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Power quality is critical to the performance of the plant and equipment connected to the power network; poor
power quality can reduce the efficiency, cause excessive heating or even damage the assets. Inverter Based
Resources (IBR) such as HVDC, wind, solar and battery resources, and their associated devices (such as
harmonic filters) may also both contribute to erosion of power quality, or be designed in such a way as to limit
this effect. These resources may also respond adversely to certain distortion of power quality as measured and
responded to within their control systems.

There is a direct correlation between system strength, traditionally measured by the Short Circuit Levels (SCL),
and some of the power quality aspects, including harmonics, voltage unbalance, rapid voltage change and
voltage flicker. In addition, IBR resources also respond differently to power quality in comparison to conventional
plant and equipment (i.e. there are also control and protection related responses to these voltage distortions),
new areas of power quality consideration are expected to become more prominent over time. This report
discusses the main power quality aspects in the GB network. It also discusses some of the future concerns with
regard to power quality and what we are doing to address them. This report will focus on the power quality
aspects of the GB transmission system.

Driven by the Net Zero targets?, the penetration of IBR will continue to increase which will reduce the system
strength in certain areas of the network. Consequently, harmonics, voltage unbalance and voltage flicker levels
may deteriorate as system strength drops and might exceed the standard planning limits and Grid Code
requirements if no additional remedial work is done.

Currently the power quality aspects are managed by the Network Owners. While operating the National
Electricity Transmission System (NETS), the ESO works closely with the Transmission Owners (TOs) to provide
support in maintaining a desirable level of power quality. The stability pathfinder project run by the ESO aims to
seek economic solutions/products to procure SCL and improve system strength2. The ESO is also investigating
the suitability of SCL to define system strength with the increased penetration of IBR in the most recent System
Operability Framework (SOF) report3.

We are working with the TOs to understand the additional monitoring requirements and the best ways of utilising
the ever-increasing data collected from all around the system, as a significant increase in the monitoring
infrastructure is expected by the end of the RIIO-2 period. We will be working closely with the industry to ensure
we will be able to operate a zero carbon transmission system with low system strength. We will also ensure that
our engagement in the future policy adjustments through code modifications or engineering recommendation
panels reflects the expected challenges of zero carbon operation and how these changes, including power
quality limits and processes, are required for safe, reliable and cost efficient networks.

We are currently working towards increasing our modelling capability to be able to analyse the phenomena that
will require more detailed analysis techniques like electromagnetic transients (EMT) tools. One of our ESO
Business Plan* deliverables is to enable more advanced EMT modelling by the end of Business Plan 2 in 2025,
although the main continuous power quality phenomena are currently sufficiently captured by the steady state
and frequency domain analysis.

The term Power Quality (PQ) is commonly used to group certain electromagnetic phenomena that can take
place in power systems. It mostly refers to quality of voltage signals. PQ is defined in the International Standard
IEC61000-4-30 [1] as fAcharacteristic of the electricity at a
asetofreferencetechni ¢ al p ar These dreausuallp voltage characteristics, e.g. voltage phases balance,

1 https://www.nationalgrideso.com/future-energy/net-zero-explained

2 https://www.nationalgrideso.com/future-energy/projects/pathfinders/stability

3 https://www.nationalgrideso.com/research-publications/system-operability-framework-sof
4 https://www.nationalgrideso.com/our-strategy/riio
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and are used to evaluate the compatibility of the connected load to the energy supplied. The deviations from
the reference technical parameters are referred to as PQ phenomena.

The PQ levels affect the performance of the power system components and especially loads connected to the
system. All electrical loads connected to the power system have been designed in such a way that their correct
operation and performance rely on an adequate quality of the power supply. The suitability of the power source
can be defined in terms of:

- Voltage magnitudes and equal phase shifts (e.g. balanced 3 phases)
- Nominal frequency and its variation
- The shape of the voltage waveform (harmonic content).

The PQ levels on the transmission network are usually assessed by the TOs from the design stage to be within
the predefined limits in the relevant codes and standards, e.g. ENA Engineering Recommendation G5 for the
harmonic distortion limits [2]. For some of the PQ phenomena, the limits are discussed in two categories:
planning levels and compatibility levels. The planning level is the level of the disturbance adopted as a reference
value for the limits to be set for the emission from the connection in the system, i.e. the levels that the system
is designed not to exceed in the planning stage. On the other hand, the compatibility level is the disturbance
level used as a reference for the setting of equipment immunity, i.e. the levels below which all equipment should
be able to operate normally as presented in Figure 1 [2]. The figure shows there is a chance for interference
between the levels as a recognition that the PQ will not always remain within the planning levels and therefore
statistical indices are utilised to describe PQ, as will be discussed in more detail later.

There is a direct correlation between PQ and system strength. In general, the stronger the system, the easier it
is to maintain PQ to the required standards. The SCL has been traditionally used as a proxy to system strength,
however with the increased penetration of IBR we are currently investigating if it is still the right measure, as
discussed in more detail in another SOF report [3]. However, in this report we are investigating and presenting
examples of how the expected drop of system strength in future networks will impact some of the main PQ
phenomena (driven mainly by the network impedance change rather than the fault infeed drop).

Figure 1: lllustration of the Electromagnetic Compatibility concept [2]
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For a three-phase balanced power system, any phenomenon, incidental or continuous over a period of time,
that changes the voltage waveform from a pure, constant root mean square value and constant frequency
sinusoidal, with equal phase shifts can be considered as PQ disturbance. The focus of this report is on the
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continuous phenomena that usually have an impact on network components in the longer term, and do not
cause component trips in normal operational conditions. The continuous phenomena are usually evaluated with
statistical measures of a sample of indices (e.g. the 95" percentiles®) calculated over a period of time, usually
at least a week, and aggregated following the algorithm described in IEC 61000-4-30 [1].

In this report we will discuss the continuous PQ phenomena that are presented in the Grid Code [4] Connection
Conditions under the sections of Voltage Waveform Quality and Voltage Fluctuations, i.e.

1 Harmonic Content

1 Phase (Voltage) Unbalance also known as Negative Phase Sequence (NPS)
1 Flicker

Harmonics

1 Harmonic voltage issues may be caused by sources injecting harmonics to the network or
amplifying existing background harmonics

1 Engineering Recommendation G5 provides the limits and the evaluation process for the
connection of harmonic sources

1 Future network changes will change the network impedance characteristic causing the
traditional mitigation solutions to be less effective.

1 New solutions like optimally located and retuned filters and FACTS active filters could
mitigate these issues

Harmonics are waveforms of higher frequencies than the nominal frequency, which superimpose on the original
waveform, thereby creating an impure waveform compared with the original 50Hz sine wave. Figure 2 (a) shows
an example of a distorted waveform due to 50% component of the 2" harmonic.

Harmonics have an impact on a range of operational aspects. They can cause equipment heating, increased
losses, over-voltages under resonant conditions, communication interference, protection relay malfunction and
adverse impact on the IBR controller response. Therefore, the TOs ensure that the harmonic distortion limits in
Engineering Recommendation G5 [2] are adhered to at the connection design study, while the ESO ensures
following up with any harmonic compliance related issues with the users after the connection.

Figure 2: Examples of a harmonic distorted waveform
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(a) Basic illustration example with one harmonic frequency imposed

5 The value not exceeded for 95% of the sample (usually time)
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(b) Realistic example of 3 phase voltages with harmonic distortion

There are a number of indices to evaluate harmonic performance. G5 defines the limits for the individual
harmonic distortion, which is the rms value of the individual harmonic voltage, i.e. the voltage magnitude with
the certain harmonic frequency, expressed as a percentage of the fundamental rms voltage at 50Hz (Vih/V1%).
G5 also defines the limits for the total harmonic voltage distortion (THDy) which is the square sum of the rms
value of the individual harmonic voltages, up to the 100" harmonic, expressed as a percentage of the
fundamental rms voltage, as shown in Equation (1) below

“Y'OO () p

where,

THDy s the total harmonic voltage distortion

h represents the harmonic order

Vh represents the individual harmonic voltage (%h=1)

Table 1 below shows the G5/5 THDv planning levels at different voltage levels.

Table 1: THD planning levels

Nominal Voltage (V) THDv
kV %h =1
V<04 5
04<V<25 45
25<V <66 3.7
66 < V < 230 3
V > 230 &

The level of harmonic distortion on networks will vary depending on the generation, demand and operation
condition, which will vary depending on the time of day, season and between weekdays and weekends.
Therefore, G5 states the importance of taking harmonic measurements over a continuous period of at least
seven days, and in multiples of seven days, to demonstrate compliance under a range of operation conditions.
As mentioned earlier, the measurements are aggregated following the IEC61000-4-30 [1] algorithm, which is
taking the measurement over a basic interval of 10 cycles (200 ms), aggregating 200 samples into 10-min
intervals. Depending on application the IEC 61000-4-30 recommend different aggregation interval. The
aggregations are performed using the square root of the arithmetic mean of the squared input values. The
weekly 95™ percentile values of the harmonic voltages and THDv (values that are not exceeded for 95% of the
time) are then compared with the G5/5 levels to verify compliance. It is also worth noting that G5 recommends
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adjusting the aggregation period for short-duration bursts or fluctuating harmonic distortion and also adjusting
the limits based on factors defined in the document [2].

Voltage variation observed at a particular harmonic frequency is a function of the current injection and the
network impedance at that frequency. Although these issues are expected to be assessed and mitigated during
the connection design stage by the connecting customer working with the relevant TO and the ESO, there is a
risk associated with the unpredictability of the aggregated behaviour of the various current and future
technologies that can introduce or modify harmonic content and can also alter system impedance.

Harmonics can be injected or amplified in the system from a number of sources. The most common sources of
injection are non-linear loads and power electronic interfaced generation and demand (due to the switching
nature of their operation). New connections to the system can amplify existing background harmonics by
interacting with the system impedance at certain frequencies and shifting the resonance frequencies. The
inductive reactance increases with the frequency (or the harmonic number h) and the capacitive reactance
decreases with the frequency (or the harmonic number h) following equations 2.a and 2.b. Therefore, the
magnitude of the system impedance can increase or decrease with the frequency depending on the dominant
type of reactance, which can be used to create impedance scan plots as shown in Figure 3 (a). The resonance
will occur at the harmonics where the system impedance magnitude in the impedance scan is very high (called
parallel resonances) or very low (called series resonance), as shown in Figure 3 (a). The resonance will take
place if the capacitive and inductive reactance at the point of connection become equal at a certain frequency,
as shown in equations (2) i (4) below

O Qb c¢8h
® 0 ®Q o
Q d’w el Q. QP T
¢ 0 O

where,

XL the inductive reactance

Xc the capacitive reactance

h harmonic number

hy resonance harmonic

f fundamental frequency

fr resonance frequency

For example, the connection of high capacitance plant (e.g. wind farm cable array) to a relatively weak area
(i.e. high equivalent inductance) might lead to a resonance which can cause magnification of low order harmonic
voltages at the connection point [5].

The development and changes of the future networks, including adding more underground cables, deploying
more power electronic applications like FACTS and IBRs, will significantly change the network impedance
frequency characteristic. Figure 3 (b) and (c) show examples of how impedance characteristics may change
across 10 years of network development. Note that these plots are for illustration purposes only, as many factors
like future load models and dynamic component impedance characteristics are not taken into account which will
impact the characteristics. Currently these areas are under research and investigation by the ESO and the TOs.
Moreover, it is also important to ensure the power electronic based components model information includes
accurate representation of the impedance characteristics, especially as these characteristics will depend on the
control systems and operating conditions of the connected component. For example, it was demonstrated in [5]
when the operation of the wind farm changes from 0 to 11 turbines the resonance can move between the 10t
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and the 16" harmonic. With such components a complete EMT based frequency scan is required to capture the
impedance characteristics.

Figure 3: Impedance frequency scan examples
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(b) 400 kV bus impedance scan (c) 275 kV bus impedance scan

Low system strength could deteriorate harmonic voltage distortion: the penetration of IBRs could introduce new
characteristics in the network impedance and the closure of traditional synchronous generation means there
could be a higher network impedance between the point of interest and the network equivalent. The resonance
frequency could shift causing amplification of voltage distortions at different harmonic frequencies. The existing
connections could face a different network background to the one during connection application; there could be
a risk of non-compliance. Moreover, the existing harmonic filters might become less effective and need to be
re-tuned. The need to utilise more advanced mitigation solutions like FACTS devices might become more
imminent. Appendix A shows an example of the harmonic performance at a site before and after deploying an
advanced harmonic mitigation solution and how it effectively brought the harmonic levels within the limits.

Phase (Voltage) unbalance

1 Voltage unbalance or Negative Phase Sequence NPS int o d angt@osk is mainly due to
the connection of single phase or two phase loads like the railway traction system and
untransposed lines in the transmission systems

1 The Grid Code identifies the NPS limits as 1.5% or 2% depending on the location and
voltage level and network operating conditions

1 Future network changes like drop of system strength and changes in the power flow
directions may leadtoarisei n t he NPS | e voaesidsredtathihe tesignatage 0 t
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The Grid Code [4] defines the Phase (Voltage) Unbalance as the ratio (in percentage) between the rms values
of the negative sequence component and the positive sequence component of the voltage, and it should be
calculated in accordance with IEC 61000-4-30 [1]. Therefore, the term Negative Phase Sequence (NPS) is used
as well to describe the voltage unbalance, Equation (5).

£ Q'QO G VN'Q DE DD GETN ¢ &€ QE O

v N € i Qo WiEswNE aocmsﬁﬂnssﬂosr%)n

In general, the voltage unbalance is the condition in any polyphase system in which the rms values of the line
voltages (fundamental component), or the phase angles between consecutive line voltages are not all equal.
This will lead to the presence of negative sequence and zero sequence voltages and currents on the network;
however, the zero sequence components are not mandated by the Grid Code and are usually neglected
because of their minimal impact on generators. Figure 4 shows an example of 3 phase balanced compared to
unbalanced phasor diagram.

Figure 4: Balanced vs unbalanced phasors
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The main impact of NPS on system operation can be seen on the rotating electrical machines experiencing
negative sequence torques. The predominant consequence is machine overheating and pulsating torque which
reduces life expectancy of the machine. The Grid Code limits and Engineering Recommendation planning levels
take into account the long term impact on the machines while allowing for suitable protection settings for the
machines.

The main sources of the NPS in the networks are the unbalanced connections (single phase loads or generation

units or phase to phase loads) and the current flow in unbalanced system impedances (mainly untransposed

overhead lines (OHL)). One of the most common phase to phase loads on the transmission network are the

supplies to the railway traction system. Engineering Recommendation P24 [6] provides a comprehensive

discussion about AC supplies to railway systems including the unbalance quantification using Equation (6).
0QE OB Qa LD 'D 0

QO OB'BDURDDH G 6 N MO D OO

¢

Another Engineering Recommendation P29 [7] defines the planning levels for voltage unbalance for
connections at 132 kV or below. In P29 the voltage unbalance caused by a combination of unbalanced three-
phase loads or phase to phase loads can be evaluated by Equation (7).

WE & o @EARO a BE ©Q
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Similar to harmonics, voltage unbalance compliance with Grid Code is calculated based on IEC61000-4-30, by
comparing the weekly 95t percentile values with the Grid Code. The limits are, for voltages above 150kV, 1.5%
in England and Wales and 2% in Scotland. For voltages 150kV and below, the limit is 2% across all of GB.

It is clear from equations 6 and 7 above that the NPS is directly impacted by a drop in system strength. The
closure of synchronous plants will also indirectly impact the NPS levels due to the loss of some of the main
damping component like generator transformers. Also, as mentioned previously, transmitting power over
untransposed OHL will lead to the rise of unbalance levels. Direction of the flows and high magnitude of flow in
the OHL circuits may also increase the unbalance levels on receiving nodes. In future networks, due to the
increased intermittent generation leading to more variable flows, the unbalance levels estimated at the network
design stage will increase. Going forward, wider network monitoring and management of the phenomenon might
be required rather than just at the disturbing source locations. In addition, the IBRs are prone to unbalance as
it will cause issues for the way the converters are following the network voltages though Phase Locked Loop
(PLL) controller. Appendix B provides examples of unbalance performance in different sites in the NETS.

Figure 5 below shows a simple network example and how the voltage unbalance at the demand busbar can
increase with both the drop of system strength (network impedance increase) and the increase of the flows on
the OHL (increase of the demand at the receiving end).

Figure 5: the impact of system strength and power flows on NPS
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Flicker

9 Flicker is a voltage fluctuation phenomenon that is traditionally used to measure the
unsteadiness of lighting (i.e. changes in the brightness)

1 The flicker severity is evaluated by the short term and long term flicker severity indices (Pst and

PIt respectively) and can be measured by a flickermeter

The Grid Code defines the limits for Pst and PIt as 0.8 and 0.6 for the transmission voltage levels

With the currently available headroom of flicker in the transmission system, it is of less

operational concern compared with harmonics and NPS
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