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Abstract

This paper investigates the impact of fast frequency response (FFR) on the transient stability of power systems. Focus is paid
on the effects of FFR injection location within the transmission network. To allow the analysis to be easily generalised to other
low inertia systems, a test system incorporating wind generation and HVDC interconnectors has been used. The FFR is provided
by distributed storage devices with grid-following converters. It is shown that FFR can reduce transient stability despite the fact
that frequency excursions are arrested. Synchronous generators in the system that are initially operating with a high relative
angle displacement and which have low synchronous kinetic energy are considered critical with respect to this analysis. FFR
delivered electrically close to critical generators is shown to cause larger angle divergence and will result in a greater chance of
transient instability. Variations in system inertia, FFR capacity, disturbance location and network topology have also been stud-
ied to establish how severely the transient stability is affected when FFR is delivered at different locations within the system.

1. Introduction

Power systems are going through a period of radical change as
converter interfaced generation (CIG) sources proliferate.
CIGs do not inherently contribute to synchronous kinetic en-
ergy (or inertia) as compared to conventional synchronous
generators (SGs), posing challenges concerning the frequency
stability of future power systems [1]. Maintaining frequency
stability following large disturbances by relying only on the
existing primary frequency control schemes of SGs will prove
difficult as these schemes are not fast enough to arrest fre-
quency excursions in low inertia systems [2]. This will also
give rise to an increase in system operational costs and carbon
emissions. Conversely, providing fast frequency response
(FFR) from numerous distributed CIGs within power systems
is widely recognised as a cost-effective way to alleviate the
concern of deterioration in frequency stability. With supple-
mentary frequency control applied, FFR can be delivered from
various technologies, dependent on different operational char-
acteristics [1], [2].

Selecting the suitable placement of FFR within power systems
needs to be addressed in order to keep the system operational
and stable. The majority of the work published has focused on
frequency stability improvement (as expected), for example
[3], [4]. Studies to date, however, have rarely considered the
impact of FFR on transient stability. The large-scale penetra-
tion of CIGs not only leads to reduction of the whole system
inertia, but also results in significant variations in regional in-
ertia. Larger frequency deviations and angle divergence will
be seen in areas with lower inertia when the system is sub-
jected to a disturbance. Issues may arise when FFR services
are provided at points in the system electrically distant from
the disturbance as (1) it increases the angle separation with re-
spect to neighbouring regions [5], and (2) it leads to a larger
amount of power flowing through transmission lines, possibly

triggering protection schemes, which could eventually cause
system splitting [6].

The interaction between FFR and transient stability has re-
cently attracted attention of the transmission system operators
(TSOs) who control electricity transmission networks with
low inertia and tight transmission constraints, such as Iceland
[6] and the Great Britain (GB) [7]-[9]. In [7], FFR has been
demonstrated to have undesirable effects on transient stability
when local frequency measurement is used, though frequency
stability is maintained. This is primarily due to the spurious
operation of the FFR devices as a result of variations in re-
gional inertia. In order to accurately capture the regional vari-
ations in frequency dynamics, FFR schemes based on Wide
Area Measurement System (WAMS) have been developed
[6]-[9]. In this way, FFR is allocated to counteract the power
deficit within centres of inertia of the system therefore mini-
mising the detrimental impact on transient stability.

Although WAMS-based FFR schemes have been shown to be
effective at preventing transient instability, it has exclusively
been used in Icelandic power system due to lack of synchro-
phasor measurements in operation as well as the complexities
in implementing such a scheme. At present FFR is therefore
still commonly applied by using local measurements, for ex-
ample the Dynamic Containment (DC) service procured by
U.K. National Grid Electricity System Operator (NGESO)
[10]. In addition to this, the underlying physical mechanism of
how FFR impacts transient stability is not well understood and
requires thorough investigation.

This paper investigates the impact of FFR on transient stability
considering varying injection locations. The mechanism of
how FFR affects the electromechanical oscillations of the SGs
is explained through the use of a mixed AC/DC power system.
Distributed battery storage devices with grid-following
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converters are used to provide FFR. Deterioration in transient
stability caused by FFR is highlighted by considering multiple
factors, including system inertia, FFR capacity, disturbance lo-
cation and network topology. The work presented in this paper
is of significance as it allows the TSOs to be more confident
when procuring FFR services or designing new stability ser-
vices. It should be noted that the use of the acronym FFR
within this document is generic and differs from the NGESO
term Firm Frequency Response.

2. Modelling and Analysis

2.1. Test system description

A 29-node, 6-zone network is used as the test system through-
out this study, shown in Fig. 1. This represents a reduced order
equivalent model of the possible future GB transmission sys-
tem. The representative GB network was first introduced in
[11] and further developed in [12] for small-signal stability
studies. Each node in the network represents an area contain-
ing large amounts of generation and/or demand in the GB sys-
tem. The system is split into 6 zones based on the regional split
of the network as given in [13] but with the B4 boundary sep-
arating the Scottish network into Zone 1 and Zone 2.
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Fig. 1 GB 29-node, 6-zone test system diagram.

All SGs are represented by full six-order models with the dy-
namic parameters selected from [14] to represent distinct gen-
erating units. Coal-fired, gas-fired, and hydro units use the
IEEE-DCI1A exciter whilst nuclear units are equipped with the
IEEE-ST1A exciter. All SGs also operate with governor sys-
tems with a dead band of £15 mHz: coal-fired and nuclear
units with the WSIEGI governor, gas-fired units with the
GASTWD governor and, hydro units with HY GOV governor.
Both the hydro units at Node 1 and Node 3 are equipped with
finely tuned IEEE-PSS1A power system stabilisers (PSSs)
such that operating conditions that are stable with respect to
small-signal stability are established. System loads use a ZIP
model wherein the coefficients are selected based on [15].

Generic models for representing wind generation, including
DFIG and FCWT [16], are used in this study. Both LCC-
HVDC and VSC-HVDC systems are modelled as dynamic av-
erage-value models with P-Q control [17]. Static Var Compen-
sators (SVCs) are modelled with constant voltage control to
improve local voltage stability. Power system modelling is
performed using DIgSILENT PowerFactory 2019.

The system generation and demand are determined using fore-
casted data from NGESO for the year 2030. The installed ca-
pacity for each type of generation is obtained from [18]. Two
loading conditions of the Two Degrees Scenario given in [19]
are used to alter the system inertia level: Winter Peak demand
of 62 GW and Summer P.M. demand of 35 GW. With these
loading conditions, the GB system operates with high power
flows from northern generation zones to southern demand cen-
tres. Transmission circuits and shunt reactive compensation
parameters are obtained from [13]. For the purpose of model-
ling scenario creation, the stochastic power carried through the
interconnectors to/from the synchronous grids of Ireland, Nor-
dic and Continental Europe are considered independent of
each other, as well as stochastic wind generation at different
nodes in the test system. The proportion of active power dis-
patch of the interconnectors are set to be identical if they are
connecting to the same synchronous grid of Europe. The
CCGT at Node 16 is the reference machine for the rotor angle
in the system. Further system details can be found in [12].

2.2. Large disturbance modelling

In this study, only under-frequency events are considered. This
is modelled by creating a sudden load connection at the target
bus. This disturbance load is considered voltage independent
and active power only. The disturbance is always sized at
1320 MW, equivalent to the Normal Infeed Loss Risk for the
GB system. Such a disturbance not only leads to reasonably
large frequency deviations that may require support from FFR
devices, but it also enables analysis of the interaction between
FFR and transient stability without the system naturally losing
synchronism (following the disturbance but with no FFR).

2.3. Fast frequency response modelling

The control scheme of FFR in this study is implemented as the
NGESO Dynamic Containment (DC) service [10]. DC is a
post-fault service which aims to contain the system frequency
within statutory range of [49.5, 50.5] Hz. The response curve
of DC is depicted in Fig. 2, where the knee point frequency of
the large proportional delivery is £0.2 Hz.
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Fig. 2 Dynamic Containment — adopted from [10].

Contracted
active power response

Despite the fact that various technologies may participate in
the future FFR market, there is significant interest of using bat-
teries to provide faster-acting frequency containment in the
GB system due to their rapid controllability and great flexibil-
ity. A modified version of the generic model of battery energy



storage system (BESS) in PowerFactory [20] is used in this
study as the DC provider accordingly. The frequency control-
ler alongside the active power control loop is displayed in
Fig. 3. The delay of DC output is implemented using standard
time-delay function. A ramp limiter is added to the outer active
power control loop in order to prevent the batteries delivering
large fast injections of power as specified in [10]. The total
requirements for DC Low Frequency (DCLF) in winter and
summer are determined using the data for the year 2021, which
are 800 MW and 1400 MW respectively.
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Fig. 3 Active power control loop of a BESS.

2.4. Simulation analysis

To reduce complexity of this initial investigation into the loca-
tional impact of FFR on transient stability, seven DC provision
modes are considered. A base case with identical storage de-
vice installed at 29 nodes in the test system in order to provide
the total DCLF during frequency excursions. These devices are
all rated at 27.60 MW and 48.28 MW for the given winter and
summer loading scenarios respectively. For the other six pro-
vision modes, it is assumed that the total DCLF is only pro-
vided in one zone and is evenly provided. This is justified by
considering the availability of DC service provision is depend-
ent on the day-ahead FFR market but not monopolised by par-
ticular providers. For example, in winter, if only the providers
in Zone 1 are available for total DCLF provision, 4 identical
storage devices are distributed at Node 1-Node 4 and all rated
at 200 MW so that the total installed storage is 800 MW.

Dynamic transient simulations of 5 s long are performed for
each of these DCLF provision modes with the disturbance oc-
curs at ¢t = 1 s (deviation from 50 Hz). To avoid possible detri-
mental impact of longer delays, the minimum initiation time
of DLCF is selected for the simulations being performed — the
delivery of active power begins 250 ms after the frequency de-
viation occurred [10]. The maximum rotor angle difference be-
tween the SGs (Ad,,4,) is used as transient stability index.
Ad,q values beyond 180° are considered unstable.

3. Results & Discussion

This section presents the analysis of the impact of variations in
DCLF injection locations on transient stability. Three test
cases described in Table 1 are used to highlight the key results
as the system kinetic energy (2 SH) is reduced. To start with,
Test case 1 is used to establish how transient stability is af-
fected when the system operates with high levels of kinetic en-
ergy (DCLF requirements are small accordingly). Test case 2
is used to elaborate how the FFR-induced impacts change with
reduced system inertia as well as increased DCLF require-
ments. Finally, Test case 3 is used to represent a typical oper-
ating condition in summer in order to ascertain if improper
DCLF injection locations may degrade transient stability. The

system non-synchronous penetration (SNSP) level is used as
an indicator to represent the ratio of the total power generated
by wind and imported HVDC divided by the total system de-
mands and HVDC interconnector exports [21].

Table 1 Test case parameters

Test Study DCLF Demand  SNSP 2>SH
case period (MW) (GW) ratio(%) (GVA-s)
1 Winter 800 62 31 243
2 Summer 1400 35 31 145
3 Summer 1400 35 54 101

3.1. Testcase 1: 243 GVA-s

This case represents a heavily loaded scenario (62 GW) where
the system is initially operating with 31% penetration of non-
synchronous generation. Fig. 4 presents the effects of DCLF
delivered in different zones where the disturbance is at Node 6.
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Fig. 4 For Test case 1: Responses of the system COI frequency,
the maximum rotor angle difference of the SGs (AS,,4x), CG’s
net torque (T,.;), and CG’s angle with respect to the rotor an-
gle of the reference machine (&) following the disturbance
(N.B. some lines are coincident as the numerical results
achieved are only slightly changed with varying the injection
location of DCLF).

In terms of the system frequency stability, the provision of
DCLF in different zones is equivalent as identical frequency
nadir has been observed, which is 49.82 Hz. Whereas for the
transient stability, the locational impact of DCLF in Zone 1
can be clearly distinguished from that of other zones. Looking
at the trajectories of the system’s Ad,,y, greater values of
Ad,q, can be seen following the initial swing after the disturb-
ance when delivering the DCLF service in Zone 1. The largest
difference between the resultant Ad,,, values is 2.95°.

The reason why the same frequency nadir is maintained can be
explained by considering the conservation of energy in the sys-
tem. During the first few seconds after the disturbance occurs,
as long as the same amount of energy is injected from the stor-
age devices into the system, the initial power deficit in the sys-
tem will be identically counteracted no matter where the injec-
tions occur. Note that the centre of inertia (COI) frequency is
used for comparison here so that local effects are neglected.

Both the steady state (initial) rotor angle displacement and the
inherent synchronous kinetic energy of the SGs are of primary
significance with respect to the analysis of transient stability
within this study. In particular the SG that is initially operating



with a large power angle and a low synchronous kinetic energy
can be considered critical. This is because the physical impact
of the arresting power injections on the system could be in-
creased by their injection location with respect to this genera-
tor. These aspects will be further elaborated in the remainder
of this section. By the resulting mechanism, the CCGT gener-
ator at Node 2 is considered as the critical generator (CG) in
this system. Not only does it always experience the greatest
positive steady state rotor angle displacement with respect to
the reference machine, but it also has a relatively low synchro-
nous kinetic energy in this system (throughout the three test

cases presented, its kinetic energy is 7.46%, 16.78% and 16.11%

of the SG with the largest kinetic energy respectively).

The locational impact of DCLF on the CG is presented by
viewing the torque imbalance and the change in angular posi-
tion of its rotor relative to the reference machine as displayed
in Fig. 4. Starting with the well-known swing equation, fol-
lowing a power imbalance around the network, due to mechan-
ical constraints, the mechanical power within the generator
cannot change instantly. Thus the input mechanical torque
placed on the rotor remains approximately constant during the
timescales of interest. Whereas the propagation of electrical
power through the system is comparatively quickly and in
large quantities. The torque imbalance can thus be considered
to be predominantly determined by the change in the output
electrical torque. Looking back to the diagram of the GB net-
work in Fig. 1, compared with the possible injection locations
in Zone 2 to Zone 6, the locations in Zone 1 are adjacent to the
CG at Node 2. Delivering the rebalancing service in Zone 1 is
therefore far more likely to lead to greater change in the output
electrical torque of the CG — resulting in larger torque imbal-
ance (Tpet) placed on its rotor as shown in Fig. 4.

As previously discussed, the CG has a comparatively small
amount of synchronous kinetic energy in this network, causing
its rotor speed to change faster than other machines following
the initial disturbance and the subsequent power injections.
The system experiences large angle swings if the CG and the

slower machines are not accelerating (or decelerating) together.

When delivering the DCLF service in Zone 1 in particular,
greater speed difference would be seen as well as the system
angle separation. Furthermore, considering the CG is initially
operating with the greatest power angle in the system, the
change in the system’s AS,,x Would be heavily dominated by
the change in the angular position of the CG. That is why the
provision of DCLF in Zone 1 has the greatest impact on the
transient stability of the system.

It should be also noted that the frequency drop in this case is
merely 0.18 Hz which does not reach the knee point frequency
of the large delivery of the DCLF service (— 0.2 Hz). As such,
only a small quantity of power has been injected into the net-
work with a comparatively low ramp-up rate following the dis-
turbance and hence, the overall physical impact imposed on
the CG is relatively small.

3.2. Testcase 2: 145 GVA-s

In this case, the system inertia is reduced by 40% from Test
case 1. This case represents a light loading scenario (35 GW)

but with the same penetration level of non-synchronous gener-
ation as Test case 1 (31%). The disturbance location and size
remain unchanged but the requirement for the DCLF service
is increased from 800 MW to 1400 MW as the available syn-
chronous inertial response reduces with the system demand.
Fig. 5 shows the corresponding transient responses for this
case. Note that the power output from the BESS in different
zones has been normalised for comparison.
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Fig. 5 For Test case 2: Responses of the system COI frequency,
the maximum rotor angle difference of the SGs (AS,,4x), CG’s
net torque (T,¢), and typical power output from the BESS
(Pggss) following the disturbance.

As with Test case 1, the provision of the DCLF service in dif-
ferent zones has the same effect on the system frequency sta-
bility, though a greater frequency drop (0.27 Hz) is observed.
However, the rotor swings are shown to be much larger and
faster with the system inertia reduced, resulting in noticeable
disparity between the DCLF locational impact on the transient
stability. The largest difference between the resultant values of
Abpayx 18 increased to 9.57° (compared to 2.95° previously).
The impact is most pronounced when delivering the DCLF ser-
vice in Zone 1 (as before). Providing the DCLF in Zone 6 is
shown to be advantageous and improve both frequency stabil-
ity and transient stability following the disturbance.

The large variation in Ad,,4 caused by the power injections in
Zone 1 can be explained by looking at the power output from
the BESS incorporation with the torque imbalance of the CG
as displayed in Fig. 5. After the disturbance, with a delay of
250 ms, the batteries start to deliver the balancing service but
with a small delivery characteristic. This explains the very lit-
tle disparity between the impact of DCLF injection location on
the CG following the initial swings after the disturbance. Once
the frequency drops below 49.8 Hz, larger and faster injections
of power are delivered from the batteries according to the
DCLF control strategy (see Fig. 2). With large quantities of
power delivered, it is likely that the CG would experience
greater change in torque imbalance (), particularly when
the injections are being located in Zone 1. It can clearly be seen
that the injections in Zone 1 are robust to switch the CG’s neg-
ative torque (— 0.02 p.u.) to positive (0.017 p.u.), further accel-
erating the rotor accordingly. As a result, the angular differ-
ence between the CG with respect to the slower machines is
advance, leading to large excursions of Adp,ax-

It is also evident from Fig. 5 that the batteries’ power output in
Zone 1 contains oscillations compared to that of other zones.
This disparity is due to the fact that local frequency at the target



node is used to provide the DCLF service and, the frequency
nadir and ROCOF are not uniform around the system (com-
paring to the COI frequency). In particular an area, such as
Zone 1 in this system, with sparse distribution of inertia can
experience large and fast frequency variations after a disturb-
ance. Providing the locational balancing service in such an
area would risk the transient stability of the system and should,
therefore be avoided through appropriate service procurement.

With the electrical distance between the DCLF injection loca-
tion and the CG increased (from Zone 2 to Zone 6 in this sys-
tem), the additional power from the batteries is mainly ab-
sorbed by other machines and hence the impact on the CG is
gradually diminished. The CG is therefore not be further ac-
celerated, leading to similar variations in Ad -

3.3. Testcase 3: 101 GVA-s

In this case, the system inertia has been further reduced (by 60%

from Test case 1). The system is operating with the SNSP ratio
of 54%, possibly representing a typical condition in the future
operation of the GB system. As with Test case 2, the disturb-
ance size, disturbance location and, DCLF requirements re-
main unchanged. Transient responses after being subjected to
the disturbance at Node 6 are displayed in Fig. 6. Due to space
limitations, particular focus will be paid to the impact of DCLF
provision in Zone 1 on the transient stability though all possi-
ble DCLF provision modes are simulated to generate the full
set of results.
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Fig. 6 For Test case 3: Responses of the system COI frequency,
the maximum rotor angle difference of the SGs (Ad,,4x), CG’s
net torque (T,q¢), and power output from the BESS (Pggss) fol-
lowing the disturbance.

Unlike the previous cases presented in this study, the power
injections in Zone 1 in this case lead to greater values of A&y,
which easily exceed the initial value of 83.11°. The further re-
duction in system inertia also highlights the likelihood that the
CG will be subjected to persistent oscillations due to the acti-
vation of the large proportional delivery of the DCLF service
in Zone 1. This can be explained by the fact that the power
output from the BESS in Zone 1 is always in phase with the
electromechanical oscillation of the CG. Similar conditions in
other systems (i.e., FFR injections that are in phase with the
electromechanical oscillations of the nearby SGs) would likely
result in similar criticality.

This may not prove to be problematic, but this detrimental im-
pact could become worse when the system is further stressed.
To highlight the key problem, two further cases are used where

the system is still operating with the same generation and load-
ing as Test case 3: an alert case represents the disturbance lo-
cation moved to load centres, and an extreme case represents
a high impedance network topology.

For the alert case, the frequency disturbance is moved to
Node 28 and all transmission lines are in service. Fig. 7 dis-
plays the transient responses for this case.
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Fig. 7 For the alert case: Responses of the system COI fre-
quency, the maximum rotor angle difference of the system
(Abax), CG’s net torque (T,e;), and power output from the

BESS (Pggss) following the disturbance at Node 28.

Unlike the cases when the disturbance is at Node 6, the trajec-
tories of Ad.x rise up instantly when the system is subjected
to the disturbance at Node 28. This inherently makes the sys-
tem prone to transient instability issues and particularly, the
arresting power injections in Zone 1 have once increased the
value of A8 to 94.71°, which is 11.60° greater than the ini-
tial value (83.11°).

For the extreme case, the system is operating with a key AC
tie-line removed from service — the 400 kV double-circuit
transmission line 6-9 (crosses the boundary B6). This line is
considered critical as it provides one of the main paths for
power flow from Scotland to England. This has therefore in-
creased the equivalent impedance between the Scottish and
English networks. As a result, the system is initially operating
with a greater angle separation of 112.46°. The size of the fre-
quency disturbance remains unchanged; the disturbance is lo-
cated at Node 6 in order to isolate the inherent detrimental im-
pact of the disturbance at Node 28 on the transient stability. To
illustrate the findings clearly, transient studies have been per-
formed for two possible injection zones: Zone 1 and Zone 2,
as displayed in Fig. 8.
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Fig. 8 For the extreme case: Responses of the system COI fre-
quency, the maximum rotor angle difference of the SGs
(Abmax), CG’s net torque (T,e¢), and CG’s rotor angle with



respect to the rotor angle of the reference machine (&) follow-
ing the disturbance.

Loss of synchronism occurs between the critical generator and
the rest of the system when delivering the DCLF in Zone 1,
wherein increasing amplitude of rotor oscillations can clearly
be seen. With the DCLF provision moved to Zone 2, a transi-
tion from an unstable to stable system operation is achieved.

4. Conclusions

This study highlights the unexpected impacts that an FFR
scheme may have on transient rotor angle stability, as well as
the inherent links between frequency and transient stability
which are not often considered concurrently. FFR injection lo-
cation has been critically investigated to establish the effects
on system stability. This study has important implications for
safely assigning FFR in future low inertia systems. It has re-
vealed that FFR can have detrimental effects on transient sta-
bility, despite the fact that frequency excursions are arrested
within statutory limits. It shows that transient stability is
strongly affected by the FFR injection location with respect to
the critical generator, which can be identified by considering
generators with a combination of low synchronous kinetic en-
ergy and high steady state rotor angle displacement. Due to the
additional torque imbalance imposed on the rotor, delivering
large and fast power injections in the area where critical gen-
erators are located is shown to increase angle divergence and
reduce transient stability. Conversely, rapid power injections
electrically distant from the critical generator are shown to
have a much less detrimental impact on transient stability.

Greater deterioration in transient stability caused by FFR, for
example persistent electromechanical oscillations, has also
been shown for situations when the system operates with lower
levels of synchronous kinetic energy. This is particularly true
when the disturbance occurs near demand centres or under the
presence of high impedance and low connectivity (i.e., when
generation zones are electrically distant from demand centres).
These findings suggest the necessity of allocating FFR in areas

with reasonable electrical distance from any critical generators.

Caution must be applied when any inter-area AC tie-line is re-
moved from service to ensure FFR is safely located.

It is easy to envisage that FFR injections are more likely to
increase the risk of transient instability when implementing de-
rivative controller or multi-step response (proportional to the
power deficit), as such FFR schemes presently gain popularity
in enhancing frequency stability in future low inertia systems
with high divergence in regional inertia. Future work should
investigate mitigation strategies to avoid detrimental impacts
by incorporating various FFR schemes.
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