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Abstract—This paper investigates how different compensating
devices can enhance the small-signal stability of the system by
means of the phase-locked loop (PLL) in inverter-based resources
(IBRs) operating in grid-following mode. Three technologies are
compared: synchronous compensator (SC), STATCOM operated
in grid-forming (GFr) mode, and static synchronous compensator
(STATCOM) operated in grid-following (GF1) mode. A systematic
control design procedure is proposed for the GFr STATCOM,
combining pole-placement for the inner current loop and phase
margin design for the outer voltage loop. The study relies on
small-signal eigenvalue analysis and time-domain simulations
under transient disturbances. To provide a representative case
study, a doubly-fed induction generator (DFIG) is used as the IBR
device model due to its complex dynamics and direct coupling
between the machine and the grid. Results confirm that both SC
and GFr STATCOM significantly improve the system stability,
whereas GF1 STATCOM provides negligible benefits.

Index Terms—Synchronous compensator, synchronous con-
denser, short-circuit ratio, grid-forming, grid-following, doubly-
fed induction generator, reactive power, inverter-based resources,
PLL stability.

I. INTRODUCTION

HE increasing penetration of renewable energy sources
T (RESs) is reshaping modern power systems worldwide.
RESs are typically connected through inverter-based resources
(IBRs) devices, which inherently lack essential grid-supporting
features such as physical inertia and high short-circuit current
capability [[1]]. While synthetic inertia can be emulated through
advanced control strategies and energy storage [2]], the absence
of rotating mass and limited overcurrent capacity impose
significant challenges for system operators, particularly as
synchronous generation is progressively displaced by IBRs.

To mitigate stability issues under low short-circuit ratio
(SCR) conditions, several technologies have been proposed.
Among them, synchronous compensators (SCs) [3], [4] and
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grid-forming (GFr) converters [S]], [[6] have gained significant
attention due to their capability to support voltage and fre-
quency in the grid [7]. SCs provide natural inertia through
their rotating mass [8]], contributing to frequency stability by
limiting the rate of change of frequency (RoCoF). In addition,
SCs supply high fault currents, which effectively increase the
SCR and improve small-signal stability. However, SCs require
a grid-supplied frequency reference to maintain synchronism
and, in the absence of a prime mover, they cannot operate in
islanded mode.

In contrast, GFr converters can directly impose both volt-
age and frequency at their terminals. When equipped with
sufficient DC-side energy storage, they can provide synthetic
inertia via control strategies such as the virtual synchronous
machine (VSM) [2]. One of their key advantages is the ability
to operate in islanded conditions [9]. Nevertheless, as power
electronic devices, their fault current contribution is limited,
meaning that GFrs converters do not significantly improve the
classical SCR [10]]. Despite this, recent studies suggest that
GFrs converters can still enhance the small-signal stability of
IBR-based systems [6]], [[11].

The interaction between low-inertia systems and stabiliz-
ing technologies has been widely studied. Previous works
have shown that instabilities in GFI-IBRs under weak-grid
conditions often originate from the instability due to phase-
locked loop (PLL) dynamics [[12]]-[15]. In this paper, we define
‘PLL stability’ as the condition where the system’s stability
(or instability) is primarily driven by the PLL dynamics.
SCs have been demonstrated to improve PLL stability by
reducing the equivalent impedance seen by the converter,
effectively increasing the SCR and enhancing stability [3]],
[16], [[17]. On the other hand, GFrs converters can increase
small-signal stability by imposing strong voltage references.
However, systematic guidelines for tuning the voltage and
current control loops of GFrs converters are lacking, and the
parameter selection remains a challenging task.

Several works have compared SCs and GFrs converters
in terms of cost, operational priorities, and dynamic per-
formance [[18]], [[19]. However, none of the aforementioned
studies provides detailed guidelines on how to tune the control
parameters of GFr converters in order to explicitly enhance
PLL stability in GFI-IBRs. Existing approaches for controller
design include pole-placement [20] and virtual impedance-
based strategies [21]], but to the best of the authors knowledge,
no prior work has investigated the tuning of the voltage
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control loop of a GFr converter using phase margin design,
nor analyzed its impact on the PLL stability of a connected
GFr-1BR.

In this work, a comprehensive comparison is carried out
between GFr STATCOMs, SCs, and GFl STATCOMs in terms
of their ability to enhance the small-signal stability of the PLL
in GFI-IBRs. As GFI-IBR, a doubly fed induction generator
(DFIG) is used due to its inherent complexity. Both small-
signal analysis and time-domain simulations are presented to
validate the results.

The main contributions of this paper are:

o It is demonstrated that, contrary to the conventional
understanding, a STATCOM operating in grid-forming
mode can enhance PLL stability of GFl converters, even
though it does not increase the SCR as SCs do due to
converter limited over-current capability.

o A systematic control design methodology for GFr con-
verters is proposed, consisting of phase margin-based
tuning for the voltage loop and pole-placement design
for the current loop. The effect of the phase margin for
a given SCR is analyzed.

The rest of the paper is organized as follows. Section II
describes the system modeling, including the grid-forming
STATCOM, its inner and outer control loops, and the refer-
ence models for the DFIG and the synchronous compensator.
Section III analyzes by eigenvalue analysis the small-signal
stability of the DFIG PLL under three cases: DFIG alone,
DFIG with a SC, DFIG with a GFr STATCOM, and DFIG
with a GFl STATCOM. Section IV presents time-domain
simulations to complement the eigenvalue analysis. Section V
concludes the paper. Finally, the appendices provide detailed
electromagnetic and electromechanical equations for the DFIG
and the SC models.

II. SYSTEM MODELLING

As shown in Fig. [T} the case study of this paper, an IBR
is connected to an infinite grid through a transmission line,
resulting in a given SCR [22]. The IBR considered in this
study is a DFIG, chosen because it represents one of the most
complex IBR models. Unlike full converter-based machines, in
the DFIG the dynamics of the asynchronous machine remains
directly coupled to the PLL, since the stator is connected to the
grid and the DC bus does not provide full decoupling between
the machine and the network.

Previous studies have shown that in weak grids the main
source of instability in IBRs is often associated with the PLL
used for synchronization [14], [15], [23]. Since the DFIG
is operated in grid-following mode, it relies on a PLL, and
therefore becomes vulnerable to instability under such weak-
grid conditions.

To enhance the stability of the DFIG PLL, either a SC or a
STATCOM in GFr or GFI mode is connected at the point of
common coupling (PCC).

The DFIG model corresponds to a 2 MW wind turbine
described in [24], while the PLL implementation is shown
in Fig. 2] Model parameters are provided in Appendix [A]
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Fig. 1. One-line diagram of the system under study: an IBR connected to the
grid through a transmission line, with either an SC or a STATCOM connected
to the PCC.
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Fig. 2. Phase-locked loop block diagram used in this work.

The SC is modeled as a full synchronous machine connected
through a 10% impedance transformer, with data taken from
a commercial unit [25] (see Appendix .

A. Grid-forming STATCOM model

Figure |3 illustrates the STATCOM connected at the PCC.
The complete control diagram is shown in Fig. 4] The
converter is controlled in GFr mode, regulating its terminal
voltage magnitude and frequency to v, = 1 pu and f = 50 Hz.
The VSM control scheme, adapted from [2], assumes a suffi-
ciently large DC-link capacitor to sustain GFr operation.

As shown in Fig. [ the reference of active power is
subtracted from the measured active power of the converter.
Since the STATCOM is not intended to inject active power
in steady state (as there is no primary energy source), this
reference is typically set to zero. The resulting power imbal-
ance is then processed by the transfer function representing
the swing equation of a synchronous machine, which accounts
for the inertia constant Hg r, and the damping factor Dg ...
In addition, a primary frequency control loop is included
through a virtual droop coefficient Ry, providing frequency
regulation capability analogous to the primary governor action
in synchronous machines.

STATCOM

i v;

Fig. 3. STATCOM connected to the PCC.
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v; : space-vector input voltage of the LC filter
i; : space-vector input current of the LC filter
V, : space-vector output voltage of the LC filter
i, : space-vector output current of the LC filter

Fig. 4. Grid-forming STATCOM control block diagram.

TABLE I
GRID-FORMING STATCOM MODEL PARAMETERS

Parameter  Description Value (pu)
Cye DC-link capacitance 0.10

Le LC filter inductance 0.20

Re LC filter resistance 0.02

C. filter capacitance 0.12

Ly transformer inductance 0.1

Ry transformer resistance 0.01
Hapr virtual inertia constant 6s

Dgpr active power damping factor 0.1

Ry virtual statism 3%

We base angular frequency 2750 rad/s
Werame nominal angular frequency 1

ng reactive power droop gain 0.3

TRPC reactive power droop time constant  10ms

Wn current control natural freq. 4000 rad/s
¢ current control damping 0.707

Similarly, the voltage magnitude control in the GFr-
STATCOM is implemented through a voltage vs reactive
power droop mechanism. The droop gain n, defines the
voltage deviation as a function of the difference between the
reference and measured reactive power, effectively reproduc-
ing the behavior of the excitation system in a synchronous
machine. Moreover, a time constant TfP € is introduced
to emulate the dynamic response of an automatic voltage
regulator (AVR) [26]]. The voltage reference E* represents
the steady-state voltage magnitude imposed by the GFr STAT-
COM at the output of the LC filter prior to a reactive power
disturbance, and its initial value is a result of a power-flow
analysis.

The main parameters of the GFr STATCOM model are
summarized in Table Il All values are expressed in per-unit
(pw).

As illustrated in Fig. [ the right-hand side of the block

Fig. 5. Inner current-control loop block diagram.

diagram contains the “Voltage and Current Controller,” which
regulates the converter terminal variables. This block is orga-
nized in a cascaded structure with an inner current loop and an
outer voltage loop. The inner loop ensures fast tracking of the
converter currents, while the outer loop regulates the capacitor
voltage according to the reference provided by the VSM. The
design and tuning of these control loops are described in the
following subsections.

1) Inner current control loop: The inner current loop is
tuned using pole-placement as in [27]]. The closed-loop block
diagram is shown in Fig. 3]

The PI controller gains are given by (T))

2LC 2¢wn L
Ko = Srte g = Benle
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where w,, and ( are the desired natural frequency and damping
ratio, L., R, are the filter parameters and w, is the system base
frequency.

2) Outer voltage control loop: Fig. [ shows the outer
voltage loop closed-loop block diagram, where the closed-
loop current-control, G.. = %;4q /i;‘dq, is considered part of
the plant.

We

C.-s

= Gee(s) - 2)
The controller (3) is tuned by phase margin design, with the
objective of regulating the filter capacitor voltage.
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K
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Fig. 6. Outer voltage-control loop block diagram.

The controller gains are obtained with the following proce-
dure:

Algorithm 1 phase margin Based Voltage Controller Design

1: Select desired phase margin ¢, (e.g. 54°).

2: Compute plant crossover frequency wo,p such that
LPye(jwo,p) = —180° + ¢y,

3: Set controller crossover:
wo,P1 = 0.8&)0’13.

4: Evaluate the plant phase at the controller crossover:
op = LPyc(jwo,pr).

5: Compute the controller phase required to meet the desired
margin:
po = —180° + pm — pp

6: Calculate the integral time constant (PI phase at wy pr):
tan(goc + 90°)
Ty =—————2~.
Wo,PI
7: Obtain the plant gain

Ap = |Pv6(jWU,PI)‘

8: Set the controller gains:
Ky =1/A,, Kj°=K¥/Tr.

III. GFL-IBR PLL STABILITY ANALYSIS

This section analyzes how the stability of the PLL in
GFI-IBRs is affected under different system configurations.
The study begins with the base case of an GFI-IBR (DFIG)
connected alone to the grid, which serves as the reference
scenario. Subsequently, the impact of adding a SC and a
GFr STATCOM at the PCC is evaluated, followed by a
comparison with the case of a GFI STATCOM. For each con-
figuration, small-signal eigenvalue analysis and participation
factors are used to identify the dominant modes influencing
PLL dynamics. The analyses have been carried out using
MATLAB/Simulink, supported by the VFlexP toolbox [28],
which enables detailed modeling and eigenvalue-based stabil-
ity assessment. This systematic approach allows quantifying
the relative contribution of each compensating device to the
enhancement of PLL stability.

A. Case 1: GFI-IBR (DFIG) alone

The SCR at the point of connection can be approximated
using the base system quantities as discussed in [3], [29]:

1
SCRpcc = —
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Fig. 7. Critical eigenvalue (A pr 1) movement when SCR is decreased from 20
(cross) to 5 (circle) and the IBR is connected without a compensator device.
The SCR limit at which the system becomes unstable is SCRy;,,, = 5.3
(triangle).

where x; represents the per-unit reactance of the transmission
line connecting the IBR to the infinite bus.

First, the critical SCR value at which the system becomes
unstable is obtained. Fig. [/| illustrates the movement of the
critical eigenvalue, Apyr, as the SCR decreases from 20 to
5, showing the degradation of stability when no compensating
device is present. It was observed that instability arises when
SCR =~ 5.3.

For all subsequent analyses, a nominal SCR of 6 is selected,
which corresponds to a stable IBR operating close to the
instability limit. Eigenvalue participation analysis, as defined
in [30], shows that the most critical complex eigenvalue (see
Table is the PLL control loop of the DFIG, Aprp, with
the highest participation. This indicates that the PLL is the
primary source of instability when the system approaches low
SCR conditions as reported in [3]], [23]], [31]-[33].

TABLE II
CRITICAL COMPLEX EIGENVALUE (Apy,1,) PARTICIPATION MAGNITUDES

Variable Name Magnitude
DFIG/0py. 1, 0.35
DFIG/V,LLL 0.22
DFIG/wpy, 1, 0.19
DFIG/Vy,. 0.09
DFIG/xa3 0.06
DFIG/«¢ 0.02

B. Case 2: GFI-IBR (DFIG) with a SC

In this section, the impact of adding a SC on the PLL
stability of the IBR is analyzed. The SCR is kept at 6, as de-
fined in the previous section. As described in [3], the stability
improvement is mainly due to the reduction of the impedance
seen by the IBR. Specifically, the SC subtransient impedance,
when connected in parallel with the line impedance, increases
the system’s effective short-circuit strength at the point of
connection. For simplicity and to remain within the scope of
this paper, the SC is considered without reactive power injec-
tion. The eigenvalue analysis shows that the critical complex
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Fig. 9. Eigenvalue Apr 1, of a DFIG connected to an infinite grid with SCR
= 6 alone, and with a SC and a GFr STATCOM with ¢, = 54°.

eigenvalues A\py r,, which have the highest participation in the
PLL control loop, have their real parts shifted further into the
negative half-plane, indicating an increase in system stability.

The eigenvalue improvement can be visualized in Fig. [8]
which shows that the real parts of the critical modes move
further left in the complex plane, confirming the stabilization
effect of the synchronous compensator.

C. Case 3: GFI-IBR (DFIG) with a GFr STATCOM

This section analyzes the impact of connecting a GFr
STATCOM with phase margin ,, = 54° to the IBR system.
The SCR is kept at 6, as defined in subsection Case 1. Fig. [9]
illustrates the eigenvalue distribution.

The GFr STATCOM stabilizes the IBR PLL by imposing
both voltage magnitude and frequency at its terminals. The
speed of its voltage control loop, tuned using the phase
margin design described in Algorithm [I] plays a crucial role:
excessively fast or slow control can destabilize the IBR PLL.
This effect is illustrated in Fig. [T0] which shows eigenvalue
variations for phase margins ranging from ¢,, = 35° to 70°.
The system becomes unstable (real part of Apr;, > 0) with
57° < o < 66°.
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Fig. 10. Impact of the phase margin ¢, (from ¢, = 35° (crosses) to

70° (circle) on the DFIG PLL control loop eigenvalues (Aprr, ) for a GFr
STATCOM connected to a DFIG with an SCR = 6.
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Fig. 11. Eigenvalue Apy, 1, of a DFIG connected to an infinite grid with SCR
= 6 with a SC, a GFr STATCOM, and a GFl STATCOM.

D. Case 4: GFI-IBR (DFIG) with a GFl STATCOM

Finally, for comparison, a GFI STATCOM has also been
analyzed. Fig. shows the critical eigenvalue Apyy for all
the four cases analysed: DFIG alone, with the SC, with the
STATCOM in GFr mode and with the STATCOM in GFl
mode. As expected, an STATCOM in GFl mode provides
negligible improvement to the DFIG PLL stability, confirming
the advantage of the grid-forming control strategy.

IV. TIME-DOMAIN SIMULATIONS

In order to complement the small-signal analysis, transient
simulations have been performed for the different system
configurations to evaluate the impact of compensating devices
on GFI-IBR PLL stability under sudden disturbances.

A. Simulation Setup

The system models described in Section [[I] are used for
time-domain simulations. Four configurations are considered:

1) GFI-IBR alone (base case),

2) GFI-IBR with a SC,

3) GFI-IBR with a GFr STATCOM,
4) GFI-IBR with a GFI-STATCOM.



The transient response of the system is evaluated under
a disturbance consisting of a 50 mHz pulse increase in the
infinite-bus frequency, applied for 100 ms. The simulations
are performed over a time horizon sufficient to observe the
system’s dynamic response, with a time step small enough to
capture fast PLL dynamics.
The main variables analyzed are:
o Frequency at the buses where the IBR and compensating
devices are connected.
o Rate of change of frequency (RoCoF) at the PCC, esti-
mated using a windowed least-squares method [34].

B. Transient simulation results

The frequency perturbation induces a sudden mismatch
between the grid frequency and the internal reference of the
IBR PLL, allowing assessment of how effectively each com-
pensating device mitigates the induced frequency excursion.
The PLL-measured frequencies are presented in Fig.[T2] where
the results have been split into two comparisons for clarity.

Fig. [[2fa) illustrates the response of the DFIG alone com-
pared to the DFIG equipped with a GFI-STATCOM and the
SC. It can be observed that the GFI-STATCOM provides
negligible improvement over the base case, whereas the SC
significantly mitigates the frequency transient. Subsequently,
Fig. [[2(b) focuses on the comparison between the two most
effective solutions: the SC and the GFr-STATCOM.

A quantitative comparison is provided in Table [} which
reports the maximum RoCoF, the frequency excursion at nadir,
and its occurrence time for each configuration, alongside their
relative variations with respect to the IBR-alone case.

The main observations are as follows:

e IBR alone: The base case exhibits the largest RoCoF =
0.405 Hz/s and the largest frequency excursion, Af =
0.111 Hz, with the Nadir at 1.043 s.

e IBR+GFI STATCOM: The response is almost identical to
the base case, with a RoCoF = 0.406 Hz/s (a negligible
0.25% increase in magnitude) and a Af = 0.104 Hz at
Nadir (a small reduction of 6.50% with respect to 0.111
Hz). This confirms that a GF1 STATCOM provides almost
no support to PLL synchronization stability.

e IBR+SC: The SC provides the largest improvement in
frequency stability, reducing the RoCoF by 28.99% and
improving the Af (0.064 Hz) at Nadir by 42.09%,
occurring at 1.041 s. Among all devices, the SC yields
the most damped response and the smallest frequency
excursion.

e IBR+GFr STATCOM: This configuration provides a mod-
erate RoCoF reduction (22.5%), indicating partial miti-
gation of fast frequency excursions. Its influence on the
A f at Nadir is comparable to that of the SC (A f = 0.075
Hz, i.e. —32.33%). The nadir occurs at 1.38 s, the latest
among all devices.

These results demonstrate that SC and GFr STATCOMs
effectively attenuate RoCoF and, in the case of SC, clearly
help mitigate frequency deviations following a disturbance. In
contrast, GFI STATCOM:s provide almost no support, as their
behavior remains governed by the same PLL that limits the
IBR stability margin.
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Fig. 12. PLL-measured frequency response of the IBR following a 50 mHz

frequency pulse lasting 100 ms. (a) Comparison of DFIG alone, DFIG+GFl,
and DFIG+SC. (b) Detailed comparison between DFIG+SC and DFIG+GFr.

V. CONCLUSIONS

This paper has analyzed the impact of SCs and GFr/GFI
STATCOMs on the stability of the PLL in an IBR connected
to a weak grid. In this work a DFIG is selected as the IBR
due to its higher complexity compared to other IBRs. The
following conclusions can be drawn:

o The base case with the IBR alone exhibits poor PLL
stability under reduced SCR conditions. Eigenvalue anal-
ysis and transient simulations confirm that the system
becomes unstable when the SCR falls below a certain
value (SCR = 5.3 for the system in this paper).

e Adding a SC improves PLL stability by reducing the
effective impedance seen from the IBR, thereby increas-
ing the system SCR. This configuration achieves the
lowest RoCoF and the lowest frequency excursion at
nadir among all cases studied.

e« A GFr STATCOM, although it does not increase SCR
due to its limited fault current contribution, also enhances
PLL stability. The mechanism is different: by imposing
voltage and frequency at its terminals, the GFr STAT-
COM reduces the dynamic stress on the PLL.

e In contrast, a GF1 STATCOM provides negligible im-
provement to PLL stability, with frequency dynamics
nearly identical to the IBR-alone case.

e The design of the GFr STATCOM voltage controller
using phase margin tuning has a clear effect on the



TABLE III
FREQUENCY STABILITY METRICS UNDER A 50 MHZ FREQUENCY PULSE APPLIED AT THE INFINITE BUS

Configuration |ROCOF|max [Hz/s] A fmax at Nadir [Hz] Nadir Time [s]

IBR alone (base) 0.405 0.111 1.043

IBR + GFl STATCOM 0.406 (—0.25%) 0.104 (—6.50%) 1.042

IBR + SC 0.288 (—28.99%) 0.064 (—42.09%) 1.041

IBR + GFr STATCOM 0.314 (—22.5%) 0.075 (—32.4%) 1.380
stability of the PLL. TABLE IV

In summary, both SCs and GFr STATCOMs are effective in
enhancing the stability of IBR PLLs, but through different
mechanisms. SCs strengthen the grid by increasing SCR,
while GFr STATCOMs provide voltage and frequency support
directly. These findings suggest that GFr STATCOMs can
serve as an alternative to SCs in scenarios where rotating
machines are not available or desired. Future work will focus
on extending the analysis to multi-machine systems, consider-
ing reactive power support from SCs, and exploring advanced
tuning methods for GFr converters.

APPENDIX A
DOUBLY-FED INDUCTION GENERATOR MODEL

In this appendix, all the data related to the differential
equations modeling the DFIG (taken from [27]) and the block
diagrams of the control schemes used in this article (taken
from [35]]) are provided.

A. DFIG Electromagnetic Equations

In this appendix, the differential equations modeling the
DFIG [27] and the control schemes block diagrams [35] are
provided. By defining the space vectors Xx = [Tra, Tkq)” (for
voltage v, current 4, and flux 1) where subscripts k € {s,r}
denote stator and rotor respectively, the voltage equations are
expressed as:

1d
vy = Rgis + — s + ws I,
wo dt
r = R’I'.T' - i s — Wr J r
v 1+wO 7 + (ws — wp) I
0 -1 . . .
where J = 1 0] is the coupling matrix. R, R, are

resistances; wy,ws,w, are the base, synchronous, and rotor
angular frequencies. The flux-current relations are given in
matrix form by:

ws _ L812 LmIZ is (6)
'(/)r N LmIZ L’I‘I2 ir
where I is a 2 x 2 identity matrix. The inductances are defined
as Ly =L,s+ L, and L, = Ly, + Ly, with L, g, Lo, being

leakage inductances and L,, the mutual inductance.
Similarly, the GSC output filter dynamics are governed by:

1 dip,

Va = —Reia — ——= + ws I py — v, (7

DOUBLY FED INDUCTION GENERATOR PARAMETERS

Parameter Description Value [pu]

Rs, R, Stator, Rotor resistance 0.00734, 0.01225
Los, Lor Stator, Rotor leakage ind. 0.1178, 0.15349
Ly, Magnetizing inductance 4.709

H,c Inertia (s), DC-link cap. 3.3, 0.0555
Ta,La Filter resistance, inductance 0.1, 1

re, Lt Transformer res., ind. 0.015, 0.15

cr Output filter capacitance 0.11

BW,., BWpr  Current, PLL bandwidth 1150rad/s, 8% BWe,
BWpg Outer power control bandwidth 5% BW,.
KZIe.¢ Opt. torque gain, Damping 0.5896, 1//2

with the inductor flux defined as v, = L,i,. Subscript a
denotes the filter variables. The expanded version of these
equations can be found in [3].

B. DFIG Electromechanical & Control Equations

The rotor swing equation and electrical torque 7. are
defined as:

d s — Wy .
2H%<w“)ﬂnz; T. =yl Ji, ()
dt W

where T, is the mechanical torque and H the inertia constant.

C. DFIG rotor and grid side converter controllers

The controllers (taken from [35]]) for the RSC and GSC are
depicted in Fig. [13] and Fig. [I4 The control logic operates in
the stator-flux reference frame. The transformation from rotor
dg-axes to this frame is:

cosp —sing
sing  cosp

xy =T(p) "% ﬂm={ } ©)

where the angle is ¢ = arctan(tsq/vss). The leakage factor
is o =L, — L2, /L.

APPENDIX B
SYNCHRONOUS COMPENSATOR MODEL

This section details the SC model and its Automatic Voltage
Regulator (AVR) [25].



Fig. 13. Rotor side converter controllers block diagrams
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Fig. 14. Grid side converter controllers block diagrams

A. SC Electromagnetic & Electromechanical Equations

The per-unit stator voltage equations are given in vector
form by:

1 dy,
wo dt

Vg =

+ Wers - Rais (10)

where v, = [ed,eq]T, ws = [wd;wq}T» is = [idaiq}T, and J
is the coupling matrix defined in the previous section.

The rotor circuit dynamics are defined by:

1 di,
- R,i. 11
v wo dt + ! ( )
where the rotor vectors are v, = [erq,0,0,0]7, i, =

[i fdyi1ds %14, i24)" - and the resistance matrix is diagonal R, =
diag(Rya, Ria, Rig, R2g).

The flux-current relationships are expressed in compact

matrix form as:
s *Lss Lsr is
b R | o

ce,rse |(O Ps v, g *
Kporse + g %C?_(‘L'

WslipWera(irq)ws )

)zj;t.*

|
? (Vgr vqT
T

wslszer <U(7V/Td)ws + (1 - 0') Z)S )

e |(Br)
Kcerse + i R
p s

where the inductance sub-matrices are explicitly defined as:

Lss = diag<Lad + Ll» Laq + Ll)

Lija Lpa 00

L. — Lyg Liyg O 0

rr 0 0 Ly Lag (13)
0 0 Lo Lo

L. — Loya Loy 0 0

=10 0 Lag Lag

Here, L, includes the stator leakage L; and mutual induc-
tances (Lqq, Lag); Ly contains the rotor self and mutual
inductances (field winding f, and dampers 1d, 1q,2q); and
L, represents the stator-rotor magnetic coupling. The elec-
tromechanical dynamics are governed by the swing equation:

oy _

T, = T Ji,
o P Ji

—Te; (14)

where T}, =~ 0 for a SC (negligible losses).

The standard parameters (zq,x!, Ty, etc.) relate to the
fundamental parameters (Lqq, [27q, etc.) through the classi-
cal transformations described in [25]]. For the d-axis, key
relations include Lyq = Lga(L), — Lsi)/(Lg — LY;) and
T, =T} (L!;/Lg), with analogous expressions for the g-axis
and damping windings. Note that since the base frequency
equals the stator frequency, per-unit reactances equal per-unit
inductances in Table[V] The expanded version of this equations
can be found in [3]].

B. SC Automatic Voltage Regulator (AVR)

The AVR scheme adopted is shown in Fig. [I5] The con-
trol parameters and the machine electrical data are listed in
Table [V
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