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Comprehensive modeling of grid-connected inverters in weak grid systems

Introduction. The stability of grid-connected inverters is critical for the integration of renewable energy into modern power systems.
However, this stability is significantly challenged under weak grid conditions, characterized by high impedance and low short-circuit ratios.
Problem. Under such conditions, complex dynamic interactions arise between the inverter control systems, the grid, and the phase-locked
loop, which is essential for synchromization. These interactions can degrade phase tracking and even lead to system instability. Such
complexities render traditional models inadequate for accurately evaluating system behavior or guiding robust control design. The goal of
this work is to develop and validate a compact, linearized state-space model of a grid-connected inverter under weak grid conditions,
enabling stability analysis and supporting the design of robust control strategies. Methodology. Using small-signal modeling, a state-space
representation of the inverter system is derived, incorporating control dynamics, grid impedance, and the power converter. The model’s
accuracy is validated through detailed nonlinear simulations, ensuring strong consistency between both modeling approaches. Results. The
proposed model effectively captures the interaction between inverter dynamics and weak grid characteristics. Simulation results demonstrate
a high correlation with nonlinear behavior, confirming the model’s validity. Scientific novelty. Unlike existing models, this unified linearized
state-space model explicitly captures cross-coupling effects among control loops and grid dynamics under weak grid scenarios. It enables
more accurate stability analysis and provides deeper insights into the system’s dynamic behavior. Practical value. The model serves as a
practical tool for engineers designing control systems for renewable energy integration. By enhancing controller robustness, it contributes to
more stable and reliable power systems in weak grid environments. References 22, tables 2, figures 6.

Key words: grid-connected inverter, weak grid, state-space model, small-signal analysis, phase locked loop, renewable energy.

Bemyn. Cmiiikicmy  mepedicegux iH8epmopie € KpumuuHo 6axciueoio Ona inmespayii GiOHOGM08aHUX OdicepeNl eHepeii 8 CY4acHi
enexmpoenepeemuyni  cucmemu. OOHAK Y CMIUKICMb  CYMMEBD NOSIPULYEMbCS 6 YMOBAX CIAOKOI  eleKMPUYHOi Mepexci, o
Xapakmepusyemvcs BUCOKUM IMNEOaHCOM i HU3bKUM Koe@iyichmom xopomxozo samukauns. Ilpoonema. 3a maxux ymos eunuxaiomo
CKNIAOHT OUHAMIYHI 63AEMOOIL MIJIC CUCMEMOI) KepPYSaHHs IHEepmopa, eleKmpUdHOiO Mepedicel0 Ma hazoeum asmoniocmpoO8aHHsIM
uacmomu, Wo € Kuo4osum o cumxporizayii. Li 63acmooii mooicyms nociputyeamu 6i0cmedicents azu ma Hasinb npu3eo00umu 00
necmitikocmi cucmemu. Taxi cknaowi epexmu po6isimo mpaouyitini Mooei HeOoCMamuiMy OJisl MOYHO2O OYIHIOBAHHSL NOBEOIHKU CUCIEMU
ma po3pobaentss pobacmuux areopummie kepysanns. Mema pobomu nonseac y pospoodnenti ma sanioayii KOMRAKMHOL THeapu308aHoi
MoOeni Mepedceozo TH8epmopa y NpOCMOopi CMAHI8 6 YM08ax CIAOKOI mepedici, wjo 00360J8€ BUKOHYBAMU AHAMI3 CMIUKocmi ma
niompumye cunmes pobacmuux cmpameciti kepyéanna. Memoouka. Ha ocnosi memooy manux CucHanie ompumano npeocmagieHHs
cucmemu iH6epmMopa y nPoCMopi CMAaHie 3 ypaxysanHam OUHAMIKU CUCeMU KePYBAHHS, IMNeOaHCy Mepedici ma CUno8o2o nepemeoprosatd.
Tounicmv moOeni niOMeepPOHCEHO UIAXOM OeMATbHO20 HENIHIIHO20 MOOENI08AHHSA, WO 3A0e3neUye GUCOKY V3200HCEHICMb MidC 080MA
nioxooamu. Pesynomamu. 3anpononosana Mmodenv — eheKmugHO  GIOMBOPIOE  63AEMOOI0  MidC — OUHAMIKOIO — [Héepmopa ma
Xapakmepucmukamu caaoxoi mepedici. Pesyromamu mMooento8anHs O0eMOHCIPYIomb UCOKY GIONOBIOHICMb HeNiHiliHIL NO8ediHYl, o
niomeepoxcye adexéamuicmy mooeni. Hayxoea nosuzna. Ha 6iominy 6io0 icHytouux nioxo0is, 3anponoHo8ana y3azanibHena JiHeapu308ana
MOO0enb y NpOCMOpi CMAHI@ S6HO BPAXOBYE NEPEXPECHi 36 SI3KU MIJNC KOHMYPAM KepyBaHHs ma OUHAMIKOIO Mepedci 8 yMo8ax ciabKkoi
mepeoxci. Lle 3abesneuye Ginbwr moyHull awaniz cmitikocmi ma enuduie po3yMiHHA OuHAMIYHUX npoyecig y cucmemi. Ilpakmuuna
SHAUUMICHb. 3aNPONOHOBAHA MOOETb € ePEeKMUSHUM THCIPYMEHIMOM OJIsL IHCEHePI8 NPuU PO3POONIEHHE cucmeM Kepy8anHs OJsl ihmeepayii
8i0HO8II08aHUX Odcepen eHepeii. TTiosuujenHs pobacmHocmi pe2yisimopie cnpusie 3a6e3neyennio it cmabintbHoi ma Haoditinoi pobomu
eNIeKMPOeHEP2eMUYHUX CUCMeM 8 YMO8ax cliabkux mepeoic. bioin. 22, Tabm. 2, puc. 6.

Knrouoei cnosa: mepexeBuil iHBepTOp, CJIa0Ka eJIeKTpOMepe:ka, MOJe/b IPOCTOPY CTaHIB, aHAII3 MAaJIUX CHTHANIB, ¢a3oBe
aBTONIICTPOIOBAHHSI YACTOTH, BiTHOB/IIOBAHA EHePreTHKA.

Introduction. The increasing penetration of To address the stability and control issues posed by

renewable energy sources has fundamentally transformed
modern power system architecture and operation [1, 2]. A
key element of this transformation is the widespread use of
grid-connected inverters, which interface variable
renewable generation, such as photovoltaic and wind
energy systems, with the power grid [3-5]. These inverters
are generally operated under current control and are
responsible for delivering both active and reactive power,
while ensuring synchronization with the grid voltage [6].

However, under weak grid conditions characterized by
high grid impedance and low short-circuit capacity the
dynamic interaction between inverter control systems and
the grid becomes significantly more complex [7—10]. The
phase-locked loop (PLL), which is critical for synchronizing
the inverter with the grid, becomes highly sensitive to
variations in grid impedance [11, 12]. This sensitivity may
lead to degraded phase tracking, oscillatory responses, and
even loss of synchronism, ultimately compromising system
stability [9, 10]. Furthermore, the nonlinear behavior of
power electronic interfaces and the tight coupling between
inverter control loops and grid dynamics further intensify
these challenges [11, 13].

Therefore, developing robust modeling and control
approaches that ensure stable operation under weak grid
conditions is a critical and timely challenge for integrating
renewable energy sources into modern power systems.

weak grids, various strategies have been proposed. For
example, in [4] was introduced an optimal virtual
impedance control method to enhance system stability
and improve reactive power sharing among distributed
generation units. In [10], a variable virtual inductance
control approach was presented to improve PLL damping
and enhance dynamic performance. Another study [7]
explored the interaction between PLL and current control
during severe voltage sags and proposed a damping
controller integrated within the active current loop.

Despite these advancements, accurate dynamic
modeling of grid-connected inverters remains a foundational
requirement for robust control design and system analysis.
Two main approaches dominate the literature:

e small-signal modeling, which involves linearizing
nonlinear system dynamics around an operating point [4,
5,14, 15].

e impedance-based modeling, which characterizes the
frequency-domain behavior of the inverter-grid interface
[16-18].

Among these, small-signal models provide detailed
insights into stability margins, resonance modes, and
control sensitivities by simplifying nonlinear behavior
into a tractable linear framework.
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However, many existing models either oversimplify
certain dynamic elements. This limits their effectiveness
in analyzing and designing control strategies under highly
dynamic or weak grid scenarios. Therefore, there is a
clear need for a comprehensive, integrated small-signal
state-space model that captures all significant dynamic
interactions in such conditions.

The goal of this work is to develop and validate a
compact, linearized state-space model of a grid-connected
inverter under weak grid conditions, enabling stability
analysis and supporting the design of robust control strategies.

This model aims to:

e accurately represent key dynamic behaviors during
weak grid operation;

¢ provide a foundation for systematic stability analysis;

o support the design and tuning of robust control strategies.

To validate the proposed model, simulation studies
are performed and compared against detailed nonlinear
time-domain simulations, demonstrating close agreement
and confirming the model’s effectiveness.

Description of the studied system. Figure 1 shows
the topology of a single voltage source converter (VSC)
connected to an infinite bus through a transmission line.
The converter voltage is assumed to be 3-phase
symmetrical with no harmonic injection [19].

Z,

g
Ve ! \ v,
) +| Vo By L YR :
de
- n —>
linv Grid

i
LI

Fig. 1. Typical configuration of grid connected inverter

Inverter

The inverter is connected to the bus through an LC
filter with components R, L, and C; R, and L, are the
resistance and inductance of the transmission line
respectively. V,, and V. are the voltage of the output
inverter and point of common coupling (PCC); i, is the
current across the converter; V is the voltage of the infinite
source with the fixed system angular frequency marked as
o, fixed amplitude and the initial phase angle of zero.

.d .
The current components if;,, and i —are regulated

using PI controllers. The reference currents il.‘f,’ff and il-‘ifff

are typically generated by outer control loops, such as the
active and reactive power control loops. However, in this
paper, the analysis of the outer control loops is considered
beyond the scope of the study. The simplified PLL model
is shown in Fig 2,b. With PI controller, the quadrature
voltage at PCC point equals zero and the voltage phase
angle can be accurately locked and measured [20].

In Fig. 1 the stiffness of the grid at the PCC can be
described by the short circuit ratio (SCR):

SCR=Sgc /Sy » (1)
where Sgc is the short-circuit apparent power at the PCC;
Sy 1is the total rated apparent power of inverters.
Alternatively, the SCR can be expressed using voltage
and current and line impedance Z, as:

2

G2V |z Y
(3/2)Vpcc(mted) 'iinv(rated) ‘Zg‘ : iinv(max)
where V, is the amplitude of grid voltage; Vycpaeay and
iimvratedy are the amplitude of the rated PCC voltage and
rated inverter current.

From (2), it follows that the SCR decreases with
increasing grid impedance Z, According to IEEE

Standard 1204-1997, a system is regarded as a weak when
2<SCR<3 [21].

SCR = , (2)

Fig. 2. Control diagram of grid connected inverter [19]:
a — vector current control model; b — the simplified model of PLL

System modeling. To derive an accurately model of
the grid-connected inverter in a weak grid environment,
two distinct reference frames are employed [4]: the grid
reference frame (d—¢q), which is synchronized with the
actual grid voltage V,, and the controller reference frame
(D-Q) (Fig. 3), which is aligned with the estimated PCC
voltage angle provided by the PLL [15].
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Fig. 3.Reference frame transformation

Under steady-state conditions, the controller’s (D—Q)
frame is aligned with the system’s (d—¢) frame. However,
when small-signal perturbations affect the grid voltage,
the orientation of the system (d—q) frame changes. Due to
the PLL’s internal dynamics particularly its PI regulator
and the controller’s (D—Q) frame may no longer remain
aligned with the system (d—q) frame.

The following transformation matrix 7, is used to
convert system variables from the grid reference frame
(d—q) to the controller reference frame (D—-Q):

cos(46) sin(A6) 3)
—sin(460) cos(46) |’
where 46 is the angular difference between the two
frames. Here 40 = 0,;, — 6,, 0, = o, = 0 represents the
actual phase angle of the grid voltage, and 8, is the phase
angle estimated by PLL.
For feedback control purposes, inverter voltage V,-ffg

460 —

and current igl"v vectors expressed in the system d—q
frame are transformed into the controller reference frame
(D-Q) as follow:
|:Vian:|_|: cos(46) sin(AH)}{ViZV} @
ve | |—sin(46) cos(40) ] vd |
The duty-cycle commands (mp, mp) generated by

feedback control are then rotated to the system (d—q)
frame by the applying the following inverse matrix:

1 [COS(AH) - sin(AH)}

497 §in(40)  cos(A0) %)
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1) LC filter model. The inverter system is modeled in
the synchronous rotating reference frame (d—g aligned with
the grid voltage orientation. The dynamics are derived for the
inverter currents, PCC voltages, and grid-side currents,
considering the LC filter and line impedances.

.d d d
dlinv _ f d T+ il iy Viny _ VPCC .

dt Lf an mv Lf L}( >

q

dltnv _ _R_fl-{/ _ a)i-d + VlZv _ VPCC .
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ot Lt Ly Lg

where R, C, L, are the resistance, inductance, and
capacitance of the inverter filter respectively; R,, L, are
the resistance and inductance of the line impedance
respectively; @ is the grid angular frequency; ,'l."’l 4 is the

inverter output current; if’q is the load current in the (d—q)
axis; V;fe? is the voltage at the PCC,; Viff;" is the inverter

voltage in (d—q) reference frame.
The inverter output voltage is determined by the
modulation indices m,, m, and the DC-link voltage Uy:

d Uge .
Vznv mgy < >
2 @
d
VzZv =my 2c :

2) Current controller loop modeling. The current
control loop employs a conventional PI controller. The
controller receives as input the error signal, which is the
difference between the measured (sampled) inverter
output current and its reference value. In addition, a feed-
forward term is introduced to compensate for disturbances
in the output voltage. This control structure computes the
modulation indices in the (D-Q) reference frame, denoted
as (mp, mgp) which are then supplied to the PWM block.
The control dynamics are described as:

dnp _ 1 (lDref D )

dr T~l inv invy
Yo _ Ry forr 0 |

dt Lf inv an
de 1

dr Ts (mD mD) )
dm 1

0

dt 7 (mQ le

' 2 .
mp = ((zl-l;:ef £V+77D>r +V a)Lfll%v>

Udc

, 2 .0 .

mg = U (( l%;e/ Liny + ”Q}( pcc + a)Lflifq)v)

.Dref  .Qref
v s i are the reference currents in the (D-Q)

axis; i, zgv are the actual inverter output currents in the

where i

D-axis and Q-axis (the controller’s frame); 7, 770 are the
integrator states (integral action of the current PI
controller) mp, mg are the actual modulation indices; m’p,
m' are the calculated modulation indices; 7} is the integral
time constant of the current PI controller; &, is the
proportional gain of the current PI controller; 7 is the

modulation and calculation delay; 722 is the voltage at

pee
the PCC in (D—-Q) reference frame.

3) PLL dynamic modeling. The PLL technique is
essential for extracting phase and frequency information
from the electrical system, particularly when interfacing
with power electronic devices. The PLL block measures
the system frequency and provides the phase
synchronization angle to the reference frame
transformation block, enabling control operations to be
executed in synchronism with the power grid [22].

As illustrated in Fig. 2,b the controller operates in a
rotating (D-Q) reference frame, which rotates at an
angular frequency w,;, with the d-axis phase-aligned
according to the angle 6,, This phase alignment is
determined by the PLL.

The dynamics of the PLL can be described as:

L Tu ©9)
do

g e
ar _kpll Vchc +EQ

where 0, is the estimated phase angle of the grid voltage;
pr is the integral time constant of the PLL controller;

VpQ“ is the voltage at the PCC in D-axis; ko is the

proportional gain of the PLL controller; & is the integral
action state (internal variable for the PLL integrator).

4) Full dynamic model. The full dynamic model of
the grid-connected inverter, incorporating the control
system and the PLL, is formulated by combining the state
equations (1) — (3), along with the transformation

matrices 749 and T jé. This results in a comprehensive

state-space representation that captures the electrical
dynamics of the LC filter, the inverter control loops, and
the synchronization mechanism. The system is expressed
as a nonlinear differential equation of the form:

dx /dt =1 (x, u), (10)
where the state vector x is given by:

d .d do .
X =iy 1L Vpcc gzv IZ V;chc TIp o mp Mg epll gQ] >

and the control input vector y = ng v iore O T;
flx, u) is the nonlinear function characterizing the system
dynamics defined by (11).

The inherent complexity of the original nonlinear
model, referred to as equations (10), (11), stems directly
from the inclusion of the PLL dynamics, which introduce
significant nonlinearities into the system’s mathematical
representation. These nonlinearities arise primarily from
trigonometric functions involving the PLL angle and its
coupling with other key state variables, such as currents and
voltages. Consequently, the model becomes analytically
intractable and poses substantial challenges for control
design, stability analysis, and performance prediction.
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To address these challenges and establish a
framework amenable to rigorous analysis and systematic
controller synthesis, we justify the development of a
simplified linearized model using the well-established
Jacobian linearization technique. This approach is widely
accepted and formally valid under the assumption that the
system operates near a stable equilibrium point, denoted
as (xo, 1), where the nonlinear functions are smooth and
continuously differentiable.

The outcome of this process is a linear time-
invariant model, presented as equation (12), which offers
several critical advantages over its nonlinear counterpart.
Most notably, it enables the application of powerful linear
systems theory, facilitating:

e advanced stability analysis (e.g.,
assessment);

o facilitate the design and systematic tuning of robust
control strategies, thereby enhancing stability margins in
weak grid scenarios

Linearized state-space model is carried out around a
steady-state operating point. This process results in a
linear time-invariant model that accurately captures the
system dynamics in the vicinity of the equilibrium. The
state-space representation of the linearized system is
obtained by linearizing equation (11) around the operating
point (xo, ), as given by:

dax

eigenvalue-based

if(x,u)( ; B if(x,u)( . 13)
Ox %ostig Ou Yool

The full analytical expressions for the matrices A
and B are provided in Appendix in equations (A.1) and
(A.2), respectively.

Simulation results. A simulation study was
conducted using MATLAB/Simulink to validate the
theoretical analysis discussed earlier. Both the power
stage and control system were modeled within the
simulation environment. Key simulation parameters,
including the operating point of the VSC system and the
associated power controller settings, are listed in Table 1.

Table 1
Parameters of VSC connected to weak grid
Parameters symbols Value

Equivalent AC source voltage 380V

V, (line-to-line RMS)

Inverter rated current 60 A
i ool oy {301t
parameters |. d . 0.302+j1.6022 Q

impedance R +jx,

LC filter capacitor C, 240 puF

LC filter inductance L, 0.02+0.1751 Q

Rated DC voltage Uy, 700 V
Controllers |Current controller gains (77, k) 0.1426, 20
parameters |PLL controller gains (fglls K i) 0.1070, 27

To verify the linearized state-space model, the time-

o4 M+B-Au,
dr

(12)

where Ax=x—x, is the deviation from the steady-state state
vector; Au=u—u, is the input perturbation; 4, B are the
Jacobian matrices of the system dynamics, they are
computed as:

domain response of a VSC connected to an AC grid was
computed using the small-signal model in MATLAB.
This response was then compared to that obtained from
the full nonlinear model implemented in Simulink.

The state-space matrices 4 and B in (12) were
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computed using the expressions provided in Appendix,
based on the system parameters and the specific operating
point under consideration.

Test scenarios. To validate the accuracy of the
developed state-space model, small perturbations were
introduced around three distinct operating points. The
resulting dynamic responses from the state-space model
were then compared to those obtained from a full
nonlinear simulation. This comparison was conducted to
assess the fidelity of the linearized model in capturing the
system’s transient and steady-state behavior.

Table 2 illustrates the profiles of the d-axis and g-axis

dref

qref i
reference currents ;Y and 'Y used as input

perturbations during the validation process.

Table 2
Inverter reference currents profiles for three test scenarios
1™ test 2" test 3" test

i R R R L

0 =50 =50 =50
0.8 —55 =55 —55

- +

0.9 =50 0 50 10 —50 10

1 45 45 45

The d-axis reference current iﬁff ~ signal exhibits

step changes at approximately 0.8 s, 0.9 s and 1 s. The
perturbation amplitude varies within +5 A around the

operating point of il.‘flrff =50 A for three test scenarios.
These variations represent active power reference

changes, as ifflrv‘?f typically corresponds to active power

flow in a grid-connected VSC system. The negative sign
of the current reference indicates that active power is
injected from the inverter to the grid. The g-axis reference

current component ilf{fff remains constant for each of the

three operating points, taking values of 0 A, —10 A and
+10 A, respectively. These values represent, in order, no
reactive power exchange, reactive power absorption, and
reactive power injection.

Figures 4-6 present the dynamic responses of the
load current. The response of the linearized state-space
model is compared with that obtained from the full
nonlinear simulation for three different test scenarios (see
Table 2), in order to evaluate the accuracy of the
developed model. The system is assumed to initially
operate around an equilibrium point characterized by the
load current components i, and i, in the d—q reference
frame. This operating point is then disturbed by applying

a small variation of Aig,’ff = +5 A to the d-axis reference

current (—50 A). The resulting load current responses in
both the d-axis and g-axis are then observed.

The comparison shows a strong agreement between
the two models. The minor deviations observed in the
g-axis load current under steady-state conditions remain
negligible, confirming the ability of the linearized model to
faithfully reproduce the system dynamics and thereby
validating its accuracy around the selected operating points.

Figure 4 shows the dynamic responses of the linearized
state-space model and the detailed simulation model for the

1™ test scenario. In this case, a disturbance is applied to

igl’ff ", while ig[ff " is kept at 0 A. Figure 4 shows an almost

identical response between the two models, particularly in
transient oscillations and steady-state convergence. This
confirms the linear model’s ability to capture the system
behavior around this operating point.

i, A

008 005 081 0815 082

. -
—— Simulated model

&

2

08 085 09 095 105

Fig. 4. Dynamic responses of the state-space model and detailed
simulation model for the 1% test: a — load current response in the
d-axis; b — load current response in the g-axis

Figure 5 shows the dynamic responses of the linearized
state-space model and the detailed simulation model for the
2" test scenario. Here, the same d-axis perturbation is
applied, but the g-axis current reference is set to a negative

value, ilf{fff = —10 A. The results show that the linearized

model closely tracks the full simulation, even during rapid
transients and dynamic interactions between the d and ¢ axes.

-

i, A )
14| o ——Simulated mdel ||
=== Stat space model |

"

—— Simulated model
==-Stat space model

08 085 09 095 1 105

Fig. 5. Dynamic responses of the state-space model and detailed
simulation model for the 2°™ test: a — Load current response in
the d-axis; b — load current response in the g-axis

Figure 6 shows the dynamic responses of the
linearized state-space model and the detailed simulation
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model for the 3™ test scenario. In this case, the same
perturbation on is applied, but the g-axis current reference

is set to a positive value, igfff = +10 A, introducing a

different dynamic condition. Again, the linearized model
demonstrates excellent agreement with the full
simulation, confirming its ability to accurately replicate
system dynamics under varying operating conditions.

i, A — Sated model

08 080y 081 0815 02

1005 101 1015 102

565 0605 081 0915 092

ts

095 1

— Simulated model
19} ===Stat space model| |

"

08 085 [X) 095 1 105

Fig. 6. Dynamic responses of the state-space model and detailed
simulation model for the 3™ test: a — load current response in the
d-axis; b — load current response in the g-axis

Figures 4-6 also emphasize the significant influence
of the g-axis reference current on the damping behavior of
load current oscillations. Specifically, when 79 is
positive corresponding to reactive power absorption by
the inverter, the system exhibits weaker damping

compared to cases where ;% is negative, resulting in a

reduced stability margin. However, a detailed analysis of
the impact of these parameters on system dynamics lies
beyond the scope of this study. The primary objective of
this work is to develop a model capable of accurately
reproducing both the dynamic and steady-state behavior
of grid-connected inverters under weak grid conditions.

Future research could focus on a more in-depth
investigation of how operating conditions, control
parameters, and line characteristics influence the system’s

stability and dynamic response.

Conclusions. This work has successfully achieved
its goal of developing and wvalidating a compact,
linearized state-space model for grid-connected inverter
operating in weak grid conditions. The proposed model
incorporates the essential dynamics of inverter control
systems, including the PLL, current control loops,
converter filter and grid impedance. Using small-signal
analysis, the model was derived and its accuracy
confirmed through detailed nonlinear simulations in
MATLAB/Simulink under multiple operating scenarios.

The simulation results demonstrate strong agreement
between the linearized and nonlinear models in both
transient and steady-state responses, validating the
model’s capability to capture key dynamic behavior near
the operating point. Furthermore, analysis of the g-axis
reference current revealed its significant impact on system
damping. Specifically, a positive g-axis current associated
with reactive power absorption was shown to reduce
damping and stability margins, emphasizing the need for
careful control tuning under weak grid conditions.

The model can serve as a practical tool for control
design and stability assessment in weak grid scenarios.
Also, control parameters such as PLL bandwidth and
current loop gains should be tuned based on dynamic
stability analysis to prevent oscillatory behavior or loss of
synchronism.

Future work will explore the influence of control
parameter variations, line impedance characteristics, and
grid strength fluctuations on system stability. Further
research will focus on using the model to design and
optimize adaptive or robust control schemes for grid-
connected inverters operating under a wide range of grid
conditions.

These developments will enhance the reliability and
resilience of renewable energy systems in weak and
evolving power networks.

Appendix. The full expressions of matrices 4 and B
are given below:

R,
L o -1 @ 00 0 o Y, Y, B P/ 0
L L 2,2 L 2 2
R, 1
0 [k S 0 @ 0 0 0 0 0 0 0
L&’ Lg
= Loy 0 0 @ 0 0 0 0 0 0
¢ c;
R 1 U, U, Us
f de de de
- 0 0 - [— 0 0 Ldep Zde Zde (b + 0
“ L 3 2w, ot 2L (- moup+ mpoa)
/ 1 f f /
Rg 1
0 a0 0 i S 0 0 0 0 0 0
L, 1L,
0 [N L Loy 0 0 0 0 0 0
A= Cr Cr ( )
a b 1 (a4
-4 0 0 -2 0 0 0 0 0 0 —if gb—if. oa 0
7 7 T/( " |
b a 1. d
= 0 0 -2 0 0 0 0 0 0 — i p+id g 0
e pr 7 i
2 ( 2 2 2 2 | a 0 i d ) a
—— |k a— b 0 a ———\kb+alsa 0 ! - 0 —= il okta—i K h+VE oa+Ve b—ayL il a+aplsil b 0
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0 0 0 0
~1/L, 0 0 0
0 0 0 0
0 0 0 0 , (A2)
0 -1/L, 0 0
| O 0 0 0
0 0 /1 0
0 0 0 /1
0 0 2/TUg4 0
0 0 0 2/T,U 4
0 0 0 0
| o 0 0 o |
where @ and b in the matrix A4 are:
a =sin(@,0): (A3)
b=cos(@0). (A4)

The subscript «0» indicates the equilibrium point
around which the system has been linearized. This steady-
state point, denoted as x(, is obtained by numerically
solving the nonlinear equation (10) using the solve
function in MATLAB.
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