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ABSTRACT A modified two-channel LLC resonant converter with optimal efficiency for wide input voltage
applications. The converter has the same voltage gain and power handing ability as conventional full-
bridge (FB) resonant converter, but the hardware cost is lower than conventional FB resonant converter,
and the operational frequency range is narrower than conventional resonant converter for the same working
condition. It has the characteristics of low input impedance at low input voltage, which is used to provide
high voltage gain, and high input impedance at high input voltage, which is used to provide low voltage gain,
the above characteristics are analyzed and optimized to improve the efficiency for photovoltaic applications
where wide voltage gain is require. A 1 kW prototype is developed, the input voltage ranges from 80 V
to 200 V, the output voltage and output power are 400 V and 1 kW, the experimental result shows that the
full-load efficiency can reach 96.5% over the entire input voltage range, and the peak efficiency can reach
96.9% at full-load state.

INDEX TERMS Resonant converter, photovoltaic, wide input voltage, high efficiency, DC/DC conversion.
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grLr Air-gap length of resonant inductors.
Iy Length of magnetic loop of resonant
inductors.

WLr.r, MLre Relative and effective permeabilities of
resonant inductors.

Ip,rms Primary RMS currents of transformers.

s rms Secondary RMS currents of transformers.
Js,min Minimum switching frequency.

ABT Variation of flux density of transformers.
Jr Current design of transformers.

K7 Window utility factor of transformers.
Nrp Primary turn number of transformers.

L, max Maximum magnetizing current.

AT, Effective area of magnetic cores.

Nry Secondary turn number.

UCr max Voltage across resonant capacitor.

L pk Peak resonant current.

ws Angular frequency.

tq Dead time.

td min Minimum dead time.

td max Maximum dead time.

So.max Maximum switching frequency.

Coss MOSFETSs® output capacitance.

0 Phase angle between the current of the

inductor and its voltage.

I. INTRODUCTION

For many applications, such as uninterruptible power supply
(UPS) [1], [2], photovoltaic system [3], etc., where electri-
cal isolation and wide voltage gain are needed, because the
input voltage varies in wide range and the output voltage
is constant, isolated dc/dc converter with wide voltage gain
is widely adopted. For photovoltaic applications, the input
voltage varies with the irradiation, then the converters should
have the ability to operate in wide input voltage. Phase shifted
full-bridge (PSFB) [4], [5] and LLC resonant converter [6],
[71, [8], [9], [10] are commonly used for wide input voltage
applications, because the attractive merits of wide voltage
gain and soft-switching. However, the lagging switches make
PSFB lose the soft-switching at the light load. On the con-
trary, LLC resonant converter can soft switch over the entire
input voltage range, therefore, it is suitable for photovoltaic
application [1], [11].

Traditional parallel-series LLC resonant converters must
operate in wide frequency range to realize wide voltage gain
conversion, which brings two problems: (a) the operating
frequency at the low voltage gain region is extremely high
and results in high switching loss, 2) the circulating current
at the high voltage gain region is large and results in large
conduction loss and massive magnetic volume. LLC reso-
nant converter has two typical configurations, including half
bridge (HB) and full bridge (FB) configurations. Considering
the electrical limitations of real power switches, HB LLC
resonant converter only has the half power handing ability
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of FB LLC resonant converter, but FB LLC resonant con-
verter must operate with much high frequency at low voltage
region, which results in large switching loss. On the contrary,
HB LLC resonant converter can avoid the above problem.
Therefore, high efficiency in wide voltage gain range can be
solved by combing the merits of HB and FH LLC resonant
converters.

The efficiency and electrical stress are also important for
wide voltage conversion. Many researches are conducted to
decrease the switches® electrical stress. For example, paral-
leled converters and switches are used to reduce current stress
in [12], but the converter‘s hardware structure is complicated
and it is hard to balance the current flowing through the par-
alleled power switches. In [1], [9], [13], [14], [15], and [16],
modified HB LLC resonant converter is adopted to increase
the power handling ability with low current stress, and two-
channel LLC structure is used to reduce the current stress of
the power switches [1], [9], [13], but the operating frequency
and switching loss at the low voltage gain is too high.

The scheme in [17] combining HB LLC and FB LLC
resonant converters in an interleaved way can also obtain
wide gain, but the auxiliary channel makes the hardware con-
figuration complicated. To widen the voltage gain, a recon-
figurable LLC resonant converter is proposed in [18], but
the converter‘s control and hardware are more complex. The
integrated three-phase HB LLC resonant converter in [19],
[20] is also a useful scheme to obtain wide voltage gain, but
the current stress of the power switches on the primary side
is high, and the conduction loss is high. Some studies are
conducted to narrow the operating frequency to reduce the
switching loss. For example, an auxiliary switch is used to
adjust the impedance in [9], and an optimized control strategy
with two split resonant branches in [1] is also proposed
to narrow the operating frequency range, but the auxiliary
switch in [9] makes the hardware structure complicated, and
the control in [1] needs to judge several working states and
the realization is difficult. Moreover, the dynamic response
needs further improvement because the fluctuation at the
mode switching point is large. To simplify the hardware
structure, a modified two-channel LLC converter is proposed
in [21]. It has only 2 power switches in the primary side
but must use full-controlled power switches in the secondary
side with phase shift control. The control is more complex
than that in [1] and [9] and the requirement and cost of the
sampling circuit is higher. For the photovoltaic application,
simple configuration [12], high efficiency [22], low cost [23],
and high power are required. If LLC resonant converter is
applied for photovoltaic, the configuration, efficiency and
control need further study to realize high efficiency in wide
voltage with simple hardware structure.

In this paper, a modified two-channel LLC resonant con-
verter with high efficiency is proposed for wide input volt-
age applications. The converter has simple structure on the
primary side with only 2 primary power switches, which is
the half number of traditional LLC resonant converters in [1],

VOLUME 11, 2023

[9]1, [12], [13], [14], and [15]. Moreover, the converter has two
working mode, including HB mode and FB mode. Two modes
can provide wide voltage gains with high efficiency through
flexible combination. The converter has low impedance and
provides high voltage gain when the input voltage is low.
Compared with traditional FB and HB LLC converters, the
proposed LLC resonant converter can provide wide voltage
gain with high efficiency.

Il. TWO-CHANNEL LLC RESONANT CONVERTER

A. TOPOLOGY

The topology of two-channel LLC resonant converter is pre-
sented in Fig.1. It consists of two complementary parallel-
series LLC channels. S; and S, are primary MOSFETs.
D1-D4 are secondary diodes. C,1 and C,; are resonant capac-
itors. C,1 = C,o = C,. Ty and T, are transformers. L,,; and
L,» are magnetizing inductors of 71 and T>. L1 = L, =
L,. C, is output capacitor. R, is the equivalent resistor of
load. L,; and L,, are the resonant inductors. To decrease
device count number, L, and L, can be integrated by a core.
ijn 1s the input current. ig; and igy are the currents flowing
through S1 and S7. i1 and i,, are the currents flowing through
Ly1 and L. iy and i, are the magnetizing currents of T
and T5. its1 and ity are the currents flowing through the
secondary windings of T and T5. ic, and ig, are the currents
flowing through C, and R,,, respectively. N71 and Nr; are the
turn ratio of 77 and T>. Ny = Nrp» = Nr. U, and U, are
the input voltage and output voltage. p; and p, are the driving
signals of S1 and S>.

C= RJJU,

Np=n:1:1

FIGURE 1. Topology of two-channel LLC resonant converter.

B. OPERATIONAL PRINCIPLE

Fig.2(a), (b) and (c) present the waveforms when f; < f;1,
fs = f1 and f; > f,1, respectively. t; is the dead time.
T, is the switching period. f; is the switching frequency.
fr1= 0.5:1_1(LrCr)_0'5 is the resonant frequency. uy, is the
voltage between points a and b. up, is the voltage between
points b and c. ug, is the voltage between points d and e.
ug is the voltage between points f and g. Two channels are
complementary. i1 = -iy2. iml = -Im2. Uab, Udes IS1s irls Iml
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FIGURE 2. Waveforms of two-channel LLC resonant converter when:
(@) fs <fq, (b) fs =f.q,and (c) fs > f,q.

and iz in the former half switching period are symmetry
with that in the latter half switching period.
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When f; < f;1, the converter works in the capacitive area.
A former half switching period can be divided into 5 intervals,
including0 <t <tg,tg <t <t,t] <t <th,th <t<ts,
and3 <t <0.57;. During 0 < ¢ < t4, as Fig3(a) shows, S is
turned off, the flowing direction of is; is negative, Dj and D4
are conducting, D, and D3 are blocked, i, feeds energy from
LLC channel back to Uj,, ir1 and iz discharge the output
capacitor of S» and make Sy zero-voltage turn on, where
iso = i1 + ir2. During t; <t < t1, as Fig.3(b) shows, S is
still turned off, S; is turned on, the flowing direction of ig is
negative, D1 and D4 are conducting, D, and D3 are blocked
off. During t; <t < t», as Fig.3(c) shows, Syis still turned off
and $7 is turning on, the flowing direction of i, is positive,
D1 and Dy are conducting, D> and D3 are blocked off. During
th <t < 3, as Fig.3(d) shows, S| is still turned off and S is
turned on, the flowing direction of is» is positive, D1 and D4
are conducting, D> and D3 are blocked off. During 13 < ¢ <
0.5Ty, as Fig.3(e) shows, S is still turned off, S is turned
on, D1-D4 are blocked off, ij, transfers energy to resonant
tank, C, provides energy for R,, the flowing direction of is>
is positive.

When f; = f.1, a former half switching period can be
divided into 4 intervals, including 0 < ¢ < 4,13 <t <
Hnty <t <th,andtp <t < 0.57. During 0< ¢t < 11, the
working state of the converter can be illustrated by Fig.3(a).
During t; < t < t1, the working state of the converter can
be illustrated by Fig.3(b). During #; < ¢ < t,, the working
state of the converter can be illustrated by Fig.3(c). During
t <t < 0.5Ts, the working state of the converter can be
illustrated by Fig.3(d).

When f; > f;1, the converter works in the inductive area.
A former half switching period can be divided into 5 intervals,
including0 <t <ty,tg <t <t,1 <t <th,th <t<n
and 13 < t < t4. During 0 < ¢t < 1, the working state
of the converter is as shown in Fig.4, the flowing directions
of i, and iy, are negative, the flowing directions of i,, and
imp are positive, S is turned off and S, is turning on, D
and D, are blocked off, D, and D3 are conducting. During
tqy < t < t1, the working state of the converter can be
illustrated by Fig.3(a). During t; < t < fp, the working
state of the converter can be illustrated by Fig.3(b). During
th < t < 1, the working state of the converter can be
illustrated by Fig.3(c). During 13 < t < 0.57, the working
state of the converter can be illustrated by Fig.3(d).

Two channels can transfer energy from the input side to
the output side with complementary phase. The parameters
of two channel can be designed as the same. It is useful
to simplify the design work. Because each LLC channel
only need to take the half power, the volume of resonant
components and transformers are much smaller compared
with FB and FB LLC resonant converters. Then the hardware
cost is lower than traditional FB and HB LLC resonant con-
verters. Moreover, each magnetic component in two-channel
LLC resonant converter is smaller, the conductor used in the
proposed two-channel LLC resonant converter is less than
that of conventional FB LLC resonant converter. Because the
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FIGURE 3. States of the converter when: (@) 0 <t <t4, (b) ty <t <t,,
©t <t<t) (d)t) <t <ts,and (e) t; <t < 0.5T in the case of fs < f;;.

mean length per turn in the proposed two-channel LLC res-
onant converter is shorter than that in conventional FB LLC
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J,l Ro

FIGURE 4. State of converter during 0 <t < t; when fs > f;.

resonant converter, then the cost of the proposed two-channel
LLC resonant converter is less than the cost of conventional
FB LLC resonant converter.

C. VOLTAGE GAIN

Fundamental harmonic approximation (FHA) method, time
domain method and the combination of the above two meth-
ods are commonly used to analyze the voltage gain. Time
domain method can accurately analyze the voltage gain, but
the process and calculation are complicated. FHA method
can relative easily to analyze voltage gain with analytical
expressions. In this paper, FHA method is used. Assuming
all devices are ideal and two LLC channels have the same
parameters, the equivalent circuit can be given in Fig.5. It can
be seen as two HB LLC converters with input sources paral-
leled and output voltage in series.

Lr
+
C(ﬁ: Rol[]U’”‘ L Ract
— Uap,F, 1
Is) = Igyy +igp
Isy = lgy; +is
LrZ
+ oy
. bc, Fl
Cﬁ_Roz[]L_]ozﬁ Lm ac?
-| Cr2

FIGURE 5. Equivalent circuits of the converter.

During S is turned off and S, is turned on, the converter
works as a HB LLC converter. is; and ig are the currents
flowing through S; and S3.

is1(t) = is11(t) + is12(2) (D
is2(t) = ig21 () + is22(1). )
38961
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Two channels‘ output voltages are the same. Then the
voltage across the magnetizing inductors is [21], [22],
and [23]

4U, 20,
U1 pr(t) = n‘“ sinrfir) = — sin@nfi)  (3)
2U, .
urm, FH () = - sin(2rfst — 7). 4)
The currents of secondary windings can be expressed as
irs1 (1) = N2 Irg1 prr sin(fit — ) )
it (t) = V2 I sinQrfst — 7w — 6). (6)

where Is1 pr and ITs pr are the RMS currents of secondary
diodes. Irs1,Fr = Irs2,FH = Irect,FH. The average output
current 7, is

2 Ty Uol
I, = — j Hldt =
P) Ts/o |izs1,pE (1)) 05R,
U, Ny U, 7
= — Ts,FH = .
R, ’ 2V2R,
Then R,c1 and R, are
NZupm pu(t)
Racl - RacZ = L
iTs1,FH (1)
N22U, /7 _ 4NZR, ®

- Varu, [(2V2R,) T

where R, = U, 02/P0. P, is output power. The voltage gains of
two channels are

JosLmi Ract
JosLm1+Raci

Gric1 =Grie2 = ,
.]wsLmlRacl

JwsLim1 +Racl

1 1 1)\? 1\?
:z/(”z‘@) +(n-z) ©

where Q = (L,/C,)Y/ 2/R el is quality factor. k = L,,/L,. f,, =
fs/fr is normalized frequency. f, is the resonant frequency.
ws = 21 f; is angular frequency. The voltage gain is

2 )ijL, Slirxes

U
Grere(k, O, fu) = U—O = Grrc1 + Gric2 = 2Grici

in

_\/11 1\ 1)
- (*z‘@) @ (h-7)-

(10)

Fig.6 shows the curves of relationships between Grerrc,
Grprrc and Ggprrc with f,, where Grerre, Grproc and
Guprrc are the voltage gains of the studied LLC, FB LLC and
HB LLC converters. The voltage gain of the studied converter
almost is equal to that of FB LLC converter in the capacitive
area. This characteristic can be used to provide high voltage
gain. In the capacitive area, the curve of voltage gains by FHA
method is closed to that by simulation method. However,
in the inductive area, the curve by simulation method is away
from the curve by FHA method, because FHA method only
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351 = & HB LLC by simulation
AW Capacitive area —— FB LLC by simulation A .
3.0 — = = Two-channel LLC by simulation
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FIGURE 6. Voltage gains of three LLC converters for L, = 4xH,
Lm = 20uH, C; = 141nF, U; = 200V, Ny = 1:1 and Po = 1kW.

concerns the effect of fundamental component but ignores the
influence of higher harmonics.

As Fig.6 shows, for FB LLC converter, if the required
voltage gain ranges from 0.5 to 1.0, the normalized frequency
Jn.FBLLC Tanges from 1.0 to 2.386. The frequency ‘s variation
Afu.FLLC 1s about 1.386. However, for the studied converter,
Jn.rcLrc just ranges from 1.0 to 1.68. The Af,, rcric is only
0.68, which is 0.706 less than Af;, rpric-

D. EFFICIENCY

The power loss of the converter includes conduction loss,
switching loss, ferrite loss and the other loss. The other loss is
mainly caused by the driving circuit and the equivalent series
resistors (ESRs) of the printed circuit board (PCB), surface
mounted technology (SMT) components, etc. The conduction
loss Pe joss is [24]

IZ(Rrr + Rip) + I3Ron ] (11

P = 2
¢, loss [+I%SRTS + Vi.ala,avg

where I, I, and Iy, are RMS resonant current, MOS-
FET current, and transformer secondary windings® current,
respectively. Iy q¢ is diode‘s average current. Ry, Ryp, T7s
are the ESRs of resonant inductor, primary and the secondary
windings, respectively. R, is the on-resistor of MOSFETs.
VF 4 is the forward voltage-drop of diodes.

The switching loss Ps joss 15 [24]

Ps,loss =2x 0~515,ojf Uinl.‘falLf:v = IS,oﬁ’ Uintfallf (12)

where Is o and tz; are the turn-off current and fall-time of
MOSFETs, respectively. Is o7 = i,1(0.57T). The ferrite loss

Pfe,loss is [3]
Pretoss = 2 (VT K7 ABYTFPT 4+ Vi, K, ABSTFPTY - (13)

where Vy and Vi, are the cores‘ volume of transformers
and inductors, respectively. K7, a7 and Br are parameters
representing the property of transformers‘ cores. Ky, oy,
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and B, are parameters representing the property of res-
onant inductors® cores. ABy and ABj, are the flux den-
sity swings of transformers and resonant inductors. AB =
2uotteNpymlmax!le. o and . are the space and effective
permeabilities, respectively. Ny, is turn number. 1, is the
maximum current of windings. [, is the effective magnetic
loop length.

The other loss Py, joss mainly consists of the driving loss
and the PCB ESR’s loss. Py 1oss 1 estimated by [24]

Put,loss = Pdr,loss + Pesr,loss = ZQgUdrf:v + IezsrResr (14)

where Py joss and Pegr joss are the driving loss and the PCB
ESR’s loss. Q is the MOSFET’s charge. Uy, is the driving
voltage. R, is the system‘s ESR. I, is the current flowing
through R, The theoretical efficiency nmeory is

P,
Po + Pc,loss + Ps,loss + Pfe,loss + Pot,loss

Ne, TCLLC = . (15)

Fig.7 shows the curve of relationship between the theoret-
ical efficiency and the input voltage, where P, = 1kW, U, =
400 V. U;;, ranges from 80 V to 200 V.

97.2
P,=1kW, N,=13:13:13, L, =20uHl, L =4plL, C=141nF, [/ =400V
97.1
- 97.0 Core of resonant inductor: PQ3230(PC95)* 1 pcs
%_‘ ; Cores of transformers: PQ3535(PC95)*2pcs
6.9 MOSFETs: IRFP4332%2pes
96.8 Diodes:STTH806D*4pces
?6-%0 100 120 140 160 180 200

U,V

FIGURE 7. Curve of relationship between efficiency and voltage.

The cores for the inductors and transformers are
PQ3230(PC95) and PQ3535(PC95), respectively. S1-S» and
D1-D4 are IRFP4332 MOSFETs and STTH806D diodes.
AWGH#38 x 350 wire is adopted for the inductors. AWG#38 x
350 and AWGH#38 x 70 wires are used for the primary and the
secondary windings of the transformers. The air-gap lengths
of the inductors and transformers are 2.65mm and lmm,
respectively. The turn number of the inductors is 10. The turn
ratio of the transformers is 13:13:13. When the input voltage
ranges from 80V to 200V, the theoretical efficiency is higher
than 96.7%. At U;, = 100V, the converter reaches the peak
efficiency. The peak efficiency is about 97.1%.

E. CONTROL

U, is a constant value. U;, varies a lot. f; also varies with
Uiy. A closed control scheme is needed to adjust f; according
to the voltage‘s variation. Fig.8 presents the control scheme.
PI controller is adopted for the voltage loop. U, . is the ref-
erence output voltage. Delay unit is used to set dead time. k,
is the proportional coefficient. k; is the integrator coefficient.
p1 and p; are the triggering signals of S; and S, respectively.
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FIGURE 8. Control scheme of two-channel LLC resonant converter.

F. COMPARISONS

Fig.9 shows the RMS current of transformer. Both the RMS
currents flowing through the primary and secondary windings
are lower than that of traditional FB LLC and HB LLC
converters.

1%0 120 160 200 2'580 120 /‘1/60 200

I ir

(a) (b)
FIGURE 9. RMS current of transformers’: (a) primary, and (b) secondary
windings.

Table.1 shows the voltage stress for three kinds of convert-
ers. The diodes’ voltage stress for the converter is the half of
traditional converter.

TABLE 1. Voltage stress.

Voltage stress  This paper HB LLC FB LLC
MOSFET Ui Ui Ui
Diode U, 20, 20,

lIll. CONSIDERATIONS OF DESIGN
A. RESONANT INDUCTOR
The area product APy, is used to design inductor. APy, is [1]
41,1 Ai
APy, = —rir8ir (16)
JLrKLr,uABLr

where I, = I, = I.. Ai,; and Ai,; are the peak-to-peak
values of i, and i,p. Al = Aiyp = Aiy. Jir, Ky and By,
are the current density, window utility factor and flux density
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of inductor. The turn number Ny, is

4L,iy ,max

Ny, = —me
" ALr,eABLr

7)

where i1 max and ir2 max are the maximum current of L, and
Lo. ir1,max = ir2.max = lr.max- ALr.¢ 1s the effective area of
core. The length g7, of air-gap is
1 1
- (13)

8Lr = O-SZLr (
HLr,e KLr,r
LrlLr

HoN, 5rALr,e

MULr,e = (19)

where [z, is the length of magnetic loop. ur, , and pz, . are
the relative and effective permeabilities, respectively.

B. TRANSFORMERS
The area product AP7 is calculated by [5]

2U, (IrNT + Is,rms)
Js,minABTJTKT 4

where 1, ;s and I ;s and the primary and secondary RMS
currents of transformers, respectively. fs i, 1S the minimum
switching frequency. ABr, Jr and Kr , are the flux density,
current density and window utility factor of transformers.

As Fig.6 shows, the voltage gain can be accurately ana-
lyzed by FHA method in the capacitive area. However, in the
inductive area, FHA method will lead large error. To simplify
the analyses of voltage gain, the converter is designed to work
in the capacitive area. On this occasion, the minimum voltage
gain point can be seen as the normal working point. The turn
ratio of transformers can be designed at this point.

APp = (20)

NT _ Uin,mux _ Uin,mux. (21)
Un 0.5U,
2L,1,
NTp _ mim,max (22)
ABTAT

where N7y, is the primary turn number. I, ;nqx is the maximum
magnetizing current. At . is the effective area of magnetic
cores. The secondary turn number N7y = Ng,/Nr.

C. RESONANT CAPACITORS
The voltage across resonant capacitor is
I r,pk

UCr,max = Ir‘kaCr = o C (23)
sCr

where I, p is peak resonant current. wy = 27f is angular
frequency.

D. DEAD TIME

The ZVS condition of MOSFETs is ensured by the design of
dead time #4. Generally, t; is much smaller than 7. During
tr, i1 and iy fully discharge MOSFETSs* output capacitors
and make the voltage decrease from U; to 0 V, while the RMS
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currents and conduction loss are influenced by 7;. With above
consideration, ¢y should be in the range of [5] and [6]

td,min <tg = td,max (24)
ta',min = ]6fs,maxcuss (25)
2 p2
tg _ [TsRac _ E
Jmax —
Ugfrl frl

12 (1 — n%) U} + 76813 RS,
N{R2.U} (48—572)
e .y
120211 (26)
where f; nqx 1s the maximum switching frequency. Cogs is
MOSFETSs* output capacitance. tg, min and tg_mqx are the lower
and upper limitations of 7.

E. DESIGN FLOW

The design flow is given in Fig.10. Firstly, Uin min, Uin.max,
Uy, Po, fs.max» fs.min and n are obtained based on require-
ments. Then N7 is determined by (21). k and the initial values
of L. L, and C, are set. R, and Q are accordingly figured
out. The voltage gain is obtained by FHA method.

leméofegrugdsg;:; ml:,m Zm,ma» |
Q/‘ ‘ yes
Tranivf();nzlic]r; at‘/ulr]rz ratio | [no ‘
NE yes
‘ Set k ‘ Calculate currents 1,, I, L, ‘
Q/ e 17?\': lm,max

\ Set initial L,, L,, C, |

‘ Design magnetics |
‘ Calculate R,. and Q ‘ ‘

Calculate efficiency ‘

‘ Plot voltage gain's curve by (10) ‘ no Satisfiod
atisfi

Fi d s,min d 5,max yes
| i foin 20 \f | \ End |

FIGURE 10. Control scheme of the converter.

If the requirements are not satisfied, the flow jumps back
the 4th step to adjust L,,, L, and C,. Otherwise, the flow
continues. After magnetics are designed, the theoretical effi-
ciency can be estimated. If the requirement is also satisfied,
the design flow is ended.

IV. SIMULATION AND EXPERIMENTAL RESULTS

Table 2 shows the requirements. The f uin and fi max are
80kHz and 200kHz, respectively. The minimum voltage gain
Gpin and the maximum voltage gain Gy, are 2 and 5,
respectively. Combining the requirements in Table 2 and the
design flow in Fig.8, a set of parameters are obtained and
presented in Table 3.

Fig.11 shows the dynamic simulation results of two-
channel LLC resonant converter when Uj, gradually
decreases from 200V to 80V. It can be seen that the variation
of U, is smaller than 3V and the dynamic regulating ability
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for U, of the converter is well. Moreover, the resonant

currents of two LLC channels are also stable in the dynamic @ Egr
process. ==
=)
==
TABLE 2. Voltage stress. - gn
=
=
Symbol Quantity = S
Uin 80 V-200 V
U, 400 V
P, 1 kW
fs 80 kHz-120 kHz
n 96 %
Gmin 2 (b)
G 5 FIGURE 12. Pictures of: (a) prototype and (b) magnetics.

ir2, iTs1, iTs2 are given in Fig.12. i, and i, are complemen-

tary. i7y1 and ity almost are the same.
TABLE 3. Voltage stress.

2023-03-27 1 2:04:?7

Symbol Quantity
L 4 uH ' o
o) 141M nF ™ H\
L 20 uH ,__./J \
Nir 2x10 i
. B
VaWat 2 i7aWa

0f ! 3 0.57,
MD . \—/.\—/\—/

CH1:20A/div CH2:20A/div CH3:5A/div CH4:5A/div
4ps/div

(a)

Us (V) Ui (V)
g

2023-03-27 12:26:51

2 irl er . :
X OOOOOCK
< UETUORETOUCE TUUL OUDL SULOOU JORLIONE SO T8 O OO 0L 000
PRt : 5 l/
N =] 1L 13 0.57T,

11-
5 10- 2/l :

05 o s o o CH1:20A/div CH2:20A/div CH3:5A/div CH4:5A/div

\ 4us/div
Time ¢ (s) (b)

FIGURE 13. Measured: (a) i q, i3, isq, isy at Uj, = 80V and full load state,

FIGURE 11. Dynamic simulation waveforms of two-channel LLC resonant it
and (b) i,y i,2, iy, isy at Uj, = 200V and full load state.

converter.

Based on the design result, a 1 kW prototype is developed, Fig.13(a) presents the measured iy, iy2, is1, and isp when
Fig.12 shows the picture. The measured uqp, uge, usg, p1, ir1, Ui, = 80V at the full-load state. Fig.13(b) shows the
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measured i, i;2, is1, and i;p when U;;, =200V at the full-load
state. Compared with Fig.12(a), the peak resonant current in
Fig.13(a) is greater.

dnlbdl 00Vl
. Ua  500V/div
Ugz 500V/div
' 500V/div
.viw'—wm%\ﬁmx% JN\W—W\M\_WWh
Time (4ps/div)
()
200V/div
Ucr 200V/div
"l_"ime_(4us/div)
(b)

FIGURE 14. Measured: (a) diodes’ voltage, and (b) resonant capacitor's
voltage for U;;, = 80V, Up = 400V and P, = TkW.

Fig.14(a) presents the measured voltage across diodes i1,
ug2, ugz and ug4. The voltage stress of diodes is 400V, which
is equal to U,. The peak value of uc, appears at U, is
minimum. Because Uiy min = 80V, the maximum uc, is
measured at U;; = 80V and presented in Fig.14(b). The
theoretical maximum uc, is about 317V. Fig.14(b) shows that
the measured maximum of uc, is about 293V. The error is
about 8%. The reason for this is that FHA method ignores the
effect of higher harmonics.

Fig.15(a), 15(b), and 15(c) show the loss distribution at
Ui, = 80V, 140V and 200V, respectively. Over the entire
input voltage range, the MOSFETs* loss accounts for about
60% of total loss, this is attributed to the large RMS MOS-
FET"s current. The RMS MOSFET ‘s current decreases with
the increase of U;,. Then the conduction loss reduces with
the increase of Uj,. The MOSFETs* switching loss is relative
smaller than the conduction loss. The diodes loss is almost
a constant because that P, and the average secondary current
are almost constant. The ferrite loss is more than the copper
loss. The magnetizing current and the maximum magnetic
flux density increase with the increase of Uj,. Moreover,
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fs also increases with the increase of Uj,. Then the ferrite
loss increases with the increase of Uj,. The inductors® loss
decreases with the increase of Uj,. The inductor‘s ferrite
loss is relative smaller than the inductor‘s copper loss. The
copper loss is mainly determined by the winding‘s ac ESR
and the RMS current flowing through windings. Because the
copper loss has square relationship with the RMS current.
Additionally, the decease of the RMS current flowing through
resonant inductor‘s windings with the increase of input volt-
age is faster than the increase of the winding‘s ac ESR with
the increase of Uj,. Then the copper loss decreases with the
increase of Uj,.

63.51%

I Resonant inductor
[ Transfromers
4.08% Il MOSFETs

| Diodes

I Other

i

/

I R esonant inductor
|:| Transformers
5.28% [l MOSFETs

[ IDiodes

I Other

97%
6.92%

15.79%
(b)

59.7 - Resonant inductor

I:l Transformers
Il MOSFETs

1536% [ |Diode

I Other

1.03%
6.73%

17.13%

(c)

FIGURE 15. Loss distribution at U;, =: (a)80V, (b)140V, and (c)200V.

The other loss mainly consists of the driving loss. Because
the driving loss is determined by switching frequency and the
switching frequency increases with the increase of Uj,, the
driving loss increases with the increase of Uyj,.

Fig.16 shows the measured curves of relationship between
fs and U,. When Uj, ranges from 80V to 200V, f; varies
between 87.4kHz and 107.45kHz. The converter‘s frequency
variation Af; is 20.05kHz.

Fig.17 presents the measured efficiency over the entire
input voltage range. The full-load efficiency of two-
channel LLC resonant converter is higher than 96.5%. The
peak efficiency is about 96.9% when IRFP4332 MOSFET
and STTH806D diode are adopted. If the above adopted
MOSFET is replaced by IPZ60R017C7, the efficiency of
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TABLE 4. Comparisons.

Items Two-channel LLC HBLLC [1] FBLLC [1]
Output power 1kW 1kW 1kW
Input voltage 80V-200V 80V-200V 80V-200V

Output voltage 400V 400V 400V
Peak efficiency 96.9% 97.5% 96.78%

Resonant inductor
Transformers

1xPQ3230, L=4uH
2xPQ3535, L,=20pH

2xPQ3220, L,=4.6uH
1xPQ4040+1xPQ3535, L,=17uH

1xRM14, L,=10.5uH
2xPQ4040, L,=28uH

Resonant capacitance 141nF 141nF 120nF
Magnetics' volume 46.6 ml 61.8 ml 54.9 ml
Normalized voltage gain 2-5 2-5 2-5
Magnetics' power density 21.5kW/1 16.2 kW/1 18.2 kW/1
Primary devices 2xIRFP4332 4xIRFP4332 4xIRFP4332
Secondary devices 4xSTTH806D 4xSTTH806D 4xSTTH806D
Driving channel's number 2 4 4
Cost per kilowatt low high high
Control pulse frequency modulation pulse frequency modulation pulse frequency modulation
Single component volume small large small
Power density high low low
Current stress of power switches low high low
110 6 975}
105 : 45
~ 97.0
E 100} 1 4r\:
=95 13 96.5
90 2

P=1kW, U/ =400V

3 a
L)
e

830 100 120 140 160 180  20¢
U IV

=t

FIGURE 16. Measured curves of relationship between fs and Uj;,.

two-channel LLC resonant converter can increase to 97.2%.
the peak efficiency can increase to 97.5%. Because the
on-resistor of IPZ60R017C7 MOSFET is much smaller than
the on-resistor of IRFP4332 MOSFET, the conduction loss
in the case that IPZ60R017C7 MOSFET is adopted is much
lower than the conduction loss in the case that IRFP4332
MOSFET is adopted.

Table 4 presents the comparison for three LLC converters.
The magnetics‘ power density of the converter is 21.5 kW/L,
which is 3.3 kW/1 and 8.3kW/1 higher than that of conven-
tional FB and HB LLC converters in [1]. Moreover, the pro-
totype has a higher peak efficiency and lower cost compared
with traditional LLC converters. Fig.18 shows the calculated
loss when U, = 400V, U;, = 200V and P, = 1kW.
The prototype‘s loss is lower than that of conventional LLC
converters.

Fig.19 shows the measured output voltage u,, and the reso-
nant current i, during the start-up process. The whole start-up
time is about 1.1ms and has no impulse during the start-up
process.

Fig.20 shows the measured output voltage u, and the reso-
nant current i, when the load factor from 20% to 100%. The
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—8— Studied LLC: IRFP4332 mos+STTH806D diodes

—8—FB LLC in [1]: IRFP4332 mos+STTHS806D diodes
HB LLC: IRFP4332 mos+STTHS06D diodes)

—¥— Sdutied LLC: IPZ60R017C7 mos+STTHS06D diodes

94.5L : :
80 100 120

140 160 180 200

Input voltage U, /V

FIGURE 17. Measured curves of relationship between 7, and Uj,.

25¢

[ |FBLLC converter
20t B2 Studied LLC converter
s HBLLC converter

Loss (W)

| @ﬂﬁ'@

MOSFET

Diodes

Inductors Transformers

FIGURE 18. Losses for three LLC converters at full load state.

output voltage can keep stable during the load varies. Fig.19
and Fig.20 verify that the converter can stably works during
the working states changes.
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W |
e 20221713 1T7:49:3T ‘

i [20A7div]

Time [100ps/div]

FIGURE 19. Measured output voltage and resonant current during the
start-up process.

. “ [ZOA/le] 20230327 20:18:10

e i SIS e LIRS s e ——

+“

Time [0.5ms/div]

FIGURE 20. Measured output voltage and resonant current when the load
factor increases from 20% to 100%.

V. CONCLUSION

A parallel-series resonant LLC converter with high efficiency
and wide voltage gain is studied for photovoltaic applications.
A 1 kW prototype is developed. The efficiency is higher
than 97.2% over the entire input voltage. The peak efficiency
is 97.5% appearing at U;, = 100V. The converter has the
following advantages:

(a) There are only 2 power switches in the primary side.
Only two driving channels are required, which is useful to
reduce the hardware cost of photovoltaic system. The power
handling ability is the same as traditional FB LLC converter,
which is useful to increase the power density of photovoltaic
system.

(b) The converter has high input impedance at high input
voltage, which is helpful to provide low voltage gain with
higher efficiency during the photovoltaic array‘s voltage is
relatively high.

(c) The converter has low input impedance at low input
voltage, which is useful to provide high voltage gain with
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high efficiency when the photovoltaic array ‘s output voltage
is relatively low.

Moreover, the studied converter can be also used for the
applications where wide voltage, narrow frequency, high
efficiency, and high power are required, such as, on-board
charger, battery storage system, etc.

APPENDIX A
The RMS values of i, iy and the peak resonant current /-
can be calculated by [7]

2772 272£2
oMUz L) T,
R2LA2 S 8NZf2
NrU,
ILm,max = 4L—mf01 (a2)
r
Nrl, pi sin (ot + @)
NZU, . 1
if0<t <5~
i) =1 N3 @3
L, !
0 if 5 <1< 5
(ad)
(a5)
wlofr1\*
Lpk = (ﬁ) + 17 max- (ab)
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