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Abstract: Due to the symmetrical structure, consistent working characteristics in the forward and
reverse operations, and good soft-switching characteristics, bidirectional CLLLC resonant converters
are widely used in electric vehicles and other fields. To meet the requirements of the on-board charger,
this paper uses a bidirectional CLLLC resonant converter as the rear-stage of the on-board charger.
The converter uses a constant voltage and constant current control in the forward operation and
voltage and current double-closed-loop control in the reverse operation. Aiming at the problem
whereby the voltage gain range of the bidirectional CLLLC resonant converter is relatively narrow
under frequency-conversion control, the paper proposed a hybrid control method of frequency
conversion and phase shift. Frequency-conversion control is used when the voltage gain is high, and
phase-shift control is used when the voltage gain is low. The output voltage range of the converter is
effectively broadened, and zero voltage switching and zero current switching can be realized in the
full load range to improve operating efficiency. A 3.3 kW bidirectional CLLLC resonant converter
simulation system is built in the simulation software. The simulation results verify the correctness
and feasibility of the designed circuit and control method.

Keywords: bidirectional CLLLC resonant converter; frequency-conversion control; phase-shift
control; wide voltage range; soft switch

1. Introduction

With the development of the economy, the problems of environmental pollution
and energy shortage are becoming more and more serious. Electric vehicles that are
low-pollution and low-cost have become the main development direction of new energy
vehicles, and have been vigorously supported and promoted by the state [1,2]. As one of
the core technologies of electric vehicles, the on-board charger (OBC) has also become a
research hotspot. Its main part is generally composed of the front-end AC/DC converter
and the rear-end DC/DC converter [3]. The bidirectional DC/DC converter is the key part
to realizing the power conversion and energy exchange [4,5].

The topology of a bidirectional DC/DC converter is mainly divided into the non-
isolated bidirectional DC/DC converter and the isolated bidirectional DC/DC converter [6].
The non-isolated bidirectional DC/DC converter topology mainly includes buck/boost,
buck-boost, Cuk, and Sepic—Zeta, etc. It has the advantages of a simple structure, small
size, and low cost, but it has no electrical isolation, poor equipment stability, and low trans-
mission efficiency [7]. The isolated bidirectional DC/DC converter is generally divided into
the non-resonant and resonant modes. The most typical non-resonant bidirectional DC/DC
converter is the dual-active-bridge DC/DC converter (DAB) [8,9]. Its structure is simple:
the primary and secondary sides are electrically isolated, and zero-voltage soft-switching
(ZVS) characteristics can be achieved, but there are problems such as power backflow, high
current stress, and failure to achieve soft-switching at a light load [10,11]. Compared with
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the DAB, the resonant DC/DC converter can achieve zero-voltage switching of the primary
switches and zero-current switching (ZCS) of the secondary switches in a wide voltage
range and a wide load range at the same time, which can reduce losses and achieve a higher
voltage gain and efficiency [12-14]. Among them, the LLC bidirectional resonant converter
has been widely studied because of its simple circuit structure and easy realization of
soft switching [15]. However, the voltage gain adjustment range of the traditional LLC
bidirectional resonant converter is not wide, and it is limited in the application of a wide
input voltage or wide output voltage. It is equivalent to an LC series resonant converter
when working in the reverse. The resonant state is inconsistent with the forward working
mode. The voltage gain is always less than 1, and the boost cannot be achieved [16,17].
The L-LLC bidirectional resonant converter proposed in Reference [18] adds an auxil-
iary inductor between the arms of the H-bridge on the input side of the traditional LLC
bidirectional resonant converter so that the state of the converter is consistent in the for-
ward and reverse operations, but the increase of the auxiliary inductor reduces the overall
efficiency of the converter. Reference [19] proposed a boost-LCL resonant converter, which
improves the voltage gain and efficiency by multiplexing the LCL resonant inductor, the
flyback primary inductor, and the boost inductor. However, the structure of the converter
is complex and it is not easy to achieve an optimal design. In [20], a novel bidirectional
isolated LLC resonant converter is proposed. The inverter and rectifier parts of the con-
verter have two modes by reconfiguring different modulation schemes, which can achieve
an ultra-wide voltage gain range in a narrow modulation frequency, but there are many
switching elements. In [21], a symmetrical CLLC resonant converter is proposed. The
converter adds a resonant cavity on the secondary side of the traditional LLC resonant con-
verter, which has a completely symmetrical structure. It has the characteristics of the LLC’s
natural soft switching and high power density, but the increase of resonant elements will
make the gain curve non-monotonic and lose the ability of ZVS in the capacitive interval.
In [22], a new topology based on the LLC and LCL-T resonant tank is proposed, because
the output voltage characteristics of the LLC resonant tank and the fixed output current
characteristics of the LCL-T resonant tank have high accuracy, which can greatly reduce the
operating switching-frequency range. Reference [23] proposed a variable frequency—phase-
shift control method for the LLC resonant converter applied to electric vehicle charging, so
that the LLC converter can always operate within the range of EV charging requirements
and realize the functions of step-down and step-up, and soft switching. Reference [24]
proposed a wide-output dual-full-bridge LLC resonant converter with a hybrid control
strategy. However, it can only work in the forward direction. Reference [25] proposes a
bidirectional LLC resonant converter with a pulse frequency modulation and phase-shift
combined control that can work in the forward and reverse direction. However, its forward
and reverse mode are inconsistent, and the control mode only uses the voltage single loop.
In this paper, a hybrid control strategy of frequency conversion and phase shift for a
CLLLC resonant converter is proposed. Frequency-conversion control is used when the
boost is needed, and the voltage gain is determined by the switching frequency. Phase-shift
control is used when the buck is needed, and the voltage gain is determined by the phase-
shift angle. For the CLLLC resonant converter, the fundamental wave analysis method is
used to optimize the parameter design. Based on satisfying the voltage gain characteristics,
the constant voltage and constant current control are used in the forward operation, and
the voltage and current double-closed-loop control are used in the reverse operation [26].
The CLLLC resonant converter can achieve soft switching in the full load range during
forward charging and reverse discharging, thereby improving the working efficiency.

2. System Structure and Characteristic Analysis
2.1. Birirectional CLLLC Resonant Converter
The topology of the bidirectional CLLLC resonant converter is shown in Figure 1.

The switching tubes S1~S4 constitute the primary-side full bridge, and S5~Sg constitute
the secondary-side full bridge. D;~Dsg are the body diodes of 51~Sg, and Cogs1~Ceossg are
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the output capacitors of S;~Sg. The ratio of the transformer is n:1; Ly, is the excitation
inductance of the transformer; L;, L;», C;, and C,, are the resonant inductance and
resonant capacitance of the primary side and the secondary side, respectively, and the
high-frequency transformer is used for electrical isolation. Uap is the primary voltage, Ucp
is the secondary voltage, and Cj, and C, are the filter capacitors. When the converter is
working forward, the power is transmitted from Uap to Ucp. Since the converter operates
in the same state when it is working in the forward and reverse operations, only the positive

working time is taken as an example for the analysis.
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Figure 1. Bidirectional CLLLC resonant converter.

The left and right sides are full-bridge structures, and the structures are symmetrical
to each other. In both the forward and reverse modes, energy can be transferred to achieve
a bidirectional flow of energy, and the converter acts as an LLC resonant converter in
both the forward and reverse operations. When the converter is working in the forward
operation, switches S;~S; obtain the driving signal to realize the inverter and S5~Sg realize
the rectification.

2.2. Working Characteristics of Frequency-Conversion Control

The fundamental analysis method is used to analyze the operating characteristics of
the converter, and the fundamental equivalent circuit is shown in Figure 2. Among them,
V AB_FHA(y) 1S the square-wave fundamental component of the input DC-bus voltage after
the full-bridge inverter. L;;" and Cy,’ are the values of the capacitance and inductance
converted from L;» and Cy, to the primary side of the transformer. Req is the equivalent
load converted to the primary side. The expression is:

81’12 Vout
eq —

2 2

o 8n Vout
- T 5 7

2 Iout 2 P out

)

where 1 is the transformer ratio; Vout, Iout, and Pyt are the output voltage, output current,
and output power, respectively.
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Figure 2. Forward equivalent circuit model of bidirectional CLLLC resonant converter.
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When the voltage at both ends of Ly, is clamped by the output voltage, the correspond-
ing resonant frequency is the first resonant frequency:

1

=, 2)
27‘(\/ Lrl Cr1

frl

When Ly, is no longer clamped by the output, the corresponding resonant frequency
is the second resonant frequency:

1
= , (©)]
fo = oo (L1 + L )Co1

We define impedance as follows:

Zy = jwsLi+1/ (jwsCr)
Zy = jwerzl—Fl/(jwsCrz’), 4)
I = jwsLm

where Z; is the primary-side series-resonant impedance; Z; is the equivalent secondary
series-resonant impedance; Zn, is the excitation inductance impedance; and w;s is the
switching angular frequency, ws = 27fs.

From Figure 2, the transfer function of the converter is as follows:

_nVCD_FHA(t) . Zm//(ZZ + Req) ) Req

H(jws) = = ,
(jeos) VaprHA(t)  Z1+Zm//(Za+ Req) Z2+ Req

©)

By substituting Equation (4) into Equation (5), the voltage gain of the converter can be

obtained: .
M (f rl) = ’ (6)

Jark - g elome ) - R+ DR

where k is the inductance coefficient, k = Ly /Ly1; Q is the quality factor, Q = v/L1/Cr1/Reg;
fn is the normalized frequency; f, = fs/ fi1; and f is the actual switching frequency.

It can be seen from Equation (6) that the voltage gain of the CLLLC resonant converter
includes three parameters: the inductance coefficient k, the quality factor Q, and the
normalized switching frequency fr. The main parameters affecting the voltage gain are the
inductance coefficient k and quality factor Q, which are analyzed in detail below:

(1)  Influence of inductance factor k on voltage gain

Figure 3 is the curve of the voltage gain and normalized frequency under different
inductance coefficients k when Q = 0.3. When f,, = 1, the resonant frequency is equal to
the switching frequency, the system works at the resonant point, and no matter how k
changes, the voltage gain is always 1. In the under-resonant region, the smaller the k value,
the greater the maximum voltage gain, and the narrower the frequency modulation range,
which is conducive to the adjustment of the wide gain range. As the k value increases, the
peak value of the converter voltage gain gradually decreases, the normalized frequency
corresponding to the maximum gain of the curve gradually decreases, and the frequency
modulation range becomes wider. In the over-resonant region, the voltage gain curve
becomes smooth and the effect of adjusting the voltage gain by adjusting the switching
frequency is very limited. If the gain is expected to remain unchanged in a wide range
around the resonance point, then k should take a larger value. However, when the k value
is greater than a certain value, the peak voltage gain of the converter will be less than the
maximum value required by the design, and the minimum switching frequency is too low.
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Figure 3. Voltage gain and normalized frequency at different k values when Q = 0.3.

(2) Influence of quality factor Q on voltage gain

Figure 4 shows the curves of the voltage gain and normalized frequency under dif-
ferent quality factors Q when k = 5. When f, = 1, the resonant frequency is equal to the
switching frequency, and the system works at the resonant point; no matter how Q changes,
the voltage gain is always 1. When the converter is at a light load, that is, the Q value is
small, the gain of the converter can be greatly improved when the switching frequency is
reduced in the under-resonant region. In the over-resonant region, when the switching
frequency increases, the converter gain will only decrease slightly, and the frequency adjust-
ment effect is low. To achieve the effect of voltage regulation, a high frequency is required,
and the switching loss increases. Therefore, the selection of the Q value needs to ensure
that the converter can meet the requirements of a minimum voltage gain at a light load and
that the maximum switching frequency cannot be too high. As the Q value increases, the
load becomes heavier and heavier. In the over-resonant region, the gain of the converter
changes with the switching frequency. However, when the load is too heavy, the peak
value of the maximum gain of the converter decreases in the under-resonant region. To
obtain the maximum voltage gain, the switching frequency needs to be reduced to broaden
the frequency modulation. The voltage gain curve has two peak points, which are not
conducive to the stability of the converter and the design of the control system. Therefore,
the selection of the Q value should also be compromised.

2.57
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Figure 4. Voltage gain and normalized frequency at different Q values when k = 5.
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For the primary-side switching tube of the converter, after the end of the half-cycle,
there is still an inductor current i1, flowing through the resonant circuit, which can dis-
charge and charge the parasitic capacitance Cogs 0f the switching tube. It is assumed that
the current flowing through the switching tube remains unchanged as i, within the dead
time tq, and the parasitic capacitance Coygs of the switching tube is equal. To achieve ZVS
conditions, 77, must be greater than the minimum current for charging and discharging
Coss during the dead time, that is:

Z.Lr tq > Coss uCOSS ’ (7)

2.3. Working Characteristics of Phase-Shift Control

When the converter adopts phase-shift control, due to the introduction of the phase-
shift angle ¢, the voltage of the input resonant cavity Usp changes from a square wave
with a duty cycle of 50% to a square wave with a duty cycle of less than 50% and a zero
level. From the fundamental equivalent model and Fourier analysis shown in Figure 2,
the fundamental component of the input voltage square wave under phase-shift control is
expressed as:

U p (1) :2[1 + cos(Dm)|Uy
71
where D is the phase shift, D = ¢/m, 0 < D < 1; and ¢ is the phase-shift angle.
Combining Equations (5)—(8), the voltage gain expression under phase-shift control is:

sin(wt + @), 8)

1+ cos(Dm)

M = 7
PS 2

©)

It can be seen that the voltage gain is approximately cosine with D, and the variation
range is between 0 and 1.

In the 0.5(1 — D)Ts period, the Ly, two-terminal voltage is U;. From Upy, =
Lm2(di,, ,/dt) and Equation (7), it is necessary to ensure that the voltage at both ends
of Coss meets Ucygs > Uy in the dead time td to achieve soft switching. Further, the condi-
tions for soft switching under phase-shift control are:

8Lm2 Coss

Mpin = 22205 _
min (1 _D)Tstd/

(10)

3. Resonant Network Parameter Design

The design specifications of the bidirectional CLLLC resonant converter are shown in
Table 1.

Table 1. Design specifications of bidirectional CLLLC resonant converter.

Main Indicator Parameter
input voltage range 390410V
rated input voltage 400V

output voltage range 250430V
rated output voltage 320V
maximal output power 3.3 kW
resonant frequency 100 kHz

(1) Turn ratio of transformer n

At the resonant frequency point of the bidirectional resonant converter, the voltage gain
of the converter is always 1, which is independent of the change of the circuit parameters
and the load. The rated operating point is usually set here, so the turn ratio n of the

transformer is:
Vin 400

n= T =3 = 1.25, (11)
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(2) Transformer normalized voltage gain M

The normalized maximum voltage gain of this converter is:

n Vo_max

Mmax = ~ 138, (12)

Vin_min
The normalized minimum voltage gain of this converter is:

V .
M = /0-min .76, (13)

Vin_rnax

(3) Parameter design of inductance coefficient k and quality factor Q

Because the phase-shift control mode is adopted in the output low voltage, the limit
condition of k is no longer applicable to the no-load condition of the minimum output
voltage corresponding to the highest input voltage in the traditional design method. Con-
sidering that the maximum output voltage corresponding to the lowest input voltage is
fully loaded as the limit condition of the k value, the range of the inductance coefficient is:

Mo (£~ 1 6.45 (14)
(1 - Mmax)fr%_min o

Although increasing the k value can reduce the loss of the loop, it will increase the
range of the switching frequency. In combination with Equation (14) and Figure 3, we

finally choose k = 5.
1 M2 .
= k ~ 0.37 1
Qmax KMinax \| M2y — 1 ke~ 037, (15)

In combination with Equation (15) and Figure 4, Q = 0.3 is selected. At this time,
the requirements of maximum gain and minimum gain can be met by smaller frequency
adjustments, and the monotonicity can be maintained.

k<

(4) Design of resonant inductor and resonant capacitor
The equivalent impedance of the converter is:

8n?

Req=—5Ro = 39300 (16)

According to Equation (8) through Equation (16), the parameters of the primary and
secondary resonant inductors and resonant capacitors can be obtained, as shown in Table 2.

Table 2. The parameters of primary and secondary resonant inductance and resonant capacitance.

Main Indicator Parameter
primary-side resonant inductor (L) 18.76 uH
primary-side resonant capacitor (Cyq) 135.02 nF

secondary-side resonant inductance (L) 12.01 uH
secondary-side resonant capacitor (Cyy) 210.97 nF
magnetizing inductance (Ly) 93.80 uH

4. Frequency-Conversion and Phase-Shift Hybrid Control Strategy

Combining Equations (6), (9), and (10), the relationship curve of the voltage gain with
the normalized frequency fn (under frequency-conversion control) and the phase-shift
ratio D (under phase-shift control) can be obtained, as shown in Figure 5. After the quality
factor is selected as 0.3, when the bidirectional CLLLC resonant converter is controlled by
frequency conversion alone, the voltage gain range is narrow in the step-down mode, and
the switching frequency needs to change greatly to change the voltage gain. When phase-
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shift control is used alone, the maximum voltage gain is only 1, which can only be realized
in the step-down mode. The minimum voltage gain in the phase-shift mode is much smaller
than the minimum voltage gain under frequency-conversion control. Therefore, this paper
proposes a method of frequency-conversion and phase-shift hybrid control applied to a
bidirectional CLLLC resonant converter to broaden the voltage gain range. At the resonance
point, the working conditions of frequency-conversion control and phase-shift control are
the same. Setting this as a switching point can achieve a seamless connection of the voltage
gain; that is, frequency-conversion control is adopted when M > 1, and phase-shift control
is adopted when M < 1.

1.81

variable frequency control

Lo phase shift control

14 _ 4N __ _ __  _ ____ _ 138
1.27

e 5

o8 _ L N - _ 07

voltage gain M

0.61

0.4f

0.2f

0 ‘
0 05 1(0) 1.5(0.5) 2(1)
normalized frequency fn , phase-shifting ratio D

variable frequency control (voltage rise)

phase shift control (voltage reduction)
Figure 5. Voltage gain under frequency-conversion-phase-shift control.

The bidirectional CLLLC resonant converter designed in this paper is applied to the
rear stage of the vehicle charger. The charging process of the charging vehicle generally
has two stages: constant current charging and constant voltage charging. The charging
curve is shown in Figure 6. The first stage is the constant-current-charging stage. At this
stage, a certain constant current is used for constant current charging. The voltage values
of the battery are relatively small at the beginning, far less than the set value. The voltage
loop is always saturated. At this time, only the current loop plays a regulatory role. The
voltage value continues to rise during the charging process. When the voltage rises to the
set value, it enters the second stage. The second stage is the constant-voltage-charging
stage. At this stage, the voltage loop exits the saturation state and the output value begins
to decrease. Until it is lower than the output value of the current loop regulator, it begins to
be regulated by the voltage loop and enters the constant-voltage-charging stage. At this
time, the current loop is saturated, and the charging current begins to decrease gradually
until the charging current of the battery is equal to the self-discharge current, and the whole
charging process ends.

constant constant
current voltage

A

0

Figure 6. Constant-current- and constant-voltage-charging curve.



Electronics 2023, 12, 1605

9o0f 16

Figure 7 is the control block diagram of using the frequency-conversion and phase-
shift hybrid control mode. In the whole control process, the load uses the resistance load,
and the output voltage and current are sampled as the judgment basis. To realize the
automatic switching of the constant current and constant voltage loop, the voltage loop and
the current loop are controlled in parallel when working forward. Comparing the actual
battery voltage value obtained by sampling with the set value Uy, the constant-current-
control mode is selected when the battery voltage is less than the set value U, and the
constant-voltage-control mode is selected when the battery voltage reaches the set value
U ef. When working in the reverse direction, the voltage and current double-closed-loop
control method are adopted to output the electric energy in the battery to the primary side
through the resonant cavity to obtain a stable 400 V voltage.

St S @ Ss i S
Cowt " Cosss 2l Cosss d Consr
D Ds o~ T
i Al T Ll 7%=
= == i 2
Il Il
e, e,
o
Cos @ @ @
D: Ds D: Ds

Topology

q

=
o
I|=

G<1
Phase shift angle regulator |<7C| PI regulator

actuating signal

Voltage controlled oscillator |47C| PI regulator

Vo ;_
Vo ref
O\ + Vorr

@l PI regulator .“

Forward working mode

_l In G>1
Voltage controlled oscillator |—>| PI regulator

actuating signal

| Phase shift angle regulator |—>| PI regulator

G<1

Backward working mode

Figure 7. Mixed control block diagram.

Figure 8 is the hysteresis-control-switching diagram of the bidirectional CLLLC reso-
nant converter. This paper uses the two control modes of frequency-conversion control and
phase-shift control. In order to avoid unstable oscillation, the switching of these two modes
should be set to hysteresis control, rather than switching at a single point. When the voltage
rises to the maximum set value of phase-shift control, it is switched to frequency-conversion
control. When the voltage drops to the minimum set value of frequency-conversion control,
phase-shift control is switched. When setting the value of the mode-switching point, the
maximum setting value of phase-shift control is higher than the minimum setting value of
frequency-conversion control. The existence of the buffer region can make the converter
switch reliably between the two control modes.
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Vinax |- oo

PS—PFM
Mixed mode
switching point

Vinin |- ——
IO — — -

Constant current and constant
voltage switching point

Figure 8. Hysteretic-control-switching diagram.

5. Simulation Analysis
5.1. Forward Simulation

When the converter is working in the forward direction, the input voltage remains
unchanged at 400 V, and the output voltage is gradually increased from 250 V to 430 V by
adjusting the phase-shift angle between S; and S, and S4 and Ss, or adjusting the switching
frequency of S, Sy, S, and Sy. In Figures 9-11, Vg and V4, represent the driving signal
and drain-source voltage of the corresponding switching tube, respectively. ip represents
the forward current of the rectifier diode D, V o is the resonant slot input voltage, i is the
resonant current, and iy, is the excitation inductance current.

Figure 9 shows the simulation results when the output voltage V,, and the output
current I, are 250 V/7.67 A in the constant current mode. At this time, the output power
P, =1917.5 W, which is the lightest working point of the converter during the constant
current operation. It can be seen from Figure 9a that the converter operates in phase-shift
mode, and the output voltage is controlled by adjusting the phase-shift angle between S;
and Sy, and S; and S3. It can be seen from Figure 9b that the drain voltage V444 of Sy has
been reduced to zero before the arrival of the driving signal Vg4 of the switching tube Sy.
It can be seen that the primary-side switch can achieve ZVS. Before the arrival of ips and
ipg, ipg and ipy have been reduced to zero. Similarly, before the arrival of ipg and ipy, ips
and ipg have also been reduced to zero, so the secondary rectifier diode can achieve ZCS.

Vgsz |

Vigsa Vess

400

300

500 ZVS

Viga,Vasa

100 \( Vg Vasa
0

r — iLn in ] 20 7CS
D67 D58
1 0

0.016666

0.01667

0016674 0016678 0.016682 0022775 002278 0.022785 e 002279 0022795 00228

(a) (b)

Figure 9. The simulated waveform of V, and I, is 250 V/7.67 A: (a) main working waveform; and
(b) ZVS and ZCS.



Electronics 2023, 12, 1605

11 of 16

1
& 050 8
Vgsl,4 Vg52,3
0 ‘ 4001
% 300 1
400 1 = 0l ZVS |
3 N
- 200f 1 = ok |
2 ol ]
-200¢ . 0 V
-400 ]
r . 15r 1
20 im 1ol ZCS ]
& 10 .
= 0 / i 8 s \
— .
~ -10 1Lr1 4 0 3z
T 003337 0033375 J 003338 0033385 003339 0.03085 0.030855 o.oéoa;? 0.030865 0.03087 0.030875
S S
(a) (b)
Figure 10. The simulated waveform of V,, and I, is 320 V/7.67 A: (a) main working waveform; and
(b) ZVS and ZCS.
1
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Figure 11. The simulated waveform of V,, and I, is 430 V/7.67 A: (a) main working waveform; and
(b) ZVS and ZCS.

Figure 10 shows the simulation results of the converter in the constant current mode
when the output voltage V, and the output current I, are 320 V/7.67 A. At this time, the
output power P, = 2454.4 W. As can be seen from Figure 10a, the converter works in the
frequency-conversion mode, the switching frequency is 100 kHz, and the primary-side
resonant current changes in the form of a sine wave. At this time, the converter works at the
rated operating point and is in a quasi-resonant state. It can be seen from Figure 10b that
before the arrival of the driving signal Vg4 of the switching tube Sy, the drain voltage Vg4
of 54 has dropped to zero, which shows that the primary-side switching tube can achieve
ZVS. Since the resonant current and the excitation current are equal only for a moment,
ipg and ipy are generated at the moment ips and ipg are reduced to zero. Similarly, ips and
ipg are generated at the moment when ipg and ipy are reduced to zero, so the secondary
rectifier diode can achieve ZCS.

Figure 11 shows the simulation results when the output voltage V,, and the output
current I, are 430 V/7.67 A. At this time, the output power P, = 3300 W. It can be seen from
Figure 11a that the converter works in the frequency-conversion mode, and the switching
frequency is 67 kHz. At this time, the converter works in an under-resonant state. It can be
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seen from Figure 11b that the primary-side switch can achieve ZVS, and the secondary-side
rectifier diode can achieve ZCS.

To verify the performance of the proposed bidirectional CLLLC resonant converter
under constant current and constant voltage charging, the closed-loop simulation of the
converter is carried out. The simulation results are shown in Figures 12 and 13.
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Figure 12. Simulation waveform of forward constant-current stage.
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Figure 13. Simulation waveform of forward constant-voltage stage.

Figure 12 is the closed-loop simulation waveform of the converter in the constant
current stage. When the converter is in the constant current stage, the voltage loop is
saturated. At this time, the current loop works. The output current remains constant at
7.67 A throughout the constant current stage, and the output voltage rises from 250 V to
430 V. At the beginning of the simulation, the load is set to 32.59 ). Before the simulation
time reaches 0.06 s, the output current remains 7.67 A, and the output voltage quickly
reaches and can be stabilized at 250 V. At 0.06 s, the load changes from 32.59 () to 41.72 ().
Due to the existence of the filter capacitor, the output voltage does not change immediately,
and the output current drops sharply. After about 13 ms, the output current is stable at
7.67 A, and the output voltage reaches 320 V. At 0.12 s, the load changes from 41.72 () to
56.03 () at full load. After a sharp drop, the output current is stabilized at 7.67 A after about
8 ms, and the output voltage finally reaches and stabilizes at 430 V. The above process
proves that the converter can work normally in the constant current stage.
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Figure 13 is the closed-loop simulation waveform of the converter in the constant
voltage stage. In the constant voltage stage, the current loop of the converter is saturated,
and the voltage loop works at this time. The output voltage remains constant at 430 V
throughout the constant voltage stage, and the output current gradually decreases from
7.67 A to equal to the self-discharge current. At the beginning of the simulation, the load
is set to 56.03 (). Before the simulation time reaches 0.06 s, the output voltage remains
constant at 430 V and the output current remains at 7.67 A. At 0.06 s, the load changes from
56.03 () to 81.03 ). Due to the existence of the voltage closed-loop regulation, the output
voltage fluctuates slightly, and the output current drops sharply to 5.31 A. At 0.12 s, the
load changes from 81.03 () to 106.03 (), and the output current drops sharply to 4.05 A. The
two output voltages are quickly restored to stability after the oscillation, and the ripple
is within 0.6%. The above process proves that the converter can work normally in the
constant voltage stage.

5.2. Reverse Simulation

When the bidirectional CLLLC resonant converter is in the reverse discharge mode,
the input voltage range is 250 V~430 V, and the voltage and current double-closed-loop
control mode is adopted to control the output voltage to be stable at 400 V DC. The magne-
tizing inductance is equivalent to the secondary side, and the magnetizing inductance is
L /n? = 60.03 uH.

Figure 14 is the simulation result when the reverse input voltage is 250 V. As can be
seen from Figure 14a, at this time in the variable-frequency-boost mode, the operating
frequency is 69 kHz. Before the arrival of the driving signal V5 of the switching tube Ss, the
drain voltage V 4¢5 of the S5 has been reduced to zero, which shows that the switching tube
Ss can achieve ZVS. Before the arrival of ipy and ipy, ipp and ipz have been reduced to zero.
Similarly, before the arrival of ip, and ip3, ip; and ipg4 have also been reduced to zero, so the
rectifier diode on the primary side can achieve ZCS. It can be seen from Figure 14b that the
output voltage is stable at 400 V after 8 ms, indicating that the reverse frequency-conversion
boost of the bidirectional CLLLC resonant converter can work normally.
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Figure 14. Simulation results when the reverse input voltage is 250 V: (a) main working waveform;
and (b) output voltage.

Figure 15 is the simulation result when the reverse input voltage is 450 V. As can be
seen from Figure 15a, it is in the phase-shift buck mode, and the operating frequency is
100 kHz. Before the arrival of the driving signal Vs of the switching tube Ss, the drain
voltage V 445 of the S5 has been reduced to zero, which shows that the switching tube S5
can achieve ZVS. Before the arrival of ip; and ipy, ipy and ip3 have been reduced to zero.
Similarly, before the arrival of ipp and ips, ip; and ip4 have also been reduced to zero, so
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the rectifier diode on the primary side can achieve ZCS. From Figure 15b, it can be seen
that the output voltage is stable at 400 V after 2.9 ms, indicating that the reverse phase-shift
buck of the bidirectional CLLLC resonant converter can work normally.

40 L2 )
201 \ b
0j i 1
20r im :
400, ‘ ‘ ‘ ‘ L
400¢ =
400 VS T a5 T
200F \ ™~ B 300 10005 -
0 “ Vs Vass (\/’) ‘ ‘ 2250 % 400 | 1
3200 399.95( 1
150
201 100 399 —g a6 0.042‘2(‘1/5S 004227 0042275
10 zCy 1 50
0 D23 iD1,4 0
0.01958 0.019585 0.01959 0‘01?595 0.0196 0.019605 0.01961 0 001 0.02 0.03 004 t9'b5 0.06 0.07 008 009 0.1
t/s S
(a) (b)

Figure 15. Simulation results when the reverse input voltage is 430 V: (a) main working waveform;

and (b) output voltage.

6. Conclusions

To meet the requirements of the on-board charging equipment of electric vehicles, this

paper adopts the bidirectional CLLLC resonant converter as the rear stage of the on-board
charger and analyzes the characteristics of this converter under frequency-conversion
control and phase-shift control, and proposes a hybrid method of frequency-conversion
and phase-shift control. Through the above analysis, the following conclusions can be
drawn:

@

@)

®G)

4)

Due to its complete symmetrical and good soft-switching characteristics, the bidi-
rectional CLLLC resonant converter solves the problem where the traditional LLC
resonant converter has different resonant states during the forward and reverse oper-
ations, and cannot achieve soft switching at the same time and is difficult to control.

The hybrid control method of frequency conversion and phase shift adopts frequency-
conversion control at a higher voltage gain and phase-shift control at a lower voltage
gain. It solves the problem of low voltage gain of the single frequency-conversion
control method in the step-down mode, effectively broadens the output voltage range
of the bidirectional CLLLC converter, and is suitable for wide-range output occasions.
At the same time, it achieves zero-voltage switching and zero-current switching in the
full load range, and has a high operating efficiency. This control method is convenient
and easy to implement.

The control method proposed in this paper is superior to the traditional control
method in reducing the switching frequency-conversion range and improving the
efficiency of the converter, which is helpful in the popularization and application of
the high-efficiency and high-power bidirectional DC/DC converter in the distributed
new energy generation.

In the actual debugging process, it is difficult to establish an accurate model of a
bidirectional CLLLC circuit. In the later stage, it is necessary to further analyze the
circuit model to design more appropriate closed-loop control parameters and test how
well it actually works.
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