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Abstract: The new type of L-LLC resonant bidirectional DC-DC converter (L-LLC-BDC) has merits
of high efficiency, high-power density and wide gain and power ranges, and it is suitable for
energy interface between energy storage systems and DC micro grid. However, the resonances are
sensitive to the parasitic parameters, which will deteriorate the efficiency. This paper investigates
the intrinsic mechanism of parasitic parameters on the L-LLC-BDC operating principle and working
characteristics based on the analysis of working modes and resonance tank. By taking the oscillation of
parasitic parameters produced in the stage for the freewheeling stage into consideration, a parameter
optimization method is proposed to reduce the resonant current oscillation while maintaining the
characteristic of the natural soft switching. The experiment results not only validated the proposed
parameter optimization design method, but also testified to the improvement of the efficiency through
the minimization of the conduction and switching loss.
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The energy storage systems (ESSs) in the DC micro grid have a wide range of output
voltages and currents, which requires a bi-directional DC-DC converter with a wide range
of voltage gain and power receptivity. L-LLC resonant bidirectional DC-DC converter
(L-LLC-BDC) can be used as the key equipment for interaction between ESSs and the DC
micro-grid for stabilization of the DC bus voltage.

In the literature [1], the additional inductance is added to the traditional LLC resonant
converter to form L-LLC-BDC, enabling a symmetrical topology that can work in both
the forward and reverse directions. As this converter’s operating characteristics not only
depend on its working point, but also its working frequency and load condition as well, it
is difficult to analyze. Ref. [2] redesigned the converter with the fundamental harmonic
approximation, and the resonant voltage and current are proximately equivalent to sinu-
soidal waveform at resonant frequency. However, the low approximation accuracy at those
points outside the resonance point cannot meet the requirements, and the gain formula
obtained is deviated from the actual values to some extent. Although the parameters of the
converter are designed, the key parameters are empirical values, and the design method is
difficult to popularize and apply. In practical application, due to the influence of parasitic
parameters, the real resonant frequency is deviated from the theoretical value, and the
operating characteristics of the converter will be different from the theoretical analysis as
conditions of the Creative Commons  W€ll- Methods such as the third harmonic approximation and extended describing function
Attribution (CC BY) license (https;//  ar€ used to improve the accuracy of analysis [3,4]. However, the analytic solutions are in
nature obtained through approximation.
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In order to improve the efficiency of the traditional LLC resonant converter, other
methods are used, e.g., optimal control strategy [5-7], optimization of the dead time and
magnetic inductance [8], and peak gain method [9,10]. Recently, the new design method
considering peak gain is proposed [11,12], the LLC resonant converter will get the peak
gain point when the input square-wave voltage is synchronous with the resonant current. A
modified gain model and its corresponding design method for LLC resonant converter are
proposed [13], in which both resonant and load factor are considered and discussed in detail
by combining time and frequency domain together. As complete charging and discharging
within the dead time, it is necessary for the converter to achieve soft switching, then
influence of the output capacitance of the switch should be taken into consideration [14-17].
The existing literature usually considers the output capacitance of the primary side switch,
but rarely the secondary side capacitance. Ref. [18] proposes a primary side switch in
parallel with the capacitance to mitigate the problem of the high output voltage under light
load condition. Ref. [19] analyzes the output voltage oscillation caused by the parasitic
capacitance of the rectifier side diode under different switching frequencies for the center-
tapped LLC converter, and they proposed a new parameter design idea, which has certain
limitations. Ref. [20] proposed a new topology of LLC to improve the efficiency with the
increase of components; however, the power flow was unidirectional. The more accurate
time domain analysis was adopted in [21-25].

Based on an accurate time domain analysis of the L-LLC-BDC operation process, this
paper proposes a parameter optimization design method, which takes into account the
effect of the output capacitance of the switch. The proposed method effectively eliminated
the current oscillation when switches turn on by configuring switching frequency, the con-
duction and switching loss of the converter are reduced by larger magnetizing inductance
of the converter on the basis of satisfying the voltage gain of the converter. The efficiency
is increased.

This paper is organized as follows: Section 2 introduces the working principle of the
Bi-directional L-LLC resonant converter; Section 3 describes the time-domain analysis of
the converter; Section 4 proposed a parameter optimization design; Section 5 provides the
experimental results, and Section 6 concludes this paper.

2. Working Principle of the L-LLC Resonant Bi-Directional DC-DC Converter

Figure 1 shows the topology of L-LLC-BDC, whose primary and secondary sides
are connected to a full-bridge converter, respectively. Where V;, and V represent the
voltage of ESSs and the DC bus, respectively, L1 represents magnetizing inductance of
the transformer, L, and C, are resonant inductor and capacitor, and L, is the additional
inductor. 51—S4 and S5—Sg are switches on the primary and secondary converter, respec-
tively. D1—Dg and C1—Cg are body diodes and output capacitors corresponding to S;—Sg.
As indicated in Figure 1, the forward power direction is defined as from the primary side
to the secondary side. To simplify the analysis as well as control, Ly, is set the same as
L1 so that the working principles in forward and reverse power direction are exactly the
same. Therefore, only the working principle analysis in the forward mode is provided. In
the forward mode, the output voltage is regulated with the frequency modulation method.
When the converter works in the continuous conduction mode, L, and C, form a resonant
tank, while in the discontinuous conduction mode, L;;; and Ly, participates the resonance
in the forward and reverse mode, respectively. For example, in the forward mode, the L;;»
does not participate in the resonance, but it helps the switches on the primary-side switch
to realize ZVS. Therefore, so does L, in the reverse mode.

Considering the influence of the MOSFET output capacitor on the working process of
L-LLC-BDC, Figure 2 is intended to show the main steady-state waveforms of the converter,
according to the status of the switches, and there are a total 6 modes. Due to the symmetric
waveforms in the positive and negative period, the working principles in these periods are
similar, only the analysis in the first half of the cycle is provided in this paper. The primary
side currents are iy = i, + iy and is = n (ip, — ipm1)-
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Figure 1. The circuit topology of L-LLC-BDC.
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Figure 2. The main steady-state waveforms of the converter.

2.1. Mode I

Mode I: te [y, t1] (see Figure 2), during which switches S and Sy are turned on. Before
to, the output capacitors of the switches S; and S4 discharge to zero voltage through i,
thus the switches 51 and 54 can be turned on under the ZVS condition, v4p = Vj,,. The body
diodes of the secondary side switches S5 and Sg are conducted, which clamping vcp = Vo
energy is delivered to the load.

2.2. Mode II

Mode II: t€ [t4, t2] (see Figure 2), during which switches S; and Sy are still turned on,
L, and Ly;; resonate with C,, the resonant current is equal to the magnetizing current and
the secondary side current is is zero. With the current being zero, the body diodes D5 and Dg
are shut off naturally without reverse recovery loss, realizing ZCS of the secondary switch.
The output voltage no longer clamps the two points of C-D, and the output capacitor
C5—Cg participate in the resonance. This mode is actually a continuous current stage.

2.3. Mode 111

Mode III: t€ [ty, t3] (see Figure 2), during which switches S; and Sy are off, entering
into the dead time. The i, charges the C; and C4 until their voltage reach to V;,, meanwhile.
C, and C3 discharges and their voltage drops to zero, which enables S; and S3 to be turned
on under the ZVS condition. The secondary current is; charges Cs and Cg to a voltage
of Vo, and the voltage S¢ and Sy decreases to zero. At the end of this stage, after the
charging and discharging, the voltage at A-B is —V,,, and the voltage at C-D is clamped at
—Vo. Figures 3-5 show the equivalent circuits for Modes I, II and III and the differential
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equations are established, respectively, and we can get the expression of resonant inductor
current and resonant capacitor voltage.
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Figure 3. Resonant operation Mode I and equivalent circuit of L-LLC-BDC.
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Figure 4. Resonant operation Mode II and equivalent circuit of L-LLC-BDC.
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Figure 5. Resonant operation Mode Il and equivalent circuit of L-LLC-BDC.
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3. The Time-Domain Analysis of L-LLC Resonant Bi-Directional DC-DC Converter

The first harmonic approximation (FHA) only considers the component at the fun-
damental frequency, while the high order harmonics are neglected, which makes it lack
the capability to identify different operating modes. Therefore, it is necessary to build
an accurate steady-state model to describe the converter’s operating process and char-
acteristics. In the period of Mode II, the output capacitor of the secondary side switch
participates in resonance, and the four output capacitors are connected in series in pairs
and then in parallel, which can be then equivalent to the capacitance C,. In the Mode III,
which corresponds to the dead time, C; ~ C4 and Cs ~ Cg are connected in series in pairs
and then in parallel, equivalent to the capacitor C;;, and C,, respectively. Due to the short
time of Mode III, both if,,; and if,,» can be taken as unchanged. With the simplified circuit
and initial conditions of each resonant operating mode in Figures 3-5, the voltage of the
resonant capacitor, i.e., ucry, i as well as is; can be obtained in each mode.

3.1. Mode I
The time-domain expression of Mode I:
ucy(t) = I Zosinfwo(t — to)] + [Ucro — (Vin — Vo)] cos[wo(t — to)] + Vin —nVo
ip(t) = ILyo cosfwo(t — to)] + {1=Uin=Y0)l sinfey ( — to)] + 12 (¢ — to) — L (1)
is(t) = nlp,gcos[wy(t —to)] + Wrz sin[wo (f — tg)] — %(t —to) +nly

where, I ;o and U, are the current of resonant inductor L, and voltage of the capacitor C,
at time £, respectively; I,; represents the peak current of magnetizing inductance L;;; and
additional inductance Ly;»; Zj the characteristic impedance, the initial value of the voltage
of resonant capacitor at time ty, and wy is the resonant frequency, which can be calculated

as follows: )
Z = \/ L C wpyp = ———
0 T / r/Q m

3.2. Mode II
The time-domain expression of Mode II:

Mcr(t) = A cos(wnt) + Ay sin(wllt) + Aj COS(wlzt) + Ay sin(wlzt) + Vi

Cy (Lo +Ly)— Ly nC . . .
uc, (t) = ( ( 1Zrml’3CO 1-0)[ A1 cos(wr1t) + Ap sin(wypt)] — Lrﬁ’ﬁml [A3 cos(wipt) + Agsin(wiat)] 2
is(t) = wlw [—Al sin(a)nt) + Ay cos(wnt)} — wZ% [—Ag Sil’l(wlzt) + Ay COS(a)lzi’)]

ip = Crwi[—Aqsin(wqit) + Ap cos(wiit)] + Crws[— Az sin(wipt) + Ay cos(wint)] + %(tz —t1) — I

where, A1, A2, A3 and A4 are

12 nC L1nC
— __~“ml -0 — V. _—ml1P0
A= (anl+Lr)2 Cr [uC’r‘l ‘/m] + Cr(Ly+Lr) uCOl
AZ — LmlnCOZILrl
(L +Lr)*Cawn
_ _ A LmlnCO
Az =Ucr — Vin (Ly+L)Cr UCo
_ _in
Ay = Crwia

where 1 < f < by, I1,1 is the initial value of the current of resonant inductor at time t1, Uc,q
the initial value of the voltage of resonant capacitor at time t;, and Uc, the initial value of
the voltage of output capacitor at time t;.

1
LyLy1nCo
Ly1+Lr

w11 =

Wiy = ———o
12 (L +Ly)Cr
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3.3. Mode III

Since the dead time is very short, it can be considered that in this period both current
of magnetizing inductance L1 and additional inductance L,,, are constant at I,;,. The
voltage of the equivalent capacitor C;;, and C, are constant at U; and Uy, respectively.

The time-domain expression of Mode III:

uCr(t) =
ip(t) = Ipp cos|wa(t — t2)]

is(t) = nlpp cos[wy(t —tp)] —

I1nZy sin[wy (t — tp)] +

[Ucrz — (Uy — Uz)] cos|wy (t — t2)]

_ %LZIPUZ) sinfwy (t — t2)] + I &)
%ﬁﬁfuﬂn sin[wy (t — )] — nly

In the expression, I1,; is the initial value of the resonant inductor current at time f,,
and Uc,, the initial value of the resonant capacitor voltage at time t,. Z, represents the
characteristic impedance, and w, the resonant frequency.

Zy =+L//Cwy =1/+L,C,

During this period, the switches S1-S, are all turned off, i, and i; are charged and dis-
charged C1—Cy4 and C5-Cg, respectively. The operating principle is shown in Figure 6 below.
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Figure 6. The operation mechanism for the dead time.
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The voltage expressions of ucy(t) and ucg(t) in this period can be obtained.

ucay(t) = ﬁﬁlm sinfws (t — t2)] +

Ucrp

cos|[wy(t —tp)] —

Lo ) oo 1) + 8+

—(Uy—U)

Uy
uce(t) = 2w2C6 I sin[ws (t — )] + =957 Tl

4
I(t t2)+nV ()

4. The Parameter Optimization Design of L-LLC Resonant Bi-Directional
DC-DC Converter

It can be seen from Figure 2 and the mathematical analysis for each working mode
that the output capacitor of the switch participates in the operation of the circuit only in
Mode II and III. When t; <t < t5, vcp is no longer clamped to V5, the output capacitors of
the switches and L,,; form a resonant tank, which results in the high frequency oscillation
at both primary and secondary side switches. Such, oscillation not only increases the
conduction loss of the switch, but also affects the charging and discharging of the output
capacitor during the dead time., i.e., t, <t < t3. At the dead time, both side switches are
disconnected, C1-C4 and Cs5—Cg are charged by i, and discharged by i;, respectively. To
maintain the same topology in forward and reverse modes, parameters such as the output
capacitance of MOSFET are kept to be symmetric, so that capacitance referred from the
secondary side is equal to that on the primary side. The decrease of the primary side
current i, will affect the soft switch of the converter. If the primary side current flows in
reverse and drops the zero before the end of this period, the capacitors cannot be fully
discharged, which results in the failure of the primary side switch to realize ZVS. Moreover,
the change of current in dead-time makes the converter continue to a continuous current
stage even when the switching frequency equals the resonant frequency.
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The effect of the aforementioned output capacitor of MOSFET toward the operation of
the converter can be eliminated by parameter optimization to improve the performance of
the converter. The first consideration in the design of the resonant component is to reduce
the loss of the converter to improve its efficiency. As L-LLC-BDC has the characteristic
of the natural ZVS soft switching, the conduction loss accounts for a major part. It was
testified that the current circulation can be reduced by increasing the magnetic inductance.
However, there are trade-offs, with the increasing of magnetizing inductor, its current will
be decreased, which prevents switches from achieving ZVS soft-switching.

As can be seen from Figure 2, the voltage variation range of the output capacitance
is the largest in the dead time, large i, and i; are required for charging and discharging
the capacitance. In practice, due to the presence of the stray inductance in the circuit, the
voltage and current oscillation in the stage of Mode II are both attenuated. Therefore, the
design should be based on the first zero crossing of is to guarantee the ZVS soft-switching.
Then, there is no operating Mode II.

According to the optimization goal of L-LLC-BDC, the starting point of the proposed
improvement design method is to ensure that the magnetizing current fully charges and
discharges the output capacitor of the switch within the dead time T, so as to achieve ZVS.
From ucj (t3) =0, ucg (t3) = 0, namely

, Uer—(Uy U T,
uca(t) = ytes I sin(wy Ty) + Y3 ) cos(wn Ty) + %24 + Vi = 0

®)
. Ucyo— (U —U m _
uce(t) = gores I sin(wyTy) + 20372 cos (w0, Ty) — i 1 nv, = 0
From Equation (5), the peak magnetizing current can be obtained:
2CViy
Iy = 6
"= ©)

It can be seen from Equation (6) that with the selected device and given dead time, the
peak magnetizing inductor current I, can be obtained. When i, and is fully charges and
discharges the primary side output capacitor and secondary side capacitor of the switch
within the dead time, the waveform of the converter is the same as Figure 7.

ILm2

ILm1

i]’

I

Figure 7. The working waveform under optimization design.



Energies 2021, 14, 3123

8 0of 20

This is the resonant mode of the converter, and the resonant frequency is slightly
higher than the resonant frequency. Under this condition, the charge and discharge of
the capacitors are completed in the dead time, but due to the current on the additional
inductance, the primary switch can realize ZVS completely. The resonant current has little
distortion when the switch is turned on, and the expressions of the primary and secondary
side current in the period Tp (from ¢t to t13) can be obtained. Since the instantaneous
value of if, at time ¢ty is 0, and the instantaneous value of ij, at time f;5 is I;, then ig can

be obtained:
nly,

- sin(woTp)

is (1) Lle (t— ko) %

The field current i1 at t1p in the period of Mode 1 can be linearly approximated as:

sinfwo(t — tg)] + nly —

Vi, Tp
L — m
ml 41,

®)

When the converter works in the resonant mode, energy from i; to the load within
period as shown in the following expressions:

1 Tp Po
e igdt = — 9
Tg + Td~/0 ° Vo ©)
T
COS(T;:—%d) +1 _ PO(TB + Td) (10)
B T =
ToﬁTd Sm(ﬁf#%d) nVolm

Given the resonant frequency f(, rated power Pp, output voltage Vp and dead time
T,, the value of the period Tp from t to 1, can be obtained. At this time, the ideal resonant
frequency is f =1/(2Tp + 2T}).

To analyze the effect of output capacitance toward the voltage gain M, simulation
studies are carried under the different switching frequency with and without output
capacitance. Figure 8 shows that voltage gain vs. switching frequency under the different
load with the parasitic capacitance. Its characteristic curve is basically the same as that
of the converter that does not consider the output capacitance. However, the gain has a
sudden increase with the increase of switching frequency when there is no load or the load
is very light.

2 T T
: : = P=0.4Po

15k f NN et
Mpex . .

; Vb o NNy

0S5 S/ .......................
0 |

0.8 1 1.2
./;lm‘m ﬁlmax

Figure 8. Effect of the parasitic capacitors on the voltage gain curve.

In order to facilitate the calculation, the gain curve can be obtained without considering
the transient expression of the output capacitance. Appendix A shows the time domain
equation when the converter operates at fs = £, f; > f, f; <f, respectively. The maximum gain
M can be obtained when the switching frequency f; is the minimum.
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According to reference [9], the required maximum gain expressed by the minimum
and maximum input voltages Ujy;q and Uy, is the maximum gain at full load:

M o uinmax Lml/Lr
max —
U;pmin (% + 1) COS( f

L
2 Lirl-ﬂ'lfmax

(11)

where, My is the maximum gain which is achieved at full load when f; = f,,,;,. More
details of My can be found in Equation (A1). Ujy.y and Uiy, are the maximum and
minimum input voltage, fyay is the maximum switching frequency.

As the L1 is known, the resonant inductance ratio L, can be calculated from Equation (11),
and the resonant capacitor can be derived by the resonant frequency fy. In practical design,
the current and voltage oscillation in the continuous current stage can also be reduced by
increasing the resonant capacitance value properly.

The optimum design flow is a simple mathematical expression, the design flow of
L-LLC-BDC resonance parameters is shown in Figure 9.

Design specification:
Ve Vo Jos tas Con Vinars Vimins Jonins Fonae

v

Calculate switch f= 1
frequency f': 2T, +2T,
Calculate magnitude Lo .- TsV,,
inductor L+ Lot Y
Calcdatc resonant Mo =M
inductor L,

Calculate resonant fom 1
capacitor C,: 27/ L,C,

end

Figure 9. Flow chart of optimization design for L-LLC-BDC resonant parameters.

According to the initial conditions, the RMS current expressions of the magnetizing
inductance I, and the additional inductance I, and Iy ,;» at the quasi-resonant frequency
are as follows:

1 /TB 20 Vo [2miRIT?
0

TBI’lVo
T i + 812 +

Ip = =
8nRo L2, 4v/3Lyn

(12)

As the ideal resonant period is less than the resonance period, i.e., Tg < Ty, the optimal
L1 (meaning the magnetic inductance is large enough) is calculated according to charging
and discharging of the output capacitance of the switch in the dead time. When the
output voltage and the load is constant, the effective value of the primary side current
I, and the effective values of the magnetic inductance current as shown in expressions
Equation (12) will decrease, leading to improved efficiency of the converter. Even working
at the other frequency, the reduced magnetizing current can also improve the efficiency of
the converter.
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5. Experimental Verification

To verify the optimization design method proposed in this paper, the prototype of
L-LLC resonant bidirectional DC-DC converter is built. The overall experiment set-up is
shown in Figure 10.

Heat Sink

i 6§ — .
i ALY A@ s “Ei - ]
1AL { : - !

DC POWER Main Cricuit Control Board

Figure 10. The experimental setup.

The input voltage varies from 630 V to 890 V, while the output voltage is 380 V. The
operating frequency range is 80-120 kHz, the actual working resonant frequency f is
104 kHz, dead time is 100 ns, and output capacitor is 92 pF. A 220 pF capacitor is connected
in parallel to the secondary side switch to ensure the forward and reverse topology of the
converter are exactly the same. The all SiC MOSFET are mounted on the heat sink, and
adopts air cooling at the same time. The comparison between parameter II before [1] and
after optimization is listed in Table 1.

Table 1. The model parameters of the converter.

Symbol Quantity Parameter I Parameter II

S SiC MOSFET C2MO0080120D C2M0080120D
Vin BDC primary side rated voltage 760 V 760 V

Vo BDC secondary side rated voltage 380V 380V

p BDC rated power 6 kW 6 kW
L BDC magnetic inductance 0.308 mH 0.614 mH

n BDC transformer ratio 2:1 2:1

L, BDC resonant inductance 0.044 mH 0.087 mH
C, BDC resonant capacitance 58 nF 29.1 nF
Lz BDC additional 0.308 mH 0.614 mH

inductance
f Switching frequency 100 kHz 104 kHz

To regulate the output voltage, a feedback controller is designed. Figure 11 shows the
simplified control block diagram. A conventional linear regulator, such as PI compensator,
controls the switching frequency to regulate the output voltage V¢ to deal with the load
change. The pulse frequency modulation (PFM) is applied to the converter, and the control
system is built in TMS320F28335.

5.1. Steady State Waveforms

The waveforms of the voltage Uy, at both ends of the primary side switch which work
with the forward direction and the primary side current i, and their detailed waveforms are
shown in Figure 12. As shown in Figure 12a, when the switch is off, there is high frequency
oscillation before the parameter’s optimization because the capacitor of the switch is not
fully charged or discharged during the dead time. It can be seen from Figure 12b that in
the continuous flow stage, the output capacitance of S; is fully discharged in the dead
time, the oscillation has been significantly reduced compare what is shown in Figure 12a,
which validates the effectiveness of the parameter optimization. The waveforms of the
voltage Uy, at both ends of the primary side switch that work with the forward direction
and the primary side current ij, and their detailed waveforms are shown in Figure 12. As
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shown in Figure 12a, when the switch is off, there is a high frequency oscillation before
the parameter’s optimization because the capacitor of the switch is not fully charged or
discharged during the dead time. It can be seen from Figure 12b that in the continuous flow
stage, the output capacitance of S; is fully discharged in the dead time, and the oscillation
has been significantly reduced compare the shown in Figure 12a, which validates the
effectiveness of the parameter optimization.

T 1 Forward power transmission [ T

R —
Si ks z:::ié . g ié z:::ié A=

- n .
? LBIS CF R, []7 v,
IL
L]
C

EE ZE::&E A= EE K::iE B =

V. Y.
Driver < :fv VCO [« < PID Control &

Digitial controller

Figure 11. Control block for L-LLC resonant converter.

2 U0 Nk N/ P Ssiisqur” Ry

iL(10A/div)  Uis1(500V/div

4us/div lus/div lus/div

Ulas1(500V /div

iL(10A/div)

4us/div lus/div lus/div

(b)

Figure 12. Comparison of the waveforms at primary side in the forward mode before and after parameter. (a) Before
optimization. (b) After optimization.

5.2. ZVS Soft Switching

Figures 13-15 show the experiment waveforms with the reverse transmission when
the converter is half loaded, lightly loaded, and fully loaded, respectively. Figure 13 shows
the driving waveforms of switch, the waveforms of the voltage Us5 at both ends of the
primary side switch that works in the reverse direction at light load, the primary side
current is, the resonant capacitor voltage U,,, and their detailed waveforms. As can be seen
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from Figures 13-15, the ZVS is achieved in a wide range of loads, e.g., the ZVS is achieved
when the output currentis 0.4 A, 4 A and 8 A.

L 5(500V/div

¢s5(10V/div)

i

1s(25A/div)
-
~—

4us/div 100ns /div

Figure 13. Test waveforms of L-LLC-BDC resonant converter at light load.

Ugss(10V/div)
(3]

5A/div)

™
-
~

Is(
t

100ns /div

dus/div
Figure 14. Test waveforms of L-LLC-BDC resonant converter at half load.
& r-_ — I/ >‘— — | | pamm— e
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I/
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\
v
! \Nvz

is(

4us/div 100ns /div

Figure 15. Test waveforms of L-LLC-BDC resonant converter at full load.

Similarly, Figure 16 compares the waveforms of the secondary side with and without
optimization. Uyss has oscillation in the forward direction, which is caused by the parasitic
oscillation between the resonant inductor and the MOSFET parasitic capacitor when all
switches are turned off after half a resonant period.

Figure 17 shows the waveforms of the voltage U5 and the secondary side current
is when the load current is 0.4 A in forward transmission power. The waveforms of the
voltage Uy of the secondary side switch Sy, and the secondary side current ip when the
load current is 0.4 A in reverse transmission power is shown in Figure 18. It can be seen
that both voltage and current oscillations are decreased with forward transmission and
reverse transmission significantly after the optimization.
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Figure 16. Experimental waveforms at the secondary side under full load with forward transmission

power. (a) Before optimization. (b) After optimization.
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Figure 17. Experimental waveforms at secondary side under light load with forward transmission

power. (a) Before optimization. (b) After optimization.
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Figure 18. Experimental waveforms at secondary side under light load with reverse transmission

power. (a) Before optimization. (b) After optimization.
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5.3. Dynamic Waveforms

Figures 19 and 20 show the waveforms of the output voltage and the resonant current
ir» when load step-up and step-down with forward transmission power by PID closed-loop
control. The pulse frequency modulation (PEM) is applied to the converter, the control
system is built in TMS320F28335, and control the switching frequency to regulate the output
voltage V. According to the figure, the output voltage is constant at 380 V, indicating that
L-LLC resonant bidirectional DC-DC converter has the ability to keep the output voltage
constant under different loading conditions.

Usgs1(10V/div)

iL(5A/div)

100ns/div

Figure 19. Dynamic response (from 3 A-12 A) when load step-up with forward transmission power.

iL(5A/div) Ugs1(10V/div)
’ 1=
3 -] , B8
- 2 (0
3 : |
: 2 |
|
[

1001-1s,edi\'

Figure 20. Dynamic response (from 12 A-3 A) when load step-down with forward

transmission power.

In order to carry out a bi-directional power transmission experiment, the control block
diagram of charging and discharging battery experiment system is designed, as shown in
Figure 21. When the reference current is —10 A, the DC power supply charges the battery,
the converter operates in forward power transmission. When the reference current is 10 A,
the battery is discharged to the DC power supply, and the converter runs in reverse. The
dynamic waveforms of the charging and discharging battery are shown in Figure 22. The
figure shows that the charge and discharge current can follow the reference, and forward
and reverse power flow can be achieved.

s e

Ci D.

" L
Vin A T i
(_) g = ==
Ly Batter,
B D
C,

SzE _’_ SAE Reverse power transmission S»E

-——

Figure 21. Bi-directional control block for L-LLC resonant converter.
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|

i8 (10A/div)
(

Figure 22. The dynamic waveforms of charging and discharging battery using L-LLC

resonant converter.

5.4. Efficiency

The operation efficiency is measured by a power analyzer under different input voltage
levels and load conditions, and electronic load is used for load regulation. Figures 23 and 24
show the efficiency curves of the design method under different loading conditions with
forward and inverse transmission power. As can be seen from Figure 23 especially, when
the output power is 3 kW, the maximum efficiency of the experimental device can reach up
to 94.9% with forward transmission power. The design method that has been optimized
delivers improved loading efficiency compared with that in the literature [4]. This is due to
uncontrolled rectifier is used in the secondary side to reduce the driving loss and maximum
magnetic inductance also reduces the turn-off current of the switch. In particular, light
or moderate loading efficiency is 1% higher than that in the literature [4], because the
time domain analysis method is taken to obtain the maximum value of Ly, which is
independent of load change. The loss ratio i,,1 increases under light load, so the efficiency
increases greatly under light load. The oscillation at full load is significantly reduced, and
the efficiency is increased.

97 -
96 -
95 -
94 I~
93 I~
92 -
91 Before optimization

90 -

After optimization

Efficiency (%)

»
|

T | | T T T T T
0 0.8 1.6 2.43.2 4048 5.6 6.4

Po(kW)

Figure 23. Operation efficiency of L-LLC-BDC under different load condition with forward transmis-
sion power.

The output voltage of the converter is constant by adjusting the frequency when
the input voltage changes. The ideal switching frequency of the converter is 104 kHz
when the input voltage is the rated voltage 760 V. The experiment waveforms are given in
Figures 25-27 showing resonant current and output voltage at full load.
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Figure 24. Operation efficiency of L-LLC-BDC under different load conditions with reverse transmis-

sion power.
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Figure 25. Experiment waveforms (V;,, = 640 V).
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Figure 26. Experiment waveforms (V;;, = 710 V).
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Figure 27. Experiment waveforms (V;;, = 740 V).
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The figures show that the optimized parameters in this paper can realize the closed-
loop control of the converter by adjusting the frequency of the switch under different
input voltages.

Figure 28 shows the operation efficiency of L-LLC-BDC resonant converter in forward
mode under the different input voltage. The efficiency can reach up to 96% at rated power
with an input voltage of 760 V.

—~ A

X
100 |-
99 |- P,=6 kW
98

97 I After optimization

96 -

95 -

“‘i:.—-.-/‘_—*%

91 Before optimization

Efficiency

»

I I | T I I 1 | gl
630 660 690 720 750 780 810 840 870 900
Vin(V)

Figure 28. Operation efficiency of L-LLC-BDC resonant converter with forward transmission under
different input voltage.

From reference [26], for the Sic device, the ratio of hysteresis energy loss E ;s and
Coss stored energy Eoss is less than 0.1, even to 0.01. The device selected in this paper is
C2M0080120D, Epgs is 27 uJ when the input voltage is 760 V from the datasheet, so the
maximum hysteresis energy loss E js is less than 2.7 pJ, even to 0.27 pJ, and maximum
hysteresis loss of a single device is 0.27 W when the switching frequency is 100 kHz, even
to 0.027 W. The proportion of the hysteresis loss is very small for the 6 kW converter.

Switching loss includes turn-on loss and turn-off loss. (1) Turn-on loss: The resonant
converter achieves soft switching, which ideally yields zero losses, but various studies
show that even if the soft switching is realized, there is hysteresis loss in the switch. The
loss is very small by analysis quantitatively in the second question. (2) Turn-off loss: The
turn-off loss of the switch in the primary side is about 2 W, turn-off loss of the switch
in the secondary side ideally yields zero because the ZCS is realized when the converter
operates at the main mode. In the actual state, Cys transfers most loss to the conduction
loss, However, the overall loss of the switch remains unchanged.

The main loss of the resonant converter is the conduction loss of the switch. The
efficiency is improved because the current value passing through the switch of primary
side is reduced in the design. Due to the large magnetic inductance of the transformer, the
core loss of the transformer is slightly larger than that before optimization.

The power loss distribution and comparison of the before optimization and after
optimization have been done and presented in Figure 29, and the loss breakdown has been
down at full load and 760 V input.

After optimization
= Before optimization

Figure 29. Power loss comparison between before optimization and after optimization of L-LLC-BDC.
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6. Conclusions

For L-LLC resonant bidirectional DC-DC converter, with the effect of the output
capacitance of the power device taken into account, a parameter optimization design
method is proposed by configuring switching frequency and satisfying the gain range of
the converter to achieve high efficiency.

Based on the complete charging and discharging of the output capacitance of the
switch in the dead time, the magnetizing inductance is calculated. The configured switching
frequency is calculated according to energy conservation law, and the inductance ratio
satisfying the gain condition can be calculated according to the maximum voltage gain,
and finally all the resonant parameters can be calculated. The experimental results show
that the voltage and current oscillation is obviously eliminated, and the conduction and
switching loss of the converter are reduced. The high efficiency can be ensured.
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Appendix A

The time domain equation when the converter operates at fs =f, fs > f, fs <f, respectively.
The subscript 1, 2 and 3 represent the converter operating at fs = f, fs > f and f; < f,
respectively, N represents the normalized values of the physical quantities.

1. fo=f

By normalizing all voltages with the voltage Uy = nV,, and all currents with the
current factor Iy = nV,/Z,.

ipnn(wt) = Ipan sinfw(t + to)]
ipn(wt) = Ipy + 4

(@h) K ) (A1)
ucn(wt) = —Ipan cos|w(t +tyo)] + 37 — 1

. t
imiN(wt) = IpiiN + 1

where, Z, is the characteristic impedance, k = L,,;/L,, w is resonance angle frequency,
w = 27t f, M is the voltage gain, M = nVy/V;;,,0 < wt < wty, [N, Iman, Ipin, wt, wiig
and M are unknown quantities.
2. fs>f
irpon(wt) = Ipon sinfw(t + ty)]
ipan(wt) = Ippy — ¢ (A2)
ucyn (wt) = —Ipon cosw(t + )] + 74 + 1

. t
ipmian (Wt) = Ipmion + g5

where, 0 < wt < wty, I1on, Ipmion, Ipan, wt, wiag, and M are unknown quantities.



Energies 2021, 14, 3123 19 of 20

3. fs<f

iran (wt) = ipsn = Ippan sinfw(vV/1/1 + kt + t39)]
ipan (Wt) = Iman + 655 A3

3
ucan (wt) = —Ipyan cos[w(vVI/T+kt +t3)] + 4

Ly 3N (wt
upmaN(wt) = M—— ff;f( )
where, 0 < wt < wts, I13N, [Lpm13N, Wi, wizg and M are unknown quantities, 13N (wt)
is the voltage of magnetizing inductance.
Stage indirect continuity condition:

irnNn[w(t +tig)] = ir3n(0)
ipmuiN[w(t +tio)] = ir3n(0) (A4)
ucan[w(t +t)] = ucan(0)
ipin[w(t + tio)] = ipan(0)
iran|[w(t +t30)] = i3n(0)
irm3N[w(t +t30)] = ir3n(0)
ucn|w(t +t30)] = ucran(0) (A5)
urmn|w(t +ta0)] = —1
ipan[w(t +t30)] = ipan(0)
Symmetry condition of switching moment:
iriN(0) = —ipan[w(t + tao)]
iriN(0) = —ipman[w(t + t20)] (A6)
ucin(0) = —ucpan|w(t +to)]
ipin(0) = —ipan|w(t + t20)]

Modal phase angle satisfies the equation when working state is continuous under

fi=ffi>fandf, <fis:
wW(t+t) + w(t +ty) + w(t +tz) = fo” (A7)

The zero current peak gain is:

irnn(0) = ipan[w(t +tp)] =0 (A8)

Given the minimum switching frequency f;, peak gain M and other unknown parame-
ters can be solved.
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