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Conventional model-based predictive voltage control (MBPVC) for grid-forming
inverters (GFls) in renewable energy system is sensitive to parametric accuracy.
To address this issue, an improved model-free predictive voltage control
(MFPVC) is proposed for grid-forming inverter. First, the parametric impact on
MBPVC is analyzed in GFI. Then, the adaptive ultra-local data-model (ULDM)
of the GFI is established for model-free voltage prediction. The ULDM of
GFl is updated in each control period by combining the capacitor voltage
gradient relationship. The linear extended-state-observer with the adaptive
strengthening factor is designed to enhance the performance of the ULDM.
Additionally, the optimal switching sequence is proposed for further reducing
voltage ripples. The duration of each voltage vector in corresponding optimal
switching sequence is calculated based on the deadbeat principle. The proposed
MFPVC method effectively eliminates parametric effect and improve the
accuracy of model-free voltage prediction. Finally, the conventional MBPVC,
conventional MFPVC and proposed MFPVC are compared by the designed
hardware experimental platform of GFI.

grid-forming inverter, model-free predictive voltage control, adaptive ultra-local data-
model, optimal switching sequence, parameter robustness

1 Introduction

With the rapid development of renewable energy system, microgrids have been widely
promoted and applied. They integrate renewable energy and distributed generation with
traditional power systems, enhancing energy utilization and microgrid system reliability
(Tan et al., 2024). In microgrid systems, renewable energy grid-forming inverters (GFIs)
serve as key components, efficiently converting DC power to AC. By incorporating LC filters,
they reduce output voltage harmonics, meeting the diverse needs of microgrid loads and
providing reliable grid voltage (Song et al., 2022; Liu and Wang, 2022).

Model-based predictive voltage control (MBPVC) demonstrates excellent
dynamic response and multi-objective optimization capabilities in voltage regulating
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support of GFIs, making it highly effective in complex microgrids
(Rui et al., 2024; Samanta et al., 2024; Liu and Wang, 2022).
MBPVC uses the discrete mathematical model of the GFI to
predict future system states and selects the optimal voltage
vector based on a predefined cost function (Zheng et al., 2021).
However, the performance of model-based voltage prediction in
conventional MBPVC is highly dependent on the accuracy of
inverter system parameters. Mismatched model parameters can
degrade prediction accuracy, reducing voltage prediction accuracy
and potentially harming the entire system (Yin et al., 2024a;
Rui et al., 2023; Hu et al., 2023).

To enhance the parameter robustness of MBPVC, researchers
have proposed various robust MBPVC methods for GFIs.
These include disturbance observer-based MBPVC (Jin et al,
2022; Zhao et al, 2023; Zhang et al, 2021), and parameter
identification-based MBPVC (Long et al, 2022a; Long et al,
2022b; Lian et al, 2023). Disturbance observer-based MBPVC
uses various observers to estimate parameters and system
disturbances, improving voltage prediction accuracy in MBPVC.
Ref. (Jin et al, 2022). employs a sliding mode observer for
robust grid voltage control. Ref. (Zhao et al, 2023). uses a
Kalman filter for the same purpose. Ref. (Zhang et al, 2021).
applies an extended state observer to observe and suppress
system disturbances, enhancing voltage robustness. However,
disturbance observer-based MBPVC requires real-time adjustment
of observer gains under different conditions to ensure observation
accuracy.

Additionally,
identification-based MBPVC, utilizing voltage and current data

researchers  have  proposed  parameter
from GFIs along with various algorithms to estimate system
parameters and build accurate models. Ref. (Long et al., 2022a).
presents a gradient descent optimization method for online
calculation of inductor and capacitor. Ref. (Long et al., 2022b).
introduces a moth-flame optimization parameter identification
method. Ref. (Lian et al, 2023). employs recursive least
squares for online identification of inverter system parameters,
enhancing MBPVC’s

accuracy of parameter identification is susceptible to external

parameter robustness. However, the
disturbances, and identification errors can still impact voltage
prediction for GFIs.

In recent years, researchers have proposed model-free predictive
voltage control (MFPVC) to improve the robustness of voltage
prediction in GFIs. These methods use system data and historical
information to predict future states without relying on accurate
mathematical models. In Ref. (Heydari et al., 2022), researchers
used an autoregressive exogenous input model to replace traditional
mathematical models, but this approach requires substantial system
data and employs the least squares method for gain estimation,
increasing computational burden. Refs. (Hu et al., 2024; Yin et al,
2024b). introduce the voltage-current gradient based MFPVC, but
these methods necessitate designing gradient update techniques
to ensure accuracy. Ref. (Su et al, 2024). presents the ultra-
local data models based MFPVC, which is simple to implement
but uses multiple cycles of voltage and current data, reducing
response speed.

To address the aforementioned issues, this paper proposes
an improved model-free predictive voltage control (MFPVC)
method for GFI in renewable energy system. First, the parametric
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FIGURE 1
Control diagram of conventional MBPVC for GFI.

impact on traditional MBPVC in GFI is analyzed. Then, an
improved MFPVC method is presented, which establishes and
updates the ultra-local data-model (ULDM) of the GFI by using
the capacitor voltage gradient relationship for model-free voltage
prediction. The performance of proposed ULDM is enhanced
by the linear extended-state-observer (LESO) with strengthening.
Additionally, to further improve the accuracy of model-free voltage
prediction, the optimal switching sequence is designed, and
its corresponding duration is calculated based on the deadbeat
principle. Finally, experimental results validate the effectiveness
of the proposed MFPVC method. The mainly contributions of
proposed MFPVC include: (1) it eliminates parametric effect
in comparison with conventional MBPVC (Rui et al., 2024;
Samanta et al., 2024; Liu and Wang, 2022; Zheng et al., 2021);
(2) it avoids the use of multiple cycle data and improves
dynamic performance in comparison with conventional MFPVC
(Su et al., 2024).

2 Conventional MBPVC method for
GFls under parameter mismatch

As shown in Figure I, conventional MBPVC is widely used
in GFIs for capacitor voltage regulation (Zheng et al., 2021). The
model-based voltage prediction obtains the future state of capacitor
voltage for each basic voltage vector. The predicted capacitor voltage
is then used in the cost function evaluation to assess the voltage error
for each basic voltage vector. The vector with the smallest error is
selected as the optimal voltage vector. Based on its corresponding
three-phase switch state, the three-phase switch functions §; are set
to drive the upper half-bridge switches §;, and lower half-bridge
switches Sjl (j=a,Db,0).

2.1 Model-based voltage prediction
Figure 1 shows the GFI under conventional MBPVC method,
where L is the filter inductor, C is the filter capacitor and R is the

resistance load. vy is the renewable energy DC source, v; is the
voltage vector (i = 0~7), v is the capacitor voltage, 4 is the inductor
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current and i, is the load current. The three-phase switch functions
§; can be expressed as

LS on & §;off

Si= .
0,S;,0ff & S;on

J

(1)

Based on Figure 1, the mathematical model of the GFI can be
expressed as

d ! C' 2)

According to the forward Euler method, Equation 2 can be
discretized as

TS
i(k+1) = iy(k) + f(vi(k+ 1) -v.(k))
. . 3)
v(k+1) = v (k) + Es(il(k+ 1) —i.(k))

Equation 3 can be further deduced as

T T,
v(k+1) =v.(k)+ i(v,-(k +1)—v (k) + Es(il(k) —-i(k). (4)
According to Equation4, by substituting different basic
voltage vectors v;(k+1) and sampling v (k), i,(k), i,(k), along with
parameters L and C, the model-based capacitor voltage can be
predicted.

2.2 Cost function evaluation

To select the optimal voltage vector from basic voltage vectors v,
to v, a cost function g is defined as

8= (Vererlk + 1) = vgi(k+ 1)) )

where v . is the capacitor voltage reference. The optimal voltage
vector obtained from Equation 5 enables the control of the three-
phase switches §;, and S;.

2.3 Analysis of conventional MBPVC

According to Equation4, the accuracy of model-based
voltage prediction v (k+1) is influenced by the inductance L and
capacitance C parameters. When the model parameters L and
C,, do not match the actual parameters L and C, the prediction
performance of v (k+1) would be affected. Figure 2 illustrates

the prediction error v, due to parameter mismatch, where the

cerr
parameter error P, = L. /L = C_/C. As seen in Figure 2, the

prediction error v, increases with the parameter error P..

cerr

In addition, based on Equation 4, the accuracy of model-based
voltage prediction v ;(k+1) is also influenced by the basic voltage
vector v;(k+1). Due to the limited number of basic voltage vectors
v;(k+1) in GFIs, the prediction error v,

illustrates the prediction error v,

err 18 also affected. Figure 3

err due to the application of basic

voltage vector v;(k+1), where different voltage references v . is

set. As seen in Figure 3, the prediction error v
remains around 5 V.

e CODsistently
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FIGURE 2

Voltage prediction error of conventional MBPVC under different
parameter errors P,.

30 40 50 70 80 90

60
Veret(V)
FIGURE 3

Voltage prediction error of conventional MBPVC under voltage
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FIGURE 4

Control diagram of proposed MFPVC for GFI.

3 Proposed MFPVC method for GFls

To mitigate the impact of parameter variations on the
voltage prediction, a model-free predictive voltage control
(MFPVC) method is proposed, as shown in Figure 4. This
method is composed of model-free voltage prediction and
optimal switching sequence. The former is utilized for eliminating
parametric effect and the latter is utilized for reducing
prediction errors.

frontiersin.org


https://doi.org/10.3389/fenrg.2025.1526992
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Lin et al. 10.3389/fenrg.2025.1526992
Adaptive ULDM
= ISR
N A
vk) =1 Eq.(21) —— Eq.(22) —~—— Eq.(21) J—» Bq. (23) — L&D |
‘ GV T D Gy T T Y )
o
vk ——> Eq. (11) >
FIGURE 5
Diagram of adaptive ULDM.
TABLE 1 Optimal switching sequence.
Sector Switching sequence Initiate
@@= = | +
I Vo Vi Vy Vy Vo Yy VL Y
I Vo Vs Vs Vs Vo vy v Sample v (k)~v.(k—2) and vy(k)~vs(k—2)
111 Vo V3 Vy Vs Vg Vy V3 Vg *
v . o
Tots Tty Calculate o of adaptive ULDM with (11)
v Vo Vs Ve V7 Vg Vg Vs Vg
v
VI Vo Vi Vg Vg Vo Vg Vi V, .
e Calculate F(k) of adaptive ULDM
with (23)
v

3.1 Proposed model-free voltage
prediction

3.1.1 Development of ultra-local data-model
According to Equation 2, the ULDM of the GFI can be

expressed as

dv,

— =Ui+E, (6)

where o =T/L/C, U; =v;-v,, F=(i—i,)/C + F,,, F, are the gain, input,

concentrated disturbance and nonlinear disturbance of the ULDM.

3.1.2 Updating of ultra-local data-model
Based on Equation 6, the capacitor voltage gradient g; can be
obtained as

gty = LBl

- =aUj(k-1) + F(k), ™)

Similarly, Equation 7 can be deduced as
v(k—=1)-v.(k-2)
T,

N

g(k—1)= =aU(k-2)+F(k-1). (8)

Subtracting Equation 8 from Equation 7 yields that

Predict capacitor voltage v (k+1) with (13)

v

Calculation durations t,, t; and t;, with (24)

v

Predict capacitor voltage vcs(k+1) with (26)

FIGURE 6
Proposed MFPVC for GFI.

v
Cost function evaluate with (5)

v
End

2k~ g (k= 1) = a(Uik - 1) - Uk~ 2)) + (B(k) - F(k = 1)). (9)

Since the GFI usually operates at a high sampling and control
frequency, it can be assumed that F(k)-F(k-1)=0 (Cortes et al,
2009). Therefore, Equation 9 can be further simplified to

g.(k)—g(k-1) = a(Uj(k- 1) - U(k-2)). (10)

Frontiers in Energy Research 04

Based on Equation 10, the gain of the ULDM can be expressed as

8ck) —g.(k—1)

“ Gk - Uk an
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DC voltage

source

FIGURE 7
Experimental platform of GFI.

TABLE 2 Systems parameters.

Parameter Value

DC voltage vy /V 200
Capacitor voltage reference v, .(/V 50, 80

Filter inductor L/mH 1.7

Filter capacitor C/pF 15

Load resistance R/Q 10

Control period T/ps 50

Substituting Equation 11 into Equation 7, the concentrated
disturbance F of the ULDM can be expressed as

8. (k) - g (k-1)
Uk—1)- U(k-2)

1

F(k) = g (k) - U(k-1). (12)
Using a from Equation 11 and F(k) from Equation 12, the

model-free voltage prediction v ;(k+1) is obtained as

vei(k+1) = vo(k) + T,(aU,(k + 1) + F(k))F(k) = g_(k)
8.(k)—g.(k—1)

OG- Uk E

1). (13)

It can be observed from Equation 13 that the capacitor voltage
can be predicted based on the obtained gain and concentrated
disturbance of the ULDM, which are obtained from the measuring

voltage data, eliminating parametric effect on voltage prediction.

3.1.3 Design of adaptive ultra-local data-model
It should be noted that the calculation of « and F in the ULDM
would have a larger error when the sampling frequency is low,
leading to poor control effect of MFPC. To effectively estimate the
a and F in the ULDM, the linear extended-state-observer (LESO)
is designed to estimate the « and F in the ULDM. The system state
equation in Equation 6 can be written as
% =aU+E+68,(v.~7,)
- ) (14)
dF

E - SZ(VC - Vc)
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where §, and §, are the error gain of the voltage estimation and the
concentrated disturbance estimation, respectively. The superscript
"represents the estimated value. Equation 14 can be discretized and
expressed as

O (k+1) = v (k) + T,(aU,(k) + F(k) + 8, (v (k) - 9.(k))) 15)
Blk+1) = B(k) + T.0, (v, (k) - 9.(k)) ’
The matrix form of Equation 15 can be expressed as
v(k+1 1 T v (k T
|~11C(+)‘|:|~ S‘||>11C()‘|+|~ S‘x Ul(k)
F(k+1) 0 1 F(k) 0
#(k+1) G (k) H
T.6, O
T8, 0

K

In order to ensure the stability of the LESO, the eigenvalue of
Equation 16 should be set in the unit circle of the z-plane. The
characteristic polynomial of Equation 16 can be expressed as

|zZI-(G-K)| =22+ (T8, -2)z+ 1+ T28, - T,6,, (17)

where I is the second-order identity matrix. To obtain better
robustness, the characteristic polynomial can be set as

|21 - (G- K)| = (z+ @), (18)

where w, is the bandwidth of the LESO. By combining
Equations 17, 18, error gains §, and &, can be obtained as
2wy +2

8 =—;
’ (19)

1\2°
52:<w0T+ )

By substituting the error gains §, and §, in Equation 19 into

Equation 15, the observation of concentrated disturbance F(k+1)
can be achieved. To respond to the nonlinear changes of the GFI, the
adaptive strengthening factor is designed in the LESO. Equation 14
can be further expressed as

dv, . R
th =aU;+F+718,(v.-7.)

dF

, (20)

dt - TaZ(Vc - 1;c:)

where 7 is the adaptive strengthening factor, which can be
expressed as

(k) = 8, (k)e(k — 1) + B,(k)r(k — 1)

) @1
e(k) = |v.(k) = v.(k)|

where 0, and 0, are the system parameter vectors, which can be
estimated in real time using the least square method, as

0(k) = 6k — 1) + K(k) (e(k) - 9" (k)b(k - 1))
k() = — L= Do)
A+ (k) P(k— 1) (k) ;
(I-K(k)g™ (k) )P(k - 1)
A

(22)
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(c)

Experimental comparison of steady-state voltage performance. (a) Conventional MBPVC; (b) Conventional MFPVC; (c) Proposed MFPVC.

where ¢ = [r €], 8 = [0, 6,]%, A is the forgetting factor,
A€[0.9,1]. K and P are the intermediate variables of the
identification process, where the initial value of P(0) can be
set to 10°. By combining the adaptive strengthening factor 7(k)
in Figure 5 and the forward Euler method, Equation 20 can be
discretized as

9.0k +1) = 9.(k) + T,(aU(k) + E(k) + 8, 7(k) (v (k) - 9.(K)))

E(k+1) = E(k) + T,8,7(k) (v (k) - ¥.(k))
(23)

The ULDM relies on real-time estimation of the concentrated
disturbance F and the gain a. The LESO dynamically adjusts
these parameters by observing voltage tracking errors and
updating F(k) through Equations 21-23. Specifically, the LESO
feeds the estimated F(k) back into the ULDM Equation 13,
enabling the model-free prediction to adapt to parameter
variations and external disturbances. This closed-loop interaction
ensures accurate voltage prediction even under parameter
mismatches.

3.2 Proposed optimal switching sequence
for GFI

3.2.1 Design of optimal switching sequence

To reduce the error of the proposed model-free voltage
prediction, the basic voltage vector v;(k+1) in Equation 13 could
be replaced with the combined voltage vector v, (k+1) (s = 1, ...6),
which is composed of two basic non-zero voltage vectors v; o, v;
(vi~vs), and two zero voltage vectors v; , (v, v;). The optimal

Frontiers in Energy Research

switching sequence of the combined voltage vector corresponding
to each sector is summarized in Table 1. From Table 1, it can be
observed that v; , is v}, v, is v,, and v; , is vy and v; in section
L. In other sections, v; , and v; , are replaced with others non-zero

voltage vectors.

3.2.2 Design of optimal switching sequence
The durations t;,, t
respectively, can be obtained based on the deadbeat principle, as

virand ¢, correspondingtov; o, v; andv; ,,
ag(tvio’ tvit)/atvio =0
ag(tvio’ tvit)/atvit =0
Lyiz = Ts/4 - tvio/z - tvit/z

24

Based on the durations ¢,
the optimal switching sequence in Table 1, the model-free voltage
prediction with optimal switching sequence can be obtained as

ty and t.;, from Equation 24 and

Veo(k+1) = v (k) + 28,0 (aU, (k + 1) + F(k)) + 2t (aU,(k + 1)
+F(k)) + 4t;,(aU,(k + 1) + F(k)).

viz

(25)
Based on Equations 7, 25 can be simplified as

Velk+1) = v (k) + 2t ;08 (k+ 1) + 2t ;g (k+1) + 4t 4,8 (k+1).
(26)

Based on Equation 16, the model-free voltage prediction with
optimal switching sequence can be obtained, which not only
eliminate parametric effect, but also improve accuracy of voltage
prediction, enabling the capacitor voltage performance in GFIs.
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FIGURE 9
Experimental comparison of dynamic-state voltage performance. (a) Conventional MBPVC; (b) Conventional MFPVC; (c) Proposed MFPVC.

3.3 Proposed MFPVC strategy

each combined voltage vector. The combined voltage vector with
smallest prediction error is selected as the optimal vector. The three-

Figure 6 illustrates the implementation flowchart of the
proposed MFPVC strategy for GFIs. Initially, the capacitor voltage
v(k)~v.(k-2) and voltage vector v (k)~v(k-2) are sampled
and substituted into Equations 11, 23 to calculate the gain « and
the concentrated disturbance F(k) of the ULDM, respectively.
Subsequently, Equation 13 is used to predict the capacitor voltage

control period.

4 Experimental verification

v.;(k+1) corresponding to the basic voltage vector. By integrating the

concept of deadbeat control and using Equation 24, the durations this section the
t
Vi o» Vi and two zero voltage vectors v; ,, respectively, can be
ty and t,;,, the model-
free voltage prediction with optimal switching sequence can be

obtained with Equation 26, eliminating the influence of parameters

method, compares

vio» Ly and t.;, corresponding to the non-zero voltage vectors

2021), the conventional MFPVC method (Su et al,

obtained. Based on the durations ¢, Vvigs

on the voltage prediction. The combined voltage vector is substituted

into Equation 5 to evaluate the prediction error corresponding to are listed in Table 2.

Frontiers in Energy Research 07

phase switch signals are applied based on Equation 1 in the next

To validate the effectiveness of the proposed MFPVC
grid-forming  voltage
performance of the conventional MBPVC method (Zheng et al.,

and the proposed MFPVC. The comparisons are conducted
using the three-phase renewable energy grid-forming inverter
experimental platform, as shown in Figure7. The controller
utilized is the TMS320C28335, and the experimental parameters

frontiersin.org
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(c)

Experimental comparison of robustness voltage performance. (a) Conventional MBPVC; (b) Conventional MFPVC; (c) Proposed MFPVC.

TABLE 3 Voltage performance comparison.

Voltage performance Methods
Conventional MBPVC Conventional MFPVC Proposed MFPVC
Steady-state voltage performance THD = 2.02% THD =2.33% THD = 1.72%
Dynamic-state voltage performance 0.48 ms 0.34 ms 0.19 ms
Robustness voltage performance * Yede Yedede

Note: ¥ represents the worst performance; ¥r# represents the medium performance; ¥ represents the optimal performance.

4.1 Experimental comparison of
steady-state voltage performance

Figure 8 compares the steady-state voltage performance of the
proposed MFPVC method, the conventional MBPVC method, and
the conventional MFPVC method. The capacitor voltage reference
Veref 18 set at 80 V.

As shown in Figure 8a, when the conventional MBPVC method
is applied, the steady-state voltage performance is good, with a Total
Harmonic Distortion (THD) of 2.02%. In Figure 8b, the steady-
state voltage performance reduces when the conventional MFPVC
method is used, increasing the THD to 2.33%.

As illustrated in Figure 8¢, the proposed MFPVC method
achieves a voltage performance similar to that of the MBPVC
method, with a THD of 1.72%, verifying the effectiveness of the
proposed MFPVC method.
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4.2 Experimental comparison of
dynamic-state voltage performance

Figure 9 compares the dynamic-state voltage performance of the
proposed MFPVC method, the conventional MBPVC method, and
the conventional MFPVC method. The capacitor voltage reference
Vref 1S changed from 80 V to 50 V.

As shown in Figure 9a, when the conventional MBPVC method
is applied, its dynamic-state voltage performance is relatively poor,
with a response speed of 0.48 ms. In Figure 9b, the dynamic voltage
performance improves when the conventional MFPVC method is
used due to that the conventional MFPVC is applied based on the
voltage and current difference, which is simpler than conventional
mathematical model, reducing the response speed to 0.34 ms.

As illustrated in Figure 9¢, the proposed MFPVC method
achieves the best dynamic-state voltage performance due to the use
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of adaptive ULMD, with a response speed of 0.19 ms, verifying the
effectiveness of the proposed MFPVC method.

4.3 Experimental comparison of
robustness voltage performance

Figure 10 compares the robustness voltage performance of the
proposed MFPVC method, the conventional MBPVC method,
and the conventional MFPVC method. The capacitor voltage
reference v . is 80 V. The parameter error P, is changed
from 0.2 to 1.8.

As shown in Figure 10a, when the conventional MBPVC method
is applied, its robustness voltage performance is obviously affected
due to that the conventional MBPVC depends on the accurate
parameter. When parameter errors P, increase, the voltage errors
also increase. In Figure 10b, the robustness voltage performance
improves when the conventional MFPVC method is used due
to the use of the voltage and current difference, which replaces
the conventional mathematical model, improving the robustness.
However, conventional MFPVC is easily affected by sampling noise,
increasing voltage errors.

As illustrated in Figure 10c, the proposed MFPVC method
achieves the best robustness voltage performance due to the
use of ultra-local data-model, verifying the effectiveness of the
proposed MFPVC.

4.4 Experimental comparison summary

As illustrated in Table 3, the proposed MFPVC with THD
of 1.72% achieves comparable steady-state voltage performance
to the conventional MBPVC with THD of 2.02% and superior
voltage performance compared to the conventional MFPVC
with THD of 2.33%. Besides, the dynamic performance of
proposed MFPVC is 0.29 ms, which has the best dynamic-
state voltage performance compared to conventional MBPVC
method and MFPVC method. Furthermore,
proposed MFPVC demonstrates the best robustness compared to

conventional

conventional MBPVC and conventional MFPVC under mismatched
parameters.

5 Conclusion

This paper proposes an improved model-free predictive voltage
control (MFPVC) for grid-forming inverters (GFIs) in renewable
energy systems. The proposed MFPVC establishes and updates the
adaptive ultra-local data-model (ULDM) for the GFI, eliminating
the impact of parameters on voltage prediction. Additionally, to
further reduce prediction errors, the proposed MFPVC designs an
optimal switching sequence and calculates the duration using the
deadbeat principle.

Various experiments are conducted to validate the effectiveness
of the proposed MFPVC, showing: (1) When parameters are
accurate, the proposed MFPVC with THD of 1.72% achieves
comparable steady-state performance to the conventional MBPVC
with THD of 2.02% and superior voltage performance compared
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to the conventional MFPVC with THD of 2.33%; (2) The dynamic
performance of the proposed method is 0.29 ms faster than that
of the conventional MBPVC method and 0.15 ms faster than that
of the conventional MFPVC method; (3) It demonstrates greater
robustness compared to conventional MBPVC under mismatched
parameters.

In the future, we can study the application of the proposed
MFPVC in LCL filter grid-connected inverters and study the
application of the proposed MFPVC in high-power and low-
switching frequency GFIs, improving the application range of the
proposed MFPVC in more complex micro-grid.
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