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Technology Neutral Quantification of automatic frequency reserve
contribution to frequency stability in power systems using Fre-

quency Domain System Identification

Karl-Fredrik Kylesten, Robert Eriksson

A technology-neutral method is proposed for quantifying frequency dy-

namics using frequency-domain system identification (FDSI).

e A reduced second-order-plus-zero (SOPZ) model accurately captures
the dominant behaviour of complex closed-loop frequency control sys-

tems.

e The four SOPZ parameters provide interpretable metrics that enable

consistent comparison of diverse reserve technologies.

e A hydropower case study demonstrates the method’s ability to quantify
reserve contributions and link system dynamics to classical performance

indicators.
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Abstract

This study proposes a technology-neutral method for quantifying power sys-
tem frequency dynamics and evaluating the contribution of ancillary services
to frequency control. The approach applies frequency-domain system identi-
fication to the closed-loop interaction between the grid and primary reserves,
yielding a reduced second-order-plus-zero transfer function with four param-
eters. The SOPZ model reproduces the dominant behaviour of the system.
These parameters provide interpretable metrics linking control concepts to
system properties and enable the comparison of reserve technologies.
Performance indicators, including the frequency nadir and phase margin,
were derived from the reduced model. A case study based on a hydropower
plant showed that the method captures the differences between governor
reserves and quantifies their contributions to the system response. Although

the RoCoF and equivalent inertia were less accurately estimated, the method
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provides a framework for analysing reserve performance. This establishes
a foundation for evaluating frequency control services in low-inertia-power
systems.

Keywords: Power system, Frequency stability, Ancillary services, Primary

frequency control, Control theory, Linear model

1. Introduction

The stability of the power system frequency is essential for secure and
reliable grid operation. Frequency deviations outside acceptable limits can
cause the disconnection of generators or loads, potentially leading to cascad-
ing failures [1]. Because frequency directly reflects the balance between the
generated and consumed active power through the swing equation, main-
taining this balance is a fundamental task for system operators [2]. Load
Frequency Control (LFC) uses active power reserves, such as power plants
that can adjust production, to counter power imbalances and maintain the
frequency at its nominal value. Omne of the most common reserves is the
Frequency Containment Reserve (FCR), also known as the primary reserve,
which is automatically activated based on local frequency measurements.
FCR typically operates through the governor-based droop control of syn-
chronous generators (SGs). SGs also contribute to stability by storing rota-
tional energy, thereby adding inertia to the system and helping to limit the
Rate of Change of Frequency (RoCoF) [2].

As the power system landscape continues to evolve, maintaining frequency
stability is becoming increasingly challenging. The dynamic properties of

the grid fundamentally change as the penetration of inverter-based renew-



able energy sources (IRES) increases. The implications of declining inertia
for frequency stability have been widely studied [3], and recent studies have
explored how ancillary services can compensate for low-inertia conditions.
However, much of this work still implicitly assumes ancillary service defini-
tions and performance metrics that are rooted in synchronous-machine-based
system dynamics. In these systems, the grid relies heavily on inverter-based
resources, including renewable generation, energy storage, and HVDC links,
not only for energy production but also for frequency support.

The properties of IRES are different from those of traditional resources.
On one hand, inverters can operate faster than governor-based turbines, and
new resources have the potential to support the grid with fast responses.
However, these resources may be limited by the available power from the
weather or the state of charge in battery storage systems. The requirements
and compensation schemes for different ancillary service products are usually
designed for traditional reserves, making it difficult for IRES to contribute
[4, 5]. Solutions include new ancillary services that better utilise the speed
of inverters, compensation models based on performance that could reward
speed, and redesigned requirements for participating in the market [6, 7]. De-
spite these proposals, no widely adopted framework exists for quantitatively
linking system-level frequency needs to the measurable dynamic properties
of aggregated resources.

To evaluate new ancillary services and performance-based compensation
models, it is crucial to understand both the needs of the power system and the
contribution of individual reserves to the overall frequency dynamics. This

requires metrics that describe the system dynamics independently of the un-



derlying technology used to deliver the frequency support. To include a broad
range of technologies, the metrics used for evaluation must be technology-
neutral. Examples of system-level performance indicators include metrics
derived from the frequency response following a load disturbance, such as
the maximum RoCoF, frequency nadir, and steady-state frequency deviation
(SSFD) [2]. For stability assessment, classical control metrics such as the
phase and gain margins are commonly used [8].

However, these indicators are typically evaluated individually and do not
provide a compact representation of the underlying closed-loop frequency dy-
namics of the system. This study addresses this gap by developing a method
based on the Frequency Domain System Identification (FDSI) approach. The
method characterises the frequency dynamics of a closed-loop (CL) system
using four parameters that describe its essential dynamic behaviour. These
parameters can be analytically related to conventional performance indica-
tors, including the maximum RoCoF, frequency nadir, and phase and gain
margins, thereby providing an interpretable connection between classical con-
trol theory and system-level frequency performance.

Finally, to demonstrate the applicability of the proposed approach, the
method was tested in a case study using a reference hydropower plant model.
The results show that the reduced-order model obtained through the FDSI
accurately captures the frequency dynamics of the system and enables a

meaningful quantification of each reserve’s contribution.



2. Motivation for simplified model

We represent the aggregate frequency dynamics using the classical swing
equation with load damping. Under the Single Machine Equivalent (SME)
assumption, the system’s inertial response is captured by the aggregated
inertia constant H, and the frequency-sensitive load and generator damping
are represented by ky. Linearising around an operating point yields the
familiar first-order relation between the power imbalance AP(s) and the
frequency deviation Af(s),

Af(s) 1
T AP(s)  2Hs+ kg’ (1)

G(s)

which serves as a grid model for load frequency dynamics without frequency
control.

To analyse the frequency containment control, we consider a controller
F(s) acting on the measured frequency deviations. The open-loop transfer

function is

Go(s) = G(s)F(s), (2)
from which the sensitivity function

1
5 = TG )

can be derived. We also define

G(s)

T(s) = G)S) = 7605 Py

(4)

which describes how load disturbances propagate to frequency under closed-
loop control and forms the basis for evaluating the dynamic contribution of

different reserve technologies.



For the frequency reserve, we considered an idealised plant model without
a phase shift or time delay as a starting point, in which the output power
always followed the input reference in proportion. Under this assumption,

we model the FCR plant simply as

Frcr(s) = Krcr, (5)
where Kgcr represents the plant gain. To avoid future confusion regarding
the terms ”droop” and ”droop-gain” we will clarify that we will adopt the
convention used in the literature, such as [9] and [8]. We can define the droop
coefficient or just droop as

_af

R_AP

= (Kpcr) ', (6)

which expresses how much the frequency is allowed to deviate (Af for a
certain change in the generating power, AP). For example, if we put the
expressions from Eq. (5) into Eq. (4) reveals that An ideal FCR controller
increases the effective damping of the system to k; + Kpcgr. In this study,

we will call

(7)
the total droop. The steady-state frequency deviation (SSFD)in the system
is reduced to AP Rit.

However, this idealised plant model is not realistic for practical appli-
cations. In reality, plant dynamics are governed by complex nonlinear be-
haviour. However, for small-signal analysis, a linear approximation can be
employed, which is typically represented by transfer functions comprising

gains, poles, and zeros. Inspired by [10], we want T'(s) to be of second order
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Figure 1: Base model used for the motivation of SOPZ model

to compute the step response analytically and use the term from classical
control theory to describe the system. If T'(s) is second order, and G(s) is of
first order, then F(s) must be of first order as well.

In [9], a transfer function with one pole and one zero was used to approxi-
mate the behaviour of various generator plant types, including hydroelectric,
gas turbine, and wind power plants. Based on this insight, we introduce the

following general model.

Tas + 1

Fpiant(s) = P

(8)
where 7 is the time constant characterising the rise time of the plant’s

step response, and « is a shaping factor that modulates the plant’s response.

2.1. Closed-loop model of FCR and Grid, Second order plus zero

To analyse the CL system of a power system with LFC, we consider a
scenario in which the grid, represented by G(s) in Eq. (1) is combined with
the plant model in Eq. 8 to describe the fynamics o our ancillary servise.
These expressions can now be used in Eq. (4) to examine the CL system
dynamics under more realistic assumptions. With this FCR plant, we get

the closed loop system like in Fig. 1 and T'(s) becomes



7s+1

T =
(5) (2Hs + kq)(ts + 1) + Kpep(ats + 1) + ky

(9)

We can see that T'(s) is a second-order transfer function with two poles
and one zero or lead factor. In Eq. (9), T'(s) is expressed in the base (H, ky,
7, a and Kgcg), wich corresponds to the equivalent system, However, T'(s)
can also be expressend in another base, so that we get T(s) written on a
form more common in control theory, and we will call this transfer function

second-order plus zeros (SOPZ):

.5+ 1
2Cwos + Wi

T(s) = Ripsw} o (10)

The parameters in (10), referred to here as the SOPZ parameters, are
the natural frequency wy, the damping coefficient ¢ (0 < ¢ < 1 for under-
damping and ¢ > 1 for over-damping), and the numerator time constant 7,
which determines the zero of T'(s) and coincides with 7 when a single reserve
is considered. By expanding the denominator in Eq. (9), we can evaluate

the SOPZ-parameters as

]{ZdT + KFCRT(X +2H

(11)

wo( =

2HT
kq + Krcr
— /4T FCR 12
=N TR (12)
and
kd’T + KFCRT(I + 2H k’d + KFCR
p— . ].
¢ A4HT / 2HT ( 3>



3. Frequency Domain System Identification

In this study, we suggest the use of Frequency Domain System Identifi-
cation (FDSI) to quantify the properties of frequency dynamics.

In FDSI, we have a model F(s), and a simplified model F(s,0) with
parameters 6 = {6;,0,...}, which we want to tune so that F(s,) matches

F(s). The FDSI aims to identify the # that minimize the error
e(s) = F(s,0) — F(s) (14)

for all s. This is achieved by sampling a set of frequencies w;, assigning

weights w;, and formulating the cost function
V(0) =D will F(jewr, 0) = F(jw)| (15)

Subsequently, an optimization algorithm is employed to determine the 6 that

minimizes V' (#). The sample density is most commonly logarithmic[11].

4. Frequency Domain System Identification as a Method for Quan-
tifying System properties

To implement this method, as shown in Fig. 3, we need a model for our
grid G(s) and a model for the total of all our automatic frequency reserves
F(s), which we use to construct T'(s), see (4). We then use the FDSI to tune
the parameters Ri.,wo,(, 7. from the SOPZ transfer function, so that we
obtain an estimation T(s) Matlab handles this process automatically with
the built-in function procest, which also returns a fit-score
5 P G) = Flnl

2 [F(Gws)?
9

fite, = 100 -

(16)
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Figure 2: Example of FDSI. The density of sampled frequencies are closest around an

estimation, wy

0-100 % that tells us how well the the final F(s, #) matches the frequency re-
sponse of F'(s). In system identification, an 80% fit score is considered a good
fit[12]. The frequencies sampled w; for the FDSI were selected such that the
sample density was higher for the range of frequencies that could be critical
for the system. It was assumed that this frequency range was close to wy.
Therefore, the FDSI was performed in two parts, as illustrated in figure 2. 1)
An initial estimation of wy was performed by estimating T (s) with 100 fre-
quency samples logarithmically distributed between 1072 and 10? rad/s (2):
Another 5000 frequencies were sampled in a such that the the sample density
function was normally distributed over log(w) around log(wp). That is, the
density of the samples is proportional to 1 + aexp {(logwy — logw)?/(20.)}
where a and o, are the shape parameters. Another T(s) was estimated
using the new, increased sample size. With this estimation, we obtain our
estimations of Ry, wo, ¢, 7,. Together, these four metrics quantify the system

performance and dynamics.

10
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Figure 3: Tlustration of usage for the method. (a): FDSI is used on a system with grid
model G(s) and reserve model F(s) to fit the SOPZ model T'(s). (b): FDSI is used to

quantify the contribution of one additional reserve Fiew($).

When we identify 7'(s) with the FDSI, it is expressed in the standard
form for the SOPZ transfer function with the parameters (R, wo,(, 7).
Representing 7'(s) in standard form is useful for classical control theory, as
wp and ( express oscillations and damping of T'(s).

In addition to quantifying the stability and performance of the system as
a whole, the FDSI can also be implemented to estimate the contribution of
a single additional reserve Fyew(s) that is to be implemented in a grid that
already has other reserves. As illustrated in Fig. 3 (b), we have already used
the FDSI and obtained an estimation Tbase(s) that describes the base case of
our system. We then introduce Fyey (s) and construct Txey(s) = Tbase(s) /(1+
Tbase(s)FNeW(s)). Then, we use the FDSI to obtain TNQW(S), which will have
the parameters 6 + A6, where Af can be considered as a quantification of the

contribution of Fyew(s). We can express the contribution of Fyey(s) either

11



with the base (ARyot, Awp, AC, AT,) or the base (AReq, AHeq, AT, Acteq)

5. Relation to other common metrics

One benefit of reducing 7'(s) to a second-order transfer function is that
it becomes more manageable for analytical purposes. Typically, the perfor-
mance, stability, and robustness metrics are assessed through simulations.
However, if we obtain (R, wo, ¢, 7,) via FDSI, many different metrics can

be readily derived depending on the focus of the study.

5.1. Step response metrics

As a metric for how well the CL system 7'(s) can handle disturbances, we
derive the frequency nadir (FN) A fyrax. The FN depends on the disturbance
we want to test, but a common choice is to let AP(s) be a step function that
goes from 0 to dP at t = 0. We can then derive the step response f(t) of
T(s) as

1 1
A _ 1 dap 9 TS+ L 1
f(s)=L {d Riorwy 2+ 20wos + W2 s (t), (17)

since 1/s is the transform of a unit step. The FN A fy.x can be found as
Af(tpagir) Where tyaq; is the first ¢ that satisfies RoCoF (¢paqi) = 0.

The solution for Af(t) varies depending on whether the system is over-
damped or underdamped: For the underdamped case, we know that the poles

are

P12 = wo( £ Jwg (18)

where

wWg = wo/ 1 — (2 (19)

12



is the damped frequency, and taking the inverse transform in the under-

damped case gives the solution

Afup(t) = dP Ry

1 — exp{—Cwot} (cos wat + % sin wdt>] (20)

An interesting property of T'(s) is that we can obtain an overshoot even in
the over-damped case where ( > 1, owing to the effect of the zeros located
at z = —1/7,; therefore, we also need a solution for the over-damped case.

We do the substitutions
B =wy/(?—1 (21)

and obtain the step response for the over-damped case

Tzw(% - <w0 .
Afop(t) = dPRyo |1 + exp{—wo(} | — cosh 5t + — 75 sinh /3t
(22)
It can be shown that there will be an overshoot if

TW2

U< ol — Ca) 1 P2

<1 (23)

Then, the overshoot happens at

1 w28
toadic.op = — tanh ™! =0 24
dmop B o (WOC(Tch% — Cwo) + 52) (24

Otherwise, when there is no overshoot, the FN is the same as the SSFD, that
is

s+ 1
T PRy
2Cwos + wg

From the step equation, we can also see that the maximum RoCoF, RoCoF .,

A friat = lim dP Ruonts] 5— (25)

occurs immediately after the step response and is proportional to the inverse

13



of the inertia. The inertia is not measured directly with our method, but by

using Eq. 11 - 13, we can obtain an equivalent inertia,

1

H,=——
q 2 )
2(,()0 RtOtTZ

(26)

describes the inertia that an equivalent system with the same SOPZ param-

eters would have if we assume the same structure as described in Fig. 1.

5.2. Analytical Phase and Gain margin

In a stable system, avoiding the singularity of the sensitivity function
S(s). According to the Nyquist stability criterion, the loop transfer function
Go(jw) must not encircle the critical point —1. The phase margin (PM) and
gain margin (GM) serve as quantitative indicators of the proximity of Gy(jw)
to the critical point. Notably, these margins are metrics of robustness rather
than absolute stability tests: the PM denotes the extent of additional phase
lag that can be tolerated at the gain crossover before the onset of instability,
whereas the GM represents the extent of multiplicative gain increase that
can be tolerated[11]. Thus, the SOPZ model can be applied not only for
performance analysis but also for evaluating robustness.

The OL system can be expressed as

14+ Tas 1+ 5 Teeoscl
G — =T, 2_ TeWo . 27
o) = GHs TR0t 9) 0 ST T e (27)

Substituting s = jw yields the magnitude is

2
9 1 + w2 (TZUJOC*l)
Tzwo TzW0
w

1+ (wr,)?

|Go(Jjw)| =

14



and the phase is

-1
ZGy(jw) = arctan (w %> — arctan(wr,) — (29)

S

TWo

The gain margin is obtained from the phase crossover frequency wy.,

where /Gy (jw) = £m. Solving for this frequency gives

2
_ “o
Wpe = 4 T oo (30)

The condition for a real solution of w. is T,wo( < 1. When a real solution
exists, the gain margin is GM = 1/|Gy(jwy.)|; otherwise, the Nyquist curve
does not cross the real axis, and the gain margin is effectively infinite, making
GM an uninformative robustness metric.

In contrast, the phase margin is determined from the gain crossover fre-
quency wy. defined by |Go(jwy.)| = 1. Introducing the substitution

2
C=1- (Tzwgwo—H) , (31)

T-Wo

one obtains
2 _ —C++/C? + 4(Tzw3)

Wye - (32)
and the phase margin is then
T.wo( — 1 T
PM = arctan | w,e————— | — arctan(wg.7,) + =. (33)
TWo 2

It can be shown that for an underdamped system, PM is approximately
proportional to ¢, which corresponds with the fact that the real part of the

dominant poles is also proportional to (.
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6. Case Study: Addition of Hydro Power FCR

In this section, we demonstrate how the proposed method can be ap-
plied to quantify the impact of introducing new reserves into the system.
Hydropower was selected as the reference model because it has been well-
studied and often serves as a benchmark in studies of frequency dynamics.
First, we introduced a base with a single hydropower plant. Subsequently,
additional hydropower plants will be introduced one at a time. Using the
FDSI, we investigated how the properties of the system changed and evalu-

ated these additional reserves.

6.1. The cases

The reference model in this case study is a linear model of a hydropower
plant obtained from [2]. The model describes the dynamics of the position
of the water gate and servo, as well as of the generator and penstock, and
can be written as

Trs + 1 1—2T,
(1+Tps)(1+ Tyas) 1+ Typs

Friyaro(s) = (34)

When the plant is automatically controlled with droop R, the parameters

T, and Tpare obtained as

TrTc
T.,= 35
T To + Tr(R + gs) (35)
and
T T,

92 — R
Typical values for Tr and T, are 2.5-7.5 and 0.2-0.4 s, respectively, and
typical values for g, are 0.2-1.0. [2].

16



In the base case, the system consists of a grid model G(s) with H = 4.5
and k; = 0.01 and a power base S, = 42,000 MW. A hydropower plant
provides primary frequency control (FCRO) with T, = 1.2 s, T, = 0.3 s,
T. = 5 s and gr, = 0.6. The system was subjected to a disturbance of
AP = 600 MW. The droop is chosen such that the steady-state frequency
deviation is 0.1 Hz, corresponding to a droop of 14% (gain of 7.1 pu/pu).
The CL-base case was constructed as Th.ee = G(5)/(1 4+ G(s)FCRO(s)).

Next, an additional FCR reserve was added to the system in parallel
with FCRO. The new FCR unit was also a hydropower plant with the same
values of T}, gr,, and T,,. Two cases were tested. In the first case, FCR1,
we chose T, = 1.0, which corresponds to a slow governor. In the second
case, FCR2, we choose T, = 0.1, which corresponds to a fast governor. We
constructed CL systems as Trcr1 = Thase/ (1 + Thase FCR1(s)) and Trcra =
Thase/ (1 4+ Thase FCR2(s)). We expect the slow governor to perform worse

than the fast one.

6.2. Results

For the three CL models Thase(s), Trcri(s) and Trcra(s), FDSI was used
to identify the corresponding SOPZ transfer functions Tbase(s), T rcr1(s) and
TFCRQ(S). The fit scores were 92.8, 89.4 and 89.6%, respectively. Figure 4
illustrates how SOPZ reduction simplifies the dynamics. The full model in
Fig. 4(a) contains many poles and zeros, making it difficult to extract mean-
ingful dynamical properties directly from the control-theoretic intuition. In
contrast, the SOPZ approximation in Fig. 4(b) contains only two dominant
poles and a single zero, from which the key properties can be directly inferred:

wo = |p|, wq = Im(p), and the damping term (wy = — Re(p).

17



This reduction also enables a graphical comparison of how the additional
reserves modify the system’s performance. Both FCR1 and FCR2 move the
dominant poles further from the real and imaginary axes, indicating improved
damping and natural frequency. Moreover, FCR2 produced a larger horizon-
tal pole displacement, which was consistent with its faster governor and the

expectation that a faster unit contributes more damping to the system.

0.2 8

4
— 8 Base - 0.2 x #8 Base
Ty % FCR1 lw % FCR1
. 0 rery | @O0 O@x@ - 0 rora | D
B " 02 %
-0.2 8 F
-8 -6 -4 -2 0 -0.12 -0.1 -0.08 -0.06 -0.04 -0.02
Re [s7!] Re [s7!]

(a) (b)

Figure 4: Pole-zero plot of the systems. (a) Poles and zeros of without SOPZ approxima-

tion CL systems, T'(s). (b) poles and zeros of system with SOPZ approximations 7'(s).

The identified SOPZ parameters for each case are presented in Table 1.
Table 2 further quantifies the contribution of each reserve by subtracting the
base case values. As intended in the design of the case study, the reserve
with the faster governor (FCR2) performed better. While AR and Awy
are similar for both reserves, FCR2 achieves a larger reduction in 7, (7.5%
versus 5.6%) and, crucially, increases the damping ¢ by 1.4%, whereas FCR1
reduces it by 7.7%. These results confirm that the SOPZ metrics capture the
expected dynamic improvements associated with faster primary control.

Additionally, the SOPZ parameters allow the computation of the equiv-
alent inertia H.q, as listed in Table 3.

The step responses are shown in Fig. 5, which demonstrates that the

18



Case | Riot T, Wo ¢

Base | 0.142 25.587 0.212 0.433
FCR1 | 0.116 24.150 0.246 0.399
FCR2 | 0.115 23.669 0.253 0.439

Table 1: Parameters of the SOPZ model, expressed on standard form and as the equivalent

system
Case ARyt AT, Awg Al
FCR1 -0.025 -1.437 0.034 -0.033
(-17.7% ) (-5.6 %) (16.2%) (-7.7 %)
FCR2 -0.027 -1.918 0.041 0.006
(-190 %) (-7.5%) (194 %) (1.4 %)

Table 2: Quantification of how the additional reserves changes the system compared to

the base case.

SOPZ approximations closely follow the full models across the entire time
horizon, including a highly accurate prediction of the frequency nadirs. The
zoomed view in Fig. 5(b) reveals the main limitation of this reduction: the
SOPZ model initially predicts a slightly steeper decline in frequency. This
corresponds to an overestimation of the initial RoCoF ., which subsequently
decreases after approximately 1s as the SOPZ model aligns with the numer-
ical trajectory. This effect explains the underestimation of H.q in Table 1.
Using the SOPZ parameters, we computed the estimated A fi., RoOCOF ax,

SSDF, and PM, as shown in Table 4. Table 5 lists the relative errors com-

pared with the direct simulation. The frequency nadir was estimated with

19



Case | Hoq 1€Hoq [%)]
Base | 3.076 -23
FCR1 | 2.933 -26
FCR2 | 2.878 -18

Table 3: Measured values of H.q and relative error compared to the actul value H =4 s.

Af [Hz]

0 20 40
Time [s]

(a) (b)

Figure 5: Frequency response to a disturbance. The fully drawn lines were obtained
from the simulation of the full system 7T'(s). Dashed lines are analytically calculated step

responses of T'(s).

high accuracy (within 3%), and the SSDF was within 10%. As expected from
Fig. 5(b), the initial RoCoF .y is overestimated by roughly 25-30%. The
PM was correctly ranked between the cases, although the absolute error was

larger owing to the infinite GM of the system.

6.3. Discussion

The case study demonstrated that the FDSI can identify an SOPZ model
that accurately captures the essential frequency dynamics of the full system

while substantially simplifying its structure. The SOPZ model reproduces

20



Case | Afmax [Hz] RoCoF.x [Hz/s|] SSFD PM [deg]

Base -0.375 0.116 0.101 23.514
FCR1 -0.346 0.122 0.083  31.186
FCR2 -0.329 0.124 0.082  37.413

Table 4: Estimation of A fyrax and PM from SOPZ model.

Case | re Afmax|%] re RoCoF yax [%] re SSDF  re PM [%]

Base 1.7 24.1 4.7 38.6
FCR1 2.8 28.8 -9.4 8.1
FCR2 2.8 29.2 -7.8 3.5

Table 5: fit score of FDSI and relative error of the estimations of A fyrax, RoCoF, SSDF

and PM from SOPZ model compared to numerical simulations.

the dominant behaviour of the step response and, in particular, provides an
accurate estimate of the frequency nadir, which is often the most critical
metric for evaluating automatic FCR performance.

The SOPZ parameters (R, wo, ¢, 7,) offer a transparent way to quantify
how additional reserves modify system dynamics. Consistent with physical
expectations, the faster governor (FCR2) provided a stronger stabilising con-
tribution than FCR1. This is visible in the parameter changes, especially in
¢ and 7., and in the pole movements in Fig. 4(b).

The main limitations arise from the estimation of the initial RoCoF and
equivalent inertia. Because the FDSI weighting prioritises accuracy around
wp, the SOPZ model does not fully capture the high-frequency behaviour that

governs the instantaneous RoCoF. This leads to a systematic overestimation
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of the maximum RoCoF and, correspondingly, an underestimation of He,.
However, because the RoCoF of the SOPZ model aligned with the numeri-
cal model after approximately 1s, a more reliable inertia estimate could be
obtained by evaluating the RoCoF at later times. This avoids the incorrect
interpretation that additional services provide a physical inertia.

Overall, SOPZ reduction provides a useful and interpretable approxima-
tion for quantifying frequency dynamics and comparing the contributions of
different reserves. While improvements are possible regarding the estimation
of inertia and initial RoCoF, the method is sufficiently accurate for evaluat-
ing key system metrics, particularly the frequency nadir and damping-related

properties of the system.

7. Conclusion

In this study, we present a technology-neutral method for quantifying
the frequency dynamics of a power system and assessing the contribution
of ancillary services to frequency control. Using frequency-domain system
identification (FDSI), the closed-loop dynamics were reduced to a compact
second-order model with one zero (SOPZ), which was characterised by four
parameters that together captured the dominant behaviour of the system.
Despite its simplicity, the SOPZ approximation reproduced the frequency-
domain behaviour and time-domain step response of the full model with high
accuracy, including an estimation of the frequency nadir within 3%. These
results demonstrate that the essential dynamics governing frequency stability
can be represented using only a few, interpretable parameters.

A proof-of-concept case study based on a reference hydropower unit showed
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that the proposed method successfully distinguishes between reserves with
different dynamic characteristics. The changes in 7., wy, and { consistently
reflected the expected improvement from a faster governor, and the pole
movements in the SOPZ model provided an intuitive visualisation of these
effects. Although the method overestimated the initial RoCoF and conse-
quently underestimated the equivalent inertia, these discrepancies were lim-
ited to the very early part of the response and did not affect the accurate
reproduction of dominant dynamics.

Overall, the results indicate that the proposed approach provides a technology-
neutral means of approximating and quantifying the frequency dynamics.
This method offers a basis for systematically comparing diverse frequency
control services and may support the development of performance-based pro-
curement strategies for future low-inertia power systems. Future work may
refine the estimation of high-frequency behaviour and apply the framework to

a broader set of resources, including inverter-based and fast-acting services.
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