventional non-integrated buck-boost
+ LLC DCX two-stage converter. The output is regulated by
buck-boost stage. The distinction is that the duty cycle of Ss
and S, are limited as 0.5 by LLC stage. This makes the average
voltage of node B in a switching period is 0.5Vy;. The duty
cycle of S7 is denoted as D. When S5 is controllable MOSFET,
the average voltage of node A in a switching period is DVj,.
According to the voltage-second balance principle of choke
inductor L, we have

DViy = 0.5V (1)

LLC stage operates at fixed resonant frequency. The voltage
gain is related to the transformer ratio n, the type of inverter and
rectifier. When it is half bridge inverter and push-pull rectifier,
the gain of LLC stage is

v, 1

= —. 2
VM 2n ( )
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Fig. 5. ZVS process of LLC stage. (a) ZVS of S3. (b) ZVS of S4.
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According to (1) and (2), the voltage gain of IBBL is

Vo D
T 3)

Equation (3) indicated that the IBBL converter can regulate
output easily by adjusting duty cycle D of S;.

As discussed in [23], ZVS of LLC in the IBBL converter is
achieved by choke inductor current iz, as shown in Fig. 5. The
values of i, at the turn-ON moment of S3 and S, are denoted as /5
and 14, which are the ZVS current for S5 and S4. The difference
between I3 and /I, will cause different rising time ¢, and falling
time 7¢ of vp (v is the voltage of LLC switching node), as shown
in Fig. 6. By the harmonics analysis of vp, it is found that the
vp with different ¢, and #; has more even order harmonics than
that with same 7, and t;, as shown in Fig. 7. The even order
harmonics in v g brings harmonics in resonant current i, so thati,
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is distorted. Furthermore, it causes asymmetrical secondary
current ig5 and igg, as shown in Fig. 6.

To correct the resonant current i,.,, Wang et al. [23] modulated
I3 = —1I, sothat t,, = ¢y and the even harmonics in vg is elim-
inated; Sun e al. [22] and Li and Ruan [24] used large quality
factor to eliminate the even harmonics in i,. However, because
I3 = — I, isunachievable under light load conditions and quality
factor decreases with load, all above methods cannot correct
the resonant current under light load condition. Therefore, this
article proposes an interleaving method to correct the resonant
current in full load range. The interleaved IBBL converter is
shown in Fig. 3. The front stage is two-phase interleaved four-
switch buck-boost. Because of interleaving, the inverter part of
LLC is full bridge. In this converter, although the voltage of LLC
switching node By and By is still asymmetrical, the resonant tank
input voltage vpr_pr obtained by interleaving is symmetrical and
contains no even order harmonics, as shown in Fig. 8.

With this symmetric vpr.prr forcing on resonant tank, the
resonant current i, is naturally sinusoidal, and two branches of
secondary current are symmetric. Related waveforms are shown
in Fig. 9.

Since there is no coupling between two phases buck-boost,
the analysis of voltage gain is same as the IBBL converter.
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When duty cycle of S1.1 and Syr1 is D, the voltage gain of
front stage is also (1). LLC stage also operates at fixed resonant
frequency. Here is full bridge inverter and push-pull rectifier, the
gain of LLC stage is

V, 1
= —. 4
Vi n 4)
According to (1) and (4), the voltage gain of IIBBL is
V, 2D
— = 5
v - %)

Equation (5) indicates that the [IBBL converter also regulates
output by adjusting duty cycle D.

III. COMPARISON AND CHOICE OF OPERATION MODES

Since there is no coupling between two phases buck—boost,
the optimal design of choke inductor L and phase-shift angle e
only need to consider one single phase. In the next analysis, only
phase I is discussed. According to (5), angle e will not change
the voltage gain. However, e determines the choke inductor
current i1, together with input voltage V;,, output power P,
and choke inductor Lj. Fig. 10 simply shows how i varies
with e.

In Fig. 10, the four turning points correspond to the turn-
ON moment of the four switches. The value of i; at the
turn-ON moment of St is denoted as I;. Similarly, i;, at the
turn-ON moment of St.o, Si_3, and Si.4 are denoted as I, I3, and
1,, respectively. As Fig. 10 indicates, changing e will change i,
and i, determines the ZVS operation. Moreover, i;, determines
the conduction loss and switching loss of switches, as well as
the winding loss and core loss of the choke inductor. Therefore,
e deeply influences the performance of primary side and should
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TABLE I
POSSIBLE OPERATION MODES

Mode a: Buck (0<D<0.5) b: Boost (0.5<D<1)
1 0<e<D 0<e<D-05
2 D<e<0.5 D—-05<e<0.5
3 05<e<D+0.5 05<e<D
4 D+05<e<1 D<e<l1
—D —0)
Sl_z Sl-Z
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[Sa 1 S [T ST Sis | [
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Fig. 11. Main waveforms of primary side. (a) Buck mode. (b) Boost mode.

be carefully designed. According to the relationship between
D and 0.5, and the relationship between e and D, the possible
operation modes are given in Table I.

The waveforms of switching node voltage v 41, v 51 and choke
inductor current iz, under each mode are shown in Fig. 11.

In mode a4, there is I3 = I, so Si.3 and Sy_4 cannot achieve
ZVS simultaneously. Similarly, in mode bl, there is I; = Io,
so S1.1 and St.o cannot achieve ZVS simultaneously. These two
modes are hard to achieve high frequency, so they are excluded.
In the remaining six modes, the ripple Al;, (peak to peak) of
choke inductor current are given in Table II. Substituting the
range of e in Table I into Aly, then the range of Al can be
obtained and is also listed in Table II.

10853
TABLE IT
CHOKE INDUCTOR CURRENT RIPPLE AND ITS RANGE
Mode Current Ripple A/} Range of Al
al (e+0.5-D)-W,T./ L, 0.5-D~0.5)-V,I. /L
a2 0.5-1,T. /L, 0.5-V,T. /L,
a3 (I-e)-W,I. /L 0.5-D~0.5)-V,T. /L
b2 eV.T /L (D-05~0.5)-V,T./L,
b3 0.5-V.T./L 0.5-V,T./L,
b4 (D+0.5-¢)-V,T. /L, (D-05~0.5)-V,T./L,

As given in Table II, under same choke inductor Lj, the ripple
AT} of mode a2 is higher than that of mode al and a3. Similarly,
the ripple Al of mode b3 is higher than that of mode b2 and
b4. Higher ripple means larger core volume and higher core
loss, which goes against the improvement of power density and
efficiency. Thus, mode a2 and b3 are excluded.

Mode al and b2 share same expression of i;,. Mode a3 and
b4 also share same expression of iy,. If take the turn-ON moment
of S1.1 ast = 0, then i, under mode al and b2 can be expressed
in (6), and i7, under mode a3 and b4 is expressed as

ir_av2(t)
Iy + Vint/ Ly, 0<t<eT,
Il-l-[@VMTS-l-(V;n—VM)ﬂ/Lh ely <t < DT,

I +[eVyTs+DVinTs—Viyt] /L1, DTy <t < (e+0.5)T;

I, (e+05)Ts <t <T;
(6)
i1 _a3ba(t)
I + [(Vin — Vr)t]/ L, 0<t<(e—0.5)T;

[
Il+[(0.576)VMT5+‘/inﬂ/LI, (6 — 05)TS <t< DTS
I+ (1 - )V T/ L1, DT, <t < T, :
I + [VMTS — VMt]/LI, ely <t <Tg

(N

If we ignore the power loss of Sy.; and Sy, then the input
power P;, is the average of integration of the product of voltage
va1 and current i, in a switching period T's. For mode al and b2,
there is

1 (5 ,
P q1p2 =2 % T/ VAr(t)ir_a1v2(t)dt
s JO
2DV2 1
= LIfl“ {—eQ +2De — D? + ED +2DVi I,

®)

[s 1s the switching frequency: f; = 1/T.
For mode a3 and b4. There is

1 (T ,
Pin_a3pa = 2 X T / VAl(t)ir,_aspa(t)dt
s Jo

_ 2DV7
LIfs

3 1
{e2 — (2D +1)e+ 3D+ 7| +2DVal.
©)
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The phase-shift angle e can be obtained in (10) and (11) by
(8) and (9)

D stlfl stIRn alb2
= Di —_— —_— —
€al1b2 \/2 + v 2DV

1 D f.Lil;
i =D+ ~—,|D2— = _
€a3b4 +2 \/ 5 v +

(10)

fsL1Pin_q3b4
2DVE

1)

Substituting (10) and (11) into Table II, then the ripple Al
under mode al, a3, b2, and b4 is

N ; - \/12) + fs‘?h - J;IL)IVPQ . LVIA; (12)

13)
ATy = :D - \/12) + fs‘l/’illl - ";gIVPQ : L‘ffs (14)
Al ps = \/D2 - g - fsélll + J;SZI)/IVIEH : L‘ffs' (15)

To compare above Ay under same conditions: same Vi
(same D), same P;,, same inductor L;, same f; and same [y
(achieving ZVS of S1.1), we assume that

D sLil s L1 P
_D Sl fsh

d? 5 T 2DV (16)
then the above ATy, is simplified as
Al a1 = (0.5 —d) - Var/Lifs
Alp o3 =(05-D+D?*—d?) Vi /L1 fs
Alp po = (D —d) - Vin/L1fs
AlL py =V D? —d? - Viy /L fs. a7

It is easy to prove that Al ,1 < Al 43 and Alp po <
Al p4, so mode al and mode b2 are the best choice.

In summary, this section analyzes all possible operation
modes, and gives two best modes based on the feasibility of
ZVS and ripple of choke inductor current.

IV. OPTIMAL DESIGN OF THE CHOKE INDUCTOR AND THE
PHASE-SHIFT ANGLE

In the IIBBL converter, the back stage LLC operates at fixed
resonant frequency, so its volume and loss of resonant tank,
transformer and rectifier are irrelevant with the choke inductor
L and phase-shift angle e. However, L and e determine the con-
duction loss and switching loss of primary switches, as well as
the winding loss and core loss of the choke inductor. Therefore,
designing L and e properly is the key to optimize efficiency and
power density. ZVS is important to the high efficiency under
high frequency, so how L and e influence ZVS is first discussed.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 9, SEPTEMBER 2022

'y 'y
E— tq
~ S, SEE | S TS |
St | [ Sis Sia | TS
Var/ —— VBI
" Vin W Vu, Vi ”’“\
¥ ¥ - ¥ ¥ -
/——IL b i
. - <
1

St =,
ll 1 I——T L
VAl . = L
4 U

—" Co(i‘R)lZ
Si2 ‘* St
ic s12 [__T J Iil:l:*

HH

(d)

Fig. 12.  ZVS process of S1.1 and St.2. (a) Waveforms of ZVS of S1.1. (b)
Waveforms of ZVS of S1_2. (¢) Circuit of ZVS of S1.1. (d) Circuit of ZVS of
S1-2.

A. ZVS Characteristic

Since the expressions of i7, under modes al and b2 are same,
the analysis of ZVS does not distinguish two modes. I; ~ I are
the ZVS current for Sy.; ~ Si.4. For the ZVS of S1.1 and Si.o,
I and I, are the initial current during deadtime ¢4. In whole
deadtime, they keep decreasing, as shown in Fig. 12(a) and (b).
If iy, cannot entirely discharge C,ss of St and S5 before it
decreases to zero, then ZVS will fail, no matter how long the
deadtime is. Therefore, to achieve ZVS of Si.; and Si.o, I; and
I should be larger than a certain value, and the minimum value
of I; and /5 need to be predicted accurately.

Fig. 12(a) and (c) show the waveform and circuit about ZVS
process of S1.1. For the convenience of analysis, the voltage-
related junction capacitor Cogs is replaced by the constant ca-
pacitor C,(TR)12 provided by the datasheet. According to the V-1
relationship of C,(Tr)12 and L1, a group of differential equation
about vt and iy, in the deadtime is obtained in (18).

ic.sio1 = Corrryrz - L8t
icsi-2 = Co(rry12 - LA
i = —(lc_s1-1 + fc_s1-2)

var — ver = Ly - L

’LL(O) = I1, UAI(O) = O,’UB] =0

0<t<ty (18
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Fig. 13.  ZVS process of S1-3. (a) Actual model. (b) Simplified model.

The solution of (18) is (19)
Ly

t
- sin ,0<t<
' 2C5(TR)12 V2L1Co(TR)12

According to va7(tq1) = Vin, f41 is obtained as

Vin 2C0

tar = \/2L1Cogrryrz sin ™' | =24 [ =22 ) 20
Iy Ly

Whether (20) is solvable or not is based on the premise: 0 <

—‘Iil"\/ 20"2%)12 < 1. Therefore, the minimum of |I1| is
1] i = Viny/2Co(TR)12/ L1

Similar, the differential equation about ZVS of Si.2 can be
obtained by Fig. 12(b) and (d), and the minimum of |/5| is

‘12|min = V;n\/(8D - 2)CO(TR)12/LI~

As for the ZVS of S1_3 and S1_4, because airgap of the trans-
former is zero (as discussed in [23]), the magnetizing current
is not considered. The ZVS current for St.3 and St_4 are I3 and
14, respectively. Because they keep increasing during deadtime,
ZVS can always be achieved as long as that deadtime is long
enough. However, too small |I3] and |I4| will cause too long
deadtime, which is not desired. Thus, it is necessary to determine
the minimum ZVS current under specific deadtime. During the
ZN'S process of S1.3, St1.4 is also being discharged. The circuit
during ZVS process of Si.3 and Sti4 is shown in Fig. 13(a).
Because two phases commutate simultaneously, the differential
equation about ZVS process involves four variables: vpr; vprr;
iry; and izyr, and the initial value of iz; and iz17 is unknown,
so the differential equation is hard to solve by manual work.
Although simulation or software can give the numerical solution,
it is not friendly to the design procedure.

To determine the minimum of /3 and 14, constant current I7yg
are used to replace the variable ZVS current iz and iz17. The
simplified model about ZVS process after decoupling two phases

’UA[(t> =T

21

(22)
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is shown in Fig. 13(b). If the junction capacitor of S1.3 and St_4
is Co(TR)34, and the junction capacitor of S5 and S¢ is Co(TR)565
then the relationship between Izyg and 74 is

ACo(rrys6 | Vi

Iys(ts) = |2C, 23
zvs(ta) (TR)34 T 2 » (23)

The minimum of |/5] and |/,| are
3] min = L4l imin = 1zvsmin = Izvs(tamax)- (24)

In summary, the minimum of |/;|-|14| are expressed as (21),
(22),and (24). On the other hand, according to (6), the expression
of [I1] ~ |I4] is given in (25)

1| = fVLI _—e2 +2De — D* + ;D] — 21?1/1,,

|I,| = f‘:zl :62 - D*+ ;D} + 2J§Vm

|13] = f‘:zl :62 +(1—2D)e+ D* — ;D} + 251%

1| = fi/iLI :—eQ +2De — D? + ;D] - 2]];‘4“. (25)

According to the relationship between e and D, it can be
proved that |I;|-|I4] increases with the increase of e whether
mode is al or b2. Therefore, to achieve ZVS of Si.1—Si_4, the
related minimum of e can be obtained according to (21), (22),
(24), and (25), as shown

D stI]Din
€1min = D — \/2 ~oDvE \/2L1C(TR)12./2

D L1 P,
€2 min = \/D2 - a5 = f Sl + \/(SD - 2)LICO(TR)12fs2

2 2DV?
1 1 D stI-Pin stIIZVSmin
min =D — = T 9
“s 3" \/ 172 oovz T

D s L1 Py s L117vsmin
€4min = D — \/ — f I _ f AN . (26)

2~ 2DV? Vi

To achieve ZVS of S1.1 ~ S1.4 simultaneously, e must be the
maximum value in (26), i.e.,

€min = max{el mins €2min; €3 min; €4 min}~ (27)
B. Power Loss Related to Phase-Shift Angle and the Choke
Inductor

The choke inductor and the phase-shift angle shape the wave-
form of iy. i1, determines the conduction loss and switching loss
of primary switches, and determines the winding loss and core
loss of the choke inductor. These four types of loss are discussed
as follow.

1) Conduction Loss of Primary Switches: The RMS current
of the choke inductor L1, resonant inductor L, and switches S1.1
~ 814 are denoted as I, Ir, and Is1.; ~ Ig1.4, respectively.
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According to the KCL principle of switching node Ay, there is
Ly + e = 17 (28)
According to the KCL principle of switching node By, there

is

2 2 Lot
I s tlsra =7 ; (ip—ir)"dt

1 [T
=1§+1§—?/0 2ipiydt.  (29)

According to (6) and (8), 1, can be obtained as

(de +1)D + 4¢€?] D + it

4DfLy = 4D2V?
4D*—(12e + 4) D3+ (18e*+6e+1)D?
—(16€3 + 3e2)D + 6e?

I} = [2D* -

VQ
] 6f2LY

(30)
The resonant current i, is
i = 2VM sin (27 fst) = 47;)‘/111 sin (27 fst). (31
Thus
2P2
_ 2
/ rdt = 32D2V;2 (32)

7/ . 2 [ ’I‘d _- T . 2 (D— )_ 27((1_6)
t S11 247 e S1n .
:ZS 0 i 8; L ‘SLI

(33)

If the ON-resistance of buck bridge and boost bridge are
Ras(on)1 and Rygs(on)2, then the total conduction loss of primary
switches is

Peon=2 [(Igl—l JrIgI—Q)Rds(on)l + (I§I—3 + 151—4)Rds(0n)2] :
(34)

Equations (28)—(34) indicate that P.,,, is a binary function of
Lp and e under specific Vi, and Py,.

2) Switching Loss of Switches: The turn-ON loss is elimi-
nated by ZVS, so only turn-OFF loss is discussed. The turn-OFF
loss relates to the driver circuit, the switching device, the turn-
OFF voltage and the turn-OFF current. It can be calculated by the
model proposed in [26], but the process is complicated. For the
convenience of analysis, the turn-OFF loss under several voltage
and current is calculated by that model, and then the turn-OFF loss
under any voltage or any current is obtained by curve fitting. The
turn-OFF voltage of buck bridge is Vi, which is variable. Thus,
the turn-OFF loss of buck bridge is fitted as a binary function
about V;, and Ig

Psw—buck = kl(MnIoff)Q + kQ‘/“? + kBIgff + k'4‘/;n
+ ks Lofr + k. (35

The turn-OFF voltage of boost bridge is V), which is constant.
Thus, the turn-OFF loss of boost bridge is fitted as a unary
function about /g

Pswfboost = l I off + ZQIOff + l3 (36)
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The total turn-OFF loss of primary side switches is

Pswfbuck(v;na |Il|) + Pswfbuck(v;m |I2|)
+Psw7boost(|13|) + Pswfboost(|I4D

Equations (25) and (35)—(37) indicate that Py, is a binary
function of Ly and e under specific V;;, and Pj,.

3) Winding Loss of the Choke Inductor: Toroidal core is used
in the inductor, so the winding loss can be estimated by the dc
resistance of coils. The current stress of the choke inductor is
given in (30). If the dc resistance of coils is R, then the winding
loss is

PQW =2 (37)

P., =2IRy. (38)

Equations (30) and (38) indicate that P,, is a binary function
of L1 and e under specific Vi, and Pj;,.

4) Core Loss of the Choke Inductor: The waveform of iy, is
not sinusoidal, so the method in [27] is employed to calculate
core loss. The calculation formula is

1 (T |dB|*
Py = — k; AB)P~%at 3
o[k @B (9)
k
ki = . (40)
(2m)* f |cos B]*28-2df

where k, o, and 3 are from datasheet of core. dB/dt and AB are
related to I; ~ I expressed in (25). The core loss of the choke
inductor is

P =2P,V.. (41)

Equations (25) and (39)—(41) indicate that Py is a binary
function of L1 and e under specific Vi, and Pyy,.

The above four types of loss are all related to the components,
input voltage Vi, input power P, choke inductor Lj and phase-
shift angle e. Under specific V;,, P;, and components, the total
loss Pjoss 1S a binary function of Ly and e, as shown as

Pioss = Peon + Pow + Poy + Pre = f(e LI)an,Pm

i

(42)

where L1 and e are independent of each other, so it is hard to
solve the minimum of Py,ss. However, it is found that if e is larger
than the ey,;, expressed in (27), then Py, Psw, Peu, and Py will
increase with the increase of e. It means that Pj.g iS @ monotonic
function of e, no matter what V;,,, P;,, and Ly are. Therefore, the
relative minimum Pjogsmin. » Under specific L must be obtained
ate = emin

-Plossminf'r‘ - f(emirn LI)
Equation (26) and (27) indicate that e ,;, is the function of Lg
(44)

Vins Pa- 43)
€min = g(LI)|VimPin'

By substituting (44) into (43), Plossmin-+ 1 simplified as a
unary function

f(g(Ly), L1)|vi, P,
(45)

Piossmin—r = f(emina LI>|Vin7Pin =
= f(LD) Vi, Pa-

According to (45), the curve describing Ly and Pjossmin.» Can
be obtained, then the absolute minimum Pjossmin and related
optimal Ly can be determined.
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TABLE III
PARAMETERS OF THE CONVERTER
Input voltage Vi, 350 V~430V
Intermediate bus voltage Vy 384V
Output voltage ¥, 24V
Output power P, 600 W
Switching frequency f; 1 MHz
TABLE IV
OPTIONAL COMBINATIONS OF PRIMARY SWITCHES
SI.3 and SI.4
Optional Combinations
GS66504B GS66506T GS66508T
GS66504B 04B/04B 04B/06T 04B/08T
Sii and Si» GS66506T 06T/04B 06T/06T 06T/08T
GS66508T 08T/04B 08T/06T 08T/08T

C. Design Example

A specific converter is employed in this section to explain the
proposed design procedure more clearly. The detailed parame-
ters are given in Table III.

As indicated in (23)—~(27), the parameter C,,(TR)12, Co(TR)34,
and C,(TR)s6 are required to obtain ey, = g(L1)|v;,,p, . There-
fore, first step is selecting switching devices. The voltage stress
and current stress of device S5 and Sg are irrelevant with Ly
and e, so they are selected according to the Rgs(on) and ther-
mal resistance. GaN device EPC2065 is chosen. Four switches
are connected in parallel to avoid overheating. Its C,(Tr) and
Rds(on)@7O°C are 842 pF and 3.7 m{2. As for S;.1 ~ Si4, the
optional devices under rated input voltage and full load are
GS66504B, GS66506T and GS66508T. Their Co(Tr) are 71,
106 and 142 pF, and their Rgs(on)aro-c are 150, 100, and 75
mS2, respectively. Since the current stress of Sy.; and Sp.o are
close, they are chosen as same type, so are St_3 and Sy_4. There
are nine choices of switch combinations, as given in Table IV
(“04B/06T” means that Si_;1 ~ S are GS66504B, and Si_3
~ 814 are GS66506T). Under rated input voltage (384 V),
different load, different L; and related e,,;, expressed in (27),
the conduction loss is figured out according to (23)—(34) and
drawn in Fig. 14 (fqmax in (24) is taken as 30 ns).

Under rated input voltage and full load, the ZVS of S1_3 and
S1.4 dominates e,,;i,. In other words, e takes e,in3 OF €ming in
(27). S1.1 and S1_5 could achieve ZVS if Si_3 and S1_4 can achieve
ZVS. Thus, Pcon is lower as long as the Rys(on) 0f S1.1 and Sy.2 is
smaller (for same shape point, blue line is below green line, and
green line is below red line, as shown in Fig. 14(a)). However, if
the Rys(on) 0f S1.3 and S1.4 is smaller, their C,(TR) is larger, and
higher ZVS current is required. This increases the conduction
loss P, instead [for same color line, round points are above
square points, and square points are above triangle points, as
shown in Fig. 14(a)]. Therefore, smaller Rgs(on) of S1.1 and
S1-2 and larger Rqs(on) of S1.3 and Sy_4 are better for decreasing
the conduction loss. It means that the combination “08T/04B”
induces minimum P.,,, as shown in Fig. 14(a). The situation of
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Fig. 14.  Conduction loss of primary switches under rated voltage, different

load and different choke inductance. (a) Full load condition. (b) 60% load
condition. (¢) 20% load condition.

60% load is similar to that of full load, as shown in Fig. 14(b).
In very light load condition (20% load), the R4gs(on) Of S1.1 and
S1.2 domains the conduction loss while the Rgs(on) of S1.3 and
S14 is not very important, as shown in Fig. 14(c). In summary,
the combination “08T/04B” is the best choice in whole load
range. However, from Fig. 14, it is also noticed that the Py, in
combination “06T/04B” is only slightly higher than “08T/04B”,
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. If P,=120 W, L; =17 pH, and V, is in range
350 V~430V, then Py, is2.8 W ~3.8 W |
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Fig. 15.  Conduction loss varies with voltage, load, and inductance.
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Fig. 16.  Switching loss varies with voltage, load, and inductance.

but the price of GS66506T is lower than that of GS66508T. Thus,
the final design result for S1.1—S14 is “06T/04B”, i.e., S1.1—S1.2
are GS66506T, and S1.3—S1.4 are GS66504B.

Once the switches are chosen, the function e, =
g(L1)|v;,, p, is obtained. Furthermore, the conduction loss Pcop
and the switching loss Psy, can be obtained under specific Vi,
Pi, and Ly. P, and Py, under different input voltage, load (Pj,
= P,/n,nis estimated as 95%) and choke inductance are given in
Figs. 15 and 16. Fig. 15 is divided into five columns horizontally,
and every column represents a load condition. Nine colored lines
in every column represent loss range under different inductance.
For example, the first deep red line in first column means that
when P, is 120 W, Ly is 17 pH, and V, is in range 350-430
V, the related conduction loss P, is in range 2.8-3.8 W. The
eighth purple line in fifth column means that when P, is 600
W, L; is 24 pH, and V;, is in range 350-430 V, the related
conduction loss P, is in range 2.4-2.8 W. Fig. 15 indicates
that the conduction loss P, decreases with the increase of L
in light load condition (less than 240 W), and it increases with
the increase of Ly in heavy load condition (higher than 480 W).
In other words, if Ly is small (like 17 p©H, deep red line), Pcon
roughly decreases with the increase of load; if Lj is large (like
25 uH, black line), P.,,, roughly increases with the increase of
load; a medium Lj (like 23 pH, blue line) leads to the P, curve
formed like high at both ends and low in the middle. The trend
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Fig. 18.  Core loss varies with voltage, load, and inductance.

of the switching loss Psy, shown in Fig. 16 is same as the trend
of P.on, but it is less obvious.

To obtain the winding loss P., and the core loss Py
of the choke inductor, the parameters of coils and core are
necessary. Therefore, the hardware of inductor needs to be pre-
set. According to the rms value and ripple of inductor current, the
powder core T68-2-D manufactured by Micromentals is used.
Corresponding to the inductance range 17-25 pH, the number
of turns of winding is from 39 to 47. With these parameters of
coils and cores, the winding loss P, and core loss Py, can be
obtained. The curves of them are given in Figs. 17 and 18.

The trend of P., and Pj. are similar to that of P..,,. The total
loss Pjogs curve is given in Fig. 19.

As shown in Fig. 19, the trend of total loss P} is also similar
to that of P, . If desire the converter to have high efficiency at
heavy load and full load, and the devices will not be damaged due
to overheating in light load condition (the light load operation
time is short or thermal condition is enough), then the choke
inductor can be designed smaller (17 pH, deep red line). If
desire the converter to stably operate in whole load range, then
the designed choke inductance should ensure approximately
same loss in two ends of load condition. A medium inductance
(23 pH, blue line) satisfies this requirement. In this article,
23 pH is chosen.

In summary, this section discusses the ZVS condition of all
primary switches and four types of loss related to Ly and e.
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Fig. 19. Total primary loss varies with voltage, load, and inductance.
TABLE V
PARAMETERS OF MAIN COMPONENTS
Choke inductance L; and Ly 23 uH, T68-2D, 47 turns
Resonant inductance L, 3.8 uH
Resonant capacitance C; 6.6 nF
Magnetizing inductance L, 450 uH
Transformer T 16:1:1, EQ25, PC200
Quality factor under full load 0.12
Input capacitance C; 4.4 uF
Intermediate capacitance Cy 4.4 uF
Output capacitance C; 200 uF
Switches Sy.1, Si.a, Si.p and Sy GS66506T
Switches Sy.3, Si.4, Spi3 and Sy GS66504B
Switches Ss, Sq EPC2065
Primary Drivers Si8271
Secondary Drivers FAN3122
MCU STM32F334

The relationship between loss and e is used to simplify the design
procedure: the total loss becomes a unary function of Lj. Thus,
the optimal L is easy to be determined.

V. EXPERIMENTAL VERIFICATION

In this section, a prototype is built to verify the high efficiency
and high power density characteristic of both the proposed con-
verter and the proposed comprehensive optimal design method.
The parameters of the prototype are given in Table III. The
parameters of main components are given in Table V.

The size of prototype is given in Fig. 20. The volume is 70 x
65 x 12 mm?, and its power density under full load 600 W is
180 W/in.

Fig. 21 gives the voltage and current of two choke inductors
under rated input voltage (384 V) and full load (600 W): ir1;
VALBI; iLit; and varrpir. Itis noticed that the difference between
irr and iy is ignorable. It means that the consistency between
two phases is acceptable, so it is not necessary to consider current
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Fig. 20.  Prototype of the IIBBL converter.
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Fig. 21.

Voltage and current of two phase choke inductors.

sharing issues. The difference between varpr and varrpyr is
caused by the two different probes.

The main waveforms under different input voltage (350, 384,
and 430 V) and different load condition (25%, 62.5%, and100%)
are given in Fig. 22. i1, is the current through choke inductor Lj,
and varpr is the voltage across L. Each turning point of if,
and v 1y represents a switching moment of primary switches.
Phase-shift angle e is labelled in the figure. vpr_pr7 is the input
voltage of the resonant tank. The rising time and falling time
of vprLprr are almost same so that the resonant current i, is
purely sinusoidal, no matter how load condition is. It ensures
symmetric secondary current. This result can not be achieved in
[22] and [23] which use large resonant inductor or symmetric
modulation.

Fig. 23 gives the vpg and vgg of primary switches under rated
input voltage and full load. It can be seen that ZV S of all switches
are achieved. This proves the analysis in Section IV isxbrk
proper.

The solid line in Fig. 24 gives the measured efficiency of
proposed design. The topology in [22], [23], and [25] is single
phase integrated buck-boost-LLC, but their voltage level are
close to this article, and the main design considerations are
also choke inductor and phase-shift angle, so their efficiencies
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are also drawn for comparison (see dushed line). Clearly, the
design proposed in this article achieves higher efficiency than
[22] and [25] in whole load range. The full load efficiency of
the proposed design is 95.7%. Under rated voltage, the light
load efficiency in this article is higher than that in [23], because
the modulation method in [23] cannot improve the asymmetry
issues under light load. In heavy load condition, Wang et al.
[23] achieves higher efficiency because it can also achieve
symmetric secondary current and its frequency is only half of
this article.

Fig. 25 gives the detailed loss distribution under rated in-
put voltage and full load condition. Other loss includes the
loss of capacitors, resonant inductor, copper of PCB and
SO on.

With the results in Fig. 25, the reason why heavy load
efficiency decreases compared with [23] can be explained
in more detail. The loss comparison between the proposed
design and [23] under rated voltage and power is given
in Fig. 26.

The loss is divided into four types: switches, inductor(s),
transformer and others. The loss ratio is obtained by divid-
ing the loss by the input power. 100% minus the sum of the
loss ratio is the converter efficiency. As indicated by Fig. 26,
the loss ratio of switches in proposed design is less than
that in [23] despite more switches. The obvious parts of in-
creased loss are the inductor(s) and the transformer. The core
loss of powder core inductor and the winding loss of PCB
planar transformer will significantly increase with frequency.
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Driving loss and PCB copper loss also increases with frequency.
Therefore, the reason for lower heavy load efficiency is the raised
switching frequency but not the increased number of switches.
Besides, the proposed IIBBL converter achieves higher light
load efficiency despite higher frequency. Predictably, the en-
hancement of light load efficiency will be more distinct under
same frequency. The increased frequency degrades efficiency
but improves power density. The power density of [23] is 142
W/in® (not contains controller), while the power density of
proposed design is 180 W/in® (contains controller). Exactly
because of severe asymmetry issue under light load, 1 MHz
is not achieved in [23]. One benefit of the proposed IIBBL

converter is the possibility of higher frequency and higher power
density.
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Fig. 26.  Loss breakdown and loss ratio under rated voltage and power.

Fig. 27 gives the full-load thermal result of the prototype. The
ambient temperature is 25°C and the fan speed is 2850 r/min.
Because of high temperature of secondary windings and tiny size
of the rectifier switches, the most heated devices are the rectifier
switches. The high loss of powder core is also observed. The
temperature of all primary switches is much lower, which means

this prototype can afford heavier load if the thermal design of
secondary devices is better.
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Fig. 27. Thermal test under rated input voltage and full load condition.

VI. CONCLUSION

This article proposes a two-phase interleaved integrated buck-
boost-LLC converter with which it is easy to achieve high
efficiency and high power density. Besides, a comprehensive
optimal design method for this converter is given. The proposed
topology can solve the distorted resonant current and asym-
metrical secondary current issue which occurs in single phase
converter. Therefore, the design limitation of the choke inductor,
the phase-shift angle and the resonant parameters is dismissed.
In other words, the design freedom of the converter is improved.
The proposed method for designing the choke inductor and the
phase-shift angle can achieve ZVS of all switches and minimize
the power loss of primary side components, so the efficiency
is improved. Frequency is raised to 1 MHz because ZVS is
achieved in whole voltage range and load range, so that high
power density is also achieved. The experiment results verify
that the proposed converter achieves sinusoidal resonant current
in whole load range, and 95.7% full load efficiency and 180
W/in® power density are achieved under the proposed optimal
design method.
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