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Abstract: The increasing share of distributed energy resources aggravates voltage limit compliance
within the electric power system. Nowadays, various inverter-based Volt/var control strategies, such
as cosϕ(P) and Q(U), for low voltage feeder connected L(U) local control and on-load tap changers
in distribution substations are investigated to mitigate the voltage limit violations caused by the
extensive integration of rooftop photovoltaics. This study extends the L(U) control strategy to X(U)
to also cover the case of a significant load increase, e.g., related to e-mobility. Control ensembles,
including the reactive power autarky of customer plants, are also considered. All Volt/var control
strategies are compared by conducting load flow calculations in a test distribution grid. For the first
time, they are embedded into the LINK-based Volt/var chain scheme to provide a holistic view of
their behavior and to facilitate systematic analysis. Their effect is assessed by calculating the voltage
limit distortion and reactive power flows at different Link-Grid boundaries, the corresponding active
power losses, and the distribution transformer loadings. The results show that the control ensemble
X(U) local control combined with reactive power self-sufficient customer plants performs better than
the cosϕ(P) and Q(U) local control strategies and the on-load tap changers in distribution substations.

Keywords: Volt/var control; distribution grid; photovoltaic; smart grid; LINK; boundary voltage
limits; local control; X(U); CP_Q-Autarky

1. Introduction

Voltage is one of the basic quality parameters of power systems with limits specified
in grid codes [1]. The massive connection of renewable and distributed generation and the
increasing electricity demand aggravate compliance to the voltage limits, especially in the
radial structures of distribution grids. Active and reactive power flows in these grids, as
well as the transformers’ tap positions, affect the voltages. However, active power is the
only product of the power industry that, as a consequence, should not be used for voltage
control, even in grids with an R/X ratio greater than 1. On the contrary, reactive power
is a by-product of AC systems proven to have an essential effect on voltages. Therefore,
controlling reactive power and on-load tap changers (OLTC) through a Volt/var control
(VvC) process is feasible to maintain acceptable voltages within the distribution grid. Many
distributed energy resources (DER) can participate in the VvC process by contributing
reactive power [2]. Today, local controls are mainly used to utilize their var capabilities
across all power system levels.

Rooftop photovoltaic (PV) inverters, installed at the customer plant (CP) level, are
commonly equipped with cosϕ(P) and Q(U) controls [3], or more sophisticated strate-
gies [4–8], in order to mitigate voltage limit violations at the low voltage (LV) level. These
control strategies may also be applied to electric vehicle (EV) chargers [9,10]. However, the
distributed nature of CPs weakens the effectiveness of these control strategies [11], making
active power curtailment necessary in many cases [12]. The use of customers’ appliances to
control the voltage in LV grids provokes social issues concerning data privacy and discrimi-
nation [13], contradicting the political intentions of the European Parliament [14,15]. As an

Energies 2021, 14, 5641. https://doi.org/10.3390/en14185641 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-8077-4748
https://orcid.org/0000-0002-4772-2655
https://doi.org/10.3390/en14185641
https://doi.org/10.3390/en14185641
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14185641
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14185641?type=check_update&version=2


Energies 2021, 14, 5641 2 of 31

alternative, local Volt/var control may be realized directly at the LV level. Some research
projects have upgraded distribution transformers with OLTCs [16]. OLTCs are slow to
operate and are sensitive to the number of tap operations. They cannot react appropriately
to the voltage fluctuations caused by the intermittent PV injections. Temporary voltage
limit violations and unnecessary tap operations are thus a consequence, jeopardizing the
electrical equipment and shortening the transformers’ durability [17]. Reference [18] pro-
poses a Volt/var control ensemble, where L(U) controlled inductive devices installed close
to the ends of the violating LV feeders control the voltage locally, and the PV inverters
supply the reactive power demand of the CPs. However, the increasing electricity demand,
which is mainly due to the electrification of the heat and transportation sector [19], may
provoke violations of the lower voltage limit that the inductive devices cannot mitigate.
The OLTCs supplying substations control the voltage at the medium voltage (MV) level.
In some cases, additional capacitor banks are used to support voltage control for long
feeders [20].

The uncontrolled reactive power flows provoked by local VvCs in the radial struc-
tures of distributed grids constitute a significant concern for future smart grids [21]—
transmission (TSO) and distribution system operators (DSO) are experiencing substantial
operational challenges [22,23]. The use of modern information and communication tech-
nologies (ICT) to automatically optimize, protect, and monitor the operation of the complete
power system, including CPs [24], does not meet the rigorous cyber-security and data
privacy requirements [25].

Completing all technical and market-related aspects by meeting today’s data protec-
tion and cyber security requirements requires a holistic view of smart grids [26]. The LINK
architecture provides a holistic solution for smart grids, enabling the execution of various
operation processes, such as demand response, static and dynamic stability, generation
load balance, and monitoring [26,27]. It divides the power system into chains of grid-,
producer-, and storage-links, which fit one into another to establish flexible and reliable
electrical connections [28]. The standardized structure of LINK-based smart grids allows
for realizing the Volt/var process in the horizontal and vertical axes as chain controls
that minimize the necessary data exchanges [29]. While the horizontal axis includes the
interconnected high voltage (HV) grids, the vertical ones contain all system levels, i.e., HV,
MV, LV, and CP levels [30].

Numerous studies have been conducted to analyze the effects of different Volt/var
control strategies on the behavior of LV grids using load flow simulations [13,31–34]. These
studies calculate the grid state for a specified voltage at the slack node, but do not analyze
the impact of Volt/var control on the boundary voltage limits (BVL) at the distribution and
supplying substation levels [35] for different local control strategies such as cosϕ(P), Q(U),
and OLTC in distribution transformers. This paper upgrades the L(U) local control strategy
to X(U), supporting the increase in electricity demand, e.g., due to e-mobility. The LINK
architecture [28] is used to analyze the impact of various Volt/var control strategies on the
voltage limits at different system boundaries, such as LV−MV and MV−HV. All control
setups are embedded into the LINK-based Volt/var control chain scheme.

Section 2 describes the materials and methods used, including the methodology,
generalized Volt/var chain control, test grids, and control setups. The results are presented
in Section 3. In Section 4, the effects of the different control setups are compared and
discussed. Finally, conclusions are drawn in Section 5.

2. Materials and Methods
2.1. Methodology
2.1.1. Investigation Methodology

Figure 1 shows the methodology used to investigate the effects of the individual
control strategies. The state-of-the-art and newly introduced local control strategies are
embedded into the LINK-based Volt/var control process. Possible control ensembles, i.e.,
combinations of local controls at the LV level with the Q-Autarkic operation mode of
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customer plants, are identified. Load flow simulations are conducted in an exemplary
vertical link chain, including the MV, LV, and CP levels, to quantify the effects of various
control arrangements on the grid behavior.
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Figure 1. Methodology used to investigate the effects of individual control strategies in the LINK-based Volt/var con-
trol process.

2.1.2. Modeling Procedure

The LINK-based chain modeling procedure, introduced in [35] and overviewed in
Figure 2, is used to calculate the test grids’ behavior for different Volt/var control arrange-
ments. In contrast with conventional load modeling, this approach uses the BVL-concept to
validate voltage limit compliance throughout the entire Smart Grid through separate analy-
sis of each system level. Joint modeling and analysis of MV and LV grids are not necessary.
First, the lumped CP models are created by specifying their P(U) and Q(U) behavior and
setting their boundary voltage limits to conform to the Grid Code. The lumped CP models
are used to calculate the P(U) and Q(U) behavior and the boundary voltage limits at the
distribution substation via load flow simulations, yielding the lumped LV grid models.
Finally, load flow simulations are conducted at the MV level to identify the behavior and
boundary voltage limits at the supplying substation. Their lumped models represent the
connected LV grids and CPs. This calculation procedure is repeated for different Volt/var
control arrangements to investigate their impact on the system behavior.
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and supplying substations.

2.2. Generalized Vertical Volt/var Chain Control Scheme

LINK architecture arranges Volt/var chain control schemes in the horizontal and
vertical power system axes. The focus of this study is set on the vertical Volt/var chain
control scheme. It involves primary (PC), Direct (DiC), and secondary controls (SC) (see
Appendix A) to maintain the voltage limit compliance throughout the entire smart grid by
coordinating the reactive power flows with the on-load tap changers. Local controls (LC)
may also be integrated.

Figure 3 shows the generalized form of the vertical Volt/var chain control wherein
the grid-links are set according to HV, MV, LV, and CP levels. While the automation and
communication path is drawn in blue, the power flow path is black. One of the evolutionary
discoveries of the LINK solution is the grid identification within the customer plants and
its consideration in the design of the holistic architecture [28]. The underpinned wires
between the meter and the various sockets and electrical devices constitute a radial grid.
The grid-link size is variable and is determined by the area where the corresponding SC
is set up. It may be applied separately to each classical level of the grid and to a part that
includes more than one level, e.g., MV and LV. Each grid-link includes electrical appliances,
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i.e., lines/cables, transformers, and reactive power devices (RPD); the Volt/var secondary
control (VvSC); and interfaces to the neighboring grid-, producer- and storage-links.
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The entirety of all electrical appliances included in a grid-link is denoted as the
“Link-Grid”. Link-Grids are interconnected via boundary link nodes (BLiN), and the
producer- and storage-links are connected to the Link-Grids via boundary producer (BPN)
and boundary storage nodes (BSN). Besides the electrical appliance, each producer- and
storage-link includes a PC and an interface to the corresponding SC. In its generalized
form, the Volt/var chain control utilizes all reactive power resources, including storages
with reactive power capabilities, across all system levels. The neighboring grid-links may
act as additional control variables by accepting reactive power set-points and considering
them as constraints.

Equation (1) compactly represents the control variables and dynamic constraints of
the vertical Volt/var chain control, considering the MV, LV, and CP levels. Three VvSCs
are involved that calculate the set-points for the corresponding control variables, which are
put in parentheses.

VvSCMV−LV−CP
chain =

{
VvSCMV

(
PCMV

OLTC, PCMV
Pr , PCMV

St , PCMV
RPD, DiCMV

RPD, SCMV
NgbCP, SCMV

NgbLV ; CnsMV
NgbHV

)
,

VvSCLV
(

PCLV
OLTC, PCLV

Pr , PCLV
St , PCLV

RPD, DiCLV
RPD, SCLV

NgbCP; CnsLV
NgbMV

)
,

VvSCCP
(

PCCP
Pr , PCCP

St , PCCP
RPD, DiCCP

RPD; CnsCP
NgbLV

)} (1)

At the medium voltage level, VvSCMV calculates the following:

• The voltage set-points for the primary controls PCMV
OLTC of the supplying transformers

and other transformers included in the MV_Link-Grid that have OLTC;
• The voltage and reactive power set-points for the primary controls PCMV

Pr of the
producer-links connected to the MV_ Link-Grid;

• The voltage and reactive power set-points for the primary controls PCMV
St of the

storage-links connected to the MV_ Link-Grid;
• The voltage, reactive power, and switch position set-points for the primary PCMV

RPD
and direct controls DiCMV

RPD of the RPDs included in the MV_ Link-Grid;
• The reactive power set-points for the secondary controls SCMV

NgbCP of the neighboring
CP_Grid-Links; and

• The reactive power set-points for the secondary controls SCMV
NgbLV of the neighboring

LV_Grid-Links;

While respecting the following:
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• The reactive power constraint CnsMV
NgbHV at the boundary node to the neighboring

HV_ Link-Grid.

At the low voltage level, VvSCLV calculates the following:

• The voltage set-points for the primary control PCLV
OLTC of the distribution transformer

included in the LV_Link-Grid (when it possesses an OLTC);
• The voltage and reactive power set-points for the primary controls PCLV

Pr of the
producer-links connected to the LV_Link-Grid;

• The voltage and reactive power set-points for the primary controls PCLV
St of the storage-

links connected to the LV_Link-Grid;
• The voltage, reactive power, and switch position set-points for the primary PCLV

RPD
and direct controls DiCLV

RPD of the RPDs included in the LV_Link-Grid; and
• The reactive power set-points for the secondary controls SCLV

NgbCP of the neighboring
CP_Grid-Links;

While respecting the following:

• The reactive power constraints CnsLV
NgbMV at the boundary node to the neighboring

MV_Link-Grid.

At the customer plant level, VvSCCP calculates the following:

• The voltage and reactive power set-points for the primary controls PCCP
Pr of the

producer-links connected to the CP_Link-Grid;
• The voltage and reactive power set-points for the primary controls PCCP

St of the storage-
links connected to the CP_Link-Grid; and

• The switch position set-points for the primary PCCP
RPD and direct controls DiCCP

RPD of
the RPDs included in the CP_Link-Grid;

While respecting the following:

• The reactive power constraint CnsCP
NgbLV at the boundary node to the neighboring

LV_Link-Grid.

2.3. Description of Test Link-Grids

Figure 4a presents the structure of the test link chain. The MV_Link-Grid connects
15 hydroelectric power plants, 11 urban and 45 rural LV_Link-Grids, and 143 commercial
and 2 industrial CP_Link-Grids. Meanwhile, the rural and urban LV grids supply 61
and 175 residential CPs, respectively. LV grids are considered balanced. The different
Link-Grids are interconnected through the corresponding boundary link nodes (BLiN), i.e.,
the BLiNMV-LV, BLiNMV-CP, and BLiNLV-CP. Meanwhile, the hydroelectric power plants are
connected to the MV_Link-Grid through the BPNMV. The HV level is not modeled, but the
corresponding boundary link node is considered and denoted as BLiNHV-MV.

2.3.1. Customer Plant Level

Four different types of CP_Link-Grids are considered: rural and urban residential,
commercial, and industrial. Only the former is described in detail, while the others are
documented in Appendix B. The voltage limits at the BLiNLV-CP are set to 0.9 and 1.1 p.u.
and conform to the German Grid Code [36]. The corresponding active (PLV−CP

t ) and
reactive power flows (QLV−CP

t ) are determined by three model components: equivalent
consuming device (Dev.-model), producer (Pr.-model), and storage model (St.-model;
Figure 4b). The underpinned wires at the CP level are neglected. Figure 5 shows the load
and production profiles of these model components, which have a resolution of 10 min.
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(b) Pr.-model; (c) St.-model.

All consuming devices, such as switch-mode power supply, resistive, and lighting
devices, as well as motors, are represented by the Dev.-model. Equation (2) determines the
voltage-dependent active (PCP−Dev

t ) and reactive power contributions (QCP−Dev
t ), using

the load profiles and time-variant ZIP-coefficients from [37]. The load profiles reflect
the time-dependency of consumption and depend on the behavior of the occupants and
thermostatic controls that switch the consuming devices on and off. Figure 5a shows the
load profiles used for the Dev.-model: they represent the consuming devices’ average
behavior over many CPs and consider modern equipment such as LED light bulbs. The
latter provokes a capacitive behavior of residential CPs in the evening [38].

PCP−Dev
t

PCP−Dev
nom,t

= CZ,P
t ·

(
ULV−CP

t
ULV

nom

)2
+ CI,P

t ·
(

ULV−CP
t
ULV

nom

)
+ CP,P

t ,

QCP−Dev
t

QCP−Dev
nom,t

= CZ,Q
t ·

(
ULV−CP

t
ULV

nom

)2
+ CI,Q

t ·
(

ULV−CP
t
ULV

nom

)
+ CP,Q

t

(2)
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where CZ,P
t , CI,P

t , CP,P
t , and CZ,Q

t , CI,Q
t , CP,Q

t are the active and reactive power-related
ZIP-coefficients; PCP−Dev

nom,t and QCP−Dev
nom,t are the active and reactive power contributions of

the Dev.-model for nominal voltage; ULV−CP
t is the actual voltage at the BLiNLV-CP; and

ULV
nom is the nominal voltage of the connecting LV_Link-Grid.

The PV system, which has module and inverter ratings of 5 kW and 5.56 kVA, re-
spectively, is represented by the Pr.-model. The active power injection (PCP−Pr

t ) is voltage-
independent [39] and follows the production profile shown in Figure 5b. The effects of
clouds are not considered. The reactive power contribution (QCP−Pr

t ) of the Pr.-model
depends on the applied control arrangement (see Section 2.4).

An EV battery and the corresponding charger are represented by the St.-model.
Through an analogy with the Dev.-model, the active power absorbed by the charger
(PCP−St

t ) is specified using ZIP coefficients from [40] and load profiles from [41], using
Equation (3). The load profiles, shown in Figure 5c, are identified based on measurements
collected within the Low Carbon London EV trial and represent the average behavior
of many residential EV chargers without any smart charging functionalities. The users
initiate the charging processes by plugging in the EVs. The process is terminated when
the battery is fully charged or prematurely disconnected from the charger. The St.-model’s
reactive power contribution is set to zero, i.e., their participation in the Volt/var process is
not considered.

PCP−St
t

PCP−St
nom,t

= −0.02·
(

ULV−CP
t
ULV

nom

)2
+ 0.03·

(
ULV−CP

t
ULV

nom

)
+ 0.99,

QCP−St
t = 0.

(3)

where PCP−St
nom,t is the active power consumption of the St.-model for nominal voltage at

the BLiNLV-CP.

2.3.2. Low Voltage Level

Two real Austrian LV grids are considered [42]: rural and urban. Therefore, only the
rural one is described in detail. Figure 4c shows the main feeders of the rural LV_Link-
Grid. The RPDs used for X(U) in the local control (see Section 2.4.2) and the OLTC in the
distribution substation are grey-colored as they are optional elements. The 0.4 kv grid
includes four feeders with a 6.335 km total line length and 58.64% cable share. The shortest
and longest feeders are 0.565 and 1.63 km in length, respectively. The 400 kVA distribution
transformer (the real grid includes a DTR rated by 160 kVA [42]; a larger one is used in
this study due to the high PV penetration set at the CP level) (DTR) with the transmission
ratio of 21 kV/0.42 kV has a total short circuit voltage of 3.7%, whereby the resistive part
amounts to 1%. Its OLTC has five tap positions, i.e., 1 to 5, and adds 2.5% of the nominal
LV_Link-Grid voltage per tap. Tap position 3 is the mid position and sets the transmission
ratio to its nominal value. The active (PMV−LV

t ) and reactive power (QMV−LV
t ) flows at the

DTR’s primary side and corresponds to the BLiNMV-LV.

2.3.3. Medium Voltage Level

Figure 4d shows the main feeders of a real Austrian 20 kV MV_Link-Grid. The STR
is not included in the model, and therefore BLiNHV-MV corresponds to its secondary bus
bar. The active and reactive power flows at these boundaries are denoted as PHV−MV

t
and QHV−MV

t , respectively. The six MV feeders have a total length and cable share of
267.151 km and 74.66%, respectively. The shortest and longest feeders have lengths of 2
and 46.10 km, respectively. Hydroelectric power plants, rated between 60 and 400 kW, are
modeled as PQ node-elements that constantly inject 70% of their peak generation; they
do not contribute any reactive power. Conforming to the German Grid Code [36], voltage
limits of 0.9 and 1.1 p.u. are considered at their BPNs.
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2.4. Description of Volt/var Control Arrangements

Figure 6 overviews the investigated control arrangements according to the LINK
architecture. Grid-links without VvSC are shown in gold-colored dashed lines, as their
existence should also be discussed in terms of load-generation balancing. The setups
without any Volt/var control (Figure 6a), with cosϕ(P) and Q(U) local controls at the
CP level (Figure 6b), and with X(U) (Figure 6c) and OLTC local controls at the LV levels
(Figure 6d) are considered. The latter are also combined with Q-Autarkic CPs, forming
control ensembles (Figure 6e,f). Analyzing the effect of Volt/var controls at the MV level
is out of the scope of this paper as the hydroelectric power plants do not contribute any
reactive power. The local controls at the CP level are applied only to the PV inverters but
not to the EV chargers. However, excluding EV chargers from Volt/var control reduces
the available inverter rating per CP, but does not affect the controls’ functional principles.
Therefore, no significant impact on the trends identified by comparing the control strategies
is expected.
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2.4.1. No Volt/var Control

Figure 6a shows the chain setup without any Volt/var control. No VvSCs are involved,
and all producers and storages inject or absorb active power with the unity power factor.
No RPDs and OLTCs are considered: the tap changers of all DTRs are fixed in mid-position.

2.4.2. Local Controls

Local controls are used to mitigate the voltage limit violations by avoiding the need
for any VvSCs.

• cosϕ(P) control at the CP level

Figure 6b shows the setup in which PV systems are upgraded with the cosϕ(P) local
control. No RPDs and OLTCs are considered: the tap changers of all DTRs are fixed in
mid-position. Equation (4) compactly presents the resulting Volt/var control setup in the
MV−LV−CP chain.

VvCMV−LV−CP =
{

LCCP
Pr = cosϕ(P)

}
or
{

LCCP
Pr = Q(U)

}
(4)

Figure 7a shows the cosϕ(P) control characteristic specified by the Austrian Grid
Code [43] and used in all of the simulations. The inverters absorb reactive power when
their active power injection (PCP−Pr) exceeds a certain value, which is commonly set
to 50% of the maximal active power production (PCP−Pr

max ). The inverters’ power factors
(cos ϕCP−Pr) are reduced from 1.0 down to 0.9 inductive in times of peak production.
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• Q(U) local control at the CP level

Figure 6b and Equation (4) are also applied when PV systems are equipped with
the Q(U) local control. In this case, the PV inverters absorb the reactive power for high
local voltages and inject reactive power for low ones. Figure 7b shows the default Q(U)
characteristic recommended by [44] and used in all of the simulations. The maximum
reactive power contribution (QCP−Pr

max ) depends on the inverter rating (SPr
r ) and is set by

Equation (5), conforming to the Austrian Grid Code [43], allowing for peak active power
injection with a power factor of 0.9. No RPDs and OLTCs are considered: the tap changers
of all DTRs are fixed in mid-position.

QCP−Pr
max = 0.436·SPr

r (5)

• X(U) local control at the LV level

Figure 6c shows the setup where RPDs equipped with the X(U) local control are
connected at selected LV feeders (see Figure 4c). The term “X(U)” refers to a voltage-
dependent reactance that adjusts itself to maintain its terminal voltage within the acceptable
range. In contrast with the L(U) local control [18], which can only absorb reactive power,
X(U) can absorb and inject reactive power to mitigate violations of the upper and lower
voltage limits. In practice, X(U) is an inverter-based RPD connected close to the end of
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each violating feeder or branch (Figure 8). Here, it is parametrized to maintain the terminal
voltage between 0.91 and 1.09 p.u.
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PV systems do not contribute any reactive power, and OLTCs are not considered: the
tap changers of all DTRs are fixed in a mid-position. Equation (6) compactly presents the
resulting Volt/var control setup in the MV−LV−CP chain.

VvCMV−LV−CP =
{

LCLV
RPD

}
(6)

• OLTC local control at the LV level

Figure 6d shows the setup with the OLTC local control at the distribution substation.
The OLTC in the distribution substation is locally controlled to maintain the voltage at
the DTR’s secondary bus within a predefined voltage band. Distinct voltage bands are
specified for both LV_Link-Grids to maximally widen the voltage limits at the BLiNMV-LV

for the investigated scenario. Table 1 lists the voltage ranges’ lower (Umin) and upper limits
(Umax) used in all of the simulations.

Table 1. Control parameters of the OLTC local control used for both test LV_Link-Grids.

LV_Link-Grid Umin Umax

Rural 0.950 p.u. 0.990 p.u.

Urban 0.950 p.u. 1.025 p.u.

No RPDs are considered, and PV systems do not contribute any reactive power. The
resulting Volt/var control setup in the MV−LV−CP chain is presented in Equation (7).

VvCMV−LV−CP =
{

LCLV
OLTC

}
(7)

2.4.3. Control Ensembles

The X(U) and OLTC local controls may be combined with the Q-Autarky of customer
plants [18]. The latter does not intend to control the voltage but supplies the customers’ re-
active power demand locally. VvSCs are set up only at the CP level, and the corresponding
producers and storages are upgraded with primary controls.

• X(U) local control at the LV level and Q-Autarky at the CP level

Figure 6e shows the setup where the X(U) local control is combined with CP_Q-
Autarky. To realize CP_Q-Autarky, the VvSCCP adapts the primary control settings of the
corresponding producer- and storage-Links to eliminate the reactive power flow through
the BLiNLV-CP at all times. RPDs equipped with the X(U) local control are connected at
selected LV feeders (see Section 2.4.2). OLTCs are not considered: the tap changers of all
DTRs are fixed in mid-position. Equation (8) compactly presents the resulting Volt/var
control setup.

VvCMV−LV−CP =
{

LCLV
RPD, VvSCCP

(
PCCP

Pr , PCCP
St ; CnsCP

NgbLV = 0 kvar
)}

(8)

• OLTC local control at the LV level and Q-Autarky at the CP level
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Figure 6f shows the setup where the OLTC local control is combined with Q-Autarkic
CPs. The CPs do not exchange any reactive power with the LV and MV grids. DTRs are
upgraded with OLTC local controls (see Section 2.4.2), and no RPDs are considered. The
resulting Volt/var control setup is presented in Equation (9).

VvCMV−LV−CP =
{

LCLV
OLTC, VvSCCP

(
PCCP

Pr , PCCP
St ; CnsCP

NgbLV = 0 kvar
)}

(9)

3. Link-Grid Behavior under Different Volt/var Control Arrangements

This section discusses the behavior of the test link chain at different system boundaries
by computing the load flows for the Volt/var control arrangements presented in Section 2.4.
Therefore, the P(U) and Q(U) behavior and the voltage limits are calculated at the MV−LV
and HV−MV boundaries. The grid losses, DTR loadings, and power flows over system
boundaries are discussed in detail for the cases listed in Table 2. The active power flows
are analyzed exclusively for the setup without any Volt/var control, because the different
control strategies only slightly modify it. Depending on the viewpoint, the boundary
voltage may apply to the HV−MV or MV−LV boundary node. The behavior at the
MV−LV boundary is discussed only for the rural LV_Link-Grid, as the same trends are
observed in the urban one.

Table 2. Voltage−time-pairs of the test cases discussed in detail.

Case Boundary Voltage Daytime

I 1.05 p.u. 06:00

II 0.95 p.u. 12:10

ĨI 1.00 p.u. 12:10

III 1.00 p.u. 22:10

3.1. No Control

The voltage behavior, active and reactive power exchanges, active power losses, and
DTR loadings of the test link chain without any Volt/var control are discussed.

3.1.1. Voltage Behavior

Figure 9 shows the voltage limits at different boundaries of the test link chain. As
shown by the straight lines, the Grid Code fixes BVLLV-CP, which correspond to the cus-
tomer plants’ delivery points, at 0.9 and 1.1 p.u. Meanwhile, as the dashed and dotted
lines indicate, curved voltage limits (BVLMV-LV and BVLHV-MV) occur at the MV−LV and
HV−MV boundaries. Any violation of these limits results in violations of the legally
stipulated voltage limits at the delivery points of CPs and hydropower plants.
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The PV production strongly tightens the upper BVLMV-LV and BVLHV-MV, reaching
very low values of 0.9875 and 0.9175 p.u., respectively, at around noon-time. Around
midday, limit violations occur for HV−MV and MV−LV boundary voltages of 0.95 (case
II) and 1 p.u. (case ĨI), respectively. The lower limits are tighten before 08:00 a.m. and
after 16:15 p.m., i.e., when no significant PV injection is present. The lower BVLMV-LV and
BVLHV-MV reach 0.9525 and 1.0175 p.u., respectively, in the evening hours. The results
clearly show that the test link chain can hardly be operated without additional measures.

The LV feeders’ voltage profiles are shown in Figure 10a,b for cases II and ĨI, respec-
tively. The upper LV−CP boundary voltage limit at 12:10 p.m. (BVLLV−CP

12:10 ) is indicated
by a dashed black line. While the boundary link nodes to the rural residential CP_Link-
Grids are marked as black dots, the BLiNMV-LV is highlighted as a grey cross. The PV
injections considerably raise the feeder voltages, provoking upper limit violations in case ĨI
(Figure 10b).
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Figure 10. Voltage profiles of the rural LV_Link-Grid’s feeders without any Volt/var control at 12:10 p.m. for different
MV−LV boundary voltages: (a) 0.95 p.u. (case II); (b) 1.00 p.u. (case ĨI).

Figure 11 shows the MV feeders’ voltage profiles for case II. Black bullets and red
asterisks indicate the connection points of CP_Link-Grids and hydroelectric power plants,
respectively. Meanwhile, connection points of urban and rural LV_Link-Grids are high-
lighted as violet and yellow asterisks, respectively.
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Dashed lines in the same colors represent the upper BVLs. Conforming to the Grid
Code, an upper voltage limit of BVLMV−CP

t = BVLMV−Pr
t = 1.1 p.u. prevails at the con-

nection points of CP_Link-Grids and power plants. At 12:10 p.m., maximal voltages of
1.0225 and 0.9875 p.u. are acceptable at the BLiNMV-LV of the urban and rural LV_Link-
Grid, respectively (see Figure 9 for the rural one). The voltages increase up to 1.0161 p.u.,
provoking upper limit violations for some BLiNMV-LV to the rural LV_Link-Grid. Conse-
quently, case II lies within the upper limit violation zone. Figure 11 also shows that no
LV_Link-Grids are connected to two relatively short MV feeders. This should be kept in
mind when comparing the different Volt/var control strategies: in contrast with the PV
inverter-based controls, the X(U) and OLTC local controls do not affect the voltage profiles
of these two MV feeders.

3.1.2. Active Power Exchange

Figure 12 shows the active power exchange over different system boundaries for
various boundary voltages and no Volt/var control.
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Figure 12. Daily active power exchange over different system boundaries for various boundary voltages and no Volt/var
control: (a) MV−LV boundary (rural LV_Link-Grid); (b) HV−MV boundary.

The daytime and the corresponding boundary voltage are plotted on the abscissa and
ordinate, respectively. Meanwhile, the active power exchange is presented in the relevant
zone, i.e., between the upper and lower BVLs, using different color shades from red for the
upstream flows (LV→MV and MV→HV) to violet for the downstream ones. The active
power flows through both regarded boundaries are characterized by an intense time- and a
weak voltage-dependency. Flow direction changes twice a day.

From 00:00 a.m. to 08:00 a.m., the LV_Link-Grid draws active power from the MV
level, consuming 56.62 kW in case I (Figure 12a). When the total PV production exceeds
the total consumption, i.e., from 08:00 a.m. to 16:15 p.m., the active power flow reverses,
reaching its maximum at 12:10 p.m. At this time, 241.99 kW is injected into the MV level
in case II. When consumption exceeds production, i.e., from 16:15 p.m. to 00:00 a.m., the
active power changes its direction again and flows from the MV into the LV_Link-Grid. In
case III, the LV_Link-Grid consumes 73.85 kW. Between 10:15 a.m. and 13:59 p.m., active
power flows from the MV into the HV level, while before and afterwards, it flows in reverse
(Figure 12b). In cases I and III, 12.22 and 15.21 MW are absorbed by the MV_Link-Grid,
respectively, while in case II, 6.22 MW flows into the HV level.
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3.1.3. Reactive Power Exchange

Figure 13 shows the reactive power exchange over different system boundaries for
various boundary voltages and no Volt/var control. It is presented in the relevant zone
using different color shades from blue for upstream flows (LV→MV and MV→HV) to cyan
for downstream ones. The reactive power behavior is characterized by a significant time-
and a slight voltage-dependency and changes its flow direction twice a day.
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control: (a) MV−LV boundary (rural LV_Link-Grid); (b) HV−MV boundary.

Figure 13a shows that the reactive power flows from the MV into the LV_Link-Grid
from 00:00 a.m. to 20:45 p.m., reaching 11.21 and 24.78 kvar in cases I and II, respectively.
Later on, the reactive power flow reverses until 23:30 p.m. due to the capacitive behavior
of modern consuming devices (mainly LED light bulbs). In case III, 2.53 kvar flows into the
MV level.

MV→HV reactive power flows occur before 07:19 a.m. and after 20:12 p.m., reaching
2.18 and 2.29 Mvar in cases I and III, respectively. In case II, a reverse flow of 5.32 Mvar occurs.

3.1.4. Active Power Loss

Figure 14 shows the daily active power loss (∆PLV
t and ∆PMV

t ) within different system
levels for various boundary voltages and no Volt/var control. It is presented in the relevant
zone using different color shades, from violet for high losses to white for zero losses.
The considerable time- and a weak voltage-dependency of the active and reactive power
exchanges also characterize the active power loss. Figure 14a shows the daily active power
loss of the rural LV_Link-Grid, including line and transformer losses. Intensive losses
occur during PV production periods, reaching 0.76, 15.97, and 1.39 kW in cases I, II, and
III, respectively. As shown in Figure 14b, relatively high active power losses occur at the
MV level around midday and around 18:00 p.m. For cases I, II, and III, 83.11, 536.98, and
144.18 kW are lost respectively.
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Figure 14. Daily active power loss within different system levels for various boundary voltages and no Volt/var control:
(a) LV level (rural LV_Link-Grid); (b) MV level.

3.1.5. Distribution Transformer Loading

Figure 15 shows the daily distribution transformer loading (LoadingDTR
t ) within the

rural LV_Link-Grid for various boundary voltages and no Volt/var control. Black indicates
a loading of 80% while white stands for zero loading. The strong time-dependency of
power flows provokes a strong-time dependency of the DTR loading. Values of 13.74, 64.01,
and 18.47% are calculated for cases I, II, and III, respectively.
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Figure 15. Daily distribution transformer loading within the rural LV_Link-Grid for various MV−LV
boundary voltages and no Volt/var control.

3.2. Local Controls
3.2.1. cosϕ(P)

Figure 16 shows the daily behavior of the test link chain for various boundary voltages
and the cosϕ(P) local control. The boundary voltage limits arising from the setup without
any Volt/var control are indicated by dotted lines. The cosϕ(P) local control is active
during times of significant PV production, modifying the boundary voltage limits, reactive
power flows, losses, and DTR loading in the corresponding intervals. Between 08:53 a.m.
and 15:28 p.m., the upper BVLMV-LV is significantly widened, and the lower one is slightly
tightened. At the same time, both BVLHV-MV are increased: the upper one is relaxed at
midday to 1.0025, i.e., by 0.085 p.u., but the lower one remains highly restrictive around
18:00 p.m.

Figure 16a,b shows that the cosϕ(P) local control excessively increases the reactive
power exchanges through the MV−LV and HV−MV boundaries during the day, reaching
179.62 kvar and 21.19 Mvar, respectively, in case II. In addition, the losses are drastically
increased during the day. In case II, 23.92 and 846.09 kW are lost within the LV and MV
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levels, respectively (Figure 16c,d). The DRT loading, shown in Figure 16e, is increased
during times of significant PV production, reaching 77.96% in case II.
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Figure 16. Daily behavior of the test link chain for various boundary voltages and the cosϕ(P) local control: (a) reactive
power exchange over the MV−LV boundary (rural LV_Link-Grid); (b) reactive power exchange over the HV−MV boundary;
(c) active power loss within the rural LV_Link-Grid; (d) active power loss within the MV_Link-Grid; (e) DTR loading (rural
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3.2.2. Q(U)

Figure 17 shows the daily behavior of the test link chain for various boundary voltages
and the Q(U) local control. The Q(U) local control is active throughout the whole day for
wide ranges of boundary voltage, even when no voltage support is necessary. It compresses
both limit violation zones, allowing for MV−LV boundary voltages above 1.1 and below
0.9 p.u. many hours a day. At midday, the upper BVLMV-LV and BVLHV-MV of 1.0225 and
0.965 p.u. remain relatively restrictive. Meanwhile, the lower ones are considerably relaxed,
reaching 0.9125 and 0.9425 p.u., respectively, at 18:00 p.m.
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Figure 17. Daily behavior of the test link chain for various boundary voltages and the Q(U) local control: (a) reactive power
exchange over the MV−LV boundary (rural LV_Link-Grid); (b) reactive power exchange over the HV−MV boundary;
(c) active power loss within the rural LV_Link-Grid; (d) active power loss within the MV_Link-Grid; (e) DTR loading (rural
LV_Link-Grid).

The MV−LV reactive power exchange is considerably intensified in the edge regions of
the permissible voltage range (Figure 17a). Although no limit violations occur without any
Volt/var control, the reactive power exchange is increased to 26.02, 35.30, and −4.08 kvar
in cases I, II, and III, respectively. The HV−MV reactive power exchange, shown in
Figure 17b, is modified almost in the complete voltage−time plane. In cases I and II, the
MV_Link-Grid draws 0.11 and 6.40 Mvar from the HV level, respectively, while in case
III, it injects 2.59 Mvar. In addition, LV losses are increased in the edge regions of the
acceptable MV−LV boundary voltage range, provoking 0.83, 16.44, and 1.40 kW in cases I,
II, and III, respectively (Figure 17c). At the MV level, Q(U) increases the active power loss
for HV−MV boundary voltages close to the lower limit and decreases it for voltages close
to the upper limit (Figure 17d). Consequently, the loss is reduced to 52.61 kW in case I and
increased to 538.54 and 149.24 kW in cases II and III, respectively. The additional reactive
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power flows provoked by Q(U) increase the DTR loading (Figure 17e). In cases I, II, and III,
the DTR is loaded by 14.82, 64.27, and 18.50%, respectively.

3.2.3. X(U)

Figure 18 shows the daily behavior of the test link chain for various boundary voltages
and the X(U) local control. X(U) significantly widens the permissible voltage band at
both boundaries by adding only small portions of reactive power. The upper and lower
BVLMV-LV are straightened, leaving only small limit protrusions. As a further consequence,
the upper BVLHV-MV is greatly relaxed around midday, and the lower one remains relatively
restrictive in the evening hours: voltages up to 1.035 p.u. and down to 0.9775 p.u. are
acceptable at midday and 18:00 p.m., respectively.
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X(U) is active mainly in (U,t)-regions where limit violations would occur without any
Volt/var control: it is inactive in the selected cases from the viewpoint of the BLiNMV-LV

and active in case II from the perspective of the BLiNHV-MV. Consequently, the MV−LV
reactive power exchanges (Figure 18a), LV active power loss (Figure 18c), and DTR loading
(Figure 18d) are not affected in cases I, II, and III. Meanwhile, in case II, the reactive
power flow through the BLiNHV-MV is increased to 5.52 Mvar (Figure 18b), modifying the
corresponding MV active power loss insignificantly (Figure 18d).

3.2.4. OLTC

Figure 19 shows the daily behavior of the test link chain for various boundary voltages
and OLTC local control. OLTC shifts the BVLMV-LV by around ±5% in parallel, conserving
their original shape. Meanwhile, the parallel shifting effect of the BVLHV-MV is restricted
by the fact that the commercial and industrial CP_Link-Grids and the hydroelectric power
plants do not include transformers with OLTCs. However, the upper limit is increased
during noon-time, and the lower one is decreased in the remaining time intervals. However,
both limits remain relatively restrictive: maximal and minimal HV−MV boundary voltages
of 0.9725 p.u. are acceptable at midday and 18:00 p.m., respectively.

Figure 19a shows that the MV−LV reactive power exchange is slightly reduced to
10.46 and −2.06 kvar in cases I and III, respectively. In the same cases, 2.23 and 2.27 Mvar
flow from the MV into the HV level (Figure 19b). Meanwhile, 5.33 Mvar flows reversely in
case II. The OLTC reduces the LV grid loss to 0.76 kW in case I and increases it to 1.418 kW
in case III (Figure 19c). Figure 19d shows that MV losses of 81.92, 537.24, and 143.63 kW
occur in cases I, II, and III, respectively. Meanwhile, the DTR loading is decreased in cases I
and III, obtaining values of 13.05 and 18.21%, respectively (Figure 19e).
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3.3. Control Ensembles
3.3.1. X(U) and CP_Q-Autarky

Figure 20 shows the daily behavior of the test link chain for various boundary voltages,
the X(U) local control, and CP_Q-Autarky. In combination with the X(U) local control,
CP_Q-Autarky has a very low impact on the BVLs at both regarded system boundaries:
the upper and lower limits are slightly decreased.

Figure 20a shows that the local compensation of the customers’ reactive power demand
reduces the MV−LV reactive power exchange to 0.52, 15.19, and 1.15 kvar in cases I, II, and
III, respectively. As a further consequence, the capacitive behavior seen from the HV level
is intensified in cases I and III, reaching 7.48 and 6.58 Mvar, respectively (Figure 20b). In
case II, the reactive power flow is reversed: 4.75 Mvar flow into the HV level. The reduced
reactive power flows at the LV level reduce the corresponding losses to 0.74, 15.86, and
1.39 kW in cases I, II, and III, respectively (Figure 20c). Meanwhile, Figure 20d shows that
the MV losses are increased to 121.45, 554.80, and 181.14 kW, respectively. The DTR is
slightly unloaded by the Q-Autarky of CPs, reaching 13.51, 63.81, and 18.46% in cases I, II,
and III, respectively (Figure 20e).
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3.3.2. OLTC and CP_Q-Autarky

Figure 21 shows the daily behavior of the test link chain for various boundary voltages,
the OLTC local control, and CP_Q-Autarky. In addition, combined with OLTC local control,
Q-Autarky of CPs slightly reduces the upper and lower BVLs at both boundaries.
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As shown in Figure 21a, this control ensemble greatly reduces the MV−LV reactive
power exchange to 0.54, 15.19, and 1.18 kvar in cases I, II, and III, respectively. Figure 21b
shows that the MV grid is capacitive in the complete voltage−time plane, injecting 7.48,
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5.14, and 6.58 Mvar into the HV level in cases I, II, and III, respectively. The reduced
Q-flows at the LV level decrease the corresponding losses to 0.74, 15.86, and 1.416 kW for
cases I, II, and III, respectively (Figure 21c). Meanwhile, according to Figure 21d, MV losses
are increased to 119.65, 572.32, and 180.34 kWm, respectively. Due to the reduced reactive
power flows through the DTR, its loading is decreased to 12.84, 63.81, and 18.20% in cases
I, II, and III, respectively (Figure 21e).

4. Comparison of Volt/var Control Arrangements

The investigated control arrangements have different effects on the grid’s behavior.
Their impact on the boundary voltage limits, reactive power flows, active power losses,
and DTR loadings is discussed below.

4.1. Impact on Boundary Voltage Limits

Figure 22 shows the voltage limits at different system boundaries for various control
arrangements. Different colors and line types present the various control strategies. The
setup without any Volt/var control is indicated by black-colored dotted lines. All control
strategies are depicted in solid lines using different colors, as follows: cosϕ(P) in yellow,
Q(U) in orange, X(U) in green, and OLTC in purple. The combinations of different control
strategies are shown by dashed lines in other colors, as follows: X(U) combined with
Q-Autarky in lighter shaded green and OLTC combined with Q-Autarky in lighter purple.
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Whether combined with CP_Q-Autarky or not, the X(U) local control has the greatest
impact on the upper BVLMV-LV around midday (Figure 22a): it allows for MV−LV boundary
voltages up to 1.08 p.u. In contrast, using cosϕ(P), Q(U), or OLTC local controls severely
restricts the upper voltage limit to be respected at the distribution substation. Regarding
the lower BVLMV-LV, OLTC shows the best results: the limit remains below 0.905 p.u.
throughout the whole day, reaching its maximum value in the early evening hours. In
addition, at the BLiNHV-MV, the X(U) local control has the most significant impact on the
upper BVL at noon-time (Figure 22b). The other local controls provoke highly restrictive
upper voltage limits to be respected at the supplying substation. Meanwhile, the Q(U)
local control decreases the lower BVLHV-MV the best, and cosϕ(P) yields unacceptable
restrictive limits.

In any case, the BVLs are significantly deformed compared with the constant voltage
limits stipulated by the Grid Code. The concept of voltage limit distortion (VLD) is
introduced to evaluate the impact of different control strategies on the time-variability of
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boundary voltage limits. It is calculated by Equation (10). The larger the VLD, the more
actions are required during the day to maintain the voltage.

VLDTotal
c = VLDMV−LV

c + VLDHV−MV
c (10)

where c indexes the control arrangement for which the VLD is calculated; tn is the time
interval n; (N − 1) is the number of simulated time intervals; and BVLMV−LV , BVLHV−MV ,
BVLMV−LV , and BVLHV−MV are the upper and lower MV−LV and HV−MV boundary
voltage limits, respectively.

Figure 23 and Table 3 show the VLD values for all of the investigated control setups.
The grid structure provokes considerable voltage limit distortions of 0.1337% and 0.2370%
for the MV−LV and HV−MV boundaries, respectively, and 0.3707% in total. All Volt/var
control arrangements decrease the VLD, except the OLTC local control (whether combined
with CP_Q-Autarky or not), which slightly increases the VLDMV-LV. The X(U) local control
yields the lowest VLDMV-LV for all control setups, while the OLTC in distribution substation
provokes the highest one. The lowest limit distortion occurs at the BLiNHV-MV when the
X(U) local control is combined with CP_Q-Autarky, and the highest one when OLTC is
used. The lowest total VLD in the chain provokes the control ensemble: X(U) combined
with CP_Q-Autarky.
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Table 3. Voltage limit distortion for various control arrangements.

Volt/var Control Arrangement
Voltage Limit Distortion

MV−LV Boundary HV−MV Boundary Total

No control 0.1337% 0.2370% 0.3707%

cosϕ(P) local control 0.1059% 0.1884% 0.2943%

Q(U) local control 0.0920% 0.1233% 0.2153%

X(U) local control 0.0469% 0.1233% 0.1702%

X(U) local control and CP_Q-Autarky 0.0417% 0.1181% 0.1598%

OLTC local control 0.1354% 0.1528% 0.2882%

OLTC local control and CP_Q-Autarky 0.1354% 0.1615% 0.2969%

4.2. Impact on Reactive Power Flows

Figure 24 shows the composition of the reactive power exchanged for different con-
trol strategies and cases. The reactive power crossing the MV−LV boundary, shown in
Figure 24a, consists of two components: the Q-amount of CP_Link-Grids, which is deter-
mined by the corresponding consuming devices and PV systems, and the Q-amount of the
LV_Link-Grid itself, which represents the reactive power contributions of the LV lines, DTR,
and RPDs (only relevant when the X(U) local control is used). Significant Q-amounts of the
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LV_Link-Grid are found only in case II, where relatively high reactive power losses occur.
The cosϕ(P) local control drastically increases the CPs’ reactive power consumptions in
case II, causing additional reactive power losses as a further consequence. Q(U) intensifies
the LV−CP reactive power exchanges in all cases. Due to its inactivity in the selected cases,
the X(U) local control does not modify the corresponding reactive power compositions. In
cases I and III, the OLTC reduces the CPs’ Q-amounts while increasing the reactive power
losses at the LV level. With both control ensembles, Q-Autarkic customers do not exchange
any reactive power with the grid, reducing the grid’s reactive power loss.
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The MV_Link-Grid connects CP and LV_Link-Grids and hydroelectric power plants.
Therefore, the reactive power flow through the BLiNHV-MV, shown in Figure 24b, contains
Q-amounts of three different components: commercial and industrial CP_Link-Grids, urban
and rural LV_Link-Grids, and the MV_Link-Grid itself. The hydroelectric power plants do
not contribute any reactive power. Due to its high cable share, the MV_Link-Grid generally
produces significant amounts of reactive power. Especially in case II, this reactive power
production is partly compensated by the reactive power losses in the MV lines’ series
impedances. Non-Q-Autarkic CPs consume substantial amounts of reactive power for all
of the control arrangements. This Q-consumption is significantly intensified by the cosϕ(P)
local control in case II and by Q(U) in case I. Furthermore, the Q(U) and especially cosϕ(P)
local controls considerably increase the reactive power consumption of LV_Link-Grids, as
they enlarge the Q-consumption of the thereto connected residential CPs. Meanwhile, the
X(U) and OLTC local controls have low impacts on the Q-composition at the BLiNHV-MV.
In any combination, CP_Q-Autarky eliminates the reactive power contributions of CPs and
reduces the ones of the LV_Link-Grids.
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4.3. Impact on Active Power Losses

Figure 25 depicts the active power loss for various control strategies and cases. High
losses occur within the rural LV_Link-Grid in case II for each control strategy, while rela-
tively low ones prevail in cases I and III (Figure 25a). The cosϕ(P) local control considerably
intensifies the grid losses in case II. Meanwhile, Q(U) slightly increases the losses in all
cases. X(U) does not affect the losses in any of the selected cases. When an OLTC is used,
the losses are decreased in case I and increased in case III. The application of CP_Q-Autarky
generally reduces the LV grid loss.
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Due to the intensive power transfer, relatively high losses prevail at the MV level in
case II, while lower ones occur in case III and especially in case I (Figure 25b). The cosϕ(P)
local control considerably intensifies the loss in case II, as it drastically increases the reactive
power flows through the MV lines. Meanwhile, Q(U) partly compensates for the reactive
power production of the MV lines in case I, thus reducing the reactive power flows at the
MV level and the associated active power loss. Both the X(U) and OLTC local controls
do not significantly affect the losses in all cases. Their combinations with CP_Q-Autarky
increase the MV reactive power flows and thus the corresponding active power loss.

4.4. Impact on Distribution Transformer Loadings

Figure 26 shows the DTR loading within the rural LV_Link-Grid for different cases,
no control, and various control strategies. Compared with the cosϕ(P) local control, which
drastically increases the DTR loading in case II, the other control strategies have a marginal
impact. In contrast with the X(U) local control, Q(U) slightly increases the DTR loading in
all cases. Using an OLTC reduces the DTR loading in cases I and III. In any combination,
Q-Autarkic CPs unload the DTR from their reactive power contributions.
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The above analysis shows that X(U) and its combination with Q-Autarkic CPs have
distinct advantages compared with the other control strategies. All of the studied control
strategies are applied at the LV and CP levels. The consideration of the VvSCMV and
reactive power support from RPDs, storages, and producers connected at the MV level
will be necessary to control the reactive power flow at the HV−MV boundary, which is of
the utmost importance for DSOs and TSOs. The latter is beyond the scope of this paper,
constituting an important field of future research.

5. Conclusions

The increasing distributed generation and electricity demand challenges the Volt/var
control process to maintain voltage limit compliance at the customers’ delivery points.
Simulations show that the control ensemble X(U) local control combined with Q-Autarkic
customer plants performs better than the cosϕ(P) and Q(U) local control strategies ap-
plied on photovoltaic inverters and the on-load tap changers in distribution substations.
It provokes the lowest voltage limit distortion, requiring the least amount of action to
maintain the voltage throughout the day. It sufficiently widens the upper voltage limits to
be respected at the distribution and supplying substations around midday. Consequently,
voltage limit violations at the customers’ delivery points are eliminated, provoking rela-
tively low reactive power exchanges between the medium and low voltage grids, lower
losses, and lower distribution transformer loading.
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formal analysis, D.-L.S.; investigation, D.-L.S.; writing—original draft preparation, D.-L.S.; writing—
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the published version of the manuscript.
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Appendix A

• Primary control refers to control actions executed locally in a closed-loop: The input
and output variables are the same. The output or control variable is locally measured
and continuously compared with the set-point received from the corresponding SC.
The deviation from the set-point results in a signal that influences the valves or
frequency, excitation current or reactive power, transformer tap positions, etc., in a
primary-controlled power plant, transformer, and so on, such that the desired power
is delivered or the desired voltage is reached.

• Direct control refers to control actions performed locally in an open-loop, taking into
account the holistic real-time behavior of the corresponding grid part. The secondary
control calculates the corresponding control action, e.g., changing a circuit breaker’s
switch position.
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• Secondary control refers to control variables that are calculated based on the current
state of a control area. It fulfills a predefined objective function by respecting static
and dynamic constraints (P/Q capabilities of generators, transformer and line rating,
voltage limits, reactive power limits, etc.). It calculates and sends the set-points to PCs
and the input variables DiCs acting on its area.

• Local control refers to control actions that are carried out locally without considering
the holistic real-time behavior of the relevant grid part. Its action path may be real-
ized in an open- or closed-loop. LC automatically adjusts the active/reactive power
contributions of RPDs, storages, and producers and the tap positions of transform-
ers based on local measurements or time schedules [21,45,46]. It usually maintains
a power system parameter, which is locally measured or calculated based on local
measurements, equal to the desired value. The fixed control settings are calculated
based on offline system analysis for typical operating conditions. LCs are simple,
reliable, and respond quickly to changing operating conditions without the need for a
communication infrastructure [47–49].

Appendix B

The models of the urban residential, commercial, and industrial CP_Link-Grids are
presented below.

• Urban residential CP_Link-Grid

This CP type is connected to the urban LV_Link-Grid. It has the same structure and
profiles as the rural residential one (see Figure 5a), except for one detail: the Dev.-model’s
load profiles are increased by the factor 1.43.

• Commercial CP_Link-Grid

This CP type has the same structure as the residential ones (see Figure 4b): a single
node connects the Dev.-, Pr.-, and St.-models. The load profiles [50] shown in Figure A1a
and the time-varying ZIP-coefficients from [51] determine the Dev.-model’s behavior. The
Pr.-model represents the PV system: it has module and inverter ratings of 50 kW and
55.56 kVA, respectively. The profile shown in Figure A1b specifies the P-injection of the
Pr.-model, and its Q-contribution depends on the applied Volt/var control strategy. The
St.-model represents the EV batteries that are connected to the CP_Link-Grid through three
EV chargers. Their P-behavior is determined by ZIP-coefficients [40] and load profiles [41]
(Figure A1c). No reactive power is absorbed or injected.
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Figure A1. Load and production profiles of different model components of the commercial CP_Link-Grid: (a) Dev.-model;
(b) Pr.-model; (c) St.-model.

• Industrial CP

The industrial CP_Link-Grid does not include the St.-model (Figure A2a). The
load profiles [50] and constant ZIP-coefficients [51] determine the Dev.-model’s behavior
(Figure A2b). The PV system is represented by the Pr.-model and has module and inverter
ratings of 300 kW and 333.33 kVA, respectively. Its P-injection follows the profile shown in
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Figure A2c, and its reactive power contribution depends on the applied Volt/var control
strategy. In the case of CP_Q-Autarky, an additional (lossless) RPD is added to enable the
full compensation of the reactive power flow through the BLiNMV-CP.
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