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Abstract

Voltage feed-forward control (VFFC) is widely used in LCL-type grid-tied inverters due to its advantages in terms of

disturbance rejection performance and fast dynamic response. However, VFFC may worsen the stability of inverters under weak
grid conditions. It is revealed in this paper that a large phase-lag in the low-frequency range is introduced by VFFC, which
reduces the phase margin significantly and leads to instability. To address this problem, a novel virtual-impedance-based control,
where a phase-lead is introduced into the low-frequency area to compensate for the phase lag caused by VFFC, is proposed to
improve system stability. The proposed control is realized with a high-pass filter, without high-order-derivative components. It

features easy implementation and good noise immunity. A detailed design procedure for the virtual impedance control is

presented. Both theoretical analysis and experimental results verify the effectiveness of the control proposed.
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I. INTRODUCTION

Recently, distributed generation (DG) systems have
attracted a lot of attention due to environmental aspects [1],
[2]. With the increased number of grid-connected power
electronic devices and the growing penetration of DGs,
distributed power grids feature the characteristic of a weak
grid, and a large set of grid impedance values is yielded with
long transmission lines [3], [4]. When a grid-tied inverter is
connected to a weak grid, the possible wide range of grid
impedance values introduces challenges the control of the
grid-tied inverter in terms of stability [5].

For grid-tied inverters, voltage feed-forward control
(VFFC) has been widely applied in single-phase [6] and
three-phase systems [7]. When applied in a stiff grid case
(where the grid impedance can be ignored), the well-known
VFFC achieves good steady-state performance due to the
rejection of the current harmonics caused by grid distortion. It
can also improve the dynamics performance in the case of the
start-up procedure or grid voltage sags, swells and flickers.
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However, it has been revealed in recent studies [8]-[10] that
under weak grid conditions, the feed-forward link of PCC
voltage results in a “positive feedback control” which may
reduce the stability of the system and its control performance.
Actually, for an LCL-type grid-tied inverter, no matter what
type of current control schemes, e.g. grid current control [8],
inverter-side inductor current control [9] or weighted average
current control [10], is used, VFFC may lead to instability
due to the varied grid impedance.

Recently, more and more researchers have devoted
themselves to reexamining the performance of conventional
control schemes in a weak grid. Single-loop current control,
which is aimed at reducing the number of additional sensors,
has been studied in [11], [12]. In a weak grid, the resonance
frequency of an LCL filter can vary in a wide range due to
variations of the grid impedance, which indicates that single
current feedback is not able to guarantee stability [13]. In this
scenario, an additional damping is required and dual-loop
current control is preferred [8], [14].

Impedance-based stability-assessment has been shown to
be an effective approach in weak grid systems, which realize
the decoupling of grid-tied inverters and grid subsystems [15],
[16]. In order to ensure system stability, a sufficient phase
margin is required at the frequency of the intersection between
the inverter output impedance and the grid impedance [14].
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Fig. 2. Control block diagram of a single-phase LCL-type grid-tied inverter.

Since grid impedance is determined by the utility grid and is
difficult to change, the stability of the system has to be
improved by shaping the inverter output impedance.
Numerous impedance shaping methods have been proposed
to enhance stability by employing an additional compensation
network in the current loop [17], [18], modifying the voltage
feed-forward link [8], [19], [20], or introducing a virtual
impedance [14], [21], [22]. Impedance shaping methods by
inserting a narrow-band filter or lead-lag network to boost the
phase angle have been introduced in [17], [18]. These methods
can mitigate the adverse impacts caused by VFFC and improve
system robustness. However, the designs of the current
regulator and phase compensation network are complicated. In
[8] and [19], adaptive grid voltage feed-forward methods
based on on-line grid impedance estimation were adopted to
obtain an appropriate phase margin under weak grid
conditions. However, the effectiveness of this method relies
on the accuracy of the estimated grid impedance. Meanwhile,
current quality might be sacrificed due to the injection of
extra harmonics into the grid current [23]. The authors of [20]
further proposed an adaptive feed-forward algorithm without
grid impedance estimation, which features a high robustness
against grid impedance variations and low current harmonics.
Unfortunately, it still suffers from a heavy computational
burden. In [14] and [22], the virtual impedance method was
proposed to guarantee strong stability-robustness in weak grid
systems. Nevertheless, multiple derivative terms are required in
the feedback link, which can amplify high-frequency noises
and deteriorate the control performance. In brief, the existing
impedance shaping methods still suffer due to complexity,
dependence on online grid impedance measurements and
unsatisfactory capability in terms of noise rejection.

In this paper, the instability induced by VFFC, since a large
phase lag is introduced and the phase margin is reduced
significantly in the low-frequency range, is revealed. In addition,

an improved virtual-impedance-based control employing a
high-pass filter is proposed, which features easy implementation
and good noise immunity. With the proposed control, grid- tied
inverters can adapt to a wide range of grid impedance. This
paper is organized as follows. In Section II, the output
impedance modeling of a grid-tied inverter with dual-loop
current control is briefly presented, and the influence of VFFC
on system stability is analyzed using an impedance- based
analysis method. In Section III, a high-pass-filter-based virtual
impedance control is proposed and compared with conventional
solutions. Detailed design procedures for the proposed control
are presented. Experimental verifications are given in Section
IV. Finally, some conclusions are drawn in Section V.

II. STABILITY ANALYSIS ON AN INVERTER
WITH VFFC

A. Output Impedance Modeling

A single-phase grid-tied inverter with an LCL filter is
shown in Fig. 1, where the weak grid is emulated by an ideal
grid voltage source v, in series with a grid impedance Z, and
Vpee 18 the PCC voltage. Dual-loop current control with grid
voltage feed-forward is illustrated in Fig. 2, where the PWM
unit is simplified to Kpwy, Gy(s) is the digital delay, H is the
feedback coefficient of the capacitor current, Gi(s) is the PI
current regulator, and the feed-forward function G(s) is set to
1/Kpwm- Lt 18 the current amplitude reference, and the phase
angle 6 of the PCC voltage fundamental is determined by the
synchronous reference frame PLL (SRF-PLL).

Using the equivalent transformation method, the injected
grid current i,(s) can be written as:

L) =i(5) =) e (1)
Z,(5)  Z,(s)

where Z,(s) is the inverter output impedance without VFFC,
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Fig. 3. Equivalent circuit of a grid-tied inverter with VFFC.
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Fig. 4. Bode plot of the transfer function G,(s).

and Z{(s) is the impedance introduced by VFFC. The
expressions of Z,(s) and Z(s) are given by:
Z,(s)
_ LIL2CfS3 +HicKPWML2Cde (S)SZ + (L + Ly)s + Koy Gy (S)Gd (s) (2)
LCps™ + H Ky, CiGy(5)s +1

Zi(s)=
_ LLGCs' + H Ky LCGy (9)s” + (L + L,)s + Koy G, ()G (s)  (3)
Ky G ($)Gy (5)

Based on the aforementioned impedance modeling, an
equivalent circuit of the grid-tied inverter can be derived as
shown in Fig. 3, where Z, .(s) represents the output
impedance of the inverter with VFFC, and is expressed as:

7, (5)= Z2WAE) “)
Z,()+ Zy(s)

B. Impedance-Based Stability Analysis

Based on the impedance analysis method, a grid-tied
inverter system can be modeled as two subsystems, i.e., a
grid-tied inverter subsystem and a weak grid subsystem, as
shown in Fig. 3. The system stability can be determined by
checking whether the impedance ratio Zy(s)/Z,(s) satisfies the
Nyquist stability criterion [15]. For this criterion, the phase
margin (PM) must be positive if Z,(s) and Z,(s) intersect at f;,
which is expressed as:

PM =180° —{arg[Z, (j27 f;)] - arg[ Z, (27 £))]} ©)
Typically, grid impedance is mainly introduced by the
long-distance transmission wires, and it can be simplified as a
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Fig. 5. Bode plot of grid impedance (pink) and inverter output
impedance: without VFFC (red) and with VFFC (blue).

series-connected inductor and resistor. Considering the worst
case, the grid impedance is regarded as a purely inductive
component with a 90° phase angle. Then Eq. (5) can be
rewritten as:

PM =90° + arg[Z,(j27 )] (6)

From Eq. (6), it can be seen that the phase margin is
determined by arg[Z,(j2zf;)]. Thus, to improve the stability of
a grid-tied inverter, it is necessary to boost the phase angle of
the inverter output impedance around the intersection
frequency.

As discussed above, when VFFC is employed, an
additional impedance Zgs) is introduced in parallel with the
original output impedance, and the shaped output impedance
becomes Z, .4(s). Substituting Eqns. (2)-(3) into Eq. (4)
yields:

Zoﬁeq (S) = ZO(S) ZO(S) N Zf(s) ZO(S) Gz(s) (7)
where:
G,(s)= LCs> + H Ky C:Gy(5)s +1 ®

L]Cfs2 + H Koy CrGy(8)s + 1= Ky G (8)Gy (s)

A bode plot of the transfer function G,(s) is drawn in Fig. 4,
with the example parameters given in Section III. D. It can be

seen that a large phase-lag 0,,,(=2G,(j2xf)) is induced by Z3s),

and that the lower the frequency, the larger 6,,. As a result,
the phase margin PM in Eq. (6) is significantly reduced.

For comparison, a bode plot of the output impedance Z(s)
and Z, .,(s) is depicted in Fig. 5. As shown in Fig. 5, the
magnitude of Z, .(s) is higher than Z,(s) in the low-
frequency range, which indicates that VFFC improves the
low frequency harmonics suppression capability. However,
the larger the grid-inductance L,, the lower the intersection
frequency f;, and the smaller phase margin PM. Once the
intersection frequency turns to the low-frequency range, as
shown in the blue area in Fig. 5, the phase margin becomes a
negative value, which results in system instability. A Nyquist
plot of the impedance ratio Z,(s)/Z,(s) and Z,(s)/Z, «(s),
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Fig. 6. Nyquist plot of the impedance ratio Z,(s)/Z.(s) (blue) and
Zy(S)/Zy q(s) (red): (a) L,=0.5mH; (b) L,=3.2mH.

under weak grid conditions with L,=0.5mH and 3.2mH, is
shown in Fig. 6. It can be seen that the grid-tied inverter
without VFFC is stable in both cases, since the Nyquist plot
of the impedance ratio does not encircle the point (-1,j0).
Meanwhile, a grid-tied inverter with VFFC is also stable with
L,=0.5mH. However, when L,=3.2mH, the curve with VFFC
surrounds the point (-1,j0), which indicates that the grid-tied
inverter with VFFC becomes unstable with an increase of L,.

Based on the impedance analysis, it is found that the
instability induced by VFFC is mainly due to the fact that a
large phase-lag is introduced and the phase margin is reduced
significantly in the low-frequency range.

III. PROPOSED HIGH-PASS-FILTER-BASED VIRTUAL
IMPEDANCE CONTROL

According to the above analysis, a large phase-lag is
induced by VFFC, which significantly reduces the phase
margin and leads to instability. As a result, phase-leading
compensation is always necessary to improve the system
stability.

A. Conventional Virtual-Impedance-Based Control

To ensure system stability under a weak grid, the conventional
solution [14] introduces a virtual pure inductance L, at the
output terminal of the grid-tied inverter, as shown in Fig. 7,
where Z,(s) = sL,. In addition, Z,(s) offers a 90° phase-lead
under all frequencies and compensates the phase-lag. A
control block diagram of a grid-tied inverter with virtual
impedance is drawn in Fig. 8(a). Moving the feedback node
of iy(s) from the output of the transfer function 1/sC; to the
output of the transfer function Gj(s), an equivalent block
diagram is obtained, as shown in Fig. 8(b). Through an

1+

v

pee

grid-tied inverter

Fig. 7. Equivalent circuit with virtual impedance.

equivalent transformation, the transfer function G,(s) in Fig.

8(b) is given by:

LC;s® + CH Kpyys +1 1
Kpwm Gy(s)

G,(s) = )]
It is worth noting that 1/G4(s) is a prediction transfer

function, which cannot be realized in practice. Hence, the

conventional implementation function of the feedback link,

defined as Gy(s), is given by:

LC.s>+C.H K

e 1 g0
e (10)

Gp(s)=Z2,(s)-G,(s) - Gy(s) = 5L, -

PWM

As can beseen from Eq. (10), multiple derivative feedbacks
of the injected grid current are required to realize the virtual
impedance. These derivative terms are difficult to realize in
practical applications regardless of what implementation, like
analog or digital control, is adopted. Meanwhile, they are
prone to the measurement noise that is inevitably introduced
when sampling the injected current. A discrete method like
the backward difference can be used for noise filtering [14].
However, the effect might be unsatisfactory. The noises can
also be suppressed by adopting a high-order low-pass filter.
However, this makes the parameter design difficult and
complex. On the other hand, G(s) is also sensitive to the
parameters of the LCL filter, and parameter mismatches
might occur due to the tolerance or aging of the filter
components. Thus, in order to effectively ensure the stability
of a system, the implementation of virtual impedance needs
to be handled carefully under practical considerations.

B. Principle of the Proposed High-Pass-Filter-Based
Virtual Impedance Control

To simplify the implementation function Gg(s) and
completely eliminate the pure derivative components, the
derivation of the modified implementation function is carried
out as the following two-steps:

Step 1. Simplification of G(s)

Based on the analysis mentioned in Section II, the
instability induced by VFFC is mainly due to the large
phase-lag introduced and the fact that the phase margin is
significantly reduced in the low-frequency range, where the
virtual impedance should be employed to boost the phase
angle of the output impedance. At low frequencies, the
transfer function given by Eq. (10) can be approximated by a
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Fig. 9. Bode plot of the equivalent virtual impedance Z|(s) .

proportional component, which is expressed as:

G,(5)~ Gl(s) = ——

PWM
Replacing G,(s) with G!(s), the equivalent series virtual

an

impedance is derived as:

G'(s) !
G AW e e
11 f ic PWM

v

(12)

Z.(5)=Z,(s)"

A bode plot of the equivalent virtual impedance is given in
Fig. 9, with the example parameters given in Section III. D. It
can be seen that the virtual impedance Z!(s) features

inductive at low frequencies, which introduces a phase-lead
to the output impedance and compensates the phase-lag
induced by VFFC. As aresult, the unstable area is narrowed.
At higher frequencies, the feedback function cannot be
approximated by a proportional component as Eq. (11).
Therefore, the frequency response of the equivalent virtual
impedance might be very different from that of a pure
inductor. As can be seen in Fig. 9, the phase of the equivalent
virtual impedance Z!(s) falls below zero at high frequencies,

(b)

(b)
Fig. 10. Synthetic process of Z, .4(s) and Z!(s): (a) In the low-

frequency range; (b) In the high-frequency range.

which introduces a phase-lag and deteriorates the stability of
the system. However, referring to Fig. 5, the phase margin
(i.e. PM)) has already approached to 180° when the output
impedance and grid impedance intersect in the high-
frequency range. This means that the phase margin is large
enough, which can be sacrificed a bit without influencing the
system stability.

The synthetic process of the original inverter output
impedance Z, .(s) and the virtual impedance Z!(s) is
illustrated in Fig. 10. As shown in Fig. 10(a), a leading angle
is introduced by Z!(s) in the low-frequency range and a

higher magnitude of Z!(s) leads to a larger leading angle,
i.e., 6,>0,. However, it can be seen from Fig. 10(b) that a
higher magnitude of Z!(s) also results in a larger lagging
angle in the high-frequency range. Hence, the parameter
design of Z!(s) should be a trade-off to make sure that a

suitable leading angle is introduced in the low-frequency
range and that enough of a phase margin is guaranteed in the
high-frequency range.

Step 2. Adding a low-pass filter for Z.(s)

According to the control diagram in Fig. 8, when the
simplified transfer function G!(s) is employed, the feedback

link of the injected grid current contains a first-order derivative
component, which comes from the transfer function of the
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Fig. 11. Control block diagram of the proposed grid-tied inverter.

TABLE I
COMPARISON BETWEEN CONVENTIONAL SOLUTIONS AND THE PROPOSED CONTROL

Aspects Conventional solution [14]

Conventional solution [22] Proposed Control

Control scheme Grid current control

Inverter-side inductor current control
(inconvenient to set the power factor
on the grid side)

Grid current control

Mechanism to ensure
stability

Compensate the phase-lag at the whole
frequencies

Compensate the phase-lag at the
whole frequencies

Compensate the phase-lag only
at low frequencies

Introduce an additional

Introduce an additional

Introduce an additional high-pass-filter feedback

Implementation method

high-order-derivative feedback Gy(s), where
LC.s* +CoH K pypys +1

Gy ()= 5L, - =

PWM

first-order-derivative feedback
sL, +R,
K

Gy, (s) , where Gy, (s) =

PWM

G (s) , where

wy,

’ SL\
Gy (s)=—"—
Ky Wy, +8

Stability margin

Stability margin might be higher due to
phase-lead induced at the whole frequencies

Stability margin is limited due to the
virtual impedance is introduced in
the inverter-side

Sufficient stability margin can
also be achieved

Noise immunity

Poor

Medium

Good

Complexity and
computational burden

High

Low

Low

virtual impedance (i.e., Z(s) = sL,). Thus, a first-order
low-pass filter (LPF) Gy,(s) is adopted to attenuate the
influence of the inevitable noise. Then the implementation
function of the feedback link, defined as G} (s), can be

derived:

1

Giy(5) = Z,(5) - G, (5 G (s) = sL, - —2
s KPWM

Ip

(13)

where wy, is the corner frequency of the low-pass filter.

As can be observed from Eq. (13), with the proposed
virtual impedance control, the equivalent transfer function
Gy, (s) , which features the characteristics of a high-pass filter,

is implemented to replace the high-order-derivative component
Gg(s). Based on the analysis above, a control block diagram
of the proposed grid-tied inverter can be derived, as drawn in
Fig. 11.

C. Comparison Between Conventional Solutions and the
Proposed Control

A bode plot of the proposed feedback gain Gj, (s) and the

conventional feedback gain Gg(s) [14] are compared in Fig.
12, where L,=ImH and w,,=30007 rad/s. It can be clearly
seen that with the conventional solution, the amplification of
noises at the switching frequency f;, are considerably larger
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Fig. 12. Bode plot of the conventional feedback gain (blue) and
the proposed feedback gain (red).

(13.3dB). On the other hand, the magnitude of the proposed
feedback gain at f;, is negligibly small (-32.7dB). In the
conventional solution, this means that the noise of the
sampled signal is amplified and introduced into the
modulation signal through the feedback link. Meanwhile, the
noise is attenuated in the proposed control. A comprehensive
comparison between conventional solutions [14], [22] and the
proposed control is presented in Table I. It can be seen that
the inverter-side inductor current control is used in [22]. This
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TABLE 11
PARAMETERS OF THE INVERTER
Parameter Value Parameter Value
Tnput voltage Vi, 400y Orid VOItI"/ge (RMS) 20y
g
Inverter-side
Output power P, SkW inductor L, 750uH
Grld-sndLe inductor 350uH Filter capacitor C¢ 10uF
2
Fundamentq] 50Hz Sampling frequency 20kHz
frequency f, fe
Gain of inverter Feedback gain of
bridge Kpwm 400 capacitor current Hj, 0.027

control scheme is an indirect control, where it is inconvenient
to set the power factor on the grid side. Meanwhile, the
stability margin is limited since the virtual impedance is
introduced in the inverter-side. Grid current control is used in
this paper and in [14]. When compared to the virtual
impedance control in [14], the stability margin of the
proposed control is slightly lower since the phase-lead is
induced only in the low-frequency range. However, system
stability can also be guaranteed over a wide range of grid
impedances. Meanwhile, the proposed control features better
noise immunity and easier implementation.

D. Design Procedures

A 5kW single-phase LCL-type grid-tied inverter is presented
here as an example to illustrate the design procedures. The
main parameters are listed in Table II.

Step 1. Design of current controller

The parameters of the current controller are properly
designed under an ideal grid. A PI regulator, expressed as
Gi(s)=k,tki/s, is used for the current controller. With £,=0.015
and =30, the cut-off frequency of the current loop is about
1kHz and the phase margin is 54°, which ensures both good
dynamic response and stability.

Step 2. Choice of the maximum grid impedance

Typically, a grid-tied inverter is required to work stably
when the grid impedance varies up to a maximum of 10%
per-unit (PU), which corresponds to a short circuit ratio of 10
[4], [24]. Then the maximum grid impedance can be derived
as:
VZ

Ly =t (14)
10-27f, - P,

As for the specifications of the grid-tied inverter in this

paper, the maximum grid impedance varies by up to 3.2mH.

Step 3. Selection of the corner frequency wy,
A low-pass filter (LPF) is adopted to attenuate the

100
80
60
40-
20-

Magnitude (dB)

L, =3.2mH

20 [

10 10* 10° 10*
Frequency (Hz)

Fig. 13. Bode plot of the grid impedance (pink) and inverter
output impedance with VFFC: before adding virtual impedance
(red), after adding the proposed virtual impedance (blue).

influence of the inevitable noise. To achieve good noise
immunity without influencing the system stability, the corner
frequency wy, of the LPF is set below the resonant frequency
of the LCL filter (3.3kHz) and is chosen as 1.5kHz.

Step 4. Design of the virtual impedance value L,

The value of the virtual impedance L, changes the stability
margins of the grid-tied inverter. Under the constraint of a
PM that is larger than 30° within the given range of the grid
impedance (i.e., 0~3.2mH), the virtual impedance L, can be
calculated with the following function:

Z} ()] =] 2 ()
90° +arg[Z, ., (/)]=30°

where Z,  (f)=j27f L, ... and Z  (f) is the inverter

0 eq

(15)

output impedance with the proposed control, which is
expressed as Eq. (16). Substituting s = j27f into Eq. (16),

and based on Eqns. (15)-(16), it can be calculated that
f=750Hz and L,~=1mH. The shaped output impedance
Z; () with the proposed control is shown in Fig. 13. It is

seen that a sufficient phase margin, 30°, is guaranteed even
under the weakest grid. As a result, the stability of the
grid-tied inverter is enhanced with the proposed virtual
impedance control.

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

In order to verify the accuracy of the mathematical
impedance modeling, the output impedance before and after
adding VFFC (i.e., Z, and Z, .) are both tested with PSIM
simulations. The PSIM simulation results and theoretical
curves of the output impedance are both given in Fig. 14. It is

Z(; eq(s)

_ Llecfs3 + Hicprmchde(S)S2 + (L + L,)s + Koy Gi (5)Gy (s) +[G, (S)valps/(wlp +5)]

LC;s* + H Koy CrGy () +1= Ky G ()G, (5)

(16)
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Fig. 14. Comparisons of PSIM simulation results and theoretical
curves: (a) Without VFFC; (b) With VFFC.

TABLE III
CONTROLLER PARAMETERS OF THE CONVENTIONAL AND
PROPOSED CONTROL

Aspects Conventional solution Proposed control

Parameters of
PI regulator

Gi(s):kp+£ Gi(s):kp-#E
s s

k, =0.015, k =30 k, =0.015, k =30

Parameters G, (s)=sL LGS+ CH Ky s +1 G} (s)=sL, LI
of the h Koy Wi +5 Kpy
feedback link L, =0.001 L, =0.001, w,, =3000m

seen that the simulation results agree with the theoretical
curves pretty well, which verifies the correctness of the
output impedance modeling.

The noise immunity performances of both the conventional
and proposed solutions are tested and compared, using the
controller parameters listed in Table III. According to [25],
the measurement noise can be modeled as a white noise with
a Gaussian density function, which can be realized with the
Gaussian Noise Generator module in MATLAB/Simulink.
The amplitude of the noise is determined by the key
parameter Variance in the Gaussian Noise Generator module.
For comparison, white noise with different amplitudes, i.e.,
variance=0.01 and 0.05, are added to the sampled grid current
(the rated amplitude is 20A) of both the conventional and
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Fig. 15. Simulation results of the conventional solution with
different noise amplitudes: (a) Variance=0.01; (b) Variance=
0.05.
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Fig. 16. Simulation results of the proposed control with different
noise amplitudes: (a) Variance=0.01; (b) Variance=0.05.

proposed control. The simulation results are shown in Fig. 15
and Fig. 16, where i, is the noise added to the sampled grid
current, vpoq 1S the modulation signal, v, is the PCC voltage
and i, is the injected grid current. It can be seen from Fig. 15
that, with the conventional solution, the noise induced by the
sampled signal is amplified, and that it significantly
influences the modulation signal. With an increase of the
noise amplitude, over-modulation occurs, which deteriorates
the THD performance of the grid current. On the other hand,
with the proposed control, the THD performance of the grid
current is free of noise, as shown in Fig. 16. The simulation
results fully verify that the proposed control features good
noise immunity.

B. Experimental Results

Experimental waveforms of the inverter under different
grid conditions are shown in Fig. 17, Fig. 18 and Fig. 19. As
can be seen from Fig. 17(a), when the inverter is connected to
a stiff grid, the measured total harmonic distortion (THD) of
the injected grid current is 2.96%. However, the increasing
grid impedance results in aggravated distortions of v, and i,
or even instability, as shown in Fig. 18(a) and Fig. 19(a). This
is because the phase margin of the grid-tied inverter is not
sufficient under a weak grid. After employing the proposed
control strategy, the THD of the injected grid current under a
stiff grid is decreased to 2.76%, as shown in Fig. 17(b).
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Fig. 17. Experimental waveforms under a stiff grid: (a) Before
adding control; (b) After adding the proposed control.
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Fig. 18. Experimental waveforms under a weak grid with
L,=2.4mH: (a) Before adding control; (b) After adding the
proposed control.

Moreover, since enough of a phase margin is retrieved by
employing the virtual impedance, the harmonics of the grid
current are restrained and the current THD is less than 5%,
even when the grid impedance varies up to 3.2mH, as shown
in Fig. 18(b) and Fig. 19(b), which verifies the effectiveness
of the proposed control.

Voo + 100V/div i, : 20A/div
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/ Vieo :100V/div } 20A/div
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(b)
Fig. 19. Experimental waveforms under the weakest grid with
L,=3.2mH: (a) Before adding control; (b) After adding the
proposed control.

V. CONCLUSIONS

It is revealed that the instability induced by VFFC is
mainly due to the fact that a large phase-lag is introduced and
the phase margin is significantly reduced in the low-
frequency range, rather than over the full band, with the
stability analysis of the inverter using the impedance-based
analysis method. Based on this, a high-pass-filter-based
virtual impedance control, which compensates the phase-lag
in the low-frequency area induced by VFFC to improve
system robustness against grid impedance variations, is
proposed. When compared to existing solutions with multiple
high-order-derivative components, the proposed control
achieves better noise immunity and easier implementation.
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