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Abstract: Bidirectional DC/DC converters are widely adopted in new energy power generation
systems. Because of the low conversion efficiency and non-isolation for conventional, bidirectional
DC/DC converters in the photovoltaic energy storage complementary system, this paper proposes a
bidirectional isolation LLC converter topology, with compensating inductance for the energy storage
system; it has excellent characteristics, such as wide input voltage range and soft switching in full-
load range. First, an AC equivalent model based on the fundamental wave equivalent method is
established to derive the voltage gain. Meanwhile, a small signal model is also built to design a
reasonably closed-looped controller. Finally, the improved bidirectional LLC resonant converter is
applied to the photovoltaic energy storage complementary system. The correctness and feasibility
for the bidirectional LLC converter topology under the proposed charging and discharging control
strategy of the DC bus are verified by simulation and experimental results.

Keywords: photovoltaic; energy storage; LLC; bidirectional DC/DC converter

1. Introduction

In recent years, global energy shortages and environmental degradation have led to
the rapid development of renewable energy power-generation technology. However, due
to the intermittency of renewable energy, some serious problems, including poor stability,
reliability, and power quality, are produced in the power system, so an energy storage
system must be equipped to solve the problems above [1,2].

In the household photovoltaic system, energy storage devices are added to improve
the scheduling and control of the system energy and optimize the energy utilization rate
of the system. The photovoltaic and energy storage systems, with similar topological
structures, are commonly called photovoltaic energy storage complementary systems. A
single-phase, two-stage photovoltaic energy storage complementary system is shown in
Figure 1, where the system consists of solar panels, boost converters, bidirectional DC/DC
converters, battery packs, inverters, relays, etc. There are two significant features in the
system. On the one hand, PV panels provide renewable energy for the energy storage
complementary system via the boost converter. On the other hand, under the conditions
set by the system for the charging and discharging of the battery [3-5], the inverter will
feed the excess energy to the load or the grid, which plays the role of the peak modulation.

Moreover, the bidirectional DC/DC converter is adopted as the energy storage conver-
sion module in the photovoltaic energy storage complementary system; it has the feature
of bidirectional power flow and plays the role of regulating power, recovering energy, and
maintaining the stability of the power supply. Usually, bidirectional DC/DC converters are
divided into the non-isolated type and the isolated type [6-9]. Non-isolated conventional,
bidirectional, buck-boost converters are used as the bidirectional DC/DC converters, which
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have the characteristics of low costs and simple control strategies. However, there are also
obvious disadvantages, including narrow voltage range and low conversion efficiency in
the non-isolated buck-boost converters. In addition, the ripples of the direct component
and the alternating component are not effectively filtered, which could affect the life of
lithium batteries.
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Figure 1. Structure of photovoltaic energy storage complementary system.

Isolated converters are utilized to effectively solve problems in non-isolated converters.
A bidirectional series resonant DC/DC converter topology with an isolated topology
structure is proposed [10], where a zero-current-switching (ZCS) turn-off for diodes can
be achieved. Therefore, problems such as circulating energy and turn-off loss can be
completely solved, but the converter can only operate in the step-down mode due to the
peak value of 1 for voltage gain. Compared with the bidirectional series resonant DC/DC
converters, bidirectional LLC resonant converters can achieve zero-voltage-switching (ZVS)
turn-on of power switching and ZCS turn-off of diodes, and it has the following features:
higher conversion efficiency and wider range of voltage gain. A bidirectional LLC resonant
converter with a conventional topology structure realizes bidirectional power conversion by
replacing the rectifier diodes with power switches in the single-phase LLC circuit. However,
the efficiency of the converter is seriously affected due to the problems composed of narrow
soft-switching range, large turn-off current, and large circulating energy.

In order to improve the efficiency of the traditional LLC resonant converter, other
methods are used, e.g., optimal control strategy [11,12], optimal efficiency design [13,14],
and peak gain method [15,16]. However, the topological structure and control scheme of
the above schemes are complicated, and the operation characteristics, such as wide voltage
range, wide frequency range, and high conversion efficiency cannot be achieved at the
same time.

For the problems above, a bidirectional LLC resonant converter with compensating
inductance is proposed; it not only retains the excellent characteristics of wide input voltage
range and soft switching for the conventional, single-phase LLC resonant converter under
full load range, but also has the advantages of high conversion efficiency and an isolated
topology structure. The symmetry of the converter topology structure can be achieved
due to the addition of the compensating inductance. Moreover, it has the feature of simple
control, and soft-switching characteristics can be achieved in both directions of power flow.

In this paper, the operation principle of the LLC bidirectional DC/DC converter is
analyzed. An AC equivalent model is established by the basic wave equivalent method for
the analysis of voltage gain. Then, a small signal model is built to design a reasonable closed-
loop controller based on the actual application. Last but not least, the paper discusses
the system bus control strategy for the charging and discharging mode. Experiment
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results on the photovoltaic energy storage complementary system verified that there is
higher conversion efficiency and higher stability in the system schemes compared to the
conventional schemes.

2. Operation Principle of Bidirectional LLC Resonant Converter

The bidirectional LLC resonant converter has excellent advantages in soft-switching
characteristics, high power conversion efficiency, frequency modulation, voltage modu-
lation characteristics, and low switching loss. The resonant converter can also operate in
a state where the output voltage gain is less than 1, which is often used in an operational
state, where the output voltage gain is greater than 1. When it operates at a voltage gain
less than 1, the operation principle of the bidirectional LLC resonant converter is similar to
that of a series resonant converter [17-20]. The topology of the bidirectional LLC resonant
converter is shown in Figure 2.

Figure 2. Bidirectional LLC resonant converter.

The primary side of the converter is the high-voltage side of the bus, and the secondary
side is low-voltage side. There are full-bridge circuits on both the primary and secondary
sides of the transformer. MOSFET was selected as the switch. Vbus represents the power
supply voltage on the high-voltage side, and i1, Co, R, i2, and Vo denote the input current,
capacitance of the low-voltage output side, load, output current, and output voltage of the
battery storage system. The resonant inductor Lr is in series with the resonant capacitor Cr
in the series resonant circuit, the turn ratio of the transformer T1 is N: 1, and the output
port of the full bridge on the high-voltage side is parallel with a compensation inductor
Lm1. The resonant frequency is obtained by

1
fr= 2 VIG, @
To simplify the analysis, the following assumptions are made: (1) All switches, diodes,
inductors, and capacitors are ideal components, and the capacitances of all MOSFET
parasitic capacitors are equal; (2) ignore transformer leakage inductance and any parasitic
resistances. Ideally, the transformer is equivalent to an inductor, with an inductance equal
to the magnetizing inductance on the input side.
When energy flows from the high-voltage side to the low-voltage side, it is defined
as positive flow; otherwise, it is defined as negative flow. Meanwhile, the voltage gain is
defined as

G ()

ths

According to the circuit analysis, when the energy flows in the negative direction, the
role of the compensating inductor Lm1 is equivalent to that of the magnetizing inductor
Lm2, while the energy flows in the positive direction. Therefore, the topological structure
after voltage conversion is symmetric, which indicates that there is consistency in both
the analyses of the energy positive flow process and negative flow process. Therefore, the
positive flow process of the energy is selected for analysis in detail.

The bidirectional LLC resonant converter realizes the function of adjusting the output
voltage through the variable frequency control method [21-23]. On the rated state, the
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operation mode of the converter is mainly divided into the following three kinds: switching
frequency is lower than the resonant frequency, switching frequency is equal to the resonant
frequency, and switching frequency is greater than the resonant frequency.

Combined with the three operation states, the following control strategies are designed:
(1) When fs is less than fr, as shown in Figure 3, the driving signals of the upper and lower
switch on the primary side of the transformer T1 are complementary, which means that
the driving signals of S1 and 54, and 52 and S3 are synchronized; the secondary side of
transformer adopts the synchronous rectifier control method. When the current in the
switch drops to 0, the driving signal synchronizes to 0. When the current in the diode of
another switch body appears in the same bridge arm, the switch is immediately turned
on. (2) When fs is greater or equal to f7, the control on the primary is consistent with the
operation state above; the driving signals of the switches on the secondary side are the
same as on the corresponding positions of the primary side.

Ll .t t

Figure 3. The theoretical waveform at switching frequency below the resonant frequency.

Because the analysis methods of (1) and (2) are similar, and the energy storage system
mostly operates in (1) under charging and discharging models, the operation state of (1) is
analyzed in detail.

There is no DC component in the LLC resonant circuit of the full-bridge topology,
which determines that the operating principles are symmetric during the front and latter
half periods, so their analysis methods are similar. As shown in Figure 3, the operation
state during the latter half cycle can be divided into four stages:

Interval 1 (t0 to t1): A series resonant loop consists of Lr, Cr, and Lm2, and the resonant
current ir is equal to the magnetizing current iLm2. The voltage VLm2 on the magnetizing
inductor and the resonant frequency fr1 can be given by

{ —nV, < Z)ng(i’o) <nV, 3)
vLma(to) = fkuk(vbus —vcr(to))
1
1= 4
fl 27 (Lm2 + Lr)Cr @
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This stage starts when switches S1 and 54 are turned on; VAB is equal to Vbus; Lt, Cr,
and Lm?2 start resonating; voltage VCr across the resonant capacitor Cr rises continuously,
and current iLm1 of the compensation inductor rises. Since Lm2 > Lr, frl < fr. When
operating at full load, the curves of ir and iLm2 are approximately horizontal during the
interval from t0 to t1, as shown in Figure 3.

Interval 2 (#1 to £2): This interval starts when switches S1 and 54 are turned off, as
shown in Figure 4b. At the time, the bus voltage Vbus charges the parasitic capacitors of
switches S1 and S4, and the parasitic capacitors of switches S2 and S3 discharge.

S S3
+ — i L +
+ A ]
oT /i’§ Vius= Lm/% G L% = ,é
- B i i .
Sg S4 j

(b)

n
+
N = ¢
ths_____ J . ol D‘ G R§
Sz

S,

(d)

Figure 4. Equivalent circuit for different modes under below-resonance operation, and (a-d) show
the corresponding circuit operating interval 1 to 4, respectively.

VAB drops rapidly, and voltage VLm2 on the magnetic inductance also changes rapidly.
When (5) is satisfied, the body diodes of switches 56 and 57 conduct naturally, and VLm?2 is
clamped to —Vo. Because values of the parasitic capacitances are very small, the time is
very short from t1 to t2; there is no change for iLm1, iLm2, ir, and VCr during this interval.
Voltage VLm2 on the magnetic inductance can be determined by

k

1 +k(Vbus +UCr( )) < —nV, )

OLma(t) =

Interval 3 (2 to 3): This interval starts when the parasitic capacitors of S2 and S3 begin
discharging. When the parasitic capacitors of 52 and 53 discharge fully, VAB is clamped to
-Vbus, and i1 flows through the body diodes of the 52 and S3 to realize the zero-voltage
switching (ZVS) turn-on of switches 52 and S3.

The resonant frequency fr of the circuit is shown in (1). iLm1, iLm2, and ir begin to
decrease, and the resonant current ir is less than theb magnetizing current iLm2. Because ir
is greater than 0, VCr continues to rise. Until ir is less than 0, VCr begins to decrease.

Interval 4 (¢3 to t4): At t3, the bidirectional LLC resonant converter achieves the ZVS
turn-on of S2 and S3. Similar to the operation principle of 52 and S3, the ZVS turn-on of the
switch can also be achieved for S6 and S7. When VAB is equal to -Vbus, VAB is clamped,
and -Vo, iLm1, and iLm2 decrease. When ir is equal to 0, the VCr reaches the peak. When ir
is less than 0, VCr goes down.

3. Characteristics Analysis of Bidirectional LLC Resonant Converter

With the operation principle, the wide range of voltage regulation characteristics and
soft-switched characteristics [24,25] of the LLC resonant converter are analyzed in detail.
As the main component of the voltage and current parameters were sinusoidal in the
resonant tank, the basic wave-equivalent analysis method was utilized in the DC voltage
gain analysis.
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3.1. Analysis of Voltage Gain

As can be seen in Figure 2, the converter was divided into three parts: full-bridge
inverter module, full-bridge rectifier module, and resonant network. The model was built
based on the fundamental wave-equivalent analysis method. The full-bridge inverter
module is equivalent to an AC voltage source. The AC voltage source is given by

_ AVpgsinwt

V= ——— (6)

7T

The control strategy of the full-bridge rectifier module is a synchronous rectifier, and
the secondary side of the resonant converter can be equivalent to an AC equivalent load.
The AC equivalent load is given by

2 2
Req = — = (7)

According to (6) and (7), the resonant converter can be equivalent to a linear network.
An AC equivalent circuit diagram of the bidirectional LLC resonant converter is shown
in Figure 5.

C.. i, Ly
|_>JWY\ )

V,'(t)@ L ml¢ Lm2

Iml Im2

Req

Figure 5. AC equivalent circuit of bidirectional LLC resonant converter.

Assume that the AC gain for the AC equivalent circuit of the bidirectional LLC resonant
converter is g, which is defined, as follows:

8§ = N0Ueq /v; (8)

By analyzing the AC equivalent circuit in Figure 5, the AC gain in the frequency
domain can be obtained as

. jwsLmo || Reg
gljws) = 7= ~ -
1/jwsCr + jwsLy + jwsLyp || Reg

©)

fn is defined as the ratio of fs to fr. The impedance Zr and quality factor Q of the
resonant network are given by, respectively,

Zy = VLr/Cr
{ Q = Zr/Req (10)
fn :fs/fr = Ws (Lm2+Lr)Cr

According to the fundamental equivalence analysis method, it is known that the DC
gain g of the bidirectional LLC resonant converter was approximately equal to the AC
gain g in the AC equivalent circuit. By applying (10) to (9), the DC voltage gain can be

described as
G~ [g]

— 1
1 Ly 1 2 2 142
+i, 1—2 +Q (fn—JTn

Based on the fundamental wave-equivalence method, the voltage gain curve [26,27] is
shown in Figure 6, when the converter operated at full load. According to (11), it can be

(11)
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seen that the voltage gain curve changed smoothly. In other words, when the switching
frequency range from 50 kHz to 160 kHz is designed by this method, the voltage gain range
from 1.3 to 0.8 can be obtained, which can meet the actual voltage fluctuation demand and
has a sufficient margin for the system.

L5 T T T

13f---=-=f-f----mmmmmmmmmmmmmmem -

—
I

o
)

Voltage gain G

[=4
N
I

I
0 i | !
50 100 150 160
PWM frequency fs/KHz
Figure 6. Fundamental equivalent method voltage gain curve.

3.2. Small Signal Analysis

The bidirectional LLC resonant converter consisted of a full-bridge inverter module,
resonant circuit, and full-bridge rectifier module. The mathematical model of a bidirectional
LLC resonant converter was established by the envelopment analysis method [28-31].
Furthermore, a small-signal model of the bidirectional LLC resonant converter could be
obtained, as shown in Figure 7.

I 2
ZﬁtsCrI/c/f;
a)scrvcl k3v0
A ) L, kit
Z”t.er]rlf;'
A +1_ A
3 o,L,,i s
a)sLmllmu R s m2*m21 kle
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s " e 2 ﬂ.ts Cr VvR.f sz CO RO
Sans ;
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27[t5Lr1rR.fs m2 e k lA
4°1R
N + - 2
L l Y a)s‘LmZImZR
s~ m1"mll vd S
; 7 2 ki,
v, 2t L 1 A ‘2 e shy
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Figure 7. Small signal model of bidirectional LLC resonant converter.
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According to Figure 7, the circuit equations of the rectifier module small-signal model
are shown in Equation (12),

lo = C1iR + Calyp_
Or = klllR + kzllz + k30, = 471001112/7“1 (12)
011 = kalig + ksiyy + kedo = dndoiy / i

where, k1, k2, k3, k4, k5, k6, c1, and c2 are defined as follows:

ky = anif 0, ky = — 4”iZI§ZRUO I kg = ko, ks = Anifp 0o
[(2 12 \3 P ’ 5 2 \3
o/ (i +iig) 73\/(’ I+lIR . "\/11+11R R G
4ni 2 2ni
k6 — 1y "R and ) = nyr

”\/’11*1112 ”\/’zz*’m T/ iR

According to Figure 7, the circuit equations of the small-signal model of the two-way
LLC resonant converter, with the addition of compensating inductance, can be obtained, as
shown in (13).

Based on the small signal model, the state space average method was adopted to
establish the transfer function of the system, and the matrix equations were established
by (12), where A, B, C, and D are the coefficient matrixes of the state equation, x is the
vector composed of various state variables, x’ is the first derivative of vector x, u is the
input vector, and y is the output vector.

473{,,

Lr<@ — wiir = 2702l ) + fer + Oy =

Lr( i+ Wsly1 Jr27Tfs fs 71) F0cr +0r =0
do, =1

C, ;tl — WsOcR — ans tsc" CR) =1

Cr dUCR + wsOc1 + 271’f5 tsCr cI) {rR

di,
Lo (2828 + wgtyg + 270 f2Es Loy

) % — Wslmar — 270 f2Es LR ) =0y (13)

IR = IR — Im2R
/!
=Ax+8B
X x+ bu (14)
y=Cx+Du
By analyzing the sine and cosine circuits in Figure 7, it can be seen that there were
nine state variables in the small-signal model, and the component corresponding to Lm1
had no effect on other parts. Therefore, similar to the small-signal model of the traditional
unidirectional LLC resonant converter, it is a seventh-order system. The vector x of seven
dimensions was derived by

~ a A A o » ~ 1T
x=1[4r B O Oc 1Imer Imar Do (15)

The input vector and the output vector can be represented, respectively, by

u=fs
A ~ T (16)
y= [ Uo 1r_avg ]

where 9, denotes the response of the output voltage, and fuvg represents the response of
the mean resonant current.
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According to the definition for the average value of the resonant current, it can be
obtained by

2 2LR o 21 o

ir_avg = EE) “IyR + EE “dyp
T \V IrR + Irl Tt \/ IrR + Irl

where Ir] and I7R are the imaginary and real components of Ir in the circuit, respectively.

From (12) to (17), coefficient matrices A, B, C, and D of the state equation were obtained
as follows:

(17)

k ki k k k
e N T Eoo-h
& 0 0 —2nfs 0 0 0
A= 0 2 2rfs 0 0 0 0
kq kzr 0 0 ki —27Tf ks k3
L]énZ LmZ LmZ k sk L 12 Lka
Ler Lan 0 0 ans o L142 _Lirf?Z L77612
L S 0 0 _ 4 _ L
L Co Co Co . G, R.Co |
B=-2nf2-[ L1 Lr —Va Vik —Iwaa Imr 0],
c { Co ] [ 0 0 00 0 01
= = 2IR 21 7
Ci AVICRNCA SVAC S 00000
D— 0 00 00 0O
0 000 0 O0O

Apply Laplace transform to (12) and (17):

y=C(sI— A) 'Bu (18)

{ x=(sI—A) 'Bu

Using (14), the transfer function Gut was derived from the output voltage response

and the input switching periodic interference amount; the transfer function Git was also

obtained from the response of the resonant current average and the input switching periodic
interference amount. The matrix consisting of Got, and Git was given by

Eﬁ’j —C(sI—A)"'B (19)

The transfer function Goi via the output voltage response and the average resonant
current response was obtained by
Got

G.,;
vl Glt

(20)

3.3. Design of Control Loop

From (16) to (20), the program was written in MATLAB. Parameters were set as follows:
Vbus =400V, Vo =48V, T1 = 8.3:1, Cr = 188 nF, Lr = 20 uH, and Lm1 = Lm2 = 100 uH.
Meanwhile, bode diagrams of the Gvi, Gut, and Git were obtained by setting five switching
frequencies, including 50 kHz, 65 kHz, 80 kHz, 120 kHz, and 160 kHz.

According to Figures 8 and 9, the dominant poles of the system transfer function Got
and Git in the low-frequency band were consistent and could cancel each other, so it can
be known that Guvi is a system with an order less than seven [32,33]. Based on the analysis
of Figure 10, it can be seen that the system transfer function Gvi had good consistency
under different fs, and the control strategy of the bidirectional LLC resonant converter was
double-loop control, as shown in Figure 11.
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Figure 11. Double closed-loop control block diagram.

As can be seen from Figure 11, the outer voltage loop controls the output voltage Vo,
and the inner current loop controls the average resonant current ir_avg.

4. Control Strategy of Energy Storage System

According to the above analysis, and combined with the operation principle of the
energy storage system, when the energy of the system is sufficient, the bus charges the
battery by the bidirectional LLC resonant converter, and the battery discharges while there
is not enough energy in the system. Due to the symmetry of the bidirectional LLC resonant
converter under the positive and negative operation conditions, the control loops under
the two modes are the same, but the objects controlled are different. When the battery is
charged, the objects controlled are the voltage and the current of the low-voltage side, and
when the battery discharges, the object controlled is the voltage of the high-voltage side.

In the energy storage system, the energy control is coupled with the bus capacitor. To
realize the energy dispatching of the small system, it is necessary to decouple the control
of the bus voltage and optimize and design a reasonable control loop based on the actual
voltage range.

Figure 12 shows the positive charging control block diagram of the bidirectional LLC
resonant converter. It can be seen that Vbat, Vbat_ref, Ibat, Ibat_ref, and iref denote the
sample value of battery voltage, setting value of battery voltage, sample value of battery
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current, setting value of battery current, and the average value of the resonant current,
respectively.

+ Switch I 2 .
Vbus___ .Lm] LMZ
=T network

{ Switch
network

Figure 12. Control block diagram of the converter under the charging model.

As can be seen from the negative discharging control block diagram of the bidirectional
LLC resonant converter in Figure 13, Vbus, Vbus_ref, and ir_avg represent the sample value
of bus voltage, setting the value of bus voltage after decoupling, and the average value of
resonant current, respectively. The output voltage under battery discharging is controlled
by the command value of bus voltage.

+ B |_rwn_f\ 5
s Switch TLM T ngé %

network

{ Switch ——+V
- Vbat
network -

Figure 13. Control block diagram of the converter under discharging model.

5. Experimental Results

Given the above analysis, a 5 kW photovoltaic energy storage inverter was built,
which included a 5 kW boost module, 3 kW bidirectional LLC resonant converter, and
3 kW DC/AC module. The parameters of the bidirectional LLC resonant converter refer
to the parameters in Section 3.3, the operation range of the operation of battery voltage
ranges from 42 V to 57 V, there is a capacity of 100 Ah in the battery pack, and the charging
current is 25 A; the bus is between 350 V to 450 V. Experimental platform and control loop
parameters are shown in Table 1.
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Table 1. Experiment platform parameters and control-loop parameters.

Parameters Name Value
capacity 100 Ah
battery parameters voltage ranges 42V to 57V
T1 8.3:1
Cr 188 nF
Lr 20 uH
LLC parameters Lml 100 uH
Lm2 100 uH
Rated Power 3KW
DC bus voltage ranges 350 V to 450 V.
DC/AC parameters Rate AC Voltage 220V
Rated Power 3KW
MPPT voltage ranges 150 V~400 V
PV parameters Rated Power 5 KW
Voltage loop Kp 0.25
Voltage loop Ki 0.00015
Control parameters Current loop Kp 0.05
Current loop Ki 0.0001

The experiment platform is shown in Figure 14. It includes the input and output
analog source, load, and battery pack.

Photovoltaic energy
storage inverter

' Photovoltaic analog
power source

Figure 14. Experiment platform.

Soft-switching waveforms at different switching frequencies are shown in Figures 15-17,
where VLm1, Vin, ir, iLm1, id, and imos represent the compensation inductor voltage, input
voltage, resonant current, compensation inductor current, diode current, and low-voltage
side MOS tube current of the bidirectional LLC resonant converter.
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Figure 15. Experimental waveform when switching frequency is less than the resonant frequency,
and (a,b) show the corresponding current of the diode and low-voltage side MOS tube, respectively.
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Figure 16. Experimental waveforms at switching frequency equal to the resonant frequency, and

(a,b) show the corresponding current of the diode and low-voltage side MOS tube, respectively.

————————————————————————————————————————————————————————————————————————

(a) (b)

Figure 17. Experimental waveform when switching frequency is greater than the resonant frequency,
and (a,b) show the corresponding current of the diode and low-voltage side MOS tube, respectively.

Figure 15 shows the experimental waveform, where the switching frequency fs is
60 kHz, and the switching frequency fs of the converter is less than the resonant frequency f.
It can be seen from the experimental waveform that the converter was still in a continuous
conduction state when the switching frequency was less than the resonant frequency; the
experimental results are consistent with theoretical analysis.

Figure 16 shows the experimental waveform, where the switching frequency fs is
80 kHz, and the switching frequency fs of the converter is equal to the resonant frequency
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fr. It can be seen from the experimental waveform that the switch tube at the input end can
realize ZVS, and the switch tube at the output end can realize ZCS.

Figure 17 shows the experimental waveform, where the switching frequency fs is
100 kHz, and the switching frequency fs of the converter is greater than the resonant
frequency fr. It can be seen from the experimental waveform that the input switch tube can
still realize ZVS; the shut-off current of the output switch tube is greater than zero because
the MOS tube fly-wheel diode recovery features are worse, so there is a shock.

The experimental results of charging and discharging are shown in Figures 18-20,
where Vbat, Vbus, Ibat, and lload represent battery voltage, bus voltage, battery current, and
load current of the energy storage system. Figure 18a,b shows the charging waveform of the
bidirectional LLC resonant converter at 350 V and 450 V bus voltage, respectively. Figure 19
shows the discharge waveform of the bidirectional LLC resonant converter; it can be seen
that the switching of the output load of the energy storage system caused the fluctuation
of the bus voltage. Figure 20 shows the experiment waveform of the bidirectional LLC
resonant converter from charging to discharging; it can be known that there were abrupt
changes in battery voltage and current, but stable operation of output load was not affected.

" 20.0 Vg 90 Vo 2 :
“Main : 1.25 M 2s/div Main : 1.25 M 9s/div

—
L 350V T 450V

)
1

53v

v v,

" bat

56V

/lm/

(a) (b)

Figure 18. The experiment waveform of the converter under different charging modes and the bus

voltages in (a,b) are 350V and 450V, respectively.
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Figure 19. Experiment waveform of the converter under discharging mode.
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Figure 20. Experiment waveform of the converter from charging to discharging mode.

Figures 18 and 19 show that the bidirectional LLC resonant converter meets the charge
and discharge requirements of the energy storage system. The voltage and current were
smooth during the soft-start process, and the voltage adjustment characteristics of a wide
range were met. When the load on the AC side of the energy storage system is switched
suddenly, double closed-loop control of the LLC resonant converter can respond quickly,
and the system goes into a stable state to ensure the stability of the output voltage on the
high voltage side.

Figure 20 shows that the positive and negative control strategies of the bidirectional
LLC resonant converter are designed reasonably. The switching speed is faster under the
charging and discharging control strategy, and power balance can be achieved in the energy
storage system.

At the same time, through the charging and discharging efficiency test of the energy
storage system, the efficiency advantage of the bidirectional LLC resonant converter system
is obvious, compared with that of the traditional, hard-switching DC converter system. The
energy flow efficiency of the bidirectional LLC resonant converter system is improved by
over 3%, which meets the high-efficiency requirements of the optical storage hybrid system.
The working efficiency of the switch is compared with that of the traditional hard-switch
control under different working conditions, as shown in Table 2.

Table 2. Efficiency comparison under different operation modes.

Power Direction

Project Lithium Batteries Get Lithium Batteries Get Lithium Batteries Sends
Power from the PV Power from the Grid Power to the Grid
Hard-Switch DC converter system o o o
efficiency 93.5% 92.6% 92.3%
The bidirectional LLC resonant 96.9% 96.1% 95.6%

converter system efficiency

6. Conclusions

Because of the narrow input voltage range, low conversion efficiency, and the non-
isolation of input and output voltage for the conventional bidirectional DC/DC converter,
a novel bidirectional LLC resonant converter topology was proposed and applied to the
photovoltaic energy storage complementary system in this paper. Theoretical analysis and
experimental results demonstrated that the system has the following characteristics:
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(1) Bidirectional symmetry of the converter can be achieved because of the addition of
the compensating inductor. The converter has the advantage of simple control, and
the soft-switching of the converter operating in both directions of power flow also can
be achieved under the full-load range.

(2) By analyzing the operation principle of the LLC bi-directional DC/DC converter, the
gain of the bidirectional operation of the converter is derived. The converter can
operate with the switching frequency between 50 kHz and 160 kHz, and the voltage
gain range is around 1.3 to 0.8, correspondingly. Finally, the demand for a wide range
of actual output voltage is met, and the margin is sufficient.

(3) Compared with the system based on a conventional hard-switching DC/DC converter,
there are more obvious advantages in the system based on a bidirectional LLC resonant
converter. Improvement of efficiency of more than 3% for a bidirectional LLC resonant
converter can be achieved in both directionals of power flow, which meets the high-
efficiency requirements of the photovoltaic energy storage hybrid system.
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