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Abstract—The paper addresses the stability of modern voltage-
source-converter-dominated power systems, which are experi-
encing a progressive phase-out of conventional generation. An
essential system model is used to capture the fundamental
system dynamics, to conduct a thorough mathematical analy-
sis and understand the principles governing network stability
in converter-dominated power systems. A detailed analysis is
developed to identify the stability limits of this system when
voltage source converters operate in grid-following mode. A
complete mathematical linear model including the dynamics of
the network elements is used to identify these stability limits.
Based on this model, a detailed assessment of the influence
that the voltage source converter controllers have on the system
stability is performed to identify potential stability and reveal
the main mechanisms of interaction. Then, a study to identify
the minimum synchronous generation to ensure system stability
is developed, including analytical expressions of some critical
system poles. The mathematical results obtained are validated
with a complete non-linear simulation model of the system.

Index Terms—Synchronous generator, voltage source converter
(VSC), VSC-dominated power systems

I. INTRODUCTION

HE increasing penetration of renewable energy in the

power system is resulting in a high number of power elec-
tronics units, in particular Voltage Source Converters (VSCs),
connected to the grid [1]. Such increase of renewable gener-
ation will motivate a progressive phase-out of synchronous-
generator-based power plants, leading to a reduction of the
short-circuit current and inertia of the system [1]. Additional
power electronics units for transmission and distribution ap-
plications, such as HVDC links, FACTS or energy storage,
are also contributing to increase the penetration of VSC-based
elements.

Power system dynamics will be increasingly dominated by
VSC controllers, posing new challenges on the system stability
[1]. Thus, in a VSC-dominated power system, a new breed of
interactions might appear between different network elements,
requiring further studies and new methodologies to assess the
system stability. While these issues are going to appear in most
modern power systems, small systems (such as geographical
islands) are expected to be the first to experience these stability
challenges.

Part of the aforementioned issues have been addressed in the
fields of weak grids and low inertia systems. In terms of weak
grids, several studies have addressed the impact of the PLL [2],
[3], interactions between outer control loops of the converter
[4], [5] and possible resonances between the converter control
and the grid impedance [4], [6]. Several VSC control strategies
have been proposed to enhance the converter response in such
conditions, e.g. power synchronization control [7] or advanced
vector control [5]. Other articles illustrate the importance of

providing frequency support from converters when connected
to a low-inertia system [8], [9].

Currently, operation of VSCs connected to the grid is
mainly based on grid-following controls. Such operation might
compromise the system stability for a high penetration of
power-electronics units. As an alternative, grid-forming con-
trols have been suggested to improve the system stability
and enable a 100% penetration of converter-based elements.
A number of control approaches for grid-forming have been
presented in the literature [10]-[14]. However, the penetration
limits of VSCs operating with grid-following control must
be identified before the transition to grid-forming operation.
Therefore, the interactions between the grid-following VSCs
and Synchronous Generators (SGs) must be well understood
as well as the minimum SG share to ensure system stability.

The stability of power systems including both VSCs and
SGs has been analyzed in [15]-[19]. Potential interactions
between VSC voltage control and the SG exciter are analyzed
in [15] through an eigenvalue analysis while the size of the
VSC is progressively increased. Also, the relationship between
reactive power and rotor angle stability with high penetration
of wind generation is studied in [16]. Grid-following controls
with frequency droop control and virtual inertia are analyzed in
[17] for different scenarios replacing SGs by VSCs. Moreover,
in [18], [19] a sensitivity analysis of the stability is presented
depending on the converter penetration, line length and SG
model simplifications. However, a full sensitivity analysis
of the VSC control parameters for different grid-following
operational modes has not been detailed in the literature.

This paper presents a stability analysis of systems with
high VSC penetration, considering grid-following operation
and a reduction of the SG share. While the previous references
provide interesting results on the effect of the SG share in a
system dominated by power converters, this article provides a
deeper insightful analysis to understand the limits of the grid-
following operation. In particular, the following contributions
can be summarized as follows:

« Study the impact of different grid-following VSC controllers
(active power control, voltage control, frequency control) on
the system stability.

o Detailed analysis on the impact that a progressive SG
reduction has on the stability of VSC-dominated power
systems, considering grid-following VSC controllers.

o Derivation of a comprehensive analysis to assess stability
and reveal the main mechanisms of interaction, based on an
essential system model.

« Interaction assessment considering the combination of an
eigenvalue analysis (including a color group classification)
and a participation factor interaction matrix.
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« Analytical derivation of some of the critical system poles
when SG is reduced. A simplified expression is obtained to
calculate the stability limit in such conditions.

The article is structured as follows. In Section II, the
essential model to develop the detailed stability analysis is
derived (linear and complete non-linear models). This model
is used in Section III to assess the impact of VSC controllers
in network stability and in Section IV to obtain the minimum
synchronous generation required. Section V discusses the main
findings of the article.

II. SYSTEM DESCRIPTION AND MODELING

The studied system is based on a small AC grid with SGs
and a high penetration of VSCs, i.e. VSC-HVDC links, wind
and photovoltaic power plants, as shown in Fig. 1. Specifically,
the essential model that represents the fundamental dynamics
of such system consists on an SG, which is an aggregated rep-
resentation of all the thermal-based generation, a VSC, which
aggregates all the VSC-based elements and an aggregated
power demand. Several publications have proposed methods
to study aggregated models of SGs [20]-[22] and VSCs [23]-
[26], which are mostly based on identifying the coherence
among the different units. This topic is beyond the scope of
this paper and the SG and VSC parameters are based on single
units.

VSC-dominated

VSC-HVDC link

AC grid

(a) General scheme

T; Line éid t
VSC Load SG
(b) Essential model

Fig. 1. Studied system with high VSC penetration

Two different models have been implemented with the
previous components: a complete non-linear model to perform
time domain simulations and a linear model to develop the
mathematical analysis. The model is divided in three sub-
systems, SG, VSC and AC grid, which are detailed in the
following subsections. Also, the complete linear model is
described.

A. Synchronous generator

The SG representation contains a generator model, an
excitation system, steam turbine dynamics and a governor, as
shown in Fig. 2. A power system stabilizer is not considered
in the SG model since its control design is highly dependent
on the oscillations of particular system.

1) Generator: the electrical circuit of the SG is represented
as a round rotor, including six winding circuits, which are
expressed in the SG Reference Frame (SG-RF) [27]: the ¢
and d stator windings, the field winding in the d-axis and
two ¢ and one d damper windings. Also, the SG mechanical
dynamics are represented as single-mass model, with an inertia
constant J.

Governor
&
Turbine

Fig. 2. Equivalent representation of the SG

2) Exciter: the exciter is based on the IEEE model AC4
[28], which is represented as:

_Tcs—l—l K
T Tps+1Tas+1 7¢

where 15 and T are the lag and lead time constants and
K4 and T4 are the gain and time constant of the regulator.
The constant Ky is used to represent field magnitudes in the
stator circuit and is expressed as Ky, = (R}/L%,)V,.

3) Governor and turbine: the governor includes a fre-
quency regulator based on conventional frequency-power (f-P)
droop control, as shown in Fig. 2. The steam turbine includes
a high pressure turbine, a reheater and a low pressure turbine
[29] and is modeled as:

Gewc(s) (])

2

K 1
Gturb(s) = <KHP + Le )

Trrs+1 ng
where Kyp and K p are the fractions of the mechanical

torque applied by the high and low pressure turbines respec-
tively and Ty is the time constant of the reheater.

B. VSC control

The VSC model contains a conventional vector control [30],
including a Phase-Locked Loop (PLL), an inner current control
loop, active power and AC voltage outer control loops and a
frequency control, as shown in Fig. 3. The converter control
is implemented in the VSC Reference Frame (VSC-RF) using
qd variables.

b
uabe P

Fig. 3. VSC control scheme

1) Phase-locked loop: the PLL is required to track the
network voltages and ensure an adequate control of the VSC.
This PLL aligns the VSC-REF to the g-axis of the SG-RF with
a PI controller Gpy;(s). The output of this controller is the
estimated grid frequency, wpy;, which is integrated to obtain

Page 2 of 10
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the angle of the VSC-RF, 6,;. In the non-linear model, 8,; is
used to obtain gd variables applying the Park transformation.
The transfer function of the PLL controller is:

ki_
Gpu(s) = kp—pu + ol

3)

where k;,_p;; and k;_,;; are the proportional and integral gains
of the controller, which can be calculated based on the AC
voltage amplitude and the bandwidth of the PLL [31].

2) Current control loop: the inner current control loop is
implemented using two PI controllers, G;(s), and decoupling
terms, wpy L., as shown in Fig. 3. The PI controllers are
designed based on the Internal Model Control (IMC) method
[30], which defines a first-order response with a time constant
7;. This time constant is normally set in the few milliseconds
range. Then, the PI controllers are expressed as:

ki*i Lc c
v kpi=—, ki_i:}i “)

Ti Ti

Gi(s) = kp—i

The delay of the voltage modulation is introduced as a first-
order function, T};.;, with a time constant 7,,.

3) AC power and voltage control: these loops are based
on PI controllers, Gp(s) and Gy (s), respectively, as shown
in Fig. 3. The controller outputs correspond to the current
references of the inner control loop. Also, two first-order
filters, with time constants 7p and 7y, have been added to
the power and voltage measurements, represented as 7'p and
Ty in Fig. 3.

4) Frequency control: the frequency support is imple-
mented as a conventional f-P droop control. The droop char-
acteristic, ;, and gain, K, are defined as [29]:

A S
w(%) 100, K= vsc

AP.(%) wp R

where Aw is the frequency variation associated to the power

variation AP,, Sy gc is the VSC rated power and w, is the
nominal frequency. Then, the reference power is:

R(%) =

®)

P! =Ky (wn — wpn) + I (©)
where Pr¢f is the reference power at wy,.

C. AC grid modeling

The AC grid model includes all the system impedances and
a load. The converter filter is modeled as an RL circuit, as
shown in Fig. 1b. The AC line interconnecting the SG and
the converter is also modeled as an RL equivalent, which is
sufficient to represent a short distance line in a small system.
The load is represented as an equivalent resistance, which
represents a power demand at the nominal AC voltage.

D. Complete linear system

The complete linear system is represented in two rotating
reference frames, such that the AC grid and the SG are
expressed in the SG-RF while the VSC control is expressed
in the VSC-RE. The variables in the SG-RF, z9¢, can be
expressed in the VSC-RF using the following rotation:

Az =T, (Aajq, Az, Aeg)T @)
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T <cos (eg,) —sin(eg,) —sin(eg,)zd — cos (eg,) x6 ‘i)
°" \sin(eg,) cos(es,)  cos(eq,)xd — sin (eq,) 28
®)
where 299 are the variables in the VSC-RF, T, is the
linearized rotation matrix, ey is the angle difference between
the SG-RF and the VSC-RF. The variables with subindex 0
refer to the initial value at the linearization point. Analogously,

an anti-rotation matrix is used to express x99 in the SG-RF:

1 (A2, Az, Acy)” )

Azi? =T
1 cos(eg,) sin(eg,) —sin(eq,)d® + cos(eq, )z
TC = . de

—sin(eg,) cos(eg,) — cos(eg,)xd® — sin(eq,)
(10)

The angle difference between both RFs is obtained as:
Aeg(s) = (Awpi(s) — Awy(s)) /s (11)

The PLL can introduce deviations in the estimated grid fre-
quency wy,;, specially during voltage transients, which results
in an angle disturbance between both RFs in (11).
Combining all the previous subsystems, a complete linear
model of the system is obtained, as shown in Fig. 4. This
linear model is expressed as:
Az = AAx + BAu
Ay = CAx + DAu

where Ax, Au and Ay are the variations of state, input and
output vectors. In particular, the state vector x is defined as:

12)

VvSC
Iysc Leont PLL Od,f Peont Veont
x = (id, C,Selq,Sezd,Sep”, Seg,Sep,F/]/p Sey, Flilty,
-d -d .
’U((317/Uc See:vC7Uf7 salsalfulkvljl /A)asTmawg)
——\ , ——
Delay Exc Isg Mech
——
VSC SG

(13)
which represents the variables of the SG and VSC from Figs. 2
and 3. It should be noted that e refers to the error between a
variable and its reference value and S refers to the integral of
a variable. The input vector u is defined as:

w= (Ra, P/, V2o, P v) (14)

poc)

where R, is the equivalent load resistance, 7/ and Vo ar
inputs of the VSC control and 7 ”’/ and V* are inputs of
the SG control. The output vector y can be chosen arbitrarily

depending on the variables to observe.

VSC-RF A SG-RF AV
QA
ol AP Avf

AP

Frequency
control

ref
. Aeg AR, Av?
PLL}—2% d
G AC Grid|2%° | sG
¢ 2 Aw,
. Aey  Avil|Aigd ©far
Vol AV oc 0 poc @ m
Avgfj C((J)Iltfi'gle ’ Avgfff # Governor,
Aitcldc F APQBL’ Turbine

Fig. 4. Linear model of the system with SG and VSC

The linear model in Fig. 4 has been validated with the
complete non-linear model. Fig. 5 shows the response of both
models after a load variation of 1%, showing the adequacy of
the linear model.
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Fig. 5. Simulation results of the non-linear and linear models

III. IMPACT OF VSC CONTROL

In this section, potential interactions between the VSC
and SG are identified due to modifications of VSC control
parameters. The study is based on an eigenvalue analysis from
the small-signal model of the system, providing information
about the poles, i.e. frequency and damping of the modes,
and the participation factors (PFs) of the system [32]. A
comprehensive analysis of the potential system interactions
is developed based on the following factors:

« Participating variables: coupling between SG and VSC,
i.e. interaction, is considered when the PFs associated to
variables from both elements are high enough.

o Damping: low-damped modes are related to critical poles.
Negative-damped modes, i.e. poles with positive real part,
show system instabilities.

« Pole sensitivity: the location of a pole can be sensitive to
the modification of control parameters even if the PFs of
those control variables are low.

The poles have been represented with different colors ac-
cording to the variables with the highest PFs, as shown
in Fig. 6a. The PFs have been normalized between O (no
participation) and 1 (maximum participation) for each mode.
Then, it is assumed that variables have a significant effect on
a mode when their PFs are greater than 0.3. Also, the PFs are
represented in a matrix format where the variables are grouped
as shown in (13). Each component of the matrix represents
the PF values for several control parameter variations (to be
read from left to right inside the cell). The PF values are
expressed using a grayscale color code, ranging from white
(no participation) to black (maximum participation). This is
shown in Fig. 6b, where n conditions correspond to an increase
of a control parameter k.,,; from ki, t0 Kppgs-

4

Simple colors Combined colors

® VSC Currents | ® VSC Currents + VSC Control
VSC Control ® SG Currents + VSC Currents
® SG Currents SG Currents + VSC Control
SG Exciter SG Currents + VSC Currents + VSC Control
® SG Mechanics SG Currents + SG Exciter
SG Exciter + VSC Control
® SG Currents + SG Exciter + VSC Control
® SG Currents + SG Frequency
® SG Currents + SG Frequency + VSC Control

(a) Pole colors depending on variables with high participation

Group| Var |Polel|Pole2 k"w -PF};’_al}Te
i
Wi - T I
a1 i — -1l I Medium
Var2 Cases Low

(b) PF matrix representation according to variation of Kcont

Fig. 6. Description of the results

Fig. 7 shows four case studies, implementing different VSC
outer loops explained in Section II. Case 1 represents the
VSC with a basic control scheme, including the PLL, inner
current control and outer active power control. Voltage and
frequency control loops are gradually introduced in Cases 2-
4. The impact of the control loops is analyzed by modifying
the controller parameters. In particular, the parameters of the
control loops marked in gray in Fig. 7 are modified for each
case study. All case studies are based on the parameters in the
Appendix.

\I— Nt N

:I Case 1 \::I | Case 2 :: Case 3 :: Case 4 !
1 n 1] n 1
A e R R T
1 1 1 1

! | i control | :: | i control | :: | i control | :: | i control | .

: |P controll :: |P controll :: |P control | :: |P controll :
n 1] n 1

1

1 1 1 1
A e A e
1
1

n :: | f control | :: | f control | :
AN AN ;

Fig. 7. Control loops implemented in the case studies
A. Case 1. Power control

The effect of modifying parameters of the active power
control is analyzed in Case 1. The PI control parameters are
scaled using the variable ap, which is increased from 0.1
to 1 with variations of 0.1. Fig. 8a shows the pole diagram
and Fig. 8b shows the PF matrix following the variation of
ap. The modification of power control parameters only affects
the mode associated to active power. This is observed from
pole 14, which has a high participation of the group P,,,; in
Fig. 8b. The remaining poles are not sensitive to the power
control variation. Also, three potential interactions between
the generator and the converter are identified. This is observed
from poles 5 and 6, which show a high participation of groups
Isa, Ivsc and Delay, poles 7 and 8, with high participation
of groups PLL and Igq, and pole 14, with high participation
of groups P.on: and Igq.

Table I summarizes the pole information shown in Fig. 8§,
which is considered as a reference case. Most of the poles
represent non-oscillatory modes or low frequency oscillations,
while only three pair of poles represent supersynchronous
modes, i.e. frequencies above 50 Hz. Modes with the lowest
damping are related to SG mechanics (poles 18 and 19) and
PLL (poles 7 and 8). However, these modes do not cause
significant oscillations due to the high damping level (>0.48).

Page 4 of 10
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case. Excluding the reactive power consumption of the line,
the remaining reactive power provided by the converter is
compensated by the SG, causing the interaction between both
elements. In a more complex and meshed grid, this interaction
may be avoided as the reactive power provided by a VSC is not
compensated by a single SG and could be shared by different
elements of the system.
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Fig. 8. Results of Case 1: (a) Pole diagram; (b) PF matrix o PF
Delay —
TABLE I £ I
POLE CHARACTERISTICS IN CASE 1 Exc 5” - - 04
i
Pole | Group/s  Oscil. Freq. Damping ratio  Interaction i tj
1,2 Delay 55 Hz >0.99 - I, Zd Lo.2
3,4 Isg 102 Hz 0.846 - il
5,6 Tvsc, Isa 58 Hz 0.934 Yes s m
78 | PLL, , Isg 30 Hz 0.518 Yes Mech 752 AR .
9 Filtp 0 Hz | . 0
10 Exc 0 Hz 1 - ()
11 Isg 0 Hz 1 - Fig. 9. Results of Case 2: (a) Pole diagram; (b) PF matrix
12,13 Leont 0 Hz 1 - C. Case 3. Power and frequency control
14 Peont, Isg 0 Hz 1 Yes ] _ _
15 Isg 0 Hz 1 - The impact of the VSC frequency control is analyzed in
16,17 | Exc, Isg 0.16 Hz 0.704 - Case 3. The f-P droop characteristic of the converter R is
18,19 Mech 0.09 Hz 0.431 - modified, considering the following values: 100%, 50%, 25%,
20 Isg 0 Hz 1 - 10%, 5%, 4% 3%, 2.5%, 2%, 1.5% and 1%. Below 5%,

B. Case 2. Power and voltage control

In this case, the AC voltage control is added to the VSC.
The PI control parameters are scaled using a variable ay,
which is increased from O to 1 with variations of 0.1. The
VSC voltage control introduces two new poles in the system,
poles 21 and 22 in Fig. 9a. An interaction between the VSC
voltage control and the exciter is identified, which corresponds
to an oscillation mode with frequency in the range of 0.01 Hz
and high damping (>0.9). This interaction is represented by
poles 20 and 22, which becomes a complex conjugate pair
while ay is increased. Also, the PF matrix in Fig. 9b shows
that these poles have a high participation of groups V_,,; and
Ezxc.

This interaction could be understood from the reactive
power exchange between the VSC and the SG. The VSC
voltage control provides the reactive power needed to regulate
the POC voltage at the desired level, e.g. 1 pu in this

more R values are tested since the pole sensitivity is higher,
as shown in Fig. 10a. When the VSC frequency control is
introduced, two main effects have been identified:

o The grid frequency is coupled with control or electrical
variables instead of the mechanical torque of the turbine.
o PLL and power control of the VSC interact with the SG.

Initially, the grid frequency wy is coupled with the mechan-
ical torque of the SG turbine, as in Case 1. Then, when the
contribution of the VSC frequency control is increased, i.e. R
is reduced, wy is coupled with the SG currents, which results
in a faster wy response. This is observed from poles 14 and 18
in Fig. 10b. Poles 18 and 19 are related to the group Mech
for R values higher than 10%, i.e. low contribution of the
VSC frequency control. Then, when R is reduced, pole 18 is
coupled with other poles (first with pole 20 and later with pole
15), becoming complex conjugate poles, which results in an
oscillatory mode with high participation of w, and the group
I5¢:. This oscillation mode presents similar frequency as the
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Fig. 10. Results of Case 3: (a) Pole diagram; (b) PF matrix

mechanical poles in Case 1. Finally, when R is even lower,
pole 18 becomes complex conjugate with pole 14, which was
related to groups P, and Isc. As a result, wy is related to
an oscillation mode with higher frequency (around 1 Hz) and
high participation of electrical and control variables of groups
Pcont and ISG~

This interaction reveals the relationship between the active
powers of the SG and the VSC and grid frequency. A VSC
with a high contribution to frequency support will compensate
any load variation, avoiding grid frequency deviations. This
leads to a faster response of the grid frequency, as it depends
on the VSC power instead of the mechanical torque of the
machine.

In addition, the interaction between PLL and power control
of the VSC and the SG is also affected due to the introduction
of the VSC frequency control. This can be observed in poles 7
and 8 in Fig. 10b, which present a high participation of groups
PLL, P.,,: and Isg. The frequency of this oscillating mode
is around 30 Hz with a damping greater than 0.5.

This interaction is caused by a closed loop in the VSC
control, which contains the PLL, the frequency control and the
power control. The PLL is aligned to the d-axis of the grid
voltage, providing the estimated frequency w,;; which is used
in the frequency control. As a result, a variation of the grid
voltage may lead to an wp; deviation, causing a disturbance
in the converter power that can be extended to the rest of the
system.

Another interaction arises between the VSC and SG cur-
rents, observed from poles 3 and 4. However, this interaction
is not significant since the associated damping increases as the
contribution of the VSC frequency control is higher.

6

D. Case 4. Power and voltage control and frequency support

Fig. 11 shows the results obtained when all the control
loops are included. In this case, only the frequency control is
modified, since the poles are more sensitive to the parameters
of this control loop. Then, R is modified as in Case 3 and ay,
is equal to 1. This scenario combines the effects observed in
Case 2 and 3:

o The VSC voltage control interacts with the exciter (poles
20 and 22).

o PLL and power control of the VSC are coupled with SG
currents (poles 7 and 8).

o The grid frequency is coupled with the SG currents (poles
16 and 17).
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Fig. 11. Results of Case 4: (a) Pole diagram; (b) PF matrix

IV. MINIMUM SYNCHRONOUS GENERATION

In this section, the minimum synchronous generation re-
quired to ensure stability is identified. The SG share is reduced
gradually until the system becomes unstable. Such SG share is
defined as the ratio between the SG rated power Sg¢ and the
total rated power generation in the system Sy = Sgg+Svsc.
Initially, Ssa is 500 MVA, which corresponds to a SG share
of 50%, based on the data in the Appendix. The minimum
Ssc is evaluated for the case studies in Fig. 7. In all cases, it
is assumed the SG active power is maintained at 70% of Sg¢.
Also, analytical expressions of the critical poles are studied.

A. Case 1. Power control

The rated power of the SG is reduced from 500 MVA to
50 MVA with variations of 50 MVA. Also, two more values
of Sgq are tested: 25 MVA and 10 MVA, which correspond
to SG shares of 5% and 2% respectively. The system remains

Page 6 of 10
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stable even for low SG shares, as shown in Fig. 12. Reducing
the SG power mainly modifies its internal impedances, leading
to large changes in the dynamics of the SG currents. This is
observed from poles related to the SG currents, specially poles
3 and 4, which become very low damped, but none of them
is positive.

A non-linear simulation has been performed in order to
validate these results. The rated power of the SG has been
set to 25 MVA, i.e. an SG share of 5%. The system remains
stable after a load change of 1% at 5 s, as shown in Fig. 13. As
the VSC does not provide any support, all the power demand
increase has to be compensated by the SG, leading to a high
frequency reduction. Then, despite the small-signal analysis
does not find any instability, the system cannot operate with
such a high VSC penetration in PQ mode since any variation
in the power demand could cause an excessive frequency
reduction.

2
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Fig. 12. Pole diagram of Case 1 when Sgg is reduced
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Fig. 13. Time domain results of Case 1 with a SG share of 5%

B. Case 2. Power and voltage control

In this case, Sg¢ is reduced from 500 MVA to 50 MVA with
variations of 50 MVA. The stability limit is identified between
35 MVA and 30 MVA (6.5% and 5.7% of SG share). Such
limit corresponds to the interaction between the VSC voltage
control and the exciter identified in Section III-B (poles 20
and 22 in Fig. 14), which leads to a non-oscillatory angle
instability [29].

A reduction of the SG share implies an increase in the VSC
active power injection, which causes a larger voltage drop
through the line that connects the converter to the SG and
load. Since the VSC regulates the POC voltage, reactive power
from the converter must be increased. Then, as mentioned in
Section III-B, the reactive power compensated by the SG also
increases. A high reactive power exchange in the SG leads to
an increase of the internal angle of the generator g, which
results in a reduction of the SG synchronising torque. An
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angle instability is produced when the synchronising torque
is not enough to keep the machine in synchronism. This
relation between the reactive power and angle stability has
been reported in the literature [33]. A similar interaction was
analyzed in [16], where the effect that full-converter wind
turbines have on the SG angle stability was studied.

The instability is validated with non-linear time domain
simulations, presented in Fig. 15. A small variation of V.
reference at the VSC from 0.995 pu to 1 pu at 10 s increases
the SG angle until loss of synchronism when the SG power is
30 MVA. This agrees with the positive real pole 20 in Fig. 14.
It is observed that the system remains stable for a higher SG
power, e.g. 35 MVA. The stability range can be extended with
a proper operation of the converter. For example, keeping the
Vioe reference to 0.995 pu, the system is stable for 30 MVA,
also shown in Fig. 15.
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Fig. 14. Pole diagram of Case 2 when Sgg is reduced
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Fig. 15. Time domain results of Case 2
C. Case 3. Power control and frequency support

In this case, Sgqg is reduced from 500 MVA to 200 MVA
with variations of 50 MVA. Then, below 200 MVA, Sgs¢g is
reduced until instability with variations of 20 MVA for a better
resolution of the results. The value of the f-P droop charac-
teristic R has a great impact in the couplings between the
components, as presented in Section III-C. If R is sufficiently
high, i.e. the VSC frequency control has a low contribution,
the system response tends to Case 1. Therefore, the minimum
synchronous generation required is found for two R values:
5% and 1%.

When R is set to 5%, the system does not become unstable
due to reduction of SG share. It is observed that for a reduction
of the SG share down to 1%, poles 3-4 and 14-18 in Fig. 16a
are very low damped, but the system is still stable.

This is validated with the non-linear time domain results in
Fig.17. The system, with an SG share of 1%, remains stable
after a load step of 1% at 5 s. The converter compensates
the new load and the frequency is kept within proper ranges.
It is observed that the dynamics of the frequency are related
to the active power of both the SG and the VSC and are
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much faster than in Case 1, where the VSC had no frequency
control (see Fig. 13). Then, it is clear that the frequency is
coupled to electrical variables instead of the mechanical torque
of the machine. This interaction was also observed for a high
contribution of the VSC frequency control in Section III-C.
Despite of the good response of the frequency, the reactive
power injected by the SG to control the voltage exceeds the
machine ratings, leading to an unfeasible operational point.

If R is reduced to 1%, interactions between VSC control and
SG cause instability. In particular, poles 7 and 8 in Fig. 16b be-
come unstable when Ss¢ is between 115 MVA and 110 MVA
(18.7% and 18.0% of SG share). These poles correspond to
the interaction between PLL and power control of the VSC
and the SG identified in Section III-C. The participation of
the VSC control is reduced when Sg¢ decreases (poles 7 and
8 become red), but it is still relevant to affect the stability of
the mode.

The SG limits are also validated with non-linear time do-
main simulation in Figs. 18 and 19, where the PLL frequency
fpu and grid frequency f, are compared for Ss equal to
115 MVA and 110 MVA. The system is initialized with a
frequency droop characteristic equal to 1.1%, which is reduced
to 1% at 5 s. When Sgg = 115 MVA, oscillations appear in
the frequency measured by the PLL, but the damping of this
mode is high enough without affecting the grid frequency,
as shown in Fig. 18. However, when Sgg is reduced to
110 MVA, the system becomes unstable. The oscillations in
the PLL frequency observed in Fig. 19 are caused by the
VSC control and are transferred to the rest of the system
through the frequency control and active power control of the
converter. As a consequence, the system becomes unstable and
the grid frequency collapses. The frequency of the oscillations
in Figs.18 and 19 are around 68-69 Hz, which agrees with the
frequency of the mode associated to poles 7 and 8.

These two simulations confirm that the origin of the instabil-
ity is related to the close loop in the VSC control, as discussed
in Section III-C. This close loop is highly dependent on the
VSC frequency droop gain and becomes unstable when this
gain is very high.

D. Case 4. Power and voltage control and frequency support

The rated SG power is reduced from 500 MVA until the
instability limit with variations of 50 MVA. The minimum
synchronous generation required has been found for the same
R values as in Case 3. As in Section III-D, this case combines
the effects of Case 2 and 3. High R values (R = 5%) reveal
a non-oscillatory angle instability, as in Case 2. However, the
stability limit is reached for higher Sg, in particular, between
55 MVA and 50 MVA (9.9% and 9.1% of SG share). Low R
values lead to instability due to an interaction between the
VSC control and the SG as in Case 3. In particular, this
stability limit is between 120 MVA and 115 MVA (19.4%
and 18.7% of SG share).

E. Analytical pole expressions

In this section, simplified models to derive analytical expres-
sions of the critical system poles are obtained. These models
are built including the variables with the highest participation
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Fig. 16. Pole diagram of Case 3 when Ssg is reduced and R is: (a) 5% and
(b) 1%
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for each pole, while the rest of the system is removed. Then,
analytical pole expressions are obtained from the reduced A
matrices of the simplified models.

This methodology has been applied to find the analytical
expressions of the unstable poles found in the previous cases
(1-4). Specifically, when frequency support has an important
contribution (Cases 3 and 4, with R = 1%), critical system
poles can be obtained derived from the simplified A. However,
for the other cases, the suggested reduced A matrix is not able
to fully capture the dynamics of the rest of the studied poles
and a numerical analysis is recommended [32].

For Cases 3 and 4 (with R = 1%), the critical poles (7
and 8) of the system can be described with a simplified model
using four variables: Se,;, Sep, i? and z'ff. Then, the following
characteristic equation is derived from the A matrix associated
to the simplified model:

M+ A3 (pac + K1) + A2 (Kiapae + Ka2) +

15
+A (apacKQ + KSkp—pll) + KSki—pll ( )
- (Lg + L‘gi) (Rg + Rdo)
, Lk (16)
K, = Bot Bao)” | o p | 2weoRi Ky
LZL_Z[ 90 3VpocOLszac

where Tp,. is the time constant of the VSC power control
loop and L{ and Lg are the equivalent SG inductances of the
classical model including the effect of subtransient circuits,
which are defined as [29]:

7 Py G SRS S S
TU\LL L I
1 1 1\
L Ll+<Ld+ +Ld> (18)

Considering that 7, is in the range of tenths to hundreds
of milliseconds, Lg and Lg are equal and in the order of mH,
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and load resistance R4 is much larger than the SG internal
resistance I74, the equation can be simplified as:

A N (K1) + A (Ka) + A (Kskp—pu) + Kski—pu  (19)

2Rd0 R2 2wgoR§0Kf
Ki=—F— K Ko = ——927d0" 7
! Lg , 2T (Ld) * ng? ’ 3VpocOL(giTpac
(20)

The resulting poles are depicted as black ’o’ in Fig. 16b
and 20b and compared to the poles obtained from the full
model. This expression (19) allows to approximately calculate
the stability limit when the SG is reduced, within a 5% of SG
share error deviation.

V. DISCUSSION & CONCLUSIONS

This paper provides an assessment about the stability limits
of a VSC-dominated system considering a VSC with conven-
tional grid-following controls. Two main studies have been
conducted: the impact of the VSC control and the minimum
synchronous generation to ensure stability.

Grid support controls, i.e. voltage and frequency control,
may cause significant interactions between the converter and
SG. However, these additional controls can significantly ex-
tend the stable operation when SG share is reduced. In
particular, this paper draws the following conclusions:

o The system is highly decoupled when voltage or frequency
controls are not included in the VSC control.

« VSC voltage control might be coupled with the SG exciter,
leading to oscillatory interactions at low frequencies, around
0.01 Hz. These interactions result in a non-oscillatory angle
instability when the SG share is reduced below 10%.

o A high contribution of the converter in frequency control
causes interactions between the PLL and power control of
the VSC and the SG, resulting in oscillations in the range
of tens of Hz. Also, the reduction of the SG share may lead
to an instability due to this interaction.

e The f-P droop characteristic R is an essential parameter
to ensure stability with reduced SG share. In particular, R
values around 5% can ensure stability even for low SG share.

« If the frequency support in the VSC is faster than in the
SG, the grid frequency is more coupled with electrical and
VSC control variables rather than the mechanical torque of
the SG turbine.

It should be noted that the instability due to the voltage
control interaction might be affected by the network topology
and the system operation. However, the instability related to
VSC frequency control can be generalized to other cases since
the grid frequency is a global variable of the system.

The stability limits have been determined from a small-
signal analysis, but operational limitations of the VSC and
SG have to be contemplated. Also, other studies related to
transient analysis, such as faults, must be also considered for a
complete assessment of the minimum synchronous generation
required. In addition, other VSC control strategies based on
grid-forming operation should be compared to the grid support
controls used in this paper.
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APPENDIX

The parameters used in this paper are the following:
Synchronous generator: Ssg = 500 MVA, Py, = 70%Ssc. Genera-
tor: Ry =0.003 pu, Ls = 0.15 pu, Lg = 1.66 pu, Ly = 1.61 pu, L}, =
0.7252 pu, R}, = 0.00619 pu, L}, = 0.125 pu, R{, = 0.002368 pu,
Ly = 0.1713 pu, R{ = 0.0284 pu, L} = 0.165 pu, R} = 0.0284 pu.
Exciter: K4 =200, T4 = 0.015s, Ts = 10 s, Tc = 1 s. Turbine:
Kup =025, Krp =0.75, Treg =5 s. Governor: Rsg = 5%.

VSC: Svsc = 500 MVA, R. = 0.01 pu, L. = 0.20 pu. PLL:
kp—pu = 0.0118, k;_py; = 2.358. Current control: 7; = 1 ms, 7, =
100 ps. Power control: 7p = 10 ms, Tpee = 100 ms, k,—p = 0.0066,
ki_p =6.67. Voltage: Ty = 10 ms, kpfv =0.01, k;—v = 10.

Grid: Voltage: V,, = 24 kV. Line: R; = 0.03 Q/km (at 220 kV),
L; = 1 mH/km (at 220 kV), [ = 10 km.
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