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Abstract—For current-controlled grid-connected inverters with
LCL filter, the essence of grid voltage full feedback is to improve
the output impedance of grid-connected inverters to infinity, which
can eliminate the influences of grid voltage distortion and the
non-negligible grid impedance. However, existing full feedforward
strategies are complex and control delay cannot be compensated
precisely, which leads to the instability of system when the full
feedforward of the voltage at the point of common coupling under
the weak grid is adopted. This article first proposes a simplified
full feedforward strategy based on grid-side inductor volt-age dif-
ferential feedback active damping (GIVD-AD). Second, repetitive
prediction (RP) is used to compensate for the control delay. Then,
a virtual impedance branch is added and an adaptive algorithm
for modifying virtual impedance based on the difference between
predicted grid voltages by Newton interpolation prediction (NIP)
and RP is proposed. With the proposed method, grid-connected
inverters can work stably when grid impedance changes suddenly
and exhibit strong rejection ability against grid-voltage harmonics.
Finally, simulative and experimental results from a 3-kW single-
phase grid-connected inverter are provided to prove the effective-
ness of the proposed strategy.

Index Terms—Adaptive control, control delay, grid voltage full
feedforward, weak grid.

I. INTRODUCTION

R ECENTLY, distributed power generation system (DPGS)
technique has become a considerable means to deal with

the abuse of fossil fuels and the increasing seriousness of envi-
ronmental pollution. However, as the proportion of DPGS in the
grid gradually increases, its impact on the grid is becoming more
and more non-negligible [1]. Long-distance transmission lines,
countless low-voltage isolation transformers, a large number of
distributed generation devices, and various nonlinear devices
connected to point of common coupling (PCC), resulting in a
nonideal grid that can be equated to a harmonic-rich voltage
source in series with inductive impedances [2]. Compared to
the stiff grid, the weak grid has two disadvantages: First, the
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grid voltage at PCC usually contains varieties of background
harmonics; second, the grid impedance is non-negligible and
varies over a wide range. As a consequence, the grid harmon-
ics distort the injected grid-in current and the grid impedance
challenges the inverter system stability [3].

Generally, there are two kinds of methods to suppress the
grid current harmonics caused by PCC voltage distortion. One
is employing multiple resonant compensators to increase output
impedance at the harmonic frequencies for selective harmonic
elimination [4]. The other one is using PCC voltage feedforward,
including proportional and full feedforward means [5]–[7],
which equivalently emulates a parallel admittance term to in-
crease the output impedance of the inverter greatly. In summary,
the essence of these two types of methods is to increase the
output impedance to improve the anti-interference capability
of grid-connected inverters [8]. All these methods show a sat-
isfactory performance under the stiff grid. However, the grid
impedance in a weak grid would reduce the cut-off frequency
of the grid-connected system. When the cut-off frequency is
less than the resonant frequency of the resonant compensators,
the grid-connected system will be instable [9]. Likewise, the
feedforward scheme may also lead to system instability due to
the control delay [10].

In order to boost the output impedance of grid-connected in-
verters, a more robust controller can be used to solve the problem
of system instability due to the grid impedance, such as robust
controllers [11]. However, these controllers are usually nonlin-
ear, and the design methods are complex and less universal. At
the same time, the design difficulty will be further increased if
the background harmonic suppression of the grid is taken into
account [12]. In addition, it is also possible to measure the grid
impedance online and apply corresponding control strategies to
offset the influence on the grid-connected system. Generally, this
type of method tends to reduce the quality of the grid-in current
and increase the computational burden [13]–[15]. However, grid
impedance estimation based on variations of the output power
in [16]–[18] are proved that they not only can measure the grid
impedance accurately but also overcome the disadvantages, such
as power quality issues and complex calculation.

According to the aforementioned description, both the
injected current quality and the stability are significant to
grid-connected inverters under weak grid conditions. Thus, this
study firstly deduces a simplified grid voltage full feedforward
strategy based on the grid-side inductor voltage differential
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Fig. 1. LCL-filtered grid-connected inverter.

Fig. 2. Control block diagram of grid-connected inverter.

feedback active damping (GIVD-AD) and points out that grid
voltage full feedforward can completely eliminate the influence
of distorted voltage on the injected current in theory. Then it
proves that the grid voltage full feedforward under weak grid
can lead to system instability because of the delay and the grid
impedance. Therefore, a repetitive prediction (RP) is employed
to compensate for the delay. However, it proves that the delay
compensation method cannot guarantee the system stability due
to errors of compensation. Thus, a virtual impedance branch
is added to solve the problem, and considering that the grid
impedance may change under different operating conditions, an
adaptive strategy is proposed to automatically adjust the virtual
impedance based on the difference between the predicted grid
voltages by NIP and RP, which can stabilize the grid-connected
system and enhance the robustness.

Compared to the existing grid voltage full feedforward meth-
ods, the proposed full feedforward strategy reduces the number
of full feedforward branches. Meanwhile, because the reduced
feedforward branch contains a differential module, the am-
plification of harmonics in the grid voltage can be avoided.
Therefore, the proposed full feedforward strategy helps to reduce
the system complexity and improve the quality of the grid-in
current. Besides, the adaptive algorithm for modifying virtual
impedance aims at the optimal grid-in current, and it is based
on solving the digital control delay, which helps to reduce the
complexity of the control system.

The rest of this article is organized as follows. In Section II,
the simplified form of grid voltage full feedforward based on
GIVD-AD is derived. Section III analyzes the influence of delay
and provides a solution. The virtual impedance is added to solve
the problem of system instability, and the principle of automat-
ically determining the optimal virtual impedance is presented
in Section IV. Waveforms in Section V validate the theoretical

analysis and the effectiveness of the proposed strategy. Finally
Section VI concludes this article.

II. GRID VOLTAGE FULL FEEDFORWARD BASED ON GVID-AD

Fig. 1 shows a generic structure of the LCL-filtered grid-
connected inverter, it consists of an inverter-side inductor L1,
a filter capacitor C, and a grid-side inductor L2. Vin is the input
dc voltage, uinv is the output voltage of inverter bridge, ig is the
grid current, and ug is the grid voltage.

A. Grid Voltage Full Feedforward Strategy Based on
GVID-AD

Fig. 2 shows a control block diagram of the grid-connected
system with GIVD-AD. In Fig. 2, Gi(s) is the current regulator,
Kpwm is the transfer function of the inverter bridge and k is the
feedback coefficient of AD loop.

By using GIVD-AD, it can simplify the grid voltage full feed-
forward compared to the conventional filter capacitor current
proportional-feedback AD. The proof process is as follows.

According to Fig. 2, the expression of ig can be derived as
(1), shown at the bottom of this page, which indicates that ig is
related to the reference current iref and ug. With the use of the
signal flow graph method in [19], Fig. 2 can be transformed into
Fig. 3(a), where the expression of Gx1(s) can be expressed as

Gx1(s) =
KpwmGi(s)

s2L1C + 1
. (2)

Note that the expression of Gx1(s) includes the current regu-
lator Gi(s). In order to simplify, it can move the feedforward
node from the input of Gi(s) to the output of it, where the
feedforward component contributes to the modulation of the
duty cycle, and the ug full feedforward branch has been changed
into Gi(s)/Gx1(s). Then, substituting the expressions of Gi(s) and
Gx1(s), (3) can be derived

Gi(s)

Gx1(s)
=

s2L1C

Kpwm
+

1

Kpwm
. (3)

Therefore, Fig. 3(a) can be transformed into Fig. 3(b). Obvi-
ously, with adopting GIVD-AD, the ug full feedforward contains
only two branches. Compared to [19], the differential branch
is eliminated. Because the differential branch can amplify grid
background harmonics, the full feedforward based on GVID-AD
minimizes the influence of distorted ug. Therefore, the proposed
full feedforward strategy based on GVID-AD is more practical
in the actual situation.

B. Relation Between Grid Voltage Full Feedforward and
Inverter Output Impedance

From the above analysis, ug full feedforward can be equivalent
to connecting a negative impedance Zo

′(s) in parallel with

ig =
KpwmGi(s)

s3L1L2C+s2KpwmkCL2+s(L1 + L2)+KpwmGi(s)
iref − s2L1C + 1

s3L1L2C+s2KpwmkCL2 + s(L1 + L2)+KpwmGi(s)
ug

(1)
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Fig. 3. Control block diagram of ug full feedforward with GIVD-AD. (a) Equivalent transformation I. (b) Full feedforward control block diagram.

inverter output impedance, which can be expressed as follows:

Zo
′(s) =

s2L1C+1
s3L1L2C+s2KPWMkL2C+s(L1+L2)+KPWMGi(s)

.
(4)

A schematic diagram of the grid-connected system is given
in Fig. 4, where is(s) is the Norton equivalent current source and
Zo(s) represents output impedance of the grid-connected inverter
seen from PCC, including the impedance of the filter.

After adding Zo′(s), the output impedance of grid-connected
inverter can be expressed as

Zop(s) =
Zo(s)Zo

′(s)
Zo(s) + Zo

′(s)
. (5)

Then, the expression of ig(s) can be derived as

ig(s) = is(s)− ug(s)

Zop(s)
. (6)

When Zo′(s) and Zo(s) are equal in magnitude and opposite
in sign, Zop(s) becomes infinite. According to (6), the influence
of ug is negligible in this situation, and the same effect can
be achieved by full feedforward. The above-mentioned analysis
shows that full feedforward is essentially raising the output
impedance of the inverter to infinity to eliminate the influence
of ug.

In a weak grid, the grid impedance Zg(s) cannot be ignored,
and in this situation, the injected grid current ig(s) can be derived
as

ig(s) =
Zop(s)

Zop(s) + Zg(s)
is(s)− ug(s)

Zop(s) + Zg(s)
. (7)

When ug(s) is fully feedforward, Zop(s) tends to infinity based
on the above analysis. According to (7), ig is approximately
equal to the Norton equivalent current is(s), and the influence
of ug on ig is negligible. This can prove that even when Zg(s) is
not negligible, the full feedforward of ug(s) can keep the system
stable and ig is not affected by ug anymore.

However, because of other nonideal factors such as control
delay and it only measures the voltage uPCC only, the full
feedforward of uPCC is not able to eliminate the influence of the

Fig. 4. Equivalent circuit of grid-connected system.

Fig. 5. Control block diagram with delay.

distorted ug and it might even lead to grid-connected systems
instability in the week grid.

III. INFLUENCE OF CONTROL DELAY ON GRID VOLTAGE FULL

FEEDFORWARD AND THE SOLUTION

A. Influence of Control Delay on Output Impedance of
Grid-Connected Inverters

When considering control delay, grid-connected systems con-
trol block diagram can be drawn as Fig. 5.

Gd(s) represents control delay, which usually includes the
computation delay, the pulsewidth modulation (PWM) delay,
and the sampler.

According to Fig. 5, the output impedance of grid-connected
inverters can be calculated, respectively, when the proportional
and full feedforward are employed, as shown at the bottom of
this page.

ZOPF(s) represents the out impedance of grid-connected in-
verters with the use of proportional feedforward and ZOFF(s)
represents the out impedance with the use of full feedforward.

ZOPF(s) =
s3L1L2C + s2KPWMkCL2Gd(s) + s(L1 + L2) +KPWMGi(s)Gd(s)

s2L1C + 1−Gd(s)
(8)

ZOFF(s) =
s3L1L2C + s2KPWMkCL2Gd(s) + s(L1 + L2) +KPWMGi(s)Gd(s)

(s2L1C + 1)(1−Gd(s))
(9)
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Fig. 6. Bode plots of grid impedance and output impedance of the inverter.
(a) Overall curves. (b) Detail curves.

Because of the delay, the output impedance is no longer
tending to infinity when full feedforward strategy is adopted.
Therefore, the influence of a weak grid on grid-connected sys-
tems needs to be re-evaluated.

To guarantee stability, grid-connected inverters must satisfy
that the ration between Zg(s) and the output impedance Zo(s)
satisfies the Nyquist criterion. The impedance ratio Zg(s)/Zo(s)
satisfies the Nyquist criterion, i.e., there is no intersection be-
tween the magnitude-frequency curves of Zg(s) and Zo(s), or if
intersection occurs, the phase margin (PM) at the intersection
frequency is positive [9]. Here, the PM is expressed as

PM = 180◦ − (∠Zg − ∠Zo) > 0. (10)

Since resistor offers some degree of damping and helps to
stabilize grid-connected systems, a pure inductor is considered
here to draw the worst case. At this situation, it can be deduced
that the phase of Zo(s) at the intersection frequency must be
above −90° to ensure PM>0.

Fig. 6 gives the Bode plots of the inverter output impedance
with different feedforward strategies. According to the above-
mentioned analysis, in the area where the angle of the inverter
output impedance is less than−90°, i.e., the shaded part in Fig. 6,
the system will be unstable if there is an intersection between
the amplitude–frequency curve of the inverter output impedance
and the grid impedance. Since the amplitude–frequency curve
of ZOFF(s) has a large peak, it can be concluded that if the
grid impedance exceeds Zgmin(s) in Fig. 6, then its amplitude–
frequency curve will intersect with the amplitude–frequency

Fig. 7. Control block diagram of RP.

curve of ZOFF(s) in the shaded area, and the system will be
destabilized.

In contrast, if the grid voltage is proportional feedforward,
the ZOPF(s) less than −90° contains a very small area. This
proves that the stability margin of system with grid voltage
proportional feedforward is greater than full feedforward. How-
ever, it can be seen from Fig. 6(a) that as the grid impedance
increases, the angle of ZOPF(s) gets closer to −90° where its
magnitude–frequency curve intersects with the grid impedance,
which indicates that the stability margin of the system is also
decreasing. Therefore, whether grid voltage is proportional or
full feedforward, the system will be destabilized when the grid
impedance increases to a certain level.

B. Solution Against the Delay

Based on the above analysis, the delay leads to the insta-
bility of grid-connected systems. The solutions against control
delay, without changing the switching frequency, fall into two
categories. One of them is shifting the sampling instant toward
the PWM reference update instant, and the computation delay
can be reduced [20]–[23]. However, this kind of method has
the problem of frequency aliasing, and the delay caused by
PWM and sampling circuit cannot be eliminated. Another adopts
the phase compensator, such as phase-lead compensator and
interpolation forecasting method, but they amplify the harmonic
amplitude and affect the power quality.

Considering the fundamental wave and harmonics, they have
the following two characteristics: one is that the signals have
repeatability; the other one is that the frequencies of harmonics
are integer multiple of the fundamental wave.

The RP based on the internal mode principle can provide
high gain at the fundamental frequency and its integer multiples
[24], [25]. Alhough there are abundant background harmonics
in the grid, the RP based on internal model can theoretically
predict the grid voltage without error, so it will not amplify the
amplitudes of higher harmonics and has excellent steady-state
tracking performance. In addition, because the RP was only used
for prediction and did not participate in the control of grid-in
current, the shortcomings of poor dynamic characteristics of the
internal model controller can be avoided.

Taking ug prediction as an example, the control block diagram
of RP is shown in Fig. 7, where Q is a low-pass filter or a constant
less than 1, N represents the number of switching cycles Ts in a
grid cycle, k represents the number of Ts to be predicted, and m
represents the gain coefficient less than 1 generally.

Referencing the design method of RPs parameters in [25],
Q = 0.98 and M = 0.96 are selected. The switching frequency
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Fig. 8. Bode plot of RP.

is 18 kHz, so N = 360. Considering the delay of the sampling
circuit, k = 2 is selected.

According to Fig. 7, the transfer function of RP can be
deduced as

GRP =
1−Qz−N +mz−N+k

1−Qz−N +mz−N
. (11)

The Bode plot of (11) is drawn, as shown in Fig. 8. As can
be seen from Fig. 8, the amplitude gains of fundamental and
harmonic are close to 0 dB, indicating that RP hardly amplifies
the amplitudes of fundamental and harmonics. The phase gain
of the fundamental is 1.9°, and the error is close to 5%, mainly
because the values of Q and M are less than 1, which sacrifices
the no-static error characteristic of the ideal internal mode
to increase the robustness of system. But compared with the
conventional prediction methods, RP avoids the amplification
of harmonics.

NIP is essentially a polynomial interpolation method, which
is an improvement of the conventional Lagrangian interpola-
tion method [26]. Compared with the Lagrangian interpolation
method, it not only overcomes the disadvantage that the whole
calculation must be restarted when adding a node, but also
saves the number of multiplication and division operations. In
addition, the predicted polynomial can be improved when using
NIP to forecast grid voltage because the frequency of the update
of sampled grid voltage value is fixed. As an example, NIP is
used to predict the grid voltage for N switching cycles, and it
can be expressed as

uout(k) = ug(k) + k1(ug(k)− ug(k − 1))

+ k2(ug(k − 1)− ug(k − 2)) (12)

where uout(k) represents the grid voltage after predicting N
switching cycles, ug(k) represents the grid voltage sampled in the
current switching interruption, ug(k-1) represents the grid volt-
age sampled in the previous switching interruption, and ug(k-2)
represents the grid voltage sampled before ug(k-1). Besides, k1
and k2 are two coefficients that need to satisfy k1+ k2 = N.

C. Limitations of Control Delay Compensation

It is impossible to realize the prediction without static error
in actual situation. When the delay cannot be completely elimi-
nated, the full feedforward of PCC voltage under weak grid will
still lead to system instability.

Fig. 9. Bode plots of inverter output impedances with different delay. (a)
Overall curves. (b) Detail curves.

TABLE I
MAIN PARAMETERS OF 3 KW PROTOTYPE

Fig. 9 shows the Bode plots of Zo(s) with uPCC(s) full feed-
forward when the delay is 2 Ts, 0.5 Ts, and 0.1 Ts, respectively.

According to the parameters in Table I in Section V, it can be
calculated that without compensation, Lgmin is approximately
equal to 50 μH, while after compensation, Lgmin is approx-
imately equal to 600 μH. There is no doubt that the critical
impedance has increased significantly, but when Zg(s) exceeds
the critical impedance, grid-connected systems will be unstable.
Therefore, in order to ensure the stability, additional measures
must be added.

IV. ADAPTIVE ADJUSTMENT OF VIRTUAL IMPEDANCE BASED

ON REPETITIVE PREDICTIVE CONTROL

A. Adding Virtual Impedance to Improve System Stability

Based on the above-mentioned analysis, when uPCC is fully
feedforward, the instability of system is caused by Zg(s). And
if proportional feedforward is used, the stability margin of the
grid-connected system will be increased, but the ability to reject
harmonics will be weakened.
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Fig. 10. System control block diagram including virtual impedance and full
feedforward of grid voltage.

Therefore, if the weak grid can be changed into a stiff one
containing only background harmonics, and the background
harmonics can be rejected by full feedforward, then the grid-
connected system stability can be ensured and the quality of the
injected current can be improved.

Fig. 10 shows a specific implementation scheme, that is, uPCC

is subtracted from the voltage of Zo(s), and then the grid voltage
ug is obtained. Zg(s) can be regarded as a part of the grid side
inductive impedance.

B. Strategy of Adaptively Adjusting Virtual Impedance

From the above-mentioned analysis, it can be seen that the
system stability and the grid-in current quality are closely re-
lated to the grid impedance, and the grid impedance is mainly
determined by low power transformers and long distribution
lines, and has a time-varying characteristic. The strategy in [18]
can accurately calculate the grid impedance by monitoring the
amplitude of the inverter voltage and changing the output active
and reactive power of the inverter when the voltage amplitude
changes. In contrast, we start from another point of view, based
on comparing two different methods to predict the difference
of uPCC, adaptively modify the value of the virtual impedance
online, and determine the optimal virtual impedance with the
goal of the optimal grid-in current.

From the above-mentioned analysis, RP hardly amplifies the
harmonics of ug, while other prediction methods, such as NIP,
have differential properties that will amplify the harmonics.

And if the virtual impedance is matched with Zg(s), the
stability margin of the grid-connected system is larger, so the
influence of ig on uPCC can be ignored. On the contrary, when
Zg(s) changes greatly, the stability margin decreases, and ig starts
to oscillate resulting in a serious distortion of uPCC.

Therefore, taking Δ = |uPCC_NIP - uPCC_RP| as an in-
dicator, when Zg(s) changes greatly, Δ will become larger,
and if the virtual impedance matches Zg(s), Δ will acquire
the minimum value. Thus, by adaptively modifying the virtual
impedance value and finding the minimum Δ value, the virtual
impedance can be matched with Zg(s), thereby stabilizing the
grid-connected system and improving the quality of the grid
current. The detailed theoretical proof will be given in the next
section.

Since the fundamental wave and harmonics of uPCC are
periodic, Δ is also periodic. To prevent misjudgment, an array

Fig. 11. Flowchart of the proposed adaptive strategy.

is created to dynamically store Δ. The array size is equal to the
number of switching interruptions in one grid cycle. A new Δ
is calculated in each interrupt and compared with the earliest
one in the array, and then replace the earliest Δ with the latest
updated one.

As seen from Fig. 6, when ug is fully feedforward, if
Zg(s) changes and the difference between Zg(s) and the vir-
tual impedance exceed Zgmin, the grid-connected system will
be instable. In contrast, when adopt proportional feedforward,
although the ability to suppress the background harmonics is
weakened, the stability margin is relatively large, and the grid-
connected system will not lose stability immediately. Therefore,
to ensure stability, once the grid impedance is confirmed to have
changed and exceeded a critical value, the s2L1C/Kpwm branch
of full feedforward should be disabled first, and then the strategy
of adaptively adjusting the virtual impedance begins to work.

The flow chart for adaptively adjusting the virtual impedance
based on Δ is shown in Fig. 11. The ΔK denotes the difference
between the two prediction methods at the current moment,
and ΔK-1 denotes the difference corresponding to the current
moment in the previous grid cycle. For example, the difference
at the peak of the current grid cycle and the difference at the
peak of the previous grid cycle are ΔK and ΔK-1, respectively.

Δ‘ represents the difference between ΔK and ΔK-1. T1 de-
notes threshold 1, when Δ’ is greater than T1, it means that
the change of Zg(s) causes large oscillation of uPCC. And T2

indicates the threshold 2, when the absolute value of Δ’ is less
than T2, it means that the virtual impedance has better matched
Zg(s).

The proposed strategy can be divided into two parts, one is
the part to confirm Zg(s) has changed and the other one is to
adjust the virtual impedance adaptively. The specific steps are
as follows.
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Fig. 12. Comparisons of NIP and RP. (a) ug(s) undistorted. (b) ug(s) distorted.

Fig. 13. Virtual impedance adjustment process under different R/X. (a)
R/X=0. (b) R/X=1. (c) R/X=2.27.

1) ΔK is calculated in each switching interrupt and compared
with ΔK-1 to obtain Δ’.

2) Update the Δ array. The newly obtained Δ replaces the
earliest one stored in the array.

3) Judge whether Δ’ is greater than T1. If not, repeat 3),
otherwise, disable the s2L1C/Kpwm branch of full feedfor-
ward.

Fig. 14. Photograph of the prototype.

4) Perturb the virtual inductance, and continue to calculate
ΔK and Δ’, dynamically update the Δ array.

5) Judge whether |Δ‘| is less than T2, if true, enable the
s2L1C/Kpwm branch of full feedforward and stop adap-
tively adjusting the virtual impedance. If not, judge
whether Δ’<0 is true, if true, keep the direction of the
previous virtual impedance perturbation and go to 4),
otherwise change the direction and repeat 4).

C. Theoretical Proof of the Proposed Strategy

The most important premise of the proposed strategy is that
Δ’>0 holds when Zg(s) changes. A detailed theoretical proof is
given below, which can be divided into two steps.

Step 1: Prove that NIP amplifies the signal more than RP.

When NIP is used to predict ug, and to reduce the difficulty
of proof, (12) can be simplified as

uout(k) = uin(k) + k(uin(k)− uin(k − 1)) (13)

where k represents the predicted number of Ts. Equation (14)
can be obtained when (13) divide both sides by Ts

uout(k)

Ts
=

uin(k)

Ts
+

k(uin(k)− uin(k − 1))

Ts
. (14)

It is not difficult to see that the second term on the right side
of (14) is a backward difference, which indicates that NIP has a
differential property.

The relationship between uin(k) and uin(k-1) are expressed

uin (k − 1) = uin (k) e
−sTs . (15)

Thus, (13) can be changed as

uout(k) = uin(k)(1 + k − ke−sT ). (16)

The transfer function of NIP can be expressed as

GNIP(s) = 1 + k − ke−sTs . (17)
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Fig. 15. Comparisons of grid-in currents with different methods. (a) Proportional feedforward. (b) Full feedforward with NIP. (c) Full feedforward with RP.

Fig. 16. Process of grid-connected system instability. (a) s2L1C/Kpwm branch is not prohibited. (b) s2L1C/Kpwm branch is prohibited. (c) Final waveform with
proportional feedforward.

Fig. 17. Proposed strategy subjected to a sudden increase of Zg(s). (a) Whole process. (b) Adjustment is not over yet. (c) Adjustment is finished. (d) ΔK when
the adjustment is not over yet. (e) ΔK when the adjustment is finished.

For the convenience of comparison, the transfer function of
RP represented by (11) can be changed as

GRP(s) =
1−Qe−sNTs +me−s(N−k)Ts

1−Qe−sNTs +me−sNTs
. (18)

Defining GΔ(s) = GNIP(s)-GRP(s), and the detailed expres-
sion of GΔ(s) can be obtained

GΔ(s) = GIN(s)−GRP(s)

=
(1−e−sT )(k + km− kQ) +me−s(N−k)T (ekT − 1)

1−Qe−sNT +me−sNT
.

(19)

Based on the values of k, m, and Q, it can be confirmed
that GΔ(s)>0, which can prove that the amplification of NIP on
signal is greater than RP.

Step 2: On the basis of step 1, next to prove that Δ’>0 holds
when Zg(s) changes.
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Fig. 18. Proposed strategy subjected to a sudden decrease of Zg(s). (a) Whole process. (b) Adjustment is not over yet. (c) Adjustment is finished. (d) ΔK when
the adjustment is not over yet. (e) ΔK when the adjustment is finished.

Fig. 19 Waveforms of adjustment process with different SCRs. (a) SCR=51. (b) SCR=17. (c) SCR=10.

Assume that a harmonic voltage in the PCC voltage can be
expressed as

fn = A sin(nωt+ ϕ). (20)

After the changes of Zg(s), the harmonic expression can be
changed as

fn
′ = A1 sin(nωt+ ϕ). (21)

Thus, the Δ’ can be expressed as

GΔ(s)|f1| −GΔ(s)|f | > 0. (22)

The equivalent transformation of (23) can be expressed as

GΔ(s)(A1 −A)| sin(nωt+ ϕ)| > 0. (23)

According to the above analysis, GΔ(s)>0 is valid. And be-
cause once the virtual impedance is not matched with Zg(s), the
injected current will start to oscillate. Due to this current flows
through ZL2 and Zg, the voltage at PCC start to oscillate similarly.
Thus, the harmonics voltages are increasing, and A1-A>0 is also
true.

For a certain harmonic, |sin(nω+ϕ)| contains only two points
equal to zero in a cycle, and the rest are greater than zero. Due to
ug contains both fundamental and multiple harmonics, thus the
probability of them being zero at the same time is negligible.

V. VERIFICATION

A. Simulation

The two prediction methods are validated first based on MAT-
LAB. The working conditions are divided into two cases: 1) ug
contains fundamental voltage only; 2) ug distorted by 3th, 5th,
7th, 9th, 11th, and 31th harmonics. The magnitudes of harmonics

with respect to the fundamental voltage are 10%, 7%, 5%, 3%,
2%, and 1%, respectively.

When ug is not distorted, both NIP and RP can achieve
the purpose of prediction well in Fig. 12(a). On the contrary,
if ug is distorted seriously, NIP will significantly amplify the
background harmonics. In contrast, RP hardly changes the back-
ground harmonics in Fig. 12(b). It shows that the prediction of
RP is much better than NIP under a weak grid.

The adjustments of virtual impedance regulation when the
grid impedance contains resistance are shown in Fig. 13. Clearly,
the proposed strategy can find the appropriate virtual resistance
when the grid impedance changes abruptly at different R/X to
ensure the quality of the grid-in current.

B. Experiments

A prototype of a 3-kW single-phase grid-connected inverter
with an LCL-filter is built and tested. The parameters are shown
in Table I, and the photo of the inverter is given in Fig. 14.

To get an accurate evaluation of the proposed solution, a
programmable ac source (Chroma 61151) is used to simulate
the grid voltage distorted by harmonics, and the composition
and magnitude of harmonics are consistent with the simulation.

The waveforms and the total harmonic distortion (THD) with
different methods are given in Fig. 15, while Zg(s) does not exist.
After employing the proposed full feedforward strategy and
using RP to compensate for the delay, the harmonic-rejection-
ability of the grid-connected inverter is greatly enhanced under
the stiff grid. The measured current THD is the smallest and only
2.16%. By contrast, with the use of proportional feedforward
and full feedforward with NIP, the THDs are 5.14% and 4.11%,
respectively.
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If Zg(s) is non-negligible and a sudden change occurs, the
s2L1C/Kpwm branch should be prohibited immediately, other-
wise grid-connected system will be unstable. After prohibiting,
ig will not immediately start to oscillate, but the grid-connected
system stability margin is low, and ig will gradually oscillate
over a period of time. The above process is shown in Fig. 16.

Thus, if a sudden change of Zg(s) occurs, it is necessary to
enable the virtual impedance adaptive adjustment strategy to
keep grid-connected systems stable. In the experiment, T1 and
T2 are set as 5%, 2.5% of the fundamental of ug, respectively.

Figs. 17 and 18 show the waveforms when the grid impedance
increases and decreases abruptly, respectively. Among them,
Figs. 17(a) and 18(a) give the whole dynamic regulation process.
Figs. 17(b) and 18(b) show the current waveforms when the
optimal virtual impedances have not yet been found, and there
is a significant oscillation in the grid-in current. In contrast,
Figs. 17(c) and 18(c) display the steady-state waveforms of the
grid-in current after finding the optimal virtual impedance. The
quality of the grid-in current is satisfactory with the proposed
strategy, despite the fact that the grid impedance cannot be
neglected and the grid voltage has serious distortions. Figs. 17(c)
and 18(c) give the difference between the two prediction meth-
ods in predicting uPCC when the virtual impedance adjust-
ment is not yet completed. As a comparison, Figs. 17(e) and
18(e) show the difference between the two prediction methods
in predicting uPCC after the virtual impedance adjustment is
completed. It can be seen that there is a significant oscillation
in uPCC when the virtual impedance adjustment is not com-
pleted, resulting in a larger oscillation in the difference be-
tween the two prediction methods. In contrast, when the virtual
impedance adjustment is completed, the difference between the
two methods predictions is smaller. The above-mentioned ex-
perimental results demonstrate the effectiveness of the proposed
strategy.

To further verify the effectiveness of the proposed strategy,
experiments were conducted with different short-circuit capacity
ratios (SCR) of the system when the grid impedance decrease
suddenly. The experimental results are shown in Fig. 19. It can
be found that as the SCR decreases, i.e., the grid impedance
increases, the time for the proposed strategy to regulate the
virtual impedance increases, but eventually a suitable virtual
impedance can still be found to stabilize the system and ensure
the grid-in current quality.

VI. CONCLUSION

An adaptive strategy based on repetitive control for improving
adaptability of LCL grid-connected inverters under weak grid
is investigated in this article. The major outcomes include the
following.

1) The full feedforward strategy of grid voltage ug based on
the differential feedback of grid side inductor voltage ac-
tive damping is derived, which reduces the complexity of
the existing full feedforward, and the relationship between
grid voltage full feedforward and the output impedance of
the grid-connected inverter is revealed.

2) The influence of the control delay on full feedforward
strategy is analyzed, and the delay is compensated by the
repetitive control. It is proved that a grid-connected system
is more sensitive to the delay when grid voltage is fully
feedforward. The stability of the grid-connected inverter
cannot be guaranteed only by compensating for the delay
under a weak grid, and the virtual impedance branch is
added.

3) Based on the difference between RP and Newton interpo-
lation prediction of voltage at PCC, the proposed strategy
adaptively modifies the virtual impedance online, which
can ensure the stability of the grid-connected system when
the grid impedance changes, improving the adaptability of
the grid-connected inverters to the weak grid.
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