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Didier Georges'2, Seddik Bacha'*

Abstract

In this article, the interactions between AC grid and existing VSC control modes are analyzed. First,
three VSC control modes, namely grid-feeding, grid-supporting and grid-forming, are compared with each
other in order to assess VSC/grid coupling level. Then, in order to underscore the growing role of VSCs
in transmission systems, an elementary benchmark network is considered. It includes an equivalent SM
(Synchronous Machine), a VSC, a load and a transmission line with a varying electrical distance. Thereafter,
a modal analysis is conducted on this model to study the interactions between the different VSC controls and
the SM dynamics using a Matlab/Simulink environment. The converter penetration rate is represented by a
variable power ratio between the converter and the machine, while the electrical distance by an RL dynamic
impedance. This approach makes it possible to assess the stability limits on the VSC share imposed by
the system strength. Negative interactions are identified and recommendations for novel converter control
strategies proposed. Besides, the influence of the AVR with the VSC in grid-forming as well as PLL-related
stability issues with the VSC in grid-feeding or grid-supporting are shown to be the key limiting factors for
increasing the penetration of PE-based sources.

Keywords: renewable energy, Voltage Source Converter, synchronous machines, power electronics,
grid-forming, grid-supporting, grid-feeding, PLL, small-signal stability.

1. Introduction

Due to climate change, international policy-makers have to work on agreements to drastically reduce
the emission of greenhouse gases in the upcoming decades. This constitutes a major concern for the energy
sector and, in consequence, more and more renewable energy sources (RES) are connected to the power
systems, mainly through Power Electronic (PE) converters. Historically, the only function of RES was to
produce as much energy as possible, except the hydro power plants which are dispatchable. However, since
their power contributions within the grid is reaching an unprecedented level, Transmission System Operators
(TSO) expect that the converters also provide ancillary services that used to be realized by the Synchronous
Machines (SM) of traditional thermal and hydro power plants. By 2050, renewable energy is expected
to produce 70-85% of electricity in an attempt to limit global warming to 1.5°C [1]. In consequence, the
available hydro power plants, which covered 14.4% of the annual power consumption in France in 2018 [2],
would be highly solicited. Even if 100% PE-based grid scenarii are unlikely to occur, hybrid systems with
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a high penetration of PE and the remaining SM including hydro power plants and synchronous condensers
could be the future tendency. For such systems, it is essential to study the interactions between large
PE-based stations and SMs.

In the literature, some studies have been published to tackle the interactions between the Voltage Source
Converters (VSC) in grid-feeding mode and SM and show penetration limit through modal analysis, with
different notions of power ratio [3, 4, 5, 6]. The notion of power penetration ratio has also been introduced
in experimental setups recently [7]. The impacts of critical dynamics such as the Phase-Locked-Loop (PLL)
and transmission lines (characterized by the Short-Circuit Ratio, or SCR) have been highlighted for grid-
feeding VSCs [8]. The impact of the transmission lines was also pointed out recently for grid-supporting
strategies using droop controllers [9].

Following the development of grid-forming control strategies for transmission systems [10, 11], the grid-
forming control has become an accepted solution for weak grids, i.e. high-impedance grids and low-inertia
systems [12]. The impact of the converter’s electrical distance to the main grid [13] and its interactions
with existing machines when controlled as a voltage source [14] or operating in grid-forming mode [15] have
been recently studied using the notion of power ratio. Among different grid-forming strategies, droop [13]
and Virtual Synchronous Machine (VSM)[16] controls are now the most commonly used in literature [17].
In addition, a comparison of existing grid-forming control strategies such as dispatchable virtual oscillator
(dVOC) [18] and matching synchronous machines [19] was conducted using time-domain simulations of
multiple-bus systems [20]. To the authors’ best knowledge, there are no studies that compare current-source
modes and voltage-source modes of VSC at the same operating conditions for assessing the stability limits
of the system. The novelty of the paper is to provide a comparative analysis between the current-source
mode and voltage-source mode at the same grid conditions and power setpoints. By acting on the critical
dynamics of the system and using modal analysis tools, the results suggest negative interactions between
the SM’s AVR and the grid-forming control of the VSC, which have not been highlighted in the literature
so far. Last but not least, different scenarii are studied by simulations with a multi-machine system in order
to deepen the modal analysis results.

The paper is organized as follows: in Section 2, the test system and its nonlinear differential equations
are presented. In Section 3, the modal analysis method and results are presented, which are validated
using a Matlab/Simulink state-space model and a multi-machine system developed in Modelica language in
different scenarii in Section 4. Finally, the conclusions and future work are discussed in Section 5.

2. System Modeling

2.1. Description of the test system

For the study, an elementary benchmark is considered, which is composed of one VSC with its LC filter,
one synchronous machine, the two connected by an AC line, and a load at the point of common coupling
(PCC) located on the VSC side, as given in Fig. 1.
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Fig. 1. Considered benchmark for the study.

In order to assess the system stability, the system is linearized around an operating point. A modal
analysis is performed for different PE penetration levels and AC grid strengths, i.e. for different values of



the line impedance. The penetration of PE is modeled by the Power Ratio, denoted by Pr and defined as:

— SUSC — S’USC
Ssm + Svsc Sbase

Pr (1)

where S5 and S, are respectively the VSC and SM rated powers and Spuse is the system base power.

2.2. Synchronous machine model and control
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Fig. 2. Synchronous Machine (SM) with its voltage and frequency controls.

As the SM are currently the most commonly used for power generation, their dynamics need to be taken
into account to highlight possible negative interactions [4], [5]. These interactions could not be tackled with
the grid modeled as an equivalent voltage source [13] or with only electromechanical models [9]. Indeed,
SM have several controllers among which the voltage regulator, or AVR, can have a negative impact on
the system. A conceptual scheme of the SM control model is given in Fig. 2. The SM model considered
in this study is a reduced-order 1-axis model of a steam-powered SM that captures both electromechanical
and electromagnetic dynamics. This model was developed in details in [21] and the considered equations
are given in Appendix 1.

2.8. Converter modeling & control

This section describes the converter model and their control schemes, which can be classified into two
categories [22] and are adapted here for transmission grids:

e Current source control: the VSC follows power references and injects a current in phase with
the network thanks to the PLL synchronizing unit. It corresponds to the grid-feeding, also called
grid-following mode. In the grid-supporting mode, the power references are adjusted to provide grid
services;

e Voltage source control: the VSC works as a voltage source and is thus able to operate in islanded
mode. It uses the power variations to synchronize with the grid so that no PLL is needed anymore.
It corresponds to the grid-forming mode.



Both classes use cascaded loops including a current control loop with potential current limiting actions
to protect the semiconductor devices. Indeed, the overcurrent capability of VSCs is only 110%, which is
much smaller than traditional SMs [23]. Nevertheless, the impact of current limiting control on stability
is not considered in this study. In both classes, the inner loop control uses PI controllers whose gains are
tuned using pole placement methods [24], [25].
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Fig. 3. Equivalent electrical scheme of VSC with LC filter.

The VSC is considered with an LC filter, as described in Fig. 3. In the current source mode, the control
scheme regulates the line current 77, by acting on the output voltage v;. To synchronize with the grid voltage
vg, the scheme needs a PLL to capture the grid-frequency and the PCC electrical angle.

2.3.1. Physical model of VSC

The VSC model considered here is an ideal voltage source where the dynamics of the switches are
neglected. In addition, the PWM control dynamics are neglected and thus the actual output voltage is
considered to be equal to the reference voltage given by the control law:

fl)(.iq = ’qu (2)

% i,ref

2.3.2. Quter loop for current-source control

In this paper, current source control refers to the scheme that uses the VSC voltage output as the control
variable to regulate the branch current passing through the LC filter. The general scheme of this type of
control is given in Fig. 4 and covers grid-feeding [3, 8, 4] and grid-supporting [9] strategies.
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Fig. 4. VSC control in current source mode: grid-feeding and grid-supporting.

With the grid-feeding control, the outer power loops use pure integral controllers, with k;, as the control
gain, to regulate the filtered active and reactive powers to their references. In grid-supporting, an additional



droop is added to change the active and reactive power references to contribute respectively to frequency
and voltage stability, which are given by:

Pres = Pref + Kpw - (Wrep — wpr) (3)
d
q;‘ef = Gref + Kqv - (Uref - ||U0q||2) (4)

where Dref, ref, Wrey and vyey are respectively the references of active power, reactive power, frequency
and voltage in per-unit obtained from the load flow solution. The droop gains K, and K, are used to
provide support to the grid, hence the name grid-supporting. In grid feeding mode, K, = K4, = 0.

The power control loop which generates the current reference in dg-frame for the inner current controller
is:

d T

ZL?Tef = kip ’ [61” eq] (5)
where é, = pl, # — Pavg and €, = ¢, § — Qavg are respectively the active and reactive power control errors.
The filtered measured powers are calculated as:

pavg _ Pcalec — Pavg
. = We,power * 6
|:qavg:| epower l:qcalc - Q(M)g:| ( )

where pegie = v % +vd-i% and geare = vg-i% —vg-i? are the calculated output powers for the current-source

mode. Finally, the PLL is modeled by a PI controller with a low-pass filter, as described in [3, 26]:

2 dg,pll dg,pll  ~dq,pll
qup = Wepit * ( qu - qu ") (7)
wWpit = ki put - €pur + Kp p11 - €pni (8)
épll = Whase * Wpll (9)
with k; pi and k, pi as the PI gains of the controller and é,; = 0 — f)gq’p”, ?g the filtered signal of vy and

we,pii the low-pass filter cutoff frequency.

2.3.8. Outer loop for voltage-source control

In voltage-source mode, the control scheme regulates the PCC voltage vy, which is no longer an external
disturbance from the control point of view. The scheme relies on cascaded loops, described in Fig. 5,
where it uses the branch current i, to act on vy and uses the VSC output voltage v; to control i,. The
synchronization with the grid is insured by the outer-loop control, i.e. grid-forming, thus no PLL is needed
any more. This control scheme for grid-forming is the most commonly spread in literature even though it
requires a good enough estimation of both the filter inductance and capacitance to control the PCC voltage
and a physical LC filter at the VSC output. To address this issue, some other grid-forming control schemes
have emerged recently to avoid the voltage control loop and act as current sources [27]. However, they
remain out of the scope of this article.

The outer loop controls use the variations of active power and reactive power to respectively synchronize
with the grid and maintain a certain voltage amplitude.

The active power control for the droop and the VSM schemes are, respectively:

W = Wref + Mpw * (pref _pavg) (10)
1

0= = (Pref — Peate — De - 11

©= g Pres = Peat w) (11)

Then, the corresponding angle is calculated as

60 = wWpase - W (12)

The output powers of the VSC in voltage-source mode are peq. = vg - id + v - ig and Geare = v§ - i — v - id.
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Fig. 5. VSC control in voltage source mode: grid-forming.

It is important to note that the gains of the VSM control are chosen to give the same steady-state
response as grid-forming droop control [13].

The reactive power control is a droop controller and is similar to the implemented grid-forming droop
and VSM controls, as in [13]. The option of using the state-space model of the SM [11, 27] is discarded in
this study. The control law is:

€ = Upef + Mgy - (QTef - qavg) (13)
U(C)l,qref = [€*7O]T (14)

2.8.4. Inner control loops

In grid-forming mode, as in Fig. 5, output terminal voltage and the line current are regulated using two
cascaded loops. PI controllers are implemented for these loops and are tuned with pole placement method
[24]. The voltage loop is designed to be ten times slower than the current loop to avoid potential interference
[25]. The inner voltage control law is:

) . 0 -1 .
Z(zq,ref =kiy - qu + kpv : egq +wey - [1 0 ] . vgq +ai- qu (15)

with ¢4 = vgflre ;o vgq. The current reference generated from the voltage controller is then used in the

current control law as:

0
1

dq

vi,ref

= ki - €7 + ki - €7+ el - { _01} ST+ ay vy (16)

with ¢ = ii‘fre P i97. The output signal of the current control loop, UZZE #» refers to the desired voltage in
dg-frame to be generated by the VSC internal actuators, which are not considered here.

The same current controller is used in all the grid-feeding, grid-supporting and grid-forming schemes.
The inner current controllers based on PR (Proportional Resonant) control to regulate the VSC current in
the stationary frame (a/3) [22, 28] are gaining more interest compared to the classical PI control [29, 30].
However, it remains out of this paper scope where the most prevalent VSC control schemes are considered

to assess the stability limits.



2.4. Network modeling & interfaces

2.4.1. Interconnecting line model
The network is modeled as a dynamic RL line which connects the SM bus with voltage v, to the load
and VSC output filter bus with voltage vy, as described by:

)
dzeq Whase

d d -d .
pra Ly (vg — VG = Teq AT T Wyt leg 1) (17)
ng Whase . .
1 = : (Ug - ’Ug —Teq* qu — Wy - leq : qu) (18)
At leg

The line impedance is defined in per-unit, to take into account the changes of the SM power ratings
when acting on the power ratio. Indeed, an electrical line of 100 km will not have the same influence when
connected to a 100 MVA machine or a 1000 MVA one. Then, considering a constant ratio Xeq/Req = 10,
which is common in power system studies, the equivalent resistance can be calculated.

2.4.2. Load model
The load is modeled as a static Rjoad//Xioad l0oad connected at the PCC. The impedances are calculated
using the expected load setpoints in S.I.:

UZ. UZ.
base : Xload _ “base

19
P)load Qload ( )

Rload =

2.4.3. Global system & interfaces
From its description, the whole system appears to be a combination of several subsystems with their
own dg-frame. To associate the equations at the load bus, an interface is needed between:

e {SM + line} in the SM dqg-frame, denoted by DQ;
e {VSC + LC filter} aligned with the load bus voltage dq-frame, denoted by dq.

This association can be achieved using rotation matrices between the two different frames as:

[ et e B o

3. Modal Analysis

3.1. Parameters and operating points

For the modal analysis, the parameters and input data of the system are given in Table 2 in Appendix 2.
The VSC reactive power reference g,.s and the SM active power reference P}, are not fixed but are adjusted
in order to have ||vg|| = v* and wy = wrey. The tuning of the grid-forming outer loops (active and reactive
power controllers) is based on [25, 31]. For the grid-feeding and grid-supporting schemes, the values of the
power filter, PI power control and droop gains are based on [9]. The feedforward gains «,, and «; from (15)
and (16) are boolean and their values depend on the activation of the feedforward action for each controller.
For the current-source controlled strategies, a,, = 1 as there is no voltage control loop. For grid-forming
strategies, we choose a, = 1 and «; = 0 because the voltage controller feedforward action proves to cause
instability [25].



3.2. Method for modal analysis

The system model gathers the state variables of the different components and can be rewritten in general
form as:

= f(z,u) (21)

. g o 1T . .
with x = [xLSM, ey Ty SM>T1,VSCr- -+ > T, VSCs zgq, qu] , the state variable vector of the system, n being
the order of the SM subsystem with x; gas as state variables and m the order of the VSC subsystem with

2;,vsc as state variables. The vertical vector u = [pref, Qref>Vref, P, v", wref] r is the system input vector.
Using this state-space model, we define the setpoints of all the state variables corresponding to the load flow

solution and we linearize the system around the operating point {ug, zo} as:

Ai =A-Azx+ B - Au (22)
0
_ Fi € R(+Hm+2)x (n+m+2) (23)
UuQ,To
of
B:= = € R(mtm+2)x6 (24)
ou oo

where A is the state matrix and corresponds to the structural properties of the system since it does not
depend on the input/output signals. The matrix B is the input matrix. By extracting the eigenvalues
of the A-matrix, we can analyze the stability of the system around the nominal point. The participation
factors of some specific critical modes will also be used to enrich the results. The method for calculating
the normalized participation factors is detailed in [32].

voltage controller AC exciter VY PLL
Av | To-s41| Ve | kg & lwprrifprr]
A\ To-s+1| | Ta-s+1| | . :
| M \Variables from' w6l
1 __ACGrd__|
(a) Transfer function of the AVR and the switch when (b) Equivalent scheme of the PLL and the switch when
neglecting the AVR dynamics. neglecting the PLL dynamics.

Fig. 6. Illustrative scheme of the selection of AVR and PLL specific dynamics for studies.

In this paper, a study over some selected dynamics is also carried out to highlight harmful interactions
between the SM and the VSC modes. The impact of the AVR dynamics (both lead-lag filter and AC exciter)
on the system stability is studied. We compare the modal analysis results of two cases: the system with the
AVR dynamics considered or neglected, as illustrated in Fig. 6a. For PLL-based controls, i.e. grid-feeding
and grid-supporting, we compare two cases: one with the PLL dynamics, the other with an ideal PLL that
captures the exact angle and exact frequency with no time-delay, as in Fig. 6b.

3.8. Results for PLL-based controls: grid-feeding and grid-supporting schemes

3.3.1. Influence of the power ratio

The results of the modal analyses for a given grid scenario with ., = 0.33 p.u. are displayed in Fig. 7
for the grid-feeding and grid-supporting cases. In these results we observe that the AVR has little impact
on the system stability when the VSC is controlled in current-source mode. Indeed, the critical modes in
Figs. 7a-7Tc and in Figs. 7b-7d are similar. On the other hand, the PLL appears to act as a limiting factor
because the modes with an ideal PLL are all stable for Pr < 0.8 as described in Figs. 7f-7f. In addition,
the grid-supporting control results in a higher penetration limit compared to grid-feeding.

8
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For further investigation, we calculate the participation factors of the critical mode, which is denoted
by A4 in Fig. Ta, to show the potential destabilizing role of the PLL. The results are given in Fig. 8.
It is clear that the PLL is responsible for the observed instability due to high participation factors when
the power ratio is low. However, the larger the Pg, the smaller the PLL-variable participation. Indeed, as
Pr increases, the share of the PLL is gradually replaced by the state variables of the passive components,
namely the RL dynamics of the line and the LC filter, which implies that we can reach the structural limits
of the current-source controlled VSCs regardless of the tuning of the PLL. This result confirms the limits
of controlling VSCs in current sources when increasing their numbers in the AC grid, a phenomenon that
cannot be observed when modeling the lines using static models [6]. The role of the PLL in destabilizing
the system with PE-based sources attracts more and more attention from TSOs [33]. However, the nature
of the oscillations appears to depend on the grid conditions and the PLL structure [34] and needs further
investigation in the future.
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Fig. 8. Participation factors of the A4 5 mode for different values of the power ratio Pr whith the VSC in grid-feeding mode
and zeq = 0.33 p.u.

3.3.2. Influence of the electrical distance

In this paragraph, we perform a modal analysis on the PLL-based controlled VSCs for a given power
ratio Pr = 0.2 and we change the line impedance. The results for the grid-feeding and grid-supporting
are given in Fig. 9. As in the previous paragraph, it is clear that the AVR dynamics play no role on the
small-signal stability of the system when the VSC is controlled either in grid-feeding or in grid-supporting.
The system stability is still too sensitive to the power ratio and does not allow us to increase the penetration
of PE above 30%. Nevertheless, the use of different grid-feeding control structures based on PR controllers
could enhance the stability limits, since PR controllers exhibit better performances in weak grid conditions
compared to PI controllers [35]. In the next section, we study the role that the grid-forming control can
play in increasing those limits.

3.4. Results for PLL-free controls: grid-forming schemes

3.4.1. Influence of the power ratio

Since the grid-forming droop and VSM exhibit the same small-signal behavior [36], we only plot the
results for the droop control with respect to the power ratio in Fig. 10. For the case z., = 0.33 p.u.,
we observe that the system is stable until around 45%, whereas it is stable for all the values of Pg when
neglecting the AVR dynamics. To understand the critical mode evolution, we take a look at the critical
modes )\12,13 and )\18,19 defined in Fig. 10a.

We calculate the participation factors of each mode for different values of Pr. The results, given in Fig.
11, show that both modes are low-frequency modes, since the participation factors of the SM mechanical
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modes and Pr = 0.2.

11



5000

5000 10
0.75 0.75
) 0.7 6 N § 0.7
0.65 12 = 0.65
* 5 oA " * 1 o ’
P . R 0.6 P . . 0.6
I3 0.55 X " 0.55
b . o . .55 Z . P 2 . .55
P L . 1 Ais 0.5 = o * - M 0.5
= .
ER M s = ) 0.45 & R - I 0.45 &
El ? E
£ [ . . T 04 & [ . =T 0.4
g . o o 0.35 E . o -2 s 0.35
= . * 0.3 = . . 0.3
. 5 ® . A1z 0.95 . 4 . o
0.; P 0_2.,
X 6 X
o 0.15 $ 0.15
-5000 -10 0.1 -5000 -8 0.1
4 -3 2 -1 0 8 6 4 2 0 2 4 -3 2 -1 0 8 -6 2 0
Real Axis x10* Real Axis x10*

(a) Nominal state-space model

(b) State-space model with no AVR dynamics

Fig. 10. Modal analysis results for different values of Pr with the VSC in grid-forming (droop or VSM) mode and zeq = 0.33
p-u.

variables, denoted by Zy mecha, is important. Even if the role of the AVR dynamics is clear for modes
A18,19, its impact on modes Ajz 13 is less evident using the participation factors. From Fig. 10, it is
clear that the influence is weak but causes instability since the conjugate modes just slightly move beyond
the imaginary axis, compared to the case where the AVR is neglected. In addition, compared to the
electromagnetic dynamics, the time constants of the AVR lead-lag filter are rather slow, which fall in the
range of electromechanical dynamics. It can explain why the undamped oscillatory modes Aj2 13 interact
with the electromechanical variables. This result may seem counter-intuitive since 100% PE-based generation
with VSCs in grid-forming has been proved to be stable [25]. In fact, the transition to 100% will go through
a hybrid system where a high proportion of PE generators coexist with the remaining SMs. Because of their
interactions, even with all converters working in grid-forming, this transition of the power systems should
be more challenging than the 100% PE scenario [14].

3.4.2. Influence of the electrical distance

Here, we perform the modal analysis for a given grid scenario with Pgr = 0.45 for different values of the
line reactance x.,. The results in Fig. 12 show the AVR dynamics move the modes to the right semi-plane.
Even if the dependency of the modes on the electrical distance is small, bringing the SM closer to the
VSC makes the system unstable. On the one hand, this result is counter-intuitive when compared to the
PLL-controlled VSC. On the other hand, this result confirms the local interaction between the AVR and
the synchronizing scheme of the grid-forming VSC.

Finally, for grid-forming controls (both droop and VSM), the interactions with AVR dynamics appear
to act as a limiting factor for the penetration limit which cannot be observed when modeling the network
using an infinite bus.

3.4.8. Influence of the active power droop gain

As described in Section 3.4.1, the maximum allowable power ratio is around 45% with z., = 0.33 p.u.
This value is similar to the 50% that was found in a previous study on the interactions between a similar
SM and a VSC in grid-forming mode in a microgrid directly connected to the machine [15]. In order to
understand the role of the grid-forming control gains in the stability limit, we perform a parametric study
with the my,, varying from 1% to 5%. The results are presented in Fig. 13.

It is clear that the droop gain has little influence on the maximum allowable power ratio, because even
though it moves the critical eigenvalues in the complex plan, the intersection between the imaginary axis
and the rightmost eigenvalues is reached for Pg &~ 45%. On the other hand, when the AVR dynamics are
neglected, the system remains stable for all the values of m,,, we considered.
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Fig. 11. Participation factors of the A12,13 and \1g,19 modes for different values of Pr with the VSC in grid-forming droop
mode and Zeq = 0.33 p.u.
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Fig. 12. Modal analysis results for different values of z¢q with the VSC in grid-forming (droop or VSM) mode and Pr = 0.45.
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This result confirms the conclusions drawn in Sections 3.4.1 and 3.4.2, on the role of the outer power
control loop and the AVR of the SM on the critical modes of the system. In addition, we also studied
the impacts of the low-pass filter cutoff frequency we power. Since this parameter has no impacts on the
eigenvalues, we did not display the results in this paper.

3.5. Comparisons and penetration limit assessment

In order to summarize all the results we obtained for the different VSC control strategies, for different
values of the line reactance on the SM and the power ratio, we plot in Fig. 14 the maximum allowable, i.e.
stable, power ratio. This gives an indication about the influence of x., on the system stability. For PLL-
based strategies (grid-feeding and grid-supporting), the longer the line, the lower the maximum allowable
power ratio. This is an intuitive result since the system stability relies on the PLL algorithm, which is
sensitive to the electrical distance to the voltage sources [8]. For grid-forming controls, the impact of the
electrical distance is such that the closer the PE is to the SM, the less stable the system becomes.

M Grid Feeding U
B Grid Supporting
[Grid Forming Droop/VSM||

e
[=2)
T

o
o
T

<
=

Power Ratio (no units)
[=1 [=1
) Y

o
=

Teq = 0.50 Teq = 0.40 Teq = 0.33 Teg = 0.29 Teqg = 0.25
Line reactance (p.u.)

Fig. 14. Maximum allowable power ratio with respect to the line reactance of the system.

To the authors’ best knowledge, this result has not been shown in the literature so far and which could
drive future research on grid-forming algorithms for improving their penetration limits in power systems.
One solution could be introducing a virtual impedance control, as in [14], to electrically “move away” the
VSC. However, this control would weaken the PCC voltage stiffness because it would bring farther the
voltage source connected to it. Besides, since the electrical distance plays a small role in the stability limit,
as described in Fig. 14, it may weaken the grid while bringing no real improvements in terms of small-signal
stability.
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In addition, for longer lines with z., > 0.45 p.u., the grid-supporting strategy tends to be less stable than
the grid-feeding one. As the equivalent voltage source becomes farther, the PLL synchronizes to the grid
with difficulty. In fact, the droop actions from (3) is responsible for destabilizing the system.

4. Validation by Simulations

In Sections 4.1 and 4.2, we run time-domain simulations using the nonlinear state-space model developed
in Section 2 to verify the modal analysis results given in the previous section. In Section 4.3, we study the
stability limit assessments in the case of a multi-machine grid.

4.1. Influence of the power ratio and the electrical distance

Fig. 15 shows the time-domain simulation results on the system when the VSC is controlled in grid-
feeding for P = 0.1 and Pr = 0.3 with z., = 0.25 p.u., following a 5% step of active power load. They
show that the higher value of Pg results in unacceptable high-frequency voltage oscillations, as predicted
by the modal analysis on the stability limits in Fig. 7. Next, we focus on the dependency of the maximum
allowable Pr on z., to quantitatively confirm the results of the modal analysis. We launch a simulation for
Pr =0.25 and 2., = 0.25 p.u. and introduce a line disturbance such that the line inductance increases up
to £eq = 0.3 p.u. The evolution of PCC voltage and frequency following this contingency are given in Fig
16. It shows that only the system with the VSC in grid-feeding becomes unstable, which confirms the modal
analysis results in Fig. 14. In addition, a large overshoot and a longer settling time can be observed when
the VSC is controlled in grid-forming than in grid-supporting. This can result from the self-synchronizing
capability of grid-forming techniques. Indeed, with grid-forming, we observe two equivalent oscillators, i.e.
the machine and the converter that oscillate together to reach a consensus, whereas in the grid-supporting
case, the two oscillators show a leading-following relation: the VSC “follows” the SM oscillations, hence
much less interferences. On the other hand, regarding voltage stability, thanks to its explicit inner voltage
control loop, the grid-forming ensures better performances than the grid-supporting, which uses the reactive
power /voltage droop given in (4).
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Fig. 15. Evolution of the PCC voltage magnitude and grid frequency following an active power load step at ¢t = 20 s when
the VSC is controlled in grid-feeding mode for different Pr and xeq = 0.25 p.u.
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4.2. Influence of the AVR dynamics

To clarify the relationship between the AVR dynamics and the instability of the system when the VSC
is in grid-forming mode, we perform two time-domain simulations for Pr = 0.5 and z., = 0.33 p.u., with a
5% step in the load’s active power as the disturbance. The simulation results given in Fig. 17 show that the
system is unstable when the AVR is taken into account, whereas it remains stable when the AVR dynamics
are neglected.

— Without AVR dynamics
|- | —— With AVR dynamics

20 25 30 35 40

20 25 30 35 40
time (s)

Fig. 17. Evolution of the system state-variables when the VSC is in grid-forming droop mode following an active power load
step at t = 20 s, with z¢q = 0.33 p.u and Pr = 0.5.
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This confirms the modal analysis in Fig. 10. Besides, the frequency of the oscillations is rather slow and may
correspond to the undamped low-frequency modes in Fig. 10 in the range of electromechanical dynamics.
If such oscillations are caused by the AVR interactions with the grid-forming control, then the use of Power
System Stabilizers (PSS) could enhance the compatibility of VSC with the remaining SM. The recent works
on penetration limit assessment where the SM is considered with a PSS back this assumption [14].

4.8. Influence of the power system topology

In order to check if the results about the penetration limit assessment given in Fig. 14 can be generalized
to more complex systems, we simulate different scenarii with a multi-machine system. For the validation
purpose, we choose to consider the much more complicated system shown in Fig. 18, obtained by replacing
the SM in Fig. 1 by the 2-area Kundur system defined in [21].

900 MVA 900 MVA

110km

900 MVA 900 MVA

Fig. 18. Modified Kundur’s 4-machine, 2-area system, based on [21].

The Kundur’s 4-machine system is a 3-phase balanced system of symmetric topology with four 900 MVA
SM which was used recently for studying the impacts of power electronics integration in power systems [37].
For the multi-machine system, the VSC model was developed in Modelica language and the Kundur system
is based on the iPSL library [38]. The whole system was simulated using Open Modelica software. The
initial power flow data and the system bases are given in Appendix 3. Here we have considered a 1000 MVA
VSC which corresponds to Pr = 21.7% based on (1). The VSC control mode and the line reactance of the
three cases simulated are summarized in Table 1, in the Kundur system base in order to assess the limits of
stability of grid-feeding controlled VSCs when connected to a high impedance grid. The line resistance r.,
is calculated accordingly as in Section 2.4.1.

Table 1: Different scenarii using the 4-machines, 2-area system

VSC control mode Line reactance z.,

Case 1 grid-feeding 0.005 p.u.
Case 2 grid-feeding 0.5 p.u.
Case 3 grid-forming 0.5 p.u.

For the simulation cases, the VSC operates at p* = 0.7 p.u. to match the active power setpoint used
so far. The load connected to the PCC is modeled as a constant-current source load to consume 700 MW
at the initial voltage. For the grid-feeding cases, the reactive power reference is adjusted to ¢* = —0.065
p-u. in order to match the absorbed reactive power of Case 3. For the VSC control gains in grid feeding,
the control gains are similar to the values from the previous sections. For Case 3 in grid-forming mode, the
only differences from Table 2 are the inner voltage controller gains which correspond to a 1000 MVA VSC
[39] and mg, = 0 in this case study. The VSC in grid-forming mode is operated with a voltage reference
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vrer = v§ where v is the initial value of Bus 8 voltage given in Appendix 3. At ¢ = 30s, we introduce a 400
MW load step at Bus 9. The corresponding results for the 3 cases are given in Fig. 19.

1.1 ) )
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Fig. 19. Evolution of selected bus voltage magnitudes and COI frequency following an 400 MW active power load step at
t = 30s at Bus 9 for different VSC control modes and xeq.

v; corresponds to the it” bus voltage magnitude and Awcor = Wcor — Wre ¢ is the frequency deviation
at the Center of Inertia (COI) which is defined as:

4
1
weor = =1 . o ZHgngi Wi (25)
Zi:l ng‘ Sgi i=1

where S;, =900 MVA, H,, and w; are respectively the rated power, the inertia constant and the rotor speed
of the i*" SM. The slight differences between the voltage setpoints in Figs. 19a to 19d in grid-feeding and
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grid-forming modes are due to the changes between the line impedance (Z¢q,req)-

With grid-feeding, we observe that the bus voltages settle at their steady-state values when z., =
0.005p.u., but show a limit cycle with oscillations at a high frequency when z., = 0.5p.u. Even though the
disturbance was introduced at Bus 9 (see Fig. 19¢) which has the largest voltage dip, its voltage does not
have the largest oscillation magnitude. In particular, the magnitude of voltage oscillations gets larger when
the bus is located closer to the VSC (see Bus 8 voltage in Fig. 19b) which suggests they are caused by the
VSC operating in grid-feeding mode. In addition, these oscillations become less significant near the SGs (see
Bus 2 and Bus 11 voltages in Figs. 19a and 19d). This is in accordance with the claims in Section 3.5 for the
case where the Pg is around 20%. In grid-forming, all the bus voltages are brought back to stable operating
points when z., = 0.5p.u., which shows the robustness of the control with respect to high-impedance grids.

For the frequency response given in Fig. 19e, we observe a smaller frequency dip for Case 2 than Case
1 but this is due to the voltage-dependent nature of the load at the PCC. However, we still observe low
frequency modes in the first two cases, with the frequency of Case 2 less damped than Case 1. In Case 3, the
grid frequency deviation exhibits a better response with a smaller frequency dip and a smaller steady-state
error, thanks to the frequency support of the grid-forming controlled VSC, while in the grid-feeding cases,
the VSC keeps injecting the same power despite the contingency.

5. Conclusions

In this paper, stability issues of AC power network with PE based VSC converters using different control
strategies have been highlighted. Rather than using an AC power system solely based on PE, a simplified
network with both VSC and SM has been considered in order to show the impact of PE on power system
stability. Three VSC control strategies and AVR dynamics of the SM are considered against different values
of the power ratio (VSC power rating over SM) and the transmission line length. The following concluding
remarks can be pointed out:

e For grid-feeding control, it has been shown that, due to the PLL, stability is lost when the PE pene-
tration ratio becomes too high. This issue can be partially mitigated when using the grid-supporting
control, which tolerates a higher PE penetration ratio than the grid-feeding control. In future work, a
complementary study could be pursued to take into account the impacts of the control gains, especially
the PLL, in the stability limits. Additionally, the influence of the electrical distance between the VSC
and SM which has been studied using participation factors has also shown stability issues when the
electrical distance is increased. For real power systems, this problem exists but with less impact since
the grid buses are reinforced through redundant lines.

e For grid forming controls, i.e. droop and VSM, it has been highlighted that the interactions between
the AVR and the VSC control seem to be almost independent of the electrical distance, where stability
issues may be caused by the electromechanical resonance with VSC outer-loop controls. In this case
the authors would suggest to extend the use of the PSS as a potential solution. This could be done
in future work knowing that the interactions between VSCs and SMs may change when considering
multiple-bus AC power systems with different types of SMs.

In Section 4.3, time domain simulations were carried out in a multi-machine system. However, the conclu-
sions of this study could be tested in the future with even more realistic power systems where the distribution
of the SMs and VSCs corresponds to the energy needs and resources. In future work, stability analysis meth-
ods based on attraction regions tools [40, 41] could provide complementary results for understanding the
limits of power electronics penetration in AC grids. Moreover, it will be essential to consider the DC-side
dynamics of the VSC when studying the overall dynamics of the AC network with the constraints from
these new power sources with the role of grid-forming, an aspect that has been up to now rarely addressed
in literature.
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APPENDIX
1. SM modeling

In the following, the differential equations are presented in the dg-frame with the g-axis aligned with the
rotor.

1.1. Voltage dynamics

The SM is supposed to regulate its voltage v, at its reference v* at the connection point. This function
is realized by the AVR, which is composed of a lead-lag filter controller and an AC exciter model, as:

T. - A0+ Av =Ty, 0. + v, (26)
Ta“fjfd—l—vfd =kq - v, (27)

where Av = v* — ||vy]|,, Tp and T. are the time constants of the lead-lag filter, T, the exciter time constant,
kq the exciter gain and vyq the field excitation voltage. It is important to note that the dynamics of PSS
(Power System Stabilizers) could also have been taken into account, as in [14]. But, since the PSS enhances
the system stability and does not reflect the behavior of standard SM with classical AVR schemes, it is not
included in our study.

To excite the machine, the AVR uses the field excitation voltage, v¢qs. The dynamics are modeled as:

Ad = Woase - (Vgd — Tfd - ifa) (28)
Lfdfd'ifd:/\fdJFLafd'iZ (29)

where 74 is the rotor winding resistance, isq the field current, A¢q the field flux, Lyqrq and Lypq are
respectively the self and mutual inductances of the rotor and wp,s. the system fundamental angular frequency.
Using the magnetic couplings between the rotor and the stator, the field current 44 is related to the stator
armature current igq, via the stator flux \% as:

2\ = —Ld-ig-i-Lafd “ifq (30)
M =—Lg- ig (31)

The relationship between the stator flux and the terminal voltage vgq, as described in [32], with the
copper losses, modeled with the resistance r, is given as:
=X —r,- ig

=X —r,- i (33)

v

Q@ Qa

v

The electrical power is given by P. = A% -9 — \? . i, which neglects the copper losses in the stator.
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1.2. Frequency dynamics
The swing equation is related to the dynamics of the rotor speed, and thus of the grid frequency, wg.
The rotor angle, denoted by §, corresponds to the integral of the frequency:
2-H -Awg+D-Awyg =Py, — P (34)
5 = Wpase - (Wrep + Awg) (35)

where wy..s is the grid reference frequency in per unit. The primary frequency control of the machine is
realized by a droop controller as:

1
Py gov = P, — - Awg = P; + AP, (36)
d
where Py, 400 is the mechanical power at the governor input. The SM mechanical dynamics, which include
the governor and turbine dynamics, are given in Fig. 20, with P, 4, being the mechanical power at the
turbine input.

Pr,gov 1 Prn.(urt th Trp-s+1 P,
Ty-s+1 N (Ten-s+1)(Trn-s+1)
Governor Turbine

Fig. 20. Transfer function of the governor and turbine model from [3].
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2. Numerical values of the test system

Table 2: Numerical values of the system for the simulations.

SM VSC
Te 1s Kpo 50 p.u.
T 12's Kqo 0.2 p.u.
T, 0.04 s Dref 0.7 p.u.
ka 0.0745 p.u. Qref variable
Trd 0.0006 p.u. Vref 1 p.u.
Lqya 1.66 p.u. kip 20 rad/s
Lfdfd 1.825 p.u. We,power 31.42 rad/s
Lg 1.81 p.u. Mpw 2%
L 1.76 p.u. H. 795.8 ms
Ta 0.003 p.u. D, 50 p.u.
H 2.9 s Mgy 0.1%
D 1 p.u. cy 0.066 p.u.
Td 5% Iy 0.15 p.u.
Ty 0.2s Ty 0.005 p.u.
Frp 0.3 p.u. kiv 2.1008 rad/s
Trn 7s kpo 0.0294 p.u.
Ten 0.3s ii 477.5 rad/s
v* 1 p.u. kpi 0.6635 p.u.
P, variable ki pu -3603.6 rad/s
Whase | 314.16 rad/s | kp pu -120 p.u.
Wref 1 p.u. We,pll 200 rad/s
Line Load
X/R | 10 Pioad 385 MW
Ubase | 24 kKVLL Qioad 50 MVAR
Stase | 550 MVA

3. Simulation conditions of the Kundur 4-machine, 2-area system

The different values of the initial power flow are given below in the base system where Upqse = 400kV,
Shase = 100MVA and fpese = 60Hz. The inertia constants are H, = H,, = 6.5s and Hy, = H,, = 6.175s.
More details about the simulation parameters can be found in [21]. The synchronous generator model is
based on a round rotor model from the iPSL library [38]. The AVR is modeled with an excitation system
SEXS and coupled with a type II PSS. The governor is a G1 type model.

Table 3: Power Flow data of the Kundur 4-machine, 2-area system

bus # 1 2 3 4 5 6 7 8 9 10 11

v (p.u.) 1.03 1.01 1.03 1.01 1.007 0.98 0.96 0.95 0.97 0.98 1.009

0(°) 20.27 10.51 -6.8 -17.0 13.8 3.71 -4.69 -18.5 -32.15 -23.7 -134

P(MW) 700 700 719.1 700 0 0 -967 0 -1767 0 0

Q(NIVAR) 185.0 234.6 176.0 202.1 0 0 +84.7 0 +230.2 0 0
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