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ABSTRACT This paper presents a switching bi-directional buck-boost converter (SBBBC) for vehicles-
to-grid (V2G) system. The topology can provide an energy bi-directional flow path for energy exchange
between the Li-battery/supercapacitor (SC) hybrid energy storage system (HESS) of the electric vehicle and
the grid. This topology not only has buck-boost capability, but also has the function of energy management.
In this paper, the state-space averaging method is used to analyze the stability of the topology in boost and
buck modes. The control strategy is given according to the state of charge (SOC) of the energy storage system
to ensure that the output voltage and current are stable. And the Li-battery is charged in constant current (CC)
and constant voltage (CV) mode. The voltage and current controllers are designed in the frequency domain
based on bode plots. Finally, the electrical feasibility of the topology, the suitability of the design controller
and control strategy are verified by simulation and experiment.

INDEX TERMS Switching bi-directional buck-boost converter, hybrid energy storage system, Li-battery,

supercapacitors, V2G.

I. INTRODUCTION

Electric vehicles have been widely used because of
their cleanliness and low impact on the environment [1].
Li-batteries are of critical importance part in energy storage
systems of electric vehicle [2]. Although Li-batteries with
high energy densities can provide enough energy during
steady-state operation, the power densities of Li-batteries are
too low to meet the peak power demand [3], [4]. Combining
Li-batteries and supercapacitors (SC) to form a hybrid energy
storage system (HESS) can solve the problem. The reason is
that SC with higher power densities can provide the transient
power required by the load [5]-[17].

Since output voltage peak of the voltage source inverter
is less than the dc-link side voltage, it is necessary to use
the dc-dc converter to raise the Li-battery voltage [18].
Figure 1 shows the block diagram of HESS. The SC is
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FIGURE 1. The block diagram of HESS.

directly connected to the inverter, which can increase the
dynamic response of the HESS during transient peak power
demand, while the Li-battery is connected to the DC-link
by a bi-directional DC/DC converter [19]. The effect of
the bi-directional dc-dc converter in the HESS is to trans-
fer the energy and keep the dc bus voltage stability. More-
over, the converter should provide bi-directional power flow
because the energy storage system and the grid require energy
exchange [20].
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A HESS topology is mentioned in articles [3] and [5]. In the
topology of [3] and [5], the Li-battery can be connected to the
SC via a bi-directional dc-dc half-bridge or directly to the DC
bus via a diode. This two-stage converter can make full use
of the power capacity of the SC but the boost ratio is low. A
buck-boost converter for a plug-in hybrid electric vehicle is
proposed in paper [21] and [22], respectively. However, the
converter mentioned in the paper [21] cannot achieve a bi-
directional flow of energy between the grid and the energy
storage device. The converter mentioned in the paper [22]
has many switching devices, large losses and complicated
control. A high voltage gain bi-directional dc-dc converter is
given in article [23]. This topology can operate under zero
voltage switching conditions and reduces switching and con-
duction losses. However, this topology has many switching
states and the operation is complicated.

In [13] and [24], hybrid energy storage systems for
electric vehicles based on Z-source inverters (ZSI) and
quasi-Z-source inverters (qZSI) were proposed. These
two topologies have the boost capability, and provide a
bi-directional energy flow path. Moreover, the reliability of
the hybrid energy storage system is enhanced due to the
characteristics that allow the inverter to shoot-through. These
two topologies can increase power density [25]. The control
strategies proposed in [13] and [24] are complex, and the
topologies have multiple passive components between the SC
and the DC bus, which will greatly increase the size of the
device.

This paper proposes a switching bi-directional buck-boost
converter (SBBBC) and its appropriate control strategy,
which is used in the HESS for vehicles-to-grid (V2G) sys-
tem. The converter allows shoot-through of two switches of
any phase, with anti-electromagnetic interference capability.
Meanwhile, since there are three switches in the DC side,
the SC and Li-battery can fulfill bi-directional power flow.
Furthermore, the small-signal model of the topology is estab-
lished by state space averaging method and the stability of the
system is analyzed. The control strategy is given according
to the state of charge (SOC) of the energy storage system
and the operating state of the circuit. The performance of the
proposed converter and control strategy are verified through
simulation and experimental results.

Il. TOPOLOGY AND MODULATION OF THE PROPOSED
SWITCHING BI-DIRECTION BUCK-BOOST CONVERTER

A. PROPOSED TOPOLOGY

Figure 2 shows the proposed SBBBC with HESS, which
consists of five parts: Li-battery, switching bi-directional
buck-boost circuit, SC, full bridge inverter and gird. The
switching bi-directional buck-boost circuit has an inductor,
a SC and the additional three switches (Sp1, Sp2, Sp3). Since
the gate signals of switches Spy and Sp3 are the same and
complementary to the gate signal of switch Spj, one gate
signal can control these three additional switches. This unique
SBBBC network allows the system work on the buck and
boost modes, and it can provide bi-directional power flow.
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FIGURE 2. The proposed SBBBC.

TABLE 1. Switch combination and inverter output voltage.

N Uac Sp1,Sp2,Sp3 S1,S3 S2,S4 state

1 0 011 00 11 zero state

2 0 011 11 00 zero state

3 -Usc 011 01 10 active state

4 Usc 011 10 01 active state

5 0 100 11 X X shoot-through state
6 0 100 X X 11 shoot-through state

Note:X is 0 or 1.

B. MODULATION METHOD

In the proposed converter, there are three switching-states
include active state, zero state and shoot-through state respec-
tively, as shown in Table 1. All switches of full bridge inverter
are operated in the SPWM mode to modulate output volt-
age. The switching bi-directional buck-boost circuit uses the
shoot-through duty to achieve buck-boost voltage.

The duty cycle is calculated by:

d = msin(f)
ds = const dy<1-4d) (D
do=1—d —d

where m is the modulation index of the inverter; 6 is the
vector angle of the output voltage; d, ds, dy are the duty cycles
of the output voltage active state, shoot-through state and zero
voltage state, respectively.

IIl. MODELING AND ANALYSIS OF THE

PROPOSE CONVERTER

The proposed converter can provide bi-directional power flow
among SC, Li-battery and grid, as shown in Figure 2. And the
converter can work in boost mode and buck mode.

A. BOOST MODE

During boost mode, the proposed converter boosts the low Li-
battery voltage to high dc-link voltage. There are three work
states: zero state, active state and shoot-through state.
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FIGURE 3. Flow path in shoot-through state of boost mode.

1) SHOOT-THROUGH STATE

In shoot-through state, the switches Sp; and S3 & S4 (S1 & S2)
are turned ON while switches Sp» and Sp3 are simultaneously
turned OFF, as shown in Figure 3. In this state, the power is
transferred from the Li-battery and SC to the inductor L. The
state equation is given by:

dir,

Ld_ = —(Ry +Rc)ip + Vsc + Vg
! )
dVsc
2
dt L

where Vjp is the Li-battery voltage; V¢ is the SC voltage; Iy,
is the current through the inductor L; Ry, and R¢ are parasitic
resistances of the inductor L and SC, respectively.

2) ACTIVE STATE

In active state, both switches Sp» and Sp3 are turned ON
while switches Sp; is simultaneously turned OFF, as shown
in Figure 4. In this state, the Li-battery Vp and inductor L
charge SC and power is transferred from the Li-battery Vp and
inductor L to the grid. The state equation can be calculated as
follows:

di
Ld_tL = —(RL + Rc)ir — Vsc + Vg + Rcio
dVsc . . @
— =17 — 1
7 L —io

where ip is the output current.

3) ZERO STATE
In zero state, both switches Sp, and Spsz and S§; & S3
(82 & S4) are turned ON while switches Sp; is simultaneously

L Sp2
__nnrn__,l:k N
r ‘4

Iy,
| S;E} SLE}
N SDI_E} Vs(RSC »—rrrry
Battery= ) Grid

FIGURE 4. Flow path in active state of boost mode.
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FIGURE 5. Flow path in zero state of boost mode.

‘é

turned OFF, as shown in Figure 5. The state equation can be
calculated as follows.

dip )
Ld_ = —(Rr +R¢c)ip — Vsc +Vp
! €5
dVsc .
arse
dt L

From equations (2) to (4), due to the average value of the
inductor voltage and the capacitor current should be zero in
one switching period of Tj, the voltage gain and current gain
of the proposed converter in boost mode are as follows [26]:

E _ (1 - 2Dboost)ZH (5)
Vp 1 - 2Db00st)ZZH + 2DpoostRc + Rp)m
m
i = ————iop (6)
1 - 2Db00st

where, m is the modulation of the inverter; Dpyos 1S the
duty cycle in the shoot-through state; Zy is high-voltage-side
output impedance of the proposed converter:

Vsc
Zy = — (7
o
From equation (2), the battery current ripple is as follows:
_ Vsc+Vp— (R +Re)iL
L

According to the [27], the voltage gain of the conventional

dc-dc half-bridge in boost mode is as follows:

Aip,

Dpoost Ts (8)

Vout (1 - Dt)ZH
- = 3 )]
Vi (1 —Dy)*Zg + R

where, D; is the duty cycle of the conventional dc-dc half-
bridge.

Figure 6 shows the voltage gain in boost mode comparison
between the conventional dc-dc half-bridge converter and the
proposed converter. It can be seen that the voltage gain is
greater than 1 when the duty cycle is changed from 0 to 0.5,
and the voltage gain of the proposed converter is higher than
that of the dc-dc half-bridge under the same Ry /Zy ratio.
Therefore, compared with the conventional dc-dc half-bridge
converter, the topology proposed in this paper has a smaller
duty cycle variation range and higher voltage gain.
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FIGURE 6. Voltage gain comparison between the conventional dc-dc
half-bridge and the proposed converter in boost mode.

B. BUCK MODE

In buck mode, energy is transferred from the AC side to the
DC side, and the single-phase full bridge converter operates in
the rectification mode. Therefore, the dc link voltage is higher
than the input AC voltage.

1) ACTIVE STATE AND ZERO STATE

In active state and zero state, the switches Sp> and Sp3 are
turned ON while switch Sp; is simultaneously turned OFF,
as shown in Figure 7. In this state, the voltage of the DC bus
is equal to the SC voltage, and power is transferred from the
dc link to the Li-battery and inductor L. The state equation
can be calculated as follows:

di, . .
LE = —(R. +Rc1)iL — Ve1 + Vsc + Reiio
dvVer . . (10)
=1 —1
o L — o
Voev = Rciip + Vo1 — (Re1 + Rp)io (1D

where, R is the parasitic resistances of Cy; V., is the open
circuit voltage of the Li-battery; Rp is the internal resistance
of the Li-battery [28]-[30].

-j» v ;
Battery= 7 C N Cu) Vi

AL

SDTE}

FIGURE 7. Flow path in active state and zero state of buck mode.

2) SHOOT-THROUGH STATE

In shoot-through state, the switches Spi and S3 & S4 (S1 & S$2)
are turned ON while switches Spy and Sp3 are simultaneously
turned OFF, as shown in Figure 8. In this state, the inductor L
charges SC and Li-battery Vp. The power is transferred from
inductor L to the Li-battery Vp and SC.
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The state equation is given by:

dip, . .
LE = —(RL +Rc1)ir — Vc1 — Vse + Reiio
dvVer ., (12)
=1 —1
o L —io
Voev = Rc1ip + Ver — (Re1 + Rp)io (13)

From equations (10) to (13), the voltage gain of the pro-
posed converter in buck mode is as follows:

V 2D —1)Z,
c_ 2Dpuck — DZ, (14)
Vsc Zr + Ry
ip =1L (15)

where, Dy, is the duty cycle in the active state and zero
state; Zy is low-voltage-side output impedance of the pro-
posed converter:

_Ya

Zp = (16)

io
From equation (10), the battery current ripple is as follows:
Vsc — Ver — (RL + Re)in + Reiio
L

Using the method mentioned in reference [27], the voltage
gain of the conventional dc-dc half-bridge in the buck mode
can be obtained:

Aip = Dpyek Ts — (17)

Vour _ Dz,
V; Z; + Ry

(18)

Figure 9 shows the voltage gain in buck mode comparison
between the conventional dc-dc half-bridge and the proposed
converter. As shown in Figure 9, the voltage gain is less than
1 when the duty cycle varies from 0.5 to 1. The proposed
converter has stronger buck capability.

IV. SMALL SIGNAL MODELING ANALYSIS

A. BOOST MODE

The state-space average equation of the converter on one
switching period can be obtained from (2) and (4). The equa-
tion are as follows:

Kx' = A1x + Biu (19)
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FIGURE 9. Voltage gain comparison between the conventional dc-dc
half-bridge and the proposed converter in buck mode.

where

A = _(RL "l‘RC) 2Dbuost -1 U= Vp
! 1 — 2Dppost 0 ’ io |’

T L o 1 mRe
i A G R e

Using the perturbation method to establish a small signal
model.

KX =Aif +Bii+ Cid (20)

where C; = 2Vsc = Reiy o= Y/B X = jL
! —2ir, + i, ’ io ’ Vsc ’

From the small signal model in (20), the duty cycle to SC
voltage transfer function Gug_poos:(s) is shown in (21) at the
bottom of the next page.

B. BUCK MODE

The state-space average equation of the converter on one
switching period can be obtained from (10) to (13). The
equations are shown as (22) and (23).

Kx' = Ajx +Bu (22)
y = Ex+ Fu (23)

—(Rr +Rc1) -1 "y io
1 o | Vse |

_ | _|L O | Rc1 2Dpyer—1
e A N i N i
y=Vg, E=[Rci 1].F=[—(Rci+Rp) 0].

Using the perturbation method to establish a small signal
model.

where

Ay

KX = AR+ B+ Cid (24)
¥ =Ex+Fii (25)
Vsc | - io ] - i ] .+
s = A , = A N = V .
0 } ! |:VSCi| * |:V01] Y= B
The duty cycle to output voltage transfer function
Gud_buck(s) 1s shown in (26), at the bottom of the next
page and the duty cycle to output current transfer function
Gid_buck(s) is shown in (27), at the bottom of the next page.

where C| =
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C. DYNAMIC CHARACTERISTIC ANALYSIS

The pole-zero diagram of the duty cycle to SC voltage transfer
function G4 poos:(s) in boost mode is shown in Figure 10.
Because all poles are placed in the left half plane, the sys-
tem is open-loop stable. The zero point is in the right half
plane, so the system is a non-minimum phase system [31].
As shown in Figure 10(a), one zero and two poles are close
to the imaginary axis as the inductance increases. However,
the effect of the zero point can be ignored because the dis-
tance from the zero point to the imaginary axis is much
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FIGURE 10. The pole-zero diagram of the duty cycle to SC voltage transfer

function in boost mode. (a) Increased inductance. (b) Increased
capacitance.

VOLUME 8, 2020



S. Liu et al.: Analysis, Modeling and Implementation of a SBBBC Based on Electric Vehicle Hybrid Energy Storage

IEEE Access

greater than the distance from the pole to the imaginary axis.
Therefore, as the inductance increases, the non-minimum-
phase overshoot increases and the adjustment time increases.
As shown in Figure 10(b), when the capacitance is increased,
the position of the zero point does not change while the pole
is close to the real axis. The voltage overshoot decreases and
the system settling time increases.

The pole-zero diagram of the duty cycle to output voltage
transfer function G4 _puck(s) in buck mode is shown in Fig-
ure 11. It can be seen that the system is open-loop stable.
As shown in Figure 11(a), when the inductance is increased,
the position of the zero point does not change while one pole
is close to the imaginary axis and the other pole is far from the
imaginary axis. When only the influence of the pole which
is close to the imaginary axis is considered, the adjustment
time of the system and the voltage overshoot increase as
the inductance increases. As shown in Figure 11(b), as the
capacitance increases, the zero and one pole are close to the
imaginary axis and the other pole is far from the imaginary
axis. The system rise-time decreases, and the voltage over-
shoot decreases.

V. CONTROL STRATEGY AND CONTROLLER DESIGN

A. CONTROL STRATEGY

The control strategy diagram of the proposed converter is
shown in Figure 12. The control scheme includes four con-
trollers. The SC voltage controller PI; outputs a duty cycle
dy for controlling the SC voltage. The Li-battery current
controller PI; and the Li-battery voltage controller PI3 are
two parallel controllers for controlling the charging current
and voltage of the Li-battery. The controller PI, outputs a
duty cycle d», and the controller PI3 outputs a duty cycle d3.
The grid current controller PR outputs a duty cycle d4. The
PR controller can track the sinusoidal reference of the grid
current [32]. The proposed controll strategy has two oper-
ation modes which are vehicles-to-grid (V2G) and grid-to-
vehicles (G2V).

1) V2G MODE

In V2G mode, the flow chart of the control strategy is shown
in Figure 13. The Li-battery and SC work together to supply
the grid. When the required power of the grid Pg is equal to
or less than the rated power of the Li-battery Pp. The energy
required by the grid is mainly provided by the Li-battery.
In this case, the d; obtains control of the shoot-through state

duty cycle ds, and the ds obtains control of the active state
duty cycle d.

In the stage of increased grid load, the power demand of the
grid is higher than the Li-battery rated power. The SC meets
the peak power demand of the grid in this condition. When the
SC voltage is higher than 0.8Vsc 4y, the voltage controller
PI; works. When the SC voltage is lower than 0.8Vsc ax,
the dp obtains control of the shoot-through state duty
cycle d;.

The energy stored in the capacitor depends on the voltage
of the capacitor [3]:

E = %cvf

From equation (28), when the capacitor voltage V¢ is
charged to 50% of the maximum voltage of the capacitor
Ve _max, the capacitor stores only 25% of the energy. If the
voltage closed loop stabilizes the capacitor voltage at 80% of
the capacitor’s maximum voltage, the capacitor store 64% of
the energy. The reason for choosing the 80% voltage charging
ratio is that the DC bus voltage will not drop greatly when
the capacitor supplies power to the grid, and there is enough
capacity to achieve voltage regulation of the DC bus.

(28)

2) G2V MODE

In G2V mode, energy flows from the grid to HESS. The
flow chart of the control strategy is shown in Figure 14. The
Li-battery is charged from constant current (CC) mode to
constant voltage (CV) mode. The smaller one of the d> and
the dsz can obtain the control of the shoot-through-duty ratio
ds. When the d> obtain the control of the shoot-through-duty
ratio dj, the charger charges the Li-battery with a constant
current Icc. When the d3 obtain the control of the shoot-
through-duty ratio dj, the charger charges the Li-battery with
a constant voltage V.

The control block diagram of the Li-battery charger is
shown in Figure 15. When the Li-battery voltage Vp is lower
than the reference voltage Vg, d3 is greater than d», so d>
obtains control of the duty cycle d;. The SBBBC is con-
trolled by the current closed loop and I, traces to its refer-
ence Icc. At this time, the Li-battery voltage starts to rise.
When the Li-battery voltage reaches the reference voltage
VH, the charging current is less than the Icc. At this time dp
is greater than d3, so d3 obtains control of the duty cycle d;.
The SBBBC is controlled by the voltage closed loop and Vp
traces to its reference Vg .

Vsc (1 = 2Dpoost)*(2Vsc — Rcip) — (SL + Rc + Ry)iy

G S) = —F/—— = 21
wdboost ) = D ILCS? + CRL + Re)s + (1 — 2Dpoosr)7] @D
Vel 2Vsc(Rc1RpCS + Rp)
Gud_buck(s) = = = 5 (26)
d LC{(Rc1 +Rp)s= + [L + C(RLRc1 +Rc1Rg + R Rp)]s + Rp + R
i 2Vse(Rc1CS + 1)
Gid_buck(s) = = = 3 27
d LCi(Rci +Rp)s=+[L+ C(RLRc1 +RciRp + RLRp)ls + Rp + Ry,
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FIGURE 11. The pole-zero diagram of the duty cycle to output voltage
transfer function in buck mode. (a) Increased inductance. (b) Increased
capacitance.

When the charging current /, is lower than 0.2/¢c, the SC
is charged. The control signals of switches Sp1, Sp2 and Sp3
are turned to zero to turn off these switches. The parallel
diode of switch Spy is reverse biased due to the increase
in DC bus voltage. The Li-battery is removed from the
circuit.
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FIGURE 12. The control strategy diagram.
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FIGURE 13. The flow chart of the control strategy in V2G mode.

B. CONTROLLER DESIGN

According to the transfer functions given in Section IV,
the bode diagram can be used to design the PI controller in
the frequency domain.

The bode plot of the voltage loop in boost mode is
shown in Figure 16. As shown in the open-loop bode plot,
the amplitude margin is 17.1dB and the phase margin is 96.5°,
which indicates that the closed-loop system is stable. The
bode plot of the closed-loop transfer function shows that the
output voltage can track the reference voltage with small
error [33].

The bode plot of the current loop is shown in Figure 17 and
the bode plot of the voltage loop in buck mode is shown
in Figure 18. As shown in the open-loop bode plot of the
voltage loop, the phase margin is 80.4. The phase margin
of the open-loop bode plot of the current loop is 70°. It can
be seen that the system has a high stability margin. In order
to obtain a good dynamic response, the appropriate cutoff
frequency of the open-loop bode plot is 1kHz when the
switching frequency of the converter is 10 kHz. As shown
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FIGURE 15. Control block diagram of a Li-battery charger.
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FIGURE 16. Bode plot of voltage loop in boost mode.

in the bode plot of the closed-loop transfer function,
the low-frequency closed-loop gain is low, so the tracking
error is small.

VI. SIMULATION AND EXPERIMENTAL VERIFICATION

A. SIMULATION RESULTS

The SBBBC was simulated to verify the feasibility and
dynamic performance. The simulation parameters are shown
in Table 2.
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FIGURE 18. Bode plot of voltage loop in buck mode.

TABLE 2. Design papameters.

Parameter Value Unit

Li-battery voltage Vs 100 \%
SC voltage Vsc 200 v
grid voltage Vs 100 \%
grid voltage frequency 50 Hz
inductor L 2 mH
filter inductor Ly 2 mH
supercapacitor SC 2 F
parallel capacitance of the Li-battery C; 470 ny
parasitic resistors R 800 mQ
parasitic resistors Rc 25 mQ
parasitic resistors Rc; 51 mQ
internal resistance of the Li-battery R 100 mQ
switching frequency f; 5 kHz

Figure 19 shows the simulation waveforms when the
SBBBC is operating in boost mode. To make the grid cur-
rent clear, the amplitude of the grid current is amplified
10 times. The current injected into the grid is in phase with
the grid voltage to achieve a unit power factor. As shown
in Figure 19(b), when the shoot-through duty cycle d; is 0.25,
the proposed converter boosts the 100V Li-battery voltage
to 200V SC voltage, which meets the voltage gain given by
equation (5). At r+ = 0.5, the reference current I s of
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FIGURE 19. Simulation results of the proposed system. (a) Grid voltage
and grid current. (b) Battery discharge voltage and SC voltage. (c) Battery
discharge current.

the grid current controller changes from 4A to 5A. At this
time, the Li-battery current increases and the output power
of the Li-battery increases, which can achieve a fast response
of the grid current. The capacitor voltage remains constant
and the energy required by the grid is provided by the
Li-battery.

Figure 20 shows the main waveforms when the SBBBC
is operating in buck mode. To make the grid current clear,
the amplitude of the grid current is amplified by 10 times. The
grid current is in reverse phase with the grid voltage, so the
energy flows from the grid to the HESS. At this time, the grid
charges the energy storage system. At + = 0.5, the ampli-
tude of grid voltage drops from 100V to 95V. As shown
in Figure 20(a), when the grid voltage decreases, the grid
current can quickly reach a stable state under the action of
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FIGURE 20. Simulation results of the proposed system. (a) Grid voltage
and grid current. (b) Battery charging current. (c) SC voltage.

Grid-connected
transformer

FIGURE 21. The experimental platform.

the grid-connected controller. The Li-battery charging current
waveform is shown in Figure 20(b). It can be seen that the
charging current of the Li-battery remains constant. As shown
in Figure 20(c), the SC outputs energy to the Li-battery.
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FIGURE 22. The experimental results of the boost mode. (a) Grid voltage
and grid current. (b) Battery voltage and DC-link voltage. (c) Transient
response waveform and current ripple waveform.

TABLE 3. Experimental parameters.

Parameter Value Unit
battery voltage 70 \%
DC-link voltage 80 v
grid voltage 50 \%
grid voltage frequency 50 Hz
filter inductor Ly 2 mH
switching frequency 5 kHz

B. EXPERIMENTAL RESULTS

A prototype of the proposed converter has been built to

validate the electrical feasibility of the topology and the suit-

ability of the designed controller, as shown in Figure 21. The

parameters of the experimental device are given in Table 3.
The experimental results of the boost mode are shown

in Figure 22. In Figure 22(a), it can be seen that the current
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FIGURE 24. Efficiency comparison of three converters at load change.

and voltage of the grid are in phase, resulting in a unit power
factor. At this time, the HESS provides energy to the grid.
In Figure 22(b), when the shoot-through duty cycle d; is
0.0625, the proposed converter boosts the 70V Li-battery
voltage to 80V DC-link voltage, which meets the voltage
gain given by equation (5). Figure 22(c) shows the transient
response of the proposed topology when the grid current rises
from 0.4A to 0.8A. It can be seen that the system can reaches
steady state again in 20ms. The experimental results show
that the designed controller has good dynamic performance.
In Figure 22(c), the battery current ripple and grid current
ripple of SBBBC are 25% and 30%, respectively.

The experimental results of the buck mode are shown
in Figure 23. The voltage and current of the grid are in
reverse phase, so the energy flows from the grid to the
HESS. In Fig. 23(b), when the shoot-through duty cycle
ds is 0.11, the proposed converter steps down the 90V
DC-link voltage to 70V Li-battery voltage, which meets the
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TABLE 4. Comparison of three topologies.

Topology Features dcb?;: d};lf QZS :;gsgrsg:
Switchs 2 1 3
Requirement of dead time Yes No No
EMI noise immunity No Yes Yes
Voltage gain 1/(1-D) 1/(1-2D) 1/(1-2D)
Number of passive devices 2 4 2
Duty cycle variation range 0-1 0-0.5 0-0.5

voltage gain given by equation (14). The charging current of
the battery remains constant.

C. COMPARISON WITH OTHER CONVERTERS

In Figure 24 and Table 4, the performance of SBBBC is
compared with traditional dc-dc half bridges and qZSI. It can
be seen that the efficiency of the proposed converter can
reach 92.3%. Compared with the traditional dc-dc half bridge,
SBBBC can significantly increase the voltage gain under the
same duty-cycle. Similar to gZSI, SBBBC uses shoot-through
as an operating state. Therefore, it does not require any dead
time and is resistant to electromagnetic interference. Com-
pared with qZSI, SBBBC has only two passive components,
which can reduce the size of the device.

VIl. CONCLUSION

This paper presents a SBBBC for V2G system. The proposed
converter not only has high voltage gain and immunity to
electromagnetic interference, but also provides a bidirectional
energy flow path. In this paper, different working modes
of the SBBBC are discussed in detail and the small signal
model of the converter is established. The zero-pole diagram
of the system was drawn, the dynamic characteristics of the
system were analyzed and its stability was proved. This paper
proposes control strategies for V2G and G2V modes, which
implement energy management of the HESS. The controller
is designed in the frequency domain, so that the controller has
good dynamic performance. Finally, the correctness of the
theory and the feasibility of the control strategy have been
verified through simulations and experiments on laboratory
prototypes.
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