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Abstract

To insure a stable and reliable operation of the existing and future grids, it is important to study the stability of the power
electronic based converters’ controls which can replace synchronous generation. Most existing studies use a Thévenin equivalent
model of the grid to test the grid following controls. The present article demonstrates the limits of these studies. An alternative
setup is proposed and is shown to provide more insight into the underlying mechanisms of the grid following control behaviour
in weak grids, using a linearized state space model. These insights are exploited to propose further improvements to the control.
These improvements are shown to extend the stability of the control while reducing the interactions among converters.

1 Introduction

As the European Union ramps up its renewable energy
production to meet the Green Deal objectives, the power
systems are experiencing new challenges to remain stable [1].
The stability has been traditionally guaranteed by the
synchronous generators, but as non-synchronous renewable
generation replaces this synchronous generation, the stability
of power systems needs to be vigilantly studied under these
new conditions. The consensus regarding this trend is that it
destabilizes the power system [2]. The most commonly used
power electronics interfaced generation are controlled using
grid following (GFL) controls. The GFL sensitivity to the
grid’s strength is a well-documented issue in the literature as
many articles have studied the behaviour of GFL converters in
varying grid strengths and reported their small signal
instability under weak grid conditions [3], [4]. Later studies
have provided guidelines to tune GFL controls for better small
signal stability under weak grid conditions [5]-[7].

The methodologies most commonly used for this type of study
consist of a Thévenin equivalent setup, with the grid’s
impedance chosen to reflect a short-circuit ratio (SCR) value
representing a set grid’s strength. This setup is then modelled
using a small-signal linearized model based on state-space or
impedance representations to better understand the underlying
stability issues [8].

However, this setup does not really reflect the real use case of
GFL controls. The SCR has been reported to fail as a metric
for networks with a high penetration rate of converters [9]. A
weak grid is often correlated with long-distance transmission
and the presence of nearby non-synchronous generations [2].
Such instability sources are not duplicated by the common
Thévenin equivalent studies. The Thévenin equivalent also
fails to study interaction phenomena among GFL converters.

Such interactions have been reported, while using simplified
models only, to cause instability [10], [11].

The present article presents a formal demonstration of the
limits of Thévenin equivalent small-signal stability studies for
proper tuning of GFL controls. As an alternative, it proposes a
test setup to further improve the small-signal stability of the
GFL controls in a use case that is more realistic by overcoming
the limits of the Thévenin equivalent limits and by accounting
for interaction phenomena.

The rest of the paper is organized as follows: Section 2
presents the Thévenin equivalent setup and the generic GFL
control  structure. Using the existing literature’s
recommendations, it can be shown the limits of the Thevenin
equivalent study originate from the static power transfer limit
rather than the control of the converter. Section 3 introduces
the proposed test setup; it is shown the stability limit is no
longer restrained by the static limit. A state-space linearized
model is built to study interaction phenomena and the system’s
sensitivity to the grid strength. Section 4 exploits the findings
to propose further improvements to the GFL controls and
verifies the improvements using a state-space linearized model.

2 Small signal stability analysis on a Thevenin
equivalent

In this section, the Thévenin equivalent setup is described and
the static limit of the setup is calculated. A generic GFL
control structure is then presented and tuned using the
literature’s recommendations [5], [12]. The state-space
linearized model of the GFL control in the Thévenin
equivalent setup is developed and studied to showcase that the
GFL control remains stable up to the static limit. Finally,
findings are validated and confirmed by simulations.
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2.1 System description
The test setup is shown in figure 1, the voltage source
converter (VSC) converter is connected to the grid modelled
by a Thévenin equivalent. The converter is connected via a
step-up transformer modelled here by an RL impedance (in the
p.u model), and the grid impedance is chosen to reflect the
SCR at the Point of common coupling (PCC). The converter
and the circuit parameters are chosen to represent a real use
case of a VSC connected to the transmission grid [13]. The
parameters and the base values for the p.u model are detailed
in table 1.

Ry, Ly

L 1, Bl

I A|j/;)cc LO 0 JV
|

The static limit of the described setup is defined at the
operating point corresponding to the VSC’s nominal power
injection at the nominal voltage at the lowest SCR while
respecting the reactive power limits.
A simple load flow calculation can show that:
SCR = 1.74
PVSC = Pnom = 0.958 puU= Q = Qmax = 0.287 p.-u (1)
Uysc = Upom =1p.u

Therefore, the operating point described by (1) is considered
the static limit of the Thévenin equivalent setup.

VSC =
Fig. 1 Thévenin equivalent Setup

Table 1 VSC and grid parameters

Parameter Symbol Value
Base Power Sy 1044 MVA
Base Voltage Uy 400 kV
Base frequency Wp 314 rad/s
VSC apparent power Svsc 1044 MVA
VSC nominal power Prom 1GW
VSC nominal voltage Upom 400 kV
VSC maximum reactive power Qmax 300 MVAr
YSC Transformer’s Leakage L 0.15 p.u
inductance

VSC Transformer’s resistor R 0.005 p.u
Grid’s inductance Ly 1/SCR
Grid’s resistance R, Op.u

Fig. 2 GFL control structure

2.2 GFL control

The VSC under study is controlled using a generic vector-
controlled, Phase-Locked Loop (PLL) synchronized GFL
control [14]. This converter is controlled to track the active
power injection to P,.r and to regulate the PCC’s voltage at
Vyer. The control structure is illustrated in figure 2.

Using various design studies and recommendations for GFL
control under weak grid conditions, the present GFL control is
tuned as shown in table 2 [5], [6], [15].

Table 2 VSC control parameters

Control Parameter Value
Input filters nputs 5000 rad/s
Outer loops tuning Wp,_348 10 rad/s
Wy —34B 50 rad/s
wputer loops 300 rad/s
PLL Wy, 50 rad/s
& 1
Current loops tuning Wee—3dB 4000 rad/s

Modulus optimum tuning

2.2 System and Control equations
The linearized small-signal models are derived from the time-
domain equations describing the test setup behaviour in the
synchronous dg-frame. A parasitic shunt resistor R, is added
at the PCC to decouple the converter side and the grid side.
The active power leakage through the parasitic shunt resistor
is under 1% of the rated active power. Simulating the setup
with and without the decoupling resistor shows that the system
displays the same dynamic behaviour.
2.2.1 Time-domain equations
The circuit equations (in p.u) are split thanks to R4, :

d igsc

b
dt = ; (Um vpcc Rflvsc + Ol)L]‘Lvsc)
2
d igsc wb .d ( )
? = Lf U pcc Rflvsc walvsc)
di¢ o
g _ b
dt (vpcc vg + wlyi g)
. 3)
d l‘g O (a — v — wLgif)
T — Wirlg
dt . Lf pee .
vpcqc Rdec(lvsc - igq) (4)

The control equations can be derived from the control blocks
shown in figure 2. These equations are described in the control
reference frame denoted by the superscript ““"", the inputs and
outputs are rotated using the Park and inverse Park
transformation:
[vgc'im] B [ cos(Bpy —0,)  sin(6,; — ] [vpcc]
a.ctrl - Sin(ep” - e 0) COS(ep” pcc
[lgsccm] _ [ cos(8pu — 0,)  sin(Bpu — ] [lVSC] (5)
gscctrl - Sll‘l(Gp” -0 0) COS(ep” lvsc
. ] ¥
Sln(ep” )

pcc
Um _ [cos(8pu — —sin(0,; — d.ctrl
q,ctrl

cos(ep”



2.2.2 Linearized state-space model
The equations derived from the control structure and the circuit
are used to build the linearized state-space model:

{A:’c = AAx + BAu )
Ay = CAx + DAu
With the state variables being:
.dq .dq _ dqfilt .dqfil i il
X = ( L q’ I'U.S“ZC’ ngfL t’ ‘U.ngL ‘ ’ Pfllt' ‘/1)];’;.'1:' {P' {V'
Zid' Ziq' QPLL @PLLY = (i;q. xvsc) (7

Where { represents the state variables associated with input of
the PI controllers’ integrators.

The stability of the system is deduced from the analysis of the
eigenvalues of the matrix A. Following the evolution of these
eigenvalues when varying a circuit or control parameter
provides insight into the system’s sensitivity to a specific
parameter. Analysing the participation factors of the poorly
damped and potentially unstable eigenvalues can identify the
state variables most contributing to the eigenvalue and hint at
the potential improvement paths to explore.

Figure 3(a) shows the eigenvalues of the system at the static
limit. Since all eigenvalues have a negative real part, it can be
deduced that the GFL control remains stable up to the static
limit. This conclusion is confirmed by simulation, shown in
figure 3(b), where a% phase jump is applied to the system.

The phase jump event type provides better insight into the
modes of the system as it directly disturbs the control inner
loops (unlike a P,..; change for example) and does not alter the
operating point around which the model has been linearized.
As the figure shows, the system regains its stable operating
point. Furthermore, the fast oscillations and the response time
are identical to the modes identified by the eigenvalues.
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Fig. 3 (a) Eigenvalues of the linearized model, (b) Time-
domain simulation of the non-linear model

3 Proposed setup: 2 converters test case

As previously demonstrated, the Thévenin equivalent study is
only limited by the static limit of the setup when the GFL is
properly tuned. Moreover, it is impossible to highlight the
reported interaction phenomena in this setup.

In order to overcome both limitations, the setup shown in
figure 4 is proposed. Here, the system under study consists of
two converters with the power flowing from VSC1 to VSC2.
With no power flowing through the grid’s impedance, its value
can be further increased without reaching the reactive power
limits of the converters, thus representing a situation of a
remote non-meshed connection to the transmission grid.
Additionally, this setup allows highlighting potential
interaction phenomena.

Fig. 4 Proposed setup
The base values, the VSC control and parameters R;, L;
represent the typical values of a 400kV 30 km long overhead
line (OHL). The new parameters are given in the table 3:

Table 3 modified parameters of the setup

Parameter Symbol Value
OHL inductance L, 0.144 p.u
OHL resistance R, 0.0072 p.u
Grid’s inductance L, 0.95p.u
Grid’s resistance R, Op.u

In coherence with the logic of the previous section, the
operating point is chosen to reflect a nominal power injection
at the nominal voltage:
{ Prer vsct = —Pref,vscz = 0,958 p.u
Vpcc. ref,vsc1 = Vpcc,ref,vscz = €g = 1p.u
3.1 Validation of the linearized model
The linearized state-space model of the proposed setup is built
and validated for the nominal operating point as shown in
figure 5. The event used for the validation is a % phase jump

applied at e,.
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Fig. 5 Time-domain validation of the linearized model



It can be seen that the linearized model reflects the same
dynamic behaviour of the non-linear model (modes’
frequencies and settling time). A slight difference is however
observed for the damping of the system. This difference is a
consequence of the linearization process and the use of the
phase jump as a validation event. Nevertheless, this difference
does not take away from the use of the linearized model as it
accurately reflects the dynamic behaviour of the system.

3.2 Small signal stability analysis

Using the validated linearized model, a parametric sensitivity
is conducted to assess the system’s stability when the grid’s
impedance is varied. While the SCR definition is not as
straightforward in this setup, the grid’s impedance is used as
an accurate proxy for the grid’s strength. The logic behind
varying the grid’s impedance remains equivalent to varying
the SCR, especially considering the low value of the overhead
lines’ impedance.

The system displays high sensitivity to the grid’s impedance.
A higher L, leads to a lower system’s damping. The system
becomes small-signal unstable for L, > 1p.u. The same
stability limit is found by simulating the non-linear model.

To better understand the mechanisms underlying the observed
instability in figure 6, the eventually unstable eigenvalue is
identified and its participation factors are studied. The results,
shown in figure 7, describe the participation factors of all the
state variables contributing to this eigenvalue, sorted by
subsystem. It is observed that both converters highly
contribute to the eigenvalue with the same control-related state
variables. In fact, the three sets of state variables contributing
the most are, in decreasing order: the PLL, the filtered inputs
and the voltage regulation state variables.
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Fig.6 Parametric sensitivity to the grid’s impedance

The voltage regulation state variables reflect the interactions
between the two converters as their PCCs are electrically close
with the OHL impedance being relatively small. Therefore, the
voltage control loops are coupled through the interaction of the
PCCs voltages. The filtered inputs are the state variables
representing the inputs rotated by the PLL to the control
reference frame. Their contribution to the eigenvalue here is
effectively another manifestation of the PLL-related
interactions. This phenomenon has been also observed by an
impedance-based model, where it has been shown that the
transformation in the park frame used for the voltages’ and
currents’ input directly leads to a g-axis negative resistance,
thus reducing the system’s damping and stability margin [16].
Last, the PLL state variables’ contribution confirms an

expected interaction phenomenon that has been already
reported in the literature, albeit using simplified models [17].
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Fig.7 Participation factors of the identified eigenvalue

As it can be seen, the proposed setup has shown the true
dynamic stability limit of the GFL controls without violating
the physical limits of the converters’ apparent and reactive
powers. Furthermore, the setup has shown further instability
mechanisms, such as the PLL-related interactions. Such
insight allows for a better understanding of the real system’s
instability issues, unlike the Thévenin equivalent, as a high
grid impedance is often correlated with long transmission
distances, use of cables and proximity to other power-
electronics interfaced sources. These findings also provide
hints to potential improvements to the GFL control.

3 Improved GFL control

Using the insights provided by the proposed setup. Two

improvements are identified to extend the stability of the GFL

control. The improved control is shown in green and red in

figure 8.
P,

Fig. 8 Improved GFL control structure

First, the participation factors analysis shows a
disproportionate contribution of the g-axis voltages compared
to their d-axis counterparts. This phenomenon might be traced
to the use of the g-axis voltage by the PLL for synchronization
and for generating the control reference frame, this state
variable is also used by the voltage regulation loop and by the
current loop for the feedforward action. This can explain
intuitively why it is more likely for the g-axis voltage to
contribute more to the interaction phenomena and why it is
more likely the root of the interaction phenomena. This is also
in coherence with previously reported g-axis interactions [4],
[18]. It is then possible to consider the reduction of the g-axis



use as a way to improve the stability of the control. It is

impossible to discard vy from the PLL as it is necessary

for the synchronization of the control. The two remaining

degrees of freedom are then the use of v for the voltage

regulation or the voltage feedforward. The choice made in this

work is discarding the use of vie™ for the voltage
feedforward, as shown in figure 8. The justification is twofold;
the voltage regulation controls the norm of the voltage and the
static error should account for the norm of the full voltage
however small the g-axis contribution is. Meanwhile, the

current control can reject the small disturbances around the

null v steady state value using the integrator of the g-

current Pl controller.

A second improvement is inspired by the PLL-induced
instabilities, as observed by the contributions of the filtered
inputs rotated to the control reference frame. An impedance-
based model has identified a simple way to compensate this
destabilizing effect of the PLL by proposing an impedance
reshaping method [19]. This method is further improved by
considering a secondary PLL to insure the control’s stability
for frequency-variable conditions [16]. The double-PLL
Impedance reshaping method is adopted in the present work.
The state space linearized model of the proposed control is
built and validated in time domain using the proposed 2-VSC
setup. The linearized model is then used to assess the
sensitivity of the proposed control to the grid impedance
variation. The results are shown in figure 9.
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Fig. 9 Parametric sensitivity to the grid’s impedance

While the system still displays high sensitivity to the grid’s
impedance, two improvements are significantly noticeable:
first, the stability limit is improved by more than 40%,
with  the stability limit increasing from L, > 0,95 p.u to
Ly > 1,42p.u. This result has also been validated by
simulating the non-linear model and verifying it shares the
same stability limit. The second improvement is that the pair
of eigenvalues that become unstable display higher damping,
practically tripled around the critical stability limit. This means
that the system can be operated close to its stability limit while
maintaining acceptable damping.

For more insight on the impact of the proposed improvements,

the participation factors of the eventually unstable are analysed.

The results, as shown in figure 10, describe the participation
factors of all the state variables contributing to this eigenvalue,
sorted by subsystem. It is observed that both converters highly
contribute to the eigenvalue with the same control-related state
variables. The voltage regulation-related state variables
contribute identically as before, and the PLL-related state

variables are still the major contributors to the eigenvalue.
Both results are logical and expected as the circuit parameters
have not changed and the two converters remain electrically
close.

More importantly, it is clear that the proposed improvements
fulfil their intended goals: the filtered inputs-related state
variables contribution, as well as the dissymmetry between the
d-axis and g-axis state variables are drastically reduced.
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Figure 10 Participation factors of the identified eigenvalue

4  Conclusion and Perspectives

The present work has shown the limits of the common stability
studies of Grid following control using the Thévenin
equivalent. By analysing the controls’ stability in a proposed
2-VSC system, it is shown that the stability analysis can be
extended without reaching the static limit. A state-space
linearized model is built and validated in time-domain. It is
then used to show the control’s sensitivity to the grid’s
impedance. The analysis of the participation factors offers
insight into the instability mechanisms and the potential
approaches to improve the controls’ stability. Two
improvements are proposed and tested. The improvements are
shown to significantly improve the stability of the system and
reduce the interactions among the converters.

Moving forward, these findings can be consolidated by
building a parallel impedance-based model. This model will
serve to first show the equivalence between both linearized
models and to showcase the interaction phenomena differently,
potentially leading to further improvements. The scalability of
the impedance model can then be used to extend the findings
to bigger, more complex systems.
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