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Abstract
Erosion of power system inertial energy due to high penetration levels of renewable energy (RE) sources in
a power system is a current teething issue with most system operators everywhere. The main issue is displacement of synchronous generators with inverter-based based generators, as the latter do not provide any
inertial energy to the power system. The power system thereby becomes vulnerable to large system events
(like sudden loss of a big generator or load) and in an inverter-based system this could result in catastrophes
such as total collapse of the whole power system due to rapid rate of change of frequency. This paper focuses
on power system inertia as RE penetration levels increase and also explores possible mitigation measures
such as demand response techniques.
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1. Introduction
Globally, there has been a rapid increase in the deployment of renewable energy resources (RES)[1]
and the share of RES in terms of electricity generation is set to increase to 30% by 2023[2]. The bulk
of the installed RES generating capacity is expected
to come from solar photovoltaics (PV) and wind[2].
In South Africa, since the introduction of the
REIPPPP programme in 2011, over 3000 MW of
wind and solar PV have been connected to the grid.
An additional 2000 MW is expected to be commissioned in the next four years, and the 2018 Draft
Integrated Resource Plan recommended a further
13 000 MW to be procured by 2030, resulting in a
25% share of the installed capacity. These technologies are thus expected to play a major role in the
power system in future.
These particular RES generating technologies
behave quite differently from traditional synchronous machines – a key differentiator is that, because
they are inverter-based, they do not contribute to
system inertia [3], [4]. The forecast increasing levels
of RES penetration are thus expected to erode the
natural inertia of the power system, which leads to a
faster rate of change of frequency (RoCoF), resulting
in more severe frequency excursions in response to
system events [5].
This paper presents a study examining the impact of depleting levels of inertia in a typical power
system, by conducting primary frequency response
simulation studies in DigSILENT. An assessment is
also made to determine the impact of demand response as mitigation for the lower inertia levels. The
rest of the paper is organised as follows. Section 2
presents background and technical definitions for
power system inertia and Section 3 discusses the
methodology used for the study. Section 4 covers
the results from the simulations and their analysis,
and Section 5 presents conclusions.
2. Background
When an imbalance occurs in a power system the
deficit is initially compensated by kinetic energy released by synchronous generators – this is known as
inertial response [3]. Thereafter, primary frequency
response reserves kick in to stop the frequency decline, as shown in Figure 1. Secondary and tertiary
reserves are then utilised to return the system frequency to acceptable levels.
In physics, inertia can be defined as resistance to
change in motion. In the context of a power system
it can be defined as the ability of a system to oppose
changes in frequency due to resistance provided by
the kinetic energy of rotating masses in individual
turbine-generators. When analysing inertia of a large
system it is often convenient to represent inertia as
the kinetic energy of the system, which is the amount
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Figure 1: Typical system frequency response
(Great Britain limits)[6]

of energy stored in the rotating masses [16]. Turbine-generator inertia constant is defined in Equation 1.
H=

Stored Rotational Energy
MVABase

[s]

(1)

Stored rotational energy is defined as in Equation 2.
1

Wrot = Jω2 [Ws]

(2)

2

where J is moment of inertia of the rotating mass,
and w is speed in RPM (revolutions per minute) of
the rotating mass.
System inertia is given in Equation 3.
Hsystem =

∑n
i=1 Hi × MVAi
MVAsystem

[s]

(3)

As representing system inertia as a constant is
somewhat cumbersome, it is often convenient to
represent it as total stored rotational energy of the
system, as in Equation 4.
Wrot system = ∑ni=1 Hi × MVAi [MWs]

(4)

where i represents a generator unit in the system.
The rate of change of frequency (RoCoF) during
the inertial response period can be estimated by
Equation 5.
𝑑𝑑∆𝑓𝑓
𝑑𝑑𝑑𝑑

|𝑡𝑡=0+ =

𝑓𝑓 0 𝑃𝑃𝑘𝑘
𝑁𝑁
2 ∑𝑖𝑖=1,𝑖𝑖≠𝑘𝑘 𝐻𝐻𝑖𝑖 𝑆𝑆𝑖𝑖

(5)

where ∆𝑓𝑓 is the deviation of the frequency 𝑓𝑓 from its
nominal value 𝑓𝑓 0 ; 0+ is the moment just after disconnection of the load/generation; 𝑃𝑃𝑘𝑘 is the lost generation/load (the machine carrying the index 𝑘𝑘); and 𝐻𝐻𝑖𝑖
and 𝑆𝑆𝑖𝑖 are the inertial constant and apparent power
rating of synchronous machine 𝑖𝑖, with 𝑖𝑖 ranging from
1 to 𝑁𝑁 [7],
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As can be seen, RoCoF is directly proportional to
the size of the disturbance, and indirectly proportional to the inertia of the system. With the proliferation of inverter-based generators, the system inertia
is expected to decrease and lead to increasing
RoCoFs, which can present a challenge in terms of
frequency stability of the system. For simplicity
RoCoF can also be estimated from the slope of the
frequency response plot following a distance. The
slope can be determined from the linear part of the
curve (i.e. tangent) immediately after the disturbance. In this paper this approach is used to estimate
RoCoF from the frequency response simulation
plots.
Several utilities around the world have done extensive work to determine the minimum acceptable
levels of inertia in their systems in order to ensure
system stability is not compromised by increasing
levels of penetration of inverter based generation[8]–[11].
In addition to this, the role of the demand response (DR) in correcting a frequency imbalance on
the power system is becoming more prominent.
With the advent of smart grids and increased visibility of loads, fast demand response (FDR) can serve
as a mitigation for frequency excursions. Research
has shown that thermostatically controlled loads
[12], electrical vehicles [13] and even demand market participation (DMP) can all assist in frequency
control. This study will look at the use of DR, with
faster relays to mitigate the impact of reduced power
system inertia in an inverter-dominated network.
3. Methodology
To assess the impact of depleting levels of inertia, a
40 GW aggregated power system was used – equivalent to the total demand of the South African system. While the study tried to emulate the South African system, it must be realised that the model used
is not a true representation of it, as only generic
model data was used and the network was aggregated. It follows that, while the results achieved here
may be close to what could be achieved in the full
accurate representation of the South African system,
they only serve here as mere estimates of the actual
reality. Studies were conducted for the minimum
daytime load condition as this period coincides with
maximum solar PV output, and hence lower inertia
on the system. The network parameters assumed for
the study are summarised in Table 1.
Increasing levels of RES penetration were simulated by replacing synchronous machines with inverter based generation. At each simulated penetration level, the calculated stored rotational energy,
based on the synchronous machines that are online,
is used to reflect the system inertia. This measure
does not account for the inertia provided by rotating
loads (and it is assumed that this is minimal). RoCoF
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is calculated directly from the slope of the frequency
response curve.
Table 1: Network parameters for simulation
studies.
Parameter

Value

Minimum daytime load

22500 MW

Frequency dead band

50 Hz ± 0.15 Hz

Droop on governing units

4%

Load frequency characteristic

4% per Hz

Load type

Constant current
Voltage dependent

Demand response relay settings

Frequency: 49.6 Hz
Delay: 4 s and 1 s

For the purposes of the study, the South African
Grid Code requirements were used to assess the adequacy of the network. As per Smith et al. [14], the
system was set up with 800 MW of instantaneous
reserves. The single largest contingency as prescribed by the National Energy Regulator [15] was
then simulated and the frequency response of the
network observed. The Grid Code requires the frequency to turn and remain above 49.5 Hz for a single credible contingency [15]. The single credible
contingency in the study was defined as loss of a
largest unit at 1000 MW. Also according to the Grid
Code, the under frequency load shedding (UFLS)
first stage is set at 49.2 Hz [15]. This is considered
when conducting the simulations. A DR load block
of 1000 MW with a 4s and a 1s delay is also used as
a mitigation to arrest frequency decay at different RE
penetration levels.
4. Results and analysis
This section gives results of the scenarios studied.
Figure 2 and Table 2 show that at 0% instantaneous
penetration the system inertia on the network is estimated as 138 000 MW. The RoCoF is estimated to
be around 127 mHz/s when 1000MW unit is
dropped. As the instantaneous penetration levels increase the inertia of the system gradually drops until
it reaches 60000 MWs at 64% instantaneous penetration level. The RoCoF on the other hand increases until it reaches 375mHz/s at 64% instantaneous penetration level.
These results can be summarised as follows:
• The grid code limit of 49.5 Hz is maintained
until 20% instantaneous penetration level.
• With increasing RE generation, RoCoF increases, following a credible contingency
on the network
The frequency nadir starts encroaching on Grid
Code limit of 49.5 Hz and at 64% penetration the
frequency nadir reaches the first stage of UFLS at
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49.2 Hz. Therefore the inertia value of 64% with 375
mHz/s RoCoF level can be regarded as critical limits

instantaneous penetration limits for this particular
system.

Figure 2: Frequency response plots for instantaneous renewable energy penetration levels

Table 2: Summary of results – Frequency response for instantaneous renewable energy
penetration levels
Instantaneous penetration lLevel

Nadir

Governing

Inertia

RoCoF

[Hz]

[MW]

[MWs]

[Hz/s]

0%

49.540

756

138 000

-0.127

10%

49.512

797

125 000

-0.152

20%

49.500

808

114 000

-0.153

40%

49.455

832

96 000

-0.228

60%

49.274

797

68000

-0.342

64%

49.200

770

60000

-0.375

The results shown in Figures 3, 4 and 5 show that
if demand response is deployed it helps with frequency response. More specifically, 4s delay on DR
only helps with frequency recovery while frequency
nadir is not improved at all. On the other hand if 1s
delay is employed on the DR (hence rendering it as
fast frequency response – FFR) significant improvement in the nadir is realised as follows:
• 50 mHz @ 40% penetration;
• 100 mHz @ 60% penetration;
• 129 mHz @ 64% penetration.
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The above results can be summarised as follows:
• Slow demand response does not help in arresting the nadir of the frequency fall but rather frequency recovery. However shorter
delays of DR relay settings leads to a better
nadir.
• Therefore it follows that FDR can be regarded as an FFR technique that can easily
be deployed to mitigate high RoCoF levels.
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Figure 3: Frequency response plots at 40% penetration for DR (4s delay) and FDR (1s delay)
compared to base without DR.

Figure 4: Frequency response plots at 60% penetration for DR (4s delay) and FDR (1s delay)
compared to base without DR.
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Figure 5: Frequency response plots at 64% penetration for DR (4s delay) and FDR (1s delay)
compared to base without DR.

5. Conclusions
The following conclusions can be drawn:
• High renewable energy (RE)penetration levels
lead to system inertia decreases while rate of
change of frequency (RoCoF) increases, following a credible contingency on the network.
•

•

For the particular system modelled here, 64%
RE penetration level with 375 mHz/s RoCoF
level can be regarded as critical limits for instantaneous penetration limits, based on the
first stage of UFLS set at 49.2 Hz.

•

A system at 100% penetration of RE generation will need a totally different frequency
management strategy with a new suite of ancillary services to the current conventional system.
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FDR can be regarded as an FFR technique that
can easily be deployed to mitigate for high
RoCoF levels. This is essential from 40% penetration levels in this particular system.
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