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Bidirectional Current Sensorless Control for the
Full-Bridge AC/DC Converter With Considering

Both Inductor Resistance and Conduction Voltages
Hung-Chi Chen, Member, IEEE, and Jhen-Yu Liao

Abstract—The full-bridge converter is often connected between
the ac grid and the dc bus. In the conventional multiloop control,
the inner current control loop shapes the ac-side current waveform,
and the outer voltage control loop regulates the dc-bus voltage. In
this paper, the single-loop bidirectional current sensorless control
(BCSC) for the full-bridge ac/dc converter with considering both
the inductor resistance and conduction voltage is first proposed.
The average-value behavior of the full-bridge ac/dc converter is
analyzed and it is simplified to an equivalent single-switch model.
Based on this developed equivalent model, BCSC is designed and
implemented in the FPGA-based system. There is only voltage
control loop in the proposed BCSC (i.e., no current control loop),
but BCSC is able to regulate the dc-bus voltage and shape the ac-
side current. The provided results in both the rectifier operation
and the inverter operation demonstrate the effectiveness of the
proposed BCSC.

Index Terms—Current sensorless control, full-bride converter.

I. INTRODUCTION

THE four-switch full-bridge converter is a basic circuit
topology in the power electronics due to its bidirectional

ability in both the dc/dc conversion and the ac/dc conversion.
In the past years, the pulse-width-modulation (PWM) rectifiers
had been presented to replace the diode rectifiers for their high
power-factor ability. Many topologies of PWM rectifiers had
been studied. The full-bridge ac/dc converter as shown in Fig. 1
claims to provide the better input current waveform and the
ability of the bidirectional operation [1]–[3].

Recently, the full-bridge ac/dc converters are widely used
in the single-phase rectifier application and the single-phase
inverter applications, such as the power factor correction (PFC)
[4], [5], the front end of the motor drive [6], [7], the photovoltaic
generation system [8]–[11], the uninterruptible power source
[12], and the dc microgrid system [13], [14].
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Fig. 1. Full-bridge ac/dc converter with the conventional multiloop control.

The multiloop control as shown in Fig. 1 is often used to
control the full-bridge ac/dc converter [4]–[19]. There are two
control loops cascaded in the multiloop control. The outer volt-
age control loop regulates the dc-bus voltage Vo and the inner
control loop shapes the ac-side current is . The ac-side voltage
sign(Idc) is also sensed to obtain the phase information of the
ac grid for the inner current control loop.

In [4], the dual hysteresis current control loop was proposed to
improve the current shaping performance. Additional switches
were connected to the four-switch full-bridge converter to re-
duce the dc-bus voltage ripple and thus, increase the power
density [5]. The multiloop control was modified to reduce the
circulating current in parallel full-bridge converters in [6], [7],
and [10]. In addition, the maximum power point tracking scheme
and the multiloop control were integrated to control the PV-
based grid-tied system [8], [9]. For the parallel full-bridge in-
verters, the multiloop control with the centralized voltage loop
and the individual current loops was proposed in [12].

For the thyristor-based bidirectional ac/dc converter in [15],
the voltage sensorless concept was implemented with the mul-
tiloop control in which both the ac-side voltage and the dc-bus
voltage were estimated from the sensed rising/falling rate of
the inductor current. A PWM strategy for full-bridge ac/dc con-
verter was proposed in [16] where two switches switch in the
carrier frequency and the other two switches switch in the line
frequency.

In current control loop, relatively high-resolution current
A/D conversion is required over a wide range of the sensed
ac-side currents, which increases the complexity, the power
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TABLE I
SUMMARIZED RESULTS FOR VARIOUS CURRENT SENSORLESS

CONTROL METHODS

consumption, and the cost of the controller implementation [17].
In [17] and [18], the comparator-based sensing methods with-
out using the real analog-to-digital converters (ADCs) were
proposed to save the hardware cost in the multiloop control.

In order to remove the current measurement, numerous ap-
proaches were proposed in [19]–[23] and tabulated in Table I.
Like the voltage sensorless concept in [15], the inductor current
in continuous conducting mode (CCM) was rebuilt by the sensed
voltages [23]. All the listed current sensorless control methods
were developed for the single-phase diode rectifier plus the boost
converter, but not for bidirectional circuits. In addition, because
that the rules in CCM are significantly simpler than those in
discontinuous conduction mode (DCM), all the listed methods
are developed based on CCM. Therefore, to guarantee operat-
ing in CCM during the whole cycle, bulky inductors are often
selected [19], [21], [22].

Both voltage control loop and current control loop exist in [21]
and [23]. But only single voltage loop is included in [19], [20],
and [22]. Recently, to obtain the accurate current estimation and
reduce the accumulative error, the inductance, the inductor re-
sistance, and the conduction voltage had been considered in [21]
and [22]. The time delay had also been considered in [23]. It
shows that considering only inductance cannot meet the current
sensorless operation of the PFC function. In this paper, the bidi-
rectional current sensorless control (BCSC) for the full-bridge
converter is first proposed. Only the voltage control loop is in-
cluded in the proposed BCSC, and both the inductor resistance
and the conduction voltage are considered.

This paper is organized as following. In first, the behavior of
a full-bridge converter is studied and it can be simplified to an
equivalent single-switch model. Based on the developed model,
the BCSC is proposed. By considering the power flow direc-
tion and the polarity of the ac-side voltage, the four switching

Fig. 2. Full-bridge ac/dc converter with the proposed control method.

signals are generated. Finally, the provided simulation and the
experiment results are able to verify the proposed BCSC.

II. SINGLE-SWITCH MODEL FOR THE FULL-BRIDGE

AC/DC CONVERTER

Fig. 1 shows the full-bridge ac/dc converter with the pro-
posed control configuration. A full-bridge converter with four
switches is connected between the ac grid and the dc bus. Both
the ac-side voltage vs and the dc-bus voltage Vo are sensed. The
four switching signals GA+ ,GA−,GB+ , and GB− are gener-
ated from the switching signal generator according to three input
signals sign(V̂L ), sign (vs), and d(t). The switching signal d(t)
is generated from the proposed BCSC and the sign function
sign(x) is denoted as

sign(x) =
{

1, when x ≥ 0

0, when x < 0
. (1)

In order to represent the behavior of the full-bridge converter
accurately, the inductor resistance and the voltage drops of the
semiconductor devices are also considered in this paper. In ad-
dition, CCM is assumed during the line cycle.

A dc power supply operated in constant current (cc) mode is
connected to the dc bus to represent the direct power flow to the
dc bus. Since the yielded current Icc of the connected dc power
supply cannot be negative (i.e., Icc ≥ 0), a resistor R is also
connected in the dc bus to represent the load power in dc side.

When the power flow VoIcc is larger than the load power
V 2

o /R (i.e., the negative current Idc < 0), the dc-bus voltage Vo

would rise due to the capacitor C connected in the dc bus. In
order to regulate the dc-bus voltage Vo , excess power should be
transferred from dc-side bus to ac grid and thus, the full-bridge
converter needs to operate at the inverter mode. Contrarily, the
full-bridge converter needs to operate at the rectifier mode when
the power flow VoIcc is smaller than the load power V 2

o /R (i.e.,
the positive current Idc > 0).

Therefore, the signal sign(Idc) shown as the dashed line
in Fig. 2 is helpful in the derivation of the following single-
switch model of the full-bridge converter. However, this signal
sign(Idc) can be equivalently replaced by the other sign value
signal in the proposed BCSC. Therefore, the proposed control
method does not need to sense any current in fact.
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TABLE II
SUMMARY OF SWITCHING SIGNAL COMBINATION

According to the switching signal d(t), the sign value sign
(vs) of input voltage vs and the power direction signal sign (Idc),
four switching signals GA+ , GA−, GB+ , and GB− are gener-
ated based on the following rules. The summaries of generating
rules are tabulated in Table II

GA+ = sign(Idc) · sign(vs) + sign(Idc) · sign(vs) · d(t) (2)

GA− = sign(Idc) · sign(vs) + sign(Idc) · sign(vs) · d(t) (3)

GB+ = sign(Idc) · sign(vs) · d(t) (4)

GB− = sign(Idc) · sign(vs) · d(t). (5)

In the following sections, the behaviors at the rectifier mode
and the inverter mode are studied, respectively.

A. Rectifier Operation (sign(Idc) = 1)

At the rectifier operation sign(Idc) = 1, only one switch
switches with the switching signal d(t) and the other three
switches block. When the ac-side voltage is positive vs > 0,
only the switch TA− switches with the switching signal d(t)
and the other switches keep turning OFF. As the ac-side voltage
is negative vs < 0, only the switch TA+ switches with the signal
d(t).

According to (2)–(5), the gate signals during the positive input
voltage (sign(vs) = 1) and during the negative input voltage
(sign(vs) = 0) can be summarized as (6) and (7), respectively.
Switching signal d(t) is either d(t) = 1 or d(t) = 0

GA+ = 0, GA− = d(t), GB+ = 0, GB− = 0,

when positive voltage sign(vs) = 1 (6)

GA+ = d(t), GA− = 0, GB+ = 0, GB− = 0,

when negative voltage sign(vs) = 0. (7)

The resulting current flowing paths during positive input volt-
age and negative input voltage are plotted in Figs. 3 and 4,

Fig. 3. Current flowing path during positive input voltage vs > 0 (a) when
the switching signal d(t) = 1, (b) when d(t) = 0.

Fig. 4. Current flowing path during negative input voltage vs < 0 (a) when
the switching signal d(t) = 1, (b) when d(t) = 0.

respectively. When the switching signal d(t) = 1, the inductor
voltage of Figs. 3(a) and 4(a) can be expressed as (8) and (9),
respectively

vL = vs − VF − rL is , when positive voltage sign(vs)=1

(8)

vL = vs + VF − rL is , when negative voltage sign(vs)=0

(9)

where the constant VF is assumed to represent the total conduc-
tion drops through the flowing path. Then, the inductor voltage
in (8) and (9) for d(t) = 1 can be combined to the following
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Fig. 5. Current flowing path during positive input voltage vs > 0 (a) when
the switching signal d(t) = 1, (b) when d(t) = 0.

equation:

vL = vs − [2sign(vs) − 1]VF − rL is , when d(t) = 1.
(10)

Similarly, the inductor voltage of Figs. 3(b) and 4(b) for d(t)
= 0 can be expressed as (11) and (12), respectively

vL = vs − VF − rL is − Vo,

when positive voltage sign(vs) = 1 (11)

vL = vs + VF − rL is + Vo,

when negative voltage sign(vs) = 0. (12)

These two equations can be combined to the following
equation

vL = vs − [2sign(vs) − 1]VF − rL is − [2sign(vs) − 1]Vo,

when d(t) = 0. (13)

B. Inverter Operation (sign(Idc) = 0)

At the inverter operation sign(Idc) = 0, two switches switch
with the switching signal d(t) and the others switch with the line
voltage sign. When the ac-side voltage is positive vs > 0, the
switch TA+ keeps turning ON and the switch TB− switches with
the complement switching signal d(t). The other two switches
TB+ and TA− keep turning OFF. As the ac-side voltage turns
to negative vs < 0, the switch TA− keeps turning ON and the
switch TB+ switches with the complement switching signal
d(t).

The gate signals during the positive input voltage (sign(vs) =
1) and during the negative input voltage (sign(vs) = 0) can be
summarized as (14) and (15), respectively

GA+ = 1, GA− = 0, GB+ = 0, GB− = d(t) (14)

GA+ = 0, GA− = 1, GB+ = d(t), GB− = 0. (15)

In addition, the resulting current flowing paths during positive
input voltage and negative input voltage are plotted in Figs. 5
and 6, respectively. When d(t) = 1, the inductor voltage

Fig. 6 Current flowing path during negative input voltage vs < 0 (a) when
the switching signal d(t) = 1, (b) when d(t) = 0.

of Figs. 5(a) and 6(a) can be expressed as (16) and (17),
respectively

vL = vs + VF − rL is ,

when positive voltage sign(vs) = 1 (16)

vL = vs − VF − rL is ,

when negative voltage sign(vs) = 0. (17)

From (16) and (17), the inductor voltage for d(t) = 1 can be
simplified to the following equation:

vL = vs + [2sign(vs) − 1]VF − rL is , when d(t) = 1.
(18)

Likewise, from Figs. 5(b) and 6(b), the inductor voltage for
d(t) = 0 can be represented together

vL = vs + [2sign(vs) − 1]VF − rL is − [2sign(vs) − 1]Vo,

when d(t) = 0. (19)

C. Equivalent Single-Switch Model

By considering both (10) at the rectifier mode sign(Idc) =
1 and (18) at the inverter mode sign(Idc) = 0, the inductor
voltage can be expressed in terms of the power direction signal
sign(Idc) and the voltage polarity signal sign(vs).

vL = vs − KF VF − rL is , when d(t) = 1. (20)

Similarly, from (13) and (19), the inductor voltage for d(t) =
0 can be expressed as

vL = vs − KF VF − rL is − KoVo, when d(t) = 0. (21)

Therefore, according to (20) and (21), the equivalent single-
switch model for the bidirectional full-bridge ac/dc con-
verter can be plotted in Fig. 7 where KF = [2sign(Idc) −
1][2sign(vs) − 1] and Ko = [2sign(vs) − 1] are two gains to
represent the effects of the total conduction voltage drop VF

and the dc-side voltage Vo , respectively.
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Fig. 7. Equivalent single-switch modeling of the full-bridge AC/DC converter.

Fig. 8. Proposed BCSC.

III. PROPOSED CONTROLLER

From the developed equivalent single-switch model of the
full-bridge ac/dc converter, the average inductor voltage 〈vL 〉Ts

can be calculated with multiplying (20) by the conducting time
Ts · 〈d(t)〉Ts

and multiplying (21) by the blocking time Ts ·
(1 − 〈d(t)〉Ts

) where 〈vL〉Ts
represents the average value of the

inductor voltage vL within the switching period Ts .
Then, the average inductor voltage 〈vL 〉Ts

can be expressed
as

〈vL 〉Ts
= vs − KF VF − rL is − Ko(1 − 〈d(t)〉Ts

)Vo. (22)

A. BCSC

The proposed BCSC is plotted in Fig. 8 where the triangular
signal vtri varies between 0 and 1 periodically. A proportional-
integral (PI)-type voltage controller is used to regulate the dc-bus
voltage Vo and shape the ac-side current waveform effectively.
Two signals cos′(ωt) and sin′(ωt) are generated from the action
of the look-up table. Both cos′(ωt) and sin′(ωt) are synchro-
nized to the zero-crossing instants of the ac-side voltage vs via
the zero-crossing point detector (ZCP Detector).

The switching signal d(t) is obtained from the comparison of
the control signal vcont and the triangular signal vtri . Thus, the
duty ratio of the switching signal d(t) can be expressed as

〈d(t)〉Ts
= 1 − 〈vcont〉Ts

. (23)

In order to yield a sinusoidal ac-grid current is = Îs sin(ωt)
in phase with the ac-grid voltage vs , the average inductor voltage
〈vL 〉Ts

must follow the function cos(ωt). Thus, the desired aver-

age inductor voltage can be expressed as 〈vL 〉Ts
= V̂L cos(ωt)

where the bipolar signal V̂L represents the inductor voltage
amplitude. Since the average inductor voltage 〈vL 〉Ts

is ex-

pressed as V̂L cos(ωt), the yielded average inductor current

〈iL 〉Ts
would be

〈iL 〉Ts
=

V̂L

ωL
sin(ωt) = Îs sin(ωt). (24)

By substituting 〈vL 〉Ts
= V̂L cos(ωt), (23) and (24) into (22),

the average control signal 〈vcont〉Ts
needs to be

〈vcont〉Ts
=

1
Vo

⎧⎪⎪⎨
⎪⎪⎩

vs

[2sign(vs)−1]
− [2sign(Idc)−1]VF

− V̂L

[2sign(vs)−1]

[
cos(ωt)+

rL

ωL
sin(ωt)

]
⎫⎪⎪⎬
⎪⎪⎭

.

(25)
The average value of the yielded instantaneous power ps =

〈vs · is〉Ts
within the switching period Ts becomes

ps =
V̂s Îs

2
(1 − cos 2ωt) =

V̂s

2ωL
V̂

L
− V̂s

2ωL
V̂

L
cos 2ωt.

(26)
Furthermore, the average power P from ac grid to dc bus is

the average value of the instantaneous power 〈vs · is〉T within
the line period T = ω/2π.

P = 〈vs · is〉T =
V̂s

2ωL
V̂L . (27)

B. Replacement for sign Idc

Equation (27) is very important for the proposed BCSC. First,
the signal V̂L is bipolar, and thus, the yielded power flow P is
bidirectional. It means that the proposed BCSC is able to operate
in both the rectifier operation and the inverter operation.

In addition, the sign value sign(V̂L ) = 1 means that the
average power is positive P > 0 (i.e., rectifier operation with
sign(Idc) = 1). Zero value sign(V̂L ) = 0 means negative aver-
age power P < 0 (i.e., inverter operation with sign(Idc) = 0).
Therefore, the sign value sign(V̂L ) can be used to equivalently
replace for the sign value sign(Idc) shown in Table I, Fig. 2, and
(25). The resulting control signal vcont can be obtained by

〈vcont〉Ts
=

1
V ∗

o

{
|vs | − [2sign(V̂L ) − 1]VF − V̂L

[
cos′(ωt) +

rL

ωL
sin′(ωt)

] }
(28)

where cos′(ωt) = Ko cos(ωt) and sin′(ωt) = Ko sin(ωt). The
first term in the right-hand of (25) is equal to the rectified input
voltage |vs |.

Based on (28), the control signal vcont of the proposed BCSC
is plotted in Fig. 8. Because that the signal sign(Idc) is equiva-
lently replaced by the sign value sign(V̂L ), the proposed BCSC
does not need to sense the dc bus current Idc in fact.

C. PI-Type Controller

The transfer function of the output voltage perturbation ΔVo

due to the controller output signal ΔV̂L can be obtained from
the instantaneous power balance ps = pC + pdc between the ac-
side power ps , the dc-side delivered power pdc and the capacitor
power pC [10].
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From (22), the instantaneous power ps can be written as

ps =
v̂s

2ωL
(V̂L + ΔV̂L )(1 − cos 2ωt). (29)

The dc-side delivered power pdc with the small perturbation
Δpdc can be represented by the voltage command ΔV ∗

o plus the
perturbation ΔVo

pdc =
(V ∗

o + ΔVo)2

R
≈ (V ∗

o )2

R
+

2V ∗
o ΔVo

R
. (30)

The capacitor power pC can be represented by the voltage
perturbation ΔVo

pC =
d( 1

2 C(V ∗
o + ΔVo)2)
dt

≈ CV ∗
o

dΔVo

dt
. (31)

By neglecting the double line-frequency component in the
instantaneous power ps , substituting (29)–(31) into the balance
ps = pC + pdc can yield the following small-signal transfer
function Gs(s)

Gs(s) =
ΔVo(s)
ΔV̂L (s)

=
V̂s

2ωLCV ∗
o

1
(s + 2

RC )
. (32)

Obviously, the small-signal behavior of the dc-bus voltage
can be seen as a first-order model. Thus, the output voltage
can be well regulated by including the PI-type controller in the
proposed BCSC. After choosing the ratio of proportional gain
kP and the integral gain kI to the pole of Gs(s)

kI

kP
=

2
RC

(33)

the closed-loop transfer function of the output voltage ΔVo and
the output voltage command ΔV ∗

o can be obtained

ΔVo(s)
ΔV ∗

o (s)
=

kP
V̂s

2ωLC V ∗
o

s + kP
V̂s

2ωLC V ∗
o

. (34)

The closed-loop transfer function (34) can be seen as a
low-pass filter. In order to avoid the effect of the double line-
frequency voltage ripple in dc voltage bus, the cutoff frequency
of (34) is chosen to be far smaller than the double line frequency.
Therefore, the proportional gain can be chosen by

kP =
ω2LCV ∗

o

50V̂s

. (35)

IV. SIMULATION RESULTS

In this section, a series of computer simulations are performed
to demonstrate the proposed BCSC. Some nominal values and
circuit elements are listed in Table III. The simple PI-type volt-
age controller is used to regulate the output voltage and shape
the current waveform.

In the simulation, a resistor R = 80 Ω is connected to the
dc bus and a current source Icc is also connected to dc bus
to represent the direct power flow to the dc bus. When the
current source Icc is zero, the full-bridge ac/dc converter needs
to operate in the rectifier mode to transfer the average power
500 W from ac grid to dc bus to regulate the dc-bus voltage.
Once the current Icc is larger than 2.5 A, the full-bridge converter

TABLE III
SIMULATION PARAMETERS

needs to operate in the inverter mode to move some power from
dc bus to ac grid.

A. Pure Sinusoidal Grid Voltage

The simulated waveforms when the full-bridge converter op-
erates in the rectifier mode and in the inverter mode are plotted in
Fig. 9(a) and (b), respectively. The input current is is sinusoidal
in phase with the input voltage vs and the voltage amplitude V̂L

is tuned to about 12.0 V.
In Fig. 9(a), the current Icc is set to zero, and the dc-side

power is near 500 W. To supply the dissipated energy of the
resistor R = 80 Ω, the full-bridge converter needs to provide
the power flow near 500 W to dc bus. Two synchronized signals
cos′(ωt) and sin′(ωt) with double line frequency are generated
from the alignments to the ZCPs of the ac-grid voltage. The
voltage waveform vab shows that the used PWM method can be
seen as the unipolar PWM method, but its ripple frequency is
the same as the carrier frequency.

In this simulation, the inductor resistance and the conduction
voltages of the semiconductor devices are not set to zero. With
consideration of the loss of the full-bridge converter, the yielded
average power is near 530 W larger than 500 W.

On the contrary, when the current source Icc is set to 5 A,
the total dc-side power now is −500 W. In order to regulate
the dc-bus voltage, near 500 W power needs to be transferred
from dc bus and thus, the full-bridge ac/dc converter turns to
the inverter mode as shown in Fig 9(b). The yielded current is
sinusoidal and the steady-state value of the voltage amplitude
signal V̂L is about −9.7 V. It is noted that the net power flow
into ac grid is near 470 W smaller than 500 W due to the loss of
the full-bridge converter.

Therefore, the steady-state amplitude V̂L is not equalized.
When the system absorbing power from ac grid, the steady state
V̂L is about 12.0 V, but when the system is delivering power to
the ac grid, the steady state V̂L is about −9.7 V, not −12 V.

B. Distorted Grid Voltage

In the practical condition, the input voltage is often distorted
due to the input inductance as shown in Fig. 2. To evaluate the
performance of the proposed BCSC, the simulated waveforms
with distorted input voltage at the rectifier mode and the inverter
mode are plotted in Fig. 10(a) and (b), respectively. Although the
ac-grid voltage vs is distorted, the yielded input currents is are
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Fig. 9. Simulation results when the full-bridge converter operates (a) in recti-
fier mode with average input power ≈530 W (Icc = 0 A), (b) in inverter mode
with average input power ≈−470 W (Icc = 5 A).

closed to the sinusoidal waveforms. It shows that the proposed
BCSC is also able to work well with the distorted input voltage.

The simulated steady-state waveforms without considering
the inductor resistance and the conduction voltage (i.e., with
considering only inductance) at the rectifier mode and the in-
verter mode are plotted in Fig. 11(a) and (b), respectively. The
current initiates flowing at one ZCP, but falls to zero prior to the
next ZCP. The resulting zero-current duration makes power fac-

Fig. 10. Simulation results with distorted input voltage (a) in the rectifier
mode with the average power ≈530 W (i.e., Icc = 0 A), (b) in the inverter mode
with the average power ≈−470 W (i.e., Icc = 5 A).

Fig. 11. Simulation results with considering only inductance (a) in the rectifier
mode with the average power ≈530 W (i.e., Icc = 0 A), (b) in the inverter mode
with the average power ≈−470 W (i.e., Icc = 5 A).

tor leading and introduces larger current harmonics. The results
show that the proposed BCSC without considering the parasitic
effects is still stable, but yielded current waveform may not be
acceptable.

In practice, the circuit parameters may change due to the heat
from the power loss. As the inductor temperature increases, the
resistance may increase but the inductance may decrease, which
contributes to the circuit uncertainty.

With 10% changes of the circuit parameters rL = 0.5 Ω ×
1.1, L = 4.6 mH × 0.9 and no change of the control pa-
rameters rL = 0.5 Ω, L = 4.6 mH, the simulated steady-state
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Fig. 12. Simulation results with circuit parameters rL = 0.5 Ω × 1.1 and
L = 4.6 mH × 0.9 (a) in the rectifier mode with the average power ≈530 W
(i.e., Icc = 0 A), (b) in the inverter mode with the average power ≈−470 W
(i.e,. Icc = 5 A).

waveforms at the rectifier mode and the inverter mode are plot-
ted in Fig. 12(a) and (b), respectively.

The results show that the proposed BCSC is stable, but the
circuit yields larger current harmonics than the uncertainty-free
case as shown in Fig. 10. However, the current waveforms in
Fig. 12 are better than the special case with considering only
inductance as shown in Fig. 11, which also shows the benefits
of considering the resistance and the conduction voltage in this
paper.

The simulated waveforms with the average power ≈320 W
(i.e., Icc = 1.0 A) and input voltage 90 Vrms are plotted in
Fig. 13(a). Additionally, the simulated waveforms with the av-
erage power ≈−750 W (i.e., Icc = 6.5 A) under input voltage
130 Vrms are plotted in Fig. 13(b).

The yielded currents initiate flowing at the voltage ZCPs,
and returns to zero near the next ZCPs, which shows that the
proposed BCSC is able to work under various power levels and
various input voltages. However, the reported total harmonic
distortion (THD) value in Fig. 13 is smaller than the uncertainty-
free case as shown in Fig. 10. It means that the circuit parameters
need to be optimized to yield the smallest current harmonics at
the rated conditions.

C. Transient Response

In order to evaluate the transient performance of the proposed
BCSC, the simulated waveform with the sudden change of dc
current source from Icc = 0 A to Icc = 4 A and from Icc = 4 A
to Icc = 0 A are plotted in Fig. 14(a) and (b), respectively.

In Fig. 11(a), the current Icc increases suddenly from 0 to 4 A,
and the dc-side current Idc has a sudden drop from 2 to −2 A.
The sudden change contributes to the rapid rise of the dc-bus

Fig. 13. Simulation results with various power levels and various input volt-
ages (a) with the average power ≈320 W (i.e., Icc = 1.0 A) under input voltage
90 Vrms, (b) with the average power ≈−750 W (i.e,. Icc = 6.5 A) under input
voltage 130 Vrms.

voltage Vo . It means that the full-bridge ac/dc converter needs
to operate at the inverter mode to sweep the power imbalance.

At the same time, the negative voltage error εV turns to neg-
ative, and thus, the PI-type controller tunes its output V̂L from
the positive value 9.2 V to the negative value −7.9 V in order
to regulate the dc-bus voltage Vo . After less than 40 ms, the
dc-bus voltage is restored and the yielded input current is near
sinusoidal waveform.

Due to the input inductance in the ac grid, the measured volt-
age vs in the rectifier operation is the infinite bus voltage minus
the voltage drop of the inductor. But in the inverter operation,
the voltage drop is negative and the ac-grid voltage vs would be
larger than that in the rectifier operation. Therefore, the peak am-
plitude of the ac-side voltage vs increases as shown in Fig. 14(a)
after the full-bridge converter changes from the rectifier mode
to the inverter mode.

Similarly, when the current Icc decreases suddenly from 4 to
0 A, the dc-bus voltage Vo drops rapidly. In order to regulate
the dc-bus voltage, the full-bridge converter needs to operate
at rectifier mode and thus, the peak amplitude of the ac-side
voltage decreases as shown in Fig. 14(b).

Therefore, the provided simulation results demonstrate the
proposed BCSC.

V. EXPERIMENTAL RESULTS

The experimental setup and the FPGA-based implementation
of the proposed BCSC are plotted in Fig. 15. The circuit parame-
ters had been tabulated in Table II. A dc power source operating
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Fig. 14. Simulation results when dc current source suddenly changes (a) from
Icc = 0 A to Icc = 4 A, (b) from Icc = 4 A to Icc = 0 A.

at CC mode is connected to the dc bus to represent the direct
power flow into the dc bus.

Due to no A/D function in a commercial FPGA chip, an
external A/D converter is used to sense the output voltage and a
zero-crossing detecting circuit is used to detect the zero-crossing
of the ac-side voltage. Some D/A converters are used to show
the control variables of the implemented BCSC in the scope.

The average current model is the basis of the proposed BCSC
and it is developed based on the CCM assumption. When the
input ac voltage is at near ZCPs, the circuit often operates in
DCM due to the cusp distortion. To meet the assumption of

Fig. 15. Experimental setup of the proposed BCSC.

CCM, either high switching frequency or the bulky inductor
should be selected.

The switching frequency 40 kHz is first selected based on the
concern of PWM resolution in the FPGA-based implementation.
Therefore, the bulky inductor 4.6 mH is selected to guarantee
the CCM assumption. Those current sensorless control methods
in Table I also select bulky inductors.

A. Pure Sinusoidal Grid Voltage

In order to provide a pure sinusoidal voltage waveform, an
equipment (named programmable ac voltage source) is directly
connected to the ac-side voltage. The current Icc is set to zero and
thus, the full-bridge converter needs to operate at rectifier mode.
The yielded ac-side current and the dc-bus voltage waveform is
plotted in Fig. 16(a).

Because that the programmable ac power source cannot ab-
sorb power, no experimental result of the inverter mode with the
sinusoidal voltage is provided.

B. Distorted Grid Voltage

By plugging into the ac grid, the yielded waveforms at rectifier
mode and at inverter mode are plotted in Fig. 16(b) and (c),
respectively. In Fig. 16(b), the current Icc in dc power source
is set to zero and the full-bridge converter needs to operate in
rectifier mode to regulate the dc-bus voltage. The yielded input
current is is in phase with the input voltage, and some distortion
can be found in Fig. 16(b) due to the distorted grid voltage. The
measured THD factor is 4.81%.

In Fig. 16(c), the current Icc in dc power source is set to 5 A
and the full-bridge converter needs to transfer some power to
ac grid to balance the power. The yielded input current is is
aligned to the ac-side voltage vs , and the measured THD factor
is 14.84%.

Due to the voltage drop across the input inductance as shown
in Fig. 2, the peak amplitude of the measured ac-side voltage vs

at Fig. 16(c) is larger than that in Fig. 16(b).
Since the dc power supply is operated in CC mode, its output

current Icc may be disturbed by the variation of the dc-bus
voltage. Therefore, as shown in Fig. 14, the current Icc carries
double line-frequency ripple due to the double line-frequency
voltage ripple in the dc voltage Vo . Thus, when the converter
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Fig. 16. Experimental waveforms (a) with sinusoidal input voltage (average
input power ≈500 W); (b) with distorted input voltage (average input power
≈500 W); (c) with distorted input voltage (average input power ≈−500 W).

operated in inverter operation, the current Icc does not keep
fixed.

But the current Icc has no current ripple when the current
Icc is set to zero. Therefore, the yielded current waveform of
the inverter operation as shown in Fig. 16(c) possesses larger
harmonics than that as shown in Fig. 16(b).

The experimental waveforms at distorted input voltages
90 Vrms and 130 Vrms are plotted in Figs. 17 and 18, respec-
tively. The results show that the proposed BCSC is able to work
under various input voltage and various power levels.

C. Transient Response

The experimental results during the change of power supply
current Icc from 0 to 4 A and from 4 to 0 A are plotted in
Fig. 19(a) and (b), respectively. The dc-bus voltage Vo is well
regulated to 200 V and the yielded input current is is in phase
with the input voltage. Like the simulation results in Fig. 14, the

Fig. 17. Experimental waveforms at distorted input voltage 90 Vrms (a) with
average input power ≈300 W; (b) with average input power ≈−300 W.

Fig. 18. Experimental waveforms at distorted input voltage 130 Vrms
(a) with average input power ≈800 W; (b) with average input power ≈−800 W.

peak amplitude of the ac-side voltage vs may changes after the
operation mode of the full-bridge converter is changed.

In addition, the real power supply current Icc cannot change
suddenly like the simulations in Fig. 14, and it has a significant
transient time near 20 ms. In fact, the direct power flow to the dc
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Fig. 19. Experimental waveforms during the change of direct dc power flow
(a) from Icc = 0 A to Icc = 4 A, (b) from Icc = 4 A to Icc = 0 A.

bus cannot change suddenly and thus, the transient time makes
the experiment more closed to the practical condition.

However, these results have verified the feasibility of the
proposed system and control scheme.

VI. CONCLUSION

In this paper, the behavior of the full-bridge ac/dc converter
has been studied and its single-switch model is proposed. Ac-
cording to the developed equivalent single-switch model, BCSC
has been proposed and implemented. The experiment results
show that the proposed BCSC is able to shape the ac-side cur-
rent and regulate the dc-side voltage. The proposed BCSC with
reduced number of sensor can be used to regulate the dc-grid
voltage in the household application. However, the waveform in
the inverter operation has larger current harmonic than that in
the rectifier operation, which needs more attention to improve
it.
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