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High-Efficiency Bidirectional DAB Inverter Using
a Novel Hybrid Modulation for Stand-Alone Power
Generating System With Low Input Voltage
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Abstract—This paper proposes a high-efficiency bidirectional
dual-active-bridge (DAB) inverter using a novel hybrid modulation
for a stand-alone power generating system with a low input voltage.
The proposed DAB inverter consists of a DAB dc—dc converter and
a synchronous rectifier (SR) for unfolding. The DAB dc—dc con-
verter transforms the low dc voltage into a rectified sine wave that
pulsates twice the grid frequency. The rectified sine wave unfolds
into the grid voltage by SR. The proposed hybrid modulation com-
bines a phase shift control and a variable frequency control. The
variable frequency control converts the nonlinear function of the
phase shift angle into a linear function and controls the output
power. This leads to a simple closed-loop control for the sinusoidal
current waveform, a low harmonic distortion, and a high-voltage
conversion ratio without an increase of the transformer turn ratio.
Since the proposed DAB inverter has only a single power conver-
sion stage, it has a simple structure, high power density, and low
cost. It also has a high efficiency of 94.2% by a zero-voltage switch-
ing (ZVS) turn on of the switches in two full bridges (FBs). The
operation principle of the proposed DAB inverter using this hy-
brid modulation is analyzed and verified. Experimental results for
a 1-kW prototype are obtained to show the performance.

Index Terms—Dual-active-bridge (DAB) inverter, hybrid mod-
ulation, single power conversion.

I. INTRODUCTION

ENERALLY, stand-alone generating systems require high
G efficiency, high reliability, small size, and low cost. For
household electric supply, the cost and size are important ele-
ments. As an uninterrupted power supply (UPS) used in internet
data centers, hospitals, and militaries, it is also important to
provide reliable and high-quality power since a power failure
can cause serious problems such as data loss, injuries, fatali-
ties, or business disruption [1]. The off-line UPS is now the
most commonly used technology for supplying power to crit-
ical loads such as computers and medical equipment. When
utility power is not available, it provides regulated emergency
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Fig. 1. Block diagrams of the stand-alone power generating system for off-
line UPSs. (a) The conventional stand-alone generating system with three or
four power conversion stages. (b) The proposed stand-alone generating system
with single power conversion stage.

power to the connected equipment by supplying power from a
separate source.

In the off-line UPS system, the load is directly connected to
ac power source, typically the grid, or ac loads. When the grid
fails or goes below a minimum level, the off-line UPS blocks
the incoming grid power and delivers power to the ac load via
a dc—ac inverter system with an internal storage battery. The
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inverter system in the conventional off-line UPS consists of
an isolated step-up dc—dc converter, a inverter, and a dc-link
capacitor with a high voltage that is higher than the peak volt-
age of the grid voltage such as the inverter system presented
in [2] because the galvanic isolation is required to protect the
system and prevent accidental current from reaching ground
through a person’s body. These inverter systems have unidi-
rectional power flow, and requiring additional charger to charge
the battery [3]-[8]. The single-stage or two-stage isolated power
factor correction (PFC) ac—dc converters are used as the charger
in UPSs. Therefore, the conventional stand-alone generating
system for off-line UPSs has three or four power conversion
stages as shown in Fig. 1(a).

In view of the power conversion, the conventional stand-
alone generating systems for off-line UPSs can be expressed as
shown in Fig. 1(a). The three or four power conversion stages,
the hard switching in the inverter, and the use of more reactive
elements lead to reduced efficiency, power density, and reliabil-
ity and increase the cost of the overall system. To solve these
problems, single-stage isolated bidirectional inverters have re-
cently become a major research topic and have been proposed
as an interface of the stand-alone power generating system [9]—
[13]. Conventional stand-alone generating systems are simpli-
fied using single-stage isolated bidirectional inverters as shown
in Fig. 1(b).

Dual-active-bridge (DAB) topologies are commonly used for
single-stage isolated bidirectional inverters. DAB topologies of-
fer bidirectional power flow, active power flow control, soft
switching enabling a high-frequency operation, and isolation by
a high-frequency transformer. The bidirectional power flow is
gradually required because the traditional grid is evolving from
a passive to a smart interactive service network, where energy
systems play an active role in providing different types of sup-
port to the grid. The biggest advantage of DAB topologies is
that the dc—ac energy conversions take place in a single power
conversion stage without additional reactive elements, produc-
ing high-quality waveforms and complying by the regulations
of the harmonic distortions of the grid [14].

synchronous rectifier
(SR) for unfolding

Proposed bidirectional DAB inverter for the stand-alone generating system with single power-conversion stage.

The single-stage bidirectional DAB inverters are composed
of the DAB dc—dc converter and synchronous rectifier (SR) as
shown in Fig. 2. The DAB dc—dc converter converts a regu-
lated dc input voltage to a rectified sinusoidal output voltage in
phase with the grid voltage and back. Thus, without the addi-
tional grid-connected inverter, the output voltage of the DAB
inverter synchronizes with the grid voltage and the grid cur-
rent is controlled by a controller of the DAB dc—dc converter.
The DAB inverter can be operated in two modes, namely, dis-
charging mode and charging mode. For the charging mode, SR
converts the ac voltage to the rectified sinusoidal voltage as the
diode rectification. Although the switches in SR are operated at
the grid frequency, since it changes only the direction of the ac
voltage, which periodically reverses direction, to one direction
and back, and therefore, the proposed stand-alone generating
system for off-line UPSs is composed of only the bidirectional
DAB inverter and has a single power conversion stage, as shown
in Fig. 1(b).

In general, the basic modulation scheme of the bidirectional
DAB converter is a phase shift modulation (PSM) that two full
bridges (FBs) of the DAB converter are modulated with a 50%
duty ratio and active power is controlled by a phase shift between
two FBs. Although the PSM is simple, it has several drawbacks
such as poor light-load efficiency, large reactive current flow, and
limited soft switching range in presence of the wide variation in
input—output voltages [15], [16]. Thus, this modulation scheme
is unsuitable for bidirectional DAB inverters.

In recent years, various modulation schemes of DAB convert-
ers have been proposed and developed to overcome these draw-
backs [17]-[24]. A trapezoidal modulation (TPZM) has three
control parameters such as two duty ratios and a phase shift an-
gle. Also, it has five modes in accordance with the relationship
among three control parameters [21], [22]. A triangular modu-
lation (TRM) is a special case of TPZM, where at one transition
in every half cycle, two FBs are switched together, resulting
in a triangular shape current waveform [22]. Since the power
transfer capability of TRM is lower than PSM and TPZM, TRM
is suitable for low power levels. Thus, the conventional hybrid
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Fig. 3. Theoretical waveforms of the proposed DAB inverter.

modulation scheme combined with PSM, TRM, and TPZM is
often used for bidirectional DAB inverters because they require
a wide operating range [23], [24].

However, the control algorithm of the bidirectional DAB in-
verters using the conventional hybrid modulation is too compli-
cated to implement a controller and is too difficult to optimize
the control parameters because of the nonlinear relationship be-
tween the output current and the phase shift angle. Also, it is
typically performed by lookup tables in which predetermined
values for control parameters are stored and these values are the
results of one particular system. Thus, the system using the con-
ventional hybrid modulation is sensitive to changes of system
parameters and the disturbance.

On the other hand, the control algorithm of a single H-bridge
modulation (SHBM) which has two control parameters—a duty
ratio and a phase shift angle—is easy to optimize and simple to
implement, since the number of control parameters and modes
according to the relation between a duty ratio and a phase shift
angle is smaller than the conventional hybrid modulation. An
SHBM has an inner mode and an outer mode in accordance with
the relationship between two control parameters. A modulation
scheme based on the inner mode has a linear power relationship,
which leads to a simple closed-loop control for bidirectional
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Fig. 5. Main waveforms of the proposed DAB inverter. (a) Waveforms in the
positive flow. (b) Waveforms in the negative power flow.

DAB inverters [13]. However, since this modulation scheme
results in an inductor current with a triangular waveform, the
peak value of the inductor current is larger than that in other
modulation schemes such as TPZM, PSM, and the outer mode
of SHBM. This increases current stresses and core losses and
decreases efficiency.

Stand-alone generating systems often have a low voltage
battery as an energy storage element. The low-voltage dc
power cannot directly support electrical appliances with the
same power qualities of the grid in terms of frequency and
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Fig. 6. Current control characteristic of the proposed DAB inverter. (a) SR

input current 7,, when only the phase shift control is used. (b) SR input current
i, when the novel hybrid modulation is used.

amplitude. Thus, to efficiently interface the low-voltage dc
power to the electric utilities, a large voltage conversion ra-
tio is an essential mechanism in both two-stage and single-
stage stand-alone generating systems with low voltage battery.
However, up to now, the abovementioned conventional modula-
tion schemes have been optimized for single-stage or two-stage
stand-alone generating systems with high-voltage battery. Since
the DAB converter is a step-down converter, it must have a high
secondary turn ratio to achieve the large voltage conversion ra-
tio, which will result in high current stresses in the primary
side of the converter. Therefore, the conventional modulation
schemes in the stand-alone generating system with low volt-
age battery, especially the inner mode of SHBM, result in high
current stresses and increase the transformer turn ratio.

In view of this, this paper proposes a high efficiency bidi-
rectional DAB inverter using a novel hybrid modulation for a
stand-alone power generating system with a low input voltage
source. The proposed DAB inverter is composed of the DAB
dc—dc converter and SR. The proposed DAB inverter provides
single power conversion only. The hybrid modulation, a combi-
nation of a phase shift control and a variable frequency control,
is used for the DAB dc—dc converter. The variable frequency
control converts the nonlinear function of the phase shift angle
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into a linear function and controls the output power. The linear
function in the phase shift control leads to a simple closed-
loop control, low total harmonic distortion (THD), and unity
power factor (PF). Also, the hybrid modulation provides a high-
voltage conversion ratio without the increase of the transformer
turn ratio. Analysis of the proposed DAB inverter is given and
experimental results are obtained to show the performance and
to verify the analysis.

II. ANALYSIS OF THE PROPOSED DAB INVERTER
A. Description of the Proposed Bidirectional DAB Inverter

Fig. 2 shows the proposed bidirectional DAB inverter for a
stand-alone power generating system. The DAB dc—dc converter
consists of two FBs and a transformer. The DAB dc—dc converter
offers bidirectional power flow and active power flow control.
Therefore, as shown in Fig. 2, the proposed DAB inverter com-
prises a DAB dc—dc converter with a high-voltage conversion
ratio and SR for unfolding the rectified sinusoidal waveform.
The primary FB (FB1) and the secondary FB (FB2) are con-
nected to a dc source with low voltage V. and SR, respectively.
The transformer has a high turn ratio of 1:n and the primary and
secondary leakage inductance are lumped on the secondary as
Ly. Since the transformer with high turn ratio has a relatively
high leakage inductance Ly, either an external inductance or an
integrated magnetic structure incorporating a series inductance
is not required. The DAB dc—dc converter transforms the low dc
voltage V. into the capacitor voltage v..» that is pulsating twice
the grid frequency f; as shown in Fig. 2. The difference be-
tween the reflected output voltage nv4 g of FB1 and the output
voltage vcp of FB2 appears across the leakage inductance of
a transformer and determines the direction and quantity of the
power flow. When the grid voltage is normal, the switch Sgry
turns on to charge the internal storage battery and the ac loads
are powered from the grid. When the grid voltage falls below
or rises above a predetermined level, Sgry turns off and the ac
loads are powered by the proposed inverter for the stand-alone
generating system. To analyze the proposed DAB inverter, the
magnetizing inductance, winding resistances, and core losses of
the transformer are all neglected and all switches are considered
to be ideal except for their body diodes. During one period of
the output voltage v,., the state of SR changes twice accord-
ing to the polarity of v,.. When the polarity of v, is positive,
switches S, 1 and S, 4 are turned on and switches S, » and
S._3 are turned off. Conversely, when v, is negative, switches
S, 1 and S, 4 are turned off and switches S, » and S, 3 are
turned on. Consequently, the voltage v.2 across the capacitor C
is unfolded into v,.. Since all switches in SR operate at the grid
frequency f1, the switching losses of those switches are very
small.

B. Novel Hybrid Modulation for the Proposed Bidirectional
DAB Inverter

The novel hybrid modulation combines a phase shift control
and a variable frequency control. Fig. 3 shows the theoreti-
cal waveforms of the proposed DAB inverter using the hybrid
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modulation scheme in the positive power flow. All switches are
modulated with a 50% duty ratio and a top switch is comple-
mented with a bottom switch with a short dead time in each leg.
The phase shift angle 6, is the phase difference between a leg A
and a leg B and the phase shift angle 6, is the phase difference
between a leg C and a leg D. The output voltage v4 5 of FB1
and the output voltage vcp of FB2 are generated by 61 and 0,
respectively. Since the proposed hybrid modulation bases on the
outer mode of SHBM, 6, is a half of a switching period 75 and
the phase shift angle ¢ that is the phase difference between vap
and vcp is smaller than 0; as shown in Fig. 3. In this hybrid
modulation, ¢ is always a half of §;. Thus, the active power can
be controlled by one of #; and ¢.

On the assumption of ideal components and by referring the
model to the secondary side of the transformer, Figs. 4 and 5
show the simplified electrical model and main waveforms of
the proposed DAB inverter, respectively. The theoretical wave-
forms of the secondary current i, flowing through Ly of the
transformer, the voltage source nv4p connected to left side of
Ly, and the voltage source vcp connected to right side of Ly
in Fig. 4 are shown in Fig. 5.

In the positive power flow, the steady-state operation of the
proposed DAB inverter includes six intervals in one switching
period. The waveforms of nvyp and vep are the rectangular
pulse wave whose pulse width is modulated with 6; and 65,
respectively. Also, they pulsate from nVj. to —nVj. and from
|Vac|to | — vac|, respectively. As shown in Fig. 5(a), since |v,.|is
approximately constant during one switching period 7T, is.. in
each interval increases or decreases linearly with the following
slopes:

M, for interval 1
Ly
i Vie —
disec — L‘vacl, for interval 2 (1)
dt Ly
_|Uac| .
, for interval 3
Ly

The waveforms of nvp, vep, and 74 in the intervals 1-3
and the intervals 4-6 are symmetric with respect to the f-axis in
Fig. 5. Thus, i (t4 ) is equal to —ig.. (¢ ). From this relationship
and (1), 4sc. (t1) can be obtained as

0~5|Ua‘c| + anc(280 - 91)
Ly

The waveforms of the output current 7, of FB2 in the intervals
1-3 are equal to those waveforms in the intervals 4—6 as shown
in Fig. 3. Also, since the ripple of the SR input current ¢, is
small enough to neglect the effect, the average current i5 oy, Of
iy is equal to 4, and the rectified output current |i,.|. Thus, 7,
can be written as follows:

isec (tl) = Ts (2)

2 [h
7:71, == iQ,avg = ?/ iz (t)dt (3)
s Jity

From (1)-(3), ¢,, is obtained as follows:

ancTs
Ly

1y =

(=07 — 20> + 200, +0.50;). (4
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In the proposed hybrid modulation, 6, is twice as large as the
phase shift angle . Thus, i, is rewritten as follows:

nv;lc Te

—20%). 5
i (¢ —2¢°) S

1y —
Fig. 6 shows the current control characteristic of the proposed
DAB inverterat V3. = 48 V,n =8, Ly, = 185 uH,and Ty = 10
ps. Fig. 6(a) shows the SR input current 7, when only the
phase shift control is used. All modulation schemes for DAB
converters except for the inner mode of SHBM have a nonlinear
function of the control variable. The proposed DAB inverter
also has a nonlinear function. This can be verified by Fig. 6(a)
and (5). To achieve good controllability of the proposed DAB
inverter, the nonlinear relationship between 7,, and ¢ needs to be
transformed into a linear relationship. The variable frequency
control in the hybrid modulation changes the relationship from
nonlinear to linear by using the switching frequency function
15 () as follows:

fs (¢) = fsfvar (1 - 290) (6)
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where f;_ya, is the control variable in the variable frequency
control. Therefore, (5) can be expressed as follows:

nVie

iy

B L fs () (p=2¢)

o n‘/d ¢

= — 7
lefs,var 4 ( )

Fig. 6(b) shows the SR input current ¢,, when the novel hybrid

To achieve the high efficiency, it is important to reduce the
switching losses of switches. Since the proposed DAB inverter
achieves the zero-voltage switching (ZVS) turn on in the heavy
load condition, switching losses are small. However, the hard-
switching region exists in the light load condition. For the ZVS
turn on of switches S; 1 and S; 9, 75 at time to should be
positive. From (1) and (2), isc.(t2) can be derived as

modulation is used. From (7) and Fig. 6(b), it can be verified that
the proposed DAB inverter with the novel hybrid modulation has
the linear relationship between 7,, and .

Z.sec (tQ ) =

T
, Vi —
Ly, (nVa

[Vacl) o +

|Ua0|

4

> 0.

®)
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TABLE I
PARAMETERS AND COMPONENTS OF THE PROTOTYPE

Parameters Symbols Value
Input voltage Vie 42-54V
Switching frequency fs 35-100 kHz
Grid voltage Vac 220V
Grid frequency fL 60 Hz
Input capacitor c 3300 uF
DC-link capacitor Cy 1 nF
Secondary leakage inductance Ly, 185 uH
Primary winding turns N, 4 turns
Secondary winding turns Ny 32 turns
Components Symbols Part number
Switches of FB1 S11:815,515,51, IPPO30ON10N
Switches of FB2 Sa, 582, ,82,,52, IRFPS43N50K
Switches of SR Su1,Su2,Su3,Su_ IRFPS43N50K
Transformer core T PQ5050

Since nVg. should be always larger than |vac|, tsec(t2) is
larger than zero in the overall load condition. It means that the
switches S7 1 and S; 5 achieve the ZVS turn on in the overall
load condition. All switches in FB2 achieve the ZVS turn on
when iy, at time ¢; is positive. From the fact that 6, is twice as
large as the phase shift angle ¢, (2) can be expressed as follows:

_ |Uac| > 0.
4Ly —

Since i (t1) is always larger than zero, the switches in FB2
achieve the ZVS turn on in the overall load condition. To achieve
the ZVS turn on of switches S; 5 and S| 4, 74 at the time t3
should be positive. From (1), (8), and (9), is.. (t3) is obtained as
follows:

Z'sec (tl ) (9)

. Vac
Zscc(tii) = n‘/chD + |vac|90 - % Z 0. (10)

From (10), for the ZVS turn on of these switches, the follow-
ing condition must be satisfied:
‘Uac ‘
4 (nVie + |Vac|)

When the output voltage v, is equal to the grid voltage, v,
is

o= an

Vac(t) = Vaesin(2m f 1) (12)

where V. is the amplitude of the grid voltage. From (7), (11),
and (12), the load condition for the ZVS turn on of switches
S1 3 and S; 4 can be obtained as follows:

nvdc|vac|2T9
Lk (anL + |Uac|) ’

Fig. 7 shows the ZVS region of switches S;_3 and S;_4 at
Vie =48 V,n =38, Ly = 185 pH, V,c =311V, and T; = 10
us. The critical instantaneous output power p,. (v, ) value to sat-
isfy the ZVS turn on condition of those switches according to
the variation of the instantaneous output voltage v, can be seen
from (13) and Fig. 7(a). Fig. 7(b) shows the three-dimensional
(3-D) plot about the critical value of the instantaneous output
power function p,.(t,n) of variables time ¢ and turn ratio n to

pa(’(t) == |Uac||iac| Z AL (13)
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satisfy the ZVS condition of those switches. As the turn ratio
n increases, the critical output power value p,. (¢, n) increases
in Fig. 7(b). It means that the smaller turn ratio n is good to
increase the ZVS region. However, since the stand-alone gener-
ating systems with low dc voltage source require a high-voltage
conversion ratio, these systems have a transformer with a rel-
atively high turn ratio n. Also, the increase of n leads to the
increase of the leakage inductance of the transformer. It can
be seen that the increase of the leakage inductance reduces the
output power from (7). This problem can be solved by using
the variable frequency control in the hybrid modulation. The
role of the variable frequency control is not only the conversion
of nonlinear relationship between 7, and ¢ into linear relation-
ship but also the output power control. When unity power factor
is achieved, the output current i,. is a sinusoidal waveform in
phase with v, as

tac(t) = Liesin(2m fr t)
where [, is the amplitude of 7,.. From (14), the current 7,, is
1y () = |tac (t)| = [Laesin(2m f11)]. (15)

Since ¢,, is directly proportional to ¢ when using the hybrid
modulation, the phase shift angle ¢ should be a rectified sine
wave in phase with 7, as a following function ¢(t) to achieve
unity power factor:

(14)

p(t) = |Psin(2m fr 1))

where @ is the amplitude of the phase shift angle ¢(t). From (7)
and (16), (15) can be rewritten as follows:

1 : anC(I)
iy (t) = Lic|sin@n frt)| = ———
( ) | ( ¢ )| lefs,var
From (17), the amplitude of ¢(#) can be obtained as follows:
_ facLik fsvar
nVae

(16)

sin(27frt)].  (17)

d

(18)

When unity power factor is achieved, the output power p,(t)
is

Pac(t) = VaJacsin(27rth)2 = 2Pmsin(27rth)2
C acé .
= Msm(?wﬁt)? (19)
lefs,var

where P,. is the average output power of the proposed DAB
inverter and is expressed as

nVacVac®
2Ll k f s_var '

From (20), the decrease of f,_y., increases the output power
P,. without the increase of the turn ratio n.

Fig. 8 shows the control variables during the grid period
T, in positive power flow at Vg, =42 V, n =8, Ly = 185
uH, and V,. = 311 V. All phase shift angles 6, 0, and ¢ are
normalized. The minimum and maximum angles are 0° and
360°, respectively. Since the proposed hybrid modulation bases
on the outer mode of SHBM, 6, is always 0.5 and 6, ranges from
0to 0.5. The phase shift angle ¢ in the discharging and charging
modes is defined as shown in Fig. 5(a) and (b), respectively.

-Pac = (20)
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Fig. 9. Experimental waveforms of the prototype. (a) The output voltage
vy p fo FBI1, the output voltage v p of FB2, and the secondary current 7. in
positive power flow. (b) v, and i, in positive power flow. (¢) v, and i, in
negative power flow.

Also, ¢ is always a half of 8; in the proposed hybrid modulation.
Therefore, ¢ ranges from 0 to 0.25. From (16), the range of ®
can be obtained as follows:

0<® < 0.25. @21

Fig. 8(a) is divided into two regions which are the phase shift
control region and the frequency control region. The boundary
power P, is the average output power when ® reaches 0.25.
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When the output power P,. is under P, the proposed inverter
operates in the phase shift control region and P, is controlled by
adjusting ® of p(t). When P, is above P,, the proposed inverter
operates in the frequency control region and ¢ is constant at
0.25. In this region, P,. can be changed by adjusting the control
variable f_ya. Fig. 8(b) shows the control variables (¢) and
fs(t) for i,. with a sinusoidal waveform in phase with v, at the
average output power P,. of 1 kW. Fig. 8(c) shows the control
block diagram of the proposed inverter. Although the phase shift
control region and the frequency control region are divided on
the basis of the boundary power P,, since P, is the average
output power when ® reaches 0.25, they are practically divided
on ® as shown in Fig. 8(c). When ® is over 0.25, ® is fixed by
the limiter at 0.25 and f;_y., is determined by a proportional—
integral (PI) controller. The range of the switching frequency

fs(t)is
fs,min S fs(t) S fs,max

where fs_nin and f_ . are the minimum and the maximum
switching frequency, respectively. From (6), (16), and (22), the
range of f;_y., can be obtained as follows:

2fs,1nin S f57\"<lf S fs,max-

When @ is under 0.25, fs_ya; is fixed by the comparator at
fs_max and p,. is controlled by ¢(t).

Fig. 5(b) shows the main waveforms of the proposed DAB
inverter in the negative power flow. The instantaneous power
is transferred from the secondary to the primary side of the
transformer which demands a different sign of nv4p and igec.
In the negative power flow, the analytical expression of igec, %y,
and p,. can be obtained the same way as in positive power flow
considering six intervals from Fig. 5(b).

(22)

(23)

III. EXPERIMENTAL RESULTS

An experimental prototype was implemented to show the per-
formance and to verify the theoretical analysis of the proposed
bidirectional DAB inverter and the hybrid modulation. Also, it
was tested under the condition that the inverter was connected
to the grid. The prototype is designed for the rated output power
P,. =1 kW and the detailed information of the design of the
prototype is described in Table I. The switch Sgpy for grid
connection is implemented by a relay HR-CR3A11DCI12KH.
For testing of the prototype system, four lead-acid batteries
with 12V/100 Ah which are connected in series are used as
low voltage dc source at the input of the DAB inverter. The
electromagnetic interference filter is essential for eliminating
high-frequency harmonic currents from the ac source current
and the electromagnetic interference. The control system is im-
plemented in software using a single-chip microcontroller, Mi-
crochip dsPIC33EP512GM604. It is responsible for generating
the pulsewidth-modulated (PWM) gate drive signals, sensing in
the current and voltage measurement peripherals (12 bit A/D
converters), overcurrent and overvoltage protection, and dead-
time compensation.

Fig. 9 shows the experimental waveforms of the proposed
DAB inverter. Fig. 9(a) shows the output voltage vap of FBI,
the output voltage vcp of FB2, and the secondary current 4, at
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Fig. 10. Measured PF and THD of the output current ¢, .

one point in the grid period. As mentioned above, since s, has
a positive value at all points of ¢1, 5, and 3, all switches of FB1
and FB2 achieve the ZVS turn on. Fig. 9(b) and (c) show the
experimental waveforms of the output voltage v,. and current
1ac 1n the positive power flow and the negative power flow,
respectively. Since the output current %,. in Fig. 9(b) and (c)
is a sinusoidal waveform in phase with v,. according to power
flow, the proposed DAB inverter achieves the unity PF and low
THD in both positive and negative power flow. However, THD
of the output current 7,. in positive power flow is lower than
that in negative power flow. The proposed DAB inverter has a
dead time in their gate signals. The dead time has an impact in
the behavior of the system compared to the ideal one without
the dead time. The effect of the dead time in THD is clearly
not symmetrical. This is due to the fact that the dead time is
equivalent to an added phase, but this phase has always the
same direction. The effect is considerable at low angles, and
decreases as the phase increases. The proposed DAB inverter is
optimized by dead time compensation for only the dc—ac power
conversion. Therefore, 7,. in negative power flow has a higher
THD than in positive power flow.

Fig. 10 shows the measured PF and THD of the output cur-
rent i,. in the whole power. The prototype was successfully
tested in the full power range up until an output power of
1 kW. It achieves the high PF close to unity and low THD in
the whole power. Fig. 11 shows the measured power efficiency
of the proposed DAB inverter under all load conditions. Al-
though the proposed DAB inverter has low dc voltage source, it
achieves the high efficiency in heavy load conditions. However,
as the output power decreases, the no ZVS turn-on region and
the switching frequency of the DAB converter increase, which
cause the switching loss increase significantly. The maximum
efficiency of the proposed DAB inverter is 94.8% and the effi-
ciency at rated power is 94.2%. The efficiency is measured by
the digital power meter Yokogawa WT130.

IV. CONCLUSION

This paper has proposed a high-efficiency bidirectional DAB
inverter using a novel hybrid modulation for a stand-alone power
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Fig. 11. Measured power efficiency under entire load conditions.

generating system with low input voltage. Also, analysis and ex-
perimental results for the proposed DAB inverter using the novel
hybrid modulation have been presented. The proposed DAB in-
verter consists of a DAB dc—dc converter composed of two FBs
and a transformer and SR for unfolding the rectified sinusoidal
waveform. The low dc voltage is converted into the rectified
sinusoidal waveform through the DAB dc—dc converter and the
rectified sinusoidal waveform is unfolded into the grid voltage
with the sine wave. Thus, the proposed DAB inverter has only
single power conversion stage. The novel hybrid modulation
used in the proposed DAB inverter is composed of a phase shift
control and a variable frequency control. The variable frequency
control makes the nonlinear relation between ¢, and ¢ into a
linear relationship. Also, it provides the high-voltage conver-
sion ratio without the increase of the transformer turn ratio. The
linear relationship results in a simple closed-loop control, a low
THD, and a high PF close to unity. The 1 kW prototype has
high efficiency of 94.2% by the ZVS turn on of the switches
of FB1 and FB2. The proposed DAB inverter using the novel
hybrid modulation is a promising solution for high power appli-
cations, where efficiency, cost, and power density are important
and isolation is required.
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