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ABSTRACT

Ensuring stability in converter-dominated power systems requires voltage source converters to be robust under varying grid

conditions and grid uncertainties such as short-circuit ratio variations. This paper analyzes the robustness of a grid-forming

(GFM) current-controlled quasi-stationary electrical model virtual synchronous machine. We investigate the applicability of

pu-analysis to systems incorporating GFM converters and demonstrate that operating point variations induced by parameter

uncertainties must be explicitly considered. Due to the system’s inherent nonlinearity, neglecting these variations can lead to

misleading stability conclusions. To address the limitations of the w-analysis, we introduce a robustness analysis method based

on a parameter-dependent operating point and symbolic linearization, which enables efficient eigenvalue computation without

repeated relinearization. Performance is additionally evaluated using sensitivity function analysis with respect to power reference

tracking and angle disturbance rejection. The results show that appropriate control parameter selection improves robust stability

under grid uncertainties by reducing undesired interactions.

1 | Introduction

As the penetration of converter-interfaced resources increases
and the number of synchronous generators decreases, new
challenges emerge in maintaining power system stability. In
particular, the grid-forming (GFM) capabilities that are essential
for stable operation, traditionally provided inherently by syn-
chronous generators, must increasingly be supplied by power
electronic converters. Consequently, various GFM control strate-
gies for voltage source converters (VSCs) have been introduced
[1]. Grid codes specify mandatory characteristics that are expected
from the GFM converters, such as self-synchronization, damping
of subsynchronous oscillations above 10 Hz, instantaneous active
power changes for voltage angle jumps, and instantaneous reac-

tive power changes for voltage amplitude jumps [2]. Furthermore,
it is essential that the converter controls remain stable despite
grid uncertainties. Ensuring such robustness under varying grid
conditions is therefore a key requirement for future converter-
dominated power systems. Such uncertainties in the grid model
arise from unmodelled dynamics such as varying operational con-
ditions, switching effects, measurement errors, uncertain control
parameters, nearby VSCs, load variations, or also temperature
effects [3-5]. Representing the grid as a Thévenin equivalent
allows grid uncertainties to be characterized by variations in
the grid impedance [3]. Assuming a constant X/R ratio, this
leads to changes in the short-circuit ratio (SCR). Due to these
uncertainties, it is essential to perform a robustness analysis of
the converter controls to ensure that the converter remains stable
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under such conditions. A system is considered robustly stable
when its controller can stabilize it regardless of any uncertainties
within a defined set [6].

While classical eigenvalue analysis is widely used to assess
small-signal stability, it examines stability at a single operating
point. Thus, the robustness evaluation is limited to an inter-
val in close proximity to the operating point. In such cases,
approaches derived from robust control theory, such as the u-
analysis, may be more suitable. The u-analysis is a robustness
analysis based on the structured singular value and the small-gain
theorem.

In this context, u-analysis and robust control design based on
singular value techniques have been applied to various contexts
in power systems literature. For instance, [7] employs linearized
models and p-analysis for robust controller design in the context
of FACTS devices. The designed controllers are subsequently
applied to the nonlinear system for time-domain simulations.
In [5], a u-analysis of a linearized synchronverter is conducted
using estimated input multiplicative uncertainties to account for
parametric uncertainties and neglected system dynamics. The
above studies have not systematically examined the potential
inaccuracies resulting from neglecting nonlinearities in the con-
trol design or u-analysis, a topic that is addressed in this paper. In
contrast, [8] applies robustness investigations for multiplicative
uncertainties of grid-following converters using singular values,
considering the impact of nonlinearities of converter controls
on the operating point. However, it is assumed that the non-
linearities are not affected by the uncertainty, and therefore the
uncertainties have no impact on the operating point.

As stated in [9], the robust stability analysis and robust control
design using the structured singular value are defined for linear
systems. Thus, applying them to nonlinear systems is only valid
if uncertainties have a sufficiently small impact on the system
operating point.

Despite the contributions of the aforementioned papers, they
either did not investigate the inaccuracies arising from lineariza-
tion in robust control design and robust analysis or assumed that
uncertainties have no impact on the operating point. Our work
addresses this gap. We show that neglecting nonlinearities that
significantly influence the operating point can lead to incorrect
robustness conclusions when applying u-analysis that is based
on a linearization around a single operating point to converters
under grid uncertainties. This is achieved by a comparative
analysis of the results obtained from eigenvalue analyses and
the u-analysis, as well as by investigating a formulation of the
u-analysis that incorporates the impact of uncertainties on the
operating point.

Consequently, a robustness analysis framework is required that
explicitly incorporates the influence of parameter uncertainties
on the operating point and overcomes the identified limitation
of the u-analysis. The main contribution of this paper is such
a framework, in which the operating point is determined as a
function of system parameters based on load-flow and algebraic
equations. This subsequently enables the symbolic linearization

of the nonlinear power system, such that nonlinearities of both
system and converter control parameters on the operating point
can be considered. Determining the operating point as a function
of parameters requires greater effort than calculating a single
operating point. However, the symbolically linearized state-space
model avoids the main drawback of classical eigenvalue analyses
with parameter sweeps, such as those in [10-12]: the need to
recompute the operating point and relinearize the system for
every parameter change. This recomputation and relinearization
is also performed in [3], which compares the robustness of virtual
impedance structures of virtual synchronous machines (VSMs)
and their parametrization against grid impedance uncertain-
ties rather than introducing a new stability analysis approach.
Instead, the method proposed in this paper directly incorporates
operating point variations resulting from parameter uncertainties
into the linearized model. Thus, rapid eigenvalue analysis can
be performed over a wide range of parameters and operating
conditions without repeated operating point recalculation and
system relinearization. Consequently, the influence of uncertain
parameters on system stability can be assessed in a structured and
computationally efficient manner, allowing robust stability limits
to be systematically identified.

In addition to robust stability assessment, we also assess per-
formance using sensitivity function analyses. While sensitivity
functions are commonly applied in controller design, their
potential for evaluating system performance, particularly power
reference tracking and angle disturbance rejection, has not been
widely adopted.

This paper examines the robust stability and performance of a
GFM current-controlled quasi-stationary electrical model (CC-
QSEM) VSM [13] and evaluates the feasibility and suitability
of different analysis strategies for this purpose. The CC-QSEM
approach is based on the quasi-stationary approximation of the
synchronous machine and represents a preferred option for
current-controlled VSM implementations compared to dynamic
electrical model-based realizations [13]. The outer control struc-
ture follows the commonly adopted VSM concept, while the inner
CC-QSEM realization enables straightforward implementation
of current limitation in practical applications. Given that a
weak grid interfaced with a CC-QSEM-based VSM is prone to
instabilities [3], we evaluate the robustness and performance of a
CC-QSEM VSM under SCR uncertainties, which reflect different
AC grid conditions.

The remainder of this paper is structured as follows: Section 2
presents the theoretical basics, including u-analysis, stabil-
ity, and performance analysis. Section 3 describes the system
model and its dynamics, including the GFM CC-QSEM VSM
control. In Section 4, the proposed approach for calculating
parameter-dependent operating points and performing symbolic
linearization is presented. The applicability of u-analysis to
converter-dominated systems is examined in Section 5. Section 6
provides a detailed robustness stability, and performance analysis
using parameter-dependent operating points and symbolically
linearized system matrix. Finally, Section 7 concludes with key
findings and recommendations for control parameter selection to
enhance robustness against grid uncertainties.
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FIGURE 1 | NA-structure of the uncertain system.

2 | Theoretical Background

This section gives the theoretical background on the u-analysis,
small-signal stability analysis using eigenvalues and participation
factors, as well as on the applied performance analysis.

2.1 | p-Analysis

The u-analysis is an effective approach to analyze the robustness
of a linear time-invariant system with structured uncertainties.
While this section provides the necessary background to under-
stand the p-analysis approach, a more elaborate presentation of
this theory can be found in [6, 9, 14].

Singular values o;

0,(M) = VA,(MM"), @

similarly to eigenvalues 4;, characterize properties of an arbitrary
I x m matrix M [14]. While for single input single output (SISO)
systems, the magnitude |G(jw)| = f(w) can be used for analysis
purposes, the singular values o; (G(jw)) = f(w) are equivalently
applicable for multiple input multiple output (MIMO) systems.
The largest singular value

(M) = V Apux (MM @

is the largest gain of the MIMO system for the input u(w) at
the frequency w. Those singular values enable robust stability
analysis of systems with uncertainties. For this purpose, the
system is represented in a NA-structure (see Figure 1), where the
uncertainty is extracted into a normalized uncertainty matrix A(s)
[14]. The corresponding transfer function F = z/w is the upper
linear fractional transformation (LFT)

F=F,(N,A) := Ny + Ny AU - N;;A) ' Ny,. (3)

Variable A is called the structured uncertainty matrix if it is in
block diagonal form

A =diag[d,, ..., 00, Asrs s A, ). )

d; is a real or complex scalar, and A; is a complex matrix. This
is valid for parametric uncertainties, as used in this paper, that
are in the form of p; = p;,(1 +ij5pj) with p;, denoting the
nominal parameter value, Dy, the weighting element, and épj the
normalized bounded uncertainty with |6pj| < 1. If unstructured
uncertainties occur, as in the case of a perturbed system G,(s) =
Gy(s)(I + A, (s)) with nominal system G, and multiplicative
input uncertainties A,,, then the uncertainty matrix A is non-
diagonal and can be fully occupied [9]. In the latter case of
unstructured uncertainties, the small gain theorem is necessary

and sufficient to prove robust stability [6, 9]. For parametric
uncertainties that are analyzed in this paper, the small-gain
theorem is a sufficient but not necessary stability condition,
and it is very conservative. Instead, a structured singular value
quantifying the robustness of a system regarding the structured
uncertainties is applied to obtain a necessary and sufficient
stability condition, called u-analysis: Based on the small-gain
theorem, the NA-structure in Figure 1 is robustly stable for
structured uncertainties if

detI —NA)#0 VYV, VA (5)

holds [9]. The definition for the structured singular value of N
with respect to A follows [6, 9, 14]:

Ll ifdett-Na)=0
a(N) 1= 4 ming,a{5(4)} . ()
0, if det(I — NA) 0V A € A

Thus, the closed loop system F,(N,A) is robust stable if the
nominal loop F, (N, 0) is stable and if

Ua(N) < 1V w. @)

This p-analysis is applied in this paper to the CC-QSEM VSM with
parametric uncertainties.

2.2 | Stability Analysis

State-space analysis is a widely used method for assessing the
small-signal stability of power systems. Beyond determining
system stability, this approach facilitates the identification of
instabilities and reveals dynamic interactions within the system.
A nonlinear power system can be described by

x = f(x,u) (8a)

y=gxu) (8b)

with f = [f1, f2 ..., f,] and g = [g1, &5, ..., &,]". Subsequently, a
linear time-invariant state-space representation can be obtained
by linearizing the system (8b) around an operating point:

AX = AAx + BAu, (9a)

Ay = CAx + DAu, (9b)

where Ax € R™!, Au € R™!, and Ay € R™ are the state-,
input-, and output-vector, respectively. The stability of the lin-
earized system is assessed by analyzing the eigenvalues A; of the
state matrix A, which are obtained by solving the characteristic
equation

x =det(A—AI)=0. (10)
If the computed eigenvalues fulfill Re{fd;} <0, Vi=1,...,n,

then the linearized system is asymptotically stable at the consid-
ered operating point.
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Participation factors, defined as 7,; = w; - vy;, are computed
using the corresponding left (w;) and right (v;) eigenvectors
associated with each eigenvalue. These factors quantify the
contribution of the k-th state variable to the i-th mode of the
system [15]. When multiple state variables exhibit significant
participation in the same mode, this indicates dynamic interac-
tions among those states. In this study, participation factors are
normalized with respect to the highest value for each mode, such
that a value of 1 represents maximum participation and a value of
0 indicates no contribution.

2.3 | Performance Analysis

Sensitivity functions S(jw) and complementary sensitivity func-
tions T(jw) are suitable for evaluating performance characteris-
tics of control systems as well as for designing control structures
[6, 9, 14]. They are defined by

o 1
S(jw) = 176.G0)’ 1
and
. Gjw)
T(e) = 7 (12)

where G,(jw) = K(jw) - G(jw) represents the open loop of a
classical feedback control system with controller K(jw) and
system transfer function G(jw). In general, there are three
important requirements for a closed control loop: good tracking
performance, effective disturbance suppression, and efficient
noise rejection [9]. While the first two are met if [S(jw)| is small
Vo, the last is fulfilled if |T(jw)| is small Vw. Since T(jw) +
S(jw) =1, either the sensitivity S(jw) or the complementary
sensitivity T(jw) can be small, but not both. As disturbances
and reference tracking take place in the low-frequency range
and noise is a high-frequency event, the following practical
requirements are derived from the above theoretical ones:

|S(jw)| < 1, for small w, and (13)

|IT(jw)| < 1, for large w. (14)

One application of sensitivity and complementary sensitivity
functions can be found in the mixed sensitivity problem within
H,,-design, where weighting functions are formulated to meet the
performance requirements [9]. In [16] such weighting functions
are specified for H_ -control design for grid-connected converters
to meet defined requirements regarding grid synchronization,
power and voltage regulation, and admittance performances. One
disadvantage of H_-controllers is that, in addition to the appro-
priate selection of weighting functions, the order of the controller
is typically aligned with the order of the system [17]. This results
in a high-order controller being required for larger systems. This
work goes beyond the conventional use of sensitivity functions in
controller design by employing them as performance evaluation
metrics. Therefore, we apply sensitivity functions S,p(jw) char-
acterizing the active power reference tracking performance and
Se,..(jo) evaluating the angle disturbance rejection, as these two
properties represent fundamental performance requirements of

UDC

FIGURE 2 | System configuration.

VSC control. According to Equation (13), both sensitivities should
be small for low frequencies.

3 | System Description and Converter Control

Figure 2 depicts the analyzed system, which comprises a VSC in
GFM mode controlling the active and reactive power flow. The
VSC is connected to an AC system through an LC filter. The
terminal voltage and current of the converter are denoted as v*%
and ig"j‘"', respectively. The resistor r; represents the transformer
resistance, while the inductance I; accounts for the combined
transformer and filter inductances. The current through the filter
capacitor ¢; is given by i‘;be. At the point of common coupling
(PCC), the current and voltage are indicated with 2" and v,
respectively. The AC system is represented using a Thévenin
equivalent model with voltage v;"c and a constant angular
frequency w,. The equivalent grid resistance r, and inductance ,
are determined based on the short circuit level (SCL) at the PCC
and the external grid reactance-to-resistance ratio k, as defined in
[18]. The respective SCR is calculated with SCR = SCL/S,, where
Sy, is the base power. The voltage at the DC side of the converter

Upc is assumed to be constant.

To obtain a steady-state time-invariant representation, all system
equations are transformed from a stationary abc to a rotating
dq0 frame through a Park transformation Py. The variable
represents the angle between the stationary reference frame
a vector and the rotating direct axis d and it is obtained by
integrating the dq frame rotational speed w. In the selected Park
transformation, the d-axis leads the g-axis by 7z /2 [19].

The grid and the converter dq variables are each defined in their
own reference frame rotating at the grid angular frequency w, and
the VSC synchronization angular frequency w,, respectively. To
correctly connect the AC system with the converter variables in
dg components, the dq interconnection variables must be defined
in the same rotating reference frame. The AC system dq frame
rotating at w, is selected as the global reference frame. Therefore,
the interconnection variables in the converter reference frame
must be rotated to the AC system (global) reference frame to
ensure a consistent mathematical representation. This transfor-
mation represents a purely mathematical coordinate rotation and
does not affect the physical transient behaviour of the system. The

rotation matrix R__  rotates the dq variables from a local xgq to

c—g
the global reference frame x99 by the angle AQ,

x4 [ cos(ABy)  sin(Abyg)] [xd

xd| 7 [=sin(AB,) cos(Ab,)| x| as)
N—— N——

xdd R._g¢ xda

c
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Abyse = [ (wyse — wg) dt

FIGURE 3 | Grid and converter rotating dq frames.

Figure 3 illustrates the global and converter rotating reference
frames and the angle A8, between the two frames.

All the equations in the following subsections are defined in per
unit (p.u.), and the system electrical and control parameters are
included in Table A.1.

3.1 | Electric System Representation

This subsection outlines the differential equations of the electrical
system in Figure 2, formulated in the global dq reference frame.
These equations define the electrical state variables utilized in the
state-space representation of the system through the following
expressions

d .q4 W

.dq b dq dq .dg\ _ .qd

T = —<v0 —U, Ty i, >+wbwgvpul , (16a)
g

d dq _ Wy ([ .dq .dg ) _ qd 16b

avo - _f Ly =l | F W Wgpuly s (16b)

d .dq Wy dq dq .dg\ _ .qd 16

Fplev = T Uyge =V — T v gy | F Wy gy gy - (16c)

The presence of the base angular frequency w, derives from
the per-unitization of the circuit equations, while w, ,,, indicates
the p.u. grid angular frequency appearing in the cross-coupling

term.

3.2 | Grid-Forming Converter Control

The VSC is controlled through a GFM VSM-based strategy,
which is illustrated in Figure 4. The measured voltage v*
and current i** at the PCC are transformed from abc to dg
coordinates through the Park transformation P, using the VSC
synchronization angle 6, (Figure 4a). The active p,c and

reactive g, powers, controlled by the VSC, are computed from

d .d
the dq components of the PCC voltage Uoz and current lo,‘l
with

_ .d d q .q
Pac = Ugcloc + Uocloco (17a)

_ .,d 4 q .d
dac = Uo,clo,c - UO,ClO,C' (17b)

Low pass filters (LPFs) are included in the active and reactive
power measurements, and the filtered variables pc; and gacy
are, respectively, obtained as shown in Figure 4b.

evsu evsu GVSC
abc dq -abc -dq -abc -dq
(a)
CPA(H <({A(J C"gq

dq

Vo,c PAC DPAC PAC,f a dq

igzj (1) ﬁ:ch chjLPF Ty vl LPRE0ld,
(b)

SRF-PLL %"

‘
|

[
1 VSM virtual swing eg. | pabe__a o VpLL _ YPLL |

o= vsc | O P o I
| A (18), (19) [ 1" O |
RN - : Oprr  [w) WPLL] |
R, A R = B

199 control d
,yl‘(} U(),(:

:
|

FIGURE 4 | GFM converter control architecture. (a) Park transfor-
mation. (b) Power calculation and LPFs. (c) VSM and SRF-PLL structure.
(d) Reactive power droop, QSEM, and current control structure.

The synchronization angle 6, used in the transformation Py is
obtained by integrating the per unit VSM angular frequency @,

eVsc = Wy / Wysc dt’ (18)

where w, is the base angular frequency in rad/s. The variable w,
is obtained through the VSM virtual swing equation

dw 1 .
= = SH- (PAC — Pact — Ka(@wyse — wprp)+
dt vsc (19)

_Kw(wvsc - a)*))

The VSM tunable coefficients are the inertia constant H,.,
the damping coefficient K4, and the droop coefficient K,,. The
other variables not previously defined represent the active power
reference at the PCC pj,, the PLL angular frequency cwp; used
for damping purposes and detected by a synchronous reference
frame phase-locked loop (SRF-PLL) [20], and the VSM angular
frequency reference w*. A PLL is used to estimate the frequency
used in the damping term, as this approach offers improved small-
signal stability compared to alternative frequency estimation
methods [21]. Figure 4c shows the control structure of the VSM
and the SRF-PLL described above. The adopted VSM control
strategy emulates the dynamics of a synchronous machine. The
virtual swing equation establishes the coupling between active
power imbalance and frequency dynamics in analogy to the
classical motion swing equation. The damping coefficient K4
corresponds to mechanical damping, while the droop coefficient
K, provides frequency support. In contrast to conventional
synchronous machines, the inertia is not stored in a rotating mass
but needs to be provided from the DC side, for example, with
additional battery storage.

IET Generation, Transmission & Distribution, 2026
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The voltage at the terminal of the converter is set by specifying
a voltage reference vi’: in the input of the CC-QSEM virtual
impedance (VI) [10] (Figure 4d). This name derives from the
fact that the VSM virtual resistance r, and inductance I are
control variables and not physical components. Furthermore, the
VI outputs current references based on an algebraic (i.e., quasi-
stationary) assumption. Reactive power management is possible
through a droop control with coefficient K, .; the output of the

droop control modifies the value of Ug:ic. The input references

%
vg* and qu,c are set to 1 and 0, respectively. The expression for
obtaining the current references for the current controller is

dq _ dq

.dgx _  €dC o,cf (20)
=
e rs + jwysels

dg _ oy _dq
with the low pass filtered voltage Voct = Sty Yo.c. The current
controller is an SRF PI-based control in dq frame with feed-
forward voltages and cross-coupling terms. The output of the

current controller vSEC,C is transformed from a dq to an abc frame
through Pe‘1 finding the voltage v‘“,'s’g at the terminals of the VSC.
All the described PI controllers are tuned using the pole place-
ment method [22], with a damping coefficient £ of 0.7. The
selected bandwidth ey, ; varies for each i-th control loop and is
specified in Table A.1.

3.3 | Resume of State and Input Vectors

The system state variables are highlighted in Figures 2 and 4 with
ared font and are included in the state vector x € R'".

| sdqr dqT  .dqT
x_[l q 0o Uo sl 5evsc’§qAC7§pAc""
2D

.
T

<+ Wyses VpLLs YpLLs OpLLs S“qu’ Vidq] :
[\ 0

The system inputs are indicated in Figures 2 and 4 with a green
font and are resumed in the input vector u € R®

T
d .
ds .%o qF ] 22)

p— qT * * %
u= [vg »UDCs Ppacy @75 Gpcs Ve 5 Ueger Vop

4 | Approach for Parameter-Dependent Operating
Point Calculation and Symbolic Linearization

The computation of a parameter-dependent operating point
allows the nonlinear influence of uncertain system parameters
on the operating point to be captured explicitly. This formulation
enables the symbolic linearization and the incorporation of
operating point variations directly into the state-space model,
thereby facilitating efficient robustness analysis of converter
controls to grid uncertainties over a wide parameter range.

For low-order systems, as in [23, 24], the operating point can
be computed entirely analytically and symbolically, yielding an

explicit expression in terms of the system parameters. However,
in this paper, the power system dynamics described in Section 3
involve complex nonlinear relationships in both electrical and
control equations, as well as transformations between rotating
dq0 frames. These complexities prevent an explicit symbolic
solution of the system’s differential equations presented in Sec-
tion 3. To address this, we propose the following approach:
first, the PCC voltage vﬂ", impacted by the grid uncertainties, is
computed as a function of uncertain parameters using load flow
equations. Then, using algebraic equations, all state variables at
the operating point are determined as functions of these uncertain
parameters. Subsequently, based on this operating point, the
nonlinear system is symbolically linearized and results in a linear
state-space model depending on the uncertain parameters.

4.1 | PCC Voltage Determination via Load Flow
Equations

As the load flow equations assume the system to be steady-state
at an operating point, voltages and currents can be expressed as
phasors. The two variables to be calculated using the load flow
equations are the angle ¢, and amplitude 0, of the phasor

20 = 00 . eJPvo (23)
in order to subsequently determine vﬂ“

vl = Re{v } (24a)

vl = ~Im{v }. (24b)

A virtual internal voltage e can be defined as

e=v +z - +i) (25)
N———
i
with
Eg=r3+1j'lg’ Zs=rs+1j'ls’ U_l'ejoe
(26)

L=z, L=y, 5=

Using the virtual internal voltage e, the following two load flow
equations, that consider the active and reactive power behaviour
of the CC-QSEM VSM, can be formulated

0=Refs } — Pac (27a)

0 = uve" —abs (e) + Ky, - (q:ic -1 m{§0}) . (@M

Although the complexity has decreased compared to the entire
system of differential equations (21), a symbolical solution of
(27) is still not feasible. However, if all parameters are known,
the load flow equations (27) can be solved numerically very
quickly. This can be done using classical load-flow solution
methods such as Newton-Raphson or, as done in this work,
with vpasolve from MATLAB. Due to this rapid calculation

60of 15

IET Generation, Transmission & Distribution, 2026

85U8017 SUOWWOD BRI 3(dedl|dde au Aq peuseno s ssjole VO ‘8sn JO SNl 1oy ARiqiauljuQ A1\ UO (SUORIPUOD-PUR-SWLBILI0D A8 1M ARIq Ul |Uo//SANY) SUORIPUOD pue swie 1 8y} 88S *[9202/70/9T] Uo AriqiT aulluo A8|1M YRUIO!QIcsISRAIUN BINqUIRH Te1SBAIIN 3UYoSIUYI8 | Aq 6202 ZPIB/60T 0T/I0p/L00" A3 1M Afelq U JUO YD Jeasa.ie /ANy WOy papeojumoq ‘T ‘9202 ‘G698TS.LT



for selected parameter values, a quick approximation of vgq in
dependence on parameters is possible using a polynomial fit. In
case of two parameters p; and p,, a 3™ order approximation is
chosen to provide sufficient detail:

x = f(p1, p2)
= Cyo +C1oP1 + Co1P2 + Czopf +Cubip: + CozP§ + -

C30D; + C1 PP, + CiaP1 D3 + Cos P (28)

d

Here, ¢;;,1,j =0,...,3are the polynomial coefficients, and x is v

or v, respectively.

4.2 | Operating Point Determination via Algebraic
Equations

Based on the determined approximations vgq(pl, D), and (25),
(26), as well as on the algebraic relations of the converter controls,
the system states (21) at the operating point can be calculated
as functions of the parameters p,, p,. B details the respective
algebraic equations.

4.3 | Symbolic Linearization

A symbolic linearization of the nonlinear system around the cal-
culated parameter-dependent operating point can be performed,
resulting in a parameter-dependent state matrix A(p;, p,). Based
on this state matrix, the eigenvalues for various parameter
combinations p;, and p, can subsequently be calculated. The
influence of the parameters on the operating point is thereby
inherently taken into account in the linearized model.

4.4 | Resume of Parameter-Dependent Operating
Point

With the proposed approach—combining load flow calculations
and the solution of algebraic equations—the operating point
can be determined quickly and accurately as a function of the
uncertain parameters p;, p,, despite the required approximations.
The above equations further allow for a rapid assessment of
whether a parameter affects the load-flow equations or the
operating point.

The parameter-dependent operating point is particularly well-
suited for the robustness analyses presented in this work.
Linearizing the set of nonlinear differential equations describing
the system dynamics makes it possible to capture nonlinear
effects as well as the influence of parameter uncertainties on the
operating point. The result is a symbolically linearized system
with a system matrix A(p,, p,) depending on parameters p,, p,,
which can then be used for robustness analysis via p-analysis
(Section 5.1) or eigenvalue analysis (Section 6). Note that these
parameters p,, p, can be whatever parameters of the system or
control are considered in the analysis.

Initially, the method is primarily intended for the robustness
assessment of a converter interfaced to an equivalent grid

representation, where dominant uncertainties can be captured
by a limited number of parameters. In general, the proposed
formulation assumes a predefined and fixed set of uncertain
parameters. While the method is not restricted to two parame-
ters, an increasing number of uncertain variables increases the
approximation effort and the complexity of result interpretation.
Nevertheless, the load flow equation-based approximation of the
PCC voltage remains applicable to moderately larger systems, as
the load flow equations remain scalable and straightforward to
implement. The subsequent computation of the state values at the
operating point via algebraic equations remains unchanged.

5 | Applicability of u-Analysis for
Converter-Dominated Power Systems

Before applying the analysis method based on the parameter-
dependent operating point and symbolic linearization proposed
above, the applicability of the u-analysis to converter-dominated
power systems is investigated. The corresponding theoretical
framework, including the LFT representation, is summarized in
Section 2.1.

This section performs the u-analysis for different SCR uncer-
tainties and compares the results with the eigenvalues of the
system in case of the uncertainty limits to verify the results we
obtain. The SCR uncertainties, representing grid uncertainties,
are parametric uncertainties, expressed in the form of

SCR = SCR(1 + pscrOscr) (29)

with nominal value SCR,, normalized bounded uncertainty
[6scr| < 1, and weighting element pger. Thus, the matrix A
of the structured uncertainties is in a block diagonal form.
The respective uncertainty limits for the eigenvalue analyses
are calculated with SCR = SCR(1 + pscr), since the worst-case
scenario is considered.

Figure 5a shows the results of the u-analysis for different para-
metric uncertainties with pgcg = 0.1, pgcg = 0.25,and pgeg = 0.5,
which means that there can be a maximum of +10%, +25%, and
+50% deviation of the nominal SCR, which is chosen SCR, =
6. With increasing uncertainty, the distance to the robustness
limit of 1 becomes smaller, yet the structured singular value p,
is lower than 1 for all frequencies. Thus, the results of the u-
analysis indicate that the VSM control is robust to changes in the
SCR. However, this is not the case, as evidenced by the results
of the eigenvalue analysis (see Figure 5b). For the eigenvalue
determination, the operating point was recalculated considering
the respective SCR value at the uncertainty boundary. In the
considered case with nominal SCR,, = 6, the uncertainty levels of
—50% and —25% correspond to reduced SCR values of 3 and 4.5,
respectively. For these, the recomputed eigenvalues move to the
right-half plane and thus lead to instability of the system despite
u<l

The comparison of the yu-analysis and the eigenvalues demon-
strates that the GFM converter is too nonlinear and that
disturbances and uncertainties have a significant influence on
the system’s operating point, thus making the representation of

IET Generation, Transmission & Distribution, 2026

7 of 15

85U8017 SUOWWOD BRI 3(dedl|dde au Aq peuseno s ssjole VO ‘8sn JO SNl 1oy ARiqiauljuQ A1\ UO (SUORIPUOD-PUR-SWLBILI0D A8 1M ARIq Ul |Uo//SANY) SUORIPUOD pue swie 1 8y} 88S *[9202/70/9T] Uo AriqiT aulluo A8|1M YRUIO!QIcsISRAIUN BINqUIRH Te1SBAIIN 3UYoSIUYI8 | Aq 6202 ZPIB/60T 0T/I0p/L00" A3 1M Afelq U JUO YD Jeasa.ie /ANy WOy papeojumoq ‘T ‘9202 ‘G698TS.LT



Ha
100 H pscr = 0.1
@ pscr = 0.25
=] pscr = 0.5
=
&
&
= _— bt —
il " . T 7.’4: " PR
107! 10° 10! 10° 10°
Frequency in Hz
(a)
3000 |- [~ — =5% damping &
® SCR;=6 O~
9000 L| © Pser=01
O pscr=025| ® ©
" pscr = 0.5 PR R
% 1000 S _cle
< Co
& Os w o @® e
& w0 '
< d
= -1000 o o e O
-2000 |- ° Oleo
-3000 Sy,
-1000 -800 -600 -400 -200 0 200
Real Axis

(b)

FIGURE 5 | Comparison of the structured singular value u, and
corresponding eigenvalues for different uncertainty percentages of the
SCR. (a) ua for £10%, +25%, and +50% deviation of the nominal SCR.
(b) Eigenvalues at the boundaries of the SCR uncertainties.

the system by a linearized system unsuitable for the successful
application of the u-analysis.

The application of unstructured input multiplicative uncertain-
ties and the small gain theorem instead of parametric uncer-
tainties and the p-analysis, is also not useful. This is because
the input multiplicative uncertainties are capable of representing
uncertainties due to unknown dynamics by the formulation
of weighting functions as upper estimates of the uncertainties.
Consequently, these weighting functions are not well-suited for
accurately representing parametric uncertainties, such as those
related to the SCR and control parameters. Moreover, it is not
possible to determine whether the input multiplicative uncer-
tainties significantly affect the operating point, which means that
applying u-analysis in this context is inappropriate.

5.1 | p-Analysis Considering
Parameter-Dependent Operating Point

As demonstrated above, the p-analysis is inapplicable to the lin-
earized system due to the significant influence of nonlinearities
and thus parametric uncertainties on the operating point. Conse-
quently, the parameter-dependent operating point (introduced in
Section 4) is applied for linearization in this section. This ensures
that the influence of the parametric uncertainty of the SCR on the
operating point is not neglected.

A major challenge with this approach is that non-rational
functions, such as cos( ), or sin( ), which appear in the system
dynamics due to the rotation matrix (15), must be calculated
from uncertain parameters p; = p; (1 + Dy; 5pj). This calculation
is undefined, as it would be unable to perform an exact LFT of
the system, which is necessary to calculate the structured singular

Magnitude

1072 10! 10° 10! 107
Frequency in Hz

FIGURE 6 | Structured singular value u, for SCR uncertainties
+10% and +25%, considering the impact of the uncertainties on the
operating point and linearization.

value. A possible workaround is to use Taylor approximations for
the non-rational functions. However, this approach significantly
increases the number of occurrences of the uncertain parame-
ter in the system, linearized around the parameter-dependent
operating point. As a result, it makes the u-analysis extremely
computationally demanding or even impossible to solve.

Figure 6 shows the u-analysis results using a parametric uncer-
tainty for the SCR and first-order Taylor approximations used.
Due to the applied approximations, robust stability is not indi-
cated for 10% uncertainty, although it is present (see Figure 5b).

In summary, Sections 5 and 5.1 have shown significant lim-
itations of the applicability of the p-analysis. If parametric
uncertainties significantly influence the operating point of a
nonlinear system, u-analysis based on a linearization at a single
nominal operating point cannot guarantee reliable robustness
conclusions for the underlying nonlinear system. On the other
hand, incorporating parameter-dependent operating points into
the u-analysis framework introduces non-rational functions that
require approximation, thereby increasing computational com-
plexity and potentially leading to overly conservative results
or unsolvability. Therefore, within the considered formulations,
u-analysis does not provide practically meaningful robustness
guarantees for the studied system. These identified limitations
emphasize the need for an alternative analysis method.

6 | Robust Stability Analysis of VSM Control
Using Parameter-Dependent Operating Points

Due to the above limitations, this chapter performs a robust
stability analysis using a parameter-dependent operating point
according to Section 4. In the following, the parameters p; and
D correspond to the SCR, representing uncertain grid conditions,
and to one varying control parameter, respectively.

By using the parameter-dependent operating point and resulting
symbolically linearized system matrix A(p,, p,), stability can
be assessed efficiently via eigenvalue analysis over a broad
range of parameter variations, enabling the identification of
robustness limits. Even with the approximations inherent to
the parameter-dependent operating point, the approach can be
considerably faster than repeatedly recalculating the operating
point and re-linearizing the full system for each parameter
variation and combination. In the latter case, for N operat-
ing points, recalculating the operating point by solving the
system’s differential equations and relinearization must be
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FIGURE 7 | Comparison of the eigenvalues, calculated by linearizing
the system for each operating point and presented with X, and eigenvalues
using the parameter-dependent operating point marked with o.

performed N times, while the proposed approach requires a single
parameter-dependent operating point calculation and symbolic
linearization. Thus, the computational advantage of the pro-
posed approach is especially evident for large-scale parameter
sweeps with numerous operating points. For illustration, the
computation of the parameter-dependent operating point and the
subsequent symbolic linearization required about 1.7 s, whereas
recomputation and relinearization for 100 operating points in the
parameter range analyzed in Section 6.2 required approximately
75s in total. This corresponds to a reduction in computation
time of more than 95% using the proposed method. Although
absolute values depend on the computational platform and
parameter combinations, this example highlights the substantial
efficiency gain for larger parameter sweeps. The calculation of
the subsequent eigenvalues takes the same amount of time in
both approaches.

By performing this stability analyses based on the parameter-
dependent operating point, one can see how the control param-
eter value impacts the robustness of the system regarding grid
uncertainties. Figure 7 illustrates the eigenvalues of the system
that vary the most and become unstable for reduced SCR. Those
eigenvalues are influenced by the current control and the QSEM
VI states, as identified by the participation factors. For the QSEM
VI, the low pass filter is critical for the stability [13], as well as
the virtual inductance I, has a major impact on the stability of
the system [3]. Therefore, the robustness of both against SCR
variations is analyzed in this section in Sections 6.2 and 6.3.
Furthermore, the current control bandwidth that has a significant
impact on the stability [25], is considered in Section 6.4.

6.1 | Validation

The comparison of the eigenvalues when relinearizing the system
for each operating point and the eigenvalues computed using the
proposed parameter-dependent operating point and subsequent
symbolic linearized system according to Section 4 is presented
in Figure 7 for uncertain SCRs. Since the eigenvalues match, it
shows that the operating point depending on the parameter SCR
was determined correctly through the proposed computation.
The validity of the proposed approximation was tested for all the

subsequent case studies, but these validations are not presented
for conciseness. The close agreement of the eigenvalues further
demonstrates that the approximation using the polynomial fit for
the PCC voltage, explained in Section 4.1, does not noticeably
affect the accuracy of the proposed approach. A quantitative
error assessment further showed that the relative error between
the approximated and the exact PCC voltage values over the
considered SCR and parameter ranges is below 0.1 % for all case
studies. This confirms that the third-order polynomial fit provides
a sufficiently accurate representation for the stability analysis.

Note that in the subsequent stability analyses, the X/R ratio
is assumed to be constant at a value of 10, representing a
characteristic value typically found in transmission systems. This
is a reasonable assumption given the predominantly inductive
nature of transmission grids. Furthermore, the objective of this
work is to demonstrate the proposed methodology through a
representative application based on SCR variations, rather than
to conduct an exhaustive study over all possible grid parameters.
Accordingly, an uncertain SCR leads to an uncertain resistance
r, and inductance [, of the Thévenin equivalent, both scaling
linearly with the SCR due to the constant X/R ratio. Conse-
quently, the SCR uncertainty of the grid can be represented by

an uncertain r,.

6.2 | Impact of QSEM Low-Pass Filter Bandwidth
Wyf

To assess the impact of the low-pass filter bandwidth w,; on
system robustness against grid uncertainties, bandwidth values
ranging from 30rad/s to 600 rad/s are considered. Uncertainties
of grid parameters are modelled using a variable SCR, which
spans from 0.5 to 10. Figure 8 shows the stability limit of
the system, depending on the SCR and the bandwidth w,. It
is observed that a higher filter bandwidth leads to decreased
stability for weak grids. For example, bandwidths exceeding w,; >
200rad/s require a strong grid, characterized by a SCR > 4.5, to
maintain system stability.

In order to detect interactions that could compromise robust
stability, the dominant eigenvalues close to the imaginary axis and
sensitive to SCR uncertainties are analyzed through participation
factor analysis. In this case, the complex conjugate pair of
eigenvalues 4 ¢ is primarily critical for stability. The movement of
these eigenvalues is presented in Figure 9 with increasing circles
representing an increasing SCR, as also indicated by the direction

600

@®
= stable region
8 unstable region
k= 400 stability limit
3
=
=i
= 200
g
& 60
0.5 1 2 3 4 5 6 7 8 9 10
SCR

FIGURE 8 | Stability limit depending on the SCR and the bandwidth
wy¢ of the low-pass filter of the QSEM with [ = 0.25 p.u. and wpy o = 27 -
150rad/s.
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FIGURE 9 | Eigenvalues 154 depending on the SCR and the band-
width wys of the low-pass filter of the QSEM with [, = 0.25p.u. and
@Wpy cc = 27 - 150rad/s. The arrows and increasing circles represent an
increasing SCR from SCR = 0.5 to SCR = 10.

of the arrows. For smaller bandwidths with w,; < 200rad/s,
there is less displacement of A5¢. Thus, the sensitivity regarding
uncertain grid conditions is smaller. Causes of instabilities in case
of larger bandwidths can be identified using the participation
factor plot in Figure A.1. For mode 4, the participation factors for
the combinations of the different bandwidths and SCR values are
presented. An explanation of how to read the participation factor
plot is given in Figure A.4. The interactions between the QSEM
filter states ¢ aa, PCC voltage vl%, and current i intensify with
increasing bar;dwidth, occurring not only at low SCR values but
also at higher SCR levels. Since Figures 8 and 9 show the same
stability limit, the mentioned state variables are participating in
the instability.

In contrast, the interactions between iZ,, $qrcr and ¥ increase
for stable operating conditions, that is, at smaller bandwidths w,;
and high SCR values. Hence, these interactions do not jeopardize
stability but may even contribute positively. Moreover, the chosen
PLL does not participate in the critical modes 4545 and thus
does not affect them. Hence, the PLL is not a limiting factor for
stability, even in weak-grid scenarios (low SCR values), unlike in
many cases presented in the literature.

In conclusion, smaller low-pass filter bandwidths of the QSEM
are recommended to ensure stability and increase the robustness
for uncertain grid conditions, represented by changing SCRs.

6.3 | Impact of QSEM Virtual Inductance g

The dependency of the stability on the virtual inductance [ is
clearly shown by the stability limit in Figure 10 with [ values
ranging from = 0.1 p.u. to 0.5 p.u.. Small [ values lead to a
significant decreasing stability area. Especially in weak grids, a
larger [, value is required to enable stability. Since the eigenvalues
As¢ are mainly responsible for instabilities due to uncertain grid
conditions, their movement depending on the SCR and virtual
inductance is presented in Figure 11. The enlarging circles and
the direction of the arrow indicate the SCR increase. The higher
the virtual inductance [, the less the eigenvalues 15 move with
the changing SCR. Thus, the sensitivity to SCR uncertainties is

e
2
v

=] stable region
- 0.4 unstable region
= stability limit
g 03
3
hS
51
= 0.2
i
0.1F ]
0.5 1 2 3 4 5 6 7 8 9 10

SCR

FIGURE 10 | Stability limit depending on the SCR and the virtual
inductance I of the QSEM VI with wys = 200rad/s and wpy . = 27 -
150rad/s.

I, = 0.5 pu
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Imaginary Axis

-1000 Iy = 0.2 pu
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FIGURE 11 | Eigenvalues 4s¢ depending on the SCR and the virtual
inductance I of the QSEM VI with wys = 200rad/s and wpy . = 27 -
150 rad/s. The arrows and increasing circles represent an increasing SCR
from SCR = 0.5 to SCR = 10.

lower, and therefore not only the stability but also the robustness
to grid uncertainties is greater with larger I,. Figure A.2 shows
the corresponding participation factors for mode 45 that are
equivalent to those of mode A,. The factors for all combinations
for the range of SCR values from 0.5 to 10 and [ from 0.1 p.u.
up to 0.5 p.u. are given (see Figure A.4b). A reduction in virtual
inductance [ strengthens QSEM-induced interactions, such that
the participation of the QSEM states in the critical eigenvalues
As ¢ remains evident at small [ values. In contrast, the interactions
between ig, and current control state Yo increase with increasing
I;, and therefore do not negatively affect stability. Both effects
could already be identified in the previous stability analysis:
QSEM-induced interactions generally have a negative impact on
the robust stability, while those between the current controller
and converter current are non-negative.

Thus, to ensure stability and robustness for uncertain grid
conditions and avoid unstable interactions induced by the QSEM,
larger values for [ are recommended.

6.4 | Impact of Current Control Bandwidth wyy, .

This subsection analyzes how the robustness of the converter to
uncertain SCRs varies with different current control bandwidths,
specifically for values of wyy . from 50-27 rad/s to 250 -
27 rad/s. Figure 12 presents the stability limit depending on
the SCR and current control bandwidth and shows that lower
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FIGURE 12 | Stability limit depending on the SCR and the current
control bandwidth wyy, . With [; = 0.25 p.u. and w,¢ = 200rad/s.

current control bandwidths result in a larger stability region for
weak grids. This is primarily due to the reduced sensitivity of the
critical eigenvalue 454 to changes in SCR for small wy,, .. values,
as illustrated in Figure 13. Consequently, system robustness
increases significantly. This behavior can be further understood
by examining the participation factors. Figure A.3 presents these
factors for decreasing current control bandwidths and increasing
SCRs, highlighting the underlying dynamics (see Figure A.4c). It
can be seen that for the larger bandwidths, interactions between
the QSEM states g"v da, which are the states of the measured PCC

voltage, vﬂq, and il occur, and increase for smaller SCR values.
For small bandwidths, these critical interactions are not present,
but those between the converter current iJ,, current control state
Yids and ¢, . are present. The previous results explain why small
current control bandwidths lead to better robustness against SCR
variation. Moreover, the identified causes of positive and negative
stability impacts align with those found in the previous two
analyses in Sections 6.2 and 6.3.

6.5 | Performance Analysis

To further analyze the system’s characteristics, a performance
analysis considering sensitivity functions is performed. The sensi-
tivity functions Sap(jew) and Sy, (jw) are similar to those used for
the weighting function design in [16] and enable the evaluation
of the converter’s power reference tracking performance and
angle disturbance rejection capability. The sensitivity functions
are defined as

2000 { Why ce =250 27 rad/s
1500
1000 Wiy cc =200 -27 rad/s
» 500
i ]
E 0F Whyce =150 -2 rad/s
<
A
Whyce =95 27 rad/s
Whyce =50 -2 rad/s

Real Axis

FIGURE 13 | Eigenvalues ;¢ depending on the SCR and the current
control bandwidth wyy, . With g = 0.25 p.u. and w,¢ = 200rad/s. The
arrows and increasing circles represent an increasing SCR from SCR = 0.5
to SCR = 10.
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FIGURE 14 | Structure showing output and disturbance input of (a)
sensitivity function S,p and (b) sensitivity function Sg_

z(jw) _ AP(jw)

w(@) (o) o)

Sap(jow) =

z(jw) _ Bueljo)
w(jw)  we, (o)

S, (Jw) = (31)

Sap(jw) characterizes the transfer behaviour from the distur-
bance w =w by 02 =AP= Dac + W, te = $pac (see Figure 14a).
To achieve good tracking of the reference Dic» the track-
ing error AP should be eliminated in lower frequencies, and
thus,

[Sap(jw)| < 1 for small (32)
must be fulfilled. If additionally
|Ss,,, (jew)| < 1 for small w, (33)

then there is good suppression of disturbance w = wg  to z =
O, (see Figure 14b). Thus, the controller has a good reaction
performance to angle disturbances. In this context, the mag-
nitude at low frequencies of the sensitivity function quantifies
the disturbance rejection and reference tracking capability. The
frequency at —3dB can be interpreted in the context of sensi-
tivity functions as the frequency up to which disturbances are
effectively suppressed.

The impact of the SCR (Figure 15) and the virtual inductance
(Figure 16) [; on the sensitivity curves is shown in the following.

Performance Analysis for Varying SCR: Figure 15 depicts the
sensitivity functions S,p(jw) and Sy (jw) and shows that in
both performance analyses a good suppression of disturbances
is achieved, since the sensitivity is small for low frequencies.
In case of Sy (jw), the magnitudes at low frequencies indicate

better angle disturbance suppression in case of a strong grid.
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FIGURE 15 | Sensitivity S (jw) from disturbance w = wy,_ toz =

vsc vsc

Bysc and Sensitivity Syp(jw) from disturbance w = Wy to z = AP =

* . —
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Moreover, under weak grid conditions, a higher magnitude peak
occurs at around 1Hz and reflects increased resonance in the
frequency range of the dominant low-frequency VSM mode.
Consequently, disturbances occurring near this frequency may be
amplified under weak grid conditions. The exact magnitude and
location of this peak depend on controller parameters such as
virtual inertia constant, droop constant, and virtual impedance,
as well as grid strength. From a practical perspective, adequate
damping in this frequency range is therefore particularly relevant
to meet grid code requirements and avoid unstable low-frequency
oscillations.

This also occurs for S,p(jw). Apart from that, the grid strength
has negligible influence on the reference tracking performance,
as shown in Figure 15.

The low pass filter bandwidth w,; and the current control band-
width w,, .. have no significant impact on the shown sensitivity
curves and thus are not presented for conciseness.

Performance Analysis for Varying SCR and Different [:
Next to the SCR, the virtual inductance I has a significant
impact on the sensitivity curves. Figures 16a and 16b show
the sensitivities for a weak and a stronger grid scenario. In
all cases, especially in the case of weak grids, a large virtual
inductance of [, = 0.5 p.u., leads to a smaller resonance peak.
Thus, a higher I is not only advantageous in terms of stability
and robustness (see Section 6.3), but also in terms of performance.
The magnitudes at low frequencies indicate that the suppression
of disturbances is better achieved with smaller L, however,
the sensitivity at low frequencies remains sufficiently low even
with higher I. Thus, good disturbance suppression can be
guaranteed.
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FIGURE 16 | Sensitivity curves depending on virtual inductance I
for a weak grid scenario with SCR =1 and a strong grid scenario with
SCR = 5. (a) Sensitivity Sg__ (jw). (b) Sensitivity Syp(jw).

vsc

Overall, it can be said that although there are differences in
performance, the basic desired behavior specified by (32) and (33)
to enable power reference tracking and angle disturbance is given
for the analyzed parameters and grid strengths.

6.6 | Evaluation of Well and Poorly Tuned
Parameter Combinations and Discussion

The robustness and performance analyses, presented in the
previous subsections, highlight the critical role of QSEM-induced
interactions in determining system stability under grid uncertain-
ties. Specifically, the sensitivity of eigenvalues to SCR variations
underscores the importance of parameter tuning. A larger virtual
inductance I, enhances robustness by reducing the system’s
sensitivity to SCR fluctuations, thereby mitigating instability risks
in weak grid scenarios. Similarly, small low-pass filter w,; and
current control bandwidths wy, .. effectively limit interactions
that would otherwise make instabilities more likely.

However, selecting both bandwidths to be small simultaneously
can introduce undesired additional coupling effects between the
QSEM, PLL, and VSM, diminishing robustness. This can be seen
in an exemplary scenario in Figure 17. The participation factors
for mode 14 with an SCR = 1.75 are shown for the case where
both bandwidths were chosen small with w,; = 50rad/s, wyy o =
2w -50rad/s and for the case with w, = 200rad/s, Wyy =
27 - 50rad/s. In both cases, I, = 0.5p.u. When comparing the
participation factors, it can be seen that the above-mentioned
additional interactions occur in the case where both bandwidths
are small. In the case of an SCR = 1, the system becomes unstable,
which is not the case if the bandwidths w,; = 200rad/s, Wy .. =
27 - 50 rad/s were selected.

In the following, this latter combination is called well tuned
parameter combination, which provides robust stability against
SCR uncertainties with 0.75 < SCR < 10. In contrast, for a poorly
tuned parameter combination with w,; = 220rad/s, Wyy o = 27 -
150rad/s, and I, = 0.3 p.u., stability, especially robust stability,
cannot be guaranteed. Figure 18 shows the results of nonlinear
EMT time domain simulations for SCR changes that demonstrate
this clearly: While the poorly tuned parameter set still provides
robustness against increasing SCRs (Figure 18a), in the case of a
decreasing SCR (Figure 18b), the system becomes unstable. This
is consistent with the stability maps presented in Figures 8, 10,
and 12. For the poorly tuned parameter combination, the critical
SCR values predicted in the respective maps are significantly
higher than for the well tuned case, indicating reduced robustness
against decreasing SCR. This explains the improved stability for
decreasing SCR values observed in the EMT simulations. The
well tuned case further exhibits shorter settling times and less
overshoot in Figure 18.

mode 14
wyr = 200 rad/s . | : S S i |
Whyee = 2w 50 rad/s [ | | | o
5
wy = 50 rad/s L ! I I ]
Whyee = 27 50 rad/s ! L L i L 1 0

Bsse Cane Cpao Wse VPLLYPLLOPLL i Yida
states

FIGURE 17 | Comparison of the participation factors for different
bandwidth combinations of w,¢ and wp, ¢ for mode 14.
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FIGURE 18 | Nonlinear EMT time domain simulations for a well and
poorly tuned parameter combination. In case (a) for an increasing SCR
and in (b) for a decreasing SCR.

7 | Conclusion

This paper identified key limitations of the structured singular
value (u) analysis for nonlinear converter-interfaced power sys-
tems when parametric uncertainties significantly influence the
operating point. In such cases, linearization at a single operating
point can lead to misleading stability margins in the u-analysis.
Moreover, incorporating parameter-dependent operating points
into u-analysis renders the method computationally demanding
and prone to conservative results. These findings highlight the
need for alternative robustness assessment methods better suited
to nonlinear converter-dominated systems.

We therefore proposed an approach that determines parameter-
dependent operating points from load flow and algebraic equa-
tions and enables symbolic linearization, allowing nonlinearities
and parameter changes to be considered in the operating point.
Furthermore, the equations make it straightforward to identify
which parameters influence the operating point and which
do not.

The proposed approach was applied to a CC-QSEM VSM under
grid uncertainties to systematically analyze the impact of control
parameters on robustness. The results show that instability
is primarily driven by QSEM-induced interactions, while the
interaction between the current controller and the converter
current does not negatively impact system stability. Furthermore,
appropriately tuned virtual inductance I, QSEM low-pass filter
bandwidth w,¢, and current control bandwidth wy, .. enhance
both system stability and performance, enabling robust operation
down to an SCR of 0.75 in the example shown. Sensitivity-

function analysis confirms that stability-favorable parameter
sets also support good power reference tracking and angle
disturbance rejection.

Overall, the proposed method provides a systematic and compu-
tationally efficient robustness analysis framework that explicitly
accounts for parameter-dependent operating point variations.
It enables combined stability and performance evaluation and
offers reliable robustness assessment of GFM control structures
against grid uncertainties. The method is generally applicable to
different VSC control structures and to nonlinear power systems
in which the operating point depends on uncertain parameters.
A relevant application could be improved control tuning during
the design phase at manufacturers, where robust stability analysis
can be assessed systematically. This enables manufacturers to
enhance controller robustness to grid uncertainties.

Future work should apply the proposed approach to other
GFM strategies and investigate robustness under different grid
structures. The scalability aspects discussed in Section 4.4 should
be considered in this context.
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Appendix A: System Parameters

Table A.l reports the system parameters including the AC system
Thévenin equivalent and the VSC electrical and control parameters.

TABLE A.l | System parameters.

Category Symbols and values
w* 1p.u. w, 2m-50rad/s
Thévenin k 10 Vi 380kV
, ,C _______ 1_ ___________________
VSC
Base values Sy 250 MVA Vi 380kV
RLC filter re 0.01 p.u. I¢ 0.20 p.u
¢ 017puw.
Measurement T, 0.001s
FLL B 028 Kopw 126
Wywprr 27 -10rad/s wyypr 27 - 75rad/s
o o
VSM H 4s K, 100
Ko 5 Pic O05pu
Q droop Kyuc 0.20 Qnc Op.u
T ipu.
QSEM Wy 200rad/s ry 0p.u
L, 025pu. oL, o
Current control K, . 0.83 K. 565.5

Wpwee 27 -150rad/s
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FIGURE A.1 | Participation factors for mode 5 depending on the SCR and the bandwidth w,¢. The explanation for reading the diagram is given in
Figure A.4.
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FIGURE A.2 | Participation factors for mode 5 depending on the SCR and the virtual inductance L.
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FIGURE A3 | Participation factors for mode 5 depending on the SCR and the current control bandwidth @y, cc.
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FIGURE A.4 | Explanation on how to read the participation factor +cos (AGVSC‘O (p1» pz)) . U&O (p1.p) |’
diagrams. (a) Corresponds to Figure A.l, (b) to Figure A.2, and (c) to
. 1 d :q
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Appendix B: Algebraic Equations for Parameter-Dependent (B.1K)
Operating Point Determination

With given vgq( D1, P2), thus given v, (p1, p2), and Equation (26),
i,(p1,p2) and i_(p1,p,) can be calculated. Taken together with the
system equations, this results in the system states (21) at the operating
point x¢:

T

igj},(Pl,Pz) = [Re{ZO(Pl, p2) }, —Zm{ZO(Pl, D2) }] (B.1a)

i (1.0 = [Re{i, (1.0 | ~1m{i (pp0)}], B1D)

cv,0

q

eo(p1, P2)
Aevsc,o(pl’ Pz) = —arctan gp;pZ s (B.1c)

ey (p1>P2)
Saaco(P1,P2) = Im{EO(Pl’Pz)}, (B.1d)
$oac0(P15 P2) = Pico (B.1e)
wVSC,O(p15 p)=1, (B.1f)
vprLo(P1, P2) =0, (B.1g)
YrLo(P1, P2) = 1, (B.1h)
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