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Abstract

The increasing penetration of inverter-based resources (IBRs) has been reducing system
inertia and intensifying frequency stability challenges. Hence, various grid demands have
been imposed on grid-connected systems, e.g., requiring the provision of an auxiliary ser-
vice to the grid. In this context, this paper investigates the provision of synthesized inertia
from the DC-link capacitors in grid-connected photovoltaic (PV) systems. For this config-
uration, the PV converter adopts a frequency-voltage droop control (FVDC) strategy,
while a virtual synchronous generator (VSG) is employed on the grid side to emulate a
synchronous generator, to enable the DC-link energy to contribute to primary frequency
support. To quantify the virtual inertia and evaluate the closed-loop stability, a small-
signal model of the inverter system is established. An eigenvalue analysis reveals that
while increasing the DC-link voltage or capacitance enhances the achievable virtual iner-
tia, it simultaneously narrows the stability margin. As such, comparative stability assess-
ments under different parameter settings are performed, highlighting the distinct impacts
of the DC-link voltages and capacitances on the emulated inertia and stability margins.
The study provides insights into the maximum virtual inertia achievable via DC-link ca-
pacitors and offers practical guidelines for coordinating the controller and DC-link design
to enhance frequency robustness in low-inertia power systems. Real-time hardware-in-
the-loop (RT-HIL) tests validate the analytical findings.

Keywords: DC-link capacitor; inertia synthesis; frequency-voltage droop control (FVDC);
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The level of synchronous inertia in modern power systems has been markedly de-
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clining by the rapid growth of inverter-based resources (IBRs), thereby posing challenges
for frequency stability under disturbances [1,2]. Unlike synchronous generators (SGs),

photovoltaic (PV) systems are predominantly governed by maximum power point track-
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To address this issue, various control strategies such as power reserve control, syn-
thetic inertia, and virtual synchronous generator (VSG) methods have emerged, allowing
converter-interfaced renewable sources to actively participate in frequency regulation
[5,6]. Among these approaches, utilizing DC-link capacitor energy has gained increasing
attention due to its intrinsic fast response and independence from external energy storage
elements [7,8].

Recent studies demonstrate that DC-link capacitors can provide virtual inertia, en-
hance synchronization, and support both grid-forming and grid-following converters in
weak grids [9,10]. However, prior work mainly reports qualitative capabilities, without
explicitly quantifying the maximum usable virtual inertia or its dependence on DC-link
voltage, capacitance, and droop gain [11-13]. To overcome this limitation, a frequency-
voltage droop control (FVDC) integrated within a VSG framework has emerged as an ef-
fective method to relate grid frequency deviations to DC-link voltage regulation, enabling
both virtual inertia synthesis and automatic energy recovery [14,15]. Nonetheless, alt-
hough the qualitative capability of DC-link capacitors to support frequency has been re-
ported, the achievable virtual inertia under stability constraints and its explicit depend-
ence on DC-link voltage, capacitance, and droop gain, remain insufficiently characterized.

Motivated by these developments, this paper presents a comprehensive investigation
into the synthesized inertia provided by DC-link capacitors in FVDC-based PV converters.
A small-signal model, incorporating a phase-locked loop (PLL), current and DC-link volt-
age control loops, as well as VSG behaviors, is established to quantify the virtual inertia
coefficient and evaluate the closed-loop stability [16,17]. The main contributions of this
work are summarized as follows:

(1) Quantitative analysis of the trade-off between the DC-link voltage, capacitance, and
droop gain, providing guidance for stability-constrained controller design;

(2) Validation of the analytical findings through extensive simulations and hardware-in-
the-loop (HIL) experimental tests, enabling informed parameter selection for low-
inertia grid applications.

These contributions distinguish this study from conventional modeling and simula-
tion approaches by providing both analytical insight and experimental verification, high-
lighting the practical applicability of DC-link-based inertia synthesis. The rest of this pa-
per is organized as follows. Section 2 describes the evaluation of the synthesized inertia.
Section 3 develops the small-signal model of the PV converter system. Section 4 derives
the stability characteristics and explores the dynamic stability margin under different con-
ditions. Section 5 presents HIL experimental verification results. The theoretical and ex-
perimental results are discussed in Section 6, and Section 7 concludes the paper.

2. Evaluation of Synthesized Inertia

As depicted in Figure 1, the power system consists of a synchronous generator (SG)
supplying electrical power Pe, frequency-dependent resistive loads consuming power Pt,
dynamic loads such as induction motors absorbing power Pp, and grid-connected power
converters drawing power Pac. Notably, the power drawn by the PV inverter is equal to
the deviation between the DC power supply and the power injected into the grid by the
inverter.
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Figure 1. Simplified diagram of a typical power system (SG is a synchronous generator; M is a mo-
tor).

The SG establishes the classical electromechanical dynamics between active power
imbalance and the grid frequency, as described by the established swing equation [17]:

dw
P -P =202 D(w-
P o HPlo-a) )

where H and D denote the inertia time constant and damping coefficient, respectively.
This equation provides the fundamental link between stored kinetic energy and the im-
mediate frequency response to disturbances.

The DC-link capacitor Cac in Figure 1 is capable of charging and discharging within
short time scales. Thus, it can temporarily supply or absorb energy and therefore emulate
an inertial response similar to a rotating mass, offering a fast-acting buffer during transi-
ents. This can further be explained in the following. The SG’s inertia constant is defined
as H = Ex/(25~) = (Jw.)/(25n), where Ex is the stored kinetic energy, Sx is the system rated
power, | corresponds to the moment of inertia, and wn indicates the rated angular fre-
quency of the SG, respectively. As shown in Figure 2, the input current iin and output
current iout associate with the DC-link capacitor, R is the parallel resistor, and its connec-
tion to the capacitor symbolically represents the damping circuit analogous to the rotor
damping winding in an SG. As a result, the stored kinetic energy Edc and the equivalent
inertia constant H. for the DC-link capacitor can be expressed as

1
By =7 CVie @)
_Ee _Cuvi
CS, 28 @)

in which Cuc represents the DC-link capacitance, and vdc stands for the DC-link voltage.
Both Edc and H-. scale quadratically with vac. It can be mapped to an inertia constant He by
normalizing the available energy to the system rated power Sx. While the swing Equation
in (1) is standard, the mapping of DC-link capacitor energy to an equivalent inertia con-
stant He via (3) is a key modeling step that enables inertia quantification.

Generator . Capacitor
lin Lout
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28,

N

Figure 2. Inertia mapping from a DC-link capacitor to a synchronous generator.

According to (1) and (3), the relationship between active power and capacitor voltage
can be established as

https://doi.org/10.3390/en19041100
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av,,
P —-P=C,, 7; )

where Pe, P denote the active power generated by the PV source and the output power of
the grid-connected converter, respectively. Then, the power variation of the DC-link ca-
pacitor APdc can be designated as
dAv,
AP, =2H,—%
de c dt . (5)
To realize the virtual inertia emulation, a FVDC strategy is incorporated. This control
introduces a droop gain ki, which couples the grid angular frequency deviation (w-wn)
with the DC-link voltage variation vy.. The voltage can be regulated as

Vie =k Ao (6)

The power converter can inject a power variation APdc to suppress frequency devia-
tions through the incorporation of DC-link voltage dynamics. The core mechanism of this
inertial response is derived by substituting the voltage—power relationship into the system
model, thereby reformulating the power variation of the DC-link capacitor APuc as

dAw
AP, =2k, -H ——
de f c dt (7)
which demonstrates that the effective virtual inertia Hv provided by the inverter can be

expressed as

Hv :kac/ (8)
k.C, v}
H = f~dc "dc
Y28, 9

7

which indicates that the dependence of the virtual inertia Hv on the system parameters
can be made explicit through (9), limited by the DC-link capacitance Cac, the DC-link volt-
age vd,, and the droop gain kr. When the FVDC strategy is enabled, the DC-link response
may be represented as an additional inertia term Hv acting on the system, yielding an
equivalent inertia Heq = H + Hv. However, excessively increasing k¢ or Cac may introduce
unfavorable dynamic interactions with the inner control loops and the grid, potentially
degrading system damping or even leading to instability. Therefore, the virtual inertia
provided by the DC-link capacitor cannot be arbitrarily amplified and must be carefully
coordinated with the converter control dynamics. This observation motivates the follow-
ing small-signal modeling and stability analysis, in which the influence of ks, Cac, and vdc
on the system’s eigenvalues and dynamic performance is systematically investigated.

3. Small-Signal Model of Power Systems

Figure 3 depicts the overall configuration of the grid-connected power converter op-
erating under virtual inertia control. It consists of a PV source regulated through an
MPPT-controlled DC/DC boost stage, a DC-link capacitor, and a grid-following converter
delivering the power to the grid. The converter control architecture includes a PLL, inner
current controllers, and an outer DC-link voltage controller that implements the FVDC
strategy [18]. Specifically, the MPPT controller operates on a slower timescale compared
to the DC-link voltage and frequency control loops. During fast frequency-support dis-
turbances, the PV-side power Prv is assumed to remain approximately constant, and the
required imbalance between the grid-side power and the PV input power is temporarily
supplied by the DC-link capacitor.

https://doi.org/10.3390/en19041100
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Figure 3. Overall system configuration of the grid-connected power converter with virtual inertia

control. The arrows represent the power flow direction.

3.1. Phase-Locked Loop Modeling and Dynamics

The converter—grid phase synchronization is implemented using a PLL. Using the
Park transformation, the measured three-phase voltages vsic are converted into the syn-
chronous rotating reference frame and their dg-axis components vs ¢ and vs_q are obtained.
The synchronization objective is to align the rotating frame such that the g-axis component
vs_q approaches zero in steady state, implying perfect phase alignment with the grid volt-
age vector [19]. In the frequency domain, the PLL’s estimated phase angle is given by

k, 1
HPLL = I:Vsq (kpy +Tjj + 2 :|; (10)

where the proportional and integral gains of the proportional-integral (PI) controller are
denoted by kp_p and ki_p, respectively.
Employing the small-signal model of the PLL, which takes vs_q as its input, yields

k.
Aa(s) = _(ka) +%)VmHPLL (s) (11)

The open-loop characteristic of the PLL is then obtained. Furthermore, the closed-loop
transfer function from vs_q to the output phase 0 is expressed as

(k, stk V.,
5 +(ka3S+kiJ3)I/m

Gy (5) = (12)

in which Vm represents the magnitude of the three-phase voltage.

3.2. DC-Link Voltage Control and Linearization

The DC-link capacitor serves as the intermediate energy storage element between the
DC source and the inverter. Its voltage vdc inherently reflects the instantaneous power im-
balance between the power generated by the PV panel and the power delivered to the AC
grid [20]. The control objective is to maintain v« close to its nominal reference vdc_ret by
dynamically adjusting the d-axis active current. A PI controller is implemented to regulate
the active current reference as

https://doi.org/10.3390/en19041100
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k,
G,(s)=k, , +— 13)
- s

Iy ret = G, (s) (v — Vie ref — V;c) . (14)
Linearizing around the operating point yields the small signal that relates perturba-
tions in the DC-link voltage, Avd, to the active current command deviation Aia:

Aiy(s) = GV(S)'[AVdc(S)_kaw(S)], (15)

in which id_rer denotes the d-axis reference current, kp_v and ki_v are the proportional and
integral coefficients for the DC-link voltage PI controller, respectively, and vdc_rt repre-
sents the DC-link voltage reference with a droop relationship of the frequency deviations.
This linearized model reveals the coupling between the dynamics of the DC-link voltage
and active current, which plays a crucial role in shaping the virtual inertia response under
FVDC.

3.3. Current Control Loop and Linearization

The inner loop of the current control is responsible for fast regulation of the converter
output current, ensuring accurate following of the reference signals generated by the DC-
link voltage controller. The grid-connected converter current dynamics in the synchro-
nous dg-axis frame can be expressed as

di, ,
dt
di

sq _ . -
L a Rflsiq + oL, sd " Vsd (17)

L—=-Ri ,+oLi

% _q + vdiref - Vsid (16)

7

7

where Lf and Rt denote the filter inductance and resistance, respectively, and is.a and #s_q
denote the dg-axis components corresponding to the output current, respectively. To
achieve the decoupled control of the active and reactive current components, the feedfor-
ward compensation term +wLt is_dq is typically introduced, resulting in a linearized control
law for the converter reference voltage.

Considering that the converter-side filter dynamics characterized by Lt and R may
influence the system behavior, especially under weak-grid conditions, the d-axis current
dynamics are described as

kpiis + kLi
Les® + (R +k, )s+k ;|
Av,(s) =G, (S)[idiref (s)- I q (s)]

7

(18)

G,(s) =

(19)

in which kp_i and ki_i are the proportional and integral coefficients for the current PI con-
troller, respectively. When the current loop bandwidth is sufficiently higher than that of
the outer loops, the approximation is_¢ = id_ret can be adopted for the analytical insight.

3.4. Power Dynamics and Linearization
In steady state, the electrical power P. delivered by the grid-connected inverter in the

synchronous reference frame can be expressed as

3
P=—v
e 2 s d’_d (20)

7

where the d-axis grid voltage component remains constant, i.e., vs.a = Vm. The small-signal
perturbation of the active power can be linearized as

https://doi.org/10.3390/en19041100
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3 . .
APe = EVmAlsid = kprlsid (21)

thus, the dynamic of is ¢ is governed by the combined action of the outer voltage control
and the inner current loop. As noted in Section 3.3, the current control loop operates suf-
ficiently fast to be approximated as an ideal current source. To capture the grid-side fre-
quency dynamics, a small-signal representation of the VSG is introduced, and the linear-
ized swing equation governing the grid frequency is written as

AP, =—(2Hs+ D)Aw, (22)

where wg is the grid angular frequency.

The small-signal model developed in this section unifies the DC-link dynamics, cur-
rent control, PLL, and VSG behavior into a single stability analysis framework. This sec-
tion provides a explicit derivation of the virtual inertia coefficient Hv as a function of ki,
Cac, and vde, which forms the basis for the stability margin analysis in Section 4.

4. Stability Margin Analysis of the Model

To analyze the FVDC strategy, the DC-link dynamics and converter control are em-
bedded into a system-level linearized frequency regulation model. This model integrates
the adopted converter control with the conventional SG dynamics, including the speed
governor time constant Tg, turbine coefficients Fur, reheater time constant Try, inlet vol-
ume time constant Tcu, and the frequency droop coefficient R [21]. The relevant SG pa-
rameters are listed in Table 1.

Table 1. Parameters of a synchronous generator (SG).

Symbol Description Value
Tc Speed governor coefficient 0.1s
Tcn Time constant of main inlet volumes 02s
Frnr Turbine HP coefficient 03s
Tru Time constant of reheater 7.0s
R Droop coefficient 0.05 p.u.
H Inertia coefficient of the SG 45s
D Damping coefficient 1.0 p.u.

According to Figure 4, the virtual inertia is inserted as an additional feedback branch
that modifies the system mechanical response. The relationship between the load disturb-
ance AP and the frequency deviation Aw can be expressed through the following transfer
function:

Ao “R(Tys +1)(Topys + D)(Tis +1)
AP, (2Hs+2k,H s+ D)(Toys + )(Tgys + DR + Fp Ty +1 (23)

It is important to emphasize that the linearized frequency control framework is valid only
for small-signal analysis, in which the frequency deviation f - fo remains small, ensuring
that the linear approximation around the nominal operating point is accurate.

https://doi.org/10.3390/en19041100
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Figure 4. Block diagram of the frequency control framework with virtual inertia.

The eigenvalue loci of (23) for different equivalent inertia constants are illustrated in
Figure 5. The pole-zero map reveals important trends:

(1) Asthe equivalent inertia H increases, the dominant conjugate pole pair shifts toward
the imaginary axis, indicating a reduced damping ratio.

(2) The real poles Ps and P4, corresponding to the dynamics of the DC-link voltage, move
closer to the zeros Z2 and Z3 introduced by the outer-loop compensator.

These results confirm that the DC-link-based virtual inertia effectively enhances the
system’s frequency stability while introducing a fundamental trade-off between damping
and recovery dynamics.
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Figure 5. Eigenvalue loci with the inertia variation in H.

Seen from a control design perspective, appropriate coordination between the droop
gain ki, the DC-link capacitance Cac and the DC-link voltage va. is essential. These param-
eters jointly determine the frequency response, virtual inertia emulation, and the dynam-
ics of the DC-link voltage control loop. To assess the impact of the system parameters in
detail, the closed-loop small-signal model is derived by linking the converter dynamics
with the VSG-based grid model (see Figure 3). The corresponding small-signal active
power at the point of common coupling (PCC) can be expressed as

AP = AP, + AP, (24)
Substituting the DC-link voltage dynamics of (9) and the VSG swing equation of (22) into

(24) and incorporating the outer voltage control loop yields the closed-loop transfer func-
tion that relates a load perturbation AP to the resulting frequency deviation Awg:

Aw N(s) k G
G(s)=—== = — (25)
AP, D(s) (2Hs+D)(k,,G, + Cy Ve 1orS) =k G CooVie etk Gprr

where N(s) and D(s) represent the numerator and denominator polynomials.

https://doi.org/10.3390/en19041100
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Analysis of the characteristic equation D(s) = 0 enables systematic assessment of the
eigenvalue migration, system damping, and robustness under various operating condi-
tions. This provides a quantitative foundation for selecting appropriate combinations of
ki, Cac and vac that achieve sufficient inertia support without destabilizing the voltage reg-
ulation loop. To explore the findings derived from the characteristic equation and to quan-
tify how the DC-link parameters influence stability in low-inertia system, a 50 kW grid-
connected PV converter is selected and the inertia constant is adaptive. The system pa-
rameters used for the analysis and subsequent case studies are summarized in Table 2.
These parameters are substituted into the closed-loop characteristic equation D(s) = 0 to
compute root trajectories under varying DC-link voltages and capacitances, enabling a
direct assessment of how the parameter design choices shape the stability boundary. Two
scenarios are considered:

(1) Scenario 1: The DC-link capacitance is fixed at Cac = 2 mF, while the DC-link voltage
is varied among values of 1000 V, 1500 V, 2000 V, 2500 V. The corresponding eigen-
value loci are shown in Figure 6.

(2) Scenario 2: Under the same inertia condition, the DC-link voltage is fixed at vac = 1500
V, while the capacitance is varied among values of 2 mF, 4 mF, 6 mF, and 8 mF. Figure
7 illustrates the corresponding trajectories and stability boundary.

Table 2. Parameters of the system for case study.

Parameters Description Value
Prated Rated power 50 kW
fa Rate grid frequency 50 Hz

Vde Nominal DC-link voltage 1500 V
Ppv PV maximum power 52 kW

Vg Grid-side DC input voltage 700 V
Lg Grid inductance 0.8 mH
Lt Filter inductance 44 mH

Cs Filter capacitance 10 uF
(kp_p, ki_p) PLL PI controller (0.08, 1)
(kp_i, kii) Current PI controller (6.28, 150)

(kp_v, ki_v) Voltage PI controller (0.2, 50)

ke Droop gain 0~40

Figure 6 demonstrates that the variation trend of the characteristic root of k: aligns
with the previous analysis. However, increasing the DC-link voltage significantly affects
the stability boundary of k:. As vdc increases from 1000 V to 2500 V, the maximum stability
droop gain kimax reduces from 25 to 8.1. This behavior shows that higher DC-link voltage
levels strengthen stronger coupling between DC-side energy fluctuations and AC-side
power modulation, thereby reducing the phase margin and narrowing the stability
boundary. A comparison of the corresponding virtual inertia should be carried out using
(9). A detailed evaluation will be presented in the next subsection.

Furthermore, as observed in Figure 7, increasing the capacitor value causes a reduc-
tion in the stable operating range of the droop gain. When Cac is increased from 2 mF to 8
mF, the maximum stable droop gain kimax decreases from approximately 15.4 to 7.5. Alt-
hough a larger capacitor enhances the energy buffering capability and increases the at-
tainable virtual inertia intuitively, it simultaneously slows the DC-link voltage dynamics,
thereby reducing damping and the stability margin.

https://doi.org/10.3390/en19041100
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Figure 6. Eigenvalue loci and stability boundaries: (a) kfmax = 25 at vdac = 1000 V, (b) kimax = 15.4 at vdc
=1500V, (c) kimax =10.9 at vac =2000 V and (d) ktmax = 8.1 at vac = 2500 V, where the DC-link capacitance
is fixed (Cdc = 2 mF).
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Figure 7. Eigenvalue loci and stability boundaries: (a) kfmax = 15.4 at Cdac =2 mF, (b) kfmax=11.6 at Cuc
=4 mF, (c) kfmax=9.1 at Cac = 6 mF, and (d) kimax = 7.5 at Cac = 8 mF, where the DC-link voltage is fixed
(vac = 1500 V).
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Using the virtual inertia derived from (9) contributed by the DC-link capacitor, the
maximum usable virtual inertia under different DC-link voltage levels and the capaci-
tance can be determined, while the corresponding stability-limited droop gain kimax can be
evaluated, as depicted in Figure 8. As illustrated in Figure 8, increasing the DC-link volt-
age effectively enhances the maximum virtual inertia that can be delivered to the grid.
However, enlarging the capacitance significantly narrows the stability boundary. Conse-
quently, despite the larger stored energy, the inertia that can actually be utilized for fre-

quency support is reduced.
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Figure 8. Contours of virtual inertia capability and stability boundary: (a) the maximum achievable

virtual inertia contour and (b) the stability boundary contour.

With the above two scenarios, it has been revealed that increasing both the DC-link
capacitance and the voltage level of the capacitor tends to reduce the stable boundary of
the control system. This further highlights:

(1) Alarger Cac and a higher va. enhance the stored energy obtainable for virtual inertia.

(2) Both the DC-link capacitance and the voltage intensify the coupling dynamics and
decrease the stability margins.

(3) The DC-link capacitance reduces the maximum usable virtual inertia, while the volt-
age increases the maximum available virtual inertia.

In practical engineering applications, the DC-link voltage vdac should be elevated as
high as permissible within the limits of device insulation and economic feasibility, so as
to expand the upper bound of achievable virtual inertia. Regarding the design of DC-link
capacitance Cac, simply pursuing large energy storage capacity is not advisable, instead,
its value should be determined holistically based on both the required energy for fre-

quency support and the desired dynamics.

It should be noted that the linearized model is valid only around the nominal oper-
ating point and may not fully capture nonlinear effects under large-signal conditions or
sustained disturbances. To address this limitation, simulations under the same inertia con-
dition, with the disturbance increased by 50% (25 kW) are shown in Figure 9. The variation
in ki and Ca. is again examined. The simulations confirm that even under large disturb-

ances, our main findings remain valid.

https://doi.org/10.3390/en19041100



Energies 2026, 19, 1100

13 of 17

1560 05
9 i
T 0 /
1520 5\_() [ - | o ! 1
E .. k=0 g Cy|F 6 mF VZ
o \ /-,&_f ---------------------- =2 1 <, | |
o VN k=5 e I M el o
£ 1480’!"- Rt Rt mbund o SR & f\\'///. 1 Cac[=8mF
£ \‘ ------ f 77 ' Tt~ ] e “—Cyq T4 mF
‘é | '\ “ A e ]9 . &7kf = l 5 - — 1 g) _ dc
= L \\ s/ g =2 Cge=2mF
v 1440 £
O 7 / B
a \ : B-25
. / S
- j | : j g | | | | | |
MO0 31 22 23 24 25 % Ty 21 22 23 24 25
Time (s) Time (s)
(a) (b)

Figure 9. Simulations of the grid-connected system under 50% load disturbances: (a) inverter DC-

link voltage when kt changes and (b) RoCoF when Cac changes.

Notably, in practice, the converter current saturation, DC-link voltage constraints,
and controller anti-windup mechanisms will potentially limit the maximum usable virtual
inertia. It should be noted that the FVDC increases active power injection in proportion to
the frequency deviations. Under large disturbances, the current reference generated by
the outer loops may exceed converter limits, resulting in the saturation of the current con-
troller and a reduced effective inertial response. From (9), it is further revealed that the
inertia response is fundamentally supported by DC-link energy extraction, which causes
deviations of va.. However, the maximum virtual inertia is bounded by the allowable DC
voltage. Once the voltage reaches its limit, the FVDC loop cannot further release energy,
and the inertia response is clipped. Therefore, when saturation occurs, anti-windup pro-
tection in the DC voltage controller and power reference generation becomes essential.
Nevertheless, the above analysis confirms that it is important to coordinate the inertia
synthesis and the DC-link design for stable operation of grid-connected PV systems.

5. Experimental Verification

A hardware-in-the-loop (HIL) experimental setup was developed for validation, in-
tegrating a dedicated real-time simulation platform with an MT-8020 simulator for elec-
tromagnetic transient simulation. This setup is used to assess the stability boundaries from
the eigenvalue analysis and Table 2 shows the corresponding parameters. The experiment
focused on two scenarios: varying the DC-link voltage vac and the droop gain with a fixed
capacitance and varying the DC-link capacitance Cuc under a fixed voltage and droop gain.
The experimental test results are shown in Figures 10-12.

As illustrated in Figure 10, the DC-link capacitance is fixed at Cac = 2 mF, while the
DC-link voltage is varied among values of 1000 V, 1500 V, 2000 V, and 2500 V. As vdc
increases, the maximum k: ensuring stable operation decreases noticeably. For each volt-
age level, the results clearly distinguish the stable and unstable responses of the DC-link
voltage. This behavior agrees with the eigenvalue analysis shown in Figure 6, demonstrat-
ing that a higher DC-link voltage intensifies the coupling between DC-side energy varia-
tions and AC-side power. Consequently, the system responses to the droop gain adjust-
ment become more sensitive, and the stability boundary of ks is significantly reduced.
These results experimentally validate the theoretical conclusion that increasing vdc nar-
rows the stable boundary of the inertia-emulating droop law control loop.

The system response to a 10% load (5 kW) step is tested for ks =0, 10, 15 and 18 and
the results are depicted in Figure 11. As shown in Figure 11b, with ks = 0, the frequency
nadir drops to 49.83 Hz and the RoCoF reaches 1.44 Hz/s. When kt = 15, the frequency-
voltage droop controller is activated, leading the DC-link capacitor to discharge active
power to stabilize the grid frequency. In such a case, the frequency nadir increases to 49.88
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Hz, the RoCoF is reduced to 1.23 Hz/s, and the voltage dip becomes 1420 V. The results in
Figure 11 demonstrate that the DC-link capacitor contributes to both frequency regulation
and inertia provision. If a higher level of inertia is needed, the corresponding coefficient
should be raised. However, this may jeopardize the control stability, as aforementioned.

1000
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Figure 10. Experimental results of the grid-connected system when k¢ changes: (a) vac = 1000 V, (b)
vdc = 1500V, (c) vdc = 2000 V and (d) vdc = 2500 V.
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Figure 11. Experimental results of the grid-connected system when kt =0, 10, 15 and 18: (a) inverter

DC-link voltage and (b) the grid frequency f.

Similarly, the DC-link voltage is maintained at vac = 1500 V, while the capacitance is
varied among values of 2 mF, 4 mF, 6 mF, and 8 mF. The corresponding DC-link voltage
and frequency responses are shown in Figure 12. It is demonstrated in Figure 12 that a
larger Cac reduces the transient deviation of the DC-link voltage while simultaneously
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mitigating the frequency nadir, and leads to a reduction in the RoCoF from 1.42 Hz/s to
1.12 Hz/s. It confirms its role in strengthening system frequency response under various
operating conditions. However, the improvement is not strictly linear. When Cac becomes
excessively large, the dynamics of the inner voltage control loops are slow, leading to a
degraded transient performance. Conversely, if Cac is small, the energy buffering capabil-
ity is insufficient, limiting the available inertia.

Ve [100 V/div] /10.1 Hz/div]

50 Hz 1
: Ci=4mF

N— /= 4979Hz

Cdc =6mF

S~ f=4981H
50 Hz ehicibs

. . \ = 3 B - B
Time [0.5 s/div] /=49.82 Hz Time[1 s/div]

(a) (b)

Figure 12. Experimental results of the grid-connected system when Cdac =4 mF, 6 mF and 8 mF: (a)

inverter DC-link voltage and (b) the grid frequency f.

Overall, the experimental observations are highly consistent with the closed-loop
characteristic analysis. The relationship between these parameters and the stability
boundary underscores a critical design constraint for virtual inertia emulation in grid-
connected converters. Based on these findings, a practical guideline can be obtained for a
given system that the DC-link voltage and capacitance should be co-designed to achieve
a target virtual inertia while respecting the droop gain stability limits derived from small-
signal analysis. This approach ensures both effective frequency support and robust con-
verter operation.

6. Discussion

This section synthesizes the analytical derivations and experimental results to high-
light the key findings and original contributions of this study. A key contribution of this
work is the quantitative characterization of the virtual inertia that can be synthesized from
the DC-link capacitor under stability constraints. Unlike existing studies that mainly
demonstrate the qualitative capability of DC-link energy to support frequency dynamics,
the adopted analytical framework relates the achievable virtual inertia to the DC-link volt-
age level, capacitance value, and frequency—voltage droop gain. The results show that the
maximum usable virtual inertia is not solely limited by the stored energy, but fundamen-
tally constrained by closed-loop stability.

A trade-off is identified through the small-signal and eigenvalue analysis. Increasing
the DC-link voltage enlarges the available energy buffer and thus enables higher virtual
inertia contribution. However, it simultaneously narrows the admissible stability margin
of the droop gain, leading to reduced damping and increased sensitivity to control pa-
rameter variations. This trade-off, which cannot be directly inferred from energy-based
considerations alone, provides an important insight for inertia-oriented controller design
in low-inertia grids.

The experimental results are specifically designed to validate these analytically pre-
dicted limits and trends. The HIL experimental tests confirm that, within the derived sta-
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bility boundaries, the FVDC-based VSG control effectively suppresses the RoCoF and im-
proves the frequency nadir under load disturbances. Moreover, the results demonstrate
that exceeding the stability-constrained droop gain results in degraded damping perfor-
mance, thereby experimentally corroborating the theoretical stability analysis.

It should be noted that the present study is confined to a single-inverter configuration
and primarily addresses dynamic performance. Future work will extend the analysis to
multi-inverter systems, where interactions among converters and grid impedance may
introduce additional coupled dynamics. Moreover, extending the validation to multiple
ratings and a wide SCR range is an important direction, which will be the future work. In
addition, economic aspects including DC-link capacitor sizing and cost—performance
trade-offs will be investigated to evaluate the practical feasibility of the proposed ap-
proach.

7. Conclusions

This paper has explored the capability of DC-link capacitors to supply synthesized
inertia in grid-connected PV converters under the FVDC-based VSG control framework.
An analytical formulation has been developed, establishing explicit relationships among
the DC-link voltage, capacitance, and droop gain (stability). The theoretical analysis re-
sults reveal a fundamental trade-off that increasing the DC-link voltage enhances the
stored energy and thereby the maximum obtainable virtual inertia, while simultaneously
narrowing the stability margin of the droop gain. Experimental tests have validated the
analytical findings, demonstrating that the FVDC strategy effectively suppresses the
RoCoF and improves the frequency nadir under disturbances, while also highlighting the
sensitivity of the dynamic response to DC-link and control-loop interactions. Furthermore,
the accurately quantified virtual inertia and stability boundaries in this paper provide a
useful theoretical and experimental basis for parameter design and optimization of inertia
support in low-inertia grids, contributing to more robust and stable power systems.
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