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A Novel Phase-Shift Pulsewidth Modulation Method
for Light-Load Bidirectional CLLC
Resonant Converter

Yuzhen Xu ", Xiangyang Dai"”, Zhongyi Zhang

Abstract—For the bidirectional full-bridge CLLC resonant
converter, soft switching of primary side and secondary side
switches and bidirectional power transmission are its obvious ad-
vantages. However, in the pulse frequency modulation control un-
der light-load conditions, the converter will have the disadvantages
of output voltage imbalance and low transmission efficiency. In
order to improve the range of voltage regulation and efficiency
of CLLC resonant converter under light-load conditions, a novel
phase-shift pulsewidth modulation method is proposed in this
article. There is low voltage gain regulation and low operation
losses can be achieved under light load. Considering the parasitic
parameters and dead time of the switches, the voltage gain of the
proposed control method under light load is precise research by
using the time domain analysis method. Finally, an experimental
prototype of a bidirectional full-bridge CLLC resonant converter
with 200 V input voltage, 200 V output voltage, and a rated power
of 800 W is designed. According to the simulation and experimental
results, it can be shown that the proposed control method is effective
under light-load operation.

Index Terms—CLLC resonant converter, light load, phase-shift
pulsewidth modulation (PS-PWM), precise research of gain, time

domain analysis method.
NOMENCLATURE
PFM Pulse frequency modulation.
PWM Pulsewidth modulation.
APWM Asymmetrical pulsewidth modulation.
PS-PWM Phase-shift pulsewidth modulation.
FHA Fundamental harmonic analysis.
ZVS Zero voltage switching-ON.
ZCS Zero current switching-OFF.
fs Switching frequency.
fr Resonant frequency.
Vin Input voltage.
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Vo Output voltage.
RTM Resonant tank module.
Uab Input port ac voltage of RTM.
Ued' Output port ac voltage of RTM.
k Inductance ratio.
g Capacitance ratio.
Ly, Magnetizing inductance.
L. and L, Resonant inductor.
C;1 and C;5 Resonant capacitor.
R, Rated load resistance.
C oss Switches parasitic capacitances value.
Irr1 Primary resonance current.
iLm TX exciting current.
irro Secondary resonance current.
io Output current.
fa Normalized frequency.
Req AC equivalent resistance.
Z: Characteristic impedance.
Q Quality factor.
n Transformer turn ratio.
Dy Switches duty ratio.
Ta Dead time of switches.

1. INTRODUCTION

ITH the rapid rise of distributed renewable energy gen-
W eration, in the fields of electric vehicles, energy storage
systems, bidirectional isolated dc—dc converter has become a
new research hotspot [1], [2], [3], [4], [5], [6]. The bidirectional
LLC converter can realize ZVS and ZCS in a large frequency
range [7], [8]. However, due to the asymmetry of circuit struc-
ture, it is equivalent to a series resonant circuit in reverse
operation, and the gain is less than 1, which is not suitable for
a large voltage regulation range. Therefore, the work in [9] and
[10] proposed a bidirectional CLLC resonant converter, on the
basis of the original bidirectional LLC converter, a set of LC
devices were added at the secondary side of the transformer, so
that the working characteristics of the converter were completely
consistent when it worked forward or reversely. Its advantage is
that the voltage can be lifted and lowered in two-way operation,
and the soft switching can be realized in a large frequency range.
So it has a great advantage in high voltage, high frequency, and
high power applications [11], [12].
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The control of CLLC converter is usually based on the PFM
method. With the increase of f;, its voltage gain decreases and
equals 1 at the resonant frequency. However, when the circuit
works under light-load conditions, due to the influence of the
parasitic capacitance of the switches on the output side, the
voltage gain will increase with the increase of the f; after the
fs s greater than the resonance frequency [13], [14], [15], [16].
Therefore, the traditional PFM cannot effectively realize the low
voltage gain under the condition of light load, and the high f;
will also reduce the transmission efficiency.

In order to flexibly adjust the voltage gain while maintaining
high efficiency under light load, and keeping the output voltage
constant when the load changes, a variety of control methods
have been proposed [17], [18], [19], [20], [21], [22], [23]. The
work in [17] and [18] mainly described the burst-mode control,
which modulates the light-load voltage by periodically skipping
the switching pulse, but this method will cause a larger output
voltage ripple. Fang et al. [19] proposed an energy feedback
control in which the output-side rectifier transfers energy from
the load to the power supply, to reduce the output voltage of
the converter at light load, but it also leads to low efficiency. In
[20], the PWM control method for LLC converters was proposed,
which expanded the output voltage range by changing the duty
cycle of the drive signal, but the duty cycle is limited by the
soft switching, so the voltage gain is still limited. Different from
the conventional PWM method, the APWM method was pro-
posed [21], [22]. The output voltage is reduced by reducing the
equivalent duty cycle of the RTM input, and the soft switching
can be realized in the primary and secondary sides. However,
the APWM method will lead to larger resonant current and
larger switching losses of the switches. Shakib and Mekhilef
[23] proposed a new control method. It is that combining the
adaptive frequency control and phase shift control, the ZVS of
the primary side switches and the effective regulation of the
output voltage can be realized in the load switching and wide
input voltage range. But it can only be applied to transformers
with central taps and forward resonant converters.

In order to improve the voltage gain regulation ability and
efficiency of the CLLC resonant converter under light-load con-
ditions, a novel PS-PWM control method is proposed. In this
control method, through the phase shift and variable duty cycle
of the primary side switches at the same time, while reducing
the equivalent duty cycle of the RTM input to reduce the voltage
gain, the current stress is small to reduce the switching loss of the
device. Both the primary and secondary switches of the circuit
can realize ZVS and have high light-load efficiency. By using
the time domain analysis method [24], [25], [26], the voltage
gain expression under this control method is derived under
the premise of considering the parasitic parameters and dead
time. Finally, an experimental prototype with an input voltage
of 200 V, an output voltage of 200 V, and a rated power of
800 W is built for experimental verification. It is proved that the
proposed novel PS-PWM control method has a good low voltage
gain adjustment ability and high efficiency of the bidirectional
full-bridge CLLC resonant converter under light-load condition.

The rest of the article is organized as follows. In Section II, the
traditional PFM is described and the light-load characteristics
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Fig. 1. Configuration of full-bridge CLLC resonant converter.
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Fig. 2. AC equivalent operation circuit.

are analyzed. In Section III, the proposed modulation method is
described and analyzed, and the gain function under this control
is derived. In Section IV, the simulation experiment is carried
out according to the proposed modulation method. Section V
discusses the prototype experiment results. Finally, Section VI
concludes the article.

II. ANALYSIS OF PFM CONTROL CHARACTERISTICS

The circuit structure of the bidirectional full bridge CLLC
resonant converter is shown in Fig. 1, which is composed of
an inverter, a rectifier, and a symmetrical RTM on the primary
and secondary sides. L,, is the magnetizing inductance of the
transformer, L,;; and L., are the primary and secondary reso-
nant inductances, which contain the leakage inductance of the
primary and secondary sides of the transformer, C;; and Cyo
are the primary and secondary resonant capacitors. Because
the parameter structure of the RTM is symmetrical, then L.q
= nerg, Crl = Crz/nz.

PFM control adjusts the output voltage gain by adjusting the
[ of the switches. When the converter is working in the forward
mode, two almost 0.5 duty cycle complementary PWM drive
signals are applied to Qq, Q4 and Q2, Qs, respectively, to make
full bridge inverter output ac square wave. Meanwhile, there is no
drive signal to Q5—Qs, and the body diodes of Q5—Qg are used to
form a full-bridge rectifier circuit to circulate the output current
irr2 of RTM; Similarly, when the converter works in reverse,
drive signals are applied to Q5, Qg and Qg, Q7, respectively, and
Q1—Q4 form arectifier circuit at the same time. In this article, the
influences of the parasitic capacitance of the output side switches
on the voltage gain under light load are analyzed based on the
FHA method. When the CLLC resonant converter works under
light load, the fundamental equivalent circuit included parasitic
capacitance of the output side switches is shown in Fig. 2, where
(' ,ss 1s the parasitic capacitance of the output side switches, i,
is the fundamental frequency component of the terminal voltage,
and 1iq is the fundamental frequency component of the terminal
voltage.
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Fig. 3. Under-resonant mode waveforms.

Then, the transfer function of the RTM can be derived as

. UeqT /4N
G (jws) = udbﬂ//4

_ Jws L //(jwsLy1—j/wsCri4Req/ /7 /wsCoss)
JwsLr1—j/wsCr1+jwsLm//(jwsLy1—j/wsCri+Req/ [ J/wsCoss)

Req//j/wscloss (1)
stLrl_j/WsCrl +Req//j/wsc/oss

where wy is the switching angular frequency.
Using (1), the gain G (f,, k, O, g) can be reformulated with
the normalized frequency f;, as follows [12]:

G(fn b, @Q,9) = |G (jws)|

1
= 2

2
[fg(—zg—%)+1+%+2g+%—}§gj
Q@+ E) +22 (-1-E+ 5 )]

where the key parameters f,, k, Req, g, and Q are specifically
expressed as

f :é'w.:é'z _ Ly
DT T L G 0 Cn 3)
Q= 2= Lu.p —80R. g Cu

T RV T Latta T T a2 09T O

According to the value of f,, CLLC working modes can be
divided into three types: Mode 1 is an under-resonant state, f,, <1
and G>1; Mode 2 is a fully resonant state, f;, = 1 and G = 1;
Mode 3 is an over-resonant state, f;, >1 and G<1. The working
waveforms in the under-resonant mode are shown in Fig. 3.

When the circuit is working under light load or no-load, some
important devices that cannot be shut down at will, such as
server power supply, have to minimize the output voltage to
reduce the loss of the device. At this time, the resonant circuit
should work in Mode 3: G<1. The circuit needs to reduce the
output voltage by increasing the operating frequency, which will
increase the switching loss of the converter. And due to the
parasitic capacitance of the output side switches, the resonant
converter will produce gain distortion at high frequency. When
k =4 and g = 0.003, the gain curve G (f,,, Q) according to (2)
is shown in Fig. 4(a), where the value of k refers to k = 4.3 as
like as [12], and the value of g is also estimated by the resonant
capacitance value [12] and the parasitic capacitance value of
actual commonly used switches. It can be seen that the load
becomes lighter and the voltage gain distortion becomes more
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Fig. 4. (a) Gain curve of CLLC resonant converter. (b) Over-resonant mode
waveforms under light load.
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Fig. 5. PS-PWM operation waveforms.

serious. Therefore, the voltage gain cannot be flexibly adjusted
by using PFM control under light load.

When the resonant converter operates in the under-resonant
region, as shownin Fig. 3, i7,,1 will be equaled to i1, ,,, for a period
of time, and i, ,,, refers to the current flowing through the primary
excitation inductance of the transformer [14]. According to
Kirchhoft’s current law, i is zero and the secondary body
diodes can realize ZCS. When the operating frequency is in the
over-resonant region, since f; > f;, the phenomenon that iy
equals iy, disappears. As shown in Fig. 4(b), the secondary
body diodes cannot achieve complete ZCS.

III. OPERATING CHARACTERISTICS OF A NOVEL PS-PWM
CONTROL

A. Operating Principles of the Proposed Novel PS-PWM
Method

In order to effectively adjust the low gain of the circuit under
light-load conditions, a novel PS-PWM control is proposed,
whose key waveforms are shown in Fig. 5. The duty cycle
of Qi and Qg is Dy (0.25<D;<0.5) and of Q5 and Qg4 is
almost 0.5. Q4 lags Qi conduction, Qs lags Qs conduction,
and Q, Q4 complementary conduction. The switches of the
output side are all driven by a symmetrical signal (the duty
cycle are almost 0.5), and Qs 5, Qs,7 complementary conduction.
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Fig. 6. Equivalent circuits of the converter. (a) State I [#g, #1]. (b) State II [#1,
t2]. (c) State III 2, t3]. (d) State IV [t3, t4]. (e) State V [14, t5].

Using the optimization processing thought in the fundamental
analysis method, three assumptions were established. First, the
resonant current equals to the excitation current at the end of
dead zone 3. Second, the leading arm dead zone realizes critical
zero voltage turn-ON, and the resonant current of the lagging
arm dead zone is approximately equal to the excitation current,
but it does not affect the clamping of L,,. Third, the resonant
current is approximately symmetric at #3—t5 and i1,,1(f3) equals
to iz,1(#5). The dead time of lag arm is the same as that of
advanced arm. Each state of the transient process in half-period
based on Fig. 5 is analyzed as followed based on the whole key
states of equivalent circuits that are plotted as shown in Fig. 6.
1) State 1 [to, t1]: In Fig. 6(a), the switch Qs is turned OFF,
Q1, Qs, and Qg are turned ON, but Qy is not yet turned ON at #;.
The Cogs2 is charging and the Cgs4 is discharging. At this point,
the value of u,p 1S Vin—Vcoss4, inr1 and iz, begin to increase.
Q5 and Qg are turned ON, the value of u.q is clamped in V.
The power is transferred from the output side to the input side,
and the duration is 7. According to the red line path and green
line path of the primary current in Fig. 6(a), formula (4) can be
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obtained by Kirchhoff’s law. Formula (5) also can be obtained
by eliminating intermediate variable current /;

_% + Uds4s(t0) + Scll . + (Il — iLrl(s))_chl,SS4 = O

vc%“” - Lr1iLr1(to) + 2k 4 (Sclﬂ + 3Lr1> ire1(s)

+(iLr1(S) Il) 800554 =0.
4)
And vgg4(fp) equals to Vi, so
ire1(t) = irei(to) cos [wi(t — to)]
2ucr (to) + Vs
_ (2ve 1(202)1 )sin wi(t—t)]. (5
The expression of i, is
. nVo(t —1 .
itm(®) = ) i 1) ©
where
Zl _ Lrl(Crl + 2Coss) Wy = Crl + 2Coss ) (7)
2Cosscvlrl QCossCrlLrl

Coss 18 parasitic capacitance of switches.

2) State Il [t1, t2]: In Fig. 6(b), switch Q4 is turned ON at #;.
The voltage value of Cgs4 has been discharged to zero, so Qg is
realized ZVS. At this point, the value of u,y, is Viy, ir,1 and ip
continue to increase. The power is transferred from the input
side to the output side, and according to Kirchhoff’s law, iy .1 is
written as

Vvin VCr1 (tl )

- - - Lr ) T t
p + p 1011 (t1)
nVy + Vi 1 .
L, v =0. 8
+— +<sCr1+S 1)@1(8) 0 (3)
So, we obtain
iLrl (t) = iLrl (tl) COS [wg(t — tl)]
Vin — 2vcr (t1) — nV, .
4 Yo = Zvent) —n sin[wa(t —t1)]. (9)
275
The expression of iy, is
. ‘/in t—t .
ipm(t) = % +irm(t1) (10)
where
L 1
27 = —_— = 1 1
2 Crl’OJQ Crl Lrl ( )
3) State 1II [t2, t3]: In Fig. 6(c), Qi 1is turned

OFF at fy, and C, 1is charging. The value of u,,
is Vin—Vecossi, and u.q is still clamped at V,. The
value of iy,; begins to decrease, and the increase rate
of ir, decreases. According to Kirchhoff’s law, iy, is
written as

_V? 4 1)<ls3s(t2) + - 11 + (11 _ Z'Lrl(s))_scissg =0

—vcr;(tz) rllLrl( ) TLVo + (ﬁ + SLrl) iLrl(S)
+(ir(s) — h)sg— = 0-

12)
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And vgs3(f2) equals to Vi, so

iLrl(t) = iLrl (tg) COS [wl (t — tg)]
 2ucr(t2)+nVo

27, sinfwy (t—t2)].  (13)
The i, 1s written as
. . nV,
ZLm(t) :’LLm(tg)-l-f(t—tg). (14)

4) State 1V [t3, t4]: In Fig. 6(d), C,ss3 has been discharged
to zero, iz, is passing through D3, and the D 5 and Q4 form
a short circuit, which makes u,}, to zero, u.q is clamped in V,
iry1 continues to decrease. According to Kirchhoff’s law, iyq
is written as

r1(t ) Ve
M_Lrlzml(t3)+n O+(

+5Lr1> irr1(s) = 0.

s 2s sCrp
(15)
So, we obtain
ire1(t) = ipe(t3) cos [wa(t — t3)]
2ucr (t3) +nVy .
_ %sm [wa(t —t3)]- (16)
The iy, is written as
. . nV,
ZLm(U::ZLm(%)4—2Lm(t—t3) (17)

5) State V [t4, t5]: In Fig. 6(e), Qs and Qg are turned OFF,
and Qg and Q7 are turned ON at #4. i12 charges the Cog5 and
Cosss to Vo, and discharges the C,gs6 and Coss7 to zero, so Qg
and Q7 are realized ZVS. C,ss3 has been discharged to zero, so
Qs is also realized ZVS. u.q is clamped at —V,,. According to
Kirchhoft’s law, ij,.1 is written as

ver (ta) . nV, 1 .
7_-[@ r1(ta)— — Lr r = U.
S 1irr1(ta) 9% + SC’T1+S 1) i1(s) =0
(18)
So, we obtain
iLrl(t) = iLrl (t4) COS [WQ(t — t4)]
2001 (tg) — NV, .
- %sm [wa(t—ty)].  (19)
The expression of iy, is
. . nV,
7JLm(t) = ZLHl(tél) - 2Lm (t - t4)- (20)

The time period of the five modes is given by the following
equation:

1 —tg=1t3 —ta =tg — 15 =Ty

ty —t1 = (2D — 0.5)T
ty —t3 =t5 —ty = (0.5 — DT — Ty.

21

In the same way, the working mode of the second half cycle
can be obtained. According to the above analysis, the PS-PWM
control can enable the switches to achieve ZVS, effectively
reducing switching losses.
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B. Gain Calculation of the Proposed Novel PS-PWM Method

The novel PS-PWM control method can adjust the effective
voltage and voltage position input into the RTM through the
phase shift and variable duty cycle of the primary side switches
at the same time, and then adjust the output voltage and resonant
current. Through the time domain analysis method, the gain
expression is derived under the premise of considering the
influence of the parasitic capacitance of the switches and the
dead time on the gain.

According to Section III-A, from (10), we obtain

Vin(2Dg — 0.5) T,

izm(t2)] = iz (1) = = 22)
And the following can be obtained from (14) and (22):
. Vin(2Dg — 0.5)T5 + nV, T,
iLm(ts) = ( ) d (23)
2L,
Because
. . Vin(2Dg — 0.5)T
1Lr1 (tl) - ZLm(tl) - *Q- (24)

2L,
Substituting them into (9) can be derived as

Vin(2Dg — 0.5)T,

ire1(t2) = — ST cos [we(2Dg — 0.5)T4]
in — 2 T t1) — o .
Vi = von(t) = Vo o 102D, — 0.5)T3)
27,
(25)
Bring in (13) available
ire1(ts)
— Ya@D 0T o [y (2D, — 0.5)T%]

- Vin—QUc:-q (t1)—nV, - Cos(wle)
+Yo2ven (W) onVo gin [y (2D, — 0.5)T)
7721)0“9221””% sin(wTy).

(26)

According to Hypothesis 1, the following can be derived:

— V2D 05T o6 [y (2D, — 0.5)T%)

2w cos(w1 T
 Yom2ven ()onVe gin [y (2D, — 0.5)T4] (@)
_ zvcﬂét;f-s-nvo sin(wi Tyy) = vi.,(zDS—OQ.i)mTﬁnVon .
27)
It can be derived from the conservation of energy
ver(ts) = —ver (to)
AVerr = vor (ts) —ver (to) = —2ver (to) (28)

1t
= C—HIOQ ’LLrl(t)dt.

The integral in half period is solved piecewise. According to
Hypothesis 3, in the period of #5 to 75, the average value of the
primary resonance current iy, is

nV, [(0.5 — Dg)Ts — Ty]

Alpy =g (ts) — 1L,

(29)



3262

Therefore, the integral expression of iy, is

fo% iLrl(t)dt _ fOTd iLrl dt + de+ (2Ds—0.5)T Lrl(t)dt

2Tq+H2Ds—0.5)Ty .
+.f df(ZD —0.5)T.
_ de nVy(t—Tq)

Lﬂ(wdt+f§iHﬂ%7Q®T;AILﬂdt
Vm(2D —0.5)T dt+
2L,
de+(2D 20.5)Ts ZLr1(t1)+lLr1(t2)

2T, +(2D —0. 5)T iy (t )+1 m(t )
+dei(2D ~0.5)T% Mdt

nVo[(0.5—Dg)Ts—T.
[(0:5-DIT.Ta] gy

rl

+sz(hL 2D,-0.5)T, irm(t3) —

(30
And because
ver (t1)
1 (T (Vo (t —Ta) Via(2Dg — 0.5)T,
= ven (¢ — dt
von( OHCH/O ( 2L 2m
(3D
ver (t2)
Ta+(2Ds—0.5)Ty iLr 1(t1) +ip 1(t2)
= ver1(th) d dt.
= ven(fy) cﬂ/ 2
(32)

According to Hypothesis 2, the following can be derived from
the conservation of charge:

2Tq+(2Ds—0.5)Ty
/ ire (t)dt
Ta+(2Ds—0.5)T,
B /QTd—i-(ZDSO.E'))TS iLrl(t2)+iLm<tS)dt
Ta+(2Ds—0.5)T, 2

According to (24)—(26) and (29)—(33), the voltage gain G
expression can be derived as

:20055‘/;n~ (33)

(2Ds—0.5)Ts{cos[w2(2Ds—0.5)T,]—1} _’_40OSS
Ta

2L,
(- 2A)51n[w2(2D —0.5)T%]

G nVo _ 275
Vi, T, _ (1+B)sinfws(2D;—0.5)T1]
2Lm Z2
(34)
Of which
A
_ [ (2Ds—0.5)T5[(2Ds—0.5)T3+T4] cos[ws (2Ds—0.5)T5]
- 8LmCr1
4 (2D-0.5)°T2  [(2Ds—0.5)Ts+Ta]sin[wz (2D —0.5)Ty]
8merl 8Z2C4r1
_ (2Ds—0.5)T,[(1-2D;)T,—2Ty]  3(2Ds—0.5)T Ty
4mer1 8me’rl
425Cn
X 1250 [(2D.—0.5)T. + Ta]si[wa (2D, —0.5)T] (35)
B =

_ T24+Ta[(1-2D)Ts—2T4) + [(2Ds—0.5)Ts+Tyq]sin[ws (2D —0.5)Tx]
4L, Cr 8Z2Cr1
4 [(0.5—D,)T.—T4]? 47,Cn
4L,1Cry 4Z5C —[(2D=—0.5)Te+Tq]sin[ws (2D-—0.5)T%] *

(36)
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| Lii, Coyy Lin, Cogsy Ts, 1 and Vi, are known, 7y and D; are unknown

Simultaneous Conservation of
(6), (10), (22) energy

The expression of
i (f1):(24)

The expression of (28),
(30).31)

Into (9) l
The expression of Complete expression nto (25) Complete expression

it (1):(25) of Veu(h) of ia(ty)
Into (13)1 Into (32) l
The expression of Complete expression Simultancous

i (13):(26) of Ven(h) (23)

Simultaneous
(23)

Equality equation
expression for
hypothetical condition 1
@7

Complete expression of
equation assuming
condition 1

Complete expression of
equation assuming
condition 2 (33)

—_—

Eliminating the unknown
variabl n¥, and finding
the complete expression
of G

Is the outpu
voltage gain
G given

Establishing nonlinear equations
and solving Ty, Dy

Fig. 7. Flowchart of the calculation steps.

TABLE I
PARAMETERS OF SIMULATION EXPERIMENT

Simulation parameters Values
Vi 200 V
Vo 200V
P, 800 W
C&Cpy 78.56 nF:78.56 nF
L. &L, 32.25 uH:32.25uH
Ly 167.7uH
X 1:1
Ry 1000 Q
A 100 KHz
C, 940 uF
Coss 553 pF

The voltage gain G is not only related to Dy but also related
to Tq. When G is known, that is, nV, is known, the circuit
parameters and the expressions of v¢,1(#1) and v¢,1(#2) (30)—(32)
can be substituted into (27) and (33) to obtain the required Dy
and Ty. The flowchart of the calculation steps is shown in Fig. 7.

IV. SIMULATION VERIFICATION AND ANALYSIS

In order to verify the effectiveness and practicability of the
proposed novel PS-PWM control method, the design prototype
parameters are shown in Table I. Usually, the range of Q is
0-1 and k is 2.5-6 in CLLC resonator design. The design of
resonator parameters mainly refers [12]. In [12], k = 4.3, Q0 =
0.52; therefore, this article takes k = 5.2, Q@ = 0.5. Because
the application scenario assumed in this article is large-capacity
uninterruptible power supply, this kind of power needs 24 h
uninterrupted work, the rated power is about 800 W, so this
article sets the rated power 800 W, resonant frequency 100 KHz.

The above-mentioned parameters are substituted into the volt-
age gain G (Dg, Ty), and then the function curves of G (Ds, Ty)
are drawn by Mathcad as shown in Fig. 8(a). It can be seen
that G decreases with the decrease of Dy, so this method can
effectively adjust the gain; when Dy is fixed, G slowly increases
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with the increase of Ty, indicating that T4 will affect G of
the CLLC resonant converter under light-load conditions. The
above-mentioned parameters are substituted into (33), and we
can get the implicit function f (Ds, T4q) = 0 of Dy and T4 when
the switches are realized critical ZVS. The relationship curve of
T4 (Dg) is shown in Fig. 8(b).

The main parameters of the simulation circuit in MATLAB
are shown in Table I. Under the condition of 5% load, the novel
PS-PWM control method is used to control the converter. When
Dy is 0.4, it is obtained that Ty is 287 ns, which is point A’ shown
inFig. 8(b). When V;,, is 200 V, the simulation waveforms of u},.,
Ucd, and iz, are shown in Fig. 9(a). The simulation waveforms
of s, Ued, and ifo are shown in Fig. 9(b). The simulated
waveforms of ir,1, irm, and ipyo are shown in Fig. 10. The
simulation waveforms in Figs. 9 and 10 are basically consistent
with those in Fig. 5, and the circuit realizes the purpose of
reducing the equivalent duty cycle of the RTM input to reduce
the voltage gain and reducing the current stress.

The soft switching of the switches is shown in Fig. 11. It can
be seen that both the primary side and the secondary side can
realize ZVS, which effectively reduces the losses of the switches
and improves the power transmission efficiency.

The input and output voltage waveforms are shown in Fig. 12.
When Vi, is 200 V and the transformer ratio is 2:1, the V, is
85V, that is, the voltage gain is 0.85, which realizes the purpose
of light load and low gain output. And the calculated result G is
0.829, which is point A’ shown in Fig. 8(a), and the results are
basically consistent with the simulation results.
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When V,, is constant at 140 V and the load is switched from
the original 10% load to 5% load, the transformation waveforms
of Vin, Vo, io, and iy, are shown in Fig. 13.

It can be seen that V, remains constant before and after
switching load, whereas i, is halved and i, is slightly reduced.
So, V, can be kept constant under different loads.

The simulation results further show that the novel PS-PWM
control method can effectively reduce the voltage gain of the
CLLC resonant converter under light-load conditions. And it
can also realize the ZVS of switches and make the converter
have higher power transmission efficiency.

V. EXPERIMENTAL VERIFICATION AND ANALYSIS

In order to further verify the correctness of the proposed
control method, there is an experimental prototype with V;,, of
200V, V, of 200 V, f; of 100 kHz, and the rated power of 800 W
built, which is shown in Fig. 14.

The parameters of the prototype are the same as the simula-
tion, and the specific device specifications are supplemented, as
shown in Table II.

Since this control method is applied to the CLLC resonant
converter under light-load conditions, the experimental condi-
tions are chosen to be carried out under 5% load.
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Fig. 14.  Experimental prototype.
TABLE II
COMPONENTS TABLE OF THE PROTOTYPE
Device Specification selection
Q-Q NTHLI110N65S3F(650 V/30 A)
s Rosion5p=98 mQ, C,=553 pF
DSP TI TMS320F28335
X Ferrite PQ40
L/Ly Ferrite PQ2625
C,/Cpy CBB22 630V
C,/C, ECAP 500 V/470 uf
U B os0ow B 00V B 2000 % 7585 50004
Ugg) Ugs)
=t aoviay o] M FTI0Vidig™ o
" L—-— ua;i-—-u b » L"‘—'Jucdl—'-" RIS (N ) )
(200V/div) (200V/div)

(RIS ) RIS I U [

N i ) A~
s[\“ll ) V f]ﬂN v V
arv S5A 1 .
Sus/div (5A/div) Sps/div
(b)
cd Hah in
sZOOV/div (200V/div) (200V/div).
.1 o - e
— | (- [ p=
) Vo Ueg
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| Y /\’,,-\VN ! | ! |
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Fig. 15.
(©) tab, Ucd, iLr1

Experimental waveforms. (a) uab, gs1, inr1. (b) Ugs1, Ucd, iLr2.
iLrQ- (d) Uab, Ucd, Vin 5 Vo-

The experimental waveforms of u,y,, Ugs1, and iz,1 are shown
in Fig. 15(a). The output voltage is adjusted by changing the duty
cycle of the input voltage of the RTM, and the change of iy,
corresponding to u,y, is basically consistent with the transient
analysis in Section III-A. The variation of i7,o with ugs and
Ucq 1s shown in Fig. 15(b). The waveforms of input and output
voltage of the RTM and resonant current are shown in Fig. 15(c).
And the time period for transmitting energy from the output
side to the input side in each cycle is divided into two small
segments t1—t3 and #4—fg on average to slow down the change
of the resonant current during this period. It,1-rms = 3.18 A,
ILrQ'rms =1.34 A and ILrl'peak =5.21 A and ILr2'peak =3.29
A were measured. The experimental waveforms of u,y,, ucq and
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Vin, Vo are shown in Fig. 15(d). Due to certain interference and
loss in the experimental circuit, 74 should be set larger than the
calculated value, and its value is 340 ns, which is point B shown
in Fig. 8(a). The experimental gain is 0.9 and the calculated gain
is 0.855, which are basically consistent.

The experimental waveforms of iz, and ugs2, Ugse Of the
primary side switches Q2, Q4 are shown in Fig. 16(a). It can be
seen that i1 <0 before Q4 is turned ON and i,.1 >0 before Qs is
turned ON, so Q5 and Qg are realized ZVS. Similarly, Q; and Qg
are also realized ZVS. The experimental waveforms of iz,,5 and
Udss,8, Udse,7 Of the secondary side switches Qs g, Qg,7 are shown
in Fig. 16(b). It can be seen that i;,.»>0 before Qs g are turned
ON, and i1,;2<0 before Qg 7 are turned ON, so Q5 g and Qg7 are
realized ZVS. The experimental waveforms of iz,1 and uggq,
ugs4 of the primary side switch Q4 are shown in Fig. 16(c). It can
be seen that Q is realized ZVS when i1 <0. The experimental
waveforms of i7,,2 and ugs, tqss of the secondary side switch
Q5 are shown in Fig. 16(d). It can be seen that when i7.2>0,
Qs is realized ZVS. Therefore, both the primary and secondary
side switches are realized ZVS, which can effectively reduce the
losses of the switches and improve the transmission efficiency
of the circuit.

In order to verify the accuracy of the gain curves in Fig. 8(a),
the voltage gain values when Dg are 0.36 and 0.32 are also
measured. When Dy is 0.36, Ty is 315 ns, which is shown at C’
in Fig. 8(b). However, due to some interference and loss in the
experimental circuit, T needs to be set larger than the calculated
value, so Ty is set to 380 ns. Therefore, the calculated gain is
shown at C in Fig. 8(a), and the calculated result G is 0.652. The
experimental waveforms at Dy of 0.36 are shown in Fig. 17(a)
and (b), and the voltage gain obtained from the experiment is
0.7, which is basically consistent with the calculation results.

When Dy is 0.32, T4 is 403 ns, which is shown at D’ in
Fig. 8(b). In the experiment, Ty is actually set to 460 ns.
Therefore, the calculated gain is shown at D in Fig. 8(a), and
the calculated result G is 0.491. The experimental waveforms
at Dg of 0.32 are shown in Fig. 17(c) and (d), and the voltage
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gain obtained from the experiment is 0.55, which is basically
consistent with the calculation results.

When V, is constant at 140 V and the load is switched from
the original 10% load to 5% load, the transformation waveforms
of Vin, Vo, iy, and iy, are shown in Fig. 18.

It can be seen that V, remains constant before and after load
switching, whereas i, is halved and iy, is slightly reduced. It
is basically consistent with the simulation results, which proves
that V, can remain constant under different loads.

The experimental key waveforms of APWM are shown in
Fig. 19. When G = 0.9, the waveforms of input and output
voltage of the RTM and resonant current are shown in Fig. 19(a).
The fundamental phase of the voltage at the midpoint of the
bridge arm on both sides of the voltage transformer is not the
same, and the time period for transmitting energy from the output
side to the input side in each cycle is #;—#3, which makes the
resonant current change greatly during this time. It yms =
1.93 A, ILrQJmS =2.34 A and ILrlfpeak =3.97 A and ILr27peak
= 7.13 A were measured. The stress of the primary switches
is slightly smaller than that of the PS-PWM, but the stress of
the secondary switches is much larger than that of the PS-PWM
control. That the control can make the primary and secondary
switches achieve ZVS are shown in Fig. 19(b) and (c). However,
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when iyo = I1,2 peak, the Qs g are in the turn-OFF stage, which
will lead to a sharp increase in the turn-OFF losses of the switches.
When G = 0.55, the waveforms of input and output voltage of
the RTM and resonant current are shown in Fig. 19(d). At this
time, the measured /1,1 rms = 2.91 A, Itro yms = 3.02 A and
ILrlfpeak =5.02 A and ILr27peak =798 A, ILers and Ierpeak
are increased. And the stress of primary and secondary switches
and It ,ns of APWM control are greater than those of PS-PWM
control, which leads to the efficiency of APWM is less than that
of PS-PWM, and with the decrease of gain, the efficiency of
PS-PWM will be more and more greater than that of APWM.
The experimental key waveforms of PFM are shown in
Fig. 20. When f;, = 1.6, the waveforms of input and output
voltage of the RTM and resonant current are shown in Fig. 20(a).
PFM control is difficult to achieve low voltage gain under
light load. At this time, if the frequency modulation control is
continued, the switching frequency will continue to rise, even
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Fig. 21.  Efficiency curves of different control. (a) Vi, =200 V, 5% load.
(b) Vin =200V, V, =180 V.

exceeding the upper limit of frequency. Not only the output
voltage will deviate from the reference value, but also lead to
great switching loss and extremely low transmission efficiency.
That the control can make the primary side of the switches
achieve ZVS but the secondary side of the switches in the
realization of ZCS will produce a certain loss are shown in
Fig. 20(b) and (c).

The efficiency curves of the three control methods at 5% load
are shown in Fig. 21(a). It can be seen that as the output power
decreases, that is, the output voltage decreases, the efficiency
of PS-PWM control is more and more greater than that of
APWM control. PFM control cannot effectively reduce the
output voltage, and the transmission efficiency is extremely low.
The efficiency curves of the three control modes in the full load
range when V,, = 180 V are shown in Fig. 21(b). At full load
and heavy load, the efficiency of the three control methods is
not much different, but as the load decreases, the efficiency of
PS-PWM will be more and more greater than that of APWM
and PFM.

Actually, the converter will generate the following.

1) Transformer losses Prx.

2) Resonant inductor losses Py,;1, Prro.

3) Switching losses of MOSFETs that mainly refer to turn-OFF

losses P of switches since realizing of ZVS.

4) Conduction losses P, of switches.

Then, the pie charts are plotted to show the theoretical power
losses distribution and efficiency of the prototype on output
power P, = 32.4 W when the working condition is 5% light
load, as shown in Fig. 22.

There is a small error between experimental efficiency shown
at point M in Fig. 21(a) and theoretical efficiency, which may
be due to calculation errors and the presence of equivalent
impedance due to printed circuit board (PCB) layout or com-
ponent differences.

Based on the above experimental analysis, when the bidi-
rectional full-bridge CLLC resonant converter under light-load
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Fig.22.  Theoretical power losses distribution and efficiency of the prototype.

conditions, the novel PS-PWM control method can not only
effectively adjust the voltage gain but also achieve high output
efficiency.

VI. CONCLUSION

Aiming at the improvement of problems of voltage gain im-
balance and low energy transmission efficiency in PFM control
of bidirectional full-bridge CLLC resonant converter under light-
load conditions, a novel PS-PWM control method is proposed,
which can flexibly adjust the voltage gain by adjusting the duty
cycle Dy and the original edge shift phase angle. At the same
time, this control can make the primary side and secondary side
switches achieve ZVS, and solve the problem that the duty cycle
is limited by soft switching in PWM control. Moreover, the
current stress of switches controlled by PS-PWM is smaller than
that controlled by APWM, which can reduce the loss of switches
and improve the energy transmission efficiency of the converter.
Finally, considering the parasitic parameters and dead time of the
switches, the voltage gain of the proposed control method under
light load is precise research by using the time domain analysis
method. The simulation and experimental results both show that
the control method solves the problem of light-load voltage gain
imbalance and low efficiency of bidirectional full-bridge CLLC
resonant converter.
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