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The primary frequency response of converter-interfaced generation power plants is a mandatory technical
requirement of the grid connection codes. This is the case in Europe, where the grid code EU 2016/631
specifies mandatory frequency sensitive modes for power park modules of medium and high dimension. In
this response, the active power output changes as a result of a frequency deviation in order to contribute
to the restoration of the nominal frequency. The power plant controller that governs these type of plants is
the responsible to perform this task. Plant-level control latency is primarily caused by communication delays,
which increase the plant response time, thereby compromising the damping of network oscillation modes in
the range of 0.1 to 1.5 Hz. The case presented here shows that in certain situations the primary frequency
response, which is crucial for maintaining frequency stability, can seriously affect the oscillation damping of a
power system. This can lead to so-called angle instability. Simulations show that PFR provision by PV plants

can worsen damping when delays are present, especially with changes in system inertia or line length.

1. Introduction

In modern electrical power systems, the generation mix is under-
going a significant transformation, increasingly combining traditional
synchronous machines (SM) with inverter-based resources (IBRs),
largely driven by renewable energy integration policies and tech-
nological advancements [1]. This shift profoundly impacts system
stability. The displacement of synchronous generation by IBRs leads to
a critical reduction in system rotational inertia, which inherently com-
promises frequency stability [2,3]. Furthermore, the high penetration
of power electronic devices introduces complex dynamics that affect
not only frequency stability but also classical rotor angle and voltage
stability, alongside entirely new stability issues related to converter-
grid interactions, such as wideband electromagnetic oscillations [3,4].
While these IBRs present stability challenges, they also possess the
capability for very fast active power control, enabling potentially
faster Primary Frequency Response (PFR) compared to conventional
generators [5], creating new challenges and opportunities. Historically,
IBRs were not mandated to contribute to frequency regulation, as their
grid penetration levels were considered insignificant [6]. However, as
the proportion of renewable generation has substantially increased,

addressing the associated stability concerns reviewed in [2,3] be-
came mandatory. Consequently, Transmission System Operators (TSOs)
worldwide have updated their Grid Connection Codes (GCCs) to in-
troduce PFR requirements for Power Park Modules (PPMs) [7-12].
Generally, PPMs of all sizes must provide active power response during
over-frequency events, while medium and large PPMs (often desig-
nated Type C and D) are required to deliver PFR for both over- and
under-frequency deviations. Focusing on dynamic performance, GCCs
typically demand very rapid PFR activation from PPMs, with control
latency (termed initial delay or activation time in GCCs) specified from
milliseconds up to a maximum of 2 s, and settling times ranging
from a few seconds to 30 s. In Europe, TSOs often require latency
to be minimized, as exemplified by the requirement in Spain for PFR
latency below 500 ms in the mainland [13] and below 150 ms in the
islands [14]. For larger PPMs comprising multiple generating units, PFR
is centrally coordinated by a Power Plant Controller (PPC) [15,16].
Achieving the mandated fast plant-level response time, however, re-
mains an operational challenge, influenced by communication network
delays between the PPC and individual units, as well as the compu-
tation times of control devices, potentially compromising the required
dynamic performance [2,16,17].
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The integration of high levels of IBRs introduces numerous op-
erational and stability challenges into modern power systems [18].
While these encompass a wide range of issues from reduced inertia
to complex converter interactions, this work focuses specifically on
the impact of communication and control delays associated with IBRs
providing PFR. Such delays are significant as they can adversely affect
system dynamics, potentially worsening the damping of low-frequency
electromechanical oscillations [19]. Recent research increasingly ex-
amines the dynamic performance and stability implications of IBRs
providing PFR, driven by the significant challenges arising in low-
inertia power systems, as comprehensively reviewed in [20]. This
body of work includes investigations into control interactions and
power oscillations across various renewable penetration levels [21],
comparisons of different modelling approaches and PFR dynamics in
frequency stability assessments [22], and explorations of frequency
limits under rapid PFR settling times [23]. While these studies provide
valuable insights, a common simplification in many analyses [21-23]
is the representation of the PFR activation speed, often focusing on the
ramp rate or settling time rather than explicitly modelling the initial
control latency (the time lag before the response initiates). This latency,
resulting from measurement, communication, and computation delays
highlighted as a concern in low-inertia environments [20], is critical
as it can introduce phase shifts detrimental to the damping of system
oscillations. A notable study addressing these delays is [17], which
performs a time-domain analysis of PFR performance considering dif-
ferent communication delay components and their effect on frequency
deviations. Yet, while [17] evaluates the impact of delays on frequency
nadir, it does not provide a quantitative assessment of how PFR latency
specifically affects the damping of low-frequency electromechanical
oscillations or identify the critical modes most sensitive to these delays.
Consequently, a gap remains in thoroughly analysing and quantifying
the influence of realistic PFR activation delays from IBRs on power
system oscillatory stability. Based on that, the primary contributions
of this paper are:

» To present a discrete-time modelling framework specifically tai-
lored for small-signal stability analysis of power systems with
IBRs providing PFR, explicitly incorporating variable control ac-
tivation latency.

» To quantify the detrimental impact of IBR PFR activation latency
on the damping of low-frequency electromechanical oscillations.

+ To Identify critical PFR latency thresholds and the specific oscil-
lation modes most adversely affected by delays.

The rest of the paper is organized as follows. Section 2 presents the
description of the problem together with the methodology defined to
model and discretize the system. In Section 3 some simulation results
are presented in which the effect of the communication delays in the
oscillatory modes of the system are evaluated. Finally, in Section 4
some conclusions and further work lines are drawn.

2. Methodology for system modelling

This paper analyses the effect of the provision of PFR by a PPM
on the different oscillation modes of a power system. For this purpose,
different values of the control latency are considered as well as different
typologies for modelling these delays. In order to perform this analysis,
a methodology with the following steps is used:

« First, a Phasor-domain Differential Algebraic Equation (DAE)
model of the power system is built.

+ After steady-state computation of the previous DAE system, a
Continuous Linear Dynamic Model (CLDM) is obtained.

» Next, a zero order hold discretization is applied to the CLDM in
order to obtain a Discrete Linear System Model (DLSM) represen-
tation of the power system.

« After that, a dynamic extension is performed over the DLSM in
order to consider the PFR loop and the communication delays.

+ Finally, a small signal analysis is carried out on the extended
model by computing damping coefficients.

In the following, the different steps detailed above are discussed.
In particular, first the DAE model of the power system is presented,
followed by its discretization. Subsequently, two different alternatives
for the modelling of the plant response delays are introduced and
integrated in the discrete definition of the system. Finally, the control
loop is closed and the method of quantifying the existing oscillation
modes is defined.

2.1. Differential algebraic equations model

The considered power system is modelled with a detailed dynamic
phasor system of DAE following the [24] approach.

x=1(x,y,u),
0 =g(x,y,u), @
z=h(x,y,u),

where x and y are, respectively, the dynamic and algebraic states.
The inputs are included in the u vector. Therefore, the system is
defined with a set of differential equations f and algebraic equations g.
Additional equations h are considered to obtain some relevant outputs
included in vector z.

Once the equations describing the power system have been defined
in the form of (1), the system is linearized as:

4% = F)4x + F) 4y + F) Au,
0=GYx + GgAy +G4u, )
Az = HAx + H‘y’Ay +H% Au.
Next, considering det <G2> # 0, the algebraic states Ay can be
explicitly calculated as:
tdy = - (Gg)*1 GOax — (Gg)f1 G Au, 3)

and, therefore, obtaining a state space representation of the system in
which the derivatives of the dynamic states are obtained as a function
of these states, the system inputs and the system parameters:

Ax = AAx + BAu, @
Az = CAx + DAu, (5)
with
-1
_ g0 _ o 0 0
A=F-F(c) 6 (6)
-1
0 0 0 0
B=F-F(c)) G @)
0 0 (0" o
c=n-m(e)) Gl ®
0 0 (o) o
D= H,-H)(6)) G ©

2.2. System discretization

Although the modelled power system is continuous in nature, the
control devices operate at discrete times. In addition, the communi-
cation delays between the PPC and the IBR can also be represented
more accurately in this domain, as they are pure delays. Therefore, a
zero order hold discretization is applied to system (4)-(5) giving the
following system:

Axy; = A 4x,; + B4y, (10)
4z, = C,4x, + D Au,, an

where subindex d denotes the discrete-time version of (4)—(5).
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Fig. 1. Response time diagram of a standard PV plant.

2.3. Delays modelling

In this work, the delays under consideration take place from the
moment the PPC sends a set-point to the moment a power change is
observed at the POI This time period is designated as the plant-level
control latency. The sequence of key communication and computation
delays involved in this process is shown in Fig. 1 [16,17,25,26]. First,
the power analyser measures the system state and sends this infor-
mation to the PPC. The PPC processes the data and determines the
appropriate set-point for each inverter in the plant. Once the inverter
receives and processes the set-point, it begins to respond by adjusting
its output magnitudes. The last delay of the sequence, specifically the
time interval between the inverter receiving a set-point and starting to
respond, is generally the most significant and uncertain.

The modelling of plant-level control latency and communication
delays is explicitly integrated into the system dynamics through a
discrete-time system extension. These delays, which represent the la-
tency from the PPC to the IBR, are categorized as either Single-Step
Delay (SSD) or Transportation Delay (TD). SSD assumes sequential
communication where the PPC waits for the IBR to process the previous
instruction before sending the next one, while TD models periodic,
unacknowledged transmissions. Both delay types are represented as
multiples of the discretization time step r and incorporated into the
state-space model by augmenting the state vector with additional delay
states. This results in a discrete-time extended model where delays
are embedded within the state-space representation. A closed-loop
formulation then applies the PFR control law directly to this augmented
model, enabling the analysis of how different delay values affect sys-
tem stability through small-signal analysis of the eigenvalues of the
resulting system matrix.

In SSD delays different latencies imply different references sent by
the PPC as depicted in the upper plot of Fig. 2. This communication
is common in the case of centralized controllers where the PPC has
the same communication with each converter. On the other hand, in
TD delays the latency only affects the time it takes for the IBR to
receive the signal as it can be noted in the lower plot of Fig. 2. An
example of this type of communication can be the case of peer-to-peer
communication or long distance communications like in the case of
wide area control [27,28].
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Fig. 2. Carrier signal manged by the PPC and those processed by the IBR.

2.4. Extension for delays modelling

In order to study the dynamic behaviour of the system including
the delays in communications, an extension of discrete-time system
(10)=(11) is carried out. Prior to that, let us define z as the time used
for the discretization of the system. Thus, the communication latency
(for both delay models) can be defined as multiples of .

For the SSD model and a delay of 17, the state-space extension of
the system depicted in red in Fig. 3 is considered, where I is the identity



L. Moreno-Diaz et al.

i
o
=

Ay 0 00
0 0 I 0O
A,=|0 0 01 0
0 0 0 o0 I
0O 0 0 0 O
-T 37
Bl_Bd B, By
I 0 0
B3 = 0 B,=1|0
By I 0
B=1|0 I
I

Fig. 3. Linear system matrices for different considered delays.

matrix and 0 is a matrix full of zeros of appropriate dimensions. When
considering a TD model, the system extension order depends on the
steps considered for the delay, being the extension defined in green,
blue and yellow for respective 2z, 37 and 4r delays at Fig. 3. The
extended system is denoted by the subindex n:

Ax, = A, 4x, + B, 4u,, 12)

4z, = C 4x, + D, Au,. 13)

n

where the 4x, vector comprises not only the states from (10) but also
the new states modelling the delays involved.

2.5. Closed loop extension

The PFR is implemented using a droop-based frequency controller
[71, as shown in Fig. 5. This control law is basically an increase in
power that is proportional to, and in the opposite direction to, the
frequency deviation:

Apei = —K Ao a4)

poi»

where K, is a gain with a value given by the inverse of the so called
PFR droop, and w,,, is the frequency of the system at the POI. When
working with the DAE model, this frequency can be either a dynamical
state or a more complex function of states (i.e. when computing the
frequency with a PLL). Generically, it is possible to consider the speed
increment as one element of the output vector:

[Aw,y;| = Az, = C, 4x,. (15)

pai]
Therefore, for modelling (12)-(13) in closed loop the input is defined
as follows:

Au, =K Az, = —K,C,xX,. (16)
Thus, replacing (16) in (12) it yields:
4%, = (A, — K;B,C,) 4x, = A 4x, a7

where the matrix A, defines the complete dynamics of the discrete-
time closed loop system considering the PFR response and communi-
cation delays. The complete discrete extended system is represented
within the blue box of Fig. 5. The communication delay is incorporated
into the control signal path following the PFR output, denoted as A4p.
This results in a delayed power reference, designated as 4p,, which
serves as the input to the CLDM.

Table 1
Power system parameters.

Synchronous Machines (Order 4 type):
Bus 1 S, = 100 MVA

Bus 4 S, = 500 MVA

H =50s R, = 0.01

X, =180 X!, = 0.30 T;, =80s

X, =170 X, = 0.55 Tq’O =04s

AVR (SEXS type, both machines):

K, = 200.0 T, = 0.10 T, = 0.10 T, = 0.10
Governor (TGOV1 type, both machines):

R =0.05 T, = 1.00 T, = 1.00 T, = 1.00

Aggregated VSC (coupling inductor type with PQ control):
X, =01 R, = 0.01 S, = 20 MVA

Lines and transformers:
Find parameters at Fig. 4

2.6. Small signal analysis

A small signal analysis is performed over the extended system
defined in (17) by computing eigenvalues of matrix A . After that,
the discrete system eigenvalues are mapped to the continuous domain
applying:

Ao =log (44) /7. (18)
where 1. and 4, are, respectively, the continuous and discrete eigen-
values of the closed-loop system to display the damping loss in a format
resembling the ones found in common power system stability textbooks
like [29].

The oscillating modes damping are finally computed as:
“R{4)

||
In the following, the model presented throughout this section will
be evaluated under simulation.

¢ = 19

3. Results

This section presents the results obtained in simulation. For this
purpose, first a test benchmark is presented on which the simulations
are performed. This benchmark is modelled according to the methodol-
ogy proposed in the previous section. Subsequently, an analysis of the
dynamic response of the system is carried out when the two types of
modelled delays are condemned, analysing the damping of the system.

3.1. Test benchmark

The test system to be analysed is designed to evaluate the effect of
a PPM on the oscillation modes of the network to which it is connected
(see Fig. 4). In order to define a test system for small signal stability
analysis, the Spanish regulation was used as a reference [13]. This
standard proposes a two-area benchmark consisting of two synchronous
machines interconnected by a transmission line, to which a PPM of
large size is connected. Following the same approach, the proposed
system has been adapted in terms of size to study the effect of a single
type D PPM.

The test benchmark is modelled as a non-linear DAE system (1).
Detailed dynamic models of synchronous generators and their con-
trollers have been implemented with the parameters shown in Table 1.
The PPM has been modelled as an aggregated power unit considering
detailed dynamic models of IBR and PPC with the parameters shown in
Table 1. The model has been implemented in continuous time-domain
in the power system simulator pydae [30]. More details of the models
for each device can be found in the same reference.

A discrete-time PPC controls the PPM at the POI and is in charge
of the plant level frequency control. The discrete control loop of the
PPC is implemented in python and interacts with the continuous model
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Fig. 4. Test system single-line diagram.
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Fig. 5. Model implementation in pydae and Python.

of pydae to take frequency measurements and send active power set-
points (see Fig. 5). The configured droop for the PPM PFR is 3%
(Droop = 1/K; = Af/AP), a value within the typical range specified
in GCCs (e.g. 2%-12% for the European case [7]). Both types of
considered delays, SSD and TD, are analysed and simulated.

The system is disturbed by an unbalance among power generation
and consumption, leading to an under-frequency event that impacts the
less damped oscillations modes of the system. This disturbance can be
caused by the loss of a power generation plant, the disconnection of a
line or a change in power consumption. In this case, the disturbance
was simulated by opening a line, which resulted in a reduction of 20
MW of imported active power, approximately 3% of power consump-
tion. (see Fig. 4, line between bus 2 and EXT). The objective of this
dynamic study is to analyse the PFR of the PPM and its impact on power
oscillation modes of interest.

3.2. Simulations with SSD

In this section, the benchmark scenario defined above has been
simulated considering delays modelled as SSD. The results obtained
for different time delays are shown in Figs. 6 to 8. In particular, the
following case studies are analysed: PPM without PFR response in

black; and PPM with PFR response for 100 ms (in red), 200 ms (in
green), 300 ms (in blue) and 400 ms (in yellow) time delays.

In Fig. 6 the system modes in the complex plane are represented
establishing different areas for the different damping amplitudes. Fig.
7 represents the evolution of the Center Of Inertia (COI) frequency as
well as the total active power contribution of the IBRs that conforms
the PPM for different values of the communication delay between IBRs
and the PPC.

The small signal analysis presented in Fig. 6 shows that with 7 =
100 ms the critical mode is better damped than in the case in which
there are not PFR. However, when = = 200 ms the damping is signif-
icantly impacted, resulting in it falling below an intolerable threshold
of less than 5%. The same results are obtained for a = = 300 ms that is
again improved for a value of 7 = 400 ms. Table 2 complements these
findings by providing the numerical values of the critical oscillation
mode for each case study, including the real part, imaginary part,
frequency, and damping ratio. As it can be seen, the PPM performing
PFR has a high impact on the least damped electromechanical mode,
mainly associated with the synchronous machine at bus 1, where ,
and &, are the state variables with the highest participation. In sight
of these results, it can be concluded that increasing the plant response
time can improve or worsen the damping of the system, being neces-
sary to perform a previous analysis of these possible delays to avoid
compromising the dynamic stability of the power system. Focusing on
the time-domain response presented in Fig. 7, the results confirm the
behaviour predicted by the small-signal analysis. The frequency with-
out PFR is shown in black, displaying the greatest nadir. The addition
of PFR decreases the maximum deviation, as expected, improving when
the PPC control latency taken into account is smaller. To observe the
predicted decrease in oscillation damping, the speed difference between
the synchronous generators at buses 1 and 4 has been calculated and
plotted in Fig. 8 for all simulated cases. A zoom at the bottom of the
plot clearly indicates that a value of Ar = 300 ms results in the worst
damping.

Additional small signal analysis results have been included to demon-
strate that the damping of system oscillation modes depends not only
on PFR delays, but also on factors such as tie-line length (see Fig. 9)
and system inertia distribution (see Fig. 10). These results consider an
SSD delay of 400 ms, one of the cases where the critical mode exhibits
a damping greater than 5% in the comparison shown in Fig. 6. In this
configuration, the critical mode of the system moves into the poorly
damped region (represented in red) as the tie-line length increases and
the inertia of SM at bus 4 decreases.
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Table 2
Summary of critical oscillation mode for different discretization times (SSD model).
Case study Re (1/s) Im (rad/s) Freq (Hz) Damping (%)
no PFR -0.46 7.13 1.13 6.41
100 ms -0.57 7.35 1.17 7.77
200 ms -0.30 7.31 1.16 4.04
300 ms -0.26 7.08 1.13 3.65
400 ms -0.40 6.97 1.11 5.76
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3.3. Simulations with TD

Similar issues arise when transport delays are considered. Fig. 11
shows the location of the system modes for the different time delay
amplitudes, complemented by the numerical values of the critical mode
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Fig. 8. Relative speeds between both synchronous machines (SSD model).
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(SSD model).

presented in Table 3. Fig. 12 presents the results of a time-domain
simulation, depicting the evolution of the frequency variations and the
active power contributions of the IBRs. Finally, Fig. 13 shows the speed
difference between the synchronous generators at buses 1 and 4.

In this case, the damping deteriorates as the considered delay
increases, with the exception of 17z, case for which the damping of the
system improves even with respect to the no-PFR provision by the PPM.
Again, Fig. 12 shows how the nadir decreases as the communication
delay decreases. However, as observed in the analysis of the system
modes, this fact does not coincide with an improvement in the system
damping. Fig. 13 shows that for a delay of 4z, the oscillations between
the two synchronous machines within low frequencies reach their
maximum in amplitude.



L. Moreno-Diaz et al.

25 .
¢>10% \\\5% <(<10% ‘\\§< 5%
i N \
_ 2.0 \\ 35\ 2s
N N \
T 15 > A ,/
N \ >
S S \’
AN 1 ~ \
g 1.0 No PFR "';{ v
T 05 >3 Bs | Sa LNTs
. ° 5
Yo AN
0.0 T T T T T T T T
—2.00 —1.75 —1.50 —1.25 —1.00 —0.75 —0.50 —0.25 0.00

Real

Fig. 10. Root locus for different inertia of Bus 4 SM and discretization time of 0.4 s
(SSD model).

2.5
¢>10% \\5%<<<10%\\g<5%
= \‘ \\

_ 2.0 P 17 \\ 3r

N N

T . AN N

le] 1.5 \\\\ N x

1.0 ~Oe0 &

g [ \

T 05 NoPFR 27 N Ndr
. 1%

;@ o S

0.0 s

—2.00 —1.75 —1.50 —1.25 —1.00 —0.75 —0.50 —0.25 0.00
Real

Fig. 11. Root locus for different delays (TD model).

50-007 — NoPFR == 27 = 4r
< - 17 - 37
<
2 49.95
& /
o
=
5 49.90
O
0 2 4 6 8 10

0.98 -
Z
5 0967 U
=]
O A *{k; g o
= 0.94- ',l"\.fh,‘f =
5
~
O 0.92 1
O

0.90 -

T T T T
0 2 4 6 8 10

Time (s)

Fig. 12. Frequency variation and PPM PFR (TD model).

0.06 1 — NoPFR — 27 — 4r
—_— 1T —_— 3T
= 004
<)
g 0021 ‘
() |
5 000- YAvi y/’\\/’\\ﬁf(‘\f\]
s V|
% 0.02 4 ‘
~0.04
T T T T
0 2 4 6 8 10
0.010
g 0.005 -
3 1N
S 0.000 P |
% == /
2 -0.005 \’
~0.010 -
T T T
8.0 8.5 9.0 9.5 10.0

Time (s)

Fig. 13. Relative speeds between both synchronous machines (TD model).

Table 3
Summary of critical oscillation for different delays (TD model).
Case study Re (1/s) Im (rad/s) Freq (Hz) Damping (%)
no PFR —0.46 7.13 1.13 6.41
100 ms -0.57 7.35 1.17 7.77
200 ms —-0.39 7.38 1.17 5.24
300 ms —-0.24 7.26 1.16 3.31
400 ms -0.21 7.09 1.13 2.95

4. Conclusions

With the expansion of renewable energy technologies and their
converter-interfaced nature, the displacement of synchronous machines,
along with the reduction of inertia and primary frequency response,
has become a major concern. A commonly applied solution is to
create extensive photovoltaic plants and wind farms that must provide
PFR at the POI Unlike synchronous machines, which perform this
task locally at each generator, these renewable power plants require
communication between the PPC and each individual generator. These
communication delays affect the provision of PFR at the POI, which can
deteriorate the damping of power oscillations within the power system
to which they are connected.

This work has demonstrated the degradation that the damping of
a power system can suffer when it is affected by typical delays in
the communication between the PPC that governs a renewable power
plant and the different generators that compose it. For this purpose,
an analysis has been carried out using a detailed model of a two-area
power system with a PPM performing PFR with different discrete delays
(either in amplitude or in model). The results show that these delays
cause a deterioration in the damping of low frequency oscillations in
the face of frequency events. In addition, in the case of the SSD, which
is the most common for centralized controllers, a longer delay does not
necessarily result in lower damping.
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The results highlight the critical importance of considering com-
munication delays in the design and tuning of the PFR of Power Park
Modules. Ignoring these delays can lead to degraded dynamic perfor-
mance and even instability in low-inertia systems. These findings also
serve as a foundation for exploring mitigation strategies, such as the
implementation of feedforward compensators, adaptive control tech-
niques, or the redesign of the PPC-inverter communication architecture
to enhance responsiveness and robustness.
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