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Provision of Ramp-rate Limitation as Ancillary
Service from Distribution to Transmission
System: Definitions and Methodologies for

Control and Sizing of Central Battery Energy
Storage System

Spyros 1. Gkavanoudis, Kyriaki-Nefeli D. Malamaki, Eleftherios O. Kontis, Aditya Shekhar, Umer
Mushtaq, Sagar Bandi Venu, and Charis S. Demoulias

Abstract—The variability of the output power of distributed
renewable energy sources (DRESs) that originate from the fast-
changing climatic conditions can negatively affect the grid sta-
bility. Therefore, grid operators have incorporated ramp-rate
limitations (RRLs) for the injected DRES power in the grid
codes. As the DRES penetration levels increase, the mitigation
of high-power ramps is no longer considered as a system sup-
port function but rather an ancillary service (AS). Energy stor-
age systems (ESSs) coordinated by RR control algorithms are
often applied to mitigate these power fluctuations. However, no
unified definition of active power ramps, which is essential to
treat the RRL as AS, currently exists. This paper assesses the
various definitions for ramp-rate RR and proposes RRL meth-
od control for a central battery ESS (BESS) in distribution sys-
tems (DSs). The ultimate objective is to restrain high-power
ramps at the distribution transformer level so that RRL can be
traded as AS to the upstream transmission system (TS). The
proposed control is based on the direct control of the AP/At,
which means that the control parameters are directly correlated
with the RR requirements included in the grid codes. In addi-
tion, a novel method for restoring the state of charge (SoC)
within a specific range following a high ramp-up/down event is
proposed. Finally, a parametric method for estimating the siz-
ing of central BESSs (BESS sizing for short) is developed. The
BESS sizing is determined by considering the RR requirements,
the DRES units, and the load mix of the examined DS. The
BESS sizing is directly related to the constant RR achieved us-
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ing the proposed control. Finally, the proposed methodologies
are validated through simulations in MATLAB/Simulink and
laboratory tests in a commercially available BESS.

Index Terms—Battery energy storage system, distributed re-
newable energy resource, sizing, distribution system, transmis-
sion system, ramp-rate limitation, state of charge.

NOMENCLATURE

AE, Energy absorbed-released for state of charge
(SoC) restoration

AE Energy absorbed-released for ramp-rate (RR)
limitation (RRL)

AP Actual power variation

AP, The maximum power variation for defining a
high-power ramp event

APy, Charging-discharging power for SoC restoration

AP, . AP, ,, Power variations computed with definitions 1,

AP m3 2, and 3

AP/At Rate of change of active power

ASoC SoC dead-band

At Time window for RR computation

Atg - The maximum SoC restoration time

T Duration of rolling window (averaging time)

E? Battery energy storage system (BESS) energy

BESS absorbed

Epres BESS energy released

Eppos BESS capacity

Kpres Distributed renewable energy source (DRES)
power variation coefficient

K priss. py Photovoltaic (PV) power variation coefficient

kpres wre Wind turbine generator (WTG) power variation
coefficient

k1p, dom Domestic load power variation coefficient

JOURNAL OF MODERN POWER SYSTEMS
AND CLEAN ENERGY



1508

ke

Industrial load power variation coefficient

LD, ind
kip Load power variation coefficient
k, DRES penetration level coefficient
L,L, Upper and lower bounds for ramp event
P Instantaneous active power
P BESS power
P Actiye power measurement at point of intercon-
in nection (POI)
P, Smoothed reference power
P oo Smoothed active power
P, 0O,  Active and reactive reference power
RR, RRL
RRY The maximum negative RRL
RR} The maximum positive RRL
RR,, The maximum RR measured at POI
RR; iom The maximum RR of domestic load
RR\ ina The maximum RR of industrial load
RR, py The maximum RR of PV
RR,, yro The maximum RR of WTG
S, Rated power of distribution transformer
Spres DRES power
T. Threshold for ramp event identification
u, Portion of PV load in DRES mixture
u, Eortion of WTG load in DRES mixture, u,=1—
w, Pi)rtion of domestic load in load mixture
w, Portion of industrial load in load mixture, w,=

1-w,

[. INTRODUCTION

HOTOVOLTAICS (PVs) and wind turbines are current-

ly the two most popular distributed renewable energy
sources (DRESs). Nevertheless, despite their highly benefi-
cial nature and the ever-decreasing installation costs, their
penetration into modern power systems causes a series of
technical issues that are mainly related to the intermittent
and volatile nature [1]. In cases of high DRES penetration
levels, the volatility of the injected power can potentially
lead to significant voltage and frequency deviations [2], [3],
which pose challenges to grid stability [4]. To mitigate the
effects of active power fluctuations on power quality and
grid stability, transmission system operators (TSOs) deploy
grid codes that impose specific ramp-rate (RR) limitations
(RRLs) on DRESs that are directly connected to the trans-
mission system (TS) [5], [6].

Concerning this issue, the European Union Commission
regulation 2016/631 [7] states that the relevant system opera-
tor shall specify, in coordination with the relevant TSO, the
minimum and maximum limits on rates of change of active
power output (ramping limits) in both up and down direc-
tions of change of active power output for a power-generat-
ing module, taking into consideration the specific characteris-
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tics of prime mover technology. In this context, the Europe-
an Network of TSO for Electricity (ENTSO-E) has provided
details in [8] regarding the upward RRL of generators fol-
lowing accidental disconnection from the power grid. As stat-
ed in [8], in Baltic and Nordic countries and in most Central
European countries, this value is limited to 10%/min, i.e.,
10% of the nameplate capacity per minute. Nevertheless, sev-
eral national codes impose different limits. For instance, in
France and Ireland, RRLs are set to be 4 MW/min and 30
MW/min [9], respectively, while in Denmark, RRL is set by
Energinet at between 1% and 20% of the maximum capacity
and is always below 60 MW/min [9]. In Scotland, England,
and Wales, RRs are limited by the size of the generation
units [10], [11].

Additionally, it is worth noting that different RRL require-
ments are applied globally. For instance, the Australian Mar-
ket Operator requests at least a 3%/min RRL [11], whereas
according to the Hawaii Electric Company, RRLs should be
limited to 1 MW every 2 s or 2 MW/min [11]. The Puerto
Rico Electric Power Authority requests a 10%/min RRL
[12]. In China and India, the RRL requirements are imposed
based on the nominal power of the unit [10], [11]. However,
every national TSO imposes different limits. For instance,
the State Grid Corporation of China requests large wind
farms (WFs) with capacities higher than 150 MW to limit
their RRLs to 100 MW every 10 min on average and to 30
MW every 1 min on average, whereas for WFs with capaci-
ties lower than 30 MW, RRLs are set to be 2 MW every 10
min on average and 6 MW every 1 min on average [10].

Clearly, many different RRL requirements are applied
globally. Another noteworthy fact is that although high-pow-
er ramps can be easily identified visually, in existing grid
codes, no unified definition of active power ramps exists [5],
[6]. Most grid codes express this requirement as a per-min-
ute limitation but do not define how the power ramps are
measured, e.g., minute-to-minute average power [13]. Anoth-
er important issue is that existing standards and grid codes
focus only on large-scale DRESs and do not provide specifi-
cations for small-scale DRESs connected to distribution sys-
tems (DSs) [14].

However, due to the ever-increasing DRES penetration,
several small-scale DRESs are connected to DSs, which con-
siderably affects overall grid stability [15]. As a promising
solution to compensating for the adverse effects of small-
scale DRESs on grid dynamics, central battery energy stor-
age systems (BESSs) are placed at the point of interconnec-
tion (POI) with TS. A significant advantage of this method
is that DS operators can use these BESSs to provide RRL as
ancillary service (AS) from DSs to the upstream TS. In this
case, in order to meet the RRL requirements imposed by
grid codes, the BESS should be properly controlled and
sized.

Several methods have been used to smooth output power
fluctuations of DRESs. These methods can be classified into
three categories: (1) moving average (MA) based methods
[16], [17]; @ low-pass filter (LPF) based methods [18],
[19]; and @ direct RR control based methods [20], [21].
MA and LPF based methods are the most widely adopted
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since they are easy to implement and have low computation-
al burden. However, these methods also present some impor-
tant disadvantages [22] such as the occurrence of both a
“memory effect” and over-smoothing, which may lead to in-
creased BESS capacity and reduced battery lifetime. In addi-
tion, no correlation can be defined between the control pa-
rameters of these methods and the obtained RRL. Therefore,
MA and LPF based methods cannot be used to provide RRL
as AS. However, direct RR control based methods can guar-
antee a specific RRL, leading to reduced BESS sizing as
compared with MA and LPF based methods [22], [23]. How-
ever, existing direct RRL methods do not consider the state
of charge (SoC) of the BESS prior to the initiation of the
smoothing function [22]. Therefore, the BESS may reach its
SoC limits unexpectedly, causing unforeseen ramps [22].

Concerning optimal energy storage system (ESS) sizing
for RRL, many research works are reported in the literature.
Several studies propose ESS sizing methods based on the
specific characteristics of DRES technology. For instance, in
[24]-[26], optimal storage sizing for RRL in WFs is investi-
gated, while in [27] and [28], sizing methodologies for RRL
of PV parks are presented. However, the aforementioned
methodologies are technology-specific, thus they cannot be
applied for the sizing of central BESSs (BESS sizing for
short) in DSs that host several types of loads and DRESs.
To meet this requirement, deterministic and probabilistic
methods have been developed [29]. Deterministic methods
are based on analyzing several power profiles, ideally ob-
tained at POI with TS to define the ESS capacity that opti-
mally fits the user-defined performance criteria. Neverthe-
less, the implementation of these methods is intricate and
computationally intensive, due to the high granularity of the
required data [30]. Therefore, probabilistic methods have
been proposed as alternatives. These methods are based on
historical climate and consumption data. Through statistical
[31] or clustering analysis [30], these data are then used to
determine representative power profiles for use in optimal
storage sizing. However, these methods require a vast
amount of historical data to achieve satisfactory performance.

The scope of this paper is to develop a holistic method
for provisioning of RRL as AS from DSs to the upstream
TS. To achieve this objective, the following tasks are per-
formed. The various definitions used to calculate active pow-
er ramps are first assessed. A method for controlling the
BESSs installed at POI with TS is then developed, which
aims to restrain the power ramps toward TS. The proposed
control method is complemented by restoring the SoC. Final-
ly, a novel parametric method for BESS sizing is proposed.
The contributions of this paper can be summarized as fol-
lows.

1) The available definitions for computing active power
ramps are compared, and the most suitable definition for
RES applications is proposed.

2) A control method for central BESSs aiming at restrain-
ing high-power ramps toward TS is proposed. A unique ad-
vantage of the proposed control method is that it does not re-
quire averaging functions or filters. The proposed control
method in fact restrains RRs by directly calculating and con-
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trolling the RR AP/At (imposed by the adopted grid code
definition/requirement), thus ensuring that actual ramps will
never exceed the maximum permissible limits.

3) A method for restoring SoC is developed. The novelty
of this method is that the maximum SoC restoration time
can be defined parametrically while always respecting the
RRL of output power. Therefore, the method can be altered
to satisfy the unique requirements of each storage technolo-
gy. It also has a low computational burden since it is based
on simple arithmetic operations without any control loops.

4) A novel parametric method for BESS sizing is pro-
posed. The distinct advantage of the developed method is
that the required BESS sizing for RRL is determined without
the need for long-term measurements at POI. Accordingly,
the proposed method is based solely on the power variation
characteristics of the individual loads and DRESs connected
to the examined DS. The proposed method receives the size
of the interconnection transformer, the types and sizes of the
DRESs and loads that are connected to the DS, and the max-
imum AP/At imposed by the TSO. Using these inputs and
the representative generation and consumption profiles, the
proposed method quickly computes the required BESS for
RRL.

It is worth noting that the proposed methods for SoC res-
toration and BESS sizing present high novelty, as no similar
methods have been reported so far. Finally, because the pro-
posed methods for BESS control, SoC restoration, and sizing
is built around the definition of RR, a complete framework
that facilitates the provision of RRL as AS from DSs to the
upstream TS is provided.

The remainder of this paper is structured as follows. Sec-
tion II presents the definitions of RRL. Section III presents
the control of central BESS for RRL, and Section IV de-
scribes the BESS control method for SoC restoration. Sec-
tion V presents the proposed method for BESS sizing. Sec-
tion VI describes the validation of the proposed method
through simulations and laboratory tests. Finally, Section VII
summarizes the major contributions and concludes the paper.

II. DEFINITIONS OF RRL

Although it is easy to visually identify ramps, there is no
consensus on the accepted formal mathematical definition of
a ramp event. Each paper or report uses a different computa-
tional method depending on the scope of the study. In [13],
the characteristics for identifying ramp events are outlined.
To define a ramp, three key characteristics should be deter-
mined: direction, duration, and magnitude. Regarding the di-
rection, there are two basic types of ramps: upward (also
known as ramp-ups) and downward (ramp-downs). However,
since the values of ramp magnitude range from positive to
negative, a ramp can be characterized using only its magni-
tude and duration features. The sign of the magnitude indi-
cates the ramp direction, where values of positive or nega-
tive magnitude correspond to upward or downward ramps,
respectively. Regarding the magnitude and duration, a com-
parison of current and previous values of the power is re-
quired to measure a ramp. Then, it is necessary to establish
a threshold to indicate whether that difference is considered
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in a ramp event or not.

One difficulty arises from the definition of the current and
past instants. The time interval is crucial to define the ramp.
Choosing a setting value depends on the type of ramp that
must be detected. Another difficulty is that when using some
definitions, only two discrete points are compared, which in
turn neglects the power behavior inside the period between
those points in time. In [13], there are two useful definitions
cited in other reports.

1) Definition 1 (Def. 1): a ramp event is considered to oc-
cur at the start of an interval if the magnitude of the in-
crease or decrease in the power measured at time A¢ ahead
of the interval is greater than a predefined threshold 7:

pit+AD)-p@)>T, €))

2) Definition 2 (Def. 2): a ramp event considers the mini-

mum and maximum values of the measurements between the
two endpoints (inclusive):

max[p(t, t+ A>T, 2)

Def. 2 avoids the issue of neglecting whatever occurs
within the period between the present moment and the past
moment. However, this results in the detection of ramps for
longer periods. Besides, both definitions make it impossible
to filter ramps caused by fast events. This can be observed
in Fig. 1, where the ramps detected using both definitions
are compared. Sudden increases and decreases in power are
analyzed. All power changes take place in less than 1 min.
Figure 1(a) shows that both definitions detect the power in-
crease at f,. Figure 1(b) and (c) shows that after 20 s and
40 s, the ramp detected by Def. 2 is still high, although the
event has dimmed.

1 min 1 min
window window
AP,
AP,\| AP,, P(1) "
1 m ¥ - P ([)
fo 1(s) o) N 1(s)
AP,
(a) (b)
2 min window 1 min window
APmZ
P(1=608)150, .-
e £ AP,;
“teap, (O
(0)
Fig. 1. Power variation computation for a 1 min window according to

three definitions. (a) AP, (t=t,). (b) AP, (t=t,+205s). (c) AP, (t=t,+405s).

3) Definition 3 (Def. 3): another definition that avoids
these issues is described in [32]. In addition to the duration
of the period under evaluation being established, an averag-
ing time 7 for power measurements must be used [32]. Un-
der this assumption, the ramp event occurs when the current
measurement is outside the range defined by L,(z,) and
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L,(@,):
(3)
4)

A ramp event occurs if one of two following conditions
are fulfilled:

max

L,(t,)= P{t,+ A1), - |AP

L,(t,)= P(t,+Ar), + |AP

max|

P(t,)< P(t, + D), = |AP,,, ()
P(t,)> P, + AD), +|AP,,, ©)

Hence, it is obvious that the power variation is:
AP=P(,)~ P, + A0, )

A ramp is identified when AP>|AP, | or AP<—|AP
Figure 1(c) shows the effect of computing the power varia-
tion using the mean value in a rolling window as the past
value. In this case, the variation detected is higher than that
detected by Def. 1 but is less than that detected by Def. 2.
Def. 3 allows the operator to discriminate the timeframe of
the ramps to be detected, filtering out the low- and high-fre-
quency events. The parameters A¢f and T must be appropriate-
ly selected to detect the ramps under study.

These three definitions are compared when applied to the
variations in the PV power profiles shown in Fig. 2(a). Fig-
ure 2(b) shows the computed RR when the three definitions
are applied to the power profile shown in Fig. 2(a). The red
horizontal line in Fig. 2 corresponds to the maximum permis-
sible RRL, e.g., 100 W/min, corresponding to 10%/min for
an installation of 1 kW.

Def. 2 clearly produces the highest variations. Def. 1,
which compares two instant values separated by 60 s, pro-
duces slightly lower results. Def. 3 compares the current
measurement with the average over the past 120 s, resulting
in notably smaller power variations. The plot on the right in
Fig. 2(b) shows the evolution of the active power variations,
i.e., RR for 4 min. It can be also seen that the total duration
for which the RR is computed by Def. 2 exceeds the maxi-
mum permissible RR, i.e., an active ramp-up or ramp-down
event is higher in comparison with that in the other two cas-
es. Finally, in Table I, the numbers of periods (measured in
s) in which a ramp event is active using each definition are
compared. These results are in accordance with those shown
in Figs. 1 and 2.

max|'

TABLE I
NUMBER OF PERIODS WITH ACTIVE RAMPS FOR EACH DEFINITION

Definition Number of periods with active ramp  Percentage of time (%)

Def. 1 7722 21.2
Def. 2 12714 349
Def. 3 6294 17.3

In this paper, Def. 3 is proposed as the most suitable for
calculating ramp-ups and ramp-downs. Using the mean val-
ue in a rolling window as the past value produces a more ro-
bust RR calculation that is less affected by the instantaneous
value of the power at the start of the interval. Nevertheless,
for the remainder of the papers, Def. 1 is used for the fol-
lowing reasons: () most of the existing grid codes adopt
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Def. 1 to compute the RR since calculating only the power
difference between the two instants is more straight-forward;
@ Def. 1 is more sensitive in detecting high-power ramps;
@ if the length of the rolling window is close to zero, Def.
3 is equivalent to Def. 1. Thus, if RRL is achieved using
Def. 1, it is ensured that RRL is also attained by Def. 3.
Def. 2 is not considered as a suitable choice since it does
not provide any means of filtering ramps caused by fast
events.

III. CoNTROL OF CENTRAL BESS FOR RRL

To comply with the TSO-imposed RRL, the integration of
a central BESS is proposed, which is located near the DS
transformer (DST) so as to provide RRL as AS to the up-
stream TS. RRL is provided as long as the measured RR at
POI is less than the maximum permissible value. In this
sense, the BESS control should generate a power profile for
specific selectable RR. We propose a more suitable method
for directly controlling RR of DRES output power. This is
critical because all grid codes on RRL are expressed by
AP/At. At this point, we should note that the use of the maxi-
mum RR as a parameter in the BESS controller ensures that
the proposed method is directly applicable to all require-
ments irrespective of the RR definition used. The clear ad-
vantage of the proposed method over others that use an LPF
or MA function is that, in the latter cases, no clear relation-
ship exists between the cutoff frequency of the LPF or the
time interval of the averaging function with the required
RRL. In addition, by properly selecting At, it is possible to
absorb any high-power variations, which appear between the
start and end points of the analysis window.

1000
800
600
400
200

Power (W)

0 1 1 1 1 1 1 1 1 )
09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
Time

(a)

800
_ 600
g z
- < 400
3 3

200

0 L h )
14:12 14:13 14:14 14:15 14:16
Time

12:00
Time

15:00  18:00

(b)

Fig. 2. Comparison of RR definitions. (a) Variations in PV power profile.
(b) Power variations measured using each definition.

The topology and the overall control scheme of BESS RR
are depicted in Fig. 3. The grid voltage and line currents are
fed to the BESS controller for the measurement of the active
power. The sampling rate of the measurements should not ex-
ceed At. The main control block for producing the smoothed
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active power profile (of specific RR) is shown in Fig. 4.
This block takes as input the fluctuating P, and RR/ and
RR}, while considering both ramp-ups and ramp-downs.
AP, . is a parameter that modifies P, and is used for the
SoC restoration, as described in the following section.

Distribution transformer

P

smooth
—_—

P BESS

Fig. 3. Topology and overall control scheme of BESS RR.
- ’SB’C’;}[ ”””””””” AP/Atcontrol |
| trol « |
RR,— contro ! RR? |
Py +)—-{1/At u—f ]
T e |
| " L |
| APl |
iEquationii P, {1-AD) P i

Fig. 4. Main control block for producing smoothed active power profile.

IV. BESS CONTROL METHOD FOR SOC RESTORATION

An effective ESS should be complemented by SoC restora-
tion control. The aim of this control is to restore the SoC to
a predefined range, so that the BESS is always capable of
smoothing ramp-ups and ramp-downs. This paper proposes a
novel SoC restoration control method, which aims to restore
SoC to 50% without violating the maximum RRL. To
achieve this, the proposed SoC restoration control method
modifies P, by adding/subtracting APg ., as shown in Fig.
4. A major aspect of this control method is that the SoC res-
toration signal APg, . is added prior to the RR control. This
ensures that RRL of the output power will not be violated.
APy, is pre-calculated in an analytical form based on Atzg,
and Eg.. Moreover, AP . is inserted directly as an input to
the proposed control method. The maximum restoration time
corresponds to the time needed for a fully charged BESS to
restore its SoC to 50%. In addition, an important feature of
the proposed control method is that it does not employ any
controller so as to reach the SoC reference value but only a
dead-band. Accordingly, the SoC restoration control is deacti-
vated in order to prevent the SoC from oscillating around
the reference value. The proposed control and the value of
the dead-band are illustrated in Fig. 5. In the following anal-
ysis, the proposed control method considers the worst-case
scenario, i.e., an abrupt step change in the active power ex-
change at the POI. Therefore, the restoration time inserted as
a parameter in the control method is referred to as the maxi-
mum time. In this case, during BESS charging/discharging,
AP, . uses the maximum permissible value, thereby exploit-
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ing the entire RR margin. This causes the total power to
take on a trapezoidal form with the slope angle of the non-
parallel sides defined by the RRL. According to Fig. 5, it is
assumed that the power absorbed for limiting the RR is
equal to AE,,. To restore SoC, BESS has to release the same
amount of energy (AEy,=AE, ). Based on the above asser-
tions, the trapezoidal energy recovery of Fig. 5 is derived
and can be analytically formulated.

Active power RR,
_~Smoothed power
RES power RRL
Time
BESS power
Time
SoC :
«—SoC dead-band
Algyc
Time
Fig. 5. Proposed control and value of dead-band.
AP, can be calculated as:
AEg  =E +E,+E; ®)
AP}
AEg .= —3C + AP, AL, 9)
0 RRL 0
) 4
_AtSDC+ AtSOC_ RRL AESoc (10)
AP = > RR,

AE, is set equal to half the total BESS capacity. Follow-
ing the deactivation of the SoC control, the BESS power
will not instantly become zero, but will continue decreasing
with the same RR until it becomes zero. The time interval
between the deactivation of the SoC control and the moment
at which the P, becomes zero determines the dead-
band ASoC:

1 1 APZO‘
AEg, = EAtSaCMSnCZ 5 RRS . (11)
L
AE
BESS

Thus, the recovery control is deactivated at the SoC level
of 50+ ASoC. Without this dead-band, SoC oscillates infinite-
ly around the reference SoC. The novelty of the proposed
control method is that: (D it is embedded in the RR control
method, and therefore, the maximum RR is always respect-
ed; @ the maximum SoC restoration time is calculated
based on the BESS energy and desired RR and then inserted
into the control method; in this way, it can be predeter-
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mined; and 3 the computation burden is really low since it
is based on simple arithmetic operations.

V. BESS SIZING FOR RRL

The proposed BESS sizing method considers a DS consist-
ing of both DRES units and loads. This provides a fast way
to estimate the required size without the need for long-term
measurements at POI, which is based on the power variation
characteristics of individual loads or DRESs. Therefore, a
set of parameters, e.g., S, k,, RR;, k.p, kppes, and RR,, is
identified that affects the BESS sizing.

S, k, and RR, can be easily identified, since they are
known parameters. Nevertheless, the values of k;,, kpzes
and RR,, are to be defined based on the typical load and
DRES profiles. The physical meanings of k;, and kg are
that the load (or DRES) power for most of the time within a
year, e.g., 99% of the time, does not vary from zero up to
the nominal power but rather remains within a range equal
to (1-k,,)S, or (1=kppes)S,. To derive the analytical expres-
sion for estimating the required BESS sizing, a 4-step meth-
od is used, which is explained in detail as follows. Note that
Fig. 6 is also used to better demonstrate the basic principles
of the proposed control and to facilitate the understanding of
the symbols used.

Active Load power L
power
S,
Time
) SDRES:kpSIr
DRES power
(a)
Active Load power RR, .-
power :
. (1 ’kLD)Sx
B (A
(1 ’kl)kﬁs)kpsrr Time
DRES power
(b
Active RRM”; RR, -
power | Load power
(1=k;p)S,
A ey K kpre)S,
s ( ’kl)kﬁs)kpsrr Time
DRES power

(©)
Fig. 6. BESS sizing methodology.

Step I: the rated power of DST and the installed DRES
are S, and Spgg, respectively. The worst-case scenario re-
garding the power variation at the POI is a theoretical step
change equal to S, + S,z as shown in Fig. 6(a). The BESS
energy in the worst-case scenario is:
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E _ l (Str+SDRES )2 — l [Sf" (1 +kp )]2

BESS 2 RRL 2 RRL
where Spp=k,S, is a function of §,, and k, expresses the
DRES penetration in relation to the rated power of the DST

(k, =Spres/S,), which varies from 0 to 1. The RRL is calcu-
lated as:

(13)

AP Slr+S DRES
At At (14)
Step 2: it is considered that the load within the DS does
not vary from zero to the maximum installed power. Step 2
is illustrated schematically in Fig. 6(b). Depending on the
type of load or DRES, for most of the time, the active pow-
er varies between a maximum value and a minimum value, i.
e., a minimum base load exists. Therefore, the load can vary
in the range [k,,S,, S,]. Similarly, the DRES power can vary
in the range [kppgsS,, S,]. Thus, the energy that the BESS
needs to absorb is calculated as:

1AS, [N =kpp+ (= kppes K, Iy
2 RR,

Step 3: the real power variation is considered not to be in
the form of a step change but rather that of a ramp with the
maximum rate equal to RR,,, as shown in Fig. 6(c). For ex-
ample, by analyzing several load profiles [33] that domestic
loads have an RR (AP,,,/At) of about 50%/min-60%/min,
while for industrial loads, the typical RR is 25%/min-35%/
min. Thus, the total energy that the BESS stores is shown in
Fig. 6 and is calculated as:

o S [l_kLD+(l_kDRES)kp]2 3 [1_kLD+(l_kDRES)kp]2
BESS ™ 2 RRL RRM

RR, =

(15)

A
E BESS —

(16)

Step 4: finally, since the BESS must be able to absorb or

release energy at any time, the total energy of the BESS is
twice the energy calculated from (16) and is calculated as:

(1 —kpp+ (1 = kpres )kp ]2 _ [(1—kpp+ (1 = kpres )kp ]2
RR, RR,,

EBESS:Stzr{

a7)

To calculate the maximum power that the BESS must pro-

vide to perform RR control, it is necessary to calculate the

maximum power mismatch P_,—P,, that might appear while
P,, varies with RR,, and P, with RR, as:

RR
PBESS=Str(1_ RRM)[l_kLD+(l_kDRES)kp] (18)
L

RR,,, kpprs and k,,, significantly depend on the type and
size of the DRES and load. Therefore, in this paper, a para-
metrical analysis based on real DRES and load data is pre-
sented. Table II summarizes the typical values for &gz, k;p,
and RR,,. These values are derived from the analysis of pow-
er profiles from loads and DRES [33]. For this purpose, the
profiles from several European countries, e. g., Greece,
Spain, the Netherlands, UK, Germany, and Slovenia, have
been obtained, by field measurements as part of the EU Ho-
rizon 2020 project EASY-RES (G.A.: 764090).

In Table II, k,,, 99 and kjppgq are the minimum values of
the respective k coefficients, corresponding to the load/
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DRES power variation for 99% of the time within a year.
Similarly, k;, 45 and kpggos are the maximum values of the
respective k coefficients, corresponding to the load/DRES
power variation for 95% of the time. In the case of mixed
loads (domestic and industrial) or mixed generation units
(PVs and WTGs), the equivalent coefficients can be calculat-
ed from (19)-(21), using the values of Table II, where

RR, i and RR) . are the minimum and maximum values
of RR.

kip=kip dom™1 KD a2 (19)

K pres=Kpres, prits + K pres, wrctts (20)

RR,,=max{RR, ;- RR ; 1na> Ry py- RR i | 21

TABLE 11
TYPICAL VALUES FOR COEFFICIENTS PER TYPES OF LOAD AND DRES

Type of load  kypoy  kipos Kpresoo Kpresos ({’iﬁ‘r‘rfll:r";) (I‘;ﬂr‘g‘lﬁ)
Domestic load 0.87 0.94 50 60
Industrial load  0.57  0.65 25 35

PV 0.31 0.48 30 40
WTG 0.23 0.26 55 65

VI. VALIDATION

The proposed methods are validated through simulations
in MATLAB/Simulink and laboratory tests. The laboratory
configuration consists of a 12-kWh 3-ph BESS from Fene-
con (model: Pro 9-12), which uses lithium iron phosphate
(LiFePO4) batteries. The grid is simulated using a Regenera-
tive AC Grid Simulator (from Cinergia). Finally, an oscillo-
scope is used to capture the BESS voltage, current, and pow-
er. The active power reference signals of BESS are directly
fed to the Pro 9-12 BESS via the Fenecon energy manage-
ment system (FEMS) used to control online monitoring of
BESS [34].

A. RR Control Validation

Initially, the proposed RR control is validated by means of
simulations. The power at POI presents high fluctuation ac-
cording to the yellow curve in Fig. 7(a). By applying the
proposed RR control, RR is limited to 50 W/s. To simulate
the slow response of a real BESS, a delay of 2 s is intro-
duced into the BESS power. Figure 8 presents the validation
of RR control by means of laboratory tests. Figure 8(b) de-
picts the reference and the actual BESS power, revealing
that BESS performance in the laboratory tests is very close
to the results obtained via simulation. Finally, Fig. 8(c)
shows the RR with and without the proposed RR control. It
is obvious that by applying the proposed RR control, RR
does not exceed the limit imposed. This limit is set to be
10% of the DST rated power, i.e., £3000 W/min.

To highlight the superiority of the proposed RR control,
we compare its performance with the two most commonly
used methods for RRL, i.e., LPF and MA. The most effec-
tive way to perform such a comparison is using a simple lin-
ear profile such as the one shown by Fig. 9(a). Figure 9(b)
shows the calculated RR when the three methods are ap-
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plied. The blue curve corresponds to P, without applying
any RRL. The parameters of the LPF and MA methods are
selected so that in all cases, the maximum RR is not exceed-
ed, i.e., 3000 W/min. More specifically, for LPF method, the
time constant is set to be 60 s, and the rolling window of
the MA is set to be 120 s. Detailed modeling of the first-or-

der LPF and MA is presented in [14].

Simulation input power
357 — Smoothed reference power
—— Smoothed actual power
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(a)
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Fig. 7. Validation of RR control through simulations. (a) Simulation input
power, smoothed reference power, and smoothed actual power. (b) BESS
power.
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Fig. 8. Validation of RR control by means of laboratory tests. (a) Input
power, reference power, and smoothed actual power. (b) Reference BESS
power and smoothed actual BESS power. (¢) RR with and without proposed
RR control.
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Through the proposed RR control, a constant RR is
achieved, since RR is a control parameter. However, using
the LPF or the MA method, there is a significant delay in
the response because of the so-called “memory effect”. The
parameters of these methods cannot be directly correlated
with the desired maximum RR, which leads to extensive
over-smoothing and eventually to a significantly larger
BESS sizing and reduced battery lifespan.

100
2 5
bt AP/At=100 W/s
g 6 _Pin
2 4l — W, (AP/A‘t is used)
2 |APIA=50 Wis P, (LPF is used)
2 2r P,,,(MA is used)

0 100 200 300 400 500
Time (s)
(a)

6-
- 3 kW/min
g
£
z
e I~ 3 KWimin
24

0 100 200 300 400 500

Time (s)
—P,,; — AP/At; —LPF; MA
(b)
Fig. 9. Comparison of RRL methods. (a) Active power profile. (b) Calcu-
lated RR.

B. SoC Restoration Control Validation

In this subsection, the proposed control method for SoC
restoration is tested. In this case, the step profile indicated
by the yellow curve in Fig. 10(a) is used as the input power.
The SoC restoration time is set to be 480 s, which is a typi-
cal value for BESS/RES applications [20]. The blue and red
curves in Fig. 10(a) correspond to two different values of
RRL that are examined: 5%/min and 10%/min of the rated
DST power (30 kW). Figure 10(b) presents the BESS power
for the two cases. The BESS absorbs or releases the power
mismatch so that RR of the output power is maintained with-
in the defined limit. At the same time, the proposed SoC res-
toration control restores SoC to the reference value of 50%,
as shown in Fig. 10(c). Note that, during the SoC restoration
control, the RRL is respected.

C. BESS Sizing

To evaluate the performance of the proposed method for
BESS sizing, comparisons with a deterministic method are
conducted. For this purpose, a detailed analytical simulation
model in MATLAB/Simulink is implemented to generate
power profiles at the POI (DS-TS). Further details concern-
ing the analytical model can be found in [33]. Using the de-
tailed simulation model, the actual BESS sizing required to
limit the high-power ramps is derived. The actual BESS siz-
ing is used as a reference point and is compared with the
BESS sizing calculated by the proposed method. Different
active power profiles are generated by setting the load and
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DRES types and capacities as well as the respective penetra-
tion levels. Figure 11 presents the individual components
that form the power exchange at the POI at a time interval
of 10 days. These profiles are indicative and are obtained
from field measurements [33]. Figure 11(a), (b), (c), and (d)
shows the power profiles of the domestic loads, industrial
loads, PVs, and WTGs, respectively.

30 Input power
‘ ¥ Smoothed power (RR=50 W/s)
E 25 Smoothed power (RR=25 W/s)
B
220 L -
= ‘ N—
15 . . — . . .
0 100 200 300 400 500 600
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a
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2
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%]
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Mm .20 L L L L L s
0 100 200 300 400 500 600
Time (s)
(b)
100
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o 60 ~
A 40 RR=25 W/s \//-/
20 - - - - - )
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Time (s)
c
Fig. 10. Proposed SoC restoration control. (a) Input power and smoothed

power. (b) BESS power. (c) SoC.
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Fig. 11. Power profile. (a) Domestic load profile. (b) Industrial load pro-
file. (c) PV power profile. (d) WTG power profile.

Based on these power profiles, the total power at the POI
can be synthesized to generate different test cases. The fol-
lowing test cases are considered and examined.

1) Case 1: 25% DRES penetration, 100% PV, 50% domes-
tic loads, and 50% industrial loads.

1515

2) Case 2: 50% DRES penetration, 100% PV, 50% domes-
tic loads, and 50% industrial loads.

3) Case 3: 75% DRES penetration, 100% PV, 50% domes-
tic loads, and 50% industrial loads.

4) Case 4: 50% DRES penetration, 50% PV, 50% WTG,
and 100% domestic loads.

Figure 12 presents the output power profile, the BESS
power, and the hourly BESS energy for each examined cases
obtained through the analytical model. The red dashed lines
in Fig. 12(b), (d), (f), and (h) represent the estimated BESS
sizing when the proposed method is used.
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Fig. 12.  Output power profile, BESS power, and hourly BESS energy for

cases 1-4. (a) POI and BESS power for case 1. (b) Hourly BESS energy for
case 1. (c¢) POI and BESS power for case 2. (d) Hourly BESS energy for
case 2. (e) POI and BESS power for case 3. (f) Hourly BESS energy for
case 3. (g) POI and BESS power for case 4. (h). Hourly BESS energy for
case 4.
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Table III presents the results for BESS capacity estima-
tion. The analytical results with the maximum and minimum
values of k,,, and k., are used. Table III shows that when
the maximum values are used, high-power ramps are attenu-
ated in all examined cases by a very high percentage
(>98.5%), whereas when the minimum values are used, near-
ly all (>99.7%) high-power ramps are limited. Note that the
maximum values lead to significantly larger BESS capacity,
since the worst-case scenario is considered. Based on the re-
sults, it can be concluded that using the minimum values
produces good results and leads to a BESS size close to the
actual size derived from the analytical MATLAB model.

TABLE III
RESULTS FOR BESS CAPACITY ESTIMATION

Case BESS size estimation Smoothing The maximum actual
(kWh) percentage (%) BESS size (kWh)

The minimum: 529 99.6

Case 1 . 785
The maximum: 1043 100.0
The minimum: 1060 99.7

Case 2 . 1929
The maximum: 2165 100.0
The minimum: 1993 99.5

Case 3 . 4623
The maximum: 4164 99.8
The minimum: 1204 98.5

Case 4 . 2372
The maximum: 2280 99.7

In addition to the BESS size estimation, the proposed
method provides the means for estimating the BESS convert-
er power rating. The respective results are presented in Table
IV. It is proven that through the proposed method, the maxi-
mum power rating of the converter can be estimated quite
precisely so that the BESS converter can provide the re-
quired power for most of the time (>99.3%) within a year.

TABLE IV
RESULTS FOR BESS POWER RATING ESTIMATION

Case BESS_power Per‘ce‘ntage of time  Actual BESS
estimation (kW) within a year (%) power (kW)
Case 1 22.333 99.8 22.54
Case 2 25.363 100.0 24.82
Case 3 40.200 99.8 41.87
Case 4 37.116 99.3 43.48

The proposed method is proven to be accurate and be a
useful tool for estimating the BESS size and the respective
costs during the project design phase. The significance of
the proposed method stems from the fact that the BESS size
can be estimated by determining only the mixture of load
and DRES. Since in this paper, RRL is considered as AS
provided at the TS level and not as a system support func-
tion, the capacity estimation is rather on the safe side. The
BESS size and estimated power rating can be further re-
duced if a simultaneity factor is used. However, this is not
considered in this paper.
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VII. CONCLUSION

In this paper, a holistic method is proposed for the provi-
sion of RR control as AS from DS to the upstream TS. To
achieve this objective, methodologies for sizing and properly
controlling a central BESS are proposed. Specifically, vari-
ous definitions included in the grid codes for identifying and
measuring a ramp event are presented and compared. The
RR control method proposed in this paper is based on the
control of AP/At, which is adapted to the RR definition and
requirements, ensuring that the actual ramp will never ex-
ceed the maximum limits imposed. In addition, the RR con-
trol is complemented with a method for restoring the SoC.
The novelty of this method is that the maximum SoC restora-
tion time can be parametrically defined, while always re-
specting the output power RRL. Therefore, it can be com-
bined with the proposed control method. Furthermore, it can
be adjusted to the unique characteristics of each storage tech-
nology. Finally, a novel parametric method for estimating
the required BESS capacity and the power rating of the
BESS converter is proposed.

The applicability of the proposed method for RRL control
is validated through simulations and laboratory experiments,
and comparisons with conventional methods are performed.
Validation results reveal that the proposed method for RRL
control can efficiently restrain RRs. The proposed method
outperforms conventional methods based on LPF and MA.
In addition, the proposed method for BESS sizing can cor-
rectly identify the size of the required BESS without using
long-term measurements at the POI, which are difficult to
obtain.

Our analysis verifies that the proposed method constitutes
a holistic method that can be used to facilitate the provision
of RRL as AS from DS to TS. Through the proposed meth-
od, RRL can be integrated into future AS markets as a trad-
able quantity.
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