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ARTICLE INFO ABSTRACT

Keywords: To secure balanced operation of electric networks and mitigate costly grid reinforcements, distributed
Active power control generation (DG) units play a role in providing flexibility activation services. This paper analyses high-resolution
Curtailment

measurements and reports lessons learnt from experimental active power control (APC) of installed DG units

two PV plants, a wind farm, and a biogas plant in operation on the Danish island of Bornholm. The paper
evaluates how quickly these units can respond to flexibility requests and how accurate and precise their output
is when following specific active power setpoints. This assessment helps exploring the potential of DG units
in providing grid services, either standalone or as part of a virtual power plant, within existing technology
standards. The experiments demonstrate satisfactory performance of DG units when receiving APC requests,
with PV inverters and biogas generators exhibiting high accuracy (mean deviation from setpoints of , 0.1~ and
, 0.15~, respectively). Furthermore, when subject to power limitation requests, PV inverters and wind turbines
show less variation in their responses (, 0.05~ and , 0.6~, respectively) compared to biogas generators (, 1~).
The results further highlight the significance of appropriately tuning internal control settings within DG units
to ensure continuous flexible operation and avoid undesirable dynamics.

Distributed generation
Experimental characterisation
Power limitation

Introduction Besides flexible consumption units whose value for system flexibility
is under active investigation [3], such as electric vehicles (EVs) [4,5],
power-to-heat or heat pumps [6,7], residential batteries and peer-to-
peer trade [8], or electrolysers [9,10], it must be examined to what
extent currently existing generating units can contribute to flexibility
activation requests in renewable-dominated distribution networks. PV
plants, wind farms and biogas plants provide high synergetic character-
istics and will, thus, be indispensable technologies in fully renewable
energy systems [11]. In future, DERs will be increasingly aggregated
into virtual power plants (VPPs) for their advanced coordination and
optimisation [12]. The knowledge about flexibility characteristics is of
crucial importance for efficiently controlling each individual unit.

Motivation

Due to the reinforcing effects of conventional power generation on
climate warming, the future power system will undoubtedly be built
on renewable energy sources (RES), predominantly wind, water, and
solar energy. This evolution of the power sector has been continuously
ongoing for the last two decades, and political efforts must widely be
strengthened globally to ensure compliance with the Paris Accord to
limit the rise in global temperature to 1.5 °C. Being dependent on local
weather conditions, the power production of single RES units is natu-
rally fluctuating. While ancillary services are traditionally performed by

thermal power plants that are able to align their power output to system
needs and to provide inertial response to the system, the demand for
flexible operation of distributed energy resources (DERSs) increases in
future systems with high shares of fluctuating RES. For improved sys-
tem integration, DERs and in particular distributed generation (DG)
units  should hence be able to supply flexibility activation actions to
secure balanced operation of electric networks, and mitigate costly grid
reinforcements, especially in (low-voltage) distribution systems [1]. For
example in case of grid congestion, strategic curtailment of DG units
for a short time may contribute to overall flexibility in future power
systems [2].

< Corresponding author.

Active power control (APC) refers to the power regulation of individ-
ual units, e.g., with the goal of balancing demand and supply, relieving
network constraints, or increasing system stability and efficiency. The
granular investigation of how active power is being controlled in vari-
ous types of DG units, based on high-resolution measurements, helps
identify patterns, trends, and real-time dynamics that might be lost
with lower resolution data. The existing body of literature lacks an
experimental assessment of these APC events of key generation tech-
nologies under real operating conditions. To attain an efficient demand-
and supply-side flexibility management, it is important to understand
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Fig. 1. Overview of the investigated DG units for active power control and their locations on the island of Bornholm, Denmark.

how DG units respond to APC requests, already with today’s technology
standards. Previous studies investigating these units had either low
temporal measurement resolution at hand, based their investigation
on theoretical considerations, or focused on energy perspectives with
longer time scales rather than power, as described in the section
entitled ‘Related literature on active power control’.

Paper contributions

This paper contributes to the literature with the analysis of high-
resolution measurements and the dissemination of lessons learnt from
the experimental APC of renewable DG units. Specifically, the aim of
this paper is to assess the dynamic behaviour of these technologies
under targeted flexibility requests and to evaluate their accuracy and
precision in maintaining a specific active power setpoint. This experi-
mental evaluation serves as a stepping stone towards gaining a deeper
understanding of the potential of various DGs to offer grid services
autonomously or in a coordinated fashion within a virtual power
plant framework. Experimental assessments are required to identify
the capabilities of existing technologies to provide flexibility services
in renewable-based power systems, and they help refine modelling as-
sumptions for simulation tools and control strategies. The contributions
are summarised as follows:

* Conducting APC experiments of key DG units with high-resolution
measurements.

* Evaluating experimental results based on technical flexibility
characteristics and the Danish technical regulation.

* Reviewing the physical realisation of APC functionalities in PV,
wind, and biogas units.

Project scope

The H2020 Insulae demonstration project investigates innovative
energy solutions in the context of European islands for enhanced decar-
bonisation. As part of the project, the benefits of a multi-energy VPP
for grid services are examined on the Lighthouse island of Bornholm,
Denmark. Bornholm presents a snapshot of an advanced future energy
system, already relying to a large extent on variable renewable energy
sources. By 2025, the island aims at covering its local energy demand
by 100% from renewable sources. To derive, study and employ well-
engineered control strategies for a VPP on the island, the embedded
units must be characterised in terms of their performance under con-
tinuous flexible operation. The examined VPP consists of wind turbines,
PV plants and a biogas plant, besides flexible and inflexible demand-
side resources. To identify the APC capabilities of these DG units,

several experimental tests under high-resolution data logging have been
conducted. Specifically, APC was performed for a medium- and a large-
scale PV plant of 115.8 kWp and 10 MWp, a wind farm of 6 MW, and
a biogas plant of 3 MW. Fig. 1 locates these DG units on Bornholm.

Structure

The remainder of this paper is structured as follows: The section
‘Related literature on active power control’ reviews the state-of-the-
art of APC of DG units. Subsequently, the section entitled ‘Technical
flexibility characteristics and requirements of the Danish technical
regulation’ defines flexibility characteristics, as well as metrics to assess
the performance of DG units, namely PV plants, wind turbines, and
biogas plants, based on the Danish Grid Code. The section ‘Physical
realisation of APC in DG units’ reviews the theory behind the APC
of the considered DG units. The test designs and quantitative results
are presented and discussed in the section ‘Experimental test design,
results, and discussion’. The section ‘Conclusions’ summarises with
lessons learnt.

Related literature on active power control

The literature on APC performance of DERs (including DG units
and flexible loads), particularly backed-up with real high resolution
measurements in the second-by-second range, is rather scarce, although
the general concept is used in different contexts. Previous studies
reverted to data with low temporal resolution, conducted model-based
analyses, or focused on energy instead of power level flexibility. For
instance, Ghaemi et al. [13] analyse the abilities of DERs in providing
flexible ramp products for active distribution networks. The authors
propose a local real-time market, designed as a multi-period security-
constrained economic dispatch with half-hourly data, and indicate that
ramp products from DERs and active loads increase independency and
cost-efficiency for the DSO. Ciavarella et al. [14] propose an active
power controller for flexible DERs for grid congestion management,
while Eid et al. [15] calculate short-term operational costs of electric
flexibility from DERs.

Focusing on APC of PV plants, Boddopati et al. [16] assess the
techno-economic operational performance of a 50 MWp PV power
plant with two years of historical data in a 5-min resolution, and
compare real-life data against PV simulations. The temporal detail
of their investigation does, however, not allow to study short-term
changes in the power output. The provision of ancillary services is,
by contrast, more intensively studied, although predominantly with
small-scale systems or based on simulations and test data. For instance,
Hoke et al. [17] present a predictive PV inverter control method for
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rapid and accurate control of active power of a PV array for fre-
guency support. Their proposed method is experimentally tested with
a small-scale 5 kW PV array. Frequency support through active power
curtailment of PV systems has further been investigated in [18,19].
Howlader et al. [20] tested small-scale smart PV inverters for their
grid support functionalities by analysing active power curtailment, volt-
watt and frequency-watt control within the Maui Smart Grid project
on Hawaii. The prevention of overvoltage conditions through active
and reactive power control of PV systems has been studied in [21],
whereas the authors of [22,23] focused on fairness aspects when cur-
tailing PV systems for overvoltage regulation in distribution networks.
Luthander et al. [24] assess the combination of power curtailment and
energy storage to mitigate voltage or current violations and distribution
system overloading. The inclusion of power quality and reliability
considerations in the control and optimal allocation of PV plants has
been addressed by Eltamaly et al. [25]. The authors of [26] suggest
a centralised control scheme for EV charging and PV active power
curtailment to alleviate the distribution grid impact, optimising based
on 10-min data. Strategies for active power control of hybrid PV-battery
systems for the provision of ancillary services has been reviewed and
discussed by Wu and Kerekes [27].

For wind turbines, pertinent literature regarding the APC mainly fo-
cused on developing new controllers capable of providing grid support,
such as in [28,29], and [30]. Yao et al. [31] propose a control strategy
that simultaneously regulates rotor speed and pitch angle for optimising
fatigue load of wind turbines during APC, while Ochoa and Mar-
tinez [32] propose an algorithm to decrease frequency deviations from
fluctuating wind power in weak grids. The mechanism and economic
benefits of flexible ramp services from wind power producers have been
analysed in [33] by modelling a stochastic unit commitment problem
with an economic dispatch in 5-min steps. The experimental testing of
active power control has so far been mainly conducted in wind tunnels
and laboratory environments. For instance, P schke et al. [34] validate
a model-based wind turbine controller with power tracking capability,
while Petrovic et al. [35] present a setup for experimental testing of
closed loop active power control functionality. Zhou et al. [36] built a
power hardware-in-the-loop test bed for investigating auxiliary active
power control of wind turbines, yet reverting to emulated responses of
a small-scale motor. In general, the wind turbine sizes for testing these
control approaches lie in the kW-range.

For biogas plants, Dotzauer et al. [37] define key performance indi-
cators that systematically describe the inherent flexibility of all internal
processes of biogas plants. The authors find that short-term flexibility is
mainly depending on the combined heat and power (CHP) generators,
while medium- and long-term flexibility originates from the gas storage
and targeted gas production. Lauer et al. [38] investigate the economic
feasibility of flexible biogas plant operation, concluding that power
generated from biogas plants should be as flexible as possible and
better coordinated with flexibility demands. In a recent study, Ishikawa
et al. [39] experimentally investigated the load response of nine biogas
CHP units in Germany and Japan, focusing on efficiencies, start-up and
shut-down as well as ramping performance. However, they consider
smaller units around 500 kW and do not perform an analysis of how
accurate and precise the units are in keeping a certain power setpoint.
The authors of [40,41] see the need for more flexible operation of
biogas plants to support renewable-based integrated energy systems. To
achieve this, experimental work is needed to characterise the capability
of existing technologies and pave the way for targeted improvements.

The experimental flexibility analysis of medium- and large-scale DG
units (PV systems, wind turbines, and biogas plants) with respect to
technical flexibility characteristics has not been extensively covered
in the literature for normal operating conditions. When combining
different units into a VPP, their technical flexibility capabilities must be
characterised to understand how individual units react to APC requests.
To achieve this, high-resolution measurements in the second-by-second
range are important as the dynamic behaviour might otherwise be

hidden. This paper fills this gap in the literature by presenting the
results of several experimental APC tests with installed DG units, and
reporting insights and lessons learnt for improving future coordinated
control approaches. The performance evaluation is done on the ba-
sis of common technical flexibility characteristics and the guidelines
provided by the technical regulation in Denmark.

Technical flexibility characteristics and requirements of the Dan-
ish technical regulation

For adequately analysing the performance of DG units to execute
APC and provide flexibility, this section first defines qualitatively the
technical characteristics by which the flexible operation of DG units
can be evaluated. Second, it reviews the relevant Danish grid code
requirements for the investigated DG units from a quantitative point
of view.

Technical flexibility characteristics

Technical flexibility characteristics of DERs are defined by their
ability to react to specific power or energy requests in volume, time,
availability, and cost [42]. Although the active power limitation of
DG based on RES does not embody the regular operation procedure,
it might, however, become a valuable tool for network operators or
aggregators to revert to when requiring specific activations of flexi-
bility. Similar to what has been defined in [43] for the suitability of
vehicle-to-grid chargers for grid services, the following collection of
technical flexibility characteristics outlines the most relevant factors for
evaluating the performance of renewable DG units in following specific
flexibility requests.

(1) Power capacity: Amount of instantaneous physical power capa-
bility that can be supplied.

(2) Energy capacity: Amount of physical energy capability that can
be supplied over a time interval.

(3) Ramping rates: Rate of change in power in downward and upward
direction.

(4) Accuracy: Difference between required and actually delivered
power.

(5) Precision: Variation in the delivered power.

These flexibility characteristics serve as a basis for the performance
evaluation of the APC experiments of the investigated DG units. For
wind and PV plants, the power and energy capacity is restricted by
their size and the underlying weather conditions at specific locations.
The main direction of the control is down-regulation of power, i.e. de-
creasing the output below currently available capacity. A biogas plant
can, on the contrary, provide APC in both directions, depending on the
initial power setpoint, without spilling available energy. The energy
capacity of the plant is depending on the gas storage level as well
as the current biogas production at the site. A significant increase in
generation can hence only be uphold as long as the gas storage is
not fully depleted. The above list of flexibility characteristics is not
exhaustive for DERs but here reduced to the most important attributes
for DG units only. For a complete picture, the reader is referred to [42].

Grid code requirements for constraint functions

To connect a power plant to the (Danish) grid, currently activated
functions and parameter settings must be appointed in agreement with
the grid company in charge within the regulatory framework provided
by transmission system operator (TSO) Energinet in the Danish case.
The grid code specifies, in separate pertinent documents, the technical
regulation (TR) for generation units to be connected to the Danish
power grid, including minimum technical and functional requirements
for protection and control at the point of connection (PoC). These
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functions are ordered by prioritisation, where active power constraints
are ranked behind plant protection, system protection (in case of wind
and PV), and frequency response functions. Active power constraint
functions are used to mitigate instability or overloading of the electric
grid. The following paragraphs outline key elements of the TRs for the
three types of technologies under investigation. For all of these, the
specific TRs distinguish plants by their size at the PoC into four different
categories (A D). Hence, different requirements may apply depending
on the size of the specific plant.

PV and wind power plants above 11 kW

For PV and wind power plants, the TRs 3.2.2 and 3.2.5 foresee
two possible active power constraint functions for implementation: an
absolute power constraint and a delta power constraint. The former
refers to limiting the active power output to a defined maximum at the
PoC, while the latter applies a proportional reduction to the possible
active power that can be obtained from a certain irradiance or wind
speed situation. In both cases, the activation of the control should be
commenced within 2 s and concluded no later than 10 s after receiving
the change order of parameters. The grid codes further specify a ramp
rate constraint function that restrains the maximum slope by which the
active power can be adjusted, for reasons of severe system stability
impacts. The maximum standard value by which the active power of
PV and wind power plants may change under this constraint function
is 100 kW/s. In addition to the constraint functions, PV and wind power
plants must provide system protection, i.e. the capability of the plant to
fastly down-regulate active power to at least five predefined setpoints.
While for PV plants the accuracy of this control action may not deviate
by more than ,2% of the defined setpoint or ,0.5% of the rated
power (depending on which yields the highest tolerance), no further
requirements for the accuracy are imposed for wind power plants. PV
and wind power plants of categories B and C, referring to plants of sizes
in between 0.05 1.5 MW and 1.5 25 MW, respectively, are obliged,
besides other functions, to have absolute active power and ramp rate
constraints functions implemented. For completeness, reactive power
and voltage control, as well as frequency response functions are further
specified in the grid code but are not of interest for this analysis.

Thermal power plants above 11 kW

Similar to PV and wind power plants, the TR 3.2.3 for thermal
power plants establishes different categories based on the size of the
plant at the PoC. While smaller plants (up to 1.5 MW) are only required
to offer frequency response, reactive power as well as power factor con-
trol capabilities, plants >1.5 MW are additionally required to be able
to provide frequency control, absolute power and ramp rate limitation
as well as voltage control and system protection. For thermal power
plants, all setpoint changes must be logged with a time resolution
higher than 5 min. For all APC functions, thermal power plants of all
categories are obliged to be able to control the output power at the
PoC by setpoints in a resolution of at least 1% of the nominal power
of the plant. The accuracy with which an APC action is executed must
be within 2% of the power setpoint over a period of one minute. The
activation time for a control using a new setpoint must begin within
2 s after receiving the activation order. For plants >1.5 MW which are
required to have a ramp rate limit functionality, the rate of change in
active power must be within the range of 10 300 kW/s to secure grid
stability.

Physical realisation of APC in DG units

This section reviews the theory behind the physical realisation of
APC in the respective DG units under investigation, namely PV plants,
wind turbines, and biogas plants.

Fig. 2. Voltage power operating points of a PV array.

PV plants

The APC in PV plants is realised through DC-AC power electronic
inverters which set the voltage of the PV strings. In normal opera-
tion, the inverters are designed to perform maximum power tracking
(MPPT), i.e. to apply the voltage to a PV array that generates the
maximum power output for a given irradiance condition. Being gener-
ally designed as an iterative algorithm (e.g. perturb and observe), the
MPPT operation continuously adjusts the voltage in small steps and
measures the effect on the generated output power of the array. If a
decrease or increase in voltage results in a decreased power output,
the voltage is subsequently increased or decreased, respectively. Under
APC operation, i.e. when PV plants are asked to decrease their active
power output, the voltage can either be increased or significantly
decreased to sub-optimal operating points, compared with the voltage
at the maximum power point (MPP). Fig. 2 plots the relationship
between voltage and power of a PV array and qualitatively indicates
changes in the operating points for achieving a given power cap Py,
For fulfilling this power request, two operating points are possible at
different voltage levels. In general, these two points offer different
features, and how the power limitation is realised depends on the
specific algorithm implemented in the used inverters. The slope of the
P-V characteristic at lower voltage levels is smaller which results in
higher accuracy and less fluctuating power output at minor voltage
changes. A too low input voltage, however, may lower the DC-DC
converter efficiency [44]. Due to higher dynamic reactivity as a result
of the greater slope, voltage levels above the MPP voltage are generally
preferred for power limitation requests [45].

The general layout of PV plants depends mainly on their size, and
the uniformity of irradiance exposure at the plant. Utility-scale PV
plants are commonly equipped with multiple inverters, each coupling a
sub-field of parallel-connected PV strings. The PV strings are gathered
in string combiner boxes which are in turn connected to an inverter.
The inverters for each sub-field of the plant are in turn assembled in
inverter paralleling switchboards. Fig. 3 provides an overview of the 10
MWp PV power plant under study, installed on Bornholm, Denmark. In
such layouts, sub-fields of a larger installation are subject to their own
MPPT control, and can hence react to individual partial shading condi-
tions of the larger field. The inverters are controlled by a supervisory
PV plant controller managing the different inverters. According to the
operator of this plant (European Energy A/S), all inverters acknowledge
a centrally sent limitation request and reduce their output in equal
measure.

Smaller PV plants, on the other hand, comprise either one inverter,
interfacing different strings in parallel, or one inverter per string.
While the former setup reduces installations costs and is predominantly
employed where a uniform irradiance exposure can be expected, the
latter increases the protection against over-currents and the radius of
operation under partial shading conditions.
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Fig. 3. System layout of the 10 MWp PV plant in Aakirkeby on Bornholm, Denmark.

Wind turbines

The active power regulation of variable speed and variable pitch
wind turbines (Type C or Type 3) is in the industrial standard predomi-
nantly managed by the turbine level control referring to the mechanical
part of the turbine [46]. This control part supervises the rotational
speed of the generator and the blades’ pitch angle for any given
wind speed condition. Consisting of a speed controller and a power
controller, it provides a reference pitch angle to the pitch actuator
and a reference power setpoint for the converter control. Below rated
power, the power reference for the converter control is determined
as a function of the measured generator speed through a maximum
power tracking (MPT) characteristic, see Fig. 4. Near rated power, a
speed-based pitch control is activated that adjusts the angle of the rotor
blades to avoid over-speeding of the generator and to limit the turbine’s
power output. The two parts of the control work in complementary
ways, extracting the maximum possible energy from the wind without
damaging the turbine components. During APC operation of a wind
turbine, the power limitation setpoint modifies the MPT characteristic.
The power reference sent to the converters results in an imbalance on
the transmission shaft of the turbine between the torques of the turbine
and generator. As a result, the rotational speed of the generator in-
creases passively towards a new mechanical equilibrium. Following the

Fig. 4. Maximum power tracking (MPT) characteristic of a wind turbine.

increase of rotational speed, the pitch angle of the blades is activated at
lower wind speeds for confining the rotational speed level. The reader
is referred to [46,47] for an in-depth understanding of how the active
power limitation in wind turbines is realised.

Biogas plants

The regulation of active power in biogas plants is achieved by
controlling the gas dosing valve that steers the inlet of fuel, i.e. biogas,
into four-stroke spark ignition engines. The control of the plant’s power
output hence leads to a quick modification of the air-gas-ratio in the
engine that drives the crank shaft of an electrical generator. Conse-
guently, the electrical output of the plant is foremost controlled by the
injection of fuel. Fig. 5 provides a stylised schematic of the functioning
of a biogas plant with intertwined electrical and thermal circuits.

Fig. 5. Schematic layout of a co-generation biogas plant.
Experimental test designs, results, and discussion

This section presents the quantitative results of experimental APC
of specific distributed generation units. The performance evaluation is
based on conducted APC tests for different DG units in September 2021
and November 2022. Specifically for these tests, the power output could
be directly accessed and controlled for two PV plants of different sizes

115.8 kWp and 10 MWp , a 6 MW wind farm, and a biogas plant of
3 MW. All units are installed and in operation on Bornholm. Measure-
ments of relevant parameters during the power limitation experiments
were logged with second-based resolution. The following parts explain
the units and the conducted tests in the respective cases, as well as
discuss the results.

Active power control of PV plants

Medium-scale PV plant. This examined PV plant of in total 176.76
kWhp is situated in Rinne, Bornholm, on the roof of the educational in-
stitution Campus Bornholm. The plant consists in total of 667 monocrys-
talline PV modules of the kind Trina TSM-265-DCO5A.05 with a rated
power of 265 W, proportioned over three SMA Sunny Tripower 60
inverters, each rated at 60 KW. Two inverters connect 10 strings while
one inverter connects 9 strings with 23 modules. One inverter with
connected 60.95 kWp is currently used directly in a DC microgrid
within the research demonstration project Insulae [48,49]. Hence, for
the here presented APC test, the two remaining parts of 60.95 kWp and
54.86 kWp have been available, accounting for a total of 115.8 kWp.
The plant is remotely controlled from the control room of the subsidiary
company Bornholms El-produktion A/S of the local DSO Bornholms Energi
og Forsyning (BEOF). The goal of the test is to induce an absolute power
limitation for approx. one hour in which the aggregated power produc-
tion is first reduced to 60 kW ( 33.33% of the total inverter power of
180 kW) for half an hour and then further to 40 kW ( 22.22%) for the
remaining time. The setpoints are given on the AC side of the inverter.
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Fig. 6. DC power and voltage measurements of a 115.8 kWp PV plant (divided into
two parts of 60.95kWp and 54.86 kWp) for one day with power limitation periods.
Measurements in 2-s resolution.
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Fig. 7. Precision of delivered active power control response of a 115.8 kWp PV system.

Fig. 6 reports the high-resolution absolute APC of the medium-sized
PV plant on September 2, 2021. The measurements from the inverters
are logged in a 2-s interval in the energy data hub (energydata.dk)
operated by the Technical University of Denmark (DTU). The inverters
respond almost instantaneously to the power limitation requests by
increasing the operating DC voltage of the array. As visualised in Fig. 2,
by increasing the voltage a reduced power point can be reached. The
voltage increases in two seconds from around 626 V for both inverters
to 734 V and 713 V for inverter 1 and 2, respectively. The PV power
during the limitation period reduces from 85 kW to 60 kW within 8 s
after receiving the setpoint change order.

The setpoints for this plant can be specified in 1% steps of the total
inverter capacity from the control room. For the tests, 33% and 22%
thereof were chosen representing 59.4 kW and 39.6 kW, being the
closest to the targeted 60 kW and 40 kW. The SMA inverters satisfy the
setpoints with a mean accuracy of around +0.082% for both limitation
setpoints. Following the data sheet of the inverters, the step size for
setting maximum active power is 0.1% [50]. Moreover, the inverters
keep the setpoint with high precision. Fig. 7 visualises the relative error
of the delivered response to the given reference for both limitation
setpoints. The obtained variation in the delivered power is confined
in a ,0.05% band for the approx. one hour of APC.

Fig. 8 plots the inverter efficiency for the day of the APC test. The
efficiency is calculated by dividing the AC and DC power measurement
tuples of one inverter. During the power limitation between 12:00
and 13:00, the inverter performs at lower efficiencies in sub-optimal
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Fig. 8. Inverter efficiency of a 54.86 kWp PV string over one day with power
limitation.

operating points at higher voltages. However, the decrease due to a
power limitation to 68% and 45% of the daily peak results only in a
small decrease of inverter efficiency of 0.3 and 0.5 percentage points,
respectively.

Large-scale PV plant. The utility-scale PV plant tested during these
experiments is located in the south west of Aakirkeby, Bornholm (see
Fig. 1), and structured as a multi-inverter field installation. The plant
is operated by the company European Energy A/S and owned by Re:Cap
Global Investors AG. The plant has a peak power capacity of 10 MWp
and is composed of three transformers with a rated power of 2.5 MVA.
Each transformer connects 28 Delta M88H inverters to which in turn 18
strings of 24 PV panels are attached. The poly-crystalline panels are of
sizes 255/270/275 Wp. Fig. 3 provides the schematic overview of the
plant. Data for this test have been gathered from Bornholm’s SCADA
(supervisory control and data acquisition) system, in a resolution of on
average 20 30 s. The test was performed on September 8, 2021 with
the aim to have a 15-min power limitation to 40% of the peak power
of the plant, i.e. 4 MW. The irradiance measured from an inclined
pyranometer during the power limitation was at approx. 800 W/m?
in mostly sunny conditions.

Fig. 9 reports the active power progression of the plant during the
absolute power control action. At 12:00, the setpoint request was sent
from the control room of the operating company European Energy A/S
to the PoC of the plant. Reacting quickly to the request, the plant
was able to settle at 4002.9 kW at 12:00:26. The mean ramp rate for
this transition was at 107.34 kW/s. After the control signal was sent,
a small undershoot of power can be noticed which might be caused
by a passing cloud or by the inability of the plant controller to set
the required voltage value. The ramp up after releasing the limitation
constraint was much slower compared to the ramp down of the plant.
It took around 168 s for the plant to follow again the MPP based on the
irradiance level, compared to the 26 s of reaching the APC request. The
operator European Energy A/S confirmed that this slow ramp up is due
to implemented country settings in the inverters and could potentially
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Fig. 9. AC power measurements of a 10 MWp large-scale PV park with power
limitation. Measurements on average in 30-s resolution.
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Fig. 10. Power, wind speed, and pitch angle measurements of three 2 MW wind turbines of Kalby wind farm. All turbines have been subject to a 0.5 MW power limitation

between 19:43 and 20:03 on November 2, 2022. Measurements are in 1-s resolution.

be accelerated. The mean ramp rate for this transition during the test
amounted to 17.3 kW/s. The power limitation level was at one of
the predefined default values for the system protection function which
could be a reason for the difference between fast downward and slow
upward ramping.

Active power control of wind turbines

The wind turbines subject to experimental APC are Type C Vestas-
V80 with a capacity of 2 MW, a rotor diameter of 80 m and a 60 m
hub height. The turbines are confined in the Kalby wind farm. Kalby
has been erected in 2006 in the south-west of Aakirkeby, Bornholm,
and is situated in immediate vicinity of the large-scale 10 MWp PV
plant. Relevant parameters, such as active power, wind speeds at the
nacelles, rotor speed and pitch angle, are measured in second-by-second
resolution for each of the three wind turbines, and streamed to DTU’s
energy data hub (energydata.dk). On November 2, 2022, two APC
experiments were conducted limiting the power output of each of the
three wind turbines for 20 min to 1000 kW and 500 kW.

Fig. 10 maps out key measurements for the 2 MW turbines for one
of the two limitation experiments. The top plot shows the active power
output from the three turbines with an induced limitation between
19:43 and 20:03 at 0.5 MW (25% of the turbines’ nominal power).
The middle plot shows the wind speed measurements at the turbines’
individual anemometers. During the APC test, the wind speeds were
between 7.5 m/s and 15 m/s which would, without power limitation,
lead to output around 1.5 MW, close to the production level of before
and after the limitation. The bottom plot of Fig. 10 outlines the evo-
lution of pitch angle measurements. The pitch increases significantly
during the power limitation, following an increase in generator speed,
and thereby spilling excess power above the set cap. This meets the
expectation of how Type C wind turbines realise power curtailment. The
accuracy of their responses to the power limitation is good, although
revealing recurring overshoots of up to 150 kW above the set request.
These overshoots last for 10 15 s before the output reverts back to 500
kW. The origin of these deviations is most likely due to the power boost
feature in the turbine controller, as confirmed by the manufacturer
Vestas. The mean value of the response for the whole period including
the recurring spikes is at 527.29 kW, signifying a mean deviation of
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Fig. 11. Power and pitch angle measurements for different wind speed levels of three
2 MW wind turbines with two power limitation periods at 1 MW and 0.5 MW.
Measurements aggregated into 1-min averages.

5.46% relative to the setpoint. When excluding the spikes, the response
of the turbines is closely centred around 500 kW with a mean difference
of 0.01% and a precision of ,0.6~. After activation delays of 10 11
s, the turbines down-regulated their active power with a ramp rate of
44.4 KW/s, while up-regulating back to fully available power with on
average 60 kW/s.

The power limitation can also be visualised by the power curve of
the turbine. The top plot of Fig. 11 reports the obtained wind speed
and power measurements of the three 2 MW turbines on November
2, 2022. The plot visualises the difference between operation under
normal and deloaded conditions with absolute active power constraints.
For the sake of readability, the second-by-second measurements were
aggregated into 1-min average values. The bottom plot of Fig. 11
scatters the pitch angle against the wind speed measurements. The
induced limitation requirement led to a significantly higher pitching
of the turbine already at lower wind speeds. The lower the requested
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Fig. 12. Active power control of a 3 MW biogas plant. Note that the four levels of production are in the text referred to as different periods during the APC test. Measurements

in 2-s resolution.

Fig. 13. Relative error distribution of active power measurements to reference setpoint
during the APC of a 3 MW biogas plant.

output power, the higher are the pitch angles of the rotor blades
compared with normal operation.

Active power control of biogas plants

The biogas plant under investigation has a total electrical output
power of 3 MW, split into two equally-sized Jenbacher 420 CHP gener-
ators. The biogas plant is located west of Aakirkeby, Bornholm, and is
mainly fed from biogas generated from agricultural wastes and animal
residues. The plant represents a key element for providing dispatchable
electricity generation in the renewable-dominated energy system of
the island, as well as co-generated heat for the local district heating.
Previous studies have attempted to model the biogas plant, explain its
functioning, and assess its possibilities for biogas upgrading [51,52].
For this experimental APC test, the operator of the plant, Bornholms
Bioenergi ApS, agreed to follow a pre-defined power profile for two
hours of continued operation. In this way, the ramp rates, accuracy
and precision, as well as impact on thermal output and gas flows can be
investigated. The data are gathered in 2-s resolution and were provided
by the plant operator. Fig. 12 reports the electrical and thermal output
as well as gas flows during the APC of the biogas plant.

The top plot of Fig. 12 emphasises the capability of the plant to
closely follow a given reference (black). Moreover, the ramp rates are
visible when transitioning from one setpoint to another. As shown in
the excerpt, the plant is changing its output from 950 kW to 1485 kW

with a linear ramp rate of about 7 kW/s. This is on the lower end of
what can be expected from these generators [53]. With ramp rates of
around 7 8 kW/s, the biogas plant is also not strictly adhering to the
specifications made in the applicable grid code (TR 3.2.3). Therein, a
ramp rate in between 10 300 kW/s is specified. However, to obtain
approval for grid connection, the generators must generally be able to
fulfil this requirement, and hence higher ramp rates may be obtained
by changing the settings of the generator control.

The middle plot of Fig. 12 reports the thermal power generated by
the two Jenbacher generators during the APC of the biogas plant. The
thermal power of each generator is measured with a Kamstrup Multical
801 heat meter based on the volume flow and temperature difference
of supply and return water for the internal heat exchange. When the
active power of the generators is increased to near nominal power,
the thermal power of the two generators starts to oscillate around
1.85 MW,,. These oscillations are likely due to imperfectly calibrated
regulating actions of valves in the water circuits around the generators.

The lower plot of Fig. 12 shows the gas flow associated with the
electrical power output of the generators. The gas flow is measured
between the gas storage and the generators, and generally follows
the power profile, albeit showing higher variations when remaining
at one power point. This might be due to varying gas quality as well
as incomplete burning processes in the generators. The gas level is
decreasing during the APC test from 88% to 63%. Since there is a
continuous inflow of biogas from the upstream anaerobic digestion
process, the gas storage remains almost constant, when the power
output is down to 950 kW. Hence, the biogas inflow to the biogas
storage during the APC test was at around 870 m3/h.

Fig. 13 plots the relative error distribution of active power to the
set reference during the 2-h control action. The figure allows several
insights. First, the accuracy of the generators is very high, meaning that
the power profile can be followed closely with only small differences
between required and delivered power. Table 1 reports the values for
mean and standard deviation for the four periods in the power profile.
Generator 1 shows a higher accuracy with the mean value differing
from the reference by 0.11%, whereas the mean value for generator 2
is off by 0.17%. Second, the precision, i.e. the variation in the delivered
response, is higher for generator 2 with an average standard deviation
of 0.63% compared to 0.73% for generator 1. All in all, the deviations
are, however, acceptable for all four power setpoints.
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Table 1
Mean and standard deviation of delivered power from the biogas generators for the
four different periods. Values in %.

Mean (Std) in %

Generator 1 Generator 2

1t period 0.12 (0.39) *0.07 (0.22)
2" period *0.09 (0.87) *0.36 (0.84)
3" period *0.11 (0.70) *0.22 (0.58)
4t period 0.13 (0.95) *0.04 (0.88)

Discussion and future APC applications

All tested units showed a good overall performance when subject
to active power control, with smaller differences in between the units.
The accuracy and precision in active power control of both the two PV
plants and the biogas plant was high. While PV plants could deliver
active power with a precision of ,0.05% relative to the requested
setpoints, the biogas plant showed deviations around ,0.15%, well
within the targets provided by the Danish grid code. The requirements
for the ramping rates, however, were not always fulfilled in case of
these two units. For instance, the reported data for the biogas plant
showcased slopes of 7 8 kW/s when transitioning from one setpoint
to another although the range of 10 300 kW/s is specified in the grid
code. Yet, this does not mean that the generators are technically not
able to fulfil the regulation requirements. Higher ramp rates can be
achieved by adjusting the settings in the generators and PV inverters.
In general, biogas plants relying on fuel combustion are slower and less
precise in their power output than power electronic devices, e.g. PV
plant inverters.

In spite of that, biogas plants provide inherently higher flexibility
potentials than both PV and wind plants, since they are able to regulate
power in two directions (presuming they are not running on full load
all along) and their upstream gas storage allows to shift power output
in time without spilling instantaneously available energy. This makes
a biogas plant a promising candidate for short-term bidirectional ancil-
lary services such as frequency containment reserves. One of the main
points to notice is, however, the internal dynamics of biogas plants

especially the thermal dynamics when performing active power
control. Since the tested generators are not fully tuned to be operated
in flexibility mode, the current settings of the plant control might lead
to undesired dynamics. As for biogas plants, the settings implemented
in the PV inverters (for the large-scale PV plant) are important aspects
to consider when gathering these units into a coordinated control. In
the development of a joint control strategy for a VPP, communica-
tion delays and prioritisation aspects must be further considered. The
APC capabilities of individual units may influence which unit will be
dispatched first and for which specific service.

It is evident that limiting the power output of renewable generation
units implies spilling of renewable energy. Hence, the provision of
flexibility must be seen as a trade-off to renewable energy harvesting.
As a consequence, flexibility might be better provided by flexible
consumption resources, such as energy storage systems or fleets of
electric vehicles. However, the standpoint of this article is to show
that distributed generation units can contribute their share to a flex-
ible, resilient and cost-efficient energy system. In fact, Morales-Espaza
et al. [54] outline situations where the curtailment of variable renew-
able energy sources lead to system benefits, such as reduced costs and
CO, emissions. However, the continuous APC of DG units associates
also to opportunity costs of lost RES production. Hence, economic
and regulatory barriers should be decreased to incentivise flexibility
provision when and where necessary.

Conclusions

Distributed energy resources, and among them distributed gener-
ation units, experienced over the last decade a strong increase in

deployment with connection at different levels in the electric grid.
For improved system integration of distributed generation units, their
performance of responding to flexibility services to secure network
operation and relieve grid constraints is of crucial importance. This pa-
per analysed high-resolution measurements from several active power
control experiments of two PV plants, one wind turbine, and one biogas
plant. All units are in operation on the island of Bornholm. The aim
of the paper is to reveal how good these units are in responding to
specific flexibility requests for being able to design well-engineered
coordinated control approaches. The performance evaluation is based
on defined technical flexibility characteristics and the Danish technical
regulation. The following lessons are learnt from these experiments
with high measurement detail characterising the response of diverse
units.

* Distributed generation units can regulate their active power fast
and with high accuracy and precision. Biogas plants are slower
than PV inverters and wind turbines, but at the same time en-
tail higher flexibility potentials without spilling instantaneous
available energy.

Already with today’s technology standards, distributed generation
units can be gathered into a VPP for jointly addressing flexibility
requests from network operators. Yet, the coordination and poten-
tial communication delays between diverse units requires further
investigations.

The correct tuning of internal plant controllers for flexible opera-
tion is crucial to avoid undesired dynamics or spikes in the active
power response.

*

*

Future research can utilise these lessons learnt from the presented
experimental active power control for improving control strategies for,
e.g., a virtual power plant relying on active participation of these DG
units for congestion/voltage management or frequency regulation. The
insights on key technical flexibility characteristics can help refine the
plant controllers and thereby enhance the reliability of active partic-
ipation of DG units. In addition, more experimental testing is needed
for obtaining a realistic picture of available flexibility potentials, both
with other DG units and DERs in general.
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