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Abstract - The massive penetration of distributed energy resources (DERs) in distribution networks provides a strategic opportunity
for the distribution system operator (DSO) to coordinate the assets appropriately and offer services to the transmission systems. The
IEEE std. 1547-2018introduced a control mechanismto enable the power electronic converters (PECs) to offer several services, including
voltage regulation by controlling the reactive power injection/absorption; this type of PECs is also known as "smart inverter" The
participation of the smart-inverters in the voltage regulation with a novel customer-centred piece of legislation and markets provide
the DSO with powerful tools to enforce very positive TSO/DSO interactions. This research paper presents a comprehensive assessment
of the steady-state performance provided by voltage control at the smart-inverters to the TSO — DSO system. The assessment includes
analysing main indicators using time series considering short term (24-hours, 1-minute resolution) and long-term (one-year) horizon.
In this paper, the three leading indicators are used as criteria for the assessment: total energy losses voltage profile in the TSO-DSO
system and the power flow interaction at the interface between the systems. The assessment is based on numerical results using the
DIgSILENT PowerFactory simulation tool, where the voltage controllers have been implemented, and regional electrical system in
south-eastern Norway, the area of Vestfold and Telemark as been used for illustrative purposes.

Keywords: Ancillary service, control, distribution grid, DG, DSO, PowerFactory, reactive power control, reactive power management,
RES, smart inverter, TSO, voltage control.

1. INTRODUCTION customer-centred active distribution network (ADN)
must be flexible and able to adapt, all of the low car-
bon technologies require power electronic converters
(PECs) as interfaces to the grid, such as the case of solar
PV (which outputs DC power) or microturbines (high-
frequency AC power) [1]. The so-called power electronic
interfaces (PEI) offer an outstanding instrument to pro-
vide controllability features to the DSO; it is particularly

true considering the technological advances reached

Electrical power systems are facing many challenges
nowadays; one of those challenges is the need to adapt
the distributions network to increase the growing inte-
gration of renewable-based generation (and storage)
at the demand side to allow the customer more active
participation in the electricity trade. The old concept of
passive and one-directional power flows distribution

networks must change. Distribution system operators
(DSOs) must take advantage of the new interest of cus-
tomers in installing new low-carbon technologies and
the market possibilities of compensating the custom-
er for offering services to the grid. Consequently, the
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by the development of the smart grids [3], [4].

Modern PEls are intended to play a crucial role in
frequency and voltage control in the ADN, and also,
the PEI (when appropriately coordinated) also facili-
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tates participation in black start strategies. The IEEE
Standard 1547-2018 [5], IEEE Standard for Interconnec-
tion and Interoperability of Distributed Energy Resourc-
es with Associated Electric Power Systems Interfaces,
provided a modern way to look at the PEIl and allow
getting over the limitations of low penetrations of the
power converter based distributed energy resources
(DER) in the electrical networks, and add advanced
features on DER, like smart features to solar PV invert-
ers [6] and wind generator inverters [7]. The IEEE std
1547-2018 [5] created a new tendency in the power
electronic converter industry, the so-called "smart in-
verter" [1]. The IEEE 1547-2018 is a crucial enabler to
the low carbon technologies in the distribution net-
work, making room for prosumers to offer services to
the DSO and then to the transmission system operator
(TSO) [8].

The smart inverter is a straightforward concept; it is
a PEl that is enabled with novel features and function-
alities; it is enhanced capabilities, especially the digital
architecture, bidirectional communications capability
and robust software infrastructure [9], [10].

The IEEE std 1547-2018 and the concept of a smart
inverter allows the drawing of the main features of the
so-called: Smart solar photovoltaic inverters; the fea-
tures comprise at a minimum the following [8], [11]:

«  Voltage ride through

«  Frequency ride-through
«  Voltage support

«  Frequency support, and
+  Ramp rates.

The modern |IEEE Std. 2030.7, IEEE Standard for the
Specification of Microgrid Controllers [12], [13] is a cru-
cial document on defining the operation and control so
the microgrid; it introduces the fundamental concept
of the Microgrid Energy Management System (MEMS).
In addition, IEEE Std. 2030.7 contains the specifications
of the control functions that distinguish the microgrid
as a system that can manage itself. Thus, the microgrid
(under the concept of IEEE Std. 2030.7) can operate au-
tonomously or grid-connected, seamlessly connect to
the utility grid, and enable the microgrid to be discon-
nected from the utility grid to exchange power supply
of ancillary services [14], [15].

The digitalisation of the electricity networks is a real-
ity; the power systems are taking advantage of digital
technologies to transform the electricity sector funda-
mentally. Moreover, the digitalisation of the power sys-
tems has cleared the path to overcome barriers (in the
past) and allowed a very active and dynamic interac-
tion between TSOs and DSOs.

The increased interaction between DSOs and TSOs
can enable better utilisation of DERs -especially at the
demand side, increased system flexibility and optimi-
sation of investments in grid infrastructure. However,
also, the interactions between TSO - DSO has the po-

tential to overcome several of the traditional problems
in electrical networks [11], [13], [16]: relieving conges-
tion of Transmission-Distribution interface (potential to
defer infrastructure investment), relief of congestion of
transmission lines and distribution lines, fully managed
voltage support (TSO«<DSO), balancing challenge,
(anti-) Islanding, re-synchronisation & black-start and
coordinated protection.

A more adaptive and flexible TSO-DSO operating
approach takes advantage of the smart-inverters to
provide voltage control of the entire system and take
advantage of reactive power/voltage control. The TSO-
DSO collaborative approach considered in this scien-
tific paper appropriately employ the smart-inverter
installed at the prosumers to provide voltage support
to the entire system by adjusting the reactive power
injection/absorption at their interface, taking advan-
tage of DGs reactive power capability. The European
Grid Code, Demand and Connection Code (DCC) [17] es-
tablished the new distribution systems are requested
to have the technical capacity to restrain the reactive
power flowing upwards the transmission system at low
active power consumption, that is below 25% of their
maximal power import capacity [18].

This research paper is dedicated to introducing and
assessing the effect of smart inverters voltage control
on the quasi-dynamic performance of the TSO - DSO
system, considering several time scales [19]. The TSO-
DSO system's quasi-dynamic performance assessment
is based on two leading indicators; the total energy loss-
es and the voltage profile in the TSO - DSO system. The
indicators are calculated from the numerical results ob-
tained in quasi-dynamic simulations using a well-known
power system analysis software, DigSILENT PowerFacto-
ry. Furthermore, to show the suitability of the proposed
approach in a realistic fashion, the assessment in this pa-
per considers the regional electrical system of Vestfold
and Telemark, located in the south-eastern part of Nor-
way. This scientific paper is structured in five sections.
Section Il presents the primary voltage-control operat-
ing mode of the smart inverter; Section lll is focused on
establishing the critical aspects of TSO-DSO modelling.
Section IV is dedicated to assessing the impact of volt-
age control of smart-inverters in multi-time scale quasi-
dynamic performance of the TSO - DSO regional system
of Vestfold and Telemark, Norway. Finally, this scientific
paper closes with Section V presenting the main conclu-
sions and findings. One main contribution of this paper
is making evident that reaching the minimum total en-
ergy losses implies a compromise between the TSO/DSO
losses; as a consequence, enabling the interaction TSO/
DSO that reaches a global benefit for all parties requires
sub-optimum losses at each individual system.

2. VOLT-VAR CONTROL IN SMART CONVERTERS

Voltage control in a traditional transmission system
is reached by several mechanisms where the provi-
sion/consumption of reactive power is the central con-
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trol element. Some of the mechanism used in voltage
control in traditional transmission includes the use
of power transformers equipped with an on-load tap
changer (OLTC). The scientific literature is rich in many
other classical Volt-var control when dealing with volt-
age control at transmission-level [20-22]: shunt capaci-
tors/reactors, transformer tap changers, synchronous
generators, synchronous condensers, FACTS, e.g., STAT-
COM, SVC and HVDC. The voltage control at the distri-
bution network uses several reactive power sources/
control [23], [24] such as voltage regulators, transform-
er tap changers, shunt capacitors. The power utilities
included in the grid code specific connection require-
ments generation units, and those requirements vary
from country to country, installed capacity and the
voltage level of connection, and some other factors.

The smart-inverter concept allows the power-con-
verter based distributed energy resources (DER) units
to produce/absorb reactive power depending on a
control rule that can be defined in many ways. For in-
stance, the smart inverter working in control mode can
adjust the operating power factor to absorb reactive
power at the controlled point to bring the high volt-
age down within standard limits and inject reactive
power to increase voltage level, which consequently
changes reactive power flow in the grid. A vital element
of the modern voltage control aforementioned is that
nowadays, the controlled node is not necessarily the
connection point of the DER unit. It can also be a com-
mon coupling point (PCC), a boundary between TSO
and DSO, or a specific node in the grid. The inclusion of
digital communication technologies basically reaches
the flexibility in the location of the control node. Today
the additional regulation types such as constant volt-
age (const U), constant power factor (const cos @), Q(P),
or P(U) is not a rarity, especially for high capacity (multi-
MW) DG. For example, a DER in the low voltage net-
work in Germany must implement at least one of those
voltage control functions [25], [26].

The explanation of such control methods is widely
presented in many scientific publications [27-29], but
the authors would like to highlight a few key points
relevant to the control strategies used in this paper
and how they are implemented in the power systems
simulation environment. The technological advances
on PEC and the new IEEE std 1547-2018 makes the
smart-inverter a desirable solution to provide Volt-var
control and positively impact the distribution systems.
Smart-inverter supports the following control modes,
which are considered in the paper: (i) Constant reac-
tive power, (ii) Constant voltage, (iii) Voltage Q-droop,
(iv) Q(U)-Characteristic (see Fig. 1), and the control can
be implemented locally and remotely. Technically ii-iv
modes are pretty similar, despite that constant voltage
controller implementation does not have a deadband
and is accordingly stricter. In such mode, reactive pow-
er fluctuations are more often compared to (iii) and (iv).
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Fig. 1 lllustrative representation of the Q(U)-
characteristic

As mentioned before, the model includes the possibil-
ity of controlling parameters locally and at some specific
point in the network. In this paper, the point of control
is the boundary between TSO and DSO networks. The
so-called wide-area control is basically a centralised con-
troller that takes measurements and then, using a pre-
defined control rule, defines the operational setpoints
of the smart-inverters. Depending on the control model
defined, the following parameters should be set up: re-
active power setpoint (operation considering constant
power factor); voltage setpoint U and reactive droop
Qdmop in Mvar/pu (operation considering constant volt-
age). The wide-area control use measurement devices
located a the branch or boundary where the controller
is intended to fulfil the control rule. The voltage setpoint
is modified depending on the reactive power flow at the
Q-measurement point as follows:

Qmeas

U, =U,, +—mess 1
eroop ()

setp setp

where: U__is the voltage set point in pu. of the busbar,
setp

V', represents the voltage set point in pu., including the

droop characteristic,and Q, and Q roop A€ the measured
reactive power in Mvar and droop in Mvar/pu, respectively.

Moreover, for station control contribution of the
different reactive power sources to the control of the
voltage is specified. Every source is assigned a contri-
bution factor (Kp) that indicates the percentage to feed
an actual value, in addition to its set point. This factor
is calculated according to five different options, includ-
ing dispatched active power, individual reactive power,
or the rated power as in our case.

During the operation, especially in remote control,
demands for reactive power could be outside the in-
vertor capability limits. Another boundary is derived by
the attributes of most inverters, which are not able to
provide reactive power outside of the feed-in periods.
Inverters with called "Q at night" option are not con-
sidered in this paper. On the other hand, the smart-in-
verters in this paper are enabled with a reactive power
characteristic that includes the voltage dependence;
the implemented curve is depicted in Fig. 2.
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Fig. 2 Example of a reactive curve of a smart-
inverter used in a PV system, considering voltage
dependence.

3. MODELLING AND SIMULATION DESCRIPTION

The performance of voltage control mechanisms in
smart-inverters and releasing the synergy between
TSO/DSO systems considering the paradigm of tied-
micro grids is presented in this paper considering an
illustrative case of a TSO-DSO. The main interest is the
performance of the voltage control mechanism in the
quasi-dynamic voltage profile of the regional TSO-DO
power networks in the South-Eastern part of Norway.
The equivalent TSO consists of a detailed high-level
representation of the regional 132-kV system, Telemark
and Vestfold area [11], [30]. The DSO network is created
[11] in order to represent the main feature of the 11 kV
distribution system. This section is dedicated to model-
ling aspects of the TSO-DSO. More details on the TSO-
DSO system can be found at [11], [31].

Transmission System Operator (TSO)

A detailed high-level model of the regional TSO net-
work of the south-eastern area of Norway, specifically
Vestfold and Telemark, is used in this paper. Using infor-
mation publicly available, the network model has been
created. The single line diagram of the TSO model of
the Vestfold and Telemark area in Norway is depicted in
Fig. 3 [10]; the network model includes seven synchro-
nous generators (SGs) representative of the regional
hydropower plants locally available in the Vestfold and
Telemark area. The authors have included the connec-
tions to the National transmission system in Norway as
a simplified equivalent model at 300 and 420 kV levels.

Distribution System Operator (DSO)

The authors have created a representative substation
of the local DSO at the region of Telemark and Vestfold;
it is used for performance analysis in this paper and
can be extended and generalised. The distribution sub-
station is modelled considering a classical step-down
transformer (110/11 kV) and a typical 11 kV distribu-
tion feeder (representative of the south-eastern part of
Norway), as this voltage level is the most widely used
voltage level in the Telemark area, Norway.

Underground cables mostly dominate the Norwe-
gian distribution networks in urban areas, and it is usu-
ally built like a meshed network. The distribution net-
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Fig. 3. Single line diagram of the TSO system
implemented in this paper: It is a representative of
the regional transmission system of Vestfold and
Telemark at 132, 300 and 420 kV [11].

works in Norway are built in a meshed configuration,
but it is operated as a radial configuration to make it
easier to control and predict the different currents and
voltages in the grid. Consequently, the authors decided
to consider the representative Norwegian distribution
feeder as a radial topology, as shown in Fig. 4; however,
the feeders are equipped and designed so that it will
be possible to work in a ring topology (no considered
in this paper). For simplicity, the distribution grid con-
sists of fourteen feeders, three feeders have been mod-
elled in full detail, and the remaining eleven feeders are
presented as an equivalent lumped system.

The proposed DSO network has been enhanced
with the integration of smart inverters, making the
DSO network an active distribution network. Conse-
quently, the DSO system has been intentionally se-
lected to resemble a specific part of the city of Skien
in the Telemark area, Norway. The local company
Skagerak Nett provides the electricity service as the
city of Skien, and the company owns and operates
a solar-powered microgrid (solar rooftop panels 800
kW), including a battery energy storage system (BESS,
800kW/1000 kWh). The micro-grid is called Skagerak
Energilab, it is supposed to be dedicated to research
and development activities, and it is located at the Sk-
agerak Arena, with a potential peak-load of 1,000 kW
during football matches. The model used to emulate
the performance of the Skagerak Energilab has been
created by the authors using information publicly
available; the Energilab is equipped with smart-in-
verters where the voltage control and reactive power
production are enabled, and the model is integrated
at bus 4 of the feeder 3 to at Fig. 4.

Load and generation profiles

The distribution substation used to emulate the DSO
system at node 5 has a 30 MVA capacity; the load has
equally divided between 14 feeders. A nominal load
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Fig. 4. Single line diagram of the DSO system
implemented in this paper: Representative
substation at Vestfold Telemark, considering four
radial feeders and PV and BESS are depicted for
future simulation scenarios [11].

demand of 2 MW is used at each one of the feeders.
This way, Feeder 4, which represents simplified 11 feed-
ers, has a peak load of 22 MW.

The total load of the DSO system is considered a resi-
dential load except for the case of the Skagerak Ener-
gilab, which is considered a special load. Load profiles
representative of the 24-hour operation of the loads
is synthetically created [32], [33] by using the tool de-
veloped by the Centre for Renewable Energy Systems
Technology (CREST) at Loughborough University in the
United Kingdom.

The CREST model was modified [11] to represent the
Norwegian consumer's weather and load. The CREST
model was originally created based on stochastic mod-
els of British or Indish power consumers. The CREST
model was improved and enhanced to consider realistic
location in Norway by using the temperatures in Skien,
Norway. Also, the original CREST model considers gas
as the primary source of heating inside the dwelling, as
that is the primary energy source for heating in Great
Britain. Therefore, the CREST model is modified to rep-
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resent the reality of primary resource use for heating
in Norway, mainly done by electricity. Fig. 5 shows the
24-hour load profile (1 sample per minute) of loads 1, 2
and 3 connected at the feeders 1 to 3.
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00:00 04:48 09:36 14:24 19:12 00:00
Time [HH:MM]

Fig. 5. Hourly power demand (in kW) several loads
of the DSO.

Identical electrical consumption patterns in two dwell-
ings have an extremely low probability; consequently, it
is required to calculate several consumption profiles for
several dwellings to the extent that it is possible to reach
the wanted peak load for the different loads in the Dig-
SILENT PowerFactory quasi-dynamic model. Therefore,
the load simulations will be performed individually for
all the various loads in the model so that none of the
loads will have an identical pattern or peak load.

The DSO Feeder 4 is a typical distribution feeder con-
sidering a total combined demand of 22 MW, consid-
ering residential loads, and using the modified CREST
model, the synthetic data of a local residential area
with least 6.300 dwellings was created for a load pro-
file of 24-hour (1-minute resolution), and the profile is
shown in Fig. 6.

25+

Power Demand (MW)
S & o

(9]
L

09:36 1424 1912 00:00

Time (HH:MM)

Fig. 6. Hourly load profile for the 22 MW load
(1 sample per minute).

0 T
00:00 04:48

To extend the time scale, the diversity of the loads was
accordingly modified considering the power demand
in the whole system during the year; the authors added
additional profiles parameters considering standardised
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load profiles. The adjusted profiles include character-
istics patterns considering different seasons, working
days, and weekends. It allowed producing synthetic
data for a whole year loads based on the 24-h profile cre-
ated by the modified CREST model. By assigning three
different profiles to 12 different loads produced a more
realistic total load profile avoiding unrealistic simultane-
ous load peaks. Based on that, the load profile presented
in Fig. 5 can be observed as DSO_F1L1 load in summer
days (Friday-Sunday) on Fig. 7, which has different peaks
and is slightly reduced compared to winter where loads
are maximum.

03
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0 » . >
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— DSO_F2L4: Active Power

Fig. 7. The implementation of time characteristics
for DSO loads.

For TSO loads, time characteristics were implemented
the same way as for DSO but based on peak power in-
stead of the day-hourly profile, as it was shown in Fig. 8.

0
2019-01-26 2019-01-27 2019-01-28

— TS0 Load 1: Active Power  — TSO Load 3: Active Power
— T80 Load 2: Active Power  — TSO Load 4: Active Power

Fig. 8. The implementation of time characteristics
for DSO loads

Special Load: Skagerak Arena

The Feeder 2 includes the correction of the Skagerak
Arena, which is a stadium dedicated to the local foot-
ball team [34], [35]. It is collected from publicly avail-
able data that the Skagerak Arena have a potential
peak-load of 1,000 kW during football matches. The to-
tal power demand is divided between two distribution
transformers; one transformer supplies around 300 kW
(for daily consumption), and the second one is 700 kW
(Mainly for the floodlights during football matches).
Therefore, the remaining load of this feeder will be
around 1.000 kW, which will be divided between three
loads of a little over 300 kW.

The implementation of time characteristics applied
for general DSO loads is not applicable for Skagerak
Arena since matches and events obviously do not oc-
cur here every day. Therefore, the authors created and
implemented characteristics based only on weekdays.
The weekly pattern for Arena is as follows: on Sundays,
the Arena is fully loaded with a peak-load of 700 kW;
on Saturdays, it is partly loaded for pre-match events
with 10% scaling, and on other days it consumes only
1% of load demands. The implementation of discrete-
time characteristics for Arena (DSO_SK1 and DSO_SK2)
is presented in Fig. 9.

0.8
[MwW]
06

0.4

02

0 = o
2019-01-26 2019-01-27

—— DSO_SK1_Arena: Active Power ~ —— DSO_SK2_Arena: Active Power

Fig. 9. The implementation of time characteristics
for Skagerak Arena loads.

Modelling of BESS

The appropriate control of a BESS provides the possi-
bility of injecting/absorbing active/reactive power, thus
providing support to the TSO-DSO interactions. In this
scientific paper, the authors have taken advantage of the
quasi-dynamic simulation language (QDSL) to create a
simplified model of a BESS inside the power system sim-
ulation environment. The BESS model aims to simulate
the operation of the set, battery, voltage control, and
charge control based on the feedback of signals taken
from the network operation. The BESS model has been
enabled with a simple state of charge (SOC) controller;
it controls the active power injection/consumption to
keep the battery between the operational limits (SOC__,
SOC_ ). The battery has been modelled considering a
simple equivalent circuit model considering the number
of individual cells (series and parallel) in the pack and
where the SOC is calculated based on the changes of the
energy absorbed/produced based on the rate of charg-
ing/discharging current.

Performance Indicators

The following data for analysis were obtained during
simulations, such as power flow, maximum generation
and loads, line loading, and voltage fluctuations. How-
ever, for the evaluation of each control mode, we de-
cided to select criteria as follows:

- Total energy loss (MWh) in the DSO and TSO net-
works.

«  Voltage improvement (Voltage difference, min
and max values).

«  Reactive power flow via DSO/TSO (considered
for year scenarios).
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«  The total active and reactive power production
of the distributed energy resources.

Such indicators are general measurements or values
that have a relevant impact on a specific study case. In
the case of efficiency and Volt-var control, the indica-
tors used to assess the performance of the TSO-DSO
system are shown in the following subsections.

Energy loss (E, )

loss

Energy loss has a financial impact on the total operat-
ing cost. As a consequence, in this paper, the total en-
ergy loss (MWh) in one day is used as an index to assess
the quasi-dynamic performance of electricity TSO-DSO
interactions. The total energy loss (E, ) is calculated by
using the following formula [36]:

MWh t=24:00
loss { :| = Ploss (t)dt (2)

day

t=00:00

Therefore, the afore presented equation is discre-
tised over a 24-hour:

min

day
Eloss M :i L ZF?osst (3)
day 60| min | T
Voltage Difference (VD)

The index maximum voltage difference (VD ) is used
in this paper to relate the lowest voltage level (U, )
and the highest voltage level Uyg) during a period of
24-hours. The voltage difference (VD) of these is com-
pared to the no-load voltage (V_ _, ); therefore, the VD

is expressed in percentage (%) is defined as:

VD v
VD[%]%Z[[V]rdOO% (4)
VDmax [V] = Uhigh [V] - Ulow [V] (5)

Reactive power flow via TSO/DSO boundary

Reactive power flow has been disregarded for many
years in electrical power systems because electricity
networks are designed to transmit active power, as that
is the energy source billed by the utilities. On the other
hand, voltage variability and control has been per-
ceived as a local problem that typically is solved by a
local source of reactive power or voltage control. How-
ever, the proliferation of smart-inverters in the distribu-
tion network has changed the old paradigm, and local
reactive power control has to help improve the whole
system's performance. Up to now, no reactive power
market is enforced commercially around the world, but
time-based marked defined prices would be a game-
changer for the customers regarding the location of
reactive power production. In this paper, the reactive
power flows between the DSO and TSO are quantified
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by measurements devices at the interface between the
systems (Oij).

Annual Energy production (E, )

A customer centred market might motivate the own-
er of the distributed resources located at the demand
side to participate in the energy trade on that market;
as a consequence, the annual energy production arises
an important indicator at the distributed resource as-
sets installed at the DSO. The annual energy produc-
tion of distributed resources installed in the DSO, e.g.,
BESS and PV, are calculated (E,,) are calculated. It helps
to make evident the performance of the controller as-
sesses at the time to show the operation patterns of
the distributed energy resources. The annual energy
production is calculated in the separated fashion of the

active (E,.,) and reactive power and calculated as:
MVW7 t=8760
Erper { year } = {L Poer(t)at (6)
Mvarh| =%
Eoper {W} = ] Qper ()t (7)

where P__(t) and Q,(t) are the instantaneous active
and reactive power production, respectively.

Simulation Scenarios

The performance assessment of TSO-DSO interac-
tions in Vestfold and Telemark considering the Volt-Var
control at smart-inverters in the case of is assessed in
two main general scenarios:

o  Short-term variations (ST): the main perfor-
mance indicators are assessed over a short-term
period, 24-h profile. This assessment is specifi-
cally designed to observe and identify intra-hour
patterns of variations.

e Long-term variations (LT): A long term horizon
of simulation is used to analyse extra-day patterns.
Mainly, a 365-day period is used in this scenario.

The following subsections are specifically designed
to present simulation results and discuss in detail the
main findings.

4. SHORT-TERM (S.T) PERFORMANCE
ASSESSMENT

Scenario ST.I: Base

The base scenario is used to assess the performance
of the TSO/DSO system, considering a typical tradition-
al system where there is no integration of low carbon
technologies at the distribution network. This scenario
is called the base and used as a reference for compari-
son with other scenarios. Table 1 shows a summary of
the energy losses share between TSO and DSO during
the 24-hour and the voltage difference indicator. A plot
of 24-hour active power losses at the TSO/DSO is pre-
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sented in Fig. 6; it is essential to notice that the maxi-
mum losses at the DSO system are related to times of
the peak demand (08:00 and 17:30, see Fig. 10).

Table 1. Energy losses and voltage differences:
Scenario ST.I

Energy losses Voltage difference

System

E. . [MWh/day] UD [%]
TSO-grid 194.81 217
DSO-grid 1.820 1.88
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Fig. 10. Plot of the active power losses (MW) at the
TSO/DSO systems during a period of 24-hours.

Scenario ST.II: Integration of Top Roof PV

This scenario, the TSO/DSO network is as described
in Scenario |, but now it considers the integration of PV
systems at the residential level, the so-called top roof
PV system populated at the demand side. The top roof
PV system consists of several PV panels located at the
property's roof and a smart inverter installed inside the
property. This scenario does not consider the use of
energy storage; consequently, the PV locally produce
electricity during sunlight hours, and then the custom-
er must buy electricity during off-daylight hours.

In this paper, the top roof PV model was set up to du-
plicate the conditions at the location named Falkum, in
the city of Skien, south-eastern part of Norway (precisely,
59.2° latitude, 9.6° longitude). The PV system considers
160W/35V solar panels, considering single crystalline sili-
con. This scenario is designed to consider a complete inte-
gration of the PV system in the DSO network. Ideally, the
total installed capacity of the top roof PV system is adjust-
ed to be above the peak of the local demand; Table 2 de-
picts a summary of the DSO performance integrating top
roof PV at each one of the feeders and the total DSO grid.

The smart-inverters allows the top roof PV system to
fed reactive power (when operates as over-excited), and
absorbing reactive power (when operates as under-ex-
cited) allows the smart-inverter to control the voltage
by changes of reactive power. This scenario considers a
full DSO operating the distribution network; as a con-
sequence, the DSO authorises the active participation
of the smart-inverter in voltage regulation. This paper
considers six different voltage control methods, and
their specific details are presented in Table 3.

Table 2. Summary of the Integration of PV systems
in the DSO System.

Feeder Total installed Number of Penetration
Power [kWp] panels level [%]
1 2,000 12,500 100.6
2 840 5,250 454
3 2,000 12,500 105.5
4 22,000 137,500 110.5
Total DSO-grid 26,840 167,750 104.6

Table 3. Details of voltage control implemented at
the smart-inverters: Scenario ST.II.

Case Description
1 Constant power factor, pf= 1.0 (no reactive power support)
2 Constant power factor, pf=0.95
3 Constant power factor, pf=0.90
4 Slow voltage droop: Q(U) - 30 %
Droop setto K,=30%, U_,= 1.0 pu
5 Fast voltage droop: Q(U) = 10 %
Droop setto K, =10%, U, =1.0 pu
6 Constant voltage set-pointat U_, =1.0 pu

Two important considerations are taken into account
when operating the smart-inverters: (i) the inverters
deliver all the active power produced by the PV systems
at the time, (ii) the inverters are equipped with volt-
age control that enables the reactive power injection/
absorption. Fig. 11 depicts an outline of the numerical
results of total energy losses [MWh/day]. It is clear from
the figures that the smart-inverter operating in voltage
support control mode provides a reduction in the to-
tal power losses and produces a positive change in the
voltage profile of the whole TSO-DSO system.
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Total power losses TSO and DSO
combined Eloss, [MWh/day]

Fig. 11. Summary results of different voltage
control implemented at the smart-inverters:
Scenario ST.II.

The numerical results of the quasi-dynamic simula-
tion over a 24-hour period show that the most signifi-
cant and most minor total energy loss (E,,,) are found
when the voltage controller is adjusted to the fast
droop settings (Case 5, see Table 3) and power factor

equal to 1.0 (Case 1, see Table 3), respectively.
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The energy-saving of TSO and DSO is calculated re-
ferred to the Scenario ST.I (load-only) results are shown
in Table 4. One essential element here is the most con-
siderable energy reduction of TSO using Case 6. Mean-
while, the most significant energy reduction of DSO
occurs using Case 4. The maximum TSO/DSO saving
occurs at Case 5 (Q(U) fast), but the savings at this situa-
tion the energy saving is not maximum at each system.

Table 4. Energy savings of cases comparison based
to Scenario ST.I (load-only): Scenario ST.II.

Scenario  Energy-saving Energy-saving  Energy-saving
ST.II TSO [MWh/ DSO [MWh/ Total [MWh/
Case day] day] day]

1 57.1 147.1 204.2
2 734 154.7 228.0
3 80.8 157.0 237.9
4 1314 157.8 289.1
5 171.0 126.0 297.0
6 220.0 17.0 237.0

Scenario ST.llI: Integration of PV and BESS

In this paper, the previous analysis is taken as a ref-
erence to define simulation scenarios considering the
integration of BESSs into the DSO. In this specific case,
the two extreme cases of the Scenario ST.II (PV-voltage
controllers) are selected as the baseline of the cases
considering the integration of BESS in the DSO net-
work; Table 5 is used to summarise the set of simulation
cases considered in this paper.

Table 5. Details of voltage control implemented at
the smart-inverters: Scenario ST.III.

PV-system

. Case BESS controller scenario
controller scenario
1 Power factor, pf=1.0
Scenario ST.III.A 2 Power factor, pf: 0.9
. - 0
oveslosses. 3 lowalagedoep ) =30%
Q(), K,=10% P =05 U = U [
Scenario ll, 4 Fast voltage droop: Q(U) =10 %
Case 5 Droop setto K,=10%, U_,= 1.0 pu
5 Constant voltage setpoint
1 Constant power factor, pf= 1.0
2 Constant power factor, pf=0.9
Scenario ST.1II.B
) 3 Slow voltage droop: Q(U) =30 %
Highest losses Droop set to K, =30 %, U_, = 1.0 pu
pf=1.0
Scenario ll, 4 Fast voltage droop: Q(U) =10 %
Case 1 Droop set to K, =10 %, U_,= 1.0 pu
5 Constant voltage setpoint

Scenario ST.III.A: Lowest PV-losses scenarios

This scenario is created to assess the performance of the
PV smart-inverters enabled with controllers set to Q(V)
operating mode and K = 10 %; consequently, the low-
est losses caused by the PV integration are considered.
Five different cases are considered in the assessment
regarding the voltage control at the smart-inverter in-
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stalled at the BESSs. Fig. 12 depicts the performance
of the energy losses (E,DSS) and voltage differences (VD
in percentage) during a 24-hour period. It is observed
from the numerical results that the combined mini-
mum energy losses are found when the Q(U)-fast con-

trol is enabled in the smart inverters (Case 6).
Scenario ST.III.B: Highest PV-losses scenarios

This scenario is designed to assess the performance
of the highest losses caused by the PV system when
the smart inverters are enabled with a voltage con-
troller that follows a constant power factor of 1.0; the
BESS is alternatively assessed considering five cases of
voltage control at the smart-inverter. Fig. 13 shows the
numerical results of the energy losses () and voltage
differences (VD) during a period of 24-hours. The low-
est combined minimum energy loses are found when
the controller of the smart-inverters is operating at
constant voltage but tends to produce higher voltage
levels at the DSO network.

Summary of Scenario ST.III

Table 6 shows a complete summary of the numeri-
cal results of the simulations considering the differ-
ent scenarios where the controllers are enabled ta the
smart-inverters. The table has been formatted using a
colour-based scale, where the green colour represents
the most beneficial result for an indicator and the red
colours the least beneficial.
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The summary presented in Table 6 allows concluding
that for the DSO-TSO case shown in this paper, an ex-
cellent performance with respect to both energy losses
and voltage difference in the DSO-grid is reached when
the smart-inverter at the PV system operating at unity
power factor and the voltage controller of the BESS in-
verter set to Q(U), K, =10 %.

Furthermore, those scenarios show a lower-than-av-
erage voltage difference and energy losses in the TSO-
grid, as a consequence, it making it one of the most ef-
ficient scenarios concerning total energy loss.

5. LONG-TERM (L.T) PERFORMANCE
ASSESSMENT

A comparison of the initial 24-hour performance of
the TSO-DSO model considering the implementation
of BESS and installation of top roof PV modules was de-
scribed in[11]. The examination period was based on the
whole 24-hour period. In this paper, the performance as-
sessment extends the simulation period up to an entire
year (365-day). The following subsections are dedicated
to assessing the performance of the TSO-DSO interac-
tions, including several operational scenarios for the in-
vestigated grid. Few of them are enhanced from [11] to
include long-term variation over a period of a year.

Table 6. Summary of the simulation results with
BESS scenarios.
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Scenario LT.l: Base

The first simulation scenario represents TSO-DSO net-
work, considering there is not the integration of smart-
inverters at the distributed energy resources, PV and BESS;
this scenario replicated the short-term scenario ST but
considers a long term simulation horizon (1-year).

Scenario LT.II: Unity power factor

The smart-inverters installed at the DSO are con-
trolled using constant reactive power operating mode
where the reactive power is controlled to maintain a
unity power factor at the time that reduces peaks, load
flow and cable loading; as a consequence, the top roof
PV system and the and BESS are operating in such way.
Fig. 14 illustrated the case of node 3, Feeder 3.
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—— Bat3_1: Active Power —— DSO_F3L3: Active Power

Fig. 14. lllustrative example of active power flow

at the distribution line and the BESS active power

production showing the peak shaving operation
(highlighted in red colour).

It is easy to see the peak shaving capability of the en-
abled controller at the BESS. The black line at the figure
depicts the actual power, and the blue line is dedicated to
the performance without BESS. In other words, instead of
loading the distribution line and transferring more than
1 MW, the controller enabled BESS to generate around
200 kW to supply load DSO_F3L3. Fig. 15 represents the
operation of PV BESS system at feeder 3, and the profile
of load DSO_F3L3, which is connected to the same node.
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-1

Peaks over 1 MW shaving

2019-01-28
—— QDSL Bat 1_3: Measured power

2016-01-26 2019-01-27
—— Cable_F3.3: Active Power/Terminal j
Fig. 15. lllustrative example of operation of
distributed energy assets (BESS-PV) connected at
the feeder F3 in Scenario LT.II

Scenario LT.llI: mixed control strategies

Results of the 24-hour simulation showed that the
smart-inverter at the PV system operating pf = 1.0 and
the voltage controller of the BESS inverter set to Q(U), Ku
=10 % has excellent performance with respect to both
energy losses and voltage difference in the DSO-grid. Fig
16 shows the simulation results of the operation of PV-
BESS pair considering the unity power factor (Q = 0) and
Q(U) control, K,=10%.In this case, the top roof PV system
keeps reactive power as zero (as expected by the opera-
tion mode, const Q = 0), BESS injects reactive power ac-
cording to the voltage measurements and Q(U) settings.
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Fig. 16. lllustrative example of the operation of BESS-
PV system at the DSO feeder F3 in Scenario LT.III
Scenario LT.IV: Wide area voltage control

This operation scenario is characterised by the imple-
mentation of a wide area voltage control with the main
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objective of monitoring and controlling the interactions
at the TSO/DSO boundary. In this case, the voltage con-
troller is designed to keep the steady-state voltage at
PCC at a predefined setpoint (|U_| = 1.00 pu), the action
control is taken in the relative power injection/consump-
tion of the BESS as follow: if the voltage is below the
setpoint, PV and BESS system inject reactive power and
opposite: when is overvoltage. Fig 17 shows the perfor-
mance of the wide-area voltage controller over a period
of three days, and there is a clear correlation between
the voltage and reactive power as defined by the con-
trollers. It is possible to see that during periods where
the voltage drops below the setpoint (|U_| = 1.00 pu in
this case), either PV or BESS are injecting reactive power.
Usually, during daylight, reactive power is provided by
PV; during the night by BESS. Results were obtained with
the setting of 100 MVAr per pu (1 MVAr for 1.0% droop).
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Fig. 17. The operation of BESS-PV system at the
feeder F4 in Scenario LT.IV
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Fig. 18. lllustrative example of the operation of
BESS-PV system at the feeder F4 in Scenario LT.V

Scenario LT.V: Wide area reactive power control

In this scenario, smart-inverters of PV and BESS aimed to
keep reactive power flow via TSO/DSO boundary as zero
(Q=0 pu). From Fig. 18, it can see that most of the time, it
is possible to achieve. However, the observed peaks of re-
active power interchange can be explained that PV invert-
ers cannot inject reactive power when there is no active
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power output. The BESS inverters cannot inject reactive
power when SOC is low and requirements (settings) for
reactive power injection are not fulfilled.

Results of Scenario LT.III

For each one of the long term (LT) operational scenario
one-year simulations were made with the recording re-
sults for PV, BESS systems, DSO and TSO separately with
the aim to obtain values of annual energy production and
losses, active and reactive power flow via TSO/DSO bound-
aries maximum and minimum values for voltage. The most
significant results are illustrated in Fig. 19 - Fig. 21.

Fig. 19 shows the reactive power production/con-
sumption of the distributed energy resources, e.g., PV
and BESS, during a period of one year, and the same
figure shows the instantaneous active power losses
(P, MW) and energy loss in the DSO network (E, ).
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Fig.19. lllustrative example of the operation of DSO
in the case of Scenario LT.III.

Fig. 20 shows the performance of voltage profile as
measured at the boundary between the TSO-DSO net-
works (also known as PCC) and the minimum and maxi-
mum values during one year. The bottom part of Fig 21
shows the performance of the reactive power flow at
TSO/DSO boundary discriminating the import/exports
conditions created by the reactive power management
control system (station controller).
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Fig. 20. Results for DSO in Scenario LT.IV
(remote const U).
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Fig 21 shows the performance of the reactive power
flow viaTSO/DSO boundary where the power flow is re-
duced by the control actions taken by the controller at
the time the figure depicts the performance of the PCC
steady-state voltage, indicating how voltage profile is
changed in such operational scenario.
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Fig. 21. Results at TSO/DSO boundary in case of
Scenario LT.V

A summary of the main indicator used to assed the
long term performance of the operating scenarios is
shown in Table 7. The summary provided a clear com-
parison between operational scenarios taking into ac-
count indicators mentioned in section 4.

Using the scenario LTI, as a reference, the integra-
tion of the distributed energy resources (PV and BESS)
-LT.ll- provided a smooth voltage provide and reduc-
tion in extreme voltages when the TSO-DSO losses
are reduced. The ST.IlIl with the implementation of set-
tings taken from LT.III, system performance increased:
voltage fluctuations and losses reduced when com-
pare to ST.II.

The scenario LT.IV aims to control voltage at the
controlled node. As a consequence, there is an appar-
ent reduction in voltage fluctuations. However, since
the voltage control is performed via reactive power
injection/consumption, there is an increased reactive
power flow via PCC, which might lead to additional
costs for DSO (if a reactive power compensation mar-
ket is enabled, however, that discussion is beyond this
paper. Finally, the scenario LT.V shows a significantly
reduced reactive power flow via PCC, which is a very
positive consequence, as there is a capacity released
at the distribution network providing a positive im-
pact for the DSO, but in turn, this operation mode
raises voltage fluctuations when compared to LT.IV.
However, the voltage fluctuations are comparable to
LT.Il and less than in the case of LT.I.

Table 7. Summary of the simulation results with
BESS of the long term operational scenarios.

Short PCC PCC Urnin vo PDSO  PDSO  QDsO QDSO TSO DSO
os description Umax Ip.u.] %] Import Export Import Export Losses Losses
P [p.u.] p.u. [MWh]  [MWh] [MVARh] [MVARA] [MWh] [MWh]
| Initial 1035042 09818979 531 64395 - 10252 740 87230 209
I PV+B(E)S_50°°”“ 1.035042 0.983184 519 38683 13366 10242 717 87219 149
i Paper [AVS] 1033343 09843438 490 38686 13364 17131 - 87 231 154
IV StationconstU 1031806 09861141 457 38688 13365 17578 50 87217 156
V. StationconstQ  1.034645 09861058 485 38729 13344 220 5 87 184 143

6. CONCLUSIONS

Power electronic converters (PECs) have the poten-
tial to provide a wide variety of services when well-de-
signed controllers and appropriate settings are used.
The IEEE std.

1457-2018 provide the basis to enable the PECs
with more active voltage control. Furthermore, several
places worldwide are developing customer-centred
legislation and markets; consequently, the smart
inverters empower the DSO by creating positive
TSO/DSO interactions. This research paper presents
a comprehensive assessment of the steady-state
performance of the DSO-TSO interaction caused by
several voltage control strategies in smart-inverters

installed at the DSO network. The assessment considers
two different time scales: short term (24-hours,
1-minute resolution) and long-term (one-year) horizon.
The three leading indicators are used in the assessment:
total energy losses voltage profile in the TSO-DSO
system and the power flow interaction at the interface
between the systems. The assessment is based on
numerical results using the DIgSILENT PowerFactory
simulation tool, where the voltage controllers have
been implemented, and regional electrical system
in south-eastern Norway, the area of Vestfold and
Telemark as been used for illustrative purposes. Overall
results indicate that voltage profiles are improved
when the smart converters work at constant voltage,
and operation to constant reactive power provides a
better reduction in total energy losses.
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