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ABSTRACT In literature, variations and distortions, and interruptions of voltages (or voltage waveforms)
and currents (or current waveforms) have been considered in the framework of power quality (or voltage
quality). With the massive penetration of renewable energy into power systems, variations including fluctu-
ations and intermittences of output powers of these renewable sources are of great concerns. It is evidenced
that with the high penetration of renewable energy, variations of renewable energy have increased the costs
of UK’s balancing markets by 39% in this spring and summer (NGESO, 2020). Therefore, there are needs
to introduce a technical framework, namely, ‘energy quality’ to (a) define the quality of power waveforms;
(b) propose measures/indices to characterize the variations (fluctuations and intermittences) of powers and
power flows; (c) present methods to improve energy quality. Finally, research directions of energy quality are
highlighted to encourage more R&D as well as international collaborations in terms of standards and grid
code developments.

INDEX TERMS  Power quality, voltage quality, energy quality, energy filter, energy filtering, waveforms,
renewable energy, wind energy, wave energy, solar energy, variations, fluctuations, intermittency, average
power, energy spectrum, total power distortion (TPD), standard power deviation (SPD), coefficient of
variation, standard deviation, grid code, energy storage, power system oscillation, frequency response,

frequency control.

I. INTRODUCTION

LECTRICITY would progressively become the cen-
E tral energy carrier, growing from a 20% share of final
consumption to an almost 50% share by 2050, and renew-
able power would be able to provide the bulk of global
power demand (86%) economically [1]. With the massive
penetration of renewable energy into power systems, power
variations including fluctuations and intermittences are of
great concerns. Large power variations ask for more capacity
redundancy of transmission equipment and cause problems
in the power system, including forced oscillation, thermal
recursion, frequency and voltage disturbances and increase
stability risks. When renewable power is injected into a
weak grid, active power variation can also lead to voltage
instability at the point of common coupling. For this reason,
smoothed power flows with less fluctuations or intermit-
tences not only help achieve power balance and frequency
stability, but also help enhance voltage stability in weak
grid.

With the rapid development of renewable energy and
power electronics based power sources, it is necessary to
quantitatively measure and set requirements on the variations
of power flows. Although Power Quality is a well defined
concept to measure and set requirements on a voltage and
current waveform, so far, there is no such a counterpart to
describe the quality of a power waveform. Therefore, there
are needs to introduce a technical framework, namely, ‘energy
quality’ [2] to define the quality of power waveforms of these
renewable energy sources. In the past, quite some research
activities have been conducted to test the frequency response
capability, ramping rate or limits to the rate of change of
power levels of machines with different capacity in different
time scales, power balancing of power systems with renew-
able energy sources [18], [19], [23]-[26]. These works are in
line with the scope of this paper, which are in echo with the
development of a new framework of energy quality.

UK’’s electricity system is experiencing lower inertia and
larger, more numerous losses than ever before [26], and hence
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National Grid Electricity System Operator (NGESO) has
proposed that faster acting frequency response products are
needed because system frequency is moving away from 50Hz
more rapidly as a consequence of imbalances. Over the next
few years, NGESO aims to deliver a new suite of faster-acting
frequency response services to support operations as the elec-
tricity system is decarbonized and to ensure that these new
services enable a level playing field for all technologies that
will mitigate this risk. Coinciding with the reduced demand
due to the COVID-19 pandemic and high level of renewables
output, the GB electricity system has seen a balancing cost
of £ 718 million this spring and summer 2020, which is 39%
higher than the expected cost in this period. It is evidenced
that with the high penetration of renewable energy, variations
of renewable energy have increased the costs of balancing
markets. This required the NGESO to take a large number of
actions to balance the system and ensure system operability.
In this situation, methods and tools are needed to characterize,
measure and control the variations and hence reduce the
balancing costs.

China is the world’s largest renewable power capacity
installer and renewable energy producer, the largest manufac-
turer and exporter of wind turbines and solar PV panels, and
continues rapid growth in renewable energy. The technical
requirements of renewable power integration in China are
mainly given by two key national standards: GB 38755-2019
“Guidance of Power System Security and Stability” [18]
and GB/T 19963-2019 ““Technical requirements of windfarm
integration into power system’ [19]. In [18], the power
system should be with sufficient flexibility to achieve power
balance, and renewable power stations should increase their
ability of active control of real power, by coordinated or
equipped with gas power stations, pumped-hydro storage,
battery storage and other flexible resources when necessary.
Suppressing and monitoring measures should be taken on
renewable power stations and connected transmission lines
with risks of sub/super oscillation. In addition, under normal
operation, the per unit static limit of real power transfer based
on the average power should be between 1.15-1.20. In [19],
it has been proposed that when the active output power of a
windfarm is above 20% of rated power, the windfarm should
achieve continuous and smooth control of its active output
power. Also there are limits to the change of power level of
windfarms within 1 min and 10 min, and the change of power
level should meet the demands of power system stability.
Furthermore, the suggested values of limits of the change
of power level of windfarms in different time scales are
specified. Both of these have been recently upgraded in 2019
to meet new technical characteristics of the power system
with increasing penetration of renewables. These upgraded
standards (e.g. limits to the rate of change of power levels
of machines with different capacity in different time scales)
are very relevant to the aspects of energy quality discussed
in this article, but not yet fully extended and presented
in the framework of energy quality. Further developments
of grid code/standards based on the framework of energy
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quality to systematically harmonize contradictions between
the uncertainty of renewable energy and the security stability
requirements of the power system are encouraged.

In [23], the challenges caused by the integration of wind
energy and the proposed solutions methodologies have been
reviewed. Among the various challenges, the generation
uncertainty, fault ride-through capability, socioeconomic,
environmental, and electricity market challenges have been
reviewed, which can be addressed in the framework of energy
quality. The solutions used and proposed methods to miti-
gate the impact of these challenges, such as energy storage
systems, wind energy policy, and grid codes reviewed and
discussed are very relevant to solutions for energy quality
improvements.

In [24], [25], grid codes about wind power integration
around the world including grid codes of Denmark, Ireland,
the U.K., Germany, Spain, China, the U.S., Canada, and
other countries have been reviewed and compared. The most
important aspects of these grid codes are concerning fre-
quency regulation, fault ride through, ramping rate, market
balancing, etc.

From the above description, it is clear that power/power
flow waveforms from renewable energy sources are of great
interest in terms of technical dynamic response capabil-
ity/performance and market operations and system plan-
ning, which also have impact on the operation, control and
security of power systems. The nature of these technical
issues is related to the time dependent and locational related
power/power flow waveforms of power sources (in particular,
renewable energy sources), power demands and power flows,
and these are better to be measured, characterized and evalu-
ated in the framework of energy quality.

This paper proposes measures/indices to characterize the
variations including fluctuations and intermittences. In addi-
tion, if there are energy quality issues, what are the methods
to improve energy quality? Are there international standards
needed?

The paper is organized as follows. The concept of energy
quality is defined in Section II, which also shows the differ-
ences between power quality and energy quality and hence
explains why energy quality is needed. Energy quality prob-
lems are classified in different time scales in Section III. The
measures to characterize the variations, fluctuations and inter-
mittences in the framework of energy quality are proposed
in Section IV. The methods of improving energy quality are
discussed in Section V while the needs for international stan-
dards and power grid code developments are highlighted in
Section VI. Finally conclusions are drawn and future research
directions of energy quality are highlighted to encourage
more R&D as well as international collaborations in terms
of standards and grid code developments.

Il. DEFINITION OF ENERGY QUALITY

In literatures, variations and distortions of voltage and cur-
rent waveforms have been considered in the framework
of power quality (or voltage quality) [3]-[5], [20], [27].
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With the massive penetration of renewable energy into power
systems, variations including fluctuations and intermittences
of output powers from these renewable sources are of great
concerns. The initial concept of “energy quality” and differ-
ences between “power quality” and ‘“‘energy quality” were
proposed in [2]:

‘Power Quality’ is mainly concerned with the quality of
voltage and current waveforms as shown in [3]-[5], [20],
[27], while ‘Energy Quality’ is mainly concerned with the
quality of power or power flow waveforms vs time. Power
quality is different from the proposed energy quality in the
paper in different aspects as follows.

A. DIFFERENT PRIMARY CONCERNS/FOCUSES

The primary concerns/ focuses of power quality are mainly
voltage and current wave forms [3]—[5], [20], [27], which are
represented largely in harmonic voltage and current phasors.
Powers in the context of power quality are very much related
to distorted voltage and current waveforms [28] and it is clear
that the focuses are voltage and current waveforms. While the
primary concerns/ focuses of energy quality are mainly power
and power flow waveforms and their variations over time.

B. DIFFERENT MOTIVATIONS

The fundamental motivation for development of Energy
Quality was particularly associated with the increasing
penetration of random and fluctuating renewable energy
sources [18], [19], [23]-[26]. In this situation, we need a
new framework to measure the fluctuations of powers and
power flows and value the low fluctuating powers and power
flows in electricity market environments. So the fundamental
motivation for energy quality is that it allows electricity mar-
ket operators to characterize the fluctuations of powers and
power flows easily and hence price the services provided by
different fluctuating renewable energy sources in the market
environments, and this means that the fluctuations of powers
and power flows in the framework of energy quality can be
easily implemented in the electricity market environments as
ancillary services. While power quality is mainly considered
in the technical framework and it is difficult to be considered
in the electricity market environments.

C. DIFFERENT DRIVERS

The major driver for energy quality is very much associated
with a new framework need for dealing with the fluctuations
and deviations of power or power flows vs time in the market
environments. While in market operations, the measures of
power and power flow fluctuations are in favor of the concept
of energy quality. However the primary driver for power
quality is very much associated with the supply quality in
terms of voltage and current waveforms, which is not partic-
ular related to fluctuations of renewable energy generation.
It is evidenced that in the IEEE standard, neither renewable
energy generation nor powet/power flow fluctuations were
mentioned [28]. Without the fluctuating renewable energy
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generation sources, the concept of energy quality would not
be needed.

D. ARE POWER QUALITY AND ENERGY QUALITY
CORRELATED?

1) In the conventional power system, there was very little
share of renewables. In such a system, although power
quality issues are raised here and there due to concerns
in voltage/current waveforms, the active power flows
are very much consistent, steady and controllable at
both the generation and demand sides. So, for the tra-
ditional power system, even though there are serious
“power quality” problems, the ‘“‘energy quality” is
usually pretty good.

2) Comparatively, when power is mostly generated by
renewable energy sources, even the system has a perfect
power quality with perfect sinusoidal voltage/current
waveforms and there are no harmonics, it could have
a very poor Energy Quality since the active power
generated by wind and solar is intermittent and heavily
fluctuating.

3) Inother words, power quality and energy quality are not
directly correlated. The two frameworks have differ-
ent primary concerns/focuses, drivers and motivations.
It should be pointed out that both frameworks could not
cover everything by themselves, and both concepts are
needed and useful to characterize the operations and
performances of future renewable energy dominated
power systems. The two frameworks will help each
other and bring strength and prosperity of our power
& energy system subjects.

E. THE PRACTICES AND DEVELOPMENTS

The practices and developments in power & energy industry
indicate that power balancing of power systems with renew-
able energy sources have been considered in different time
scales to deal with the variations of high penetration of renew-
able energy [18], [19], [23]-[26]. For example, requirements
of the rate of power variations in different time scale were
given in some recently updated grid codes [18], [19]. These
works are in echo with the development of a new framework
of energy quality.

F. THE PROPOSED DEFINITION
The preliminary ideas about the ““energy quality” were pre-
sented in an IEEE conference [21] and CIGRE meeting [22],
respectively. The feedback received from the power engineer-
ing communities was positive and encouraging.

This paper is to generalize this concept and provide the
following definition of “Energy Quality’’:

(1) Energy Quality is mainly concerned with the quality
of power flow waveform in power networks, output
power waveforms of power generation sources as well
as power demand waveforms (profiles) over time.

(2) The difference between ‘Power Quality’ and ‘Energy
Quality’ is that the former is mainly concerned with
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the quality of voltage and current waveforms while the
later is mainly concerned with the quality of power
flows, power generation and power demand waveforms
(or profiles).

(3) ‘Energy Quality’, which is time dependent and
locational related, can be measured at different loca-
tions in different time scales from seconds to long-
term period. It characterizes time dependent locational
power waveform (or profile) behaviors so as to value
their behaviors and/or services in regarding to their
time dependent and locational related characteristics
and performances. And hence Energy Quality is very
much related to the characterization of frequency and
power variations/deviations and power balancing in
terms of technical performances and market values.

lll. CLASSIFICATIONS OF ENERGY QUALITY

Energy Quality can be measured in different time scales such
as seconds, minutes, hours and days, years, etc to character-
ize power waveform behaviors so as to value their behav-
iors and/or services in regarding to time dependent features.
According to the different time scales of energy quality prob-
lems, they may be considered to be:

(1) Short-term power variations: This considers the power
waveforms typically in the time scale of seconds (or
even milliseconds), up to minutes. Hence this will look
at transients of power waveforms. Fig. 1 shows the
wind output powers of two DFIGs when power fluctu-
ations in seconds and variations in minutes are caused
due to the mechanical oscillation and change of wind
speed. The period of natural changes of wind speed and
mechanical oscillations of wind turbine tower is in this
time scale. This may cause forced oscillations in power
system [6].

(2) Mid-term power variations: This considers the power
waveforms in the time scale of minutes, up to hours.
This is related to spinning reserve and non-spinning
reserve time frame.

(3) Long-term power variations: This considers the power
waveforms in the time scale of half hour, up to days or
a week, or a month, or up to a year. As an example,
Fig. 2 shows the regional solar power generation in
six consecutive days during summer and winter respec-
tively where the intermittency is also demonstrated.
This time scale is particularly related to electricity
market operations [7]. The output power waveforms
and power demand waveforms can be split into 48 half-
hour energy blocks (or even shorter energy blocks of
each 15-min) and these energy blocks will demonstrate
different values during the day. The basic principle
is that these energy blocks are more valuable during
the peak national demand periods than those energy
blocks during the minimum national demand periods.
The UK’s national peak demand pricing is just a simple
example of such an approach. With the differentiation
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FIGURE 2. Regional solar power generation in six days during
summer and winter.

of these energy blocks in the time scale of either each
half hour or each 15-min (or even shorter), energy
sources/demands/energy storage services can be val-
uated/priced based on waveforms (or profiles) during
the day. It should be mentioned that in terms of pricing
of electricity, primary consideration is kWh though
under some conditions kVARI should be considered.
For example, in the UK, excess kVArh charges apply
when a half hourly (HH) metered LV or HV designated
site’s reactive power consumption (measured in kVArh)
exceeds 33% of the active power (measured in kWh).

(4) Very long-term power variations: This considers the

power waveforms in the time scale of from a year, up to
10-20 years. This time scale is particularly related to
power system planning.

Power variations consist of power fluctuations and power
intermittences. Power fluctuations cover short-term power
variations and mid-term power variations in the time scale
from seconds to hours. Intermittences cover long-term and
very long-term power variations in the time scale from days
to years.

IV. MEASURES AND CHARACTERIZATION OF

ENERGY QUALITY

In order to characterize energy quality, measures/indices are
introduced to characterize energy quality. Key aspects of
energy quality (but not limited with) include: average power
level, energy spectrum, total power distortion (7PD) and
standard power deviation (SPD).

A. AVERAGE POWER/AVERAGE POWER LEVEL

The first aspect of energy quality, the average power (or
average power level) for a power waveform within a time
period (or a time window) of T, is defined mathematically
as

_ 1 t
Pr (1) = 7/ Tp(f) -dt ey
t_
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where p(7) is the output power waveform vs time. The energy
quality can be measured by the average power and standard
power deviation to be introduced later in this section.

Fig. 3 shows the fast variations of wind turbine output
power waveform and 3 average power waveforms with 3 dif-
ferent time windows (scales). The sampling time for the
original wind power measurements is At = 9 ms, while the
3 time windows for average power waveforms, which are
referred to as average 1, average 2 and average 3, respectively
in Fig. 3, are set to T = 2At, T = 10A:7,T = 50At¢,
respectively. The original measured power waveform is in
black color. It can be seen that as the time window increases,
the average power waveform is flattened.

For the purpose of characterization of the intermittency
of a renewable energy source, T is usually set in the range
minutes to hours, and of course this depends on the needs of
applications. Fig. 2 shows the average power waveform with a
time window of 15-min. The zero average power level means
the renewable power source is not available at that time, for
instance, solar power generation at night. The power level
can characterize the availability of a power source, and it is
desirable to maintain the power level as close as possible to its
rating power of 1.0 p.u.. Large variations will certainly bring
burdens to power grid operations and may need additional
equipment and generation capacity to compensate the varia-
tions, for example, energy storage systems may be needed to
smooth the variations.

It raises problems to the balance of power systems when
the power level of large-scale energy sources changes too
fast. Actually, technical requirements to limit the rate of
change of power level have already been proposed in some
latest standards and grid codes. More details are discussed in
Section VL.
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FIGURE 5. Energy spectrum of wind power waveform.

B. ENERGY SPECTRUM

The second aspect of energy quality is the frequency domain
characteristics of power waveforms, which is described by the
magnitude spectrum of the Fourier transform of them, called
Energy Spectrum. It is presented in mathematical formulation
as follows:

Fr(o,1) = @

l .
f p()e7*%dt
—T

The energy spectrum Fr (w, t) is a measure of the power
waveform over a finite period of time 7. It indicates how the
energy carried by a power waveform over a period of time is
distributed in the frequency domain. Fig. 5 shows the energy
spectrum of wind power waveform shown in Fig. 3, which
indicates the rich wide range of frequency spectrum. The
energy spectrum is important and useful since the frequency
domain characteristics of a power waveform are closely
related to many technical issues with the power system, such
as frequency response/regulation/reserve, power balancing
for market operations, power system planning, forced oscil-
lations [8], energy storage dimensioning [9], [10], etc.

C. TOTAL POWER DISTORTION (TPD) OF CONTINUOUS
POWER WAVEFORM

For periodic power fluctuation and a power fluctuation within
a time duration of 7', the fluctuation can be described by the
Total Power Distortion (TPD), which can be considered as
an extension of the conventional concept, the total harmonic
distortion (THD), to the waveforms of output powers from
renewable energy sources, power demands, and power flows
in power grids. It is well known that THD of a voltage is
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defined, mathematically, as

VI V2
THD = ——
Vi

Tli')moo % ftiT v(t)?dt
- —1 3)
Vi

where Vj is the rms value of the k-th order harmonic of the
voltage waveform, Vj is the rms value of the fundamental
component, and v(t) is the voltage waveform. The period T
cannot go to infinity but could be set to a large value. For
a periodic voltage/current waveform, its frequency spectrum
is discrete, in which the fundamental frequency component
is the desired component and the other high-order harmonics
are the distortion.
It should be pointed out here:

(1) In most cases, a power waveform may not be periodic,
thus the discrete frequency spectrum is replaced with a
continuous power spectral density.

(2) For an ideal power waveform, its average power level
is to be a DC constant, and all the other harmon-
ics, regardless of frequencies, are regarded as part of
the distortion, which provides zero long-term output
power.

Considering the above, the Total Power Distortion (7PD)

of a power waveform in a period time of T is defined, math-
ematically, as

\/zfoc’f Sy (0, 1) dw

TPDy (1) = e
T

“

where
2

1
St (w, 1) = T )

t .
/ p(v)e 7t dt
t—T

where St (w, t) is the power spectral density of the power
waveform.

According to the Parseval’s theorem of the power spectral
density, the integration of spectral density and frequency is
equal to the integration of the square of the waveform to time,
so it can be derived that

00 00 0t
Z/ST (w,t)dw = / St (a),t)da)—/ST(a),t)da)
ot —00 0~

t
_ l/ P2 -de—FE@) (6
T Jir

Substitute (5) into (4), we have

1t 2
e e
T

T. (! 2,
_ tf”p(t) d; —1 %
(fi_yp(x)-dr)

Z
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Equation (7) gives a useful method to calculate TPD from
the real-time measuring of power flow waveforms, power out
waveforms from energy sources and power demand wave-
forms. A larger TPD indicates a more significant fluctuation
around the average power level, and in other words, the power
waveform is more distorted from its average power level.

In industrial applications, TPD could be noted as total
demand distortion (7DD) and total generation distortion
(TGD) in particular at the demand side and generation side,
respectively. For example, TGD is useful to measure the
fluctuations and intermittences of solar, wind and wave power
generation, and 7DD is useful to measure those of mas-
sive scale of charging power of electric vehicles. The stan-
dards and indications of TGD and TDD would be different
since equipment and application scenarios at generation and
demand sides are of vital differences, but they share the same
mathematical basis.

D. COEFFICIENT OF VARIATION ¢, AND STANDARD
DEVIATION o

In statistics, the coefficient of variation ¢, is defined as the
ratio of the standard deviation o to the mean value [11].

o VEX?) —pu? E(X?)
TN n Ve ! ®

where E(X?) is the mean value of the squares of data. For the
power waveform as a continuous time function from (¢-7) to
t, we have

E(X):%[tiTp(r)zwit O]

- 1 ?
ILZPT([)Z?f Tp(f)-df (10)
[_

o = /EX?)-u? (1)

Substitute (8), (9) and (10) into (7), it can be found that TPD
and c, are actually the same, and hence we have
o  VEX?)-p?  |E(X?)

TPDr () =c¢, = — = = — -1
0 I 0

(12)

It should be pointed out here that the Standard Power Devi-
ation (SPD) and the average power can together characterize
energy quality of power waveforms in terms of the severity
of fluctuations or intermittencies.

E. TPD OF DISCRETE DATA OF POWER

In previous sections, the TPD of continuous power waveform
has been proposed to measure and characterize the power
fluctuation within a period of time 7. When measuring and
characterizing power waveform over a long time duration,
it is inconvenient and unusual to describe the power in a con-
tinuous time function, but it would be more likely presented
in a group of sampled, averaged, and discrete data. Therefore,
it is necessary to derive the discrete expression of 7PD so as
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TABLE 1. Comparison between energy quality and power quality.

Power
. Energy ) ’
quality alit Continuous form Discrete form
uali
analogy 9 v
Pr(t) Py
Voltage  ‘Average
current 1" 1oV
Magnitude Power == . =— .
g magnitude Tft_Tp(T) de N i:1pl
orRMs level
value
Voltage Energy Fr(w,t) Fr (11;’. t)
Spectrum Spect ¢ ;
pectrum Spectrum | _ f p(r)e-iotdr _ ane Jom
t-T =
Harmonics nl
TPDy(t) = TPD, =
THD TPD t
T- ftiTp(‘r)2 -dt _
U, p@) - dr)? GiLip?

to use TPD to characterize the power intermittency. As has
been shown in Section IV.C, TPD is equal to the coefficient
of variation c,. Thus, for a group of discrete power data
{pili=1,2,...,N}, the TPD is presented in the discrete
form as

LN 2
N 2i=1P;
1 N 2
\ (7 2Zi=1 )
N

_ N 2z Piz 1 13
B (13)
N Qi pi)
F. COMPARISON BETWEEN TPD OF ENERGY QUALITY
AND THD OF POWER QUALITY

Comparison between TPD of Energy Quality and THD of
Power Quality is summarized in Table 1.

TPHDy = -1

G. ENERGY QUALITY APPLICATION: CASE STUDIES

Two case studies are presented here as examples of the appli-
cation of Energy Quality indices. Real data of renewable
power generation is presented and its energy quality is ana-
lyzed quantitatively.

In the first case, Fig. 6 shows the wind power generation
of a Germany wind farm connected to 50Hertz transmission
grid in four different days. The power data was averaged and
sampled every 15min. Table 2 presents the energy quality
indices, from which we could see this wind farm generated
most power on the 4 of July with the highest average power
level on that day. Standard Power Deviation (SPD) represents
the absolute volume of fluctuations, and TPD represents the
relative volumes of it. The wind power generation on the 4
of July had the largest SPD so it put the biggest burden on
transmission capacity to tolerate power fluctuation. The wind
power generation on the 2" of July had the largest TPD,
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TABLE 2. Energy quality indices of wind power generation in
four day.

Day (in
Jul01 Jul 02 Jul 03 Jul 04
2020)
Average
Power level 4.60 2.47 2.42 6.80
(MW)
Standard
Power
o 1.37 0.99 0.57 1.39
Deviation
(MW)
TPD 0.30 0.40 0.23 0.21
10 —July 01
—July 02
—July 03
8 — July 04

Wind Power Generation [MW]

12
time [hour]

FIGURE 6. Power flows of a Germany wind farm in four different
days.

TABLE 3. Energy quality indices of wind power generation under
different sampling rate.

Sampling time every 5s every 1min every 25min
Average Power
12.61 12.61 12.61
level (MW)
Standard Power
Deviation 0.85 0.75 0.67
(MW)
TPD 0.068 0.059 0.053

which means it was relatively the most fluctuating power flow
among these four.

In the second case, Fig. 7 shows the power generation of
a wind farm in Spain under different sampling rate of the
power data. Table 3 presents the energy quality indices in this
case. Results show that the average power level is irrelevant
with the sampling rate, but SPD and TPD of a power flow
would decrease as the sampling time becomes longer, because
power variations with a bandwidth higher than the sampling
rate would be removed by the sampling. For this reason, it
is noted that the requirements of SPD and TPD should be
proposed in regard to the given sampling rate of power data.
The selection of the sampling rate would better match the time
scale of power flows which is of interest. For example, when
the primary frequency regulation is considered, the time scale
is about 1s to 30s and the desired sampling time would be no
more than 1s to deliver enough detailed information about
power variation during transients. In other cases when long-
term electricity market behaviour is considered, a very high
sampling rate is not necessary.
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FIGURE 7. Wind power generation of a wind farm in Spain under
different sampling rate.

V. METHODS FOR IMPROVING ENERGY QUALITY

There are two causes of energy quality problems, both of
which are mainly raised by the increasing penetration of
renewable energy sources. Firstly, it comes from the uncer-
tainty of renewable power generation, which brings stochastic
change of power level and fluctuations and intermittences
of power flows. Secondly, it comes from the control system
stability and electromagnetic transients of renewable power
generators, which brings risks of power oscillations in a
large frequency range of 1-1000 Hz [12]-[14], called wide
frequency range oscillation. The former problem is based
on normal operations of renewable energy sources, while
the latter is more often triggered by faults and significant
disturbances. Accordingly, energy storage control and power
oscillation damping control are two approaches to improve
energy quality.

Besides the power oscillation damping control in differ-
ent frequency range, in this section, we introduce a group
of energy storage systems called Energy Filters to improve
the energy quality in power system. By these examples,
we encourage more studies and applications of different
forms of energy storage in power system to make it more
reliable, flexible and friendly to renewable integration.

In power systems, power filters are conventionally used
to improve the power quality of voltages and currents.
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FIGURE 8. Operating principles and exemplar topology of SEF.

By contrast, energy filters are basically either energy systems
with energy filter control capability or special energy storage
systems with energy filter control to improve the energy
quality of power flows. For instance, these filters could be
developed based on SMES, flywheels, ultracapacitors, and
batteries, independently from its control methods. Like filters
used in signal processing, the energy filters also have their
transfer functions, cut-off frequencies and Bode plots.

A very brief introduction of different kinds of energy filters
is given below and more details are presented in [2], [15].
High-order and adaptive energy filters can be achieved based
on very much the same hardware structures but only by
changing the control methods and control objectives.

A. SERIES ENERGY FILTER (SEF)

A series energy filter can achieve direct control of the output
power. This feature makes it different from the parallel energy
filter. The output power of a SEF is filtered and separated
from the fluctuating input power flow by the energy storage
device and control. Fig. 8 shows the operating principles
and exemplar topology of SEF where P;, and P,,; are the
input and output power of SEF, P; is the output power from
the energy storage system, and Ey, E and « are the energy
storage capacity, actual energy storage and charging status,
respectively. The exemplar topology is a PMSG based wind
power generation system with full rated conversion and bat-
tery storage. The battery storage on the DC link is under SEF
control and it smooths the output power to the grid when the
input wind power is heavily fluctuating. This exemplar case
is a SEF because the output power is directly controlled by
the grid-side converter.

Fig. 9 shows an example case of the input and output
power of a SEF when the input frequency equals to the cut-off
frequency of the first-order SEF, in which there is a 45 degree
phase shift between the input and output power as indicated
by the filter theory.

There two features for the SEF. The first feature of the
SEF is that it directly controls its output power. The second
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FIGURE 10. Operating principles and exemplar topology of PEF.

feature and also a big advantage is that it doesn’t need to
measure its input power. These two features are important
when compared with the parallel energy filters. A SEF is
virtually operated as a low-pass filter of power flows with
its cut-off frequency. The high-frequency fluctuation of the
unknown input power is filtered out while the output power
is smoothed.

B. PARALLEL ENERGY FILTER (PEF)

By contrast with the SEF, the output power of a PEF is not
directly controlled and the input and output power are not
separated but more in coherence. Also, the input power must
be measured in order to control a PEF. The smoothed output
power could be regarded as a summation of the fluctuating
input power and the compensating power from the EES,
both of which are connected to the power bus in parallel.
Fig. 10 shows the topology and an exemplar case of PEF.
The exemplar case of PEF is a parallel system of wind power
generation and battery storage interfacing with the power grid
as shown in Fig. 10 (b). The variables Pj,, Py, Ps, Eo, E and
« are the same as those in Fig. 8.

Fig. 11 shows the simulated output and input power of a
PEF. Since in this case the frequency of the input sinusoidal
power flow is 10 times of the cut-off frequency of the PEF,
the output power flow is much more smoothed than that in
the former case shown in Fig. 9.
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C. HYBRID ENERGY FILTER (HEF)

For the SEF and PEF, the fluctuating input power can go
through only one pathway. Comparatively, an HEF has two
pathways for the input power. Fig. 12 shows the topology and
an exemplar case of the HEF where Pj, s — Ps+ Piyp = Pous.
Fig. 13 shows an example of the total input and output power
of a first-order HEF, and as can be seen the fluctuating power
flow is very much smoothed after the energy filter.

The exemplar case of HEF is shown in Fig. 12(b). It con-
sists of a wind power generation unit with DC-link battery
storage and a solar power generation unit. It could be taken as
amix of SEF and PEF. In this case, the wind power generation
unit is the series pathway while the solar power generation
unit is the parallel pathway. As a hybrid, the HEF takes
advantages from both the series and parallel forms, which has
the most powerful topology and control capability among the
three energy filters in this paper.
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D. ENERGY FILTERS AND SUPPRESSION OF POWER
OSCILLATIONS
Enormous studies have been done on power oscillation damp-
ing control. In the past, this is a problem of system angular
stability in the first place, yet it also deserves a place in the
framework of energy quality. Unlike stochastic renewable
power flows continuously injected by external sources, power
oscillation is triggered by faults or significant disturbances
of power system usually when parameters of components
or controllers of power electronics devices are mismatched.
Although not all power oscillations lead to system instability,
a lightly damped oscillation can lead to malfunction of the
system protection and should be effectively damped.
Traditionally Power System Stabilizer (PSS) of syn-
chronous generators is a classical solution to inter-area and
low-frequency oscillations [16]. In the modern power system,
damping control of sub/super synchronous oscillation and
high-frequency oscillation is mainly based on power elec-
tronics devices, including FACTS, HVDC, power converters
of renewable power generators, energy storage and so on.
Latest studies indicate that control parameters of renewable
power generators have significant impacts on the risks of
wide frequency range oscillations [17]. In a renewable rich
power system in the future, advanced power oscillation damp-
ing control and methods to optimize the control parame-
ters to minimize the oscillation risks are expected. Energy
filters, which are primarily proposed for smoothing power
waveforms of renewable energy sources, can have the great
potential in the damping of power system oscillation of wide
frequency range. In addition, with the application of energy
filters, the fluctuations of power waveforms can be smoothed
and minimized so as to reduce the risk of system oscillations.

VI. THE NEEDS FOR INTERNATIONAL STANDARDS
AND GRID CODE DEVELOPMENTS FOR

ENERGY QUALITY

In the past, quite some research activities have been con-
ducted to test the frequency response capability, ramping
rate or limits to the rate of change of power levels of
machines with different capacity in different time scales,
power balancing of power systems with renewable energy
sources [18], [19], [23]-[26].

Power waveforms from renewable energy sources are
of great interest in terms of technical response capabil-
ity/performance and market operations and system planning,
which also have impact on the operation, control and security
of power systems. The nature of these technical issues is
related to the time dependent and locational related power
waveforms of power sources (in particular, renewable energy
sources), power demands and power flows, and these are
better to be measured, characterized and evaluated in the
framework of energy quality. The following R&D activities
are needed:

(1) Coherent measures/indices in the framework of energy
quality in terms of average power, standard power
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deviation and total distorted power at different time
scales will need to be developed, and hence standards
and grid codes will need to be developed accordingly.

(2) Time dependent location related energy quality mod-
eling and analysis of renewable power waveforms are
needed to assess the value of energy provided by renew-
able energy sources and hence improve the efficiency
of energy market operations.

(3) Time dependent location related energy quality mod-
eling and analysis of renewable power waveforms are
needed to assess the value of energy provided by renew-
able energy sources and hence improve the accuracy of
power system planning.

(4) A unified method in the framework of energy quality is
needed to test the fast dynamic active power/frequency
response capability, price the frequency response ser-
vices under competitive market operations. In addition,
ramping rate of power and rate of change of power and
frequency needs to be specified.

(5) Energy quality standards and grid codes are needed to
reduce power fluctuations of renewable energy sources
and hence reduce the risks of power system oscillations.

(6) Synchronized measurement, monitoring and control
systems and computing tools for energy quality are
needed. Certainly PMUs can be used and extended for
energy quality purpose straight way.

VIl. CONCLUSION
The increasing penetration of renewable energy in power
system brings stochastic power flows, uncertainties of energy
market operations and power system planning and risks of
wide frequency range oscillations and stability. These vari-
ations including fluctuations and intermittences of power
waveforms are with natural contradictions to the needs of
power system efficiency, security and stability. In this article,
in contract to the concept of power quality used to measure
characteristics of voltage and current waveforms, a frame-
work of Energy Quality has been established to measure
characteristics of power waveforms of generation sources,
demands and power flows, hence value/differentiate the tech-
nical performances and price their services provided in terms
of their quality, i.e. energy quality. The energy quality of
a power waveform is assessed in terms of the following
aspects: 1) what is the average power level; 2) how the carried
energy is distributed in frequency domain; 3) how soon and
heavily the power or power flow is changed & fluctuated.
Measures/indices of energy quality, including average power
level, energy spectrum, 7PD and SPD have been defined
in mathematical expressions to quantitatively assess these
aspects. The proposed indices are also applicable to fre-
quency. In addition, along with the newly defined indices
in this paper, rate of change of power and frequency and/or
power ramping rate should be considered together in the
energy quality framework.

In different time scales, high energy quality requirements
would help enlarge power system stability margin, achieve
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the effective power balance, facilitate the efficient operation
of electricity market, and make better use of machine and con-
verter capacities, etc. For power waveforms with low energy
quality, energy filters and associated control will be able to
smooth the power waveforms under normal operations and
damp wide frequency range system oscillation under faults
conditions, respectively.

To harmonize contradictions between high share of renew-
able power and power system efficiency, security & stability,
further efforts are encouraged to be paid on the development
of monitoring & control systems, computing tools and pricing
methods as well as standards/grid codes in the framework of
energy quality. As energy quality is an emerging area, it is
unlikely that everything can be covered in a single paper.
Rather it is felt that this paper is to stimulate further discus-
sions about the topic in the power community.
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