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Abstract—In power systems dominated by grid-forming invert-
ers (GFMs), strong grid conditions can lead to sub-synchronous
oscillations (SSOs) due to the reduced time-scale separation
between GFM control loops and network dynamics, potentially
causing instability. Modal analysis reveals that states associated
with inner control (comprising current and voltage control loops)
and network dynamics are the primary contributors to these
oscillatory modes. This paper provides an analytical explanation
of adverse interactions between GFM inner control and network
dynamics that lead to SSOs. Through damping ratio sensitiv-
ity analysis, we establish that increasing the current control
closed-loop bandwidth and the voltage control proportional gain
can effectively mitigate these oscillations. The proposed control
adjustments also prove effective in larger systems with 100%
inverter-based resources penetration, comprising of a mix of both
grid-following and grid-forming inverters.

Index Terms—Grid-forming inverter, modal analysis, small-
signal stability, sub-synchronous oscillation.

I. INTRODUCTION

The transition to renewable energy has led to an increas-
ing dominance of inverter-based resources (IBRs) in power
systems, replacing conventional synchronous generators [I1]].
Among IBR control strategies, grid-following inverters (GFLs)
are widely used but face stability challenges, particularly in
weak grids [2]. Grid-forming inverters (GFMs), in contrast,
offer improved stability in weak-grid conditions and enable
standalone operation [3]], making them a promising solution
for future power systems.

In GFMs, active and reactive power controllers determine
the voltage magnitude and angle at the point of common
coupling (PCC) [4]. While much attention has been given
to the primary control design (e.g., droop control [5] and
virtual synchronous generator (VSG) control [6]), this work
focuses on the impact of inner control-the voltage and current
control. Their control gains are typically tuned locally. Current
control is tuned using pole-zero cancellation [7] and voltage
control is generally tuned using symmetrical optimum (SO)
[8]]. The voltage control design method, in particular, assumes
idealized conditions, such as high current control bandwidth
and resistive networks [9]], which do not hold in practical
high-power applications where switching frequency limitations
impose constraints on bandwidth [10].

Several studies have investigated the sensitivity of eigen-
values to IBR control parameter variations, primarily relying
on linearized numerical models. For GFL, such studies are
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conducted in [[L1], [12]], [13]. Similarly, for GFMs, [14], [15]]
have employed numerical models to study control interactions,
but analytical insights into the underlying mechanisms remain
largely unexplored. Such approaches offer limited explanation
on the fundamental interactions that drive sub-synchronous
oscillations (SSOs). This paper addresses this gap by pre-
senting an analytical formulation of a simplified GFM model,
focusing on inner control dynamics. The analysis proposes
two key mitigation strategies—increasing voltage control pro-
portional gain or current control bandwidth—to enhance system
stability. These analytical insights align with prior numerical
observations and are also validated on a large-scale 100%
IBR-driven system. This paper reveals that modal participation
patterns remain similar across variations in voltage control
gains, current control bandwidth, and network strength, mak-
ing it difficult to diagnose the exact source of SSOs using
eigenvalue-based methods alone. Our findings also highlight
the need to incorporate network dynamics into control design.

II. GRID-FORMING INVERTER DYNAMIC MODEL

GFM is modeled in its local dq rotating reference frames.
The current or voltage (X) in local dg frame is transformed
onto a common network reference frame DQ using Xpg =
queje where 6 is the angle between the two frames. The
aggregated model of the GFM is shown in Fig. [I] with the
grid-side converter equipped with an LC filter, as in [16]. The
dynamics of the primary resource (wind turbine, solar panel,
etc.) is not considered to keep the study resource agnostic.
As the focus of this paper is small-signal stability, we assume
balanced operation and narrow-band signals tightly centered
around the nominal frequency.

The complete GFM model block diagram is shown in Fig.
and the corresponding state equations are given in ().

tq = (Alg, —zaKi1,)/Kp, =V, — Vg (1a)
&g = (Al — quIq)/KPq =0-V, (1b)
Ly, = (Ia, — Ia,)/7e (Ic)
j‘li = (g, = 1g;)/7e (1d)

0 = Dpu(Pr — Pp) = Aw (le)
P = (Valg + Vyly — Pu)/Tm (1)
V= (I, — 12)/Cy + wV, (1g)
Vq =(Ig; = 1)/Cr —wWy (1h)

From the block diagrams of Fig. following algebraic
equations directly follow:

Idr = waVq + A[dr — Iy
Iy, = waVd + Al + 1

(2a)
(2b)
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Fig. 1. Control blocks for a GFM with an LC filter.
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Fig. 2. GFM model block diagram.

In the inner control, the voltage control sets the current
references, 14,4, (see (Ia), (Ib) and (Za), (2b)). Here, 24 and z,
denote PI control states of voltage control. Considering perfect
decoupling feed-forward [7]], the closed-loop current control is
simplified to a first-order time lag with a specified bandwidth
(= 1/(2w7.) Hz), governed by (Ic), (Id). In secondary
control, only active power frequency droop control with a
specified measurement filter (If) of bandwidth (= 1/(277,,)
Hz) is employed that sets the angle and frequency of the
voltage at PCC. Equations (Ig) and characterize the
dynamics of the filter capacitor. Reactive power-voltage droop
is not implemented, allowing the voltage magnitude reference
to remain independent of reactive power.

The voltage control gains of a GFM are tuned using
the SO method [7], [17]. Notably, the design in the SO
method is carried out locally using only GFM parameters.
This means that the SO method does not account for the static
or dynamic strength of the network at the PCC. Assuming
14, is independent of the network and 7. is very small,
the gain crossover frequency w,, determines the proportional
and integral gains, denoted by (Kp,, Kp,) and (Kj,, Kj,),
respectively, as below:

Kp, = Kp, = Crwnm 3)
K, = K1, = 7.Cywy, “)
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Fig. 3. A GFM connected to a Thévenin equivalent of a power system.

TABLE I
GFM PARAMETERS

l Kqu [ Kldq [ Tc (ms) [ Trm (MS) [ Dpy, [ woCy (pu) l
l 0.2 [ 4.67 [ 0.3 [ 7.9 [ 3.14 [ 0.22 l

The frequency w,, is proportional to the closed-loop band-
width of the voltage control. Also, w,, and 7. are related to
phase margin &,,: 7wy, = /(1 —siné,,) /(1 + sindyy,)

From (E]) the dynamic model of GFM has 8 states, and
8 performance parameters (Kp,, K Py K Iy K Iy Tes Cy,
Tm,» Dpw). Among these parameters, 7,,, and Dp,, are held
constant throughout this paper, set at 7,, = 7.9 ms and
Dp,, = 0.01-wp/ Praed, as examining their influence is beyond
the scope of this study. Here, wg represents the nominal system
angular frequency (wo = 27 - 50 rad/s).

III. SMALL-SIGNAL ANALYSIS

This section explores the impact of interactions between
GFM control and network states by analyzing a circuit in
which the GFM is connected to a Thévenin equivalent of a
power system, as shown in Fig. [3] The Thévenin equivalent
is modeled in the common network D) frame such that
Vpg = Ve, and Ipg = I44e’%. The dynamic equations
of Thévenin equivalent of Fig. [3| are given below:

Lilp = (Vo =V — IpR)) +woLilg (5)
Lilg = (Vg — V& — IgR)) —wolLiIp (6)

A simple case with one IBR is chosen to eliminate the
possibility of inter-GFM oscillations and focus exclusively on
the interaction between the GFM and network states in SSO
modes. This setup reflects a typical GFM connection compli-
ance study, where the GFM vendor or developer must comply
with connection requirements across a range of Thévenin
equivalent impedances, representing both strong and weak grid
scenarios.

In this analysis, the GFM exports 1.0 pu active power and
maintains a 1.0 pu voltage at the PCC. The GFM performance
parameters are tabulated in Table [ Due to simplifications in
current control, the filter values of Ry and L are not explicitly
required for small-signal analysis. However, for EMT (point-
on-wave) validation studies (not shown in this work), an Ry
of 0.01 pu and woLy of 0.2 pu has been used.

Figure. f{a) examines the directional movement of the
dominant SSO mode as three key parameters—SCR, K p, and
T.—are varied. In this analysis, when one parameter is varied
to its extreme value, indicated by black markers, the other
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Fig. 4. For a GFM connected to a Thévenin equivalent: (a) SSO mode
trajectories when the SCR is varied from 4 to 8 (square), 7 is varied from
0.3 to 0.64 (diamond), and Kpdq is varied from 0.2 to 0.1 (circle); (b) active
power and voltage reference tracking when the reference voltage is reduced
to 0.95 pu at 0.1 s for three oscillatory scenarios, denoted by purple markers.

two parameters are held at their base values, denoted by green
markers. The time constant 7, and closed-loop bandwidth f.
of the current controller are related by 7. = 1/(2x f.). The
trajectories of the SSO modes are plotted as each parameter is
varied: SCR (blue square markers), 7. (red diamond markers),
and Kp,, (orange circle markers). Across all three variations,
these modes remain in close proximity, especially before
reaching instability, suggesting that the dominant SSO mode
responds in a similar manner to changes in each parameter.

Figure [|b) shows the time-domain response (active power
and voltage reference tracking) at the purple markers indicat-
ing conditions near the stability threshold for each parameter.
These responses exhibit nearly identical frequencies and damp-
ing characteristics, making them practically indistinguishable.
The critical stability points for each parameter are identified
as follows: SCR at 5.5, 7. at 0.46 ms, and Kpdq at 0.14. The
droop gain remains constant across all three variations.

To further investigate the nature of this dominant SSO mode,
centered around a frequency of approximately 12.5 Hz, its
mode shapes are presented in Fig. 5} This modal analysis
is conducted at the stability threshold for each parameter, as
indicated by the purple markers in Fig. @{a). The magnitude
of the participation factor is represented by the size of the
markers, while the angle of the markers reflects the mode
shapes. This visual representation allows us to examine both
the participation and the oscillation pathways simultaneously.
The markers are color-coded to distinguish the contributions
from different states: blue for network states (Ip, 1), red for
current control (I4;, Iy,), yellow for voltage control (x4, x4),
and gray for other states (Vg, Vg, P, 0).

The results indicate that, although the SSO mode is caused
by variation in different parameters, the mode shapes and
participation factors remain consistent. The similarity in the
mode shapes of Fig. [ implies that mode shape analysis
alone is insufficient to pinpoint which specific parameter vari-
ation is causing the oscillation. This insufficiency highlights
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Fig. 5. Mode shapes representing the signature of the oscillatory mode (~12.5
Hz) when (a) SCR = 5.4; (b) 7. = 0.46 ms; (¢) Kp = 0.14.

a limitation in using modal analysis as the sole diagnostic
tool for identifying the source of oscillation within a GFM.
Moreover, since modal analysis reveals minimal participation
from the state associated with the power droop loop (P,,), it is
reasonable to conclude that for lower bandwidths of P-control
(in this case, 0.96 Hz), the oscillation pathway observed in Fig.
[] will remain largely unchanged, regardless of the specific
control structure (droop, VSG, etc.).

The small-signal analysis of the GFM-Thévenin equivalent
system has demonstrated how variations in network and con-
trol parameters can drive the system toward instability. The
conclusions drawn here are not intended to capture transient or
large-signal behaviors because such events involve nonlinear
dynamics and saturation effects, which extend beyond the
applicability of the small perturbation assumption. A simpli-
fied GFM model, presented in the next section, allows us to
analytically examine the sensitivity of system damping to inner
control parameters.

IV. INNER CONTROL SENSITIVITY ANALYSIS

To gain deeper insights into the specific influence of inner
control parameters on system damping, this section simplifies
the GFM model and focuses on the sensitivity analysis of its
inner control dynamics.

The participation of dg states is similar in SSO mode, as
shown by the consistent marker sizes for network, current
control, and voltage control in Fig.[3] This similarity indicates
that the dq axes are reasonably decoupled. Therefore, either
of the axes can represent the impact of inner control on SSO
mode. This analysis also excludes droop control, as these
oscillations arise predominantly from interactions between
inner control and network states, with minimal droop control
participation. For brevity, the subscripts and superscripts for
all parameters and variables are also removed.

Figure [6] illustrates the step-by-step process leading to sim-
plified GFM dynamic model. It begins with a representation
of the GFM as a voltage source with an LC filter (Fig.
[Bla)). Next, after applying the current control simplification, as
suggested by [7], the GFM is represented by a current source
(Fig. [f(b)). Finally, Fig. [f[c) presents the dynamic block
diagram of the entire system, linearized around an operating
point. Here, the network is modeled as a single-axis dynamic
RL segment, given in (3).
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Fig. 6. GFM simplification: (a) GFM as a voltage source with inner control
regulating only the voltage at the PCC; (b) simplification of current control
resulting in a current source representation of GFM; (c) dynamic block
diagram linearized around an operating point with first-order network model.

The GFM output voltage AV,.. appears across the filter
capacitor C, while the network determines the line current
AlI,. The closed-loop transfer function of the system shown
in Fig. [ is given by:

AVpcc o (R+SL)(K1 +8Kp)

AV, — s*LCT + s$3(LC + TRC) + s2(RC + 7+ LKp)

1
“Ys(RKp + LK) + RK;

From , the impact of all six parameters (Kp, K;, 7, R,
L, and C) on the system roots can be measured. Under typical
normalized GFM parameters (see Table E]), the coefficients
of s* and s> are too small, indicating much faster response
and hence can be ignored. Moreover, dividing numerator
and denominator with the coefficient of s repackages the
denominator into the standard form of second order system
with the following characteristic equation:

@)

2 RKp+ LKy RK;
0 @
s +<RC’+T+LKP)S+(RC+T+LKP> ®

Matching the coefficients of with the standard second-
order transfer function yields following expressions for the
natural oscillation frequency w,, and damping ratio (.

VRK;/(RC + 7+ LKp) ©)
LK; + RKp
2\/R20K1 +7RK; + RLKpK;

Wn

¢ =

10)

The network strength is generally characterized by SCR
(denoted by S), and X/R (denoted by X), instead of R, and
L, with R=1/(SV1+ X?) and L = X/(woSV1 + X2) at
rated power of 1.0 pu. Substituting R and L in () gives:

¢ = XKr+woKp
QWO\/CK] + 7K;SV1 4+ X2 +XKPK1/UJO
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Fig. 7. Damping ratio for varying network parameters (left), and control
parameters (right). At base case (100%), S = 3, X = 10, woC = 0.22,
7=0.3ms, Kp =0.2, and K; = 4.67.

Sensitivity analysis of ( reveals distinct patterns across
network and control parameters. The derivatives %C , %C ,
and %C are consistently negative, indicating that increases
in network strength S, current controller time constant 7,
or filter capacitance C reduce system damping. Conversely,
ﬁ( is positive, showing that higher proportional gain Kp
enhances damping. The impact of integral gain K and net-
work reactance X, represented by ﬁc and %{ respectively,
is more complex and depends on the relative magnitudes of
other system parameters.

These analytical findings are validated in Fig. where
parameters are varied around their base values (S = 3,
X = 10, woC = 0.22, 7 = 0.3 ms, Kp = 0.2, and
K; = 4.67). Fig. [/| demonstrates the reduction in damping
as S (left) and 7 (right) increase from their base values, while
showing improved damping with increased Kp (right).

The analytical insights into parameter sensitivities provide
clear understanding of actions conducive in stabilizing GFM-
induced oscillations through appropriate selection of control
and network parameters.

V. VALIDATION ON A MULTI-IBR SYSTEM

To validate our theoretical findings in a more realistic
power system context, we examine a modified two-area 11-
bus system [18] incorporating multiple GFMs and GFLs. The
test system, shown in Fig. |8 is based on the classical two-
area system and features two GFMs and two GFLs. Following
[L8], the active power loads are modeled as constant current,
reactive power loads as constant impedance, and the operating
conditions are maintained as in the original system. The GFL
dynamic model is adapted from [11], with control gains tuned
for a closed-loop bandwidth of 10 Hz. For the GFMs, control
gains are determined using the SO method. The Kp,, of GFM
at bus 1 is reduced to one-tenth of its original value.

Under base operating conditions, when a voltage step
change is applied to the GFM at bus 1, raising its reference to
1.05 pu at t = 0.1 s, a poorly damped SSO at approximately 12
Hz is observed in the terminal voltage responses (red traces
in Fig. P). Consistent with our analysis, these SSO can be
mitigated through three approaches (blue traces in Fig. ).
These approaches include increasing Kp,, to 0.2 from 0.1,
reducing 7, to 0.2 ms from 0.3 ms, or reducing the network
strength by removing one tie line between buses 7 and 9.
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The effectiveness of these mitigation strategies demonstrates
the strong relationship between controller parameters, network
configuration, and system stability.

While this study primarily focuses on the interaction be-
tween GFM’s inner control and network dynamics, inter-
GFM oscillations may emerge in systems where GFMs are
electrically close and operate with similar bandwidths, This
interaction requires further investigation which is one of the
areas of our ongoing research.

VI. CONCLUSION

This work presents the analysis of GFM-induced subsyn-
chronous oscillations (SSO), revealing that different parame-
ter variations—SCR, voltage control gain, or current control
bandwidth—Ilead to similar oscillatory patterns in terms of
participation factors and mode shapes. This similarity makes
it challenging to precisely diagnose the sources of oscillations
using modal analysis alone. However, it reveals fundamental
relationships between GFM control and network states. The
analytical findings, validated on a multi-inverter test system,
demonstrate that SSO can be effectively mitigated by increas-
ing voltage control gain or current control bandwidth, or by

reducing network strength. However, the practical implemen-
tation of these solutions must carefully balance SSO mitigation
against other operational constraints. Given the increasing
volatility in renewables-dominated power systems, we rec-
ommend incorporating network strength (perhaps worst-case
strength or robust design on uncertain Thévenin equivalent
parameters) directly into the GFM control design process,
moving beyond traditional localized design approaches to
ensure robust stability across various operating conditions.
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