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Abstract:
This paper proposes a new Volt / var control strategy in low-voltage grids in the context of
the LINK-based holistic architecture. Contrary to the classical approach where customerowned PV-inverters are used for voltage control, it is proposed to use DSO-owned inductive
devices set at the end of the violated low voltage feeders and equipped with L(U) primary
control. This concept is compared to the well-known local Q(U)-control of PV-inverters.
Results show that using Volt / var controls on customer plant side entails social issues in the
field of cost allocation, data privacy, and discrimination, and technical issues in the field of
cyber security, grid losses, distribution transformer loading and uncontrolled reactive power
exchange with the superordinate grid. The use of L(U)-control mitigates the social issues and
shows the best technical behaviour. It simplifies considerably the Volt / var management
tasks in low voltage grids.
Keywords: Low-voltage grid, Local Volt / var control, Coordinated Volt / var control,
Photovoltaic, Inverter, LINK-based holistic architecture.

1 Introduction
The increasing share of distributed generation (DG) challenges the traditional power system
operation. In many cases, they provoke a reverse active power flow that causes violations of
the upper voltage limit within the radial structures of the distribution grid [1]. Distribution
system operators (DSO), who are obliged to keep the grid voltage within the EN 50160 limits
of ±10% around nominal voltage, should take countermeasures to allow the further DG
integration. In this regard, Ref. [2] proposes the use of the available DG inverters for voltage
control in distribution grids with high DG share. Similar to large power plants that inject
reactive power into the transmission grid, DGs should also be included in the voltage control
of distribution grid. But, unlike the transmission grid, where the number of connected power
plants is small, the number of connected DGs in the low voltage grid (LVG) part of the
distribution grids is very large. Additionally, the number of installed rooftop PV-systems
increases rapidly [3]. Therefore, DG-owners are required to make the necessary investments
in controlling units so that they can connect to the grid. Thus, the costs for LVG voltage
control are allocated to the customers.
To alleviate the violation of upper voltage limit, different control strategies are proposed like
upgrading the PV-inverters with different local Volt / var control strategies [4,5], sometimes in
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combination with active power curtailment [6]. In particular, setting a Q(U)-characteristic to
define the reactive power contribution of PV-inverters is a method that gained much attention
in recent years [7]. A Q(U)-controlled PV-inverter injects or absorbs reactive power
depending on the local grid voltage, which varies along the feeder. This control strategy
intertwines the operation of LVG with that of the PV-inverters, although they are property of
different players. Additionally, it leads to a discriminatory provision of ancillary services.
Customers located close to the beginning of the feeder are required to provide less reactive
power for LVG voltage control than those located close to its end. This contradicts Ref. [8],
where the procurement of non-frequency ancillary services by DSOs is defined as
transparent, non-discriminatory and market-based.
Furthermore, the use of local Volt / var control strategies leads to uncontrolled reactive power
flows in the superordinate grids making their coordination necessary [9]. The coordination of
the reactive power injected by customer-owned PV-inverters requires extensive data
exchanges between the DSO and customers [10-12], jeopardizing the strict data privacy and
cyber security requirements, and exacerbating the Volt / var management tasks of LVGs.
Additionally, local Volt / var controls (e.g. Q(U)) increase the reactive power flows within
LVGs, and thus also grid losses and distribution transformer (DTR) loading [13].
As discussed above, by attempting to reach technical solutions, new social and technical
issues are provoked that make the DG implementation in large scale almost impossible. To
overcome the actual social and technical problems, this paper proposes a new Volt / var
local control strategy, which results from the holistic view of power systems and customer
plants [14]. LINK-Solution stipulates that each grid operator should primarily use his own
reactive devices for voltage control. Therefore, DSO-owned inductive devices are set at the
end of the violated feeders and are equipped with local L(U)-control [13,15,16].
This paper focuses on the analyses of the LVG and medium voltage grid (MVG) behaviour in
presence of the uncoordinated local Volt / var controls installed on customer plant or low
voltage grid side. Firstly, the rise of the L(U)-control is described. Secondly, the structures
arising from applying Q(U)- or L(U)-control for the LVG voltage control are compared. Then,
the behaviour of the MVG and LVG in presence of local Q(U)- and L(U)-control are
separately analysed via load flow simulations. Finally, conclusions are drawn.

2 Rise of L(U)-control
The L(U)-control in low-voltage grids arises from the LINK-based holistic architecture, which
stipulates that each grid operator should primarily use his own reactive devices for voltage
control.

2.1

Holistic view

Figure 1 shows the schematic of the LINK-based Volt / var interaction chain. In the European
type of distribution grids, DSOs operate the sub-transmission, medium and low voltage grids.
The object of this study is the MVG and LVG as conceived in the LINK-based holistic
architecture [14]. Per definition, each Grid-Link consists of a grid part, called Link_Grid, with
the corresponding secondary control and interfaces. Each Link_Grid has a number of
Boundary Link Nodes (BLiN) that interconnect adjacent Link_Grids. The facilities within the
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Link_Grid, e.g. the transformer and reactive devices, are upgraded with a primary control.
They receive set-points from the corresponding Volt / var secondary control (VVSC) which

Figure 1: Schematic of the LINK-based Volt / var interaction chain: a) MV_Grid-Link; b) LV_GridLink; c) customer plant.

are calculated while respecting static (e.g. rating of transformer, lines and reactive devices;
voltage limits) and dynamic (e.g. reactive power exchange with neighbouring Grid-Links)
constraints. The Grid-Link size is variable and depends on the area where the secondary
control is set up. In the shown case, secondary control is set up separately within the MVG
and the LVG, creating a medium (MV_Grid-Link) and a low voltage Grid-Link (LV_Grid-Link),
Figure 1a) and b). Customer plants are considered as black boxes, Figure 1c). Hence, the
DSO has neither information nor access to the various appliances within the customer plants.
Figure 1a) shows the MV_Grid-Link. A number of LV_Grid-Links is thereto connected
through the BLiNs. The corresponding VVSCMV calculates the var set-points for the
neighbouring LV_Grid-Links and the voltage set-point for the MV bus bar of the supplying
transformer (STR) while respecting static and dynamic constraints. The LV_Grid-Link is
presented in Figure 1b). A number of customer plants is thereto connected through the
BLiNs. In this case, the corresponding VVSCLV calculates voltage set-points for the local
L(U)-controls, which are installed to control the voltage in the low voltage Link_Grid.
Meanwhile, VVSCLV respects the static constraints and the dynamically changing var
constraint at its interface to the MV_Grid-Link. No var set-points are sent to the customer
plants. Figure 1c) shows the customer plants. Customers are not requested to contribute to
voltage control, thus their PV-inverters inject with a power factor of unity.

2.2

L(U)-control principle

To achieve the maximum effectiveness of the local Volt / var control, the inductive devices
are set at the end of the violated feeders [16]. They are equipped with local L(U)-control.
Figure 2 shows a schematic LVG with one L(U)-controlled feeder, where the inductive device
is realized as a shunt coil. The second feeder shown in Figure 2 is too short to violate the

Figure 2: Schematic LVG with one L(U)-controlled feeder.
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upper voltage limit, thus no inductive device is required to control its voltage. Figure 3 shows
the basic L(U) primary control loop. If the local grid voltage exceeds a voltage set-point

Figure 3: Basic L(U) primary control loop.

(Usetpoint), the inductive device is controlled to absorb the reactive power that is needed to
keep the grid voltage at Usetpoint. The voltage set-point can be set onetime when installing the
inductive device (local L(U)-control), or permanently by remote control (coordinated L(U)control).

3 Comparison of structures between Q(U)- and L(U)-control
As preliminary discussed, the coordination of local Volt / var controls on customer plant side
entails social and technical issues in the field of cost allocation, data privacy, cyber security
and discrimination. Figure 4 shows the structure arising from the coordination of customerowned PV-inverters. Each customer, who wants to connect a PV-system to the grid, has to

Figure 4: Structure arising from the coordination of customer-owned PV-inverters.

invest in controlling units for LVG voltage control. The coordination of these controlling units
requires an extensive data flow between the DSO and the involved customers, jeopardizing
their data privacy. This data exchange exacerbates the Volt / var management tasks in LVGs
and makes the LVG operation vulnerable to cyber-attacks. Studies have shown that the
requested reactive power from each customer to achieve a LVG operation within the limits
results in a discriminatory ancillary service procurement [17]. The social issues are solved by
using DSO-owned inductive devices instead of customer-owned PV-inverters for LVG
voltage control. Figure 5 shows the structure arising from the coordination of DSO-owned
inductive devices. In this case, the number of needed inductive devices decreases
drastically, reducing also the data have to be exchanged for their coordination. DSOs own
these devices and have to make the investments for their procurement. The data exchange
takes place only between devices owned by the DSO. No data exchange is needed between
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Figure 5: Structure arising from the coordination of DSO-owned inductive devices.

the DSO and customers, thus ensuring privacy. Additionally, the reduced data exchange
simplifies the LVG’s Volt / var management tasks, thus reducing the risk of cyber-attacks.
Customers are not obliged anymore to provide ancillary services for the Volt / Var control of
LVGs. Hence, the discrimination is impossible in principle.

4 Behaviour comparison between Q(U)- and L(U)-control
The behaviour of the MVG and LVG in presence of the local Q(U)- and L(U)-control is
analysed by load flow simulations, performed with PSS SINCAL. The used models and the
simulated scenarios are described in the following.

4.1

Model description

The scope of this study is the behaviour of the MVG and LVG in presence of local Volt / var
controls installed in LVGs or customer plants. The simulation model includes a detailed
model of a customer plant and a real rural LVG, as well as a simplified model of the MVG.
4.1.1

Customer plant model

Figure 6 shows the used structure of each customer plant. It is characterized at each timepoint t by the active and reactive power consumption and production of the internal loads
(
and
) and PV-systems (
and
). Each prosumer i is connected to a grid
node with a voltage of

. The load voltage dependency is considered by using a ZIP-

model with coefficients for residential loads given in [18]. The P- and Q-consumption of these
loads depends on local grid voltage and is determined by Eqs. (1) and (2). An initial power
factor of 0.95 is set for all loads, so that
. The PV-system of
each prosumer contains PV-modules with a rating of
rating of

kW and an inverter with a

. This over-dimensioning allows to inject with a power factor of 0.9

also during peak active power production. Losses within PV-systems are neglected. The
active power consumption and production of loads and PV-systems is determined by Eqs. (3)
and (4), respectively, and by the load and PV-production profile shown in Figure 7.
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(1)
(2)
where:
…

normalized grid voltage at prosumer i

for time-point t

Figure 6: Structure of each
customer plant.

,

,

…

active power ZIP-coefficients

,

,

…

reactive power ZIP-coefficients

In Figure 7 is also marked a critical time-point (tcrit), where the PV-production is maximal.
, where

kW

(3)
(4)

Figure 7: Load and PV-production profile of all prosumers connected to the rural LVG.

Meanwhile, the reactive power consumption or production of each PV-inverter is determined
by the applied control strategy. In this study, we focus on the grid behaviour in presence of
local Volt / var controls. Three cases are considered: no-control, local Q(U)- and local L(U)control.
No-control – In this case, voltage in LVG is not
controlled. Hence, no local L(U)-controls are
installed and PV-inverters of customer inject with a
power factor of unity.

Figure
8:
characteristic.

Simulated

Q(U)-

Local Q(U)-control – A Q(U)-controlled PV-inverter
injects reactive power depending on the local grid
voltage. Figure 8 shows the simulated Q(U)characteristic, which is identified to be appropriate
for the considered rural LVG in Ref. [13]. On the
ordinate is plotted the normalized reactive power
contribution of the inverter:
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Local L(U)-control – If local L(U)-control is applied, inductive devices with continuous
variable reactances are set at the end of each violated feeder. The exact positions of the
inductive devices within the LVG model are marked in Figure 9. The voltage set-point is set
to Usetpoint = 1.09 pu and active power losses of inductive devices are neglected.
4.1.2

Low voltage grid model

Figure 9 shows a schematic presentation of the rural LVG. It is a real grid with four main
feeders. The longest of them is 1.63 km, while the shortest is 0.565 km long. In this grid with

Figure 9: Schematic presentation of the rural low voltage grid.

a 59% cable share are connected 61 customer plants. It is connected to the MVG through a
20 kV / 0.4 kV, 160 kVA DTR. The DTR has a fixed tap set in middle position. The complete
data of the considered LVG model is given in [19].
4.1.3

Medium voltage grid model

Figure 10: Schematic presentation of the theoretical medium voltage grid.

Figure 10 shows a theoretical MVG with one 24 km long main feeder. In this grid with a
100% cable share are equidistantly connected 32 rural LVGs described in section 4.1.2. It is
connected to the slack node through a 110 kV / 20 kV, 18.5 MVA supplying transformer
(STR). The STR has an On-Load tap Changer (OLTC) with 25 tap positions and a voltage
step of 1.667%. The OLTC is locally controlled to keep the voltage at the 20 kV side between
0.98 and 1.02 pu. The medium voltage cable has a specific resistance, reactance and
capacitance of 0.206 Ω/km, 0.122 Ω/km and 254 nF/km, respectively.

4.2

Scenario definition

Two different grid models are simulated: Firstly, only the LVG with connected customer
plants is considered and the slack node is located at the primary side of the DTR. Secondly,
both grid-types (MVG and LVGs) and the customer plants are considered. In this case, the
slack node is located at the primary side of the STR.
No-control, local Q(U)-control, and local L(U)-control are separately simulated in both grid
models.
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Low voltage grid simulations

The load and PV-production profile shown in Figure 7 is sampled into one minute time-steps,
resulting in 1440 load flow simulations per scenario. The slack voltage is set to 1.01 pu.
4.2.2

Combined medium and low voltage grid simulations

In this case, only the critical time-point (tcrit) marked in Figure 7 is simulated. The slack
voltage is set to 1.02 pu.

4.3

Simulation results

This section presents the simulation results for no-control, local Q(U)-control and local L(U)control. The grid behaviour is evaluated by four parameters: the reactive power exchange at
DTR primary side (Qex), the active power loss (Ploss) including DTR and line losses, the DTR
loading, and the voltage profiles of all LVG feeders. For the combined medium and low
voltage grid simulations are shown the voltage profiles of the MVG and of all feeders of
selected LVGs.
4.3.1

Low voltage grid simulations

Figure 11 shows the daily behaviour of Qex, Ploss, and the DTR loading for no-control and both
control strategies. Their maximum values appear at about tcrit in all cases. Q(U)-control
provokes the maximum values, while no-control provokes the minimum ones. Figure 11a)

Figure 11: Daily behaviour of the secondary criteria for no-control and different control strategies:
a) losses; b) DTR loading; c) Q-exchange.

shows the active power loss. The maximum values are about 16.89 kW, 23.27 kW and 19.29
kW for no-, Q(U)- and L(U)-control, respectively. The DTR loading is presented in Figure
11b). The maximum values reach about 153 %, 171 % and 156 % for no-, Q(U)- and L(U)control, respectively. Figure 11c) shows the reactive power exchanged at the DTR primary
side.
A
maximum
Q-exchange
of
approximately 41 kvar, 141 kvar and 72 kvar
appears for no-, Q(U)- and L(U)-control,
respectively. For no-control, Qex refers to the
loads’, lines’ and DTR’s reactive power
consumption, thus following mainly the load
profile shown in Figure 7. For both control
strategies, the total reactive power
consumption of all control devices, i.e. PVinverters in case of Q(U)-control and
inductive devices in case of L(U)-control, Figure 12: Total reactive power consumption of
all control devices in case of Q(U)- and L(U)accrues to the reactive power exchange. control.
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Figure 12 shows the total reactive power consumption of all control devices for both control
strategies. They reach their maximum Q-consumption of 95 kvar and 30 kvar for Q(U)- and
L(U)-control, respectively, at about tcrit.
Figure 13 shows the voltage profiles of all feeders of the rural LVG for no-control and
different control strategies at tcrit. Figure 13a) shows them for no-control. The upper voltage
limit is violated by one feeder. A maximum voltage of about 1.12 pu is reached at its end. In
Figure 13b) are presented the voltage profiles for Q(U)-control. In this case, the voltages are
decreased more than necessary to alleviate the violation of the upper voltage limit, resulting
in a maximum voltage of about 1.075 pu. The profiles for L(U)-control are shown in Figure
13c). Here, the limit violations are eliminated and a voltage of 1.09 pu is reached at the
feeder end.

Figure 13: Voltage profiles of all feeders of the rural LVG at t crit for no-control and different control
strategies: a) no-control; b) local Q(U)-control; c) local L(U)-control.

4.3.2

Combined medium and low voltage grid simulations

Figure 14 shows the voltage profiles of the MVG feeder and all feeders of selected rural
LVGs for no-control and both control strategies at tcrit. In all three cases, the OLTC stayed in
its middle position. For no-control, violations of the upper voltage limit appear in all LVGs.
The upper voltage limit in MVG is not violated. MVG. If Q(U)-control is applied, all limit
violations are alleviated, and the voltages in MVG are drastically decreased. It can be seen,
that the voltage drop over the DTRs is very large in this case. Using local L(U) to control LVG
voltages also alleviates all limit violations, but has a smaller effect on MVG voltages
compared to the previously discussed case; also the voltage drop over the DTRs is much
smaller.

Figure 14: Voltage profiles of the MVG feeder and all feeders of
selected rural LVGs at tcrit for different control strategies.
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5 Conclusion
In LVGs with high rooftop PV penetration, the proposed L(U)-control installed at the end of
violated feeders eliminates the violation of upper voltage limit. DSOs own and operate the
L(U)-control units. Thus, the investment to control the voltage in LVG are shifted from
customers (Q(U)-control) to DSOs (L(U)-control). The discrimination of the customers on
reactive power delivery disappears, because they are not requested to provide such an
ancillary service. No data exchange between the DSO and the customers is necessary to
coordinate the local Volt / var controls. Therefore, their data privacy is guaranteed. The
number of data needed for the coordination of the local L(U)-controls is very small thus
reducing the threat to cyber-attacks. Besides, their Volt / var management is simplified.
Additionally, simulation results show that the local L(U)-control has substantial technical
advantages compared to the local Q(U)-control. If L(U)-control is applied then grid losses,
distribution transformer loading and the uncontrolled reactive power flow between mediumand low-voltage grid are smaller than in the Q(U)-control case. The effect on the voltages of
the superordinate medium-voltage grid is reduced.
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