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Abstract—For the grid-connected LCL-filtered inverter, for
the purpose of using a minimal number of sensors, the grid
current feedback active damping (GCFAD) based closed-loop
control was widely discussed. However, the performance with
such control was seriously affected by the grid conditions at the
point of common coupling (PCC), especially the large grid
impedance. Thus, in this study, the stability with GCFAD in the
weak grid is discussed first and the relations between the
robustness and system parameters are derived by mathematic
derivations. The contradiction between the control bandwidth
and the robustness is found. Based on the above analysis, a novel
phase shaping method has been proposed for GCFAD to
maintain a high robustness with a desired bandwidth. Selected
simulation and experimental waveforms are provided to show the
correctness of the analysis and the effectiveness of the improved
control approach.

Keywords—Inverter; LCL filter; grid impedance; grid current
active damping; stability; robust control

L INTRODUCTION

The grid-connected inverter with an LCL or LCL-Trap
filter is the key interface in the distributed power generation
systems [1]. Although the high-order filter can highly suppress
the switching harmonics, the resonance of high-order filter has
to be solved [2]. To solve the LCL-filter resonance, a lot of
passive damping [3] and active damping (AD) methods (such
as the capacitor current feedback AD) were proposed.
Recently, many studies paid special attentions to the current
control with only one current feedback for the sake of using as
few sensors as possible, including the delay-dependent current
control [4]-[5], the notch filter AD [6]-[9] and the grid current
feedback AD (GCFAD) [10]-[13] and so on. Among them, the
GCFAD can be adopted simply through high-pass filter (HPF)
with an optimal design [10]. Besides, the studies in [12]-[13]
analyzed the GCFAD stability while considering the digital
control delay, and provided some useful recommendations in
the applications.

In the practical applications, besides the voltage harmonics
in the PCC voltage, the PCC grid can be very weak with non-
negligible grid impedance [14]-[16]. However, the robustness
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of the GCFAD-based current control with only the grid current
feedback in the weak grid case has not been deeply discussed.
It is true that several robust or adaptive control methods were
proposed by [17]-[21] recently, but these studies all used the
capacitor current feedback AD (requiring extra sensors). The
way to enhance the robustness of GCFAD remains unsolved.

In summary, recent studies aims at improving the inverter
performance while reducing the number of sensors used. But
the performance with the GCFAD (with only the grid current
sensor) in the weak grid case has not been studied. Hence, this
study aims to investigate and enhance the robust performance
with the GCFAD in the weak grid case.

II.  STRUCTURE AND MODELLING OF GRID CURRENT
FEEDBACK ACTIVE DAMPING (GCFAD)

Fig. 1 shows the basic structure of a grid-connected LCL-
filtered inverter, where the LCL filter consists of an inverter-
side inductor Li, a capacitor Ci, and a grid-side inductor Lo.
Only the grid current i, and the PCC voltage u, are sampled
for the control and phase-locked loop. iz is the inverter-side
current, u;y is the inverter output voltage. In the practical case,
the dc-link Uy, can be the renewable source or a front DC-DC
converter in the distributed power generation systems.

To solve the inherent resonance produced by the LCL filter,
plenty of AD methods have been proposed. The study in [2]
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Fig. 1 Grid-connected LCL-filtered inverter

Fig. 2 Typical grid current feedback AD control structure
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gives an overview of the existing resonance damping strategies
and shows some comparative results. The GCFAD-based grid
current control is shown in Fig. 2 where i.ris the grid current
reference, G.(s) is the current controller, Hap(s) is the grid
current feedback AD function expressed as:

kyps

Hyp(s) =~ (M

s+,

where kap and w) are separately the proportional gain and the
turnover frequency of the high-pass filter. Following [10], the
AD parameters w; and kap are selected according to

a)h = za)rL’S 1_k2
@

kap = @, (L +L2)(2_k2)\il_k2

where k is a positive number which is recommended from 0.8
to 0.9 for a high bandwidth.

For the grid-connected inverter in the weak grid case, the
impedance-based stability criterion is used to investigate the
system robustness [14]. The inverter-grid system considering
the grid impedance can be modeled in Fig. 3 [14] where i. is
the equivalent current source, Z,, is the inverter output
impedance, Z; is the grid impedance, and u; is the grid voltage.
Given that the inverter is stable without the grid impedance,
the inverter-grid system is stable only if Z,/Z,, satisfies the
Nyquist criterion (by counting the number of +180°-crossings
only in the frequency range with gains above 0dB [6]).

The current-controlled inverter can be depicted in Fig. 4
where u:, is a dependent voltage source related to the current
control in Fig. 2, i.e., the expression of uj,y is:

Z/linv = (irejf' - lg) ' Gc (S) - ig ! HAD (S) (3)

Kirchhoff's laws tell:

Uy =Lys -1y + Lys-1, +u,

| . “
— (i —i)=Lys-i, +u,
1
Using (3) and (4), Z,u: can be calculated as:
__H
out — (—i )
F =0 )
_LLGS  +(Li+Ly)s+ Hyp(9)+Go(5) _ Nyyy (5)

LICISZ +1 Dout(s)

Then, Z,/Z,., must satisfy the Nyquist criterion.

T 1
Inverter ---- PCC----Weak Grid

Fig. 3 Model of inverter-grid system considering the grid impedance

Fig. 4 Equivalent structure of current-controlled inverter
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Fig. 5 Bode plots of Z,,, with PR controller and Z,

III.  PROBLEMS OF GCFAD IN THE WEAK GRID CASE

Using (5), Fig. 5 shows some Bode plots of Z,, with the
variation of the proportional gain k, of Gc(s). The LCL
parameters are L;=0.755 mH, L,=0.125 mH, C,=22 pF with a
switching frequency of 15 kHz and a rated power of 5 kW. For
a short circuit ratio (SCR) of 10, Z; can be 3.08 mH. Basically,
with k, increasing, magnitudes of Z,, at low frequencies
increase, and the region where |Z,| is higher than |Z,,,/ (i.e., the
gain of Z,/Z,. is above 0dB) is narrowed. Besides, Z.: crosses
90° at the frequency f: (i.e., 0°-crossing for Z,/Z,.) with a
small k,, and Z,., crosses —90° (i.e., 180°-crossing for Z,/Zou)
with a large k,.. Last, Z,, in (5) has two conjugated poles so
that the magnitude curve has a peak and the phase curve
decreases sharply at fyea, i.€.,

Dpeq 1
S =t o L (©)

2 2 LC,

In Fig. 5, the system is stable only when k, is 1. A stable
inverter-grid system with the GCFAD should not have the
—90°-crossing around f;. Note that Z,, crosses either 90° or
—90° due to the —180° variation at f,.s. Therefore, the specific
stability criterion of the GCFAD is fi<fpear. Note that Z,,, at f;
(fi#fpear) 1s a purely imaginary number, i.e.,

Re{H \p(jo)+G.(jo,)} =0 O
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Given that G.(s) at high frequencies can be readily seen as
a proportional factor k,, substituting (1) into (7) yields:

1) k@
Re{-L2a8 4 Lo AT Ly —g

®)
I
T 2x\ kK

p

Substituting (8) into fi<frear leads to the robustness
criterion of the GCFAD, i.e.,

by <k, i =2 kap 9)

For a certain set of LCL parameters, the maximum &, jimir
for high robustness is then determined.

If k, is designed to achieve a high bandwidth, the
robustness can be poor because k, cannot satisfy (9). Even in
the case that the bandwidth is low (i.e., with a small k), if &, is
close to the boundary in (9), the stability margin is too small to
assure a good robust performance. For instance, in Fig. 3, if &,
is 2 to realize a high bandwidth, (9) is not fulfilled; if &, is 1,
although the system can be stably in the weak grid case, the
phase at f,.. is very close to —90° yielding insufficient phase
margin. It is still challenging for the GCFAD to work well in
the weak grid.

IV.  PROPOSED PHASE SHAPING COMPENSATOR FOR
GCFAD IN THE WEAK GRID CASE

In order to improve the GCFAD in the weak grid case, the
phases around f,ea should be improved. Fig. 6 shows the
proposed phase shaping scheme where G(s) is the phase
shaping compensator. Z,,, turns to be:

= L1L2C1S3 +(L +L)s+ Hyp(s)+G.(s) = Nou (5)
o-p LCs* +14G () Doi_ps ()
(10)

Doy ps around fyear can be expressed as:

Dy = LiCs> +1+ G, (s) (11)

out _ps

Therefore, in order to freely shape the phases around feu,
the desired expression of Gp(s) is:

GPS (5)= kpss (12)

where £ is a positive proportional factor.

With larger ky, the phases of Z,. ps around f,eu can be
improved much higher because of the increased damping factor
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Fig. 6 Proposed phase shaping compensator for GCFAD
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Fig. 7 Bode plot of Z,, »; with the proposed control

of Dou ps- But note that the side effect of using larger £, is that
Gps(s) can affect the magnitudes of Z,. ps at the frequencies
below fyear. Then, the lower-frequency impedance is affected
and the rejection of the grid voltage-deduced current harmonics
can be degraded. Therefore, the design of Gp(s) should ensure
that it has negligible or slight impact on the low-frequency
magnitudes of Zu 5. Given that N,,; do not have relations with
Gps(s), the design of Gy(s) is equivalent to the determination of
the bandwidth of Doy s in (10). By defining feriicar (feriticarfpeat)
as the critical frequency where the magnitude of Z,u ps is
expected to be not affected, the selection of ks should follow
the criterion:

2
LG R foiea) (5 (13)

kps < kpsicritical - Zﬂ'f

critical

where a indicates that the current harmonic at £ iica With Gps(s)
can be a multiplied by that without Gy(s). Readers can select
the values of fe.uicar and a according to the practical condition,
given that fo.uicq relates to the frequency band of major current
harmonics and the selection of a should consider the limitation
of current harmonics. For the case study, by selecting ferica=1
kHz and a=1.2, here, Fig. 7 shows the Bode plot of Z.; ps. The
phase curve keeps a certain distance from —90° yielding a
higher robustness.

Note that if LCL parameters were selected so that the value
of k, corresponding to a desirable bandwidth is much lower
than the limited value in (9), the GCFAD can be robust even
without the proposed phase shaping. Nevertheless, if the phase
shaping is used in the above case, the robustness when the grid
impedance varies can be further improved.
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V. SIMULATIONS

In this section, performances with different strategies and
different grid impedance values are tested, while the ac grid u;
contains some low-order voltage harmonics (i.e., 5% 3%, 3%
5h~7" and 2% 9"~13"), In the following sections, Strategy 1
denotes the grid current AD-based control and design in [10],
while Strategy 2 represents the robust grid current control in
this study.

Before the simulation, the current controller parameters are
briefly explained. In the tests, f; is always set at 1 kHz, which
means that the gain of k, is about 2. Generally, the harmonic
resonant (HR) controller can be used to suppress the low-order
grid current harmonics. The HR controller is expressed as:

n,

s
Gup(s) =k, +k, _— (14)
)=k Z+w+(co>

where w. represents the magnitude bandwidth of the resonant
part and k/w. is the gain at nwo. Note that nmax denotes the
maximum order of grid current harmonics to be suppressed.
The effects of k- and w. have been broadly discussed in many
studies. w. should be designed considering the slight variation
of the actual grid frequency. In this study, w. is selected as 6
and k- is 600. In the case of negligible grid impedance, the HR
controller can realize a good performance, but some serious
problems are encountered in the weak grid case [15]. In order
to use a high 7.y or ki/w. for a high grid impedance, the phase
compensated HR (PC-HR) is applied in the grid-connected
application in these years [21], [22]. To extend the application
of the proposed robust grid current control, the PC-HR
controller is used. The PC-HR controller is:

W scos(,) —nay sin(g,)
Gpe_mr(s) =k, +k, z Sz+a)s+(:l%)2 )

n=13.5,..

where ¢, is the phase leading angel for each resonant part. The
parameter selection can refer to [21] and [22].
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Fig. 8 Simulation waveforms with different strategies with Z,=0

Then, simulation tests are carried out by using the above
two current controllers.

Without Z,, waveforms with different strategies are given
in Fig. 8. The HR controller is adopted so that the THD of i, is
low. The grid current with Strategy 2 is almost the same as
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that with Strategy 1 (i.e., the same transient response), which
verifies that the proposed phase shaping G,(s) has a negligible
impact on the dynamics below feisicar, as expected.

The performances are also tested in the presence of Z,. The
waveforms with different strategies are shown in Fig. 9. Many
harmonics are aroused by Strategy 1, even when the grid
impedance is small, i.e., only 0.12mH. However, with Strategy
2, the grid current is stable and slightly distorted. Even when
the grid impedance increases up to 3.1mH, the inverter-grid
system with Strategy 2 keeps stable. The instability caused by
the typical GCFAD has been well solved.

Even though, it is emphasized that, in Figs. 9(c) and 9(d),
once the current reference steps, some harmonics are aroused
and those harmonics take a relatively long time to vanish. This
phenomenon indicates a poor phase margin when using the
HR controller in the weak grid case. By applying the PC-HR
to improve the phases, the grid current harmonics during the
transient response are more highly suppressed, as shown in Fig.
10, where the oscillations in the transient response are rapidly
eliminated. The benefit of PC-HR has been verified again.

VI. EXPERIMENTS

To further demonstrate the proposed grid current control, a
single-phase inverter with the above LCL parameters is built
for the experimental tests. A DSP TMS320F28035 is used for
implementing the control. The amplitude of i.s is set
manually. The grid current waveforms in the weak grid case
with the typical control in Fig. 2 and the proposed control in

0y J(a0.0ms w» 60y <0 H1Es152

Fig. 11 Waveforms with the typical control with 0.2mH-grid impedance

i i i
| WET <10H 63322

l&m rseov <1026

100 Ji0.0ms

Fig. 12 Waveforms with the proposed control with (a) 0.2mH-grid
impedance and (b) 2.5mH-grid impedance

Fig. 6 are given in Figs. 11 and 12. With the typical control,
even if the grid impedance is very small, the system tends to
be unstable and the protection is triggered during the start-up
procedure. On the contrary, with the proposed grid current
control, the harmonics appeared in Fig. 11 have been highly
suppressed. Even if a large grid impedance is interfaced, the
system with the proposed control owns a high robustness.

VII. CONCLUSIONS

The grid current feedback active damping only requires
sampling the grid current and has a good application prospect
in the grid-connected inverter for the cost reduction. But the
grid impedance challenges the robustness because the phase of
the inverter output impedance at a specific frequency can be
close to or below —90° depending on the proportional gain of
current controller. As a result, the contradiction between the
high bandwidth and high robustness is yielded. Therefore, this
study proposes adding a proper phase shaping compensator to
improve the robustness. The selection of controller parameters
has been discussed and simulation and experimental results
have been provided. It has been proved that the phase shaping
compensator improves the stability in the weak grid case.
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