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ABSTRACT

Large-scale photovoltaic (PV) systems are extensively
being integrated in a microgrid. The varying PV output
may result in frequency deviation at the microgrid. The
research provides an evaluation of how the optimal
selection of PV orientations and spatial distribution can
decrease frequency fluctuations of the microgrid. For the
studies, microgrid with PV, synchronous generator (SG)
and BESS (Battery Energy Storage System) is modelled in
an EMT-type software. The simulation studies further
explain how different BESS response speeds affect the
frequency fluctuations under different PV smoothing
scenarios.

INTRODUCTION

Distributed generation (DGs), including photovoltaics
(PV), is increasing its share in the power system. This will
render possibilities to provide flexibility, balancing and
ancillary services to the main grid. One of the modern
approaches to integrate DGs especially, photovoltaic
systems, is a microgrid. Microgrid is a local power system
operated with control capabilities and contains distributed
energy resources, storage devices and flexible loads [1].
Microgrids are capable of safely operating with the grid
and should have the ability to operate autonomously under
islanded mode though the latter may have low inertia and
require efficient utilization of controllable resources. Total
PV generation is expected to increase from 720 TWh in
2019 to 3268 TWh in 2023 [2]. The continuous
replacement of synchronous generators with power
electronic based production units is decreasing the
moment of inertia in the grid/microgrid. Intermittent
output of PV systems and wind turbines might appear as
short-term frequency deviations at the grid and occasional
surplus/deficit of electrical energy [3]. Thus, reducing
inertia and increasing intermittency create challenges for
frequency control and might require faster response time
from the frequency control reserves [4].

Low inertia microgrids in an islanded mode without fast
acting control reserves are likely to be susceptible to PV
output fluctuations and face challenges related to the
frequency stability and control [1]. To alleviate the impact
of fast PV output fluctuations in islanded mode and to
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maintain the generation and demand balance, microgrid
may use DERs like battery energy storage systems
(BESS), DG and demand response to provide primary
frequency control services. Microgrids can have a high
number of combination of resources and designs based on
their operational goals and business models. High
penetration of PV most likely raises the need of faster
reserves e.g., BESS or storage devices.

The academia and industry have studied the means to
mitigate the issues related to PV output fluctuations in a
microgrid by utilizing power smoothing control strategies
and energy storage systems. The term smoothing refers to
the reduction in the magnitude and frequency of output
power fluctuations. The study in [5] has explored different
mathematical averaging methods to assess smoothing
performance and accuracy of energy storage systems.
However, [6] presents better and faster frequency
regulation utilising ESS and shows the reduction of
frequency variations.

To the best of author’s knowledge, impact of solar power
inherent smoothing on frequency response and battery
capacity of a microgrid has not been analysed on a wide
scale. PV output fluctuations are due to varying irradiance
profile, locally dependant on cloud cover, cloud velocity,
PV panel orientations (azimuth and tilt). Moreover, PV
output profile varies, based on interplant spatial distances,
geographical location, temporal resolution, size of the PV
system, number of PV systems and orientation of PV
panels [3], [7]. Thus, aggregating these different PV output
profiles on a large-scale result in decreased magnitude and
frequency of output fluctuations, enabling solar power
natural smoothing. In an operational microgrid,
geographical location, size and number of PV systems are
generally fixed according to the design, therefore
interplant spatial distances, different orientations of PV
panels and higher temporal resolution are the parameters
analysed for enhanced PV output smoothing.

The novelty of this paper resides in unfolding the impact
of enhanced PV power inherent smoothing on microgrid’s
frequency response by optimally deciding the spatial and
orientational parameters of the PV panels in the microgrid.
Frequency deviations of a microgrid is not only a function
of imbalance between generation and load but it also
depends on the inertia in a microgrid (if available), type
and size of the production units (synchronous or power
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Figure 1. Microgrid model simulated in PSCAD

electronics-based resources), response speed of the
frequency control units e.g., BESS. Therefore, the
comparative analysis of two different response speeds of
the BESS is made in the paper to disclose the potential of
PV smoothing in reducing the requirements of fast
frequency control in a microgrid, keeping the inertia time
constant, H = 4s.

RESEARCH METHODS

The frequency response of the studied microgrid in an
islanded mode can be represented by the swing equation
as in (1), where M, represents the total inertia in the
microgrid, wmg Whereas, the generation of the synchronous
generator, BESS and PV is respectively represented as
Pgen, Peess and Ppy, collectively accounting for the total
microgrid’s generation. Pioaq represents the total load in
the microgrid.

do,,

M, T = Pgen + Pagss + Py — Poa 1)
Traditionally, the difference between generation and
demand/load accounts for the power imbalance in the
microgrid. The power imbalance in a microgrid generally
possesses load variations and solar or wind power
variations. However, the scope of this paper only includes
the imbalance caused by the variable generation.

Microgrid model in the simulation

PSCAD/EMTDC software is used to study the frequency
response of the microgrid. The simulation model is
established so that all the power system components are
generic, and the model is feasible for the analysis of the
PV smoothing, affecting on the phenomenon of frequency
deviation in the microgrid as shown in figure 1. A 12 MVA
microgrid located in Lemp&&lda Marjamaki near Tampere
Finland is presented in figure 1. The topology of the
microgrid includes 2 x 2 MVA PV systems, a 4 MVA
BESS and a directly grid-connected 4 MVA synchronous
generator. The 6.0 MW three-phase load is modelled as a
resistor. The selected generator represents a typical gas
power unit with an apparent power of 4.0 MVA. The
generator is operating in speed control mode. The speed
control was executed by using a PI controller. Simple first-
order lowpass filters were used to model the pilot, main
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servo and gas turbine. The Battery Energy Storage System
(BESS) and the Photovoltaics (PV) were modelled as
averaged voltage sources. The BESS is operating in
frequency control mode and the PV in grid-feeding mode.
The control of the BESS was executed by utilizing the
current control-based method in which current is resolved
by using the DQ-coordinate transformation [8]. The
production units and the load are connected to the 21 kV
bus via separate 0.4 / 21 kV. Installed PV panels in the
microgrid are oriented toward azimuth = 0° with a tilt =
30°

Data acquisition and processing

To study the primary frequency response, which occurs
within 3 s to 5 s of a power imbalance, high resolution
experimental data at 1 s interval is fetched from the
measurement systems of three locations. These three
locations are Lempdélda Marjaméki microgrid, PViee,
Lemp&élda Marjaméki microgrid, PViecz and Tampere
University’s rooftop solar research plant with a wall
mounted PV plant on an office building, PViqecs. The spatial
distances between PVioc1 and PViec2 is 1.85 km, between
PVioci and PViees is 9 km and between PVioe2 and PViees is
10 km. Acquired experimental data collected for the day
21%t July 2021 from three location is as follows:

o  PVieer and PVieee: From each location, three phase
total active power of the PV plant (2 MW rated
capacity) and electrical frequency data is collected at
1 sinterval. The azimuth of the PV panels is O (south)
with a tilt of 30

o PV Global, direct, diffused irradiance and ambient
temperature data at 1 s interval is acquired from
Tampere University’s roof top solar research plant.
Three phase total active power of the PV plant has
been gathered at 1 s resolution from PViei’s wall
mounted panels (25 kW) oriented towards southeast
and west azimuth with a tilt of 45. Electrical frequency
data has also been collected.

Linear interpolation is used for removing inconsistencies
in the data. The data is fetched from different measurement
systems, therefore data synchronisation for the simulations
has been done utilizing electrical grid frequency following
the method presented in [9] to remove the clock time drifts
including the time zone offset.

Since, the goal of acquiring data is to generate PV
smoothing cases for different orientations and spatial
distributions and to compare its impact with respect to the
south facing PV panels installed at one location. Thus, PV
output power of each location is required from different
azimuths i.e., south, east, west etc. To generate three phase
ac output of PVecs for its 13-kW rooftop PV plant, global,
direct and diffused irradiance data has been derived for the
azimuth = O and tilt = 45 as discussed in [10]. This
irradiance data is then fed to an experimentally validated
MATLAB Simulink model designed on a single diode
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Figure 2. PV power in each of the aggregated PV
smoothing cases.

model of a PV cell to generate PV output as described in
detail in [3], [7], [11]. In continuation, irradiance data from
PViec1 and PViee2 is not available, which can be derived by
considering that at any specific location, the fluctuating
PV output power, Ppy(t) at any instant t is due to the
irradiance incident on the PV panels, G(t), as given in the
equation (2),

G(t) =M, 2

Crated x fder

where, Gsrc is the global irradiance under standard test
conditions i.e., 1000 W/m?, Crateq is the rated capacity of
the PV plant and fqer is the derating factor i.e., 0.95 for the
considered PV systems [12]. PV output is then estimated
using ideal diode model by incorporating the irradiances
derived from the above equation at different orientations,
keeping the temperature constant at 25°C [3], [11], [12].
Solar irradiance and output power for PViec1 and PV for
east (azimuth =-90) and west (azimuth = 90) directions for
atiltangle of 45 are derived using trigonometric equations
and ideal diode model as discussed in [10] and [13].

Simulation scenarios

The simulation scenarios are established based on six
different aggregated ensembles of PV plants with two
different BESS response speed (dP/dt) as shown in table 1.
Option 1 corresponds to the scenario when no BESS
participates in the frequency control whereas option 2 and
option 3 correspond to the scenarios when BESS is also
participating in the frequency control together with the
synchronous generator. Since, solar power smoothing is
the reduction of magnitude and frequency of PV output
fluctuations of an aggregated PV ensemble, therefore the
normalized power Pnom" at an instant t for N number of
aggregated PV plants can be calculated using (3) where
Prated™ IS the rated power of the mth PV plant and N >1 [3].
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Since, the rated capacity of PViec1 and PViec2 is higher than
that of PVecs therefore, PV output of each plant is divided
by its rated power to avoid the dominance of larger PV
plants in the aggregated output. This normalization ensures
equal distribution of PV panels in each of the considered
spatial and orientational cases in the PV ensemble.
Moreover, the dimensioning of the microgrid is not the
scope of this paper and thus the normalized power output
of the aggregated PV ensemble is scaled to the connected
PV capacity of the microgrid, i.e., 4 MVA.

PV smoothing scenarios

The parameters selected in each of the six PV smoothing

cases as shown in table I columns, are as follows:

e Case 1: Power output from one location, PV is
considered at azimuth = 0 (south) and tilt = 30. This
case is the base case, depicting no PV smoothing.

e Case 2: Aggregated power output of two locations,
PVioc1 and PViee2 at 1.85 km, having an orientation of
azimuth = O (south) and tilt = 30, providing spatial
smoothing.

e Case 3: Aggregated power output of three locations,
PVioc1, PVioc2, PVioes bearing interplant distances of
1.85 km, 9 km and 10 km with panel orientation of
azimuth = O (south) and tilt = 30, offering spatial
smoothing.

e Case 4: Power output from one location, PViss at an
azimuth = @ (south) and tilt = 45, depicting no PV
smoothing or base case for analysing orientational
smoothing potential at one location.

e Case 5: Power output from one location, PViecz with
70 % of the panels orienting towards an azimuth of
southeast and 30 % towards west direction and tilt =
45, depicting orientational smoothing .

e Case 6: Aggregated power output of three locations,
PVioc1, PViec2, PViocs bearing interplant distances of
1.85 km, 9 km, and 10 km with an equal distribution
of panels towards azimuth = -90 (east) and azimuth =
+90 (west) with a tilt = 30; offering both spatial and
orientational smoothing. This is the maximum
smoothing case in this study.

Since, PV smoothing is prominent when the PV output
profile is fluctuating, therefore case 4 and case 5 from PV
is studied on a different time interval (8:56 to 09:03) as that
of other cases’ interval (14:10 to 14:17) as shown in figure
2, where the PV output profile was less varying.

BESS response speeds

Six PV smoothing scenarios are explored for the inertia
time constant of H = 4 s. Furthermore, BESS is tuned to
provide two different response speeds i.e., dP./dt = 4.0
MW/s and dP,/dt = 2.0 MW/s.
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TABLE I. Maximum and minimum frequency deviations for different simulation scenarios.
PV Scenarios Case 1 Case 2 Case 3 Case 6 Case 4 Case 5
Option 1 Afmax 0.2223 0.1108 0.0725 0.0593 1.1562 0.6929
Control gen. (M, H, Sn)

(16 MW, 4s, 4 MVA) T- -0.1575 | -0.1069 | -0.0878 | -0.8630 | -0.5450
Option 2 Afmax 0.0072 0.0036 0.0025 0.0020 0.0533 0.0317

Control gen. (M, H, Sn) / BESS (dP1/dt, Sn)
(16 MWs, 4s, AMVA / 4.0 MW/s, 4 MVA) Afmin -0.0109 -0.0054 -0.0038 -0.0031 -0.0459 -0.0240
Option 3 Afmax 0.0139 0.0072 0.0053 0.0043 0.1021 0.0626

Control gen. (M, H, Sn) / BESS (dP2/dt, Sn)
(16 MWSs, 4s, AMVA / 2.0 MW/s, 4 MVA) Afmin -0.0211 -0.0104 -0.0080 -0.0065 -0.0904 -0.0481
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Figure 3. Frequency response of the microgrid for no smoothing case (Case 1) and best PV smoothing case (Case 6) for H
= 4 s and for BESS response speeds, dP1/dt = 4.0 MW/s and dP2/dt = 2.0 MW/s. The curves with BESS cases are zoomed
and RoCoF values of the labelled curves are presented in the boxes.

SIMULATION RESULTS

The simulation results in table I and figure 3 attest that
solar power spatial and orientational smoothing
considerably reduce the maximum and minimum
deviations in a microgrid of MW scale. The intensity of the
red and blue colours in table | depicts the magnitude of the
maximum and minimum frequency deviation during 420 s
of the simulation period. The prominent reduction in the
frequency deviation from case 1 to case 6 in table I, for all
the options, confirms that solar power spatial and
orientational characteristics are the strong factors to
alleviate frequency fluctuations in the studied microgrid
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scenarios. Case 1, which has only one PV system at one
location facing azimuth towards south with tilt = 30°results
in the highest maximum and minimum frequency
deviations among the first four columns of table | for all
the options. This frequency deviation gradually reduces for
case 2 with panels facing south but having a spatial
distribution over a distance of 1.85 km, confirming spatial
smoothing effect. However, as the spatial distance and
distribution has increased in case 3 where the number of
PV systems are now three with interplant distances of 1.85
km, 9 km and 10 km. The PV smoothing effect becomes
much stronger with more reduction in the frequency
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deviations in the microgrid. In order to alter the
orientations to gain more PV smoothing, orientational
smoothing phenomenon has been studied separately in
case 4 and case 5 and thus separately ordered in the last
two columns of table | and is not comparable to the first
four columns of table I. The results of case 4 shows higher
frequency deviations when the panels are facing true south
(azimuth = 0) with respect to the case 5 where the
ensemble of panels are orienting towards southeast and
west directions. Traditionally, solar power producers had
been motivated to orient the panels towards south to yield
higher production but the increase in the PV penetration in
the grid has reduced the value of orienting the panels
towards south. The introduction of flexibility markets and
the opportunities to provide ancillary services motivate the
PV producers to increase the value of energy and produce
PV output towards the time of higher demand i.e., by
following PV azimuths other than south. In some countries
e.g.,, Germany, high PV penetration towards south is
already becoming a problem for system security and
robustness [7], as this has become difficult for the grid to
cope with the peak power of PV during midday when the
load is low. For a microgrid, in islanded mode, if the PV
panels are oriented towards east and west (or towards
optimum orientations), this would not only reduce the
fluctuations but also reduce the requirements of expensive
storage solutions. Therefore, case 6 has three PV systems,
each having equal share of panels orienting towards east
and west directions, with the maximum available spatial
smoothing. Case 6 serves as the most optimum smoothing
scenario for the microgrid under study, thus depicting the
lowest frequency fluctuations among the cases in the first
four columns of table 1. Moreover, Option 1 shows the
microgrid where BESS is not participating in the
frequency control and only synchronous generator
responds to the frequency fluctuations. However, Option 2
is the case when the BESS with a faster frequency response
speed arrest deviating frequency together with SG,
providing the maximum reduction in overall fluctuations.
Moreover, option 3 with slower frequency response speed
has been focused to prove that if solar power spatial and
orientational smoothing is optimally implemented, then
slower BESS response speed would provide equally
reliable frequency response. This can be seen in case
1/option 2, where the maximum frequency deviation is
0.0072 Hz which is larger than the deviation of case
6/option 3 i.e., 0.0043 Hz with slower BESS response
speed. Moreover, Figure 3 shows that the rate of change of
frequency (RoCoF) reduces drastically for case 6/optionl
if compared with case 1/optionl i.e., from -1.02 mHz to -
0.28 mHz. However, smaller RoCoFs can be seen for
options 2 and 3 i.e., with BESS.

CONCLUSION

The frequency response of the microgrid is dependent on
a myriad of operational, design and control parameters.
This paper has evaluated the impact of solar power spatial
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and orientational parameters on the frequency response of
the microgrid in different scenarios. The study unveils the
possibility of using slower BESS response speed with
enhanced PV smoothing and thus, the possibility to
increase the robustness of the microgrid. Both PV spatial
and orientational smoothing if utilized optimally, reduce
the frequency deviations and RoCoF such that the slower
response speed of BESS corresponds to the same response
as that with no consideration of PV smoothing with higher
BESS response speed.
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