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Abstract: In a weak grid, the line impedance variation will cause the resonant frequency of the LCL
filter to shift towards lower frequencies, thus reducing the quality of the grid-connected current
and affecting the power grid stability. To solve this problem, a hybrid active damping strategy with
feedforward compensation is proposed for the neutral point clamped (NPC) LCL grid-connected
inverter system. In order to reshape the output conductance of the grid-connected system, suppress
the resonance spikes of the LCL filter and improve the adaptability of the grid-connected system
to the weak grid. A first-order low-pass filter is designed in the grid-connected current loop, and
an active damping control of grid-connected current based on a first-order high-pass filter is also
proposed. Compared with the conventional capacitive current active damping, no additional sensors
are required, and the use of a differential is avoided, which reduces the high-frequency noise. The
use of passive resistors is reduced, which reduces the power loss of the grid-connected system. In
addition, a point of common coupling (PCC) voltage feedforward strategy based on a low-pass
filter is designed to suppress the background higher harmonics at PCC and improve the quality of
grid-connected current. In this work, the robustness of the system is analyzed when the parameters
of the LCL filter change. Finally, the virtual space vector modulation strategy is used to balance the
neutral voltage of the DC bus. Simulation and experimental results show that the control strategy
can effectively improve the adaptability of the system to the weak power grid, improve the quality of
grid-connected current, and demonstrate strong stability. The THD can be decreased by 0.2% at least,
and the improvements are more significant with larger line impedance; the THD is only 2.33% even
at 10 mH line impedance.

Keywords: grid-connected inverter; weak grid; neutral point clamped (NPC); active damping; LCL
filter; robustness

1. Introduction

Considering the non-renewable nature of traditional fossil fuels, it is imperative to
develop energy systems in the direction of renewable energy [1]. With the proportion of
renewable energy generation rapidly increasing, its grid-connected mode has changed from
local grid-connected to centralized and distributed in multiple regions; the intermittent
output of renewable energy begins to have an impact on the overall operation of the power
grid, the stability problem between units and units, and between units and the power
grid is more complicated [2]. Grid-connected inverters play a crucial role as interfaces
between new energy generation systems and the grid [3]. However, the distributed power
generation systems being scattered across various locations, coupled with long-distance
transmission lines and a large number of transformer units, result in the grid-connected
system exhibiting the characteristics of a weak grid with a low short circuit ratio [4]. The
stability of the grid-connected inverter is heavily affected by the grid impedance under the
weak grid condition [5].
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The inverter circuit can only produce step waves directly, which requires filtering to
integrate into the grid. The capacitance of the LC filter is directly connected in parallel at
both ends of the grid voltage, which is equivalent to a capacitive load, which increases the
difficulty of control. Compared with the L-type filter, the LCL filter has a lower cost and bet-
ter high-frequency attenuation [6-9]. However, the LCL filter is a third-order underdamped
system, which has a resonant peak at the resonant frequency. Additionally, the impedance
of the power grid under weak grid conditions affects the frequency characteristics of the
LCL filter, compromising the system’s stability [10,11]. Typically, resonance suppression
strategies for LCL filters include passive damping and active damping [12-14]. Although
passive damping can effectively suppress the resonant peak of LCL, it increases the num-
ber of passive components, resulting in increased power consumption and introducing
additional factors of system instability [15]. Therefore, active damping is usually preferred
to suppress the resonant peak [16-18].

Literature [19] utilizes the filter capacitor current as the state variable and develops
an active damping method to expand the effective damping area to improve grid stability.
However, this method requires additional current sensors. Literature [20] proposed a
capacitive current proportional feedback active damping, which effectively suppresses LCL
resonance but does not consider weak grid conditions. Literature [21] proposed a capacitive
current proportional feedback active damping with phase compensation, which has a good
effect on the small range change of grid impedance. One study [22] uses the grid-connected
current as the feedback variable and active damping in the form of differentiation to
enhance the grid-connection effect. Nevertheless, this may amplify high-frequency noise,
and the approximation error in the differential link implementation weakens the damping
effect to some degree. Another study [23] incorporates a high-pass filter (HPF) in the
grid-connected current feedback loop to construct a virtual impedance in parallel with the
grid inductance to suppress the resonant peak, but it does not explore the grid connection
control effect under weak grid conditions. Another study [24] proposes a hybrid damping
control strategy that reduces the use of sensors and enhances the system’s adaptability to
weak grids. However, the use of passive devices increases the system’s power loss.

In view of the existence of resonant spikes in the LCL filter, the grid impedance will
affect the resonant frequency of the LCL, which leads to the instability of the grid-connected
system, especially in the weak grid. Considering the inherent neutral point potential balance
problem of the NPC inverter, a hybrid active damping strategy is proposed to improve the
adaptability of the LCL converter in a weak grid. This work has the following features:

(1) Compared with the capacitive current active damping, the additional current sensor
is eliminated, and the factors that may affect the system instability are reduced.

(2) Active damping of grid-connected current based on first-order HPF is adopted, and
the use of the difference term is avoided, thus avoiding the error and high-frequency
noise caused by the difference term.

(3) By avoiding the use of passive resistance, the adaptability of the grid-connected
system to the weak grid is further improved, the quality of the grid-connected current
is improved, and the system has high robustness.

The paper is structured as follows: Section 2 presents a discussion of the mathemat-
ical model and the original control strategy of the NPC grid-connected inverter system.
Section 3 proposes an improved active damping control strategy. Section 4 discusses the
neutral point potential balance strategy. Section 5 gives the simulation and experimental
results. Section 6 summarizes the work.

2. System Mathematical Model and Stability Analysis

The NPC three-level inverter has been widely applied in the field of renewable energy,
such as in solar power generation, wind power generation, and micro grid systems, due
to its advantages of reducing harmonic content, improving energy conversion efficiency,
high power application capability, reducing voltage stress, and strong adaptability. It
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enables efficient conversion and integration of renewable energy, promoting the utilization
of renewable energy and the sustainable development of power systems.

2.1. Mathematical Model of Three-Phase NPC LCL Grid-Connected Inverter

The main circuit of a three-phase, NPC-type LCL grid-connected inverter is illustrated
in Figure 1. The inverter features two clamping diodes and four IGBTs per bridge arm. The
DC-side voltage-dividing capacitors, C; and Cy, are connected to point O at the midpoint
of the clamping diodes, halving the DC-side voltage Uy of each IGBT when it is switched
off. The LCL filter comprises the inductance L;, the filter capacitor C, and the grid-side
inductance L,. The inverter output current is denoted by i1 (x = a, b, ¢), the grid-connected
current is represented by iy, the capacitor current is expressed as icy, the inverter output
voltage is indicated by Uy, the capacitor voltage is denoted by U, and the grid voltage is
represented by Ugy. Typically, the grid impedance comprises both resistive and inductive
components. This paper focuses on analyzing the stability of the grid-connected system
by considering solely the presence of an inductive component, Lg, as the inclusion of a
resistive component is known to contribute to the system’s stability.
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Figure 1. Three-phase NPC LCL grid-connected inverter topology structure.
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The mathematical model for three-phase, NPC-type LCL grid-connected inverter can
be represented as Equation (1) in a three-phase stationary coordinate system.

ux - ucx + Ll dll )
Uex = Ugy + (Lz + L)% (1)
i1y = Iy

The mathematical model in the s-domain of a two-phase stationary coordinate system
can be obtained by applying the Clarke transformation and Laplace transformation to
Equation (1), as depicted in Equation (2).

Uup(s) = Uc_ap(s) +sLiir_ap(s
Uc_ap(s) = Ug ap(s) +5(La + Lg)i_ap(s) )
il_oc[3 (S) = i2_cx[3 (S) + Scuc_ocfi (S)

2.2. System Stability Analysis

To facilitate analysis and research, the three-phase grid-connected inverter is trans-
formed from the d q coordinate system to the «f3 stationary coordinate system. This
transformation is necessary due to the coupling inherent in the former. Based on Figure 1
and Equation (2), the control block diagram in the « coordinate axis of the inverter can be
obtained, as shown in Figure 2, taking the o coordinate axis as an example.
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iz_a(S)

(L2+ Ly)s

Figure 2. Control diagram of the grid-connected inverter ().

As shown in Figure 2, i*zia(s) represents the given reference current; ug_«(s) represents
the grid-connected voltage of x-axis; tpcc_«(s) is the common coupling point voltage of the
o-axis; uc_x(s) denotes the filter capacitor voltage of the a-axis; Kpwm is the modulation
gain of the inverter, which is Ug./ Uy, where Uy, is the amplitude of the triangular carrier
wave; G4(s) represents the delay caused by digital computation and modulation signals,
which is typically 1.5 sampling periods and can be expressed as Equation (3), and perform
Pade approximation; Gg(s) is the quasi-proportional resonance (QPR) controller for current
loop quasi-proportional tracking in the &3 coordinate system, the QPR controller has better
tracking performance compared to the PI controller. It has a higher gain at the fundamental
frequency and provides some suppression effect on high-frequency harmonics. Its transfer
function is given by Equation (4).

_ —15Ts . 1-— 075TSS

Gals) =e ~110.75Tss ®)

2K, wes

Gr(s) = Kp + 108
R(S) P2 + 2wes + wo?

)
where, K, is the proportional coefficient of Gg(s); K is the resonant coefficient; wy is the
fundamental angular frequency, where wq = 271f and fy is the fundamental frequency; w.
is the cut-off bandwidth of the QPR controller; T is the sampling period.

In order to solve the instability of the grid-connected system caused by grid impedance.
Scholars are more inclined to adopt active damping control than passive damping control.
In some articles, the phase margin of the system is improved by adding a phase compensa-
tion link to the control loop of the grid-connected inverter. However, most of the phase
compensation links are advanced links, which will amplify the high-frequency harmonics
in the loop. In some articles, suppressing resonance based on adaptive filtering is proposed,
but the algorithm process is cumbersome and is not conducive to practical engineering
applications. The active damping control based on the filter suppresses the resonance,
obviously, and the process is simple and easy to implement.

In reference [24], a hybrid damping control strategy that integrates active damping and
passive damping was proposed. The grid current control loops the addition of a low-pass
filter (LPF), with the voltage at the common coupling point utilized as voltage feedforward
through the LPF. Furthermore, a passive damping resistor R is connected in series with the
filter capacitor. The control block diagram of the system is depicted in Figure 3.

In Figure 3, G¢(s) and G(s) are first-order LPF, and the filtering effect is achieved by
reducing the amplitude of high-frequency signals. Properly designing the parameters
enables the smoothing of the input signal and the removal of high-frequency noise, and
their transfer functions are given by Equation (5). The open-loop transfer function of the
system is given by Equation (6).

Ge(s) = Gs(s) = (5)
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i2_oc(5) - (RCs + 1)prmGR(s)Gd(s)

Gols) = i*2_o(8) B 3153 + (B — B3)(RCs2 + s)

(6)

where, 17 is the tuning parameter, and a value of 7; = 4 x 107 is used in the paper.
By = Ll(Lz + Lg) C,By=L1+Lp+ Lg, and B3 = Lng(S)Gd(S).

According to Equation (5), in order to verify the stability of the system under different
grid-side line impedances, the open-loop frequency response Bode diagram of the system is
plotted, as shown in Figure 4. It can be seen from the figure that as the grid line impedance
gradually increases, the phase margin (PM) of the system decreases while the gain margin
(GM) changes less. When Ly = 9 mH, the system phase margin is only 19.4°, which does
not meet the engineering application requirements. In addition, the passive component R
increases the power loss in the system, so optimization of this control strategy is necessary.

i2_a(s)

50 ) —— Lg=3mH]|
A Lg=5mH
) S N\ e Lg=7mH
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270 | 1 . R
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Figure 4. Open-loop Bode diagram of the hybrid damping system.

3. Hybrid Active Damping Control Strategy with Feedforward Compensation

The active capacitor current damping method is commonly used to suppress the LCL
resonance peak. However, to avoid the additional use of current sensors, a grid current
active damping method is proposed. Figure 5 illustrates the system block diagram of the
active grid current damping method, where the proportional feedback factor is represented

by KAD-
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i2 _ q(s)

(La+ L)s

Figure 5. Diagram of grid-connected current active damping ().

Differentiation will amplify high-frequency noise in practical applications, which is not
conducive to grid-connected control, and achieving the ideal differentiation is also difficult.
Additionally, the approximation error weakens the damping effect. To enhance system
stability margin and adaptability to weak grids, a hybrid active damping control strategy
with feedforward compensation is proposed in this paper to address the issues associated
with differentiation. A first-order LPF is incorporated into the current loop to reshape
the output admittance and enhance the system stability margin. Active damping based
on the first-order HPF feedback of the grid current replaces the differentiation variable
in the active grid current damping method to suppress the resonance peak of the LCL
filter. Furthermore, the voltage at the common coupling point is utilized as feedforward
compensation through a first-order LPF to improve the grid-connected current quality of
the system. Figure 6 illustrates the system structure further.

i2_a(S)

(L2+ Lg)s

[G) J

Figure 6. Diagram of hybrid active damping system with feedforward compensation ().

In Figure 6, Gypr(s) is a first-order HPF; by properly designing the parameters, high-
frequency components can be extracted to construct the damping component with a transfer
function given by Equation (7). The open-loop transfer function of the system is given by
Equation (8). It can be seen that it is a fourth-order model, which has a better suppression
effect on high-frequency components.

Grpr(s) = S_Iihih 7)
Gé (S) prmGR(S)Gd (S)(S + wh) (8)

" A1(s* + wps?) + (Ba — B3)(52 + wps) + Ags

In the equations, Ay = Li(Ly + Lg)C, Az = KyG4(s), B2 = Ly + Ly + Lg, and B3 = LgG¢(s)G4(s);
Ky, and wy, are the parameters of the HPF, and their relationship must satisfy Equation (9).

Kp = wyef(L1 + Lp)(2 — k) V1 — k2 ©)
Wwn = Zwref\/ 1—k2
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The value of k ranges from 0.8 to 0.9, and a value of k = 0.85 is used. wys is the open-loop
resonant angular frequency, which can be obtained from Equation (10):

L1+L2+Lg

L1 (L2 + Lg)C (10)

Wryef = 27Tfref =

Combining Equations (9) and (10), we can obtain Ky, = 7 and wy, = 3500.

To evaluate the effectiveness of the proposed control strategy, the open-loop frequency
response of the system is analyzed under different grid line impedances. As demonstrated
in Figure 7, the system’s phase margin improves to varying degrees after implementing the
proposed strategy. Even with a grid-side line impedance of 9 mH, the system gain margin
is 8.7 dB, and the phase margin is 35.1°, meeting the requirements of system stability and
engineering applications. In comparison to the hybrid damping strategy, the proposed
approach notably enhances the system’s phase margin and stability.

: ‘ | . —— Lg=3mH
;“ Lg=5ml 1
E | o e Lg=7mH
E 0 - 7“‘\-\.‘— — Lg:gml l
o k ——— ——— Iy [ . ﬁ
-U SNy
: '\'\\,
& GM=8.7dB =%
= 50} o |
- ‘.y«“‘{"{\: | !
sl - P \ PM=48.6° PM=57.9° i
o 90 | | |
T 135} " |
z ™ \ S
é 180 \\ \ |
225+ PM=35.1° PM=41.1° v \\\ |
270 - o

102 10°
Frequency (Hz)

Figure 7. Open-loop Bode plot of hybrid active damping system with feedforward compensation.

In practical operation, LCL filter parameters may change. To verify the system’s
robustness under LCL parameter variations, open-loop Bode diagrams of the system are
plotted for different LCL filter parameter variations under a grid line impedance with poor
grid connection conditions (Lg = 9 mH), as illustrated in Figure 8.

Figure 8 reveals that the system’s stability can be maintained even when the parameters
of the LCL filter components change, and both the phase margin and gain margin have
good margins. These results demonstrate that the proposed hybrid active damping system
with feedforward compensation exhibits robust stability.
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Figure 8. Open-loop Bode diagram of systems with changing filter parameters. (a) Bode diagrams of
the system when the inverter-side inductance varies; (b) Bode diagrams of the system when the filter
capacitor varies; (c¢) Bode diagrams of the system when the grid-side inductance varies.

4. Neutral-Point Potential Balancing Strategy

In order to test the grid-connected control effect of the hybrid active damping strategy
with feedforward compensation under weak grid conditions, a grid-connected controller
is designed. However, the fluctuation of DC-side neutral-point potential is an inherent
issue in NPC inverters, and a deviation in the neutral-point potential can increase the
switch stress and decrease the lifespan of power devices. Furthermore, it can elevate
high-order harmonics in the inverter’s output voltage, which can affect the quality of the
grid-connected current. To mitigate this problem, the virtual space vector pulse width
modulation (VSVPWM) technique is utilized in this study for the purpose of controlling
the neutral-point potential.

Figure 9 illustrates the classification of vectors into 3 zero vectors, 12 small vectors,
6 medium vectors, and 6 large vectors based on their length. The zero vectors (PPP, NNN,
000) and large vectors (PNN, PPN, NPN, NPP, NNP, PNN) do not affect the neutral-point
potential, while the medium and small vectors can produce fluctuations in the neutral-point
potential. Table 1 shows the midpoint current generated by the medium and small vectors.
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Table 1. The relationship between the voltage vector and the neutral-point current
Classification of Vectors Vector Neutral-Point Current
OPN ia
PON ip,
. NPO ic
Medium Vector ONP i
NOP ip
PNO ic
OPP ia
POP ip,
. NNO ic
Positive Small Vector ONN i
NON ip
PPO ic
POO —la
Ooro —ip
. OON —ic
Negative Small Vector NOO i,
ONO —ip
OoorP —ic
Sector 11 Sector T [l Sector 11
NPN OPN PPN - Sector III Sector 1V

[ sector v Sector VI
Sector IIT

Sector I
NPOA. . OPON | VPPO _ | _. PON
> PNN
Sector VI

Sector IV

NNP PON
Sector V

Figure 9. Space voltage vector diagram of three-level inverter.

The virtual space vector pulse width modulation (VSVPWM) technique creates a
virtual vector by combining small and medium vectors, which ensures that the average
current flowing into and out of the DC bus midpoint is zero within one control cycle,
thereby balancing the neutral-point potential. Figure 10 depicts the distribution of virtual
space vectors for VSVPWM in the Sector I, which can be divided into five sub-sectors
represented by 1, 2, 3, 4, and 5 respectively, and Equation (11) represents the synthesis rule.
The synthesis rules for the other sectors are identical.

Vz = Vo(000)

Vzs1 = 3 (Vsiionn) + Vsi(poo))

Vzs2 = 3 (Vsappo) + Vez(00N)) (1)
Vam = 3 (Vsiionn) + Ymerony + Vea(pro))

Vzi1 = Veienny

Vzi2 = Vio(peN)
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Figure 10. Space voltage vector diagram of VSVPWM.

VSVPWM technique utilizes virtual vectors that are synthesized from the combinations
of small and medium vectors to achieve neutral-point potential balancing. In this context,
Vo(000) is a basic zero vector, Vsjionny, Vsirpoo), Vsarpro), and Vsyoony are two pairs
of redundant basic small vectors, Vpon) represent a basic middle vector, Vi jpnny and
ViappN) represent a basic large vector. Vz denotes the virtual zero vector, Vzs; and Vzsp
represent the virtual small vectors, Vzy denotes the virtual medium vector, and V11 and
V712 represent the virtual large vectors. Specifically, the virtual small vector is composed
of two pairs of redundant basic small vectors. By controlling the action time of the two
redundant vectors, the average current flowing into the midpoint potential of the bus is 0,
which avoids the influence on the midpoint potential. The action time of the three space
voltage vectors in the virtual is the same. Due to the three-phase three-wire structure,
the current flowing into the midpoint potential of the bus is i + i, + ic = 0 to avoid the
midpoint potential fluctuation; the action of the virtual large vector will not affect the
midpoint potential; VSVPWM achieves the balance of the midpoint potential by controlling
that the average value of the midpoint potential current of the inflow and outflow bus bar
in each modulation period is zero.

5. Simulation and Experimental Results Analysis
5.1. Analysis of Simulation Results

To confirm the accuracy of the theoretical analysis mentioned earlier and evaluate
the efficacy of the proposed control strategy, a system model was constructed in MAT-
LAB/Simulink (2021a), as depicted in Figure 11. The system parameters can be found in
Table 2.

Table 2. System parameters.

Parameter Numerical Value
DC bus voltage, Uy 350 V
Voltage divider capacitor, C1, Cp 680 uF
Inverter side inductance, L 24 mH
Filter capacitor, C 10 uF
Net side electrical feeling, L, 0.6 mH
Proportionality factor, Kp 12
Resonance factor, K 700
Cutoff bandwidth, w, 3.14

Frequency of sampling, f 10 kHz
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Figure 11. LCL grid-connected inverter with feedforward compensation hybrid active damping.

Figure 12 shows the grid current waveform when the system is in a stable state during
Lg =4.2 mH. After adopting the hybrid damping control strategy proposed in reference [24],
the total harmonic distortion (THD) of grid-connected current is 1.23%, which improves
the quality of grid-connected current under a weak power grid. In addition, by adding
the damper control strategy proposed in this paper, the THD of grid-connected current
is further reduced to 1.03%. Because the impedance of the network side is not very
high, the characteristics of the weak network are not strong enough. The two damping
strategies proposed in reference [24] and in this study ensure the stable operation of the
grid-connected system, and the vibration reduction strategy proposed in this paper slightly
improves the quality of the grid-connected current.

To further verify the effectiveness of this strategy in a weak grid, Figure 13 shows the
grid current waveforms of the system when the grid impedance Lg increases to 8 mH. With
the increase in grid impedance, the hybrid damping strategy proposed in reference [24]
can stabilize the grid-connected system. However, this stability comes at the expense of
reducing the current quality of the grid, with a total harmonic distortion (THD) of 2.67%.
On the contrary, the feedforward compensation hybrid active damper proposed in this
paper maintains a low THD level (1.33%) and reduces THD by 1.34%, which effectively
improves the quality of grid current.

With the increase in the grid impedance (Lg = 10 mH), The harmonic of the grid
current increases in the hybrid vibration control system of Reference [24], and the quality
of the grid-connected current is seriously distorted, which leads to the unstable operation
of the grid-connected system, as shown in Figure 14. However, the proposed damping
control strategy can still have good grid-connected current quality, and the total harmonic
distortion (THD) is only 2.33%, which can ensure the stability of the grid-connected system.

The simulation results show that the greater the grid impedance is, the worse the grid
characteristics are, the worse the grid-connected condition of the inverter is, and the worse
the current quality is. The coupling point voltage feedforward of grid-connected current
and the control strategy of the hybrid active damper are adopted to make the system
operate stably in different degrees of the weak grid while maintaining a good sinusoidal
waveform. With the increase in the line impedance, the total harmonic distortion rate of
grid-connected current can still be kept at a low level. Therefore, the proposed control
strategy can effectively enhance the stability and adaptability of the system to weak grid
scenarios.
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Figure 12. Steady-state grid-connected current waveform (Lg = 4.2 mH). (a) Hybrid damping;

(b) Hybrid active damping with feedforward compensation.
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brid active damping with feedforward compensation.
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Figure 14. Steady-state grid-connected current waveform (Lg = 10 mH). (a) Hybrid damping; (b) Hy-
brid active damping with feedforward compensation.

5.2. Analysis of Experimental Results

In order to validate the accuracy and efficacy of the proposed control strategy in this
paper, a three-phase bridge grid-tied inverter experimental platform that corresponds to
the proposed strategy was constructed in the laboratory. The experimental parameters
are consistent with the simulation parameters. The back-stage LCL filter of the test bed
is connected to the power grid through auto-transformer, isolation-transformer, and line
impedance (Lg). The ratio of the auto-transformer is 380 to 150. The complete experimental
prototype is depicted in Figure 15.

Figure 15. Experimental prototype.
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The experimental setup comprises a programmable DC power supply from German
EA company (EA-PSI 9500-60, Viersen, Germany), an NPC three-level inverter (YXPHM-
TP310b-1) produced by Nanjing Yanxu Electric Co. Ltd. in Nanjing, China with signal
detection and drive systems, an LCL filter, a grid-connected transformer, a rapid controller
prototyping (RCP) of YXSPACE-10 produced by Nanjing Yanxu Electric Co. Ltd. in China,
and a host computer. Prominent testing instruments include a Fluke 190-204S oscilloscope
and a Fluke 435 II power quality analyzer produced by Fluke Corporation in Everett, WA,
USA. Simulation analysis is carried out by constructing system models and controllers in
the MATLAB/Simulink (2021a) environment on the host computer. The real-time control
of the inverter is achieved using the RCP prototype controller, based on the results of the
simulation analysis, to verify the practical effectiveness of the proposed algorithm. In order
to simulate the grid impedance (Lg), a specific value of inductance is connected in series on
the grid side.

The comparison between Figures 16 and 17 shows that the experimental waveform
confirms the effectiveness of the proposed control strategy. Figure 16 shows that in the
absence of grid impedance, the two control strategies show stable operation and low har-
monics, indicating that they meet the requirements of grid connection under the condition
of a strong power grid. Figure 17a shows that when Lg = 4.2 mH and the hybrid damping
strategy of Ref. [24] are adopted, the harmonic component of the grid current increases.
However, the improved control strategy, as shown in Figure 17b, effectively reduces the
harmonic component by 1.1% compared with the previous control system. The improved
control strategy significantly improves the current quality of the power grid, thus expand-
ing the scope of application of the weak power grid, enhancing the stability of the system,
and improving the ability to suppress harmonics.
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Figure 16. Experimental results of two strategies (Lg = 0 mH). (a) Hybrid damping; (b) Hybrid active
damping with feedforward compensation.
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Figure 17. Experimental results of two strategies (Lg = 4.2 mH). (a) Hybrid damping; (b) Hybrid
active damping with feedforward compensation.

6. Conclusions

In order to solve the problem of resonant frequency deviation caused by grid impedance
in an LCL grid-connected inverter system under the condition of a weak power grid, reduce
the robustness of the system, and affect the stability of the grid connection, a hybrid active
damping strategy with feedforward compensation is proposed. We design a hybrid active
damping strategy with grid-connected current as a state variable to suppress the resonant
peak of the LCL filter. Compared with the traditional capacitive current active damping
method, this method does not need additional current sensors. In order to further improve
the stability margin of the system and improve the adaptability of the system to the
grid impedance (PM relative increase of about 15°), a first-order LPF is designed in the
current loop, and a coupling point voltage feedforward strategy through HPF is adopted.
Compared with the hybrid damping control strategy, this control strategy reduces the use
of passive resistors, thus reducing the power loss of the system. In addition, under the
control strategy of this paper, good current quality can be maintained even under the larger
grid impedance. Simulation and experimental results verify the effectiveness of the control
strategy and improve the current quality of the power grid; when the grid impedance is
low, the current exhibits a favorable total harmonic distortion (THD) level of less than 1.5%.
Even as the impedance increases, the current is still able to maintain a satisfactory THD level
of less than 2.5%, which enhances the adaptability of the system within the weak power
grid and has strong, robust stability (PM remained stable at about 30°). In future research, it
is necessary to address the challenges posed by unbalanced power grids, as they can lead to
significant detrimental effects. Future investigations should focus on studying unbalanced,
weak power grids to mitigate their impact. Furthermore, the parameter identification
module can be further integrated to enable real-time detection of grid impedance while
dynamic adjustment of filter parameters to enhance grid-connected performance.
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