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Abstract—Division-summation (D-Σ) digital control has been
successfully applied to the single-phase bidirectional inverter with
an LC filter, which can cover wide inductance variation and achieve
precise inverter current tracking. However, high frequency ripple
current injection to the grid cannot be avoided, and an LCL fil-
ter is therefore required. Since there typically exist grid voltage
harmonics, the injected grid current will contain harmonic com-
ponents due to the effect of the LCL-filter capacitor. This paper
presents an extended application of the D-Σ digital control asso-
ciated with a filter-capacitor-current compensation to reduce the
injected grid-current harmonics. The control laws of the inverter
with the D-Σ digital control and compensation approach are de-
rived in detail, and the reduction of grid-current harmonics is an-
alyzed. With the proposed approaches, the phase margin between
the output impedance of the inverter and grid impedance can be
higher than 80° from low to high frequencies, and the inverter can
achieve high harmonic voltage rejection ratio up to 39th harmonic,
which is relatively suitable for weak grid connection. Experimental
results measured from a 5-kW single-phase bidirectional inverter
have verified the feasible application of the D-Σ digital control and
proposed compensation.

Index Terms—Division-summation (D-Σ) digital control, dc dis-
tribution system, grid connection (GC), LCL filter, power factor
correction (PFC), wide inductance variation.

I. INTRODUCTION

S INGLE-PHASE bidirectional inverters have been adopted
widely for dc-microgrid applications, of which they can

operate in grid-connection mode (GC) or rectification mode
with power factor correction (PFC). Fig. 1 shows a conven-
tional inverter with a typical LCL filter [1]–[7] to improve grid-
current harmonics which are caused by switching action and
grid-voltage distortion. However, the inverter with an LCL fil-
ter is subjected to instability issue, which in turn will result in
grid-current distortion. Many attempts have been proposed for
single-phase inverters [3]–[15] and three-phase ones [16]–[19]
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Fig. 1. Circuit diagram of a single-phase bidirectional inverter with an LCL
filter and its control blocks.

to stabilize system operation and reduce grid-current harmonics
due to distorted grid voltage. Conventionally, the inverters were
modulated with SPWM or SVPWM as voltage sources and with
various controls, such as adaptive current control sensing all of
the state variables of the LCL filter [4], proportional-resonant
and repetitive control [5], current feedback [11], [12], full feed-
forward of grid voltage [13] and multisliding surface [14]. These
control strategies can improve gird current with low distortion,
while their output impedances have not been presented to in-
vestigate the stability of a grid-connected inverter with an LCL
filter and finite grid impedance. The author [6] has proposed an
impedance-based stability criterion for the inverter and this con-
cept has been further deducted by Yang et al. [7] to propose an
impedance shaping approach for improving stability when the
inverter is connected to a weak grid condition. The impedance
shaping approach [7] is feasible, but the output impedance of
the inverter at low frequency is close to the phase of −90°. This
will result in oscillation when the grid impedance is high (i.e.,
a weak grid condition). Similarly, the studied inverter [7] was
modulated with SPWM as a voltage source, controlled by a PI
controller, and filtered with an LCL filter to yield grid current.
This kind of control is somewhat loose and sluggish, and its
output impedance is not high enough that the inverter cannot
be modeled as a current source. Moreover, the inverter induc-
tance varying with its current has not been considered in the
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controller design, which might result in instability at high-power
applications.

Recently, the researchers [20], [21] have proposed the D-Σ
digital control for single-phase and three-phase inverters with
LC filters to cover wide inductance variation and to track si-
nusoidal inverter current reference precisely. With an LC fil-
ter and D-Σ control, however, the grid-current distortion due
to switching action and grid-voltage harmonics has not been
improved yet. This paper presents an extended application of
the D-Σ digital control associated with filter-capacitor-current
compensation (FCCC) to a single-phase bidirectional inverter
with an LCL filter and with wide filter-inductance variation. The
proposed approach will modify the inverter current reference to
cover the capacitor current under distorted line voltage, which in
turn can shape grid current sinusoidally. Theoretical analysis of
the proposed method is first presented and the impedance-based
stability analysis [6] is adopted to investigate the stability of the
inverter with an LCL filter and finite-grid impedance. Experi-
mental results measured from a 5-kW single-phase bidirectional
inverter are presented to verify the analysis and discussion.

As described in [20] and [21], the inverters with wide induc-
tance variation (over seven times), due to soft-saturation core
material, will cause current oscillation and result in high cur-
rent ripple which will affect the current tracking accuracy. The
generally used core materials for inverters are ferrite (gapped),
molybdenum permalloy powder (MPP), or high flux. Ferrite
core has to be added with air gap to increase its saturation
margin, but for its low flux density [22]–[24], its volume will
be much larger than the others with the same saturation point.
Thus, in this study, the inductors constructed with MPP core are
adopted.

II. REVIEW OF D-Σ DIGITAL CONTROL

For GC and rectification applications, control systems are
used to track grid-current references. With a digital control sys-
tem, only can the total inductor-current variation and error over
one switching cycle be compensated to determine the next-cycle
control. Thus, in deriving the control laws for the inverter with
the D-Σ control, one switching cycle is first divided into two
time intervals, corresponding to two operational modes, and
each of which is corresponding to a portion of the total current
variation. The two portions are then summarized to obtain the
total inductor-current variation over one switching cycle. In the
following, derivations of the control laws for GC and rectifica-
tion modes are reviewed and presented [20].

A. GC Mode

In GC mode and with bipolar operation, the operational prin-
ciple of the full-bridge inverter shown in Fig. 1 is similar to
that of two buck converters operated in positive and negative
half-line cycles, respectively.

1) Division (D): Based on the buck-converter operational
principle, it will lead to two operational modes, magnetization
and demagnetization of the inductor, within one switching pe-
riod. Thus, we can divide one period into two portions and apply

KVL to yield the following state equations:

Δil,mag =
vdc − vc

Ls(il)
dTs (1)

and

Δil,dem = −vdc + vc

Ls(il)
(1 − d)Ts (2)

where Ts is the switching period, Ls(il) is the measured induc-
tance which is a function of inductor current iL , and d denotes
a duty ratio.

2) Summation (Σ): The total current variation over one
switching period can be obtained by summarizing the previ-
ous two state equations, which can be expressed as

ΔiL =
vdc − vc

Ls(il)
dTs −

vdc + vc

Ls(il)
(1 − d)Ts (3)

where

Δil = Δil,mag + Δil,dem .

From (3), the control law, dGC , for GC mode can be deter-
mined as

dGC =
1
2

+
vc

2vdc
+

Δil · Ls(il)
2vdc · Ts

. (4)

The digital control uses reference current difference
(ΔIgr (n + 1) = Igr (n + 1) − Igr (n)) as a feedforward signal
and the current error (Δil(n) = Igr (n) − il(n)) to derive the
control for next switching cycle. Finally, the total current differ-
ence Δil(n + 1) at time step n+1 can be expressed as follows:

Δil(n + 1) = ΔIgr(n + 1) + Kp · Δil(n). (5)

To be consistent with the feedforward gain, compensation
gain Kp is chosen to be unity. With the information of Δil(n +
1), the control dGC shown in (4) can be obtained to control the
switches shown in Fig. 1, and it is expressed as

dGC(n + 1) =
1
2

+
vc(n)

2vdc(n)

+
(ΔIgr(n + 1) + Δil(n)) · Ls(il)

2vdc · Ts
. (6)

B. Rectification Mode

When the bidirectional inverter is operated in rectification
mode with PFC, the inverter acts like a boost converter which
is just the complementary operation of a buck converter in GC
mode. The control law of dRec in rectification mode can be
determined as

dRec (n + 1) = dGC (n + 1) = 1 − dGC (n + 1)

=
1
2

+
vc (n)

2vdc (n)
+

(ΔIgr (n + 1) + Δil (n)) · Ls (il)
2vdc · Ts

· (7)

With the control law, the D-Σ digital control can track the
inverter current reference precisely cycle by cycle to yield sinu-
soidal inverter current il .
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III. FCCC

In the previous design and implementation of an inverter
with an LC filter [20], [21], current-tracking command Igr for
inverter current il is a fundamental sinusoidal function. With
the D-Σ control, the inverter can track Igr precisely for the
inverter current. However, grid-current ig distortion will become
serious when the inverter is with an LCL filter and the grid has
significant voltage harmonics. It can be proved that when grid
voltage vg contains harmonics, filter-capacitor current ic , as
shown in Fig. 1, will also contain harmonic components. Thus,
to inject fundamental sinusoidal current waveform into the grid,
the new current reference, i∗lr , for the inverter current il should
be determined as

i∗
l r

= Igr + ĩc (8)

where

Igr = IM sin(ωTS ) (9)

is the grid reference current and ĩc is the estimated capacitor
current which can be calculated as follows:

ĩc =
Cs(vc(n + 1) − vc(n))

Ts
(10)

where vc(n + 1)(= ĩc) can be estimated as follows:

ṽc(n + 1) = vp(n) +
Lg (Igr(n + 1) − Igr(n − 1))

TS
(11)

where vc(n) is the sensed capacitor voltage and vp(n) is the
sensed voltage at PCC. Reference Igr is in phase with voltage
vp and IM is the amplitude of Igr . The proposed compensation
scheme is designed to filter out the effect of capacitor current
containing low harmonic components up to 60 × 39th Hz ( =
2.34 kHz). The design rule of the filter can be found from [25].
In this study, Ls = 1.5 mH, Lg = 500 μH, and Cs = 10 μF
were selected. With the FCCC and the D-Σ control, the inverter
can track the modified current reference i∗lr precisely for inverter
current il , which can ensure sinusoidal current (ig ) injection to
the grid. An overall control block diagram in s-domain is shown
in Fig. 2.

Conventionally, a single-phase inverter was modulated with
SPWM to become an ac voltage source with the amplitude of
MVdc , where M is the modulation gain and Vdc is the dc-side
voltage. During grid-current tracking control, the compensated
current error will tune the modulation gain and go through the
LCL filter to yield the output grid current ig . This control process
for grid-current tracking is typically sluggish and loose. Unlike
the conventional approach, the proposed is to control the inverter
to be a current source il and it is compensated with an estimated
capacitor current ĩc . With this control process, it is equivalent
that the current (il − ĩc) will be just filtered through an inductor
Lg to yield grid current ig , as shown in Fig. 2(a). Thus, the grid
current can be controlled tightly and with fast response. More-
over, the output impedance Zo can have high phase margin with
respect to grid impedance Zl , which can ensure stability under
weak grid condition. Note that in the digital implementation,
the vC in (6) and (7) is substituted with ĩc(n+1).

Fig. 2. Control block diagram of the proposed FCCC and based on D-Σ digital
control: (a) s-domain model and (b) equivalent transformation.

In Fig. 2(a), the inner inverter-current plant Gp(= Δîl/d̂ can
be derived from the control law shown in (6) as follows:

Gp =
∂Δil
∂d

=
Δîl

d̂
=

2vdcTS

LS
. (12)

The compensator Gc is designed as

Gc =
1

Gp
=

LS

2vdcTS
(13)

which can cancel the variation of inductance Ls , dc-voltage vdc
and switching period Ts , increasing robustness of grid-current
tracking. The rest of the parameters shown in Fig. 2(a) are given
as follows: H1 = 1, Zg = sLg , ZC = 1/sCs , and e−sTs is ap-
proximated with a first-order Taylor series, (1 − sTs). An equiv-
alent transformation of the control block diagram in Fig. 2(a) is
shown in Fig. 2(b), in which

Gil =
GcGp

1 + GcGpH1 − e−sTs
(14)

and

Hc =
Cs(1 − e−sTs )

Ts
. (15)

To investigate the tracking capability of grid current ig to
its reference Igr , harmonic voltage rejection ratio of ig to vp ,
and grid impedance accommodatibility, the following transfer
functions are derived:

Gig =
ig
Igr

∣
∣
∣
∣
vp =0

=
Gil

1 + T
(16)

Giv =
ig
vp

∣
∣
∣
∣
Ig r =0

=
−T

Zg (1 + T )
. (17)
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Fig. 3. Equivalent circuit of the controlled current-source inverter connected
to the grid with grid impedance Zl .

Fig. 4. Bode plots of grid reference current Ig r to grid current ig transfer
function (ig /Ig r ) and grid voltage vg to grid current ig transfer function
(ig /vg ).

And Zo by definition is shown as follows:

Zo =
−1
Giv

=
Zg (1 + T )

T
(18)

where the loop gain T is expressed as

T =
Zg

Zc
− HcZgGil . (19)

An equivalent circuit of the grid-connected inverter can be
represented in a Norton-equivalent-circuit form, as shown in
Fig. 3, where Zl denotes the grid impedance.

Based on the previous transfer functions, the Bode plots of
ig /Igr and ig /vp are shown in Fig. 4, from which it can be
observed that at frequency below 2.5 kHz, grid current ig can
track its reference Igr tightly, and reject the harmonic voltage
of vp with 40 dB/dec. Note that there exists around 10° phase
lagging at frequency between 600 Hz and 2 kHz, but it will not
affect the tracking capability at fundamental frequency. Since
high-order harmonic components are typically not significant,
the phase lagging will not deteriorate in harmonic-voltage re-
jection. Moreover, the tracking capability and rejection ratio
are independent of Ls . The impedance plots of Zo and Zl are
shown in Fig. 5, in which Zl is assumed to be a resistor 0.01 Ω
in series with an inductor 1 mH. It can be seen that at the
intersection point of Zo and Zl , the phase margin is around
80°, and at higher Zl , the phase margin will be always 90°.
Again, the impedance of Zo is independent of Ls of which its
inductance varies with the current over wide range. It can be
also observed that the proposed approach yields high output
impedance (80 dB) at line frequency 60 Hz. The limitation of
the proposed approach is that the dc-side voltage Vdc must be
higher than vC (= ig (Zg + Zl) + vg ) to ensure control freedom.

Fig. 5. Bode plots of inverter output impedance Zo and grid impedance Zl .

Fig. 6. Impedance plots of Zl and Zo under a conventional SPWM approach
and with variable inductance Ls and Lg .

In fact, it is natural that only when vdc is higher than vC , the
inverter current il can be controlled.

For comparison, the impedance plots of Zo and Zl under a
conventional SPWM approach with a PI controller and with
variable inductance Ls and Lg are shown in Fig. 6. It can be
seen that output impedance Zo varies with Ls and Lg ; it is
only 40 dB at 60 Hz, and when Ls is with higher inductance
(1.5 mH), the phase margin is only around 15°. Moreover, when
Zl increases, the intersection point of Zl and Zo will move
toward low frequency, resulting in phase margin even lower than
5° and having stability problems. Note that higher inductance
Ls is necessary for an inverter with bipolar operation to reduce
current ripple. An overall block diagram for implementing the
D-Σ control law and the FCCC with time step indicated is shown
in Fig. 7.

IV. EXPERIMENTAL RESULTS

In the experiment, the grid voltage vg is 220 V and the fre-
quency is 60 Hz. Based on the aforementioned specification and
analysis, parameter design of the power stage is summarized in
Table I. The inverter inductance varies from 1.5 mH to 600 μH,
the switching frequency is 20 kHz, the capacitance Cs is 10 μF,
and inductance Lg varies from 500 to 420 μH. The power diodes
are realized with silicon carbide, which have no reverse recovery
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Fig. 7. Control block diagram for implementing the proposed FCCC and D-Σ
digital control with time step indicated.

TABLE I
SYSTEM PARAMETERS OF THE INVERTER PROTOTYPE

Parameters Symbols Values

DC-bus voltage vD C 360–400 V
AC output voltage vN 220 Vrms
Maximum rated
power

Pmax 5 kW

Line frequency fl 60 HZ

Inverter inductors Ls 600 μH–1.5 mH
Filter capacitor Cs 10 μF
Inductance Lg 420–500 μH
Grid inductance Ll 2 mH, 5 mH
Power switch IGBT G40N60A4 VC E (on)typ. = 1.28 V,

VC E S = 600 V, and
IC (T C = 2 5 ◦C ) = 70 A

Power diode (silicon
carbide)

CREE C3D20060D VF (T J = 2 5 ◦C ) typ. = 1.5 V
Zero-recovery time

Switching frequency fs 20 kHz

Fig. 8. Photograph of the designed single-phase bidirectional inverter system.

time. A photograph of the designed single-phase bidirectional
inverter is shown in Fig. 8.

The harmonic components of the output currents were mea-
sured up to 20th harmonic with a power analyzer WT1600. The
test conditions of grid voltage harmonics are based on a pro-
grammable ac source, Chroma 61512, which can provide up to
39th harmonic for the ac voltage.

Fig. 9. Measured waveforms of inverter current il , grid current ig , and grid
voltage vp in (a) GC mode and (b) rectification mode under 5 kW and no
harmonic voltage. (Zl = 2 mH.)

Fig. 10. Measured waveforms of inverter current il (THD: 1.5%) and grid
current ig (THD: 4.3%) in GC mode and under 2 kW, with harmonic voltage
(VTHD = 3%) and without FCCC. (Zl = 2 mH.)

A. Test With D-Σ Control

Fig. 9(a) and (b) shows the measured inverter current il , grid
current ig , dc-bus voltage vdc , and pcc voltage vp waveforms
in GC mode and rectification mode under 5 kW load condition.
It can be seen that the inverter current il waveform is sinu-
soidal, verifying the feasibility of the designed inverter with
D-Σ digital control. Moreover, the inverter was tested with dis-
torted grid voltages. In Fig. 10, when the pcc voltage has ob-
vious distortion (VTHD = 3%), the inverter current il can still
maintain sinusoidal current waveform (total harmonic distortion
(THD) <1.5%) with the proposed D-Σ digital control, but with-
out FCCC, the grid current ig comes out with high distortion
(THD >4%).

B. Test With FCCC

To test the feasibility of the proposed FCCC, the pro-
grammable ac source was employed to build four grid-voltage-
distortion conditions, which are shown in Table II. In the test,
the grid impedance Zl is set to a pure inductor of 2 mH. Figs.
11–14 show inverter current il , grid current ig , ac voltage vp ,
and dc-bus voltage vdc waveforms in GC mode. In case I test
condition, the THD of voltage vp is around 18.5%. Without the
proposed FCCC, the inverter can track sinusoidal current refer-
ence for inverter current il , but grid current ig is highly distorted
and its THD is 18.8%, as shown in Fig. 11(a). From Fig. 11(b),
it can be seen that the inverter tracks new current reference for il
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TABLE II
THREE TEST CONDITIONS OF GRID DISTORTION

Case Harmonic order % Measured item Without FCCC
(GC mode)

With FCCC (GC
mode)

Without FCCC
(rectification mode)

With FCCC
(rectification mode)

Case I 5 9.8 PF 0.96 0.98 0.96 0.98
7 15.8 VT H D (%) 18.5 18.4 18.4 18.4
8 2.16 IT H D (%) 18.8 3.2 18.7 2.8

Case II 3 4.9 PF 0.98 0.99 0.98 0.99
5 1.6
7 2.7 6.4 6.4 6.4 6.4

11 1.4 VT H D (%)
15 2 IT H D (%) 9.4 3.8 9.3 3.3
17 1.1

Case III 3 17.8 PF 0.96 0.98 0.96 0.98
VT H D (%) 17.8 17.7 17.7 17.8
IT H D (%) 17.7 2.1 17.8 2.0

Case IV 7 4.6 PF 0.97 0.98 0.97 0.98
9 1 VT H D (%) 4.9 5.1 4.9 5.0

21 0.9
39 0.7 IT H D (%) 5.1 2.5 5.1 2.6

Fig. 11. Measured waveforms of inverter current il , grid current ig , and grid
voltage vp (a) without and (b) with FCCC in GC mode and under case I test
condition. (Zl = 2 mH.)

Fig. 12. Measured waveforms of inverter current il , grid current ig , and grid
voltage vp (a) without and (b) with FCCC in GC mode and under case II test
condition. (Zl = 2 mH.)

so as the grid-current distortion can be filtered out, in which the
THD of the grid current is reduced to 3.2%. In cases II and III
test conditions, the THDs of the grid currents are reduced from
9.4% to 3.8% and from 17.7% to 2.1%, respectively. In case IV
test condition, the grid voltage is distorted with a 39th harmonic,
and the THD of the grid current can be reduced from 5.1% to
2.5% with the FCCC. Figs. 15–18 show those in rectification
mode. In case I test condition, the THD of voltage vp is around
18.4%. Without the FCCC, the inverter can track sinusoidal cur-
rent reference for il , but grid current ig is highly distorted again,

Fig. 13. Measured waveforms of inverter current il , grid current ig , and grid
voltage vp (a) without and (b) with FCCC in the GC mode and under case III
test condition. (Zl = 2 mH.)

Fig. 14. Measured waveforms of inverter current il , grid current ig , and grid
voltage vp (a) without and (b) with FCCC in the GC mode and under case IV
test condition. (Zl = 2 mH.)

and its THD is 18.7%, as shown in Fig. 15(a). From Fig. 15(b),
it can be seen that the inverter tracks new current reference for
the inverter current so as the grid-current distortion can be fil-
tered out, in which the THD of the grid current is reduced to
2.8%. In cases II–IV test conditions, the THDs of the grid cur-
rents are reduced from 9.3% to 3.3%, from 17.8% to 2.0%, and
from 5.1% to 2.6%, respectively, verifying the proposed current
compensation. Fig. 19(a) shows those under a step-load change
from 2 to 4 kW, with grid inductor Ll = 5 mH, and with low
THD vp , and Fig. 19(b) shows those with high THD vp . It can
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Fig. 15. Measured waveforms of inverter current il , grid current ig , and grid
voltage vp (a) without and (b) with FCCC in rectification mode and under case
I test condition. (Zl = 2 mH.)

Fig. 16. Measured waveforms of inverter current il , grid current ig , and grid
voltage vp (a) without and (b) with FCCC in rectification mode and under case
II test condition. (Zl = 2 mH.)

Fig. 17. Measured waveforms of inverter current il , grid current ig , and grid
voltage vp (a) without and (b) with FCCC in rectification mode and under case
III test condition. (Zl = 2 mH.)

be seen that when the power is changed, the grid current ig can
still maintain sinusoidal waveforms without obvious distortion.
Fig. 20 shows the plots of current and voltage waveforms under
the variations of capacitance Cs and inductance Lg . From the
grid current ig waveforms, it can be observed that the proposed
control and compensation are not sensitive to these variations.

V. CONCLUSION

An extended application of the D-Σ digital control associ-
ated with FCCC to a single-phase inverter with an LCL filter
and wide filter-inductance variation has been presented in this
paper. The D-Σ digital control has been first reviewed to de-
rive the control laws for inverter current tracking. With the
control laws, the controller can tune loop gains correspond-
ing to inductance variation cycle by cycle. Additionally, the
FCCC can improve grid-current distortion under distorted grid

Fig. 18. Measured waveforms of inverter current il , grid current ig , and grid
voltage vp (a) without and (b) with FCCC in rectification mode and under case
IV test condition. (Zl = 2 mH.)

Fig. 19. Measured waveforms of inverter current il , grid current ig , and grid
voltage vp under a step-load change from 2 to 4 kW and (a) with low THD vg ,
and (b) with high THD vg . (Zl = 5 mH.)

Fig. 20. Simulated results of inverter current il , grid current ig , and grid
voltage vp : (a) Cs with +5% error, (b) Cs with –5% error, (c) Lg with +5%
error, and (d) Lg with –5% error in the GC mode and under case I test condition.
(Zl = 2 mH.)

voltages. Moreover, the proposed approaches control the in-
verter to become a current source which can achieve tight grid-
current tracking, high harmonic-voltage-rejection ratio and high
phase margin even under weak grid condition. Analytical re-
sults, Bode plots of ig /Igr and ig /vp , and impedance plots have
confirmed the tracking capability and stability of the grid cur-
rent under weak grid condition, and experimental results have
verified the feasibility of the extended application of the D-Σ
digital control and the FCCC.



3910 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 7, JULY 2015

REFERENCES

[1] F. Blaabjerg, T. Teodorescu, M. Liserre, and A. V. Timbus, “Overview
of control and grid synchronization for distributed power generation sys-
tems,” IEEE Trans. Ind. Electron., vol. 53, no. 5, pp. 1398–1409, Oct.
2006.

[2] V. Salas and E. Olı́as, “Overview of the state of technique for PV inverters
used in low voltage grid-connected PV systems: Inverters above 10 kW,”
Renew. Sustainable Energy Rev., vol. 15, no. 2, pp. 1250–1257, Feb. 2011.

[3] J. He, Y. Li, and M. S. Munir, “A flexible harmonic control approach
through voltage-controlled DG-grid interfacing converters,” IEEE Trans.
Ind. Electron., vol. 59, no. 1, pp. 444–455, Jan. 2012.

[4] J. R. Massing, M. Stefanello, H. A. Grundling, and H. Pinheiro, “Adaptive
current control for grid-connected converters with LCL filter,” IEEE Trans.
Ind. Electron., vol. 59, no. 12, pp. 4681–4693, Dec. 2012.

[5] Z. Zou, Z. Wang, and M. Cheng, “Modeling, analysis, and design of mul-
tifunction grid-interfaced inverters with output LCL filter,” IEEE Trans.
Power Electron., vol. 27, no. 7, pp. 2830–2839, Jul. 2014.

[6] J. Sun, “Impedance-based stability criterion for grid-connected inverters,”
IEEE Trans. Power Electron., vol. 26, no. 11, pp. 3075–3078, Nov. 2011.

[7] D. Yang, X. Ruan, and H. Wu, “Impedance shaping of the grid-connected
inverter with LCL filter to improve its adaptability to the weak grid condi-
tion,” IEEE Trans. Power Electron., vol. 29, no. 11, pp. 5795–5805, Nov.
2014.

[8] J. Yin, S. Duan, and B. Liu, “Stability analysis of grid-connected in-
verter with LCL filter adopting a digital single-loop controller with inher-
ent damping characteristic,” IEEE Trans. Ind. Electron., vol. 60, no. 2,
pp. 1104–1112, Feb. 2013.

[9] F. Huerta, D. Pizarro, S. Cobreces, F. J. Rodriguez, C. Giron, and A.
Rodriguez, “LQG servo controller for the current control of LCL grid-
connected voltage-source converters,” IEEE Trans. Ind. Electron., vol. 59,
no. 11, pp. 4272–4284, Nov. 2012.

[10] S. Eren, M. Pahlevaninezhad, A. Bakhshai, and P. K. Jain, “Composite
nonlinear feedback control and stability analysis of a grid-connected volt-
age source inverter with LCL-filter,” IEEE Trans. Ind. Electron., vol. 60,
no. 11, pp. 5059–5074, Nov. 2013.

[11] G. Shen, D. Xu, L. Cao, and X. Zhu, “An improved control strategy for
grid-connected voltage source inverters with an LCL filter,” IEEE Trans.
Power Electron., vol. 23, no. 4, pp. 1899–1906, Jul. 2008.

[12] G. Shen, X. Zhu, J. Zhang, and D. Xu, “A new feedback method for PR
current control of LCL-filter-based grid-connected inverter,” IEEE Trans.
Ind. Electron., vol. 57, no. 6, pp. 2033–2041, Jun. 2010.

[13] X. Wang, X. Ruan, S. Liu, and C. K. Tse, “Full feedforward of grid voltage
for grid-connected inverter with LCL filter to suppress current distortion
due to grid voltage harmonics,” IEEE Trans. Power Electron., vol. 25,
no. 12, pp. 3119–3127, Apr. 2010.

[14] X. Hao, X. Yang, T. Liu, L. Huang, and W. Chen, “A sliding-mode con-
troller with multiresonant sliding surface for single-phase grid-connected
VSI with an LCL filter,” IEEE Trans. Power Electron., vol. 28, no. 5,
pp. 2259–2268, May 2013.

[15] W. Wu, Y. He, and F. Blaabjerg, “An LLCL power filter for single-phase
grid-tied inverter,” IEEE Trans. Power Electron., vol. 27, no. 2, pp. 782–
789, Feb. 2012.

[16] J. Dannehl, C. Wessels, and F. W. Fuchs, “Limitations of voltage-oriented
PI current control of grid-connected PWM rectifiers with LCL filters,”
IEEE Trans. Power Electron., vol. 56, no. 2, pp. 380–388, Feb. 2009.

[17] Y. Tang, P. C. Loh, P. Wang, F. H. Choo, and F. Gao, “Exploring inher-
ent damping characteristic of LCL-filters for three-phase grid-connected
voltage source inverters,” IEEE Trans. Power Electron., vol. 27, no. 3,
pp. 1433–1443, Mar. 2010.

[18] J. Dannehl, M. Liserre, and F. W. Fuchs, “Filter-based active damping of
voltage source converters with LCL filter,” IEEE Trans. Ind. Electron.,
vol. 58, no. 8, pp. 3623–3633, Aug. 2011.

[19] J. He and Y. W. Li, “Generalized closed-loop control schemes with em-
bedded virtual impedances for voltage source converters with LC or LCL
filters,” IEEE Trans. Power Electron., vol. 27, no. 4, pp. 1850–1861, Apr.
2012.

[20] T.-F. Wu, K.-H. Sun, C.-L. Kuo, and C.-H. Chang, “Predictive current
controlled 5-kW single-phase bi-directional inverter with wide inductance
variation for DC-microgrid applications,” IEEE Trans. Power Electron.,
vol. 25, no. 12, pp. 3076–3084, Oct. 2010.

[21] T.-F. Wu, C.-H. Chang, L.-C. Lin, Y.-C. Chang, and Y.-R. Chang, “Two-
phase modulated digital control for three-phase bi-directional inverter with
wide inductance variation,” IEEE Trans. Power Electron., vol. 28, no. 4,
pp. 1598–1607, Apr. 2013.

[22] T.-F. Wu, S.-A. Wang, C.-L. Kuo, and K.-Y. Lee, “Design and implemen-
tation of a push-pull phase-shifted bi-directional inverter with a dsPIC
controller,” in Proc. IEEE Int. Conf. Power Electron. Drive Syst., 2009,
pp. 728–733.

[23] B.-G. You, J.-S. Kim, B.-K. Lee, G.-B. Choi, and D.-W. Yoo, “Optimiza-
tion of powder core inductors of buck-boost converters for hybrid electric
vehicles,” in Proc. IEEE Veh. Power Propulsion Conf., 2009, pp. 730–735.

[24] T.-F. Wu, H.-S. Nein, C.-L. Shen, and T.-M. Chen, “A single-phase inverter
system for PV power injection and active power filtering with nonlinear
inductor consideration,” IEEE Trans. Ind. Appl., vol. 41, no. 4, pp. 1075–
1083, Jul./Aug. 2005.

[25] W. Wu, Y. He, T. Tang, and F. Blaabjerg, “A new design method for
the passive damped LCL and LLCL filter-based single-phase grid-tied
inverter,” IEEE Trans. Ind. Electron., vol. 60, no. 10, pp. 4339–4350, Oct.
2013.

Tsai-Fu Wu (S’88–M’91–SM’98) received the B.S.
degree in electronic engineering from the National
Chiao-Tung University, Hsinchu, Taiwan, in 1983,
the M.S. degree in electrical and computer engi-
neering from Ohio University, Athens, OH, USA, in
1988, and the Ph.D. degree in electrical engineering
and computer science from the University of Illinois,
Chicago, IL, USA, in 1992.

From 1985 to 1986, he was a System Engineer at
SAMPO, Inc., Taiwan, where he was involved in de-
veloping and designing graphic terminals. From 1988

to 1992, he was a Teaching and Research Assistant in the Department of Elec-
trical Engineering and Computer Science, University of Illinois, Chicago. From
1993 to 2012, he was with the Department of Electrical Engineering, National
Chung Cheng University, Chiayi, Taiwan. He is currently a Professor in the
Department of Electrical Engineering, National Tsinghua University, Hsinchu.
His current research interests include development and modeling of power con-
verters, design of solar-array supplied inverters for grid connection, design and
development of D-Σ digital controlled single-phase and three-phase inverters
with grid connection, rectification, active power filter, static synchronous com-
pensator, and uninterruptible power system functions.

Dr. Wu received six Best Paper Awards from the Taipei Power Electronics
Association in 2007–2013. In 2006, he was awarded as an Outstanding Re-
searcher by the National Science Council, Taiwan. He is a Senior Member of
the Chinese Institute of Engineers.

Li-Chiun Lin was born in Taiwan, in 1986. He is
currently working toward the Ph.D. degree in the El-
egant Power Application Research Center, National
Chung Cheng University, Chiayi, Taiwan.

His current research interests include grid-
connected inverter, power factor correction, DSP-
based digital control, and dc-microgrid distribution
system.

Ning Yao was born in Jiangsu Province, China, in
1990. He received the B.S. degree in automation from
Southeast University, Nanjing, China, in 2012, and is
currently working toward the master’s degree in the
Elegant Power Electronics Applied Research Labo-
ratory, National Tsing Hua University, Hsinchu, Tai-
wan.

His main research interests include grid-connected
inverter, power factor correction, DSP-based digital
control, and modeling of the inverter with LCL filter.



WU et al.: EXTENDED APPLICATION OF D-Σ DIGITAL CONTROL TO A SINGLE-PHASE BIDIRECTIONAL INVERTER WITH AN LCL FILTER 3911

Yu-Kai Chen (S’98–M’99) was born in Chiayi,
Taiwan, in 1967. He received the B.S. degree in
electronic engineering from Feng Chia University,
Taichung, Taiwan, in 1990, the M.S. degree in in-
formation and electronics engineering from National
Central University, Chungli, Taiwan, 1994, and the
Ph.D. degree in electrical engineering from National
Chung Cheng University, Chiayi, in 1999.

From 1994 to 1999, he was a Lecturer with the
Department of Electronic Engineering, Wu Feng In-
stitute of Technology, Chiayi. He was an Associate

Professor with the Department of Electrical Engineering, Chien kuo Institute of
Technology, Changhua, Taiwan, from 1999 to 2003. Since 2003, he has been
with the Department of Aeronautical Engineering, National Formosa University,
Huwei, Taiwan, where he is currently a Professor. His research interests include
modeling and control of power converters, design of solar panel-supplied in-
verters for grid connection, and DSP- and microprocessor-based application
systems with fuzzy and robust control.

Yuan-Chih Chang (M’12) was born in Taiwan on
April 23, 1978. He received the B.S. degree from
National Taiwan University, Taipei, Taiwan, in 2002,
and the Ph.D. degree from National Tsing Hua Uni-
versity, Hsinchu, Taiwan, in 2009, both in electrical
engineering.

In 2009, he became the faculty of the Department
of Electrical Engineering, National Chung Cheng
University, as an Assistant Professor. His research in-
terests include power electronics, motor drives, and
electric machine control.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


