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Resonant Converter with Bi-directional Power Flow and Balance Currents

Bor-Ren Lin'"" and Yen-Chieh Huang?

ABSTRACT

This research paper concerns the implementation of a direct current to direct current zero voltage operation converter with an
addition parallel inductor and a current balance magnetic so as to realize high circuit efficiency, balance secondary-side currents
and achieve bi-directional power flow. The studied resonant converter was determined by a frequency-control half-bridge circuit
on the primary side and two parallel full-wave rectifier circuits on the secondary side. Series resonant tank was employed on
primary side to achieve the advantage of low switching losses of power devices on primary and secondary sides. The current
balance issue of two center-tapped rectifiers on low voltage side was realized by a current balance magnetic-coupling core. Power
switches were used on both of the primary and secondary sides to reduce the conduction losses and achieve bi-directional power
flow capability. The performance of the presented circuit was confirmed by a laboratory prototype with 720W rated power.

Keywords: Resonant converter, Soft switching, Bi-directional power flow.

1. INTRODUCTION

To better lessen global greenhouse effect and air pollution, great
progress has been made in power electronics base renewable energy
sources over the past several years. Bi-directional converters (Ah-
rabi et al. 2017; Emadi et al. 2008; Lee et al. 2012; Mangu et al.
2016; Mishimay et al. 2010; Shen et al. 2017; Yilmaz and Krein
2013; Zhang, Gao, and Li 2018) have been proposed for battery
chargers, energy storage systems, dc micro-grid systems and electric
vehicles to achieve bi-directional power flow capability. As far as dc
micro-grid systems are concerned, bi-directional dc-dc converters
can better save energy into energy storage systems in normal condi-
tions and so release power to dc bus when there is a power shortage
of dc utility power. Moreover, when it comes to electric vehicles
(Ahrabi et al. 2017; Emadi et al. 2008; Yilmaz and Krein 2013),
power converters are generally employed for battery charger, motor
drive and dc power distribution. Likewise, as to conventional
bi-directional power flow, symmetric circuit topologies with full
bridge circuit and half bridge circuit have been developed in dc mi-
cro-grid systems and electric vehicles applications. Dual active
bridge topologies (Wu et al. 2015; Xu et al. 2018) with phase-shift
modulation between two active bridges and the LLC topologies
(Jiang et al. 2015; Kim et al. 2014; Tan et al. 2014) have been also
studied to satisfy advantages of zero voltage switching operation and
symmetric circuit topology. The main disadvantages of dual active
bridge converter are that this device can exhibit high conduction loss.
This mainly due to high circulating current, and so it is hard to be
implemented by analog integrated circuit. The symmetric resonant
circuit topologies with full bridge circuit have been employed (Jiang
et al. 2015; Kim et al. 2014; Tan et al. 2014) to overcome the draw-
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back of dual active bridges so that power switches can better realize
soft switching operation and lessen electromagnetic interference. But
a parallel inductor is attached onto the half bridge leg. In this case, it
tends to increase conduction loss and reduce circuit efficiency at
forward power flow operation. Likewise, the CLLC bi-directional
converters (Zhang et al. 2018; Zhao et al. 2018; Zou et al. 2018) can
achieve bidirectional power transfer due to symmetric circuit topolo-
gies on the primary and secondary sides for utility power flow con-
trol and electric vehicle battery charger systems. However, the
CLLC converters are operated well for medium voltage applications.
The main disadvantage of the CLLC converters on low voltage ap-
plications is the high current stress of resonant capacitor on low
voltage side.

In this research, a new soft switching frequency-control con-
verter was studied to realize (1) bi-directional power operation, (2)
zero voltage operation for active switches, (3) current sharing on
high current side, and (4) high circuit efficiency. Regarding the pre-
sented converter, the half bridge leg is used on the primary (high
voltage) side, and two parallel center-tapped rectifiers are employed
on the secondary (high current) side. The load voltage control is
tested through variable frequency scheme to adjust the voltage gain
of the proposed circuit. An additional inductor is adopted on the
primary side under reverse power operation to realize bidirectional
power flow. Since the LLC circuit tank is used on the primary side
for both power flow operations, the power devices are all turned on
at zero voltage switching to achieve high circuit efficiency instead.
Besides, to realize current sharing function, a magnetic-coupling
current balance component is employed on the high current side. The
effectiveness of the presented circuit is verified and confirmed by the
experimental results.

2. CIRCUIT DIAGRAM, OPERATION PRIN-
CIPLE AND CIRCUIT CHARACTERISTICS

The basic structure of series resonant converter is a half bridge
leg on high voltage side and a full-wave rectifier with fast recovery
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diodes on low voltage side to realize low switching losses and low
reverse recovery current losses. The synchronous switches can be
adopted on the secondary-side to decrease conduction losses as de-
picted in Fig. 1(a). However, the circuit structure, as can be seen
from Fig. 1(a), is not easier to realize bi-directional power flow espe-
cially due to lose the LLC resonant behavior due to low voltage gain
under backward power transfer (Pledl ez al. 2010). To overcome this
problem, a new LLC resonant converter used to realize bi-directional
power control and balance secondary-side currents is presented in
Fig. 1(b). Comparing the circuit structures between Figs. 1(a) and
1(b), an additional switch S and inductor L, are adopted on the pri-
mary (high voltage) side in Fig. 1(b) to allow the presented LLC
converter to have high voltage gain and so achieve bi-directional
power flow operation. Two center-tapped rectifiers with one current
balance magnetic-coupling component are also adopted on the low
voltage side for the high current output. The magnetic-coupling cur-
rent balance element (Liu et al. 2016) is employed to balance cur-
rents iy and iy. If i;; and iy, are balanced, then the induced voltages of
CB component are zero voltage. If i;; and iy, are unbalanced (such as
iq1> iy), then the one induced voltage V; of CB component tends to
increase for the larger current i;; to be lessened. Also, the other in-
duced voltage V, of CB component decreases to get the lower current
ipto rise. After i;; = iy, one can obtain ;= V,= 0. When power flow
is from Vy; to Vy, S is open. L,, L, and C, form a resonant tank and
deliver power to low voltage side. Power devices Q; and O, work as
major power switches with soft switching operation, and Qs ~ Qs
operate as the synchronous switches to decrease conduction losses
on the secondary side. Frequency modulation is normally adopted to
adjust the switching frequency according to different high-side volt-
age Vyy and load current. In this case, the load-side voltage V; is reg-
ulated at the desired value. When power flow is from V; to Vy, the
switch S is closed. L, L, and C, are operated as a LLC resonant tank
and deliver power to primary side. Power devices Q; ~ Q¢ operate as
major power switches with soft switching operation on the low volt-
age side, and O, and O, are turned off. The anti-parallel diodes Dy,
and Dy, operate as voltage doubler rectifier synchronous switches on
the high voltage side.
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Fig.1 The circuit configuration of resonant converter (a) con-
ventional LLC converter with synchronous switches (b) the
proposed LLC converter with bidirectional power flow and

a current balance magnetic-coupling component.
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Fig.2 The proposed converter under forward power flow op-
eration (a) equivalent circuit (b) ac equivalent circuit by
C, L,, L, and low-side ac equivalent resistance R, (c)
main pulse-width modulation waveforms under forward
power flow.

2.1 Forward Power Transfer

If the power switch S is off, then power flow is from Vy to
low voltage V7, as shown in Fig. 2(a). Half bridge circuit includ-
ing switches Q; and Q, on the primary side are operated by fre-
quency-control to produce a square voltage waveform on termi-
nal v,. For different load and input voltage conditions, the
switching frequency of Q; and @, is modulated in order to keep
the load voltage constant. Synchronous switches Q; ~ Oy are
adopted on the secondary (high current) side to decrease conduc-
tion losses. L,,, L, and C, are worked as series resonant tank to
achieve the advantage of zero voltage operation of main switches
0 and Q.. Two center-tapped rectifiers with one current balance
magnetic-coupling component are employed on the high current
(secondary) side to decease the current stresses on Q; ~ O and
also balance two secondary-side currents i; and iy,. Fig. 2(b)
illustrates ac circuit of series resonant tank for forward power
flow operation. Due to the fact that the input impedance of reso-
nant tank is related to the switching frequency, the ac voltage
gain vg,., / vy can be regulated by frequency control such that
low voltage V; can be controlled at the wanted voltage value. Fig.
2(c) provides the main pulse-width modulation waveforms under
forward power transfer. According to the switching states of Q; ~
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Qs, the presented converter has four (or six) operating steps for
every switching period if £;,, > (or <) f,; (series resonant frequen-
cy). The circuit operations for forward power transfer are dis-
cussed as follows. And the step circuits corresponding to six
steps are shown in Fig. 3.

Step 1 [#, ~ #;]: Before #, i;, < 0 and Cy, (Cp,) is discharged
(charged). At ty, vcor = 0 and iy, (f)) < 0. Thus, Dy, conducts, and
the collector-to-emitter voltage vy, .. is equal to zero. Then, switch
0 is turned on after ¢, so as to realize zero voltage switching. In
step 1, vy, = Vil2, iy, > iy, Vi = 1V, and iy and i, are positive.
Thus, Dg; and Dys are forward biased. The gate voltages of syn-
chronous switches Qs and Qs are forced to positive voltage value to
reduce the conduction losses. Under the balance currents condition
iz = iy, the induced voltages V7 and V, of CB equal zero. If iy; > i,
then the induced voltages 7, of CB component increases to reduce
iz and the V; decreases to rise iy,. Thus, the secondary-side currents
iy and iy, become more balanced. Since v;, = nV; where n is
turn-ratio of transformer 7, i;,, increases in step 1. The magnetizing
current variation Aiy,,; in step 1 is calculated as n¥V;Afge,1/L,, where
Aty 18 time interval in step 1, and L,, is the magnetizing induct-

ance. L, and C, resonant with frequency f,; =1/27,/L,C, un-

der v,, = Vi/2 and vy, = ny;. If £;,, > (or <) £, the next step is going
to be step 2 (or step 3).

Step 2 [, ~ t,]: Since f;,, > f,1, the secondary-side currents i;; and
i, fall to zero at ¢;. Thus, synchronous switches Q5 and Qs are
turned off. i;, flows through switch Q;, capacitor C,, and induc-
tors L, and L,,. Since C;; >> C,, only L, C. and L, resonant in

this step with resonant frequency f,, =1/2n,/(L,, +L,)C,
Switch Q; turns off at &, = Tsw/2.

Step 3 [t, ~ 3]: At t =1, = T,,/2, switch O, is off. Since the pri-
mary-side current iz, at ¢, is positive and i, (,) = ipmp, Vcor in-
creases and vy, decreases. The peak magnetizing current can be
calculated as:

iLm,p ~hn VL/(4mesw) (1)
In this step, the voltage of Cy, decreases to zero, the discharged
time At in step 3 is calculated as:

N 2VHCQ2 _ Sme.;wVHCQZ <t, )

step3 ™ .
le D n VL

At

where ¢, is dead time. Under the given #,, £, Vi, and Vi, L, nax 1S
calculated in (3).

L, <0V, /8f.Vy ng) (3)
Step 4 [#; ~ ,]: At £;, the output capacitor Cy, is released to zero.
Since i;, at time #; is positive, Dy, is conducting to flow the pri-
mary-side current. After time #, o turns on to realize soft
switching operation. In step 4, v, = —Vi/2, iy, < iy, Vim = —1Vp
and i;; and iy, are negative. Therefore, Dy, and Dy, conduct. The
synchronous switches Q4 and Qs are turned on to lessen the con-
duction losses. Since vL, = —nV} in this step, i;, decreases. L,

and C, resonant in step 4 with frequency f,, =1/2z,/L,C, .

Step 5 [ty ~ t5]: Step 5 starts at time #, when isl and i, decrease
to zero current and stops at time 75 when switch O, turns off. The
circuit operation in step 5 likes the circuit operation is step 2. L,,

L, and C, resonant with frequency f,=1/2m(L, +L)C. -

Step 6 [ts ~ ty+ T, ]: The circuit operation in step 6 is similar to
the circuit operation is step 3. Step 6 starts at time #5 when Q,
turns off and stops at time ¢, + T},, when Cy, is discharged to zero
voltage.
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Fig. 3 Corresponding step circuits underr forward power
transfer (a) step 1 (b) step 2 (c¢) step 3 (d) step 4 (e) step 5
(f) step 6.
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The current balance magnetic-coupling component is pre-
sented to accomplish current balance. Therefore, a magnet-
ic-coupling component is employed on the secondary (high cur-
rent) side to achieve current balance. The Analysis of Funda-
mental Frequency (Steigerwald, 1988) is normally employed to
approximate ac voltage gain versus switching frequency. Due to
switching states of power switches Q; ~ Qg, two square voltage
signals are noted on the primary-side vab (with V,/2 and —V,/2)
and v;,, (with nV, and —nV}). The resonant tank, L,,, L, and C,,
works as a filter to suppress harmonic currents. Therefore, a qua-
si-sinusoidal current is obtained on the resonant tank if f;, = f,.
Based on the fundamental frequency analysis, the primary-side
square voltages v,, and v;, can be treated as fundamental ac
voltages v, rand vy, ,only to make circuit analysis simpler. Ac-
cording to the fourier series analysis, the fundamental voltages
Va, r and vy, , can be obtained as \/EVH /7 and 2\/§nVL /T, re-
spectively. The load resistance R, is reflected in the prima-
ry-side of transformer to obtain ac equivalent resistor R,
=8n’ R, /7%, The ac equivalent resistance R, is paralleled with
the magnetizing inductance L,,. Figure 2(b) shows the equivalent

circuit of the presented converter at forward power operation.
The voltage gain is calculated as follows:

SLmRac,L
_ VLm,f (S) _ 2” VL _ SLm + Ruc,L (4)
GHZL(S)|_ - V - SL R 1
Va1 (8) T
sL,+R,., sC, !
K. F?
[Gyo (fo) 1= 2 Fz ) >
VIO F(F =D +[(K, +DF* -1F  (5)
_2n¥,
VH

where KF = Lm/Lra F = fsw/ﬁls ﬁl = 1/(2n"LrCr) and QF

=L /C./R,,- The suitable switching frequency f;, can be
obtained from (5) under the given Vy, V;, Kr and R.;.

2.2 Backward Power Transfer

The presented converter can operate at reverse power flow
with an additional inductor L, connected at the primary side to
realize the function of the LLC converter with zero voltage oper-
ation. Fig. 4(a) gives the circuit schematic of the presented circuit
topology at reverse power operation. On the high voltage side, O,
and O, turn off and S is on. Dy, and Dy, and capacitors Cy; and
Cip operate as a voltage doubler rectifier topology. Power
switches Q; ~ Qg work as major switches to create the positive
and negative voltage levels on v;,,. L, L, and C, operate as a LLC
resonant circuit to achieve soft switching operation for Qs ~ Qg
and control ¥V} at the desired voltage. According to the prima-
ry-side currents i, and iLmb, Dy, and Dy, are forward or reverse
biased and a quasi-square waveform can be obtained on v, Fig.
4(b) gives the ac equivalent circuit for reverse power flow. Fig.
4(c) depicts the main pulse width modulation waveforms under
backward power transfer. Like the circuit operation of forward

power operation, six operation steps can be observed for every
switching period. Fig. 5 presents the simplified equivalent cir-
cuits for these six steps.

Step 1 [f, ~ t,]: This step starts at #, when veg; = vCgs = 0 and
ends at #; when igp; = igp, = 0. Due to ips(%) and iyps(#y) are nega-
tive and i;, > i, Dgs, Dgs and Dy, conduct. Therefore, Q5 and Qs
turn on after t, to realize zero voltage operation. In this step, v, =
Vip = Vil2, vi,, = nVy, iy, and i, increase, and C, and L, resonant

with frequency 1 =1/2n,/C.L, -
Step 2 [, ~ t,]: Step 2 starts at time #; when Dy, is reverse biased.
iy, flows through C,, S, L;, T and L,. In step 2, C,, L, and L, reso-

nant with frequency 1, =1/2n,/(L, + L,)C, -
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Fig. 4 The proposed circuit at reverse power flow operation (a)
circuit operation (b) ac equivalent circuit of resonant
tank by C,, L,, L, and high-side ac equivalent resistance
R,y (c) main pulse-width modulation waveforms under
reverse power flow.
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Step 3 [1, ~ t;]: Step 3 starts at time #, when Qs and Qs are turned
off. When Q; and Qs turn off, i;; and iy, are changed to negative
value. Cp; and Cys (Cps and Cy) are charged (discharged) in this
step. The zero voltage switching condition of Q, and Qg is ob-
tained as:

(L, +L) iy, +L,i;,, >4C,, V7 (6)

Lb,p 'm"Lm,p

where CQ,oss = CQ3 =. = CQ67 iLm,p =~ nVL/(4me;w) and iLb,p ~ V[]
/(8Lyf5.). The discharged time At in this step is calculated as:

A ¢ 4 VL CQ’oss

32Lm LbjrswVL C
P iy, i, ] (LY, +2nLY,)

0os ™

d

where td is a dead time between Q; and Q.

Step 4 [#; ~ t;]: This step starts at #; when vegs = vegs = 0. In step
4, iy(t;) and ip(f;) are negative such that Dy and Dy are off.
Switches Q4 and Qg turn on after # to achieve soft switching. Due
to Dy, conduct, it can be obtained that v,, = v, = =Vi/2, vy, =

Qs g

(®

—nV;, and L, and C, resonant with frequency f,; = 1/2Tc,/CrLr .
Both inductor currents i;,, and i;, decrease.

Step 5 [14 ~ ¢5]: Step 5 begins at £, when Dy, is reverse biased. In
step 5, C,, L, and L, resonant with frequency f, = 1/2n

J&L,+L)C, .

Step 6 [t5s ~ Ty, + t,]: At time t5, Q4 and Q¢ turn off. i;; and iy,
become positive value. Cgps; and Cys are discharged and Cy, and
Cys are charged in this step. The soft switching condition of O
and Qs is similar to switches Q4 and Qg in (6). At time Ty, + t,
Veos = Vegs = 0 and circuit goes to next switching period.

Based on the conducting states of O; ~ Og and Dy, and D,,
it can obtain two square voltage waveforms on v,, and v;,,. The
resonant tank, L, L, and C,, work as a filter to suppress harmonic
currents. It can be calculated that the fundamental voltages v, ;=
22 nN,/m and v, = J2 Vy/n. The ac load resistance Ricpy is
represented as R,y = 2R,y /7* and R, x 1s load resistance on high
voltage side. R, is paralleled with L, and the equivalent circuit

at backward power flow operation is given in Fig 4(b). The volt-
age gain is calculated as:

(b)

®

Fig.5 Corresponding step circuits underr reverse power flow operation (a) step 1 (b) step 2 (c) step 3 (d) step 4 (e) step S (f) step 6.
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v, Y,
VLm,j(S) 2nV,

Gyu(9)]=

sL,R )]

ac,H
3 sL,+R,. 4
~ sLR
Y/ +L+SL,
sL,+R,., sC,

K, F?
GLZH Jsw) 1= B
Gt VIO K ,F(F? =D +[(K, +DF* ~1F ©9)
— VH
Conv,

where KB = Lb/Lrs F :.fsw/ﬁ,ls QB =

(274/L.C.).

LV / Cr /Ralf,H and ﬁ’1:1/

3. DESIGN PROCEDURES

The design example is presented and discussed in this sec-
tion. Bi-directional power flow can be achieved in the proposed
circuit. Under forward power flow, input voltage V' is between
350 V and 400 V and output voltage V; = 48 V. The rated load
current is 15 A. Under backward power flow, the input voltage
V=44V to 52 V and V=400 V with 720 W rated power. The
series resonant frequency is selected as 100 kHz. The voltage
transfer functions of forward and backward power flow in (5) and
(9) are similar. Therefore, it can only consider the forward or
backward power flow operation to derive the circuit parameters.
In the following, the main circuit parameters are calculated under
forward power operation. The voltage gain |G;p;| at V= 400 V
and V; = 52 V conditions is fixed at unity. From (5), the
turn-ratio n is expressed in (10).

n:V—H: 400 ~3.85 (10)
2V, 2x52

L

Transformer 7 is implemented with 23 primary winding turns
and 6 secondary winding turns with EER 42 ferrite core. Due to
the actual selected winding turns, the maximum and minimum dc
gains at the input voltage range and 48 V output voltage are ex-
pressed as:

2nV,
1 Gt | max :MNI.OS (11)
H ,min
2nV,
| Grpar | in = i % 0.92 (12)

H ,max

In (5), the inductor ratio Kr and quality factor Qr should be
tradeoff to have low circulating current loss and high voltage
gain. In this example, K= 10 and O = 0.6 are selected to have a
peak gain higher than 1.05 and to control low-side voltage stable
at 48 V. The ac equivalent resistance R,y is calculated at the
rated power.

2

8n

ac,L — 2
Y

R R,, 38110 (13)

According the desired series resonant frequency f., = 100 kHz,
the L, and C, are calculated as [ =QR, , /(2nf,) ~36.4uH

and C, =1/(4n’L f’)~70nF . The magnetizing inductance L,,

=Kr x L,=364 H. The voltage ratings of Q; and O, equal Vy
=400 V and the voltage ratings of Q; ~ Q¢ equal two times of
maximum output voltage 2V ,,x = 104 V. The IRG4PC40W with
600 V rating / 20 A rating are used for Q; and Q,, and
IRFB4321PbF with 150 V rating / 85 A rating are used for Qs ~ Q.
Two SiHG20NS50C with 500 V rating / 20 A rating are used to
achieve ac switch S. The parallel inductor Lb is selected as 216 pH
to have inductor ratio Kz = L,/L. = 6 under reverse power flow
operation. The input capacitances Cy; and Cy, are 330 uF/400 V
and C; = 4400 pF/100 V. The main idea of the current balance
magnetic-coupling is based on the concept that the primary and
secondary winding current ratio is related to the turn-ratio of
transformer under the steady-state. The unity turn-ratio is used on
the prototype. Therefore, the primary and secondary currents are
identical if the magnetizing inductance is larger enough. The cur-
rent balance current-coupling transformer is built with EER 42
ferrite core and 46 turns on both of the primary and secondary
sides with 1mH magnetizing inductance. The ac switch S is im-
plemented with two power MOSFETs G20N50C by back to back
connection. The control block of the proposed converter in the
prototype circuit is demonstrated in Fig. 6. First, the high side and
low side voltages, V' and V;, are measured and compared with the
reference voltages, Vi,.r and V... The power flow selection can
decide the power low from Vj; to V; or from V; to V. The voltage
controller based on a voltage control oscillator can generate the
gating signals with variable frequency based on the voltage error
between the sensed voltage and reference voltage. PWM generator
produces the necessary gating signals Q; ~ Qs and S according to
the power flow selection signal and the gating signal from voltage
control oscillator.

io1¥| Dy,

B
Ca O Cf| |
— .s

Ths
1S)

Vi —p

Vi =

Vi, rer =

Virer =
Power

flow
selection | I

Fig. 6 The control block of the proposed converter in the pro-
totype circuit.

oltage control
oscillation (VCO)
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PWM Generation
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4. EXPERIMENTAL RESULTS

According to the developed prototype circuit, the validated
test results are presented in previous section. Figs. 7 ~ 13 demon-
strate the experimental results for forward power operation. Fig.
7 gives the measured waveforms of devices Q; and Q, and input
split voltages Vi and Veyp under 350 V and 400 V input and
rated power condition. Clearly, it is observed that the switching
frequency at V;; =400 V is greater than V;; =350 V. Fig. 8 shows
the experimental results of v,;, v, and i, under different input
voltages and rated power. Figs. 9 and 10 illustrate the measured
waveforms of the main switches O, and Q, at light (20%) load.
For both switches, they are turned on at zero voltage switching
from light (20%) load. Likewise, the experimental results of —iy;
~ —ige at the rated load current are presented in Fig. 11. 05 ~ O
are all turned off under zero current. The output currents of two
center-tapped rectifiers at full load are shown in Fig. 12. Due to
the fact that the current balance magnetic-coupling component is
used on the secondary-side, two output currents i; and i, are bal-
anced well for different input voltage cases. Fig. 13 demonstrates
the measured results of split voltages and low side voltage at
rated power. The input split capacitor voltages are balanced well.
Figs. 14 ~ 18 provide the measured results under reverse power
operation. The results obtained frommain switches Q; and Qs and
resonant voltage and current at the rated power and different
low-side voltages are demonstrated in Fig. 14. The switching
frequency at 52 V input is higher than 44 V input so as to both
obtain lower voltage gain of the resonant converter and maintain

Tek ¥
Volg Vore
———— ——— e
' L {
P - v !
Vem
3
Ve
4
@) 10.0V WNCh2 10.0V WM4.00Ms A Chl S 8.00V

Ch3 200V wCh4 200V

(a)

high-side voltage at 400 V. Fig. 15 provides the experimental
waveforms of -iy,, i1;, ipg1 and ipg, at the rated power. When i;, >
irp, diode Dy, conducts. On the other hand, Dy, conducts if i;, >
irp. If i, = i1, both diodes Dy, and Dy, are reverse biased. Figs.
16 and 17 demonstrate the experimental waveforms of the main
switches Q; and O, at 20% load. It is clear to see that both
switches are turned on at soft switching from 20% load. However,
the turn-off of hard switching is observed on Q; and Q, due to
high switch current when Q; and Q, are turned off. Power
switches Qs and Q¢ have same turn-on and turn-off characteris-
tics as 05 and Q, at reverse power flow operation. Fig. 18 shows
the measured results of low side voltage and split capacitor volt-
ages at rated power and reverse power flow condition. The split
capacitor voltages are balanced well. Figs. 19 and 20 show the
measured switching frequency and circuit efficiencies of the
studied converter under different loads. The measured switching
frequencies at forward power flow operation are 78 kHz, 72.5
kHz and 65 kHz under V' = 350 V input case and 144 W, 360 W
and 720 W, respectively. For Vy = 400 V input, the measured
switching frequencies are 128 kHz, 109 kHz and 98 kHz at 144
W, 360 W and 720 W, respectively. The measured circuit effi-
ciencies are 94.9% at 144 W, 93.9% at 360 W and 93.2% at 720
W. The test switching frequencies at reverse power flow opera-
tion are 79 kHz at 144 W, 71 kHz at 360 W and 66 kHz at 720 W
under V; = 44 V input. For V, = 52 V input, the test switching
frequencies are 121 kHz at 144 W, 105 kHz at 360 W and 92
kHz at 720 W. The test efficiencies are 91.2% at 144 W, 90.5%
at360 W and 89.6% at 720 W.
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Fig. 7 Measured results of main switches and input split voltages at forward power flow under the rated power

(@) Viy=350 V (b) V=400 V.
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A SFAEAWYAE
VA BASWA
INCINEN AN
AARANAWTA

(b

10A

10A

10A

10A

Fig. 11 Measured results of the low voltage side currents rent of the LLC resonant tank under the

rated power (a) V=350V (b) V=400 V.

<
10A

<
10A

4ps

v§
1 1
>
10A

E

§s‘

§
10A

(®)

Fig. 12 Measured results of the output currents of two center-tapped rectifiers at the rated power

() Vy=350 V (b) Vi =400 V.



Lin and Huang: Resonant Converter with Bi-directional Power Flow and Balance Currents 53

T T T T : T T T VCHI T T I T T T T
3 Vem 11 -—--—-—-L-_————\ .
' g > V I >
2 CH2 g
- qv = ) mI %
| 4577 ik 3 =

1> Rt skt MI §
ot - 2 :
Vi
= v, o I E
3>k _I % - I 3
1 L 1 1 'l 'l 1<4£s>1 1 1 1 1 L 1 1 4”s 1
(@ (b)

Fig. 13 Measured results of split voltages and low side voltage at rated power (a) V=350V (b) V=400 V.

<
=
g
¥
I >
10V
=
>
10V

|Ii|
- J .1
)
3
-
}
|
10V
V; T T
l<—>
10V

vvvvvvvvvvvvvvv

*
g
\
o
\I&
J/ ™~
\,
Jos RUTETRORE R
~<
<Q
1
SN
Eg ~
"
\l I/\
> «—>
10A 200V
% é
\ <
= Q
~
. 3
i3
I<—> l{—?
10A 200V

Fig. 14 Measured results of the main switches Q; and O, and resonant voltage and current at reverse power
flow operation and the rated power (a) V', =44V (b) V, =52 V.

>
~
>
s
10A
‘ %
: N
:q -
‘4—’
10A

2>R__//"‘\_\_;V,lzlj'b"-\\-‘/1§ 2>W“—.\_MI§

10A

SR

10A

o
Dl
(

A Nivor /] ,

i o ; .
. i\__m._.“,/ﬂ\\_.”m{'”\\,gz I S . __f/-‘\ /‘\L r/‘\\’DQ2 fp 7I s
dus dus,

1 1 1 1 1 1 1 1 1 1 1 1 1 1

(a) (®
Fig. 15 Measured results of the resonant current, inductor current and diode currents at reverse power flow
operation and the rated power (a) V;, =44V (b) V=52 V.

VQ3"g T T T T T T T T

10V

10V

3
M 4
100V
100V

5A
¢
[ g
T LA
g
I 1
5
5A

Fig. 16Measured results of switch Q; at 20% load (a) V;, =44V (b) V=52 V.



54 Journal of Innovative Technology, Vol. 4, No. 1, March 2022

E

W A
>
100V 10V

{

3>

T~
N2
}
S5A

(@)
Fig. 17
T T T T l T
LV E
= ik
Vem
- — e nI 2
CH. g
w —J S I %
2k L Y=
o =
3 i
(@)

Fig. 18 Measured results of low side voltage and split voltages at rated power (a) V=350V (b) Vy=400V.

Switching firequency (kHz)

Fig. 19

144

V=350V

N

V=400V

<

360

(@)

720 P,(W)

10V

100V

5A

(b)

Measured results of switch O, at 20% load (a) V', =44V (b) V=52 V.

1z

VCHI
e MIg
V_Cﬂl E
IE

Switching firequency (kHz)

130
120
110
100
90
80
70
60
50
40

Vi=52v

V=44V
N
144 360

()

720 P, (W)

Measured switching frequencies under (a) forward power flow (b) reverse power flow.

Efficiency (%) Forward power flow

96 -
94 -
92 1
920 1

144

Reverse power flow

720 P, (W)

Fig. 20 Measured switching frequencies under different operation conditions.



Lin and Huang: Resonant Converter with Bi-directional Power Flow and Balance Currents 55

5. CONCLUSIONS

A dc-de LLC soft switching converter between high voltage
400 V and low voltage 48 V was determined to accomplish zero
voltage operation and achieve bidirectional power transfer. The
prototype circuit had one half bridge leg on the primary side and
two full-wave rectifiers on the secondary (high current) side. A
current balance magnetic-coupling core was employed on the
high current side to achieve current sharing. To realize the LLC
resonant behavior for the power flows of both directions, the
additional switch and inductor were used on the primary side.
Frequency-control was adopted to adjust the switching frequency
in order to keep load voltage at the desired voltage. At forward
power operation, the additional inductor was disconnected to the
primary side to eliminate the unnecessary circulating current on
primary side. Under the reverse power operation, an additional
inductor was connected on the input half bridge leg to accom-
plish the LLC resonant behavior and soft switching operation.
Finally, the obtained experimental results verify, the achievabil-
ity of the studied soft switching converter.
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