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Hybrid Phase-Shift-Controlled Three-Level
and LLC DC-DC Converter With Active
Connection at the Secondary Side

Zhiqiang Guo, Student Member, IEEE, Deshang Sha, Member, IEEE, and Xiaozhong Liao, Member, IEEE

Abstract—This paper proposes a hybrid phase-shift-controlled
three-level (TL) and LLC dc-dc converter. The TL dc—dc converter
and LLC dc—dc converter have their own transformers. Compared
with conventional half-bridge TL dc-dc converters, the proposed
one has no additional switch at the primary side of the trans-
former, where the TL converter shares the lagging switches with
the LLC converter. At the secondary side of the transformers, the
TL and LLC converters are connected by an active switch. With
the aid of the LLC converter, the zero voltage switching (ZVS) of
the lagging switches can be achieved easily even under light load
conditions. Wide ZVS range for all the switches can be ensured.
Both the circulating current at the primary side and the output
filter inductance are reduced. Furthermore, the efficiency of the
converter is improved dramatically. The features of the proposed
converter are analyzed, and the design guidelines are given in the
paper. Finally, the performance of the converter is verified by a
1-kW experimental prototype.

Index Terms—LLC, phase shift, three-level (TL), zero voltage
switching (ZVS).

1. INTRODUCTION

THREE-LEVEL (TL) dc—dc converter with voltage stress
A of the switches reduced to half of the input voltage is
widely used in industry applications. A family of the TL dc—dc
converter has been investigated, and the essential relationships
among them have been revealed [1]. The TL dc—dc converter is
first proposed in [2]. The main feature of the converter is that the
ZVS is achieved for all the switches. However, it is difficult for
conventional TL dc—dc converters to achieve the ZVS for lag-
ging switches especially at light loads. The switching noise and
electromagnetic interference caused by hard switching degrade
the performance of the converter. Moreover, the circulating cur-
rent reduces the efficiency as the input voltage increases.
A series of practicable TL ZVS dc—dc converters has been
introduced in [3]. The simplest implementation for achieving
the ZVS of lagging switches is to add an external inductor at
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the primary side of the transformer [3]. However, the inductor
leads to a large duty cycle loss and a large ringing of the sec-
ondary rectifiers. An inductor combined with two capacitors is
used to achieve wide ZVS [4]. However, the additional inductor
causes large circulating currents. An additional inductor with
two clamping diodes can be used to achieve ZVS for lagging
switches, and overshoot for secondary rectifiers can be sup-
pressed [5]. Nevertheless, it still results in the increase of duty
cycle loss. Another approach for achieving ZVS for the lag-
ging switches is to enhance the magnetizing current to charge
and discharge the junction capacitors by using two coupling
inductors integrated in one core [6]. Besides, a TL converter
achieving the ZVS for all switches is proposed in [7] by using
two series-connected transformers. For the sake of extending
the ZVS range for lagging switches, a TL dc—dc converter with
an auxiliary coupling inductor at the primary side is introduced
[8]. The energy stored in the auxiliary circuit is minimal at
full loads and gradually increases as the load current decreases.
However, large circulating currents still exist at the primary
side. For ZVZCS TL dc—dc converters, MOSFETs are used
for leading switches to achieve ZVS, and insulated-gate bipo-
lar transistors (IGBTs) are used for lagging switches to achieve
zero current switching (ZCS) [9], [10]. Moreover, the primary
side circulating current is reduced. A new concept of dc—dc
conversion with asymmetric pair of switches achieves hybrid
ZVS-ZCS scheme is presented in [11], which can be regarded
as a TL-derived dc—dc converter. In addition, multiphase TL
dc—dc converter extending the duty cycle range for high power
application is another solution for ZVZCS [12]. However, us-
ing IGBTs limits the switching frequency, which is not suitable
for high frequency dc—dc conversion. Most of the researches
aforementioned are based on half-bridge (HB) TL dc—dc con-
verters. Full-bridge (FB) TL dc—dc converter is an alternative
scheme for high voltage applications [13]-[15], but there are
still some challenges for the FB TL dc—dc converters to achieve
high efficiency and soft switching.

Resonant TL de—dc converter with ZV'S feature is investigated
in [16]-[19]. Due to the elimination of output filter inductor, the
voltage stress of the secondary diodes can be reduced. An LLC
TL dc—dc converter with double resonant tanks by modulat-
ing the switching frequency is proposed in [18]. However, the
variable switching frequency makes the electromagnetic com-
patibility design difficult. Resonant TL dc—dc converters with a
constant switching frequency are provided in [17] and [19]. The
main advantage is that the output voltage is regulated by using
simple phase-shift or pulse width modulation (PWM) schemes.

See http://www.1eee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1. Proposed hybrid TL and LLC converter.

A TL dc—dc converter combined with an FB converter is used
to reduce the output filter inductance [20], [21]. However, more
additional switches have to be used. Besides, a TL converter
using two transformers without additional switches also can re-
duce the output filter size [22]. Recently, hybrid converters are
attractive due to their outstanding performance. The hybrid con-
verters integrate two or more converters into a new one, such
as hybrid boost TL dc—dc converter [23], hybrid dual FB dc—dc
converter [24], hybrid resonant and PWM converter [25], [26],
three-phase TL dc/dc converter [27], and so on.

In this paper, a hybrid TL and LLC dc—dc converter is pro-
posed with simple phase-shift control. The TL converter and
LLC converter have their individual transformers. At the pri-
mary side of the transformers, the TL converter shares the lag-
ging switches with the LLC converter. At the secondary side,
the TL and LLC converters are connected by an active switch to
minimize the conduction loss. The ZVS of the leading switches
is similar to conventional HB TL dc—dc converters, while the
ZVS of the lagging switches is determined by the LLC converter.
Therefore, wide ZVS range can be achieved. Furthermore, the
primary-side circulating current can be reduced, so the conver-
sion efficiency can be improved.

This paper is organized as follows. The circuit and mode
operation of the proposed converter is described in Section II.
In Section III, the main features of the proposed converter are
analyzed. The design guidelines of the converter are presented
in Section I'V. The experimental prototype with 550-600 V input
voltage and 50 V/20 A output is built to verify the performance
of the proposed converter in Section V. Finally, the conclusions
are given in Section VI.

II. PROPOSED HYBRID TL AND LLC DC-DC CONVERTER

Fig. 1 shows the circuit configuration for the proposed con-
verter, which is composed of an HB TL dc—dc converter and an
HB LLC dc—dc converter. The divided capacitors Cyy, Cyo, and
the flying capacitor C;, are large enough to be treated as voltage
sources of Vi, /2. 1 and Q4 are leading switches; (2 and Q3 are
lagging switches. The TL converter shares the lagging switches
@2 and @3 with the LLC converter. C| — Cy are junction ca-
pacitors of the switches, and C; = Cy = C5 =Cy = C. T, is
the transformer of the TL converter, and 7.5 is the transformer
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Fig. 2. Key waveforms of the proposed converter.

of the LLC converter. The turns ratio of the two transformers
T,1 and T} is nq:1:1 and ns:1:1, respectively. Ly is the leak-
age inductor of 7;;. The magnetizing inductor of 7} is large
enough to ignore the magnetizing current during the switching
period. L, is the resonant inductor of the LLC converter, and
L,,» is the magnetizing inductor of T}.5. C;1 and C,o are reso-
nant capacitors, and Cy = C,9 = C,.. Q, named as an active
switch, works as a controlled rectifier to reduce the conduction
loss.

Fig. 2 shows the key waveforms of the proposed converter.
The proposed hybrid converter works with a constant switching
frequency. The output voltage of the converter is controlled
by the phase-shift manner. Gate signal of QQr is expressed as
Qr=0Q1 Qs+ Q2 Q.

The LLC converter works in open-loop control. The resonant
frequency is expressed as f, = 1/(27n/2CT LT). The LLC res-
onant frequency is chosen to be the switching frequency, so the
voltage gain of the LLC converter is independent of the load
and equal to 1 [28]. Therefore, the output voltage of the LLC
converter is expressed as

Vin
47”&2 '

Vire = ey

Moreover, the rectifiers Dg3 and Dy, work in ZCS, so the
reverse recovery is avoided. In view of the output voltage con-
trol, V71 ¢ should be less than the output voltage V,,. There are
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seven working stages in each half-switching period, as shown
in Fig. 2.

Stage 1 [ty,t;] [see Fig. 3(a)]: Prior to ty, @1 and Q3 are
ON, and Q- and ), are OFF. At time ¢y, Q)3 is turned OFF. The
primary winding current of transformer 7,5 starts to charge and
discharge the junction capacitors of (J3 and (), respectively.
The primary winding current of 7)., starts to increase. Since

Dpgr1 — Dpy are reverse biased, T, and 7,5 do not transfer
energy from the primary side to the secondary side, and 7,5 is
equal to the magnetizing current of 7;.o. The amplitude of the
magnetizing current [, is expressed as

Vin T
16Lm, 2

2)

Im? =
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Fig. 4. DC conversion ratio versus duty cycle.

where 75 is the switching period. The output filter inductor cur-
rent i1, ; freewheels through Cy and the body diode of Q. The
primary winding current and voltages of the junction capacitors
C5 and C} are expressed as

Z‘prl - Im2 - ImZ COS [wm (t - t())]

Vi 1 .
Ve (t) = 5 3 ijm -sin [wy (£ — t0)]
() = =22 sin [wy (£ — to)] 3
Vo2 - 2Cu]m SN Wiy 0
where w,,, = \/ﬁ

Stage 2 [t;,ts] [see Fig. 3(b)]: At time t, the drain—source
voltage of ()2 reaches zero, and 4,,, flows through the body
diode of Q3. ip2 is equal to I,,2. ip,1 increases linearly. The
output filter inductor current iy, ; freewheels through C,s and
the body diode of Q. i), in this stage is expressed as

in
2Lk

Stage 3 [to,13] [see Fig. 3(c)]: At time ty, Qo is switched
ON with ZVS. The inductor L, starts to resonate with C,
and C)s. Dpg3 is forward biased. The LLC circuit starts to
transfer power to the output. iy still freewheels through Cyg
and the body diode of Qg. i1 still increases linearly as
expressed in (4).

Stage 4 [ts,t;] [see Fig. 3(d)]: At time t3, Dp; is forward
biased. The TL circuit transfers energy through 7.1 to the output.
At this time, the voltage of v, is larger than V1, ¢, so the body
diode of Qr is reverse biased. The LLC circuit still charges the
capacitor Cos. 7,1 in this stage is expressed as

‘/111/2 - nl‘/;)
Lkl +7l%Lf

ipr1(t) = dpr1(t1) + (t—1t1). “)

ipr1 (t) = ipr1(t3) + (t—t3). (5)

Stage 5 [t;,15] [see Fig. 3(e)]: When @ is turned OFF at
t4, the voltages across the junction capacitors C and C; are
charged and discharged linearly by the energy stored in the
output filter inductor L. Since v, is larger than V¢, the
body diode of Qr is still reverse biased.

Stage 6 [t5, ts] [see Fig. 3(f)]: When C reaches Vi, /2 and
C} reaches zero, the body diode of ()4 is forward biased. Si-
multaneously, when the voltage v, is less than V71 ¢, the body
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diode of Q) is forward biased. i, 7, starts to increase and flows
through the body diode of ()i, while iy, decreases. The LLC
circuit starts to transfer energy to the output.

Stage 7 [tg,t7] [see Fig. 3(g)]: At time tg, @, and Qg
are turned ON with ZVS. The primary winding current of 7,
decreases and freewheels through D; and Q5. i71, decreases,
while i1 ¢ increases and flows through Qp.

Stage 8 [ty, tg] [see Fig. 3(h)]: Stage 8 starts when i,,,;,1 and
171, reach zero. Then, Dy, and Dpo are both OFF, and v, is
equal to V7,7, ¢. The filter inductor current ¢y, ; is equal to 2 7,7,¢.
iz s freewheels through Qr and Cs.

III. ANALYSIS OF THE CONVERTER

A. DC Conversion Ratio

The dc conversion ratio of the converter in continuous con-
duction mode can be derived from the volt—second balance for
the output filter. It yields

Vi
2’/11

where D.g is the effective duty cycle. Substituting (1) into (6),
the dc conversion ratio of the converter is expressed as

- Vo> Deg + (Vire = Vo) (1 = Deg) =0 (6)

V; Deff 1- Deff
M = = _ 7
‘/in 2nl 4”2 ( )
The effective duty cycle is expressed as
4V, Ly 4Ly
D(\':D*Dnss:Dfiz -
. ! VvinRunl Ts Ronl Ts
(®)

where R, is the load resistance, T is the switching period, and
Ly is the leakage inductance of 7;.;. Substituting (8) into (7),
the dc conversion ratio in view of duty cycle loss is written by

D 1-D
Vo 2y T im
M=-"= e : 9)

Vie 2 1) _Lu
I+ %) mar
For conventional TL converters analyzed in the same manner,
the dc conversion ratio is expressed as

D
‘/0 2n
M=o — 2 (10)
Vo 1+ 5 e

Fig. 4 shows dc conversion ratio versus duty cycle for spec-
ifications ny = 4, Ly; = 10 uH, Ty = 10 us, R, = 2.5 Q, and
different ny. The figure illustrates that the dc conversion ratio
of the proposed converter is larger than the conventional TL
converter.

The power distribution ratio of the two transformers is ex-
pressed as

y = Pr,,  (Viu/2m)Desly
Pr,, (Vin/4n2)(1 — Doﬁ')ILf

2n2Deff
ny (1 — Dcff) '
(11)
According to (7) and (11), the power distribution ratio is
rewritten as

o 4n2M—1

_ a1 12
K T (12)
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Fig. 5. Load distribution between the two transformers and the duty cycle

with different input voltages.

Fig. 5 shows the load power percentage of the two transform-
ers and the duty cycle versus input voltage with specifications
Vin =500 —-600 V,V, =50V,n; =4,ny =4, L, =10 pH,
and R, = 2.5 Q. The two solid lines are the load power per-
centage of the two transformers, and the dashed line is the duty
cycle of the converter. For constant output voltage, the duty cy-
cle decreases with the increase of the input voltage. Meanwhile,
the LLC transformer undergoes more load power and the TL
transformer undergoes less power, as the duty cycle decreases.

B. POWER LOSSES OF THE ACTIVE SWITCH

The active switch (Qr works as a controlled rectifier. If the
active switch @ is replaced by a diode, the key waveforms
of the converter are the same as that shown in Fig. 2. How-
ever, the voltage drop across the diode causes larger conduction
loss especially in low output voltage and high output current
conditions.

After the output current flows through the body diode of
Qr, Qg is turned ON with ZVS. Due to the ZVS of g, the
switching loss is negligible. By using low voltage MOSFETs,
the voltage drop is much lower than the diode. Therefore, the
conduction loss is dramatically reduced.

C. ZVS Condition of Switches

In order to achieve ZVS for leading switches, the primary
winding currents of the transformer should make their junction
capacitor voltage to reach zero before the switch is turned ON.
In this working stage, the primary current is reflected from the
energy stored in the output filter inductor, which is similar to
the conventional HB TL converter. Conventionally, the output
filter is large enough to achieve ZVS even at light loads.

For the conventional HB TL dc—dc converter, the ZVS of
lagging switches is achieved by the energy stored in the leak-
age inductor. For the proposed converter, the ZVS of lagging
switches is achieved by the energy stored in the magnetizing in-
ductor of T,,. Taking Stage 1, for example, in order to achieve
ZV S for lagging switches, vc9 should reach zero within the dead
time, so the ZVS condition derived form (3) can be expressed
as follows:
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Fig. 6. Idealized rectifier voltage v;e.: (a) conventional TL converter, and
(b) proposed converter.

Vi Lo ¥
Vog = — — SIN Wiy, tdead
2Cwy,
_ ‘/;Il ‘/inTS

sin W tdead < 0. (13)

2 32L,,Cw,

Therefore, the magnetizing inductor L,, o for the ZVS condi-
tion should be selected as follows:

T
Lo <

2= 16Cw,,
where t4eaq is the dead time between Q2 and Q3. The ZVS
condition of the lagging switches is independent of the load.
With the aid of the magnetizing inductor of the LLC transformer,
the ZVS of lagging switches can be achieved within a wide load
range.

sin W, tdcad (14)

D. Filter Inductor and Current Ripple

For conventional HB TL dc—dc converter, the rectifier voltage
Urec 18 Zero during the freewheeling period, so the voltage across
the filter inductor is —V,,. Therefore, the current ripple of the
filter inductor Aip,;_. is expressed as

‘/in (1 — D)Dﬂ
4TL1 Lj '
As seen in Fig. 6, for the proposed converter, v, is equal
to V¢ during the freewheeling period, so the voltage across

the filter inductor is Vi, — V,. The current ripple of the filter
inductor for the proposed converter is expressed as

Aips .= (15)

Vvin 1 _D - (liD)nl :| Dﬂ

2n9

Aipy =
Ly 47L1Lf

(16)

As seen in both (15) and (16), with the same duty cy-
cle, the current ripple of the proposed converter is less than
the conventional TL converter. For the desired output cur-
rent ripple Al s = 0.5 A and specifications n; = 4, ny = 4.5,
T, =10 pus, R, = 2.58,and V, = 50V, the output filter induc-
tance as the function of input voltages is shown in Fig. 7. As seen
in Fig. 7, compared with the conventional TL converter, the filter
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inductance of the proposed converter is dramatically reduced.
Furthermore, the filter size and copper loss of the inductor can
be reduced.

E. Current Stress of the Primary Semiconductors

The primary currents of the transformers for the conventional
TL converter and proposed converter are shown in Fig. 8(a) and
(b). Fig. 8(c) shows the currents of the primary semiconductors.
As seen in Fig. 8(a), ignoring the duty cycle loss and output cur-
rent ripple, the primary winding rms current of the conventional
HB TL dc—dc converter can be expressed as

Vo
anu.

Tms
prl_c

rms
prl_e ™

a7

Therefore, the rms current of the leading switches ()7 and

()4 is approximately evaluated as ;f‘ﬂc\/g ~ o I/}%O vni M.
Furthermore, the rms current of the lagging switches Qo and
(3 is expressed as [} . / /2. The current freewheels through
the clamping diode and lagging switch during the freewheeling
interval. Ignoring the output current ripple and duty cycle loss,
the rms current of the primary clamping diodes for conventional

TL converter is expressed as

s 1 / AR = Yo J1=D
1 = = 2
D1,D2_conv Ts DL ny RO ano 2

(18)

TR, V2

As seen in Fig. 8(b) and (c), when the TL transformer
transfers power to the output, the current flowing through the
leading switch is approximately equal to ”I/;z“ . During Stages
5-8, the current flows through the leading switch and clamping

diode to charge the capacitor C, and the current is approxi-

v, Vi — _V,
JL‘QLC)/ 2 T 2mR,

the output current ripple and duty cycle loss, the rms current of
the leading switches for the proposed converter is approximately

mately equal to ( . Therefore, ignoring
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(c) Currents of the primary semiconductors.

evaluated as

TN S

Q1,04 =

Ts
2

L7y Vo
— — | dt dt
T, </o (mRo) +/DT; (2n230>
Vs 1 1 1

=2 =5+(s5-=3]|D
R, \/Sng * <2n% 8n%>

‘/o 1 1 1 47’2,1 TLQM — N1
~p Azt 57 T 52) o o
R, \ 8n; 2ny  8nj 2ny —ny

19)
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Fig. 9. Equivalent circuit of the secondary side in Stage 4.

The rms current of the clamping diodes is equal to

irms _ i /T; V:) ’ dt _ ‘/() 1 - -D
DLD2 = Al T DL 2ns R, 2R,V 2
o Vo 1
~ 2nsR, \/ 2

In terms of [29], the primary rms current of 7,5 is expressed
as

4TL1712M — N1
2(2%2 — nl) '

(20)

Vi [20iT2R?
s _ s 872 21
w2 S momr \ T2, " D

where R, = R,/(1 — D). During Stages 3-8, the primary
winding current of 7}.5 is expressed as
ipr2(t) = V2IIT sin 27 f, (t — t2) + ¢)] (22)
Vin T
167v/2L,, 21705

pr2
rent of the lagging switches for the proposed converter is

evaluated as

where ¢ = — arcsin ( ) Therefore, the rms cur-

2

1 Dh Ve 2 2
rms — 7 0 4 t dt ipro (T dt
'Q2.Q3 T 0 <”1Ro +2p72( )) " D% (21”2( ))

2
B waiﬁmgymwm+mfmwn+@$)
2n3 R2 ™ R, 2

N2
_ [ VEninoM—ny) V2V, I3 [cos(mD+¢)— cos ()] n (I,lf,lvlzb)
T\ 2n2R2 (200 — 1) w1 R, 2

(23)

The rms current of the primary semiconductors is associated
with the turns ratio of the transformers. In order to minimize the
conduction loss, the turns ratio of the transformer should be op-
timum designed. The detailed turns ratio design and conduction
loss is analyzed in Section IV.

F. Voltage Stress of the Secondary Diodes and Switch

The equivalent circuit of the secondary side in Stage 4 is
shown in Fig. 9, where C§ is the junction capacitance of the
active switch. Output filter inductor is large enough, so the
output filter inductor current is regarded as a current source.
The initial state in this stage is vcr(0) = 0, i71,(0) = 1, and
irLc(0) =0.
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veor(t), i11,(f), and i 1,1, o (f) are expressed as
in () = (;;1 - Xw) msin(wn(t 1)) + Ins
inselt) == (o2 = 12 ) S —sin(ea(t - )
vog(t) = (;/;11 - Z:;) [1 — cos(w, (t —t3))] (24)

1
Vil Cor
covery of the body diode, the maximum voltage of the active

Vin _ Vi
n1 2no

where w,, = . Therefore, ignoring the reverse re-

switch Q) is equal to ( ) . The maximum voltage over

the diodes Dp; and Dps is expressed as

VDR1.DR2_max = 2 (VCR_max + ViLC) = W _ &
ny 2%2

(25)
Moreover, the maximum voltage of the diodes D3 and Dpy
isequal to 2V o0 = 2‘;2 . In terms of (24), in order to reduce
the ringing of the output diode, the junction capacitance of the
active switch Qr should be small enough.

For conventional TL dc—dc converter analyzed in the same
manner, the maximum voltage at the rectifier output is ex-
pressed as Vyec_max = ‘; . Therefore, the maximum voltage of
the diodes Dy, and Dp, for conventional TL converter is equal
t0 2Urec_max = 2V which is larger than that of the proposed

ni ’
converter.

IV. DESIGN CONSIDERATIONS

This section introduces a design example of the proposed
converter with 550-600 V input voltage and 50 V/20 A out-
put. Therefore, the rated load resistance is 2.5 2. A switching
frequency of 100 kHz is adopted.

A. Turns Ratio of the Two Transformers

In order to design the two transformers, the power ratio of
the two transformers should be chosen to the desired value. The
power ratio can be designed within a range of [Myin, max |- AS
seen from (12), with the increase of the dc conversion ratio M,
the power ratio 7 increases. Therefore, 7,,i, is related with the
minimum dc conversion ratio M, , and 1y, 1« 1s related with the
maximum dc conversion ratio My, .. They are given as follows:

4”2 Mmin -1
MMmin — T~ =,
1-— 2”1 Mmin
o 4n2Mmax -1 (26)
s = 1- 27’7/1 Mmax .

Rearranging (26), the turns ratio of the two transformers are
written by

ny = Af[minnmax - Mma‘xnmin + Ai[min - ]\/lmax
2Mmax Min (nmax - nmin)
ng = (meax - ]Wmin) Thmaxmin + ]V[maxnmax - Mminnmin )
4Mmax Mmin (Mmax — Nmin)
27
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According to the specifications shown in this section, the max-

imum dc conversion ratio is My ax = j—o— = 29- = 0.0909,
and the minimum dc conversion ratio is My = 3 Vo — =
S0 “max
o0 = 0.0833.

In this paper, the power ratio distribution of the two transform-
ers is desired to be approximately 2. Therefore, the maximum
power ratio of the two transformers 7, .« is designed to be 2.33,
when the TL transformer supplies 70% load power and the LLC
transformer supplies 30% load power. The minimum power ra-
tio of the two transformers 7,,;, is designed to be 1.5, when the
TL transformer supplies 60% load power and the LLC trans-
former supplies 40% load power. Then, the turns ratio of the
two transformer obtained from (27) is expressed as (28) shown
at the bottom of the page.

Consequently, the turns ratio of the two transformers are cho-
sen as n; = 4 and ny = 4.5. At minimum input voltage, the
effective duty cycle in light of (7) is 0.51. At the maximum
input voltage, the effective duty cycle is 0.4.

B. Magnetizing Inductance of the LLC Transformer

With the specification of C' = 180 pF, Ty = 10 usand tgeaq =
100 ns, the magnetizing inductance of 7,9 versus the leakage
inductance Ly in terms of (14) is shown in Fig. 10. As seen, with
the increase of Ly, the magnetizing inductance L,, o increases.
In this case, the magnetizing current of 7)o can be reduced,
and the circulating current can be reduced. However, larger
Ly, causes larger duty cycle loss. Therefore, there is a tradeoff
between the duty cycle loss and circulating current for the ZVS
of the lagging switches.

In this paper, the leakage inductance Ly is chosen as 10 pH.
Therefore, the ZVS condition of lagging switches is L2 <
207 pH. Eventually, the magnetizing inductor L, is designed
as 200 pH in this paper.

C. Current Stress Comparison of the Primary Semiconductors

According to the turns ratio of the transformers and magne-
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switches in per unit as the function of the input voltage in terms
of (19) and (23) are shown in Fig. 11. As seen in Fig. 11, the
current stress of the proposed converter is much lower than the
conventional TL converter. Equation (19) indicates that the rms
current of the leading switches is associated with the duty cycle.
Fig. 4 shows that the duty cycle of the proposed converter is
much lower than that of the conventional TL converter for the
same dc conversion ratio. Therefore, the rms current of the lead-
ing switches can be reduced dramatically. Fig. 8(a) illustrates
the circulating current of the conventional TL converter. During
the freewheeling period, the lagging switches have to handle
large circulating currents, which causes large conduction loss.
Fig. 8(b) illustrates that 4,,; is reset to zero when the output
inductor works in the freewheeling period, leading to the reduc-
tion of the rms current for lagging switches. Moreover, during
the freewheeling period, the LLC circuit still transfers energy to
the output. Only the magnetizing inductor current of 7}.» free-
wheels at the primary side. Therefore, the proposed converter
works in low conduction loss, achieving high efficiency.

Fig. 12 shows the rms current of the primary clamping diodes
in per unit as the function of the input voltage. For the turns
ratio of the transformers and the magnetizing inductance of 7,5
designed in this section, the conduction loss of the clamping
diodes is less than the conventional TL converter.

D. Resonant Capacitance C,

The voltage across the resonant capacitor is expressed as

‘/in 1 .
T‘f’ W/Zm-g(t)dt

V2L

Vor1 =

:% cos 27 f, (t — t3) + &]

tizing inductance of 7.5 in this section, the rms currents of the T Ar f,.C,
A 0.0833 x 2.33 — 0.0909 x 1.5+ 0.0833 — 0.0909 3.99
e 2 % 0.0833 x 0.0909 x (2.33 — 1.5) - 28
. (0.0909 — 0.0833) x 1.5 x 2.33 + 0.0909 x 2.33 — 0.0833 x 1.5 451 (28)
9 = = 4,

4 % 0.0833 x 0.0909 x (2.33 — 1.5)
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Fig.12.  Rms current of the primary clamping diodes in per unit as the function
of the input voltage.

‘/ill 1 .
vors = 77 20 /Zprz(t)dt
Vo VAL
4 Arnf.C.

Therefore, the maximum voltage of the resonant capacitor is
expressed as

cos 2 f- (t —t2) + @] (29)

Vi | V2
4 Axnf.C.
With the increase of the resonant capacitor, the maximum
voltage of the capacitor can be reduced. When Vi, .y 1 de-

sired to be less than 250 V, C). should be larger than 21 nF. Then,
the resonant capacitance C) is chosen as 30 nF in this paper.

VCr_maX = (30)

E. Resonant Inductance L,
The resonant frequency is equal to the switching frequency.
Therefore, the resonant inductance L, is expressed as

= 42.26(pH). 31)

L= ——
82 f2C,
Then, L, is chosen as 43 pH.

E. Selection of the Secondary Semiconductors

According to the analyses in Section III-F, the voltage stress

; 2Vin _max _ Vinomax _ 2x600 _
of the Dy and Dps is equal to - poiiax — 257

7200 = 233 (V). The voltage stress of Q is equal to Vi“”;““ —
V—2712—" = 000 _ 800 — 83 (V). The voltage stress of Dps
and Dp, is equal to V—4;;’2—" = 290 =33.5 (V). The current

stress of all the secondary semiconductors can be designed no
less than 20 A. In terms of the voltage stress and current stress,
the secondary semiconductors can be determined.

V. EXPERIMENTAL VERIFICATIONS

In order to verify the performance of the proposed converter,
a 1-kW prototype is built. The specifications of the prototype
are given as follows: Vi, = 550 ~ 600V, V, =50V, n; =4,
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Fig. 13. Measured key waveform of the proposed converter (a) at Vi, = 550 V
and P = 1000 W, (b)at Vj,, = 600 Vand P = 1000 W, and (c)at Vi, = 550V
and P = 200 W.

ng =4.5, Cyy =Cy =Cyy =20 uF, C =180pF, L, =
43 pH, C, =30nF, L, =200 pH, Ly =110 pH, C, =
200 pF, and C,s = 30 uF. Therefore, the resonant frequency
of the LLC circuit is 99.1 kHz. The switching frequency is
100 kHz. Two pieces of FQPEN60C in parallel are selected as
each primary switch. The primary clamping diode is DSEP12-
12A. The active switch is FDP150N10. The rectifiers Dg1 and
Dpo are two pieces of MBR20200CT. Two RC snubber circuits
are parallel connected with Dy and Dpo. The snubber circuit is
composed of a 400 €2 resistor in series with a 1 nF capacitor. The
rectifiers Dprg and Dp4 are DSSK20-015A. The experimental
results are shown in Figs. 13-16.

Fig. 13 shows the key waveforms at different input volt-
ages and output power, where P is the output power. Fig. 13(a)
shows the experimental waveforms when V;, =550 V and
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Fig. 14.  Current of Q4, primary current of the clamping diode D1, and gate
signal and drain—source voltage of switch 4, (a) at Vi, = 550 V and P =
1000 W and (b) at Vj,, = 550 V and P = 200 W.

P =1000 W. Fig. 13(b) shows the experimental waveforms
when Vj, = 600 V and P = 1000 W. With the increase of the
input voltage, the duty cycle of the proposed converter decreases,
while the amplitude of 4,2 increases. It demonstrates that the
LLC circuit transfers more power to the load as the input volt-
age increases. Fig. 13(c) shows the experimental waveforms
when V;,, = 550 V and P = 200 W. The current amplitudes of
ipr1 and i,,o are both reduced as the output power decreases.
As expected, the currents 4,,; for the three cases mentioned
previously are all reset to zero during the freewheeling period,
which minimizes the conduction loss of the primary circuit.

Fig. 14 shows current of ()4, current of the clamping diode
D1, and gate signal and drain—source voltage of switch Qy.
Fig. 14(a) shows the ZVS operation of the leading switches at
heavy loads. Fig. 14(b) shows the ZVS operation of the leading
switches at light loads. Before ()4 is turned ON, the current of
(4 is negative and the current flows through its body diode.
Fig. 15 shows current of ()3, primary current of 7,2, and gate
signal and drain—source voltage of switch Q3. Fig. 15(a) shows
the ZVS operation of the lagging switches at the heavy load.
Fig. 15(b) highlights the ZVS operation of the lagging switches
at the light load. As seen in the experimental results, before ()5
is turned ON, the current of (03 is negative and the current flows
through its body diode. Therefore, ZVS for all the switches is
achieved over the wide load range. Fig. 16 highlights the ZVS
operation of active switch Q.

The measured efficiency curves for the proposed converter,
the conventional TL converter, and the proposed converter re-
placing the active switch to a diode are shown in Fig. 17.
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Fig. 15. Current of @4, current of 7)o, and gate signal and drain—source

voltage of switch Q3 (a) at V;;, = 550 V and P = 1000 W and (b) at V;,, =
550 Vand P = 200 W.
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Fig. 16.  Gate signal and drain—source voltage of Qp at Vi, = 550 V and
P = 1000 W.
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Fig. 17.  Efficiency for the proposed converter, the conventional TL converter,
and the proposed converter replacing the active switch to a diode.
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Compared with the conventional TL converter, the efficiency
of the proposed converter is greatly improved. At Vi, = 600 V,
the maximum improvement at light loads is more than 3.5%,
and the improvement at heavy loads is more than 3%. For the
proposed converter replacing the active switch to a diode, the
efficiency is not effectively improved. Although the ZVS of the
switches is achieved and circulating current is reduced at the
primary side, the replaced diode causes large conduction loss
especially at heavy loads. As the input voltage increases, more
power is transferred to the load from the LLC circuit. More con-
duction loss is generated by using the replaced diode. Therefore,
when the input voltage increases, the efficiency of the proposed
converter with the replaced diode decreases.

VI. CONCLUSION

In this paper, a hybrid TL and LLC converter by sharing the
lagging switches is proposed for higher efficiency. Since the
switches only withstand half of the input voltage, the proposed
converter is suitable for high input voltage applications. The
LLC circuit can extend the ZVS range of the lagging switches.
The output current ripple and circulating current of the primary
side are reduced. Connecting the hybrid TL output and LLC
by the proposed active switch based on the proposed switching
sequence can significantly increase the conversion efficiency
further during the wide load range. The good performance of
the proposed converter and design method has been verified by
a 1-kW experimental prototype.
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