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Abstract—As the penetration of Converter-Interfaced Dis-
tributed Renewable Energy Sources (CI-DRES) increases, several
problems are revealed in electric power systems, e.g., power
quality issues, reverse power flows and frequency instability.
A solution to tackle these issues is the mitigation of high CI-
DRES active power ramp-rates (RRs) by utilizing energy storage
systems (ESS). In many grid-codes at transmission system (TS)
level, it is specified that the CI-DRES limit their RRs, while
also the utilization of a central ESS has been proposed to
limit the RRs. Nevertheless, this approach involves only large
energy market players. Although various RRL methods have
been proposed for CI-DRES, a remaining gap is the evaluation of
the RR of a Distribution Network (DN) containing CI-DRES and
loads together with the influence of distributed ESS in the DN.
Towards this direction, in this paper, this evaluation is performed
in order to study the RRL capability of a low-voltage (LV) DN
considering both central and distributed ESS. The analysis is
conducted in the LV CIGRE DN via quasi-steady-state and RMS
simulations in PowerFactory considering several techno-economic
parameters, e.g., ESS size, type, per unit cost. This evaluation will
help towards the integration of the RRL control in the grid codes
in DNs so that it can be considered as a new ancillary service to
be remunerated in respective markets where also small CI-DRES
owners will be able to participate.

Index Terms—Ancillary Service, Active Distribution Networks,
Distributed Generation, Energy Storage Systems, Ramp-Rate
Limit, Renewable Energy Sources

I. INTRODUCTION

With the continuously increasing penetration of Converter-
Interfaced Distributed Renewable Energy Sources (CI-DRES)
various issues are brought into surface related to reverse
power flows, power quality issues, frequency instability, etc.
These problems stem from the CI-DRES dispersion in the
electric power systems as well as their stochastic and inertia-
less nature. At transmission system (TS) level, the operators
(TSOs) are responsible for keeping the frequency in a specific
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range. Since the CI-DRES intermittent nature which involves
high active power Ramp Rates (RRs) might jeopardize the fre-
quency stability, the TSOs often commit large amounts of fuel-
driven reserves, [1], [2]. Other solutions recently adopted by
TSOs in weak TSs (e.g., Puerto Rico) to mitigate the frequency
instability caused by high RRs is the RR Limitation (RRL) of
the CI-DRES mainly by active power curtailment, [3], [4] or
the placement of central large-scale Energy Storage Systems
(ESS), [5]. Each solution comes with specific drawbacks, e.g.,
loss of income for the CI-DRES owners, or involvement of
large energy market players, [1]-[3], [6], [7]. At Distribution
Network (DN) level increased CI-DRES penetration with high
active power RRs can cause power and voltage quality issues,
e.g., flickering and rapid voltage changes, [8]. One promising
solution to such issues is the RRL of the CI-DRES active
power, [8]-[10], via the combination of the CI-DRES with an
ESS in order to avoid active power curtailment. Hence, RRL
is an ancillary service (AS) that can be provided either in a
central or distributed manner to help towards the mitigation of
the aforementioned issues related to the high CI-DRES active
power RRs.

Various RRL approaches techniques have been proposed
in the literature for Photovoltaics (PV) [11], [12] and Wind
Farms [13], [14] considering several ESS types: Battery ESS
(BESS), [11], [13], Supercapacitors (SCs) [3], [15], or hybrid
ESS, [14]. These methods can be categorized as [4]: (4)
moving average methods, [16]; (i) filter-based approaches,
[13], [15]; (d29) direct RRL methods, [3], [7], [17]. Based
on the review/comparison studies, [4], [15], [18], [19], [20],
[21] the direct RRL methods are preferred due to decreased
needed ESS capacity/increased operating life, [3]. Most of
the aforementioned studies assume a RRL=10%/min with
respect to the CI-DRES primary source, and cannot specify
the required RRL for CI-DRES so as to reduce the impact
of the reported issues. However, this value is too strict and
should be re-assessed, [5].
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Although RRL has been studied widely at CI-DRES level,
there are limited studies regarding the RRL performance at
DN or TS level considering also techno-economic criteria, e.g.,
ESS size and cost. In [8] RRL is applied to PV systems with
ESS to alleviate voltage fluctuations focusing in the reduction
of flickering. In [9], [10] BESS are used for RRL in a LV DN
and it is demonstrated via simulations that fast variations of the
voltage/power caused by the wind or sun can be maintained
within acceptable limits. However, the use of BESS should
be avoided for rapid voltage changes due to the BESS slower
response, [5], [15]. For this reason, in [3], [15], [18] it is
recommended that SCs should be preferred for RRL in DNs.
In [2] an investigation via simulations in the IEEE 9-bus TS
to evaluate the impact of the RRL action of a CI-DRES -
coupled with a SC and directly connected to the TS - on
the frequency disturbances considering several parameters: the
RRL value, the SC size, the energy provided by the fuel-driven
reserves, etc. However, there still exist gaps related to the
RRL evaluation at both DN and TS level, [6], considering the
fact that load variations are slower than CI-DRES variations.
Hence, BESS utilization can be more suitable for RRL at DN
substation level and SCs more appropriate at CI-DRES level.

Towards these gaps, this paper proposes the use of SCs at
CI-DRES level for RRL control to the CI-DRES power, [3]
and the use of BESS located at the MV/LV substation perform
RRL to further compensate slower variations caused by the
loads, [22]. At CI-DRES level, the RRL control presented in
[3], [7] is employed to reduce the significant RRs at specific
values considering the SC State-of-Charge (SoC) a-priori to
allow also the provision of other AS, e.g., virtual inertia, [6]
and ensure that even when the SC SoC is close to its limits
the RRL is still provided. Conventionally the SCs are sized
based of the “worst-case” fluctuation for AP = 0.9pu within
10 minutes, [15] considering a RRL of 10%/min. However, it
is not examined if such value is suitable for CI-DRES placed
within DNs. In [3], [7] an RRL value of AP/min < 30% of
CI-DRES rated power has been proposed while simultaneously
not exceeding SC relative additional cost 10% with respect to
the total cost of the CI-DRES. In [4], it is shown that both
target values are achieved with more than 99% efficiency.
At MV/LV substation level, a central BESS performs RRL
aiming at RRL=10%/min of the MV/LV transformer rating.
The BESS control is presented in [23] and is practically the
same as the SC. The goal of this paper is to study whether
a decentralized approach for RRL performed by CI-DRES
within DNs (engaging smaller CI-DRES owners) can reduce
the size of a central BESS while keeping the same RRL target
capability compared to the fully centralized approach. This
suggestion aims at deferral of investments at DN level, while
it simultaneously allows the engagement of both small CI-
DRES/ESS owners and large-scale ESS operators.

To evaluate the performance of the central and distributed
ESS, in this paper a 2-stage procedure has been followed:
(i) 1-day Quasi-steady-state Simulations are conducted on
the CIGRE LV DN, [24] for various CI-DRES/load mixtures
without engaging the RRL functionalities in order to set
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Fig. 1. 1-day PV Profile: (Top) PV Power with 1-s resolution and with 1

minute average; (Middle) RR per 1-s; (Bottom) RR per minute.
the reference case for the DNs, which aims at defining the
maximum BESS size when no SCs perform at CI-DRES level.
From the reference case the 10-minute interval with the highest
RRs in pu/min is isolated. (i¢) RMS Simulations are used to
validate that by engaging the RRL control using the SCs at
CI-DRES level, the BESS size at substation level is reduced
compared to the case where only a central BESS exists. It
is noted that these two different simulation procedures are
established because the two ESS types operate in different
time-scales due to their different nature, i.e., BESS are high-
energy density ESS while SCs are high-power ESS, [25]. All
simulations are conducted in DigSilent PowerFactory. It is
shown that the central BESS size is reduced when SCs perform
RRL at CI-DRES level. To the authors’ best knowledge there
exist no studies on this topic.

The rest of the manuscript is organised as follows: Section
II presents the inputs used in the simulations, i.e., benchmark
power profiles and the BESS/SC models performance. Section
II presents the Quasi-steady-state Simulation procedure to
evaluate the Central BESS size and the respective results.
Section IV presents the RMS simulations procedure to evaluate
the impact of distributed SCs in the reduction of the central
BESS size. Finally, Section V summarizes the paper main
findings, and proposes new research directions.

II. INPUT MODELS
A. Benchmark Power Profiles

In order to perform both types of simulations, it is essential
to find data with the highest possible resolution for CI-DRES
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Fig. 2. Residential Load 17/Day 27 from [26]: (Top) pu power profile with
two different resolutions, 1 minute (referred to s) and 1-s; (Middle) RR per
1-s; (Bottom) RR per minute.

and loads. It is noted that the highest possible resolution that
appears in smart meters is 1-s, [4]. These high resolution
profiles are used in RMS simulations, which have a duration of
600s. Then, for each type of profile the 1-minute average has
been derived and inserted in the quasi-steady-state simulations
which concern a whole day (1440 sequential power flows).
All profiles have been scaled up in order to match a specific
maximum power and derive different CI-DRES/load mixtures.
The different CI-DRES/load mixtures have been derived in
order to respect thermal/voltage limits within the DN. Details
can be found in [25]. Note that in LV DNs PV power plants
(PPs) prevail. Therefore, for a PVPP, a cloudy day profile with
1 s resolution data from a 7.32 kW, PVPP is selected to define
a “worst-case” scenario, [3], [4], [7], [25]. The PVPP per unit
(pu) profile illustrated in Fig. 1 is derived by dividing with
the maximum power 5.384 kW. In addition, residential loads
have been considered and more specifically, yearly profiles of
[26] for 74 residential loads with resolution 1-s and 1 minute
have been carefully studied regarding their RRs. Day 27 of the
yearly profile of Load 17 has been chosen (Fig. 2). The pu
profile is derived by dividing with the maximum load power
(with 1 s resolution) of Day 27, i.e., 10.671 kW. It is noted
that in all simulations the reactive power of the PVs and loads
are set to 0.

B. BESS/SC Model

In the Horizon 2020 project EASY-RES, the Unified Virtual
Synchronous Generator (UVSG) prototype has been built with
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Fig. 3. UVSG Input and Output poaz‘? ((?%op) Input and Output power of
UVSG in pu; (Middle) UVSG RR in pu/s; (Bottom) SC power in pu.
enhanced functionalities in order to provide several AS, such
as RRL, virtual inertia, harmonic mitigation, etc., [6], [25].
The direct RRL algorithm is described and demonstrated
in [3], [4], [7], [25] and is preferred because it leads to
much smaller SC size compared to other RRL approaches.
The respective RRL and SoC control within the UVSG for
PowerFactory has been derived in [25]. The UVSG model
is based on a 20kVA converter. For modelling a larger CI-
DRES, several UVSGs are paralleled. The UVSG performance
is depicted in Fig. 3 assuming a target RRL of 0.3pu/min, i.e.,
0.005pu/s. The SC used energy is 144.44 Wh corresponding
to C = 40F for the 20kVA UVSG. The BESS is modelled
like an equivalent SC, but its capacity calculation is performed
after the quasi-steady state simulations based on the analytical
calculations presented in [25]. The BESS is assumed to be
placed centrally at MV/LV substation and acts with a target
RRL value of 0.1pu/min, i.e., 0.00167pu/s.

III. DETERMINATION OF CENTRAL BESS SIZE

In this section the evaluation procedure and the results
regarding the evaluation of the maximum Central BESS size
located at MV/LV substation are described. Specifically, in the
CIGRE European LV DN [24] the maximum voltage limit has
been set to 1.1 pu and the minimum voltage limit has been set
equal to 0.9 pu, so as to meet the corresponding Standards, e.g.
EN 50160. In the LV Cigre there are two types of underground
cables of size 50 (UG3) and 240 (UG1) mm?2. The thermal
limits are 158 A and 400 A for UG3 and UG, respectively.

Authorized licensed use limited to: TU Delft Library. Downloaded on August 18,2023 at 08:06:57 UTC from IEEE Xplore. Restrictions apply.



L
: : : : Emulated loads
ae Residential/Small

Commercial Load

Primary
Distribution MV
20kV line-to-line

Residential 20/0.4 KV 1 symbol=3 households
Subnetwork 500 kVA
400V line-to-line 1
®-—2 - Phy™™ = 80kW
g e
4 12| 13] 14
pryme — o ® - Il
@ f
@ s @
1 7
Pryg™™ = 80kW 6___’@8 Pry ™™ = 100kW
S
9
17
Q‘_; PII{)l\;.max = 40kW

& @

Py™™ = 40kW Pog™™ = 60kW
Fig. 4. 100% PV penetration in the CIGRE LV DN.

Procedure 1 aims at the determination of the reference case
via sequential power flows where the RRL is not activated.
Several different daily Transformer profiles resulting from
Procedure 1 are used as inputs to the RRL control script
of [23] for the BESS energy/power calculation so as to limit
the RR to 10%/min. The Transformer profile resulting to the
largest BESS capacity defines the reference case amongst the
five load/PV mixtures. From the reference case a specific
time-frame of 10 minutes is isolated for RMS simulations
considering the magnitude of RRs per minute, i.e., highest
RRs. Detailed steps of Procedure 1 are listed as follows:

Step 1: In the LV DN set the total Maximum Residential
load equal to 95% of the Transformer nominal power (500
kVA), i.e. Py = 450kW.

Step 2: Distribute P27 equally per node (residential loads
in Fig. 4).

Step 3: Scale up the residential profile of Fig. 2 with 1-
minute resolution (1440 values). The Transformer nominal
power is used as pu basis at substation level.

Step 4: Set PV penetration cases: In the LV DN set the to-
tal maximum PV power at PJi*"=x% of P/}."7" (x=20, 50, 80,
100). Distribute P}7** per node in a way that thermal/voltage
limits are not violated. The LV DN topology appears in Fig.
4 for P **=100% of P/l 7. It is noted that with respect to
Prer: (a) for 20% PV penetration, a UVSG of 20kW rated
power is located at node 15 and two PVs of 40 kW are added
in nodes 10 and 18; (b) for 50% PV penetration, a UVSG
of 20kW is located at node 15 and five UVSGs of 40 kW
are added in nodes 10, 11, 16, 17 and 18; (¢) for 80% PV
penetration, a UVSG of 40kW rated power is located at node
17, a PV of 60kW is located at node 11, two PVs of 80 kW
are added in nodes 13 and 16 and a PV of 100kW is located
at node 7. The detailed topologies can be found in [25].

Step 5: Scale up the PV profile of Fig. 1 with 1-min
resolution.

Step 6: For each penetration level, run 1440 sequential
power flows and evaluate the RR at the MV/LV substation.
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Fig. 5. Quasi-steady-state simulations for different penetration scenarios:
(Top) Transformer power in pu; (Bottom) RR in the substation in pu/min
TABLE I
RESULTED LV BESS POWER, ENERGY & COST FOR 1-DAY SIMULATIONS
Scenario Power, kW | Energy, kWh Cost,€, RR;p,
95% Loads 393.69 161.60 64,638.17 | 88.74
20% PVs 393.70 160.65 64,258.03 | 88.74
50% PVs 393.61 163.82 65,528.97 | 88.72
80% PVs 397.67 174.63 69,851.23 | 89.53
100% PVs 397.56 183.37 73,346.09 | 89.51

The daily MV/LV Transformer profiles of Procedure 1 can
be observed in Fig. 5, where it is evident that the most frequent
high RRs appear at ¢ = 800 — 1000min. The profiles of
Fig. 5 have been used as inputs to the script of the Annex
of [23], in order to calculate the required BESS capacity and
maximum power to achieve RRL 10%/min. The respective
results are shown in Table I. In the 5" column the RR;, is
the maximum RR in %/min that appears within the day at
substation level. The total BESS cost is derived assuming a
cost equal to 400 €/kW h. As it is evident, the BESS converter
power is almost equal for all scenarios, since the maximum RR
per minute presents slight differences per scenario. However,
there is a relative increase in the maximum BESS capacity
as the penetration level increases, i.e., between the Scenarios
95% Loads and 100% PVs there is 13.5% increase in the
capacity and respective cost. Since Scenario 100% PVs results
in the highest BESS capacity, it is used as the reference case
in Procedure 2 described in the following Section.

IV. RELATIVE BESS S1ZE REDUCTION WHEN USING
DISTRIBUTED SCS TOGETHER WITH THE CENTRAL BESS

Since BESS are high-energy density ESS while SCs are
high-power ESS, [18], they involve different dynamics and
operate in different time-scales. Therefore, it would be impos-
sible to evaluate simultaneously the two types of ESS. For this
reason, two different simulation procedures are established. In
this section the procedure for the evaluation of the relative
BESS size reduction when using also distributed SCs is
described and the respective simulation results are analyzed. In
Procedure 2 RMS simulations are performed while different
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smoothing functionalities are engaged with different mixtures:
either by the BESS connected to MV/LV substation with
RRL=10%/min or by PVs which employ UVSGs with SCs
and perform RRL control at 30%/min or both. Each step of
Procedure 2 corresponds to one case of the LV DN to evaluate
the coordinated action of SCs and BESS.

The reference case has already been set in Procedure 1. It
is assumed that a central BESS size with capacity calculated
for the Scenario 100% PVs is utilized. Based on the highest
RR/min that appeared during Procedure 1 simulations a spe-
cific time-frame is selected (“worst fluctuation” 10-minute pro-
file). Based on the specific topology and the results presented
in Fig. 5 - (Bottom), the profile within ¢ = 870 — 880min is
selected as the “worst-case fluctuation” profile. In Procedure
2 for this specific time interval and topology the real 1-s data
of the PVs and residential loads are isolated and used in the
RMS simulations for each node. Each UVSG with SC has an
input and/or output profile as depicted in Fig. 3 depending on
whether the RRL is activated in the UVSG at specific node or
not. The detailed steps are the following:

Step 1-Case 1: Insert the 1-s data per node for these specific
10 minutes/600s selected in Step 1. Run 600s RMS simulation
with NO ESS (neither central or distributed) to set the base
RMS Case.

Step 2-Case 2: Integrate SCs to the 50% of the installed
UVSGs at nodes 10, 11, 16 and 17. These UVSGs have total
DRES power of 240kW),. The SCs should be sized so as to
achieve RRL up to RRL = 0.05pu/s, i.e., 50% of the total
DRES power can be smoothed with this RRL. No central
BESS exists. Run 600s RMS simulations. Calculate the energy
from the SCs. Evaluate the achieved RR at substation level.

Step 3-Case 3: Integrate SCs to the 100% of the installed
UVSGs. These UVSGs have total DRES power of 460kW,,.
The SCs should be sized so as to achieve RRL up to
= 0.05pu/s, i.e., 100% of the total CI-DRES power can be
smoothed with this RRL. No central BESS exists. Run 600s

Cigre LV DN: (Top Left) Transformer power; (Top Right) BESS power for respective case; (Bottom Left) Transformer

TABLE II
RESULTED LV SC & BESS ENERGY, KW h FOR THE RMS SIMULATIONS
Case Case 2 | Case 3 | Case4 | Case 5 | Case 6
UVSG 7 - 3.946 - - 3.946
UVSG 10 2.368 2.368 - 2.368 2.368
UVSG 11 2.368 2.368 - 2.368 2.368
UVSG 13 - 3.157 - - 3.157
UVSG 16 3.157 3.157 - 3.157 3.157
UVSG 17 1.578 1.578 - 1.578 1.578
UVSG 18 - 1.578 - - 1.578
BESS - - 19.417 13.892 11.973
Total 9.471 18.152 19.417 | 23.363 30.125

RMS simulations. Calculate the energy from the SCs. Evaluate
the achieved RR at substation level.

Step 4-Case 4: Consider that a central BESS exists at
substation level with the capacity calculated in Procedure 1
and RRL = 0.0167pu/s. NO SCs are involved. Run 600s
RMS simulations. Calculate the energy needed by the BESS.
Evaluate the achieved RR at substation level.

Step 5-Case 5: Add the central BESS with RRL
0.0167pu/s to Step 2, i.e., only 50% of the UVSGs employ
SCs to perform RRL together with the central BESS. Run
600s RMS simulations. Calculate the energy from the BESS
and the SCs. Evaluate the achieved RR at substation level.

Step 6-Case 6: Add the central BESS with RRL
0.0167pu/s to Step 3 , i.e., all UVSGs employ SCs to perform
RRL at = 0.05pu/ s together with the central BESS. Run 600s
RMS simulations. Calculate the energy from the BESS and the
SCs. Evaluate the achieved RR at substation level.

The results of the RMS simulations are illustrated in Fig.
6 for Cases 1-6. The energy needed by the UVSGs SCs
and the central BESS in Cases 2-6 appear in Table II. The
following observations can be made: (i) In Fig. 6 (Bottom
Left)- Cases 2-3 it is shown that when involving UVSGs with
RRL control, the RR is reduced not only at PV level but also at
substation level compared to Case 1; (i) In Cases 4-6 where
the substation BESS is involved, the RR achieves its target
value 0.00167pu/s - Fig. 6-(Bottom Right); (¢#i¢) The same
BESS size has been used in Cases 4-6, but it can be observed
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in Fig. 6-(Top Right) and in Table II that the energy utilized by
the central BESS is much smaller when the RRL is performed
at CI-DRES level. Hence, the higher the amount of UVSGs
within the DN, the smaller the BESS size: with respect to
Case 4, in Case 5 the BESS energy is reduced by 29% while
in Case 6 by 38%. In addition, not only the BESS energy is
smaller, but the instantaneous power is also reduced: for Case
4 the maximum BESS power is 450kW, for Case 5 326.5kW
(reduction 27.5%) and for Case 6 231.4 kW (reduction 48.6%).
This means that the BESS converter power is almost half when
all UVSGs have activated the RRL control.

V. CONCLUSIONS

In this paper, the performance of the RRL functionality
has been evaluated via two kinds of simulations so as to
achieve a specific RRL at the MV/LV substation. This evalu-
ation considers different values of RRL for the SCs and the
BESS, different mixtures of CI-DRES/loads, several mixtures
of ESS types and two different time-scales, since the BESS
dynamics are much slower than the SC dynamics. Specific
results are presented to evaluate the reduction of the power
volatility, when RRL control is performed centrally by the
BESS or in a decentralized way by the SCs or by combining
both approaches. It can be concluded that when the RRL is
activated in both ESS types the central BESS size can be
40% smaller with 50% reduction in the BESS converter power.
This conclusion is really important, since a solution combining
both central and decentralized performance for the RRL AS
could mitigate several issues related to voltage stability and
quality within DNs. This is turn could lead to deferral of
investments by the DN Operators, while it simultaneously
allows the engagement of both small DRES/ESS owners
together with large-scale ESS operators, contrary to the current
situation. Further directions of research include the effect of
the decentralized RRL approach to voltage quality and stability
improvement within DN, the implementation at MV DNs and
a coordinated control of both ESS types.
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