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Abstract: In this paper, a bidirectional converter with multi-mode control strategies is proposed
for a battery energy storage system (BESS). This proposed converter, which is composed of a half-
bridge-type dual-active-bridge (HBDAB) converter and an H-bridge inverter, is able to operate the
BESS with different power conditions and achieve the DC-AC function for lower input DC voltage
applications. For the HBDAB converter, the variable-frequency control (VFC) and phase-shift control
(PSC) are both adopted to achieve zero-voltage switching over a wider power range and the battery
module balance control capability for BESS, respectively. In addition, the interleaved configuration is
used to reduce the current ripple and increase the overall current rating. For the H-bridge inverter,
the unipolar control mode (UCM) and totem-pole control mode (TPCM) are adopted to manage the
real and reactive current control under different AC grid conditions. The UCM offers a reduction in
current ripple for real and reactive power control. The TPCM is able to eliminate switching losses and
achieve higher conversion efficiency for pure real power control. Considering applications for battery
energy storage systems, the principle of operation and voltage gain analysis are described. Finally,
computer simulations and hardware experimental results from a prototype system are presented to
verify the performance of the proposed converter with the different control strategies.

Keywords: DAB converter; totem-pole converter; battery energy storage system

1. Introduction

Since renewable energy has been the fastest-growing energy source in recent years,
fluctuations of the high-penetration renewable energy will cause a negative impact on
the power grid system for stability and reliability. The demand for information storage,
calculation, and transmission is also increasing. To strengthen grid resilience and minimize
the consequences of extreme climatic conditions, a battery energy storage system (BESS)
is one feasible solution to smooth the power output of renewable energies resource and
provide ancillary services that support the transmission and stabilize the grid. For the BESS
converters, power supplies above the kW level are often required, and bridge converter
topologies, which have a simple construction with high conversion efficiency, are suitable
solutions [1-4].

Typically, the grid-connected inverter system of the BESS may need a step-up power
converter stage and an H-bridge-type inverter stage to achieve the DC-AC function for
lower input DC voltage applications. In order to implement the bidirectional step-up
power converter for BESS, power control capabilities, high conversion efficiency, and
high power density are necessary to ensure the quality of energy storage and voltage
conversion applications. For the bidirectional step-up converter, CLLC converters could
be solutions with full-bridge and half-bridge topologies [5-8]. Figure 1a shows a typical
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CLLC converter that consists of two H-bridge converters, a high-frequency transformer,
two resonant capacitors, and two resonant inductors for the voltage control. In addition,
CLLC converters can achieve the zero-voltage switching (ZVS) condition with a wider
load condition. The output voltage of CLLC converters can be obtained by designing the
switching frequency, the impedance of the resonant tank, the transformer turns ratio, and
load conditions. However, the resonant frequency may vary due to the variation in the
component value in the resonant circuit. In [6], the comparison is performed analytically
using a ZVS-focused design methodology for the resonant converter and dual-active-bridge
(DAB) converter. It shows that the resonant current results in higher conduction losses at
heavy load conditions. The resonant converter is the preferred solution for high-step-down
applications where partial load operation is prioritized. For improving the secondary
rectify efficiency, synchronous rectification (SR) topologies are often used to reduce the
conduction loss. The complexity of the SR controller may result in an increase in cost and
circuit complexity.
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Figure 1. Bidirectional converters: (a) CLLC converter; (b) DAB converter.

Similar to the CLLC converter, the DAB converter is one of the solutions to achieve
ZVS by controlling the switching frequency and different phase-shift angle between the
bridges with galvanic isolation [9-17]. At heavy load conditions, DAB converters often
have higher conversion efficiency for high power applications. In [15], the DAB scheme
is used for solid-state transformers and maintains the advantages of conventional DAB,
and obtains the bidirectional fault-handling capability for DC distribution applications.
In [17], the design of modulating the phase-shift ratios is analyzed to suppress reactive
power and increase the efficiency under non-unity voltage gain conditions. Global optimal
phase-shift signals that minimize the reactive power under four different DAB operating
scenarios are presented. A DAB converter often consists of two H-bridge converters, a
high-frequency transformer, and a series inductor for the current control. Figure 1b shows a
typical DAB converter. By adjusting the difference in the phase angles between the primary
and secondary side H-bridge converter, the power flow control between the primary and
secondary side is possible to be achieved [18-25]. In [21], a hybrid converter combining
phase-shift full-bridge and half-bridge LLC resonant converters’ configuration with shared
zero-voltage switching lagging leg is proposed to ensure the switches in the lagging leg
operating at fully ZVS condition. In [22], a novel control scheme of the bidirectional isolated
DAB DC-DC converter is proposed to regulate the output voltage and current based on
sliding mode (SM) control. However, the DAB converter has some disadvantages, such
as the inability of the light load ZVS condition, circulating current loss, secondary side
conduction loss, and ringing. Under the light load condition, the lead switch may miss the
ZVS characteristic. In order to extend the load range for ZVS, decreasing the magnetizing
inductance is one of the methods. However, more energy stored in the LC network
results in an increase in the conduction losses for the switches. The intermittent operation
is developed to improve conversion efficiency in light load conditions. By controlling
the ratio of the power-transfer time to non-power-transfer time, the ZVS condition and
conversion efficiency can be improved. Another method to extend the ZVS condition is
using auxiliary circuits to achieve ZVS. Furthermore, the auxiliary circuits increase the
circuit complexity with the cost impact. For the BESS applications, the methods presented
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in the literature often need extra balancing circuits to connect each battery module, which
results in a reduction in total efficiency and the increase in cost and circuit complexity. In
this paper, the proposed bidirectional converter consists of multi-mode control strategies.
Firstly, the variable-frequency control and phase-shift control are used to achieve the ZVS
over a wider power range and the battery module balance control capability for BESS,
respectively. The DAB converter can be designed as a full-bridge-type DAB (FBDAB) or
half-bridge-type DAB (HBDAB) to implement the BESS power conversion. Considering
the reduction in the switches, the HBDAB has benefits in terms of reduced corresponding
driving circuits and cooling systems.

For the bidirectional DC-AC inverter, a full-bridge inverter with sinusoidal pulse
width modulation (SPWM) is often used for grid-connected applications. Circuit simplicity
is the main advantage of this type of inverter. However, the DC input voltage has to be
higher than the peak value of the AC output voltage. Therefore, a step-up power converter
is used to achieve the battery energy control for lower input DC voltage applications. To
meet the relevant standards of high power factor and low total harmonic distortion (THD),
a number of studies on bridge inverters are proposed [26-29]. However, there are several
limitations of achieving the high cost and circuit simplicity. Further, the high-frequency
switching of the switches may reduce the conversion efficiency of the system. Therefore,
there are two operating modes developed in this paper: (1) unipolar control mode (UCM)
and (2) totem-pole control mode (TPCM). The UCM is used to manage the real and reactive
current control under different AC grid conditions. The proposed TPCM is able to eliminate
the diode losses and achieve higher conversion efficiency for real power control.

Under three-phase balanced ac grid conditions, the DQ method is often used to
simplify the design procedure and circuit analysis. However, due to the unsymmetrical
transmission impedance, peak asymmetrical single-phase load, and random voltage faults,
the unbalanced ac voltage situation often occurs in the real ac grid. Under unbalanced
ac grid conditions, this negative sequence current generated from the grid-connected
inverter may cause low-order torque pulsation and affect the stability of the power system.
Four-wire inverter topologies are proposed in the literature to control the unbalanced
current. Figure 2a shows a four-leg inverter topology to manage the neutral current.
The Dq0 method is often used to control the DC components as a DC system model.
However, the fourth leg may need to carry the huge unbalanced current under unbalanced
ac grid conditions. Figure 2b shows three individual H-bridge inverters for controlling
the unbalanced current. Because the outputs of the three phases are individual, all the
maximum current stresses of the switches are the same in this system. In addition, the
modulations for single-phase could be adopted to simplify the control design and circuit
analysis. Although the higher number of devices is the major barrier for the inverter system,
the low-rating switches can be implemented to improve the conversion efficiency.

This paper is an extended version of [30]. Compared with [30], the topology proposed
in this paper uses another H-bridge inverter to achieve the bidirectional grid-connected
converter system with multi-control strategies. It should be noted that an isolated trans-
former is often required to separate the inverters. In this paper, an isolated DAB converter
is implemented to provide the step-up function and meet the regulations for the inverters.
Therefore, the proposed converter is also suitable for a three-phase converter system under
unbalanced ac grid conditions.

The proposed bidirectional converter system will be explained in Section 2. For the
HBDAB converter, the variable-frequency control (VFC) and phase-shift control (PSC) will
be described. Additionally, the principle of operation and voltage gain analysis of the
HBDAB converter is systematically derived. For the H-bridge inverter, the multi-mode
control is also designed to manage the real and reactive current control under different ac
grid conditions. In Section 3, the performance of the proposed bidirectional converter is
verified by using the experimental results. The digital signal processor (DSP) is used to
fulfill the controller of the prototype converter. Section 4 concludes this paper.
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Figure 2. Three-phase inverter for an unbalanced ac grid system: (a) four-leg inverter topology;
(b) three individual H-bridge inverters.

2. System Description

The circuit diagram for the proposed bidirectional converter is shown in Figure 3. It
consists of two battery modules represented by the DC source, two HBDAB converters, and
one H-bridge inverter with sinusoidal pulse width modulation. The H-bridge inverter is
connected to the ac grid with an LCL filter, which avoids the resonance between the output
capacitor and the parasitic inductor of grids. The H-bridge inverter switches (5,1-5;4)
and HBDAB converter switches (51-Sg) are considered to use metal-oxide-semiconductor
field-effect transistors (MOSFETs).
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Figure 3. Circuit diagram for the proposed bidirectional DC-AC converter.
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A. HBDAB converter and controller design

As shown in Figure 3, phase 1 HBDAB consists of four MOSFETs S1-54, a transformer
Ty1, a series inductor Lyq, and two-bridge capacitors C1—C4. The key waveforms of the
proposed converter are shown in Figure 4. It is assumed that v),;1 and vsc1 are the output
voltage of the primary and secondary phase 1 HBDAB; i1, and ip,» are the currents
through phase 1 and phase 2 series inductors. T is the output current ripple period, and
it is equal to 1/2fs, where fs is the switching frequency. For the mode analysis, there are
some assumptions to simplify the circuit analysis:

1. Transformers Ty and T;; are ideal, and 1 is the turns ratio defined by Nj,/N;.

2. In an HBDAB converter, all switches have the same duty cycle, and the voltages of
the capacitors C; and C, are one-half of the input voltage.

All passive components are ideal for simplifying the mode analysis.

4. The analysis for the HBDAB converter is in a steady state.
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Figure 4. Key waveforms of the HBDAB converter.

A switching cycle can be divided into four modes. The equivalent circuit is shown in
Figure 5.

Mode 1 [ty < t < t;]: At the beginning of mode 1, S1, S4, S¢, and Sy are turned on, and
S2, 83, S5, and Sg are turned off. The inductor current i, flows through switches S, and
Sy. The inductor current if,, flows through switches Sg and S7. The voltage across vy, is
equal to the voltage of capacitor C;. In this mode, capacitors C3 and Cg are discharging,
and C4 and Cs are charging by the stored energy in series inductors L1 and Ly,. When
irp1 decreases and changes its direction from a negative to a positive value, C; starts to
discharge. When i1, changes its direction from a positive to a negative value, C; starts to
charge. Mode 1 ends when S; and Sy are turned off.

Mode 2 [t; <t < t;]: In this mode, the behavior of the primary side is the same as that
in the previous mode. if;; increases linearly while if; still decreases linearly. The inductor
current is reflected by Tr; through the anti-parallel diodes of S3 and Sg because the S4 and
Sy are turned off at ;. During this period, S3 and Sg can be turned on with ZVS. This mode
ends when S; and S are turned off. In addition, i,; reaches its positive peak value in
this mode.

Mode 3 [t, < t < t3]: In this mode, S3 and Sg are turned on, and Sq, Sy, Sy, Ss, Sg, and
Sy are turned off. The voltage across v, is equal to the reverse voltage of capacitor C;.
The inductor current i;; flows through the anti-parallel diodes of S, and the inductor
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current i, flows through the anti-parallel diodes of Ss. During this period, S; and S5 can
be turned on with ZVS. In this mode, capacitors Cz and C¢ are charged by stored energy in
series inductors L,1 and L. When i, changes its direction from a positive to a negative
value, C; starts to discharge. When if;,» changes its direction from a negative to a positive
value, C; starts to discharge. Mode 3 ends when S3 and Sg are turned off.

Mode 4 [t3 < t < t4]: In mode 4, the behavior of the primary side is the same as that in
the previous mode. i1,; decreases linearly while iy, still increases linearly. The secondary
side current is through the anti-parallel diodes of S4 and Sy because the S3 and Sg are off
at f3. During this period, S4 and Sy can be turned on with ZVS. This mode ends when S,
and Ss are turned off. Furthermore, if,» reaches its positive peak value in this mode. The
following modes are similar to the previous operation modes as mentioned above.
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Figure 5. Operation modes of the HBDAB converter. (a) Mode 1 (b) Mode 2 (c) Mode 3 (d) Mode 4.

In the steady-state of the HBDAB converter, the inductor current i1 at ¢y, t1, and £,
can be derived as [31]:
—Vin +nVp1 (1 —2¢)
4L,

irp1(to) = Ts M

Vin | nVp
2

+ .
L724’Ts +ip1(t0) 2)
pl

ip1(i1) =
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Vin _ nVp

ip1(r2) = 2L72(1 =) Ts + ippin) 3)
pl
where ¢ is the ratio of the phase-shift angle between the primary and secondary side, T
is the switching period, Vin is the input voltage, Vp; is the battery voltage of module 1, n
is the turns ratio of the transformer, and L,; is the value of the inductor of module 1. The
averaging inductor current can be obtained as:

_ [nVBi1p(1 = @)
Invg = |:4Lplfsw:| 4)

where f;, is the switching frequency. Therefore, the output power and gain formula of each
module can be obtained as:

nVi, Vi

Puppap1 = T H(1—¢) 5)
GHBDAB = SZfL ¢(1-9¢) (6)

In Mode 1, if; is changed from negative to positive. To achieve the ZVS, the phase-
shift angle ¢ condition can be obtained as:
¢ > ”ggif*igl for primary side ZVS @
¢ > 1=1SDAE for secondary side ZVS

Based on these formulas, Figure 6 shows the ZVS region. Notice that the HBDAB
is difficult to enter the ZVS region under a light-load situation with lowering the phase-
shift duty. Therefore, under light load conditions, the converters may lose soft switching
characteristics, which will cause large switching losses of the switches. Instead of using
phase-shift modulation for the power flow control, a variable-frequency modulation is
adopted in this paper. In order to ensure the ZVS condition in a wider load range, the
phase-shift duty is set at a constant value of 0.5. The advantage of this control method is
that the operating point always lies in the ZVS region, as shown in Figure 6. The variable-
frequency modulation is used to control the overall output power. For the battery balance
control, the phase-shift modulation is used to adjust the individual output power for each
battery module. Therefore, low battery and DC-bus voltages can be accomplished.
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Figure 6. ZVS region of the HBDAB converters.
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Figure 7 shows the control block diagram for the proposed HBDAB converter. Vi,
is the output voltage command. According to Equation (5), the total output power is
controlled by the variable-frequency modulation with the feedback voltage loop of vtp,
which is the sum of the battery voltages vg; and vp,. For the voltage balance loop, individual
phase-shift modulation is used to manage the unbalanced power between the battery
modules with its own feedback voltage loop of vp; and vp,. In addition, the control signals
have a 180-degree phase shifted to improve the input current waveforms contributed by
each converter module.

fs
VTref Gcf (S) ¢ Gfp(S) * V1o
¢, .
Vrefl chb(s) ’ G¢p(s) * Vg1
Vief2 Geo(S) ¢2’ Ggp(s) * VB2

Figure 7. Control block diagram for the proposed HBDAB.

B. H-bridge inverter

The H-bridge inverter consists of four MOSFETs S,1—S,4. The HBDAB is connected
to this grid-connected inverter, which has two operation modes: unipolar control mode
(UCM) and totem-pole control mode (TPCM). In UCM, the grid-connected switch is turned
on, and the inverter runs as a current source to provide real and reactive power. The control
block diagram is shown in Figure 8 for the proposed H-bridge inverter system. The PR
controller Gy, (s) is designed to produce the equivalent duty cycle for the H-bridge inverter.
The phase-locked loop (PLL) Hy/(s) is used for synchronizing with the grid frequency. The
output current command input is generated by the PLL and the amplitude command of
the output current I,. The closed-loop transfer function of the grid voltage to the inverter
output current can be expressed as:

iac(s) _ H{}r(ns) ImGpr(S)FmGac(s) H&Ej) ch(S)FmGac(s) Giv(s)

Teo(s) = Vac(s) 1+ Ti(s) 1+ Ti(s) CIHT()

®)

where Hy(s), Giy(s), Geo(5), Gac(s), Fm, Vi, and Tj(s) are the PLL gain, the current and voltage
admittance terms, the plant transfer function, the controller gain, the amplitude of the grid
voltage, and the open current loop transfer function, respectively. The open current loop
transfer function can be expressed as:

Ti(s) = Gpr(s)FuGac(s)Hi(s) 9)

where H;(s) is the current feedback gain. The current controller Gy, (s) is designed as a
PR-type controller with the following gird frequency:

2K, w,s

G =K _—
pr(s) pt §2 + 2w.s + wy?

(10)
where w, wy, Kp, and K; are the equivalent bandwidth, the resonance frequency, propor-
tional gain, and resonant gain, respectively. Figure 9 shows the Bode plots of the current
loop transfer function T(s) with K;, = 0.05, K, = 10, w. = 6.28 rad /s, and wy = 377 rad/s.
In UCM, the DC bus voltage of the inverter is 380 V, and the values of the output induc-
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tor are 2.5 and 0.2 mH. This current controller can achieve a phase margin of 66 degrees
with stability.

Giv(s)

\

GCV(S)

. .
Y lac

W, Hy(s)/PLL (% + PR Controller| * F. Plant | + O
- Gpi(s) Gac(s)

<
3
v

Ti(s)

Feedback Hj(s) -

Figure 8. Control block diagram for the proposed H-bridge inverter.
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Figure 9. Bode plots of the open current loop transfer function.

In TPCM, the switches 5,1 and S,, are faster switching, and S,3 and S;4 are slower
switching. The operation of the H-bridge inverter can be generally divided into different
operation modes for improving conversion efficiency. The high-frequency switching leg is
responsible for controlling the current of the output inductor. In other words, the switches
can be designed as a pair of boost/buck converters in a half-line cycle of the grid voltage.
During the positive half-cycle of the grid voltage, the switch 5,4 is turned on while 5,3 is
turned off. For the negative half-cycle, switch S;3 is turned on, and switch S;4 is turned
off. Since this low-frequency switching leg is only switched at zero crossing of the grid
voltage, its switching loss can be neglected. Based on the following assumptions, the control
waveforms of the H-bridge inverter in TPCM are shown in Figure 10. Figure 11 shows the
typical waveforms of the high-frequency switching leg in TPCM. At t = t;, the switch S,
starts turning off. Meanwhile, the other switch S, remains off, and the inductor current
starts discharging. Thus, the drain-to-source voltage of S, starts increasing to the output
voltage until t = t,. Att =t;, S;p starts turning on, and the inductor current discharges
continuously until t = t3. Att = t3, Sy, starts turning off, and the drain-to-source voltage of
Sy1 starts decreasing until f = t4. At t =14, S;1 is turned on. Meantime, the other switch S5,
remains off, and the inductor current starts charging.
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Figure 11. Typical waveforms of the high-frequency switching leg in TPCM.

The procedure of the mode transfers between grid-connected mode and standalone
mode for the H-bridge inverter is shown in Figure 12. In the grid-connected mode operation,
as soon as the reactive power command is near zero, the inverter enters TPCM. On the
contrary, the inverter enters UCM if the reactive power is needed. Once the grid fault
occurs, the H-bridge inverter is changed from the current source to the voltage source
to compensate the voltage in the standalone mode. For an actual microenergy system,
the converter’s capacity should be large enough to supply the demand-load power in
the standalone mode. Furthermore, the actual real/reactive power command should
be set either by the interconnection requirements with the distribution system operator
(DSO), or the applicable grid codes in the jurisdiction in which the microenergy system is
operating [32].
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Figure 12. The procedure for the mode transfers between grid-connected mode and standalone mode
for the H-bridge inverter.

3. Experimental Results

A prototype of the proposed bidirectional converter, which is composed of two sets
of HBDAB modules and an H-bridge inverter, was built and tested with the multi-mode
control strategies. The prototype specifications are listed in Table 1. Figure 13 shows the
picture of the prototype converter with the proposed control strategies by using a DSP
TMS320F28335. A voltage source in parallel with a resistor is used to estimate the battery
charging and discharging for the HBDAB converter. Figure 14 shows the experimental
waveforms of the gate-to-source and drain-to-source voltage waveforms for S; and S
to illustrate that ZVS can be achieved. The key experimental waveforms of the HBDAB
converter are shown in Figures 15 and 16. Figure 15 illustrates the key waveforms of the
series inductors. Figure 16 shows the experimental waveforms of the battery voltage and
current of the transformers. It can be found that the experimental waveforms are consistent
with the theoretical ones. In this paper, the proposed HBDAB converter is designed to
control the output power individually for each battery module. To verify the individual
control capability of the battery module, Figures 17 and 18 are presented the corresponding
waveforms under the unbalanced power condition. In Figure 18, the battery voltage of
module 1, vy, is about 206 V. The battery voltage of module 2, vpy, is about 194 V. The
individual phase-shift modulation is used to deal with the unbalanced current and voltage
between the battery modules.



Energies 2022, 15, 8114 12 of 18

Table 1. Ratings and circuit parameters for the prototype converter.

Power rating 1kW
Battery voltage, Vp; and Vp; 200 Vg,
Grid voltage, Vac 110 Ve
Switching frequency for HBDAB, fs, 30-60 kHz
Switching frequency for H-bridge inverter, f; 20 kHz
Bridge capacitor (Cy, Cy, C3, Cy, Cs, and Cg) 10 uF

» HBDAB co
‘4‘”';"';7;

Figure 13. Prototype bidirectional converter for BESS.
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Figure 14. Experimental waveforms of the gate-to-source and drain-to-source voltage waveforms for
51 and 52.
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Figure 15. Experimental waveforms of the voltage across the series inductors and the current through

the series inductors.
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Figure 16. Experimental waveforms of the battery module voltage and current of the transformers.
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Figure 17. Experimental waveforms of the voltage across the series inductors and the current through

the series inductors under unbalanced battery module condition.



Energies 2022, 15, 8114

14 0f 18

w “&Omf LECROY
£ .»,]y-mmy«h'u.

N

Vpo (100V div) '
Tr T —— e f*

Vi (100V/div)

I11(10A/div)

o)
«
() P2men(Q) Pl es [ PS50 [

2V v
Tesabyse MMM

Figure 18. Experimental waveforms of the battery module voltage and current of the transformers
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under unbalanced battery module conditions.

In order to verify the feasibility of the proposed control strategies, the experimental
hardware was also tested for the grid-connected mode and the standalone mode. Wave-
forms of the H-bridge inverter output voltage v,, the grid voltage v,, and the inverter
output current i, are shown in Figure 19. The dotted line indicates the real starting point
of entering the standalone mode from the grid-connected mode. Conventionally, it is very
common that a current drop or spike can easily occur in this duration when the H-bridge
inverter switches the controller from the grid-connected mode to the standalone mode. On
the contrary, Figure 19 shows that there is no current drop or spike during the transition.
Figure 20 shows the experimental results of the mode transfer between UCM and TPCM
for the proposed H-bridge inverter. Waveforms of inverter output voltage v,, the grid
voltage vy, the inverter output current i, and the gate-to-source voltage of S;3, Ugs 3, are
shown in Figure 20a,b. In Figure 20a, the dotted line indicates the starting point of entering
TPCM from UCM. It can be seen that the low-frequency legs return to the lower frequency
switching without a current drop or spike, while similar experimental waveforms from
TPCM to UCM are shown in Figure 20b.

M 20.0ms/ Delay:-67 6ms f < 10Hz
2 Sa 1.00MSals
Curr 700kpts
V,(100V/div) Edge
2 o £ oc
V,(100V/div) L oV

100V/
oov
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-4V
DC1M
100V/
oov

»VVVVAVAAVAM

1, (SA/div)

Grid-connected operation Standalone operation

Figure 19. Experimental waveforms of the H-bridge inverter for the grid-connected operation and
the standalone operation.
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Figure 20. Experimental waveforms of the mode transfer between UCM and TPCM: (a) from UCM
to TPCM; (b) from TPCM to UCM.

Theoretically, by isolating the DC bus voltage of the HBDAB converter, the proposed
control strategies can be applied to control the three-phase system. Figure 21 shows the
experimental results of the three-phase system for the proposed H-bridge inverter. There are
three DC-AC converters connected to a three-phase system. Waveforms of r-phase output
voltage v,.1, s-phase output voltage v, r-phase output voltage i,.1, and s-phase output
voltage i4cp, are shown in Figure 21. It can be seen that the capability of the unbalanced
current control can be achieved for a three-phase system. The power conversion efficiency
of the H-bridge inverter under different output power and control modes is shown in
Figure 22. The TPCM demonstrated better output performance, with power-conversion
efficiency higher than 4% at full load conditions.
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Figure 21. Experimental waveforms of the H-bridge inverter for a three-phase system.
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Figure 22. Power conversion efficiency of the H-bridge inverter under different output power and
control modes.

4. Conclusions

In this paper, a bidirectional converter with multi-mode control strategies is proposed
for a battery energy storage system. The HBDAB converter is designed to achieve the
individual power-handling capability required for the battery modules adopted in this
paper. The variable-frequency control (VFC) and phase-shift control (PSC) are used to
achieve the zero-voltage switching over a wider power range and the battery module
balance control capability for BESS. The H-bridge inverter is designed to achieve the DC-
AC function with UCM and TPCM control modes. The principle of operation, controller
design, and voltage gain analysis are described in this paper. A prototype that is composed
of two sets of HBDAB modules and an H-bridge inverter is built and tested to demonstrate
the applicability and functionality for BESS. The experimental results obtained from a 1 kW
prototype circuit verify the performance of the proposed bidirectional converter.
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