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Abstract—With the wide deployment of photovoltaic (PV) and
battery energy storage systems (BESS), there has been significant
number of inverters connected to the power grids, mainly the dis-
tribution grids, which are no longer ideal grids. Instead, they are
considered weak grids with significant internal impedance and a
less robust structure. However, the grid-connected inverters suffer
from stability issues, especially under low grid strength, which
limit its maximum power transfer capacity. To determine the
maximum power transfer capacity of grid-connected converters,
a small-signal state-space model in the synchronously rotating dq-
frame of reference is established considering the grid strength,
the resistance-to-reactance (R/X) ratio and detailed model of
the structure and control parameters of the grid-connected
inverters. Based on the established state-space model, eigenvalue
analysis is performed to study the stability of grid-connected
inverters. Then, the maximum power transfer capacity with
small signal stability guaranteed is determined under different
grid strengths and R/X ratios. Results of time-domain simulation
based on switch model in Matlab/Simulink match well with that
of proposed eigenvalue analysis, validating the effectiveness of
the established state-space model.

Index Terms—Grid-connected inverters, small-signal stability,
state-space model, maximum power transfer capability

I. INTRODUCTION

With the significant and long-term decline in photovoltaic
(PV) prices (i.e., more than 50% decrease in the last decade),
PV has steadily increased its dominance in the newly installed
global power generation capacity. About 70% of newly in-
stalled global power generation capacity in 2024 is PV, with
38 GW record installations in the U.S. (accounting for 61% of
U.S. newly installed power generation capacity) [1]. PV has
generated over 30% of the electricity in the state of California
and Nevada in 2024, leading the nation [2]. Meanwhile, to
mitigate the fluctuations of PV and other renewable generation
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and ensure reliable power supply, battery energy storage
system (BESS) capacity additions are accelerating, with | MW
of storage added for every 3 MW of solar in 2024. These
installed PV and BESS are connected to the grids through tens
of millions of inverters, ranging from several kW residential
installations to megawatt-level utility-scale installations.

The majority of grid-connected inverters for PV and BESS
integration are voltage source converters (VSCs), which gen-
erate a stable AC voltage and frequency to synchronize with
the grid [3]. However, VSCs are subject to stability issues,
especially in weak grids, which have relatively high grid
impedance and low inertia. These conditions can cause signifi-
cant variations in voltage or frequency under load fluctuations
or voltage flickers. Under this situation, the maximum power
transfer capability of grid-connected VSCs is limited by both
the VSCs’ capacity and the system’s stability. As the pene-
tration of PV increases steadily, the power grid experiences
reduced robustness [4]. Meanwhile, more PV projects are
being deployed in locations with relatively weak grid connec-
tions, partly due to land affordability. Together, Together, these
factors underscore the importance of studying the stability of
grid-connected inverters.

Traditionally, small-signal stability analysis assesses a sys-
tem’s ability to remain stable under minor disturbances by
linearizing its behavior at an equilibrium operating point.
The three most widely used methods for small-signal stabil-
ity analysis are: eigenvalue analysis based on a state-space
model, generalized Nyquist diagrams based on an impedance
model, and transfer function-based methods [5]. With full
knowledge of the controller design and system configuration,
a linearized state-space model can be constructed. Once built,
its eigenvalues are calculated to accurately predict the system’s
stability boundary [6], [7]. However, this method requires
comprehensive knowledge of the controller design and system
configuration, which can be challenging to obtain in practical
applications. In contrast, the impedance model employs mea-
sured impedance data together with the generalized Nyquist
criterion (GNC) to predict the stability of the system at the AC
interface [8]. Moreover, when applied to a white-box system,



where control design and system configuration are known,
the impedance model-based method accurately predicts the
stability of grid-connected inverters [9]. In [10], the multi-
input-multi-output (MIMO) closed-loop transfer function of
grid-connected VSCs is reduced to a single-input-single-output
(SISO) open-loop transfer function, thereby enabling the use of
Nyquist curves for stability analysis. In [11], virtual inductance
was introduced as a means to enhance stability and improve the
maximum power transfer capability of grid-connected VSCs
operating in weak grids.

Most existing work investigates the stability of grid-
connected VSCs under low grid strength (i.e., weak grid condi-
tions). However, besides grid strength, the stability and max-
imum power transfer capability of grid-connected VSCs are
also affected by the R/X ratio and the inverter’s capacity limit.
To address this gap, a state-space model of a grid-connected
VSC is developed that considers grid strength, R/X ratios, and
inverter capacity limits. Then, eigenvalue analysis is performed
to investigate how these factors affect the maximum power
transfer capability of grid-connected VSCs. The effectiveness
of the state-space model and eigenvalue analysis is validated
validated through simulations using MATLAB/Simulink. The
main contributions of this paper are:

1) A state-space model of grid-connected VSCs is de-
veloped that accounts for grid strength, R/X ratios,
and converter capacity limits, enabling a comprehensive
stability analysis.

2) The limiting factors affecting the maximum power trans-
fer capability of grid-connected VSCs under different
grid strengths and R/X ratios are identified and vali-
dated using switch model-based simulations in MAT-
LAB/Simulink.

Section II introduces the state-space model of the grid-
connected VSCs. The maximum power transfer capability of
grid-connected VSCs under various conditions are analyzed in
Section III. Simulation validation is presented in Section IV.
Finally, the paper is concluded in Section IV.

II. MODELING OF GRID-CONNECTED INVERTER SYSTEM
A. System Configuration

A simplified PV inverter connected to the AC grid is shown
in Fig. 1, where Ry, Ly and C'y are the resistance, inductance
and capacitance of the output filter of the inverter. R, and L,
are the equivalent resistance and inductance of the AC grid,
which are dominated by the resistance and inductance of the
local distribution/transmission line. The grid strength of the
system is usually quantified by a short-circuit ratio (SCR),
as defined in (1), where S4c = szcc /Z4 is the short-circuit
capacity of the AC grid at the point of common coupling
(PCC), and Sy is the capacity of the PV inverter. The AC grid
is regarded as weak when the SCR is below 3. In addition,
SCR decreases (i.e., grid becomes weaker) with increasing
grid impedance, e.g., longer distribution/transmission line.

SAC o szcc

SCR = S Z,Sn
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Fig. 2: Topology of grid-connected VSC
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B. VSC Control Strategy

A typical topology of the grid-connected three-phase invert-
er is shown in Fig. 2. The ideal voltage source u, and grid
impedance R, and L, are connected in series, representing
a weak grid. u. and i, are the converter output voltage and
current, separately. u, and 7, are the output voltage and current
at the PCC. Generally, C'¢ is designed close to zero to avoid
low-frequency passive resonance. Thus, ¢, ~ ¢.. The control
diagram of the grid-following VSC is shown in Fig. 3, which
includes an outer real power and voltage magnitude control
loop, an inner d-axis and g-axis current control loop, and a
phase locked-loop (PLL). The AC voltage magnitude reference
is set to be the nominal value, i.e., 1 per unit. By increasing the
real power reference, the maximum power transfer capability
of the grid-connected VSC with stability guaranteed could
be precisely determined. The controller of the grid-following
VSC is designed in the rotating d-q frame, which supposes
to synchronize to the voltage phase angle at the PCC (6,).
With the phase locked-loop (PLL), the controller d-q frame
is actually oriented to the PLL output 6,;;, which is locked
with 6, but subject to a small error. The difference between
control d-q frame and the system d-q frame are illustrated in
Fig. 4. For the rest of this work, the variables in the control
d-q frame are indicated with the superscript ‘ctrl’.

C. VSC State-Space Model

The state-space model is built on the linearized differential
equations of the system and the controller. The differential
equation of the circuit between the inverter and the grid in the
system d-q frame are presented as (2) - (4), which are linear.

{Lg Yot = toq — Ugd — Ryiod +wLyiog o
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Ly %t = tteq — tog — Ryicg = wLica
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Fig. 3: Control diagram of grid-following VSC
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Due to the small difference between the system d-q frame
and the controller d-g frame, the variables of system d-g frame
should be transformed to the controller d-q frame based on (5).

{ ugtr! ] _ { 0,)  sin (B — 0,) } { Uod }
“22” 8,) cos (Opu — 0,) Uog
Q)

The linearized small-signal equations of (5) is derived as

cos (Opy —
—8in (Gp” —

(6) considering 0, ~ 6,. Thus, cos (6, —6,) ~ 0 and
sin (Qp” — 00) ~ Upli — 90.
Aucz"l Auod + quOAapll (6)
A’U,Ctrl Auoq uodOAﬁp”
Similar to (5) and (6), the variable ¢!, ¢, wcly!, and
uzyl in the controller d-q frame are derived as in (7) and (8).
Alctrl Az(.d —+ lchAQpll 7
AZCtrl AZcq ’Lcd()A@p”
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For the inner d-axis and g-axis current control loop, differ-
ential equation (9) could be formulated.

dfld — i Z‘ctrl

dt( — Ycd cd (9)
dfiq _ i Z'ctrl

dt  — ‘cq cq

where [iq and [, are state variable of the integrator in
the current control loop. The output reference voltage of the
current control loop is derived as in (10), , which is linear.

uly = Kp_iq(it,
uy, = Kp_ig(if,

_ ctrl) + Ki_ Zd de _ wathTl + V*
— i) + Ki_ig - [ig+wLgicy 40

(10)

For the outer real power and PCC voltage magnitude control
loop, differential equation (11) could be formulated.

d f P _ ps_

df Vo _ (-1

dt

Pi
) (Vo = Vatbr)
where f P and f V, are state variable of the integrator in the
outer real power and PCC voltage magnitude control loop,
separately. P¢i5t, and Vinl . are the real power and PCC
voltage magnitude feedback after the low-pass filter (LPF).
The output reference current of the outer control loop is
derived as in (12), which is linear as well.

i, = Kp_P(P*
=Kp_V, (-

(1)

— Pt )+ Ki_P- [P
D) (Ve = Viipp) + KiVo- [Vo
(12)
As shown in Fig. 3, the real power and PCC voltage
magnitude are calculated as in (13).

{Pctrl — c&rl -ctrl + u(‘trlzgttzrl
ctrl __ ctrl ctrl
Vet = s + (o

where (13) could be linearized as (14), considering the u‘t’l
and uc“"l should be equal to Vand 0, separately, in the steady
state operation.

APctrl
Avctrl

For the LPF, differential equation (15) could be formulated.

13)

ctrl ct'r‘l ctrl ctrl * ctrl
Augticay + Dugicgn + VA (14)
Auctrl

dPZt;,} — ctrl ctrl

di . = UWLPF (P - PLPF) (15)
dVoCL;F = w (Vctrl _ Vctrl )

dt LPF \Vo oLPF

where wy, pp is the cut-off angular frequency of the LPF.

D. Phase-Locked Loop (PLL)

As shown in Fig. 3, the differential equation of PLL could
be derived as in (16), which is linear.

dfuoq _ Uoq
dt -V
fs 16
d@p” (16)
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TABLE I: Parameters of grid-following VSC and grid

Parameters Values
VSC capacity 500 kVA
Grid voltage/frequency 380 V/50 Hz
Output filter capacitance 100pF
Output filter inductance/resistance 0.5 mH/0.5 m$)
Grid resistance/inductance 0.2 m2/0.6 mH
Real power control loop (Kp_ P, Ki_ P) (0.0114,1.1429)
Voltage magnitude control loop (Kp_V,, Ki_ V) (2,100)
Inner current control loop (Kp_i4/iq, Ki—i4/tq) (2,200)
PLL (Kp_pll, Ki_pll) (50,1500)
WLPF 200 rad/s

E. Grid model

The equivalent circuit of the AC grid connected to the PCC
of the grid-connected inverter is shown in Fig. 5.

Based on Fig. 5, the initial steady state could be calculated.
According to (17), the steady state voltage phase angle at PCC
6, could be solved. Substitute 6, into (18), the steady state
reactive power at PCC Q* could be calculated. Then, the initial
steady state Uod0, Uoqo, todo, and .40 could be calculated.

* Vro* * ‘/ ) 9 7
= ﬁ [Rg (v Vgcosﬂo) + XyVysin o] (17

* [o* * ‘/ — ‘/ 3 9
Q = ﬁ [Xg ({/0 900390) Rg g St 0] (18)

(17) and (18) are also used to examine the capacity limit
of the inverter. If the Q* > +/S? — P*2, the capacity limit
is violated and Q* is limited to be v/S? — P*2, indicating
voltage magnitude at the PCC might be lower than the nominal
value. To boost the PCC voltage, the real power will be
reduced, enforced by the current limiter of ¢.4 as in Fig. 3.

Based on the differential equations (2), (3), (4), (9), (11),
(15) and (16), the state-space model of the grid-following VSC
could be formulated and simply expressed as (19).

Ad1ax1 = Araxia - DTrax1 + Biaxa - Auasxa (19)

as Azax1 = [Aiodv Aioqa AUgg, Auoqv VAVIR Aicqv A f iq,
Afiq,AfP,AIVO,Afuoq,Aﬁpll,APfg%,AVOCL“}ﬁF].
The eigenvalues of the state matrix Ajsx14 indicates the

small-signal stability of the grid-following VSC.

III. EIGENVALUE ANALYSIS

The state-space model of a 500 kVA grid-following VSC
is built and the eigenvalue analysis is performed for stability
study. The parameters of the VSC and the interconnected grid
are listed in Table 1. Based on this setup, the SCR is about
1.5, indicating weak grid condition and the R/X ratio is about
0.01, indicating inductive grid condition.

The eigenvalue locus as the real power at PCC varing from
5 kW to 500 kW is shown in Fig. 6, where the red circle shows
the eigenvalues of the system when the PCC power reaches
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500 kW. The eigenvalues move to the right-half place (i.e.,
the VSC becomes unstable) when the PCC power is higher
than 360 kW. In other word, the maximum power transfer
capacity of this grid-following VSC is about 360 kW under
grid condition: SCR = 1.5 and R/X = 0.01.

The maximum power transfer capability of the grid-
following VSC as well as the corresponding power received
at the grid side under varying SCR and R/X ratio are shown
in Fig. 7a. As can be seen, the maximum power transfer
capability is high with high SCR and low R/X ratio. The
maximum power transfer capability drop sharply when the
SCR is below 1 (i.e., very weak grid). With the increase
of R/X ratio, the maximum power transfer capability at the
PCC decreases. However, the corresponding power received at
the grid side changes to negative, meaning the grid side also
sends power to the PCC. Both the VSC power and the grid
side power are losses of the grid resistance R,. By limiting
the grid side power to be non-negative, the maximum power
transfer capability is shown in Fig. 7b. These results indicate
the importance of considering the R/X ration in analyzing the
maximum power transfer capability of grid-following VSC.

IV. SIMULATION VALIDATION

To verify the effectiveness of the eigenvalue analysis, a
switch model simulation of a grid-following VSC is built in
Matlab/Simulink based on parameters in Table 1. The simula-
tion results under varying SCR and R/X ratio are presented in
Fig. 8. The maximum power transfer capability calculated by
the switch model simulation is compared with that calculated
by eigenvalue analysis as shown in Table II. The simulation
results are almost same as results of eigenvalue analysis,
validating the effectiveness of the eigenvalue analysis.
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Fig. 8: Simulation results of grid-following VSC under varying SCR and R/X ratio

TABLE II: Comparison of maximum power transfer capability
calculated by state-space model and switch model simulation

Maximum power transfer
capability calculated b .
staﬁe—spaze model/swich R/X Ratio
model (kW)
0.01 1 5
1.5 | 360/340 | 450/450 | 255/255
SCR 5 425/420 | 385/380 | 145/145
10 | 495/480 | 370/370 | 120/120

As can be observed in Fig. 8, the power stability dominates
the maximum power transfer capability of grid-following VSC
when R/X ratio is small or grid resistance is neglectable (e.g.,
R/X=0.01). However, this dominance will be significantly
weakened when the grid resistance is not neglectable (e.g.,
R/X>1), where the voltage stability at the PCC has dominating
effects. To maintain stable nominal voltage at the PCC, the real
power at PCC has to be reduced by limiting ¢.4.

V. CONCLUSIONS

In this paper, the state-space model of a grid-connected
VSC is built considering the grid strengths, R/X ratios and the
capacity limit of inverters. Eigenvalue analysis is performed to
investigate the effects of these factors on the maximum power
transfer capability of the VSC. The effectiveness of eigenvalue
analysis is validated by simulation in Matlab/Simulink. The
scenario of multiple inverters (both grid-following and grid-
forming) will be investigated in our future work.
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