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ABSTRACT This paper introduces a newly designed reactive power control method for single-phase
photovoltaic (PV) inverters. The control focuses on easy application and autonomous actions. The regulation
is designed with regard to the effective network operation and the saving of reactive power with the
functionality of voltage control and optimization of active losses. This paper proves the easy application
of the newly proposed control design using the implementation of a control algorithm into a dynamic
photovoltaic power plant (PVP) model and supply point with PSCAD software. The long-term benefit of
this control is illustrated by the MATLAB/Simulink case study of a one-week simulation over the CIGRE
LV European benchmark four-wire network using data from smart meters and measured PVP generation,
which was provided by the Distribution System Operator (DSO). The case study showed the benefits of the
newly designed regulation in terms of saving reactive energy supply from the upstream system by up to 64%
(the regulation contributes to the self-sufficiency of the LV network in terms of reactive power), a positive
effect on the reduction of active losses by up to 1.5% and a simultaneous improvement of the voltage profile
at the nodes of the modelled network is also observed. The case study also reveals the risks of autonomous
control of Q = f(V) single phase inverter on the voltage unbalance depending on its definition.

INDEX TERMS LV grid, PVP, reactive power management, single phase inverter, voltage control, voltage

unbalance.
NOMENCLATURE LAN  Local area network.

DC Direct current. LV Low voltage.

DG Distributed generation. MPPT Maximum power point tracker.

DN Distribution network. MV Medium voltage.

DSO Distribution system operator. OLTC On-.load tap changing transformer.

EMTDC Electromagnetic transients including direct OPF Optimal power flow.

current. PV Photovoltaic.
EU European Union. PVP Photovoltaic power plant.
PWM  Pulse-width modulation.
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I. INTRODUCTION

A. MOTIVATION

Planned and gradually progressing decay of conventional
power sources, increasing penetration of DG in the power
mix [1], [2], the moving of sources to the MV and LV DN
together with the continuing trend of replacing overhead lines
with cables in MV and LV networks creates the need for
reliable and effective management of reactive power across
the different voltage levels of the power system [3], [4]. The
reactive power is utilized for massive penetration of DG into
lower voltage DN [5], [6], [7]. Regarding DN operation, the
reactive power is mostly associated with voltage magnitude
(despite the unfavorable R / X ratio for voltage regulation
by reactive power at the LV level) and additional technical
losses, resulting from the required reactive power of DG [8].
Additionally, the voltage unbalance is experienced at LV
due to the mix of non-symmetrical loads and power gen-
eration [9]. Voltage unbalance is an ever more important
topic, particularly because of the increasing penetration of
PVP, including PVP with single-phase connection [9] as well
as e-vehicle charging stations [10], [11]. Their impact on
the network can be significant, particularly when LV ter-
minal impedance is similar or higher [12] than reference
impedances that are defined in IEC 61000-3-3 [9].

The newly developed control algorithm responds to the
small effect of reactive power control on the magnitude of
the voltage at the LV level. Therefore, it uses the autonomous
control characteristic Q = f(V) only as a safety brake
for the voltage. The wide range of insensitivity of the
Q = f(V) control is used for the reactive power management
of the load point, where the inverter control potential in
the reactive power region compensates the reactive power
consumption of the load points. This makes the LV network
more self-sufficient in terms of reactive power. This con-
tributes to the reduction of active losses in the transmission
and distribution of electricity. The compensated load points
in each phase contribute to the current symmetry of the load.
The newly designed control aims at easy applicability and
local character of the control.

B. DG AND PVP - EXISTING STATUS AND PERSPECTIVE
Distributed Generation (DG) development in Europe was
accelerated mainly by the European Green Deal [1]. Photo-
voltaic power plants (PVP) in this plan represent a significant
and frequently installed DG. The existing situation regarding
the installed PVP power in European countries is described
in [13]. The highest ratio of PVP generation can be found
in Germany (58 GW in 2022) followed by the Netherlands
(16 GW) and Spain (15 GW).

Yet additional DG development (especially PVP) in the
mid-term horizon for member states, particularly in Germany,
Spain and France until 2030, is predicted in documents
[14] and [15]. According to [14], there is an ever-increasing
portion of rooftop PVP, which represents more than 60% of
installed PVP power. These rooftop installations cover about
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15% (based on [14]) of identified roof potential in the EU
and UK. Therefore, the utilization of the whole potential
for rooftop PVP in the EU and UK represents 540 GW of
installed power. In general, residential rooftop PVP present
small power generation that is connected to the LV level.
Based on installed power and utilization (household con-
sumption, combination with power storage, optional injection
of surplus power into the network), they can use single-phase
or three-phase connection.

Development prediction for PVP inverters can be found
in many business research reports published by commercial
utilities for the EU, North America and Asia-Pacific regions.
The market report [16] distinguishes the three-phase inverters
in its prediction. Contrary, market report [ 17] predicts the res-
idential and small commerce sector as the one with the fastest
development. Hence, it identifies the single-phase inverters
for small applications as the fastest-developing technology
of the PVP inverters. This development is acknowledged by
market report [ 18] as well. Therefore, this paper and research
focus on single-phase PVP inverters for household rooftops
application.

C. REQUIREMENTS FOR NEWLY CONNECTED PVP
INVERTER CONTROL
The key document defining the requirements for newly con-
nected generation in the EU is RfG issued in 2016 [5].
RfG code is implemented by national legislation. These
requirements can be toughened up on the national level.
Sources connected to the LV level shall comply with standard
EN 50549-1 [7]. Implementation of RfG requirements into
national legislation was digestedly described in [19]. Table 1
shows the list of member states in which national require-
ments for Type A (connection point below 110 kV and a
maximum power of 0.8-999 kW according to RfG) sources
are stricter than those defined by RfG. Most of the other
member states implemented requirements as defined by RfG.
With the increase of installed power of small generation
at the LV level, the tightening up of reactive power control
can be expected even for Type A generation. Single-phase
connection is usually limited in terms of maximum power by
national legislation, which in member states of the EU is usu-
ally in the range of 3.68-5.0 kW/phase [20] (4.6 kVA/phase
in Germany [21], which has the highest installed photo-
voltaic power plant (PVP) power within the EU, while only
3.68 kW/phase in the Czech Republic [22], which is the most
common limit in the EU). The highest power limit for a single
phase can be found in France (6 kW/phase) [20].

D. TYPICAL CONFIGURATION OF SINGLE-PHASE PVP
ACCORDING TO EXISTING LEGISLATION

The primary task of rooftop photovoltaic power plant (PVP)
is financial profit for the plant owner, the inverter provides
minimum support for the LV network only [5], [7], [19],
which is in compliance with national legislation valid in the
year of commissioning. The owner’s financial profit principle
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TABLE 1. Specific auxiliary functions, comparison of RfG for Type A
generation and EN 50549-1 [7] with national legislation of specific
member states and UK; source [19].

EN

RfG 50549-1 Germany Italy Austria
Type A
power limit <1 <1 <0.135 <0.011 <0.25
MW)
P=1f No Yes Yes Yes No
Q/cosgp No Yes Yes Yes (all) Yes
range (cos )
cos ¢ =f(P) No Yes Yes Yes Yes
o=fV) No Yes >4.6 kVA >11.08 kW* Yes
P=£V) No  Optional Allowed Optional Yes
Raf“p . rate No No Yes No No
limits
Remote ' o ves >30 kW >11.08 No
control of P :
Remote =\, Optional No >11.08 No
control of O P :

LVRT No Yes Yes* >11.08 Yes
HVRT No Yes Yes* No No
Fast reactive No No No No/Yes*

current
* Not * Additional *On
NOTE required lock-in/- out request
4 function of DSO

may vary according to the connection agreement based on
the support schemes of each state. Support schemes of EU
member states are depicted in [23].

In the case of single-phase inverters, the consumption
of the supply point and PVP are usually connected to the
same phase. In EU member states, small PVP installations
participate usually in network support in terms of unified
frequency behavior during significant frequency variations.
The Q =f(V) control and the P = f (V) controls are required
in some EU member states. The P = f (V) control is utilized
as an emergency brake if reactive power control potential is
depleted. Active power is decreased usually for limit voltage
values, e.g. V/ V,, = 1.09. Hence, there is no harmonized con-
trol of reactive power at the supply point. Reactive power flow
can be indirectly controlled by Q = f (V). Since these control
functions are autonomous and since LV networks can be
supplied by OLTC transformers, the setting of these control
measures shall be well harmonized [24]. The PQ diagram that
is provided by the manufacturer shows the generation control
options and potential of sources. The reactive power control
range must comply with minimum requirements defined by
national legislation.

E. LITERATURE OVERVIEW

Existing scientific and research projects that deal with
single-phase inverter control at the LV level or other solu-
tions have shown the efforts for voltage control in LV
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networks, improving voltage unbalance, and increasing the
effectiveness of LV networks.

Simple voltage control in the LV network can be achieved
by OLTC transformers. The voltage control system of an
OLTC transformer can vary from voltage control on the bus-
bar only to communication coupling to the voltage critical
point in networks [24], [25], [26]. LV networks with high DG
penetration can experience frequent tap changing. According
to [27], there is an approach to harmonize PVP inverter
control by smoothing the change in apparent PVP power so
that frequent tap changing can be avoided. A positive impact
on voltage management of this type of control either with
or without OLTC transformers is demonstrated in [28], [29],
[30], and [31], but the necessity of a very well harmonized
control setting with network as well as other control elements
is emphasized.

The comparison of the autonomous control functions of
inverters that are implemented in firmware today is analyzed
in detail in paper [31]. The results over the reference network
show the benefits of inverter control in favor of voltage.
This helps to increase the Hosting Capacity. The possible
consequences of increased active losses due to reactive power
regulation are mentioned as well as the necessary good coor-
dination of autonomous regulation. Finally, the necessity
of developing new ways of controlling LV inverters and
networks is discussed.

Sophisticated network control solutions using inverters and
other actuators as described in [32], [33], [34], and [35]
utilize a wide range of communication measures within
the LV network to optimize the network operation. These
solutions often utilize data from smart metering [36], [37].
Smart meters may in general provide aggregated and/or
real-time data for control [38]. These solutions, based on
OPF with central computational logic, demonstrate good
results in optimizing voltage, losses and voltage asym-
metry at the cost of a large communication network and
interoperability.

An effective method of LV network operation improve-
ment is to incentivize prosumers to achieve flexibility of
load and generation. Financial incentives may be offered to
provide flexibility for the network, as demonstrated in [39].

Regarding the voltage unbalance and magnitude, asymmet-
rical inverters present an effective solution [32]. Yet, such
equipment is significantly more expensive for PVP use than
a simple single-phase inverter.

An interesting approach is provided in [28], where inverter
control is location dependent. Hence, inverter control can
be properly set and selected based on the impedance in
the supply point. Nevertheless, such an approach required
the harmonization of connection and network analysis.
Article [40] presents modified conventional control for the
single-phase inverter power factor but in steps defined by the
voltage. The benefits regarding the voltage magnitude and
voltage unbalance are described. However, voltage unbalance
was calculated using a simplified definition that does not
consider voltage angles. Therefore, the presented voltage
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unbalance improvement achieved by reactive power control
in a single phase can be misleading.

Other presented schemes demonstrate the benefits of the
installation of DSO owned external compensation equip-
ment improving voltage profile [41], [42]. Additionally,
[42] recommends prosumer independence regarding the
reactive power (autarkic) together with external DSO com-
pensation using inductances as one of the best options for
LV network operation within the accomplished analysis. The
inverter thus works in the role of a compensator.

Other works also deal with the inverter as a compensator.
Article [43] presents the PV inverter as a load current com-
pensator with a sliding mode controller current control loop.
The inverter is also used as a reactive power compensator
when solar illumination is not available. For these cases,
a control loop is additionally applied to control the volt-
age in the DC circuit. The presented approach significantly
improves the power factor of the network and the overall
harmonic distortion. Article [44] again uses the PV inverter
as a reactive power compensator. To ensure that the inverter
has developed sufficient control potential, an MPPT method
is presented to create a margin for the wide application of
reactive power control in current sizing. These are alternatives
in order to create inverter control potential without oversizing
the device and having to install additional reactive power
compensation devices.

Reference [45] uses switching inductive elements for
voltage control purposes and inverters as reactive power com-
pensators for appliances. When there is significant generation
from PV, inductances owned by the DSO are switched. This
method of regulation is known as L(V') control. The results
of the study show that the deployment of inverters as com-
pensators in combination with L(V') control achieves a stable
voltage profile, reduction of reactive power flows as well as
reduction of active losses. The limitation of reactive power
flows in LV networks brings an increase in Hosting Capacity.

Article [46] presents the inverter as a compensator for
voltage. Innovative strategies for adjusting the autonomous
characteristic Q = f(V) to make the reactive power redis-
tribution fair are presented. The strategies described in this
way use communication between master and slave inverters.
The issue of using inverter oversizing to benefit the control
potential and cooperation with STATCOM systems is also
addressed. Reference [47] provides a comparison of reac-
tive power management of LV level inverters. The functions
compared were Q = f(V), constant power factor, power
factor adjustment according to schedule and power factor
adjustment in defined steps. The paper evaluates the positive
contribution of all methods of inverter control on voltage and
in conclusion the authors point out the necessity of applying
economic control principles with respect to the amount of
control reactive power and active losses. A possible solution
to the previous conclusion is given in reference [48]. The
authors implemented the standard Q = f (V) control. If the
voltage measured by the inverter is in the insensitivity band,
the central logic can command the inverter to control in
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another way, for example as a reactive power compensator.
However, this control method requires communication links
to the central logic of the network.

Inverter manufacturers provide the Q 24/7 function
(reactive power compensation) to achieve reactive power
self-sustainability. The utilization of such function to
support the network is dealt with in [49], [50], [51],
and [52].

Implementations of control loops in terms of their effec-
tiveness on control quality (dynamics, harmonic content, etc.)
are discussed in the literature [53] and [54].

F. PAPER ORGANISATION

This paper is divided into seven sections. Section I. describes
the reasoning for the selected topic of new control of
single-phase PVP at the LV level. The legislative frame of
European countries is introduced as well as the typical con-
figuration of single-phase PVP systems from an LV DN point
of view. The last part of this section deals with research on
existing and innovative methods of LV network control in
available publications.

Section II. presents in detail a newly designed control
algorithm for a single-phase inverter. Additionally, it contains
the derivation of the principle for the newly developed control
algorithm for single-phase inverters, which incorporates the
future needs of network operation specified in the first section
and the first part of the second section.

Section III. describes the implementation of the newly
developed control into a dynamic PVP model using PSCAD
software and the presentation of results of dynamic simula-
tions in regard to existing legislation.

Section IV. introduces the newly developed control case
study of long-term benefits that are based on the four-wire
benchmark CIGRE European LV distribution network cre-
ated in MATLAB/Simulink.

Section V. presents the results of the case study including
a comparison of each LV network setting based on the evalu-
ation criteria (voltage, voltage unbalance, active power losses
and overall reactive power energy in the modelled network).

Section VI. contains the conclusion and Section VII.
contains recommendations for future work.

Il. HYPOTHESIS - POSSIBLE IMPROVEMENTS OF LV
NETWORK CONTROL FOCUSING ON SINGLE-PHASE
INVERTERS

A. DERIVATION OF A NEWLY DESIGNED CONTROL
ALGORITHM FOR A SINGLE-PHASE PV INVERTER

Control and optimization of LV networks should aim for safe
operation, so the limits defined by [55] are not exceeded as
well as control effectivity to avoid unnecessary increase of
active power losses. Due to the above-mentioned increase
in the installed capacity of PVP, usually single-phase con-
nected, the suitable control in the LV network targets voltage
magnitude, unbalance optimization and minimizing reactive
power flows and the active power losses. Since the primary
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focus of PVP household sources is to generate profit and
fast return on investment, any network support that is not
mandatory according to the legislation is hardly applicable.
Moreover, reactive power control results in thermal load of
inverter elements (particularly DC capacitor) [50], which may
decrease its service life [56]. Therefore, the newly designed
control focuses primarily on the inverter’s mandatory net-
work support using reactive power, while active power is
not affected. Should such control (e.g. by “Q on Demand”,
alternatively called “Q at night” or Q 24/7) be outside the
mandatory network support, the legislative framework for the
LV level needs to be introduced to incentivize householders
(see [39)).

The references of photovoltaic (PV) inverters in the role of
voltage compensators show the risk of their low efficiency
at the LV level and the possible increase of active losses
during significant flows of control reactive power [31], [46].
A more effective use is then brought by the role of inverters
as compensators for reactive power at the LV level [48]. The
newly designed control tries to consider the supply point
together with PVP installation as a reactive power control
element. Regarding the local impact of the reactive power
control, this control is autonomous in relation to the sup-
ply point and unlike approaches described in [27], [32],
[33], [34], and [48], there is no communication with the
central network logic or other points of connection, which
saves additional costs of installation and general control
implementation.

The LV network impedance can be defined through
R/X ratio, which for the LV network should be in the range
of 0.7 and 11 [57]. The value of R/ X ratio increases with
distance from the supply transformer [8]. The voltage drop
on the network impedance is expressed by (1).

AV = (R +)X) (Liea £l imaginary) M
where AV is a voltage change in V, R is network resistance
in 2, X is a network reactance in 2, I, is a real compo-
nent of network current in A and liaginary 1S an imaginary
component of network current in A. By expressing active
and reactive power and by omitting imaginary components,
(1) can be expressed as follows (2).

_ (RP£XQ)
- 3V

AV 2)
where P is active power in kW, Q is reactive power in kVAr
and V is a voltage in V. The voltage change ratio between the
case when the plant does and does not control the reactive
power is expressed by (3).

. AVcosgo;él

c=
AVcosga:l

3

where ¢ is a dimensionless factor of voltage change,
AVeosp1 18 a voltage change in V of a plant with reactive
power control and AViosp—1 is a voltage change in V of
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a plant without the reactive power control. Using above-
mentioned (2) and (3) we can derive:

RP + X0
cx 2% @)
RP
RP + X X
@ _1+%.2 (5)
RP R P

Fig. 1 shows the impact of R/ X on the magnitude of voltage
change caused by reactive power control.

—cos =1

— cos ¢ =095
cos ¢=09
cos ¢=0.8

— cos ¢ =0.707

6
B4
X

FIGURE 1. The impact of voltage changes during the reactive power
control on R / X impedance in the supply point.

As was mentioned, for the LV network, R / X is usually
in the range of 0.7 and 11 [57]. This value range and Fig. 1
show that the reactive power control at the LV level is not very
effective.

The low effectivity of reactive power control was uti-
lized for the newly designed control scheme, using the
reactive power control primarily for the compensation of
injection/consumption of supply point (household) reactive
power so this supply point will be self-supporting in regard
to reactive power. This control is positioned into the voltage
control dead band. Reactive power control is utilized only
for significant voltage changes. The reactive power compen-
sation of the supply point decreases the current unbalance
of load, thus helping with improving the voltage unbalance
in general and reducing active losses. Efficiency is the gen-
eral rule in distribution and transmission systems operation.
Hence every operator tries to diminish active power losses
during transmission and distribution across all voltage levels.
Based on equations from [8] used for the calculation of
power flow and overall losses, current phasors and complex
powers for elements connected between node “i”” and “‘j”’ in
a four-wire system can be defined as:

7123n v 123n y123n r7123n

/; _ | i )_/U . Ui (6)

I-l 23n | — ngcn Y-1-23n U~123n

J Ji i J
where [ i123” is current phasor in each phase and neutral wire
in the node “i** side in A, ¥/, V123, ¥/ ¥ 123" are shunt
and series admittances of equivalent IT-element in the four-
wire system in S and Ul.1 231 is voltage phasor at node “i** in

the four-wire system in V. The following equations are the
result of complex power expression:

Svl_123n Ui123n ji123n *
Svj123n = Uj123n : ;jmn @)
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where 5}23” is the complex power of a four-wire system in

node “i”’ in VA, ii123” is current phasor in each phase and
neutral wire in node *“i”” side in A and U l.l 231 is voltage phasor
at node “i” in the four-wire system in V. Complex losses
in the transmission network element can be calculated as a

vector sum of complex powers at both element ends:
g123 S123n | gl23
ASU "= Sl " + S] " (8)

where AS‘i}.B” are complex losses in VA. Overall losses are
then determined as a sum of power losses of each trans-
mission element. The overall losses in a four-wire network
with asymmetrical load need to take into account resistance
losses in each phase conductor as well as in neutral con-
ductor [58], [59]. Hence it is clear that the reactive power
flow in a four-wire LV network results in undesirable active
power losses. Therefore, minimizing reactive power flows in
single-phase installations is useful.

B. THE NEWLY DESIGNED CONTROL ALGORITHM FOR
SINGLE PHASE INVERTER

The newly proposed algorithm uses a widely set insensitiv-
ity band of autonomous control Q = f(V). It embeds the
reactive power management function into this insensitivity
band. This function, when the voltage is within the control
insensitivity band Q = f(V), compensates the reactive power
consumption of the load point to zero within the inverter’s
reactive power control range. This makes the load point
and, with the widespread adoption of these inverters, the
LV network more independent in terms of reactive power
consumption. The limited flow of reactive power through the
LV network results in savings in active losses. Compensated
reactive power consumption helps to symmetrize the load
point. Voltage regulation with a steep ramp thus becomes
only a safety brake for the voltage due to lower efficiency
at the LV level. Fig. 2 shows the form of autonomous control
characteristics and is based on [60].

Qurax(c)

I

Reactive power
management region

B)

Qo \

FIGURE 2. Control characteristics Q = f(V) with dead band for reactive
power management.

The autonomous control function Q = f(V) can be
described by (9):

Qmax(C)’ Vl = X]

i—X, X <V <X

= s < =

X, —x, 2 © 1 1 >
oWV)y=10, X < VI =X3 9)

=%, X; <V <X

—— <

X x, Qe X 1 < X4

Qmax(L)’ V1 > X4
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Points X to X4 define the characteristics profile and express
a dimensionless ratio V1/ V,,. Vj is measured phase voltage at
the inverter’s point of connection in p.u. and V/, is the nominal
phase voltage of the LV network in p.u. Quax(c) and Qumax(r)
are the maximum available reactive power for generation and
consumption in p.u. [28], [29], [30], [31].

The proposed control algorithm itself is presented in the
form of a flowchart in Fig. 3. If the Smart control algorithm
is not activated, the inverter operates with zero reactive power.
When the Smart control algorithm is activated, the exceeding
of the Q = f(V) threshold is checked first. If the threshold is
exceeded, predefined autonomous control is activated. If the
threshold is not exceeded, the inverter compensates the reac-
tive power of the supply point in the phase it is connected
to (and thus regulates to zero the reactive power flow at
the interface of the prosumer and DSO). This function is
labeled as Reactive power management in Fig. 2 and Fig. 3.
In such cases, reactive power measured by the smart meter at
the prosumer/DN interface is used as reference input for the
compensation control sequence.

START

Smart reg.
activation

> <&
P <

Qvverter =0

Reactive power
management [~
(Q compensation)

V,, — nominal voltage
V1 — measured L-N voltage in phase 1

X, — voltage regulation threshold -up (Fig. 2)
X3 — voltage regulation threshold -down (Fig. 2)
QmverTer — react. power of PV inverter

FIGURE 3. The newly proposed single-phase PVP control algorithm
characteristics Q = f (V) with dead band for reactive power management.

Measuring data for the inverter needs to be available for
the implementation of this algorithm. These data can be
transferred from the smart meter through e.g. LAN network
[35], [36], [37]. No more data are necessary in the case of
autonomous control characteristics since the inverter already
has all the data.

A detailed implementation of the proposed control in
the control structure of the inverter is shown in Fig. 5 in
section III. Compared to the OPF based PV control methods,
the undeniable advantage of the proposed method is the zero
communication facilities between the individual parts of the
network and the absence of central logic. The communication
of the inverters with the smart meters is only handled locally
within the load points. This ensures the autonomy of the
solution, ease of implementation (including financial) and
robustness of the solution compared to systems with central
logic and extensive communication network.
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From the cited references [33], [34], and [35], OPF-based
methods can also improve voltage asymmetry in a targeted
manner (our proposed algorithm symmetrizes current draw
by compensating for reactive power consumption). In order to
calculate the voltage asymmetry accurately, the measurement
of all the voltage phasors at the point of common coupling,
that enter the OPF must be used. However, OPF methods
depend on a complex network image (many measurement
points) and a reliable communication link with the central
logic. This predisposes these systems to high cost and tech-
nological complexity compared to stand-alone solutions.

Ill. IMPLEMENTATION OF THE SMART CONTROL
ALGORITHM INTO THE SIMULATED INVERTER

CONTROL SYSTEM - THE DYNAMIC SIMULATION

The supply point model with a single-phase PVP and three-
phase reactive and active power consumption was created
to verify the dynamic behavior of the control algorithm.
The dynamic model was created using PSCAD 5.0 [61]
with EMTDC calculating core [62]. This model is based on
single-phase inverter control using PWM.

Photovoltaic (PV) panels were implemented using the
default PSCAD prototype that is based on [63]. A DC-DC
converter with hardware designed according to the [64] was
connected to these PV panels. The default PSACAD MPPT
blocks [65] and [66] were implemented into DC-DC control.
Since active power control is not the subject of designed
control, DC-DC inverter control used optimized value calcu-
lated by the MPPT tracker (the perturb and observe method
was used) at the PV panels. DC-DC inverter control was
implemented by PWM.

The single-phase inverter uses a full bridge model.
Network interference was simulated by an LCL filter
designed according to the [67]. Inverter control was designed
in a d-q-0 system while the PVP control scheme was derived
from [68] and [69].

The supply point model utilizes a RLC element with set
power in each phase. RLC values are modeled as constant
power consumption [38].

The power line diagram including measured values trans-
mitted through LAN communication (green dotted line)
between smart meter and inverter is depicted in Fig. 4.

VDC_panels
MPPT
IDC_paneIs h Qiemo 5; 5 }
- iy sy SRS
+ + — > > >
(7} > >
© DC " AC [ i2_sm
= Hler —>= b
T . S| |73 sm =
a Voc filter| |7| [ = w
> |- n =
Z 15| bc -5 DC \ || N 1
N 1222 28
LJL[LIN DSO

Residental load Wh
FIGURE 4. Diagram of PVP plant, supply point, and smart meter including
the communication link.

The inverter is controlled to a constant voltage by the
1; controller in a DC circuit. The proposed reactive power
of Smart control is located in the I, control implementing
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FIGURE 5. Inverter control with implemented Smart control loop (Q;6rip
is the reactive power flow measured by the smart meter at the prosumer/
DSO interface).

inverter PQ diagram using limiting I; and I, values. Fig. 5
depicts the inverter control sequence.

PVP parameterization including the control constants is
shown in Table 2.

TABLE 2. Dynamic simulation parameters.

Block Parameter Value  Unit
PV panels installed power (P,) 3.27 kW
Inverter Sizing 4.64 kVA
Maximal reactive power at P, +3.27 kVAr
PVP model Nominal voltage AC (L-N) 0.23 kv
Nominal frequency 50 Hz
Nominal voltage DC 0.4 kv
Srwn ac 6000 Hz
L grid side 1.75 mH
L inverter side 2.92 mH
LCL filter C filter 2792 uF
R filter 2.09 Q
L 2349 mH
P ¢ e
Jewm_pc 6000 Hz
DC voltage Proportional Gain 0.1 -
regulator Integral Constant 0.05 s
Reactive power Proportional Gain 0.1 -
regulator Integral Constant 0.5 s

The modeled supply point with PVP was tested using
the proposed algorithm to demonstrate the proper operation
and effectiveness of the newly designed control. PVP active
power and load were constant during the test. Smart control
was activated in 0.5 seconds. The PVP supply point was
connected to the 1 km line element represented by 240 NAY'Y
cable (R =0.125 Q/km, X = 0.08 ©2/km). A neutral conductor
was modeled with the same parameters. The supply point was
simulated by 5.4 MVA with R/ X = 0.375. Function Q =
f(V) that new control utilizes was parameterized as follows:
X1 =0.9; X2 =0.92; X3 =1.08; X4 = 1.1.
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The simulation step for all simulations was set to 10 us.
Fig. 6 shows the results of PVP behavior during simulation
including the load time profile. The positive value of power
represents the injection of power into the network, negative
value represents consumption. Power flows of the supply
point (production and consumption together) were monitored
using smart meter measurement at the phase the inverter
is connected to. The proposed inverter Smart control was
activated at the start of the simulation.

a— PINVERTER — QFNVERTER g P1 GRID Q1 GRID
A B G D

10

05 /L
g 0.0 [~ s
o -05
o 10 4 . . e M

-15

e 5 10 15 20
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Wy — W Vs
1.14
112 < ]
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FIGURE 6. Simulation of the response of dynamic model comprising
single-phase inverter control (Positive sign for power means power
supply to the grid and vice versa), Pjnyerrer @and QunverTER are powers at
the inverter terminals, P,gg;p and Q;ggjp are powers measured by smart
meter (PVP and consumption together).

In section A of the time profile, inverter-measured voltage
was within the dead band. Thus, reactive power manage-
ment was activated and inverter control has regulated the
supply point reactive power consumption to zero. The control
reaction time was 5.1 s.

In section B of the time profile, voltage was forced to
exceed the Q = f(V) control threshold by simulated network
supply. Autonomous Q = f (V) voltage control was activated
and the stable working point of inverter’s reactive power was
achieved while the voltage decreased below 1.1 V,,. Inverter
reaction time was 5.5 s while using reactive power control.

In section C, an additional voltage swell was initiated
above 1.1 V;, by decreasing reactive power consumption by
0.7 p.u. The inverter increased the reactive power consumed
from the network up to the maximum value of —1.0 p.u.

In section D, the step return of voltage to the O = f(V)
dead band was simulated in the inverter point of connection.
The reactive power management mode was reactivated and
inverter has compensated the supply point reactive power
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consumption to zero again. The inverter reaction time was
5.3 s in this case.

The dynamic behavior during reactive power control for
power plants in a LV network is defined in [5] and [7].
These documents define reactive power control so that the
generating module shall reach 90% of the set value in 1-5 s
and 100% in 5-60 s. The presented simulation was set for
fast dynamic so that required values would be achieved in
the shortest possible time in compliance with relevant reg-
ulations. The simulation demonstrates easy implementation
of the proposed control to the inverter control system while
compliance with control time requirements is achieved.

IV. CONTROL BENEFITS CASE STUDY

A case study utilizing the European benchmark LV network
(residential feeder) [57] was created to verify the long-term
benefits of the proposed control, see Fig. 7. The case study
aims to evaluate Smart control in regard to the sustaining
voltage in the range of £10% of V,, cut the reactive power
flow to the network during a one-week period and cut the
active power losses expressed by active energy as well as
voltage unbalance.

FIGURE 7. LV benchmark network (residential feeder) according to [57].

The simulation model was created in MATLAB/Simulink
with the Simscape Electrical module. In the solver, a sample
time of 0.5 s was chosen for the calculation of the RMS
values. The parameters of short circuit power, transformer,
cables and earthing were taken from the default network
setup described in the document [57]. The LV lines model
uses an exact four-wire diagram through 4 x 4 matrixes
respecting interphase relations, including earthing. Supply
points with single-phase connected PVP are modeled in each
node. Data from the largest DSO in the Czech Republic was
used in the presented simulations. Weekly profiles of active
power and reactive power consumption for each phase were
created using smart meters aggregated data for each supply
point respecting installed power (based on circuit breaker
dimension acquired from smart meters data) and Coincidence
factors [57]. Thus, the simulation demonstrates a single sum-
mer week (from Monday to Sunday) in 15-minute intervals.
The unit power of a typical single-phase PVP was selected
(3.68 kW). The PVP was always connected to the most loaded
supply point phase. A PVP generation profile was created
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from solar illumination measurement at the PVP during one
week with 15-minute resolution (again data from DSO). PVP
distribution to each node is demonstrated in Table 3.

TABLE 3. Number of unit PVP in node and phase.

PVP LI L2 L3

RI 552kW(L.5)  5.52kW(L5)  1472kW (4)
R11 3.68 kW (1) 0kW (0) 0kW (0)
RIS 1.84 kW (0.5)  3.68kW (1) 9.2 kW (2.5)
R16 1.84kW (0.5)  736kW(Q2)  5.52kW(L5)
R17 1.84kW (0.5)  3.68kW (1)  1.84kW (0.5)
RIS 368kW (1)  184kW(0.5)  5.52kW(L.5)

There were two evaluated variants of PVP inverter PQ
diagrams; Type A with maximum reactive power range
Q/ Py, from 0.484 to —0.484 with no Q 24/7 function and Type
B with wide reactive power control range from 1 to —1 of
Q/ P,, with Q24/7 function. The inverter control characteristic
setting of Q = f(V) function is in compliance with tagged
key points shown in Fig. 2 as follows: X; = 0.93; X, = 0.95;
X3 = 1.08; X4 = 1.1. Four calculation scenarios were ana-
lyzed in the case study:

1) Scenario 1: Supply points with consumption only, i.e.

no PVP installation in the system.

2) Scenario 2: Supply points with consumption and PVP
installation, all inverters power factor set to 1.

3) Scenario 3: Supply point with consumption and PVP
installation, all inverters working with proposed Smart
control, PQ diagram does not support Q 24/7 function
(Type A PQ diagram).

4) Scenario 4: Supply point with consumption and PVP
installation, all inverters working with proposed Smart
control, PQ diagram supports Q 24/7 function with a
wide range of reactive power (Type B PQ diagram).

V. CASE STUDY MAIN RESULTS

A. VOLTAGE MAGNITUDE

Various ways are used to visualize simulation results. The
first way contains voltage profiles for each phase and partic-
ular nodes during the whole simulation period. As expected,
there are significant differences between each node of the
modeled network as well as important differences between
assessed scenarios. Fig. 8 shows voltages in node RO at the
LV busbar. Minimum voltage variation from the value set at
the LV busbar can be seen there.

On the contrary, at the terminal end (e.g. node R18) the
voltage variation is way more significant, and a significant
range of voltage values is experienced, particularly due to
the high short-circuit loop impedance of the relevant node
in the network, see Fig. 9. The maximum allowed voltage
of 1.1 p.u. is exceeded particularly during the period when
the PVP generates the highest active power (typically around
noon). A PVP with no Q = f(V) control exceeds the per-
missible maximum voltage more frequently. The minimum
permissible voltage is exceeded mostly during nighttime with
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FIGURE 8. Voltage RMS values in the node RO at the LV busbar.
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FIGURE 9. Voltage RMS values in the node R18.

more significant active power consumption (e.g. resulting
from relevant DSQO’s power tariff policy). The benefit of Q
at night can be seen as well.

The second way of presenting the results is based on
statistical evaluation of voltage RMS values in each phase
at all nodes. Fig. 10 shows the probability density of results.
In almost all cases (nodes and phases), the significant benefit
of the O = f(V) control can be seen, whereas improved Q
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FIGURE 10. The probability density of phase voltages at each node for all
evaluated scenarios.
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at night (red curve) function produces the best results of
all assessed scenarios. This benefit is most significant in
the nodes and phases with the highest installed PVP power
(according to the Table 3). Particularly in the nodes at the
terminal end (R16, R17 and R18), the control ensures that
the voltage is almost always within the permissible range of
0.9—1.1 p.u. The benefit is validated by the evaluation of the
percentage share of voltage values in the permissible range of
0.9-1.1 p.u., see Table 4.

Table 4 shows to what extent the ratios in the nodes comply
with the required voltage range of 0.9-1.1 V,, (EN50160
requires 95% of the number of measurement intervals).
Results demonstrate that, in terms of this criterion, the
nodes at the end of the terminal are particularly troublesome
(nodes R16, R17 and R18).

TABLE 4. Percentage share of voltage values in the permissible range of
0.9-1.1 p.u. for all nodes and scenarios.

Node Scenario 1 Scenario 2 Scenario 3 Scenario 4
RO 100.0% 100.0% 100.0% 100.0%
R1 100.0% 100.0% 100.0% 100.0%
R11 100.0% 100.0% 100.0% 100.0%
R15 100.0% 99.9% 100.0% 100.0%
R16 100.0% 97.8% 99.3% 99.4%
R17 98.5% 95.7% 97.8% 98.3%

B. VOLTAGE UNBALANCE

The voltage asymmetry factor was determined by transform-
ing the phase voltages at individual nodes into sequence
components according to the definition [70] given in [9]:

VL —N_negative

%VUF = (10)

VL—N_positive
where %VUF is the dimensionless voltage scale of voltage
unbalance calculated through voltage sequence components,
VLN _negarive 1s the negative sequence of voltage in V and
VL—N_positive 18 the positive sequence of voltage in V. Since
the %VUF indicator is defined through voltage components,
the single-phase reactive power control can deteriorate it.
While single-phase PVP generates a significant volume of
active power while utilizing reactive power regulation Q =
f(V), the current phasor in the relevant phase is angle-shifted.
Though voltage change can decrease phase voltage variation
from average voltage, the %VUF indicator deteriorates due
to the unbalance voltage calculation using phasor magni-
tudes and angles. This effect can be illustrated using Fig. 11,
which shows the voltage unbalance density in each node
for one week. This impact is significant during significant
PVP generation, particularly when the O = f(V) control is
activated due to the severe voltage variations. In such cases,
the deterioration of %VUF is undesirable collateral damage.
On the contrary, reactive power compensation of the supply
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FIGURE 11. The probability density of %VUF at each node for all
evaluated scenarios.

point in the dominant phase improves the %VUF indicator
if 0 = f(V) control is not activated. Voltage unbalance is
improved by reactive power compensation at a given phase,
thus the %VUF indicator is improved as well.

In some cases (for example simple meter), voltage unbal-
ance is determined by a simplified equation from [70]:

VL —N_max

A%PVUR = (11)

L—N_avg

where %PVUR is the dimensionless scale of voltage unbal-
ance, AV _N max 1s the biggest voltage variation from the
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average voltage value in V and V,_y_q¢ is phase voltage,
calculated as the algebraic average of three-phase voltages
in V. This definition does not consider phasor voltage angles.
Better results for the voltage unbalance factor can be obtained
using this type of calculation, but these results could be
misleading.

C. THE ASSESSMENT OF ACTIVE POWER LOSSES

Active power losses are assessed in regard to the overall
losses in the whole LV network, partial losses in the cable net-
work and the whole four-wire LV system, and partial losses
at the supply transformer. Losses were calculated for one
week of simulation. By comparing each scenario, it is clear
that through the installation of a single-phase PVP (shown in
Table 5) with no reactive power control, the overall reactive
power losses were decreased by 14.5% (local consumption is
covered by PVP generation).

TABLE 5. Details of calculated LV network active power losses.

Scenario 1 Scenario 2 Scenario 3 Scenario 4
[kWh] [kWh] [kWh] [kWh]
Transformer 192.883 192.597 191.980 191.793
LV cables 148.941 99.621 98.823 96.130
Total 341.824 292.218 290.803 287.923

When the newly designed algorithm is applied, an addi-
tional 0.5% decrease in active power losses can be achieved
in the case of the Type A PQ diagram or a 1.5% decrease in the
case of the Type B diagram with Q at night function. A major
cut in active power losses was calculated for a four-wire LV
network. Therefore, the benefits of newly designed control
can be clearly seen in regard to the active power losses.

D. THE ASSESSMENT OF REACTIVE ENERGY
The assessment of LV network reactive energy was made
for the supply transformer (primary and secondary side), for
reactive power consumption of the supply points and for
the PVP inverters (reactive energy for reactive power injec-
tion and consumption was calculated specifically). Reactive
energy was determined for one whole week of simulation.
Based on the simulation, the integration of the PVP with no
reactive power control into the LV network results in small
variations of overall reactive energy variation (measured at
the primary side of the supply transformer) that are caused by
active power flow changes and subsequent voltage change.
When new reactive power control is implemented (Type A
PQ diagram — scenario 3), the LV network consumes 39%
less reactive energy from the MV network. In the case of
the Type B PQ diagram using Q at night function, the reac-
tive power cut in the LV network increased to 64%. The
volume of reactive energy that the LV network consumes
from the MV network increases with the activation of the
Q = f(V) function during peak PVP generation. The Q =
f (V) control along with the new controlling algorithm, which
utilizes a wide dead band range, saves reactive energy. If the
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voltage exceeds the threshold, this function contributes to
voltage control within a few percent of the inverter’s total
reactive energy. The bigger reactive energy consumption of
the inverters in scenario 4 results from their wider reactive
power control range (Type B PQ diagram).

The volume of reactive energy injected by inverters into
the network represents the sum of reactive energy for Q =
f (V) control (in case voltage of the inverters is not within
the control threshold) and reactive energy injected into the
supply point by reactive power management functions. Reac-
tive energy cuts and increased self-sustainability of the LV
network in regard to reactive energy using new control are
evident, see Table 6.

TABLE 6. Details of calculated LV network reactive power energy.

Scenario Scenario Scenario Scenario
1 2 3 4
[kVArh] [kVArh] [kVArh] [kVArh]
Transformer 100 604 1 138.864 700.036 405.476
MV side
Transformer 55 53 926.083 488.533 194.710
LV side
Load 882.681 882.681 882.681 882.681
consumption
PV inverter - - 459520  753.586
njection
PV inverter - - 22326 24.385
consumption
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FIGURE 12. Node “R1” PQ diagram, supply point connected to the low
impedance network part.
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E. OPERATIONAL PQ DIAGRAMS OF THE SUPPLY POINT
Control actions and the impact of a specific scenario on
the PQ diagram of each node are illustrated in Fig. 12 and
Fig. 13. Positive active and reactive power represent the
consumption of power from the network; negative active or
reactive power represents the injection of power from node
to network. Node “R1” was selected because of its high
short-circuit power and node “R18” as being the farthest
node (electrically) with the lowest short-circuit power.

Fig. 12 and Fig. 13 clearly show that the PVP in a specified
installation scheme with no control results in active power
overflows from nodes to network (scenario 2). The biggest
overflows from nodes to network occur at the dominant phase
(phase 3 according to Table 3).

The implementation of a new control results in a PQ
diagram change. As can be seen in Fig. 12 and Fig. 13,
controls tend to reduce reactive power in every monitor node
if the voltage is within the Q = f(V) threshold. The effect
is illustrated the best in node “R1” (biggest short-circuit
power), where the reactive power in all phases is almost
completely compensated using scenario 4 with a wide PQ
diagram and Q at night function, hence the node is neutral
from a reactive power perspective. In the case of node “R18”,
the Q = f(V) control threshold is exceeded due to the high
impedance and PVP generation. Reactive power management
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FIGURE 13. Node “R18” PQ diagram, supply point connected to the high
impedance network part.
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and Q = f(V) control is applied in each phase. Control
actions of Q = f(V) consuming reactive power (during peak
PVP generation) are evident in scenario 3 with a Type A
PQ diagram. Scenario 4 additionally contains evident inter-
ventions in reactive power supply with subsequent reactive
power overflows from node to network. This is a result of
inverter control action with Q at night function during high
consumption evening hours when voltage falls under the
threshold of Q = f (V) control. PQ diagrams of this node are
therefore most similar to the Q = f (V) control characteristic.

VI. CONCLUSION

The paper deals with the planned development of PVP in LV
networks and the necessary careful reactive power manage-
ment. Thus, a new control algorithm for developing a segment
of single-phase inverters was created to control supply point
reactive power as a whole, decreasing supply point voltage
unbalance, to control the voltage at the point of common
coupling, and to participate in LV network reactive power
control in general.

The dynamic behavior of the new algorithm was tested
in PSCAD software, where the voltage control dynamic as
well as the dynamic of the compensation mode for reactive
power in the supply point comply with requirements defined
by RfG [5] and EN 50549-1 [7].

Additionally, the control algorithm was tested under a
European benchmark LV network [57] case study with a
fully four-wire network model. The benefits of implemented
control modes were compared with situations where no PV
regulation is available. One control mode used a narrow PQ
diagram range, the other used a wide PQ diagram mode
(including Q 24/7 function).

Results show the expected impact of Q = f (V) control on
minimizing intervals when voltage exceeds the range +10%
of MV even for wide range dead band (control is used in
voltage ‘“‘emergency brake”” mode).

Reactive power compensation in the threshold of
autonomous Q = f(V) control significantly reduced the
reactive power flow in the LV network, which otherwise shall
be injected from higher voltage levels. In the case of the Type
A PQ diagram, a reduction of 39% of reactive energy was
achieved; in the case of the Type B PQ diagram utilizing
the Q 24/7 function with a wider Q range, the reduction of
64% of reactive energy was achieved from the summary of
1139 kVArh for one week.

In scenarios with implemented control, active power losses
in the LV network were reduced by 0.5% (Type A PQ dia-
gram) and 1.5% (Type B PQ diagram).

Voltage unbalance improvement was experienced in the
case of supply point reactive power compensation in the dom-
inant phase. On the contrary, voltage unbalance deteriorates
when autonomous Q = f(V) control is active. This is based
on voltage unbalance definition [9] that uses voltage positive
and negative sequences. If the single-phase inverter activates
reactive power control in the voltage change suppression
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mode, the current phasor in the single phase is angled leading
to possible deterioration of voltage unbalance.

Compared with methods described in section I. (part E), the
benefit of the new algorithm is that it supports an autonomous
solution determined only by the supply point itself. The sug-
gested solution requires neither central logic nor expensive
communication links throughout the LV network (as meth-
ods based on OPF). This control method can be introduced
within existing mandatory inverter support requirements for
networks (a defined minimal reactive power range according
to legislation) by implementation instruction on the national
level.

VIl. RECOMMENDATIONS AND FUTURE WORK

In the future, financial incentives for wider reactive power
support could be implemented to motivate prosumers for
wide reactive power grid support in the best case with Q
at night function. Contrary to most other applications, the
suggested approach does not use Q = f (V) as primary voltage
control but rather as an “emergency brake’’ while the avail-
able dead band is utilized for efficient reactive power control.
The paper points out that due to R/ X > 1 at the generation
point of common coupling at the LV level, the voltage control
using reactive power is not very effective and utilization of
such control by single-phase inverters can therefore degrade
voltage unbalance, which is calculated from voltage positive
and negative sequences. Many published papers contain no
definition of how voltage unbalance is calculated, hence the
impact of single-phase inverters with Q = f (V') control can be
misleading if it is based on a simplified definition. Addition-
ally, presented PQ diagrams of the supply point indicate that
with no Q at night function, the inverter will be most proba-
bly unable to support the network during high consumption
periods (e.g. e-mobility).

Regarding the OLTC application benefits that are pub-
lished in [25] and [26], we planned to combine the Smart
control algorithm with OLTC focusing on both control
method coordination. A combined control loop will be cre-
ated for transformer control, taking LV busbar voltage and
voltage in LV network critical point into account.
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