TAENG International Journal of Applied Mathematics

A Control Model of Photovoltaic Flyback Grid
Connected Inverter for Improving Current

Quality

Tengfei Wei, Yuntao Zhang, Bingjing Gu , Cong Wang, Shuangjun Ding

Abstract—Photovoltaic flyback grid-connected microinverters
are widely utilized. This paper first analyzes their working
principle and establishes a small-signal model and an input ripple
voltage model of the flyback grid-connected inverter. The
small-signal model is nonlinear and time-varying. To optimize
grid-connected current control, a control strategy based on the
inverse method is proposed, transforming the original nonlinear
time-varying system into a linear time-invariant system for
control. When the flyback grid-connected inverter operates,
ripple voltage is generated on its DC input, affecting the
grid-connected current quality. This ripple voltage can be
mitigated by improving the outer loop voltage control. Finally, an
experimental prototype is built to compare results before and
after improvement, validating the effectiveness of the proposed
method in enhancing grid-connected current quality.

Index Terms—flyback grid-connected inverse
method, nonlinear, time-varying system

inverter,

I. INTRODUCTION

N order to improve the efficient and high-quality use of

energy and reduce pollution emissions, the proportion of
renewable energy use should be increased. As a kind of green
renewable energy, solar energy is inexhaustible, easy to
implement, and has no pollution to the environment. As
photovoltaic power generation technology matures, solar
energy is being widely used as a renewable energy source[1].
Traditional centralized PV systems aggregate multiple PV
panel arrays into grid-connected inverters for power
generation. However, this configuration suffers from low
generation efficiency, installation challenges, and panel
mismatch issues[2]. The evolving trend in PV power
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generation structures involves modular integration of
connected inverters. Distributed power generation,
recognized as the most ideal structure, ensures that when a
PV module is shaded or its output power decreases, it does
not affect the performance of other modules due to their
independent operation. Consequently, distributed generation
structures exhibit superior operational efficiency [3].

Microgrid-connected inverters are typically designed to
feature simple structures, low costs, and high efficiency.
They must also achieve maximum power point tracking
(MPPT), voltage boosting, and inversion functionalities. As a
result, microgrid-connected inverters are widely adopted in
distributed PV power generation systems.

The flyback topology offers advantages such as minimal
component count, structural simplicity, and electrical
isolation [4-6], making it highly suitable for low-power
grid-connected inverters. Previous studies have focused on
enhancing the performance of flyback grid-connected
inverters (FGCI) [7-8]. The small-signal model of FGCI is a
nonlinear time-varying system with operating points that
vary over time. Conventional grid-connected current control
strategies often neglect this time-varying characteristic,
leading to increased total harmonic distortion (THD) in the
grid-connected current.

To address this issue, this paper proposes a grid-connected
current control strategy based on the inverse method. First, a
small-signal model of FGCI is established. Second, the
nonlinear time-varying model is transformed into a linear
time-invariant model using the inverse method, enabling
effective grid-connected current control. Furthermore, this
study investigates the impact of ripple voltage generated on
the PV cell's DC bus during FGCI operation, which affects
grid-connected current quality. The paper also explores the
suppression of ripple voltage effects through improved outer
loop voltage control.

Il.  WORKING PRINCIPLE OF FLYBACK GRID CONNECTED
INVERTER

The FGCI demonstrates enhanced controllability in
Discontinuous Conduction Mode (DCM), where power
switches inherently operate as Zero Current Switches (ZCS),
accounting for its predominant utilization in low-power
applications. To optimize power conversion efficiency, the
system is intentionally designed for sustained DCM
operation.
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The topology of FGCI is illustrated in Fig. 1. The flyback
converter topology provides dual functionality, offering both
electrical isolation and voltage boost capabilities.
Subsequently, an H-bridge configuration serves as the
inverter stage. A post-stage filter is incorporated to attenuate
high-frequency harmonic components generated by
switching operations in the grid-connected current, ensuring
compliance with power quality standards.
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Fig. 1. Topology of FGCI.

Comparing the H bridge with grid voltage V,,, as a

i

sinusoidal half-wave V,, Fig. 1 can be simplified to Fig. 2.
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Fig. 2. Simplified FGCI topology.

In Fig. 2, Vi(t) is the voltage across DS of MOSFET Q.
V(1) is the voltage across the cathode and anode of diode D.
11(t) is the current flowing through primary transformer Ti.
I2(t) is the current flowing through the secondary transformer
T1. Vpy is the voltage of a photovoltaic panel. Vy(t) is sine

half-wave voltage. n is the ratio of secondary to primary of Ti.

L, is the primary inductance of Ti L, is the secondary
inductance of T1. V(t) and Vs(t) are respectively primary and
secondary voltages of Tj.

To make FGCI work in DCM mode, the following
condition is guaranteed in design:

nv min
D™ (1+ V+Z‘X) <1 1)
9

In Equation (1), D™ is the maximum duty of conduction
of Q1, Vp”V1in is the minimum voltage of the photovoltaic panel.

V™ is the maximum voltage of V, .

Waveforms of voltage and current of FGCI in steady-state
operation are shown in Fig. 3. In Fig. 3, ip is the peak current
of primary T1. T is a switching period. FGCI is divided into
three working states in one switching cycle. Analysis of each
working state is as follows:

A. State 1(to-t1):

In Fig. 2 and Fig. 3, at the time to, Q1 is turned on at ZCS,
Vv is applied to primary inductance L, of Ty, and li(t) of
primary of Ty is increased linearly. When Vp, and primary

inductance L, of T; is constant, a maximum current of I4(t) is
related to the time when Q is turned on. D is reversed and the
secondary side of Ty does not output power. At this time,
voltage and current in the topology of FGCI are shown as
state 1 in Table I.

TABLE I
VOLTAGE AND CURRENT IN TOPOLOGY
State Vl(t) Vz(t) | 1(t) | z(t)
Statel(t-t;) 0 Vo®)+nVy,  Vptil, 0
g -Vy(HOULe+V,
State2(ti-t;)  Vg(t)/n+Vp,, 0O 0 /(L)
State3(t-T)  Vpv 0 Vy(t) 0
Va(t)
Vvt Vg(t)/n |----
V| |
I4(t)
(1)
Va(t) -
Vy(t)+nVpy ‘ |
V() [
I2(t) ! "
i/n [ ]\i w

0 ty t, T t
Fig. 3. Waveforms of voltage and current in FGCI.

B. State 2(t1-ty):

In Fig.2 and Fig.3, at the time t;, Q1 is turned off, and
energy is stored in the primary inductance L, of T1. Ix(t) in
secondary inductor Ls flows through the D and is fed to V.
Since voltage Vs is clamped by Vg, I2(t) of secondary of Ty
decreases linearly. At this time, voltage and current in the
topology of FGCI are shown as state 2 in Table I. Here, t; is
the conduction time of Q.

C. State 3(t2-T):

Asiillustrated in Figs. 2 and 3, the secondary current /z(z) of
transformer 7: demonstrates a linear decrease, attaining zero
at time t2, thereby transitioning diode D into the off state. This
operational mode aligns with State 3 in Table |,
characterizing the voltage and current profiles of the FGCI
topology during this phase.

I11. SMALL SIGNAL MODELING OF FLYBACK INVERTER

FGCI uses constant switching frequency, so an average
switching period and small signal disturbance method can be
used to establish the small signal model of FGCI.

Through the above analysis of the working principle of
FGCI, in one switching cycle, the four variables Vi(t), 11(t),
Vo(t), and I(t) are averaged. Then there are:

Vo (t)

n

Vi (t) = (1= Dy(t) )V (1) + =Dy (1) @)
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DT

o=t [ Yty Vel 2
h(t)=7 ! i dt = L D2(t) 3)
V(1) = (L= D, (0)Vy (t) + nV,, (1) Dy (1) 4)
L @@,
1(t) :Tl LZVLQ o2 (VQL: nv"v)}dt
D, ()T p
D,T
= ZnEpLS [2Dy(LV,, — LyVgn) - D,L,V,n] (5)

Equation (2), V,(t) represents the average value of Vi(t)

over one switching cycle, where D, denotes the duty cycle of
0, satisfying t;=D:T. Similarly, D: corresponds to the duty
cycle of D, with to-ti= D,T, where t; indicates the turn-off

instant of D. Equation (3) defines I,(t) asthe average primary
current of 7: per switching cycle. Equation (4) expresses

V,(t) the average voltage across D during a switching cycle,

while Equation (5) specifies 1,(t) the average secondary

current of 7; per switching cycle.
D, is obtained from (6) and is shown in (7).

Vv, nv,
% DT =—2D,T (6)
P S
nv
D, = va D, @)

g
Ly and Ls have the following relationship:
L =nL, ®)

The relationship between duty D; of Q1 and primary peak
current I, is as follows:

Bring (8) and (9) into (5), the relationship between 1,(t)
and I, is obtained as shown in (10).

12(1)= 2n"|'$v 1’ (10)
g

Small signal disturbance is added to I,(t) and I, in (10).
Then (11) is obtained:

- L .
I, + 01, =—>—(I, +6i,)
2n°TV,

(11)

By neglecting DC and higher-order harmonic components
while retaining the small-signal terms in Equation (11), the

small-signal relationship between I,(t) and I, is derived as
expressed in Equation (12):

s, Ll
S, n?Tv, (12)
Equation (12) describes a nonlinear time-varying

relationship involving two time-dependent parameters, 1,(2)
and Vy(t). Due to the time-varying nature of the relationship

between the small-signal component of 1,(t) and I,

conventional control methods cannot be directly applied to
design an optimal current controller for the FGCI, potentially
leading to degradation in grid-connected current quality.

IV. MODELING INPUT RIPPLE VOLTAGE OF FLYBACK
INVERTER

The operation of the FGCI induces ripple voltage on the
input DC bus, which adversely affects the quality of the
grid-connected current. To analyze this phenomenon, it is
essential to investigate the ripple voltage characteristics.
Specifically, a small-signal relationship between the ripple
voltage and the grid-connected power must be established.

Based on Equations (3) and (9), the relationship between |,(t)
and 7, can be derived as follows.

(13)

By introducing small-signal perturbations to 1,(t) and Z, in

Equation (16), the resulting relationship is expressed in
Equation (17):

L
P_(1_+6i,)>
,T PP

1, + 650y = (14)

Equation (17) establishes the small-signal relationship
between the input current and the primary peak current
through the elimination of DC and higher-order harmonic
components, retaining only the small-signal terms, as derived
in Equation (18):

e (15)

Small signal relationship between ripple current i, and
current i, of FGCI can be obtained by (12), (8), and (15) as
shown below.

Siy = Vg Si 16
. Vi, 2 (16)

Since V, and i, are half-wave sinusoidal signals with

time, it is known from (19) that the magnitude of ripple
current Ji, is affected by the above two terms.
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V,di, Represents instantaneous grid-connected power.
When 6i is a constant, the bigger the instantaneous

grid-connected power is, the bigger the FGCI input ripple
current gi, is, and the bigger ripple voltage on the capacitor

C, of FGCI produced by i, is.

lpv

y iy

FGCI Vio

Fig. 4. FGCI input AC equivalent circuit.

Input AC equivalent circuit of FGCI is shown in Fig. 4.
Photovoltaic cell has constant current characteristics, so the
photovoltaic cell is equivalent to an ideal constant current

source to simplify the analysis process, as shown PV in Fig. 4.

i, is currently flowing through input capacitor C, of FGCI.
I, is the output current of photovoltaic panels. V,, is the
ripple voltage of the FGCI input. R, is equivalent series
resistance of the capacitor C,. Because PV is equivalent to a

constant current source, its impedance relative to the AC
signal is infinite. According to Kirchhoff's current law, there
is a relationship of (17).

Ipv =i¢ + 0l 17)
From (16)and (17) and §i, is substituted by |, following

relations can be obtained.
(18)

Add small signal perturbation to i, and I, in (18) to obtain
(19):

- - Vg
i, +0i, = Ip"_\/_(lg +0ly)
pv

(19)

In (19), a small signal relationship between si, and J1; is

obtained by neglecting DC and higher-order components and
taking a small signal part as shown in (20):

(20)

Because i, and |, are AC signals, we can replace &i, and

dlyuse i, 1; them in (20) and get the following relationship.

(21)

Set Vyrus and I gys be RMS of grid voltage and grid
current respectively, and , be angular velocity of grid AC

voltage. Because grid-connected current and grid voltage has
the same phase, the following equation can be used:

e = _% g_RMslg_RMsSinz(a’t) (22)
The set P,, is grid-connected power, so:
Per :ngRMSIngMS (23)
Then (22) can be simplified as follows:
i, = ~2sin?(at) & (24)

pv

(24) shows that when V,, there is a fixed value, the larger
grid grid-connected power P, of FGCI is, the larger i, of C,
is, and correspondingly the larger ripple voltage V,, is
produced by i, on C,.

Then ripple voltage V,, C, can be calculated as follows:

CRs+1 P

V. (s) = 1" “esr GP
w0 =T 40 Vo Cr (25)
Inverse Laplacian transformation of (25) can be obtained:

sin(2at)
2C,w

V()= ( ‘R, cos(zwt))%

pv

(26)

(26) shows that ripple voltage V,, is related to the
grid-connected power P,, of FGCI, the capacity of C , the
equivalent series resistance of C, , and voltage V,, .

FGCI has grid-connected output power P,
operation, which is coupled to C, FGCI by equation (26) and

during

produces ripple voltage V,,, which produces ripple V,, . at

..., as shown in Fig. 6.

set 1

V. CONTROL STRATEGY OF FLYBACK INVERTER

When a nonlinear time-varying system with parameter
variations is transformed into a linear time-invariant (LTI)
system, the control problem is reduced to that of an LTI
system. This transformation enables the application of
conventional control methodologies for controller design,
thereby simplifying control system implementation while
maintaining theoretical rigor. Such linearization facilitates
streamlined controller synthesis through established
techniques for LTI systems, effectively reducing
computational complexity in practical applications.
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A. Grid Connected Current Control

In (12) shows that when structure and circuit parameters of
FGCI are determined, a small signal model between §i, and

oi, is determined except for two time-varying parameters V,

and I, . A corresponding time-varying inverse model of

nonlinear parameters is added before the nonlinear
time-varying model of FGCI, which is transformed into a
linear time-invariant system.

Observed (12) small signal model, a new transformation is
obtained as follows:

. Vy (1)
F=F2= 0 @7)
Then there is:
L
F= n’T (28)

Equation (28), when the circuit parameters are determined,
L, n and T are constant and transformation F become

linear time-invariant. So closed-loop controller of
grid-connected current can be designed by the conventional
method.

To design closed loop current control, the strategy of
grid-connected is proposed by inverse method, a control
block diagram is shown in Fig. 5. He(s) is the sampling and
filtering link. e is the delay link, and T is a switching cycle.
Sin(wt) is a sinusoidal signal with the same frequency and
phase as grid voltage. A proportional resonance integral(PRI)
controller is used. Based on the inverse method, F  is added
after the controller to make the small signal current model of
FGCI become a linear time-invariant relationship, and
provides a precondition for parameter optimization of the
closed-loop controller of FGCI. Grid-connected current can
track set value better and improve the quality of
grid-connected current.

( Outer Loop
| Voltage Control i
|
|

- S ————1

lsin(at)|

Inner Loop
Current

|
|
|
|
|
|
|
|
|
|
|
| Control
\

Fig. 5. Block diagram of grid-connected current control using an inverse
method.

B. Outer Loop Voltage Control

The block diagram of FGCI outer loop voltage control is
shown in Fig. 6. Outer loop voltage control realizes DC
voltage stability and maximum power point tracking(MPPT).
The constant voltage tracking method has no obvious

advantage compared with disturbance observation and
incremental conductance in the tracking speed and accuracy,
but its control stability is good, easy to control, simple to
implement, and can meet the MPPT requirement of FGCI.

In Fig. 6, the PI controller is used in outer loop voltage
control. V,, is the DC voltage of the photovoltaic panel, 1, is
the set value of the inner loop grid-connected current control,
V. s« and is the set value of outer loop voltage control, which

is generally taken as 75%~85% of the open circuit voltage of
the photovoltaic panel.
Outer Loop Voltage Control

Pep Vgrid

- Coupled
. Power

sin(2ewt)
2C1w

+ Regr COs(2wt)

Fig. 6. Block dlagram of outer loop voltage control.

As shown in Fig. 6, when FGCI operates, grid-connected
power generates a 100Hz ripple voltageV,, . The specific

calculation of ripple voltage V,, is shown in (26). This ripple

voltage V,, produces ripple V,, . I through the voltage

set

control loop, which directly interferes with a set value I, of

grid-connected current, and makes the THD of
grid-connected current increase.
The larger grid connected power P, is, the larger the

ripple V, . is, and the impact | is also greater. Ripple

set

voltage V,, can be attenuated by the Pl controller, but

increasing the attenuation of the ripple by the PI controller
will also reduce the response speed of the voltage outer loop.

To reduce the influence of ripple on grid-connected current,
a 100Hz band stop filter (BSF) is added to outer loop voltage
control as shown in Fig. 6, to increase the attenuation of

ripple V,, by the outer loop and reduce the impact on the set
value |, of grid-connected current in the inner loop.

At the same time, it will not affect the response speed of
the voltage outer loop too much.
The transfer function of the PI controller is:

1
G S)=Kp(l+—
v pi(8) = Kp( K,S) (29)
When BSF is not used, the ripple voltage V,, i 1, can be
obtained by (25)and (29) as follows:
CReyS+1 Py 1
§)=—Lresr> T TGP K (14—
15t (©) s? +40” VG a K,s) (30)

Set C,=18800uF , R, =0.05Q , 4 =1007 ,» K, =0.7, K, =0.01,
voltage V,, =36V when the photovoltaic panel works at the
maximum power point, then the actual output power of FGCI
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is P, =170W . Peak to peak value V,, . is about 0.7V by

introducing the above parameters into (30) and taking the
inverse Laplace transform.

Adding BSF to the voltage outer loop is shown in Fig. 6.
Transfer function of BSF is:

2 2
s + o,

Gage(8) =%
osr (%) s2+BW-s+a,”

It can be obtained by (25) (29) and (31). As shown in Fig.
6, ripple voltage V,, i |, is:

@31

2 2

ST+, 2 (32)

s+1 R, 1
rp Iset( ) ClResr o K (1 Y, ) 5
Kis s?+BW-s+a,

+42VC1

To minimize the influence of BSF on the voltage outer
loop, the notch bandwidth should be as small as possible. The
notch bandwidth of BSF is BW=3HZ and the center
frequency is 100 Hz, so @,=200z . Bringing the above

parameters into (32) and taking the inverse Laplace transform,

it is known that peak to peak value V,, , is about 0.18V.

Compared with no BSF, the ripple voltage V,, s is reduced

by about 4 times. Therefore, the THD of grid-connected
current with BSF is smaller than nonuse BSF.

VI. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental Farameters

To validate the above discussion, an experiment platform
is established based on FPGA. The control strategy of
grid-connected current is implemented using Verilog HDL.
Therefore voltage outer loop control has a low sampling rate,
and MPPT and BSF are implemented on ARM. The type of
solar panel is a single crystal of UK-SOLAR. The maximum
output power of the panel is 190 W, the open circuit voltage
is 44.0 V, short circuit current is 5.68 A. Voltage at the
maximum power point is 36 V, and at this time operating
current is 5.28 A. Parameters of FGCI are shown in Table II.

TABLE I
PARAMETERS OF FLYBACK GRID CONNECTED INVERTER
Item Parameters

Input DC voltage(Vpy) 36V
Output maximum grid connection power ~ 190W
Frequency(f) 100KHz
Transformer core material(A.) 0.16 pH/n2
Input and output dc capacitor(C;) 188001F
Primary number of transformers(Np) 5T
Secondary number of transformers( Ns) 30T
Turns ratio(n) 6
Primary inductance(Ly) 4 uH
Secondary inductance(Ls) 144 uH

B. Grid Connected Current Use Traditional PRI
Control.

With the above parameters in Table II, the grid-connected
current control block diagram is shown in Fig. 7.
Grid-connected current control does not use the inverse
method and only uses PRI control. The F of FGCI is

nonlinear and time-varying, as shown in (12). The peak value
of lst grid-connected current is 1.093A, and grid-connected
power is 170W when the grid voltage is 220 V.

The grid-connected current waveform is shown in channel

2 of Fig. 8. Channel 1 is a grid voltage waveform V; , and

channel 2 is grid grid-connected current waveform lg,. At
this time, the THD of grid-connected current is 14.3%.
FGCI —

T - H S—}_‘T
Hfb(s)

Fig. 7. Block diagram of grid-connected current control nonuse inverse

method.

\sm(wt)\

C. Grid Connected Current Use proposed Control
based on the Inverse Method.

Using the same parameters in Table 1, the control block
diagram of the inverse method is shown in Fig. 5.

\J\./\//\J\J\./

Fig. 8. Waveforms of \VVgrid and Ingrid nonuse inverse method. Ch1, Vgrid,
250V/div. Ch2, Igrid,1A/div. time base,10ms/div.

At this time, outer loop voltage control is not used, and
only the current inner loop works. The peak value Iset of the
grid-connected current is 1.093A and grid-connected power
is 170W when grid voltage is 220 V.

The grid-connected current waveform is shown in Fig. 9.

Channel 1 is a grid voltage waveform V,, , and channel 2 is a
grid current waveform |y, . Grid-connected current can track
the given value well in one grid cycle, and there is no obvious
distortion near the zero crossing point I, . At this time, the
THD of grid-connected current is 4.1%.

Chl

L

AVAVAVAYA

Fig. 9. Waveforms of Vgrld and Igrid use the inverse method. Ch1, Vgrid,
250V/div. Ch2, Igrid, 1A/div. time base,10ms/div.

Comparing the FGCI grid-connected current waveform
and THD of Fig. 8 and Fig. 9, it can be seen that the THD of
grid-connected current using the inverse method is smaller
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than without the inverse method. Then control strategy of
grid-connected current based on the inverse method in FGCI
can improve the quality of grid-connected current.

D. Current Quality of Outer Loop Voltage Control
nonuse BSF

When the inverse method is used and BSF is not added to
the outer loop voltage control, the experiment is performed
using the above parameters. Grid-connected power is 170W
and the RMS value of output current is 0.772A,
grid-connected current waveform is shown in Fig. 10.

Channel 1 is the grid voltage waveform V,,, channel 2 is a
grid-connected current waveform |y, , channel 3 is the ripple
voltage V,, of the capacitor C,, and channel 4 is ripple

voltage V,, s at Iset. At this time, the THD of grid-connected
current is 5.5%.

Chl

cra
Fig. 10. Waveforms of Vgrid , Igrid , Vrp, Vrp_Iset nonuse BSF. Ch1, Vgrid,

250V/div. Ch2, Igrid, 1A/div. Ch3, Vrp, 1V/div. Ch4, Vrp_lset, 1V/div. time
base,10ms/div.

E. Current Quality of Improved Outer Loop Voltage
Control Use BSF
Under the same experimental conditions, BSF is added to
the voltage outer loop control for the experiment.
Experimental waveforms are shown in Fig. 11.

Chl

N

I

/ \‘
\1 Xii 4 \. 7/ \ / \ / chz\ /

ch2 ./ o/ "/ o/ N

Al

Ch4

Fig. 11. Waveforms of Vgrid , Igrid , Vrp , Vrp_Iset use BSF. Ch1, Vgrid,
250V/div. Ch2, Igrid, 1A/div. Ch3, Vrp, 1V/div. Ch4, Vrp_lset, 500mV/div.
time base,10ms/div.

Channel 1 is the grid voltage waveform V,, channel 2 is
grid-connected current waveform lg,, channel 3 is ripple

voltage V,, of capacitor C,, and channel 4 is ripple voltage

Vi @t lser. It can be seen that the THD of grid-connected

current waveform is better than nonuse BSF, and its THD is
4.3%.

A comparative analysis of grid-connected current THD
with and without the BSF demonstrates that the enhanced
voltage control outer loop significantly improves ripple
voltage attenuation. This reduction in ripple voltage
minimizes its impact on the grid-connected current, thereby
further enhancing the overall current quality.

VIl. CONCLUSION

This paper proposes a novel control method for the FGCI
to enhance the quality of grid-connected current. The
small-signal model of the FGCI, characterized as a nonlinear
time-varying system, is transformed into a linear
time-invariant system through an inverse method, enabling
effective control. Experimental results demonstrate that the
proposed method significantly improves grid-connected
current quality and reduces THD. During FGCI operation,
ripple voltage generated on the photovoltaic panel's DC bus
interferes with the grid-connected current reference value,
directly degrading its quality. To mitigate this, a BSF is
integrated into the outer loop voltage control, effectively
reducing the ripple's impact on the current reference.
Experimental validation confirms that the BSF-enhanced
control strategy improves grid-connected current quality. The
proposed method extends the controllability of FGCI systems,
facilitating their broader application in renewable energy
systems.
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