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Abbreviations and Acronyms

DG Distributed Generator

DMS Distribution Management System
DSO Distribution System Operator
ENTSO-E European Network of Transmission System Operators for Electricity
HV High Voltage

Lv Low Voltage

MV Medium Voltage

OoLTC On-Load Tap Changer

PCC Point of Common Coupling

PHIL Power Hardware in-the-loop

PV Photovoltaic

RES Renewable Energy Source

TSO Transmission System Operator

VR Voltage Regulator
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Foreword

The International Energy Agency (IEA), founded in November 1974, is an autonomous body within
the framework of the Organization for Economic Co-operation and Development (OECD) that
carries out a comprehensive programme of energy co-operation among its 23 member countries.
The European Commission also participates in the work of the Agency.

The IEA Photovoltaic Power Systems Programme (IEA-PVPS) is one of the collaborative R & D
agreements established within the IEA and, since 1993, its participants have been conducting a
variety of joint projects in the applications of photovoltaic conversion of solar energy into
electricity.

The overall programme is headed by an Executive Committee composed of one representative
from each participating country or organization, while the management of individual Tasks
(research projects / activity areas) is the responsibility of Operating Agents. Information about the
active and completed tasks can be found on the IEA-PVPS website www.iea-pvps.org

The main goal of Task 14 is to promote the use of grid-connected PV as an important source of
energy in electric power systems. The active national experts from 15 institutions from around
the world are collaborating with each other within Subtask 2 — High Penetration PV in Local
Distribution Grids — in order to share the technical and economical experience, to increase the
amount of distribution grid integrated PV. These efforts aim to reduce barriers for achieving high
penetration levels of distributed renewable systems.
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Abstract

This report presents an overview of research results and field experiences on the subject of local
voltage support by distributed generators (DGs). The focus of this report is the German power
supply system, which has experienced a significant photovoltaic (PV) expansion of approximately
36 GW within the last decade. Case study results from different countries like Belgium, Austria
and the United States complement the findings on local voltage support by PV systems. A major
PV integration challenge is the voltage regulation in distribution grids with a high PV penetration.
Advanced PV inverter functions, like reactive power control or active power curtailment, can help
to reduce the impact of PV feed-in on the local voltage magnitude. Nowadays, several countries
demand reactive power and partly active power control capabilities from DGs in their grid codes
and DG interconnection guidelines. Central control (coordinated control) approaches by DGs are
not in the scope of this report. The addressed local control (autonomous control) strategies” are
for example:

¢ Fixed cos control (Fixed power factor function)

e Cosg(P) control (Watt-Power factor function)

e Q(U) control (Volt-Var function)

e P(U) control (Volt-Watt function)

e 70% active power limitation (maximum generation limit function)

The term PV hosting capacity defines the maximum PV generation capacity that can be connected
to a respective grid section while complying with the technical requirements of grid codes and
guidelines. For example, in a German case study the maximum PV hosting capacity is analyzed for
17 real low-voltage grids. In these grids reactive power control can increase the PV hosting
capacity in median by 70 % to 90 % compared to the case without PV reactive power control. The
cost-benefit analysis identified significant cost saving potential for PV reactive power control
compared to traditional grid reinforcement. Nevertheless, widespread use of local reactive power
control by PV systems can have a significant impact on the reactive power demand of
distributions grids, which might lead to additional grid losses or an additional need for reactive
power compensators. Furthermore, the impact of PV reactive power control on existing voltage
regulation schemes by the Distribution System Operator (DSO) or on the voltage stability in the
distribution grid is analyzed and discussed in this report. Especially in this matter, the impact of
reactive power control is highly sensitive to the applied reactive power control strategy.

Combined reactive power control and active power curtailment can further increase the PV
hosting capacity and can be a cost effective measure to integrate a high share of PV generation.
However, the related additional PV feed-in losses are also sensitive to the applied active power
control strategy.

Finally, the report presents an overview on advantages and disadvantages for the different
reactive power and active power control strategies, which can assist decision-making for the
application of local voltage support by DG.

* A detailed description of the addressed control strategies is given in: Common Functions for
Smart Inverters, Version 3. EPRI, Palo Alto, CA: 2013. 3002002233
vi



1. Introduction

Background: The share of the distributed generators (DG) in electrical grids is increasing rapidly in
various countries. However, distribution grids were originally not designed to host a high share of
distributed generation in the low and medium voltage network. Consequently, this leads and has led
to several technical challenges in the field of planning and operation of distribution grids. Some of
the main problems, especially in rural areas, are voltage rise issues due to the feed-in power from
DGs. However, DG in general and inverter-coupled photovoltaic generators (PV) in particular, offer
different technical features, such as reactive and active power control. Applying these features
properly can positively influence the grid voltage as well as the line loading and hence defer or even
avoid the need for grid reinforcements. The technical and economic benefits and challenges
associated with such control techniques have been addressed by many publications. The promising
financial benefits by supporting the local voltage quality encouraged several countries to demand
such services from grid-connected generators.

In 2014, the cumulative renewable power capacity installed worldwide reached (657 GW - not
including hydro power), 27% of this capacity is from PV [1]. In Germany, the installed PV capacity has
grown significantly over the last 10 years with an installed PV capacity of 2 GWp in 2005 and 38 GWp
in 2015 [2] compared to a peak load of about 80 GW. The fast increase of PV capacity has led to
different PV grid integration challenges, which is discussed in the management summary at hand.
Technical phenomena, such as overvoltages and increasing reactive power flows already affect the
planning and operation of distribution grids. To deal with these challenges, many distribution
network operators will have to increase the hosting capacity of their local networks prior to
connecting any new DG units [3].

Objective: The objective of this management summary is to give an overview on the state-of-the-art
of voltage support functionalities by means of local active and reactive power control by DGs. Sharing
the network operators’ experience from different countries can positively contribute to the local
control strategies developments and reduce concerns regarding the use of locally controlled DG. The
focus of this management summary is on voltage support for normal grid operation to avoid grid
reinforcements. This management summary provides key findings from case studies in different
countries, such as Belgium, Austria, the United States of America and Germany. However, the
German power supply system is the focus of the management summary.

Structure: The management summary is structured in the following manner: Chapter 2 gives a short
introduction on local, reactive power-based voltage control strategies in general. Chapter 3 gives an
overview on the current regulatory framework for reactive power-based voltage support by DGs
within European distribution grids and other countries. Chapter 4 presents case studies on the
impact of local voltage support by DGs on grid operation and planning. Chapter 5 explains how the
combined active and reactive power control works. Chapter 6 deals with the need for further
research and development in the presented areas. The conclusion based on the findings and
recommendations of the studies presented in this management summary is given in Chapter 7.



2. Technical Background

Increased DG penetration in a distribution grid can lead to several technical challenges for the
respective Distribution System Operator (DSO) in maintaining the voltage quality according to the
relevant grid codes and guidelines. Some of the potential impacts on voltage quality include
overvoltages, voltage unbalances, harmonics and flicker. Apart of this, a continuously increasing DG
penetration may cause grid assets, such as transformers or conductors to become overloaded. The
focus of this management summary is on voltage support by active and reactive power control of
DGs for normal grid operation. A short explanation of the technical background is presented in
Section 2.1. Section 2.2 gives an overview on control structures for voltage support in the distribution
grid.

2.1. DG Voltage Support

Figure 1 illustrates the impact of consumption and generation on the voltage profile of a simple
distribution line. The graph simplifies the effects of the elements connected to the point of common
coupling (PCC) on the grid voltage. The load consumes active power from the grid (Pj.q), Which
causes a voltage drop over the line and may lead to low grid voltages at the PCC. Depending on the
type of the load (inductive or capacitive) it can either absorb or inject reactive power (Qi.q). The DG
injects active power (Pg) into the grid, which can cause a voltage rise over the line and may lead to
high voltages at the PCC (compare Figure 1, green arrow). In case the voltage at PCC exceeds the
permissible voltage level (U.x), additional measures (e.g. grid reinforcement, voltage support by DG)
have to be provided. Modern DGs are capable of controlling their reactive power output (Qg), a
functionality that can be used to influence the voltage at their PCC (compare Figure 1, blue arrow).
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Figure 1: Impact of active and reactive power - based on [5].



To understand how voltage support by a DG works, an equivalent circuit of the grid, from the
generator perspective is presented in Figure 2. Equation (1) is given in [6] and equation (2) in [7].
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Figure 2: Schematic of a generator connected

to a grid - based on [6]. Figure 3: Compensation of the voltage rise by PV

reactive power control as a function of the power
factor cos ¢ of the PV system and the R/X ratio at

the PCC [7].
Where:
(R-P)+ (FO0-X) dU :relative voltage deviation [p.u.]
au ~ (Ugria)? (1) Ugriq : nominal grid voltage
T
R.P l 1 @ : Generator phase angle
dU ~ ——— - |1+ tang - —=| (2) R :Grid resistance
RY
Weria) R/X X  :Grid reactance
P : Active power of generator
Q@  : Reactive power of generator

The voltage deviation (dU) over the grid impedance is given by approximation (1), assuming that the
nominal grid voltage (Uy,,4) is fixed [6]. From Equation (1) it can be seen that the PCC voltage rises by
increasing the active power feed-in. The reactive power can also be used for either lowering the
voltage (underexcited operation, negative Q in Equation (1)), or increasing the voltage (overexcited
operation, positive Q in Equation (1)).

However, from equation (2), the effectiveness of the reactive power control for a certain generator
phase angle (¢ = tan*(Q/P)) depends heavily on the (R/X) characteristics of the respective grid
section (e.g. [7], [8]). The larger the (R/X) ratio, the more reactive power is needed to compensate
the voltage increase. An example of the effectiveness of DG reactive power control as a function of
the DG power factor and the R/X ratio at the PCC is given in Figure 3.



2.2. Control Structures

In general, the grid control structure can be categorized into three different hierarchy levels; the
centralized, decentralized and local control structures. Within each level, the controller considers
different input variables to form its output variables. In centralized control structures, each controller
depends on output measurement values from the subsystems in order to derive its output variables.
Therefore the centralized control structures enable regional grid optimization, since in this level
communication between different entities (e.g. loads, DGs, transformers) is possible. However, the
controllers may experience delays in the communication between different levels and availability
issues of the communication infrastructure. On the other hand, in decentralized control structures,
each controller in the subsystem (e.g. LV grid area) depends only on the output from the subsystem
attached to it. Therefore, a decentralized controlled subsystem can be by itself a part of superior
centralized control structure.
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Figure 4: Differentiation between central, decentralized and local structured intelligence of voltage
control strategies [9].

Finally, local controllers do not depend on any communication between single subsystems. Instead,
they process measured values from the respective controlling entity itself (e.g. voltage magnitude at
the PCC) and use this value to define their outputs (e.g. change reactive power operation point). The
local control structure may not result in an optimized operation for the overall grid section; however
local control is very fast and only requires a small initial investment [4], [10], [11]. The focus of this
management summary is set on local control structures.



3. Regulatory Framework

Reactive power control capabilities of DGs may
provide voltage support at modest additional cost.
This has motivated several countries to demand
reactive power control from DGs in their general
guidelines and grid codes.

However, the implementation of the DG reactive
power control can be highly varied between
different DSOs, even if they are from the same
country. Figure 5 illustrates an example for the
Q(U) and cos@(P) characteristics required by
different German DSOs. Other examples are
provided in [12] for the USA and Europe [13]. Due
to this high diversity of control specifications,
setting the parameterization of reactive power
controllers in the field is not always an easy task
[14]. Table 1 summarizes the general grid code
requirements for DG reactive power capabilities in
several countries.
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Grid codes and technical guidelines
contain technical specifications that
define the requirements for electrical
devices connected to the grid. For
voltage support by DGs, usually
reactive power control capabilities are
specified by grid codes. However,
these general requirements are usually
complemented by detailed
specifications and parameter settings
(e.e. Q(U) characteristic) in the
technical guidelines of the respective

DSOs.
0.9]0.95———— oo cosphi(P) DSO4
over- - - -cosphi(P) VDE 4105
excited
4 <
(@) 1 ~
Q ~
~
~ .
N
under- A O
excited \\
0.9]0.95
0

) 0.5
Active power DG [p.u.]

Figure 5: Examples of different Q(U) characteristics for MV DGs (left) and different cos(P)
characteristics for LV DGs (right); examples according DSO 1 [15], DSO 2 [16], DSO 3 [17], DSO 4
[18] and VDE-AR-N 4105 [19]. Based on [14].



Table 1: Overview of selected general grid codes for DG interconnection with the public grid

Country Reactive Power Capability Grid Code
Austria MV: cos@ = 0.925),gging 10 0.925/ca4ing TOR D4 (02/2016) [20]
LV: cos® = 0.90 jagging t0 0.901cading
Belgium Installations < 1IMVA: coso > 0.95 C10/11 SYNERGRID [21]
Installations > 1IMVA: DG is able to inject or absorb
reactive power between -0,1P,,,, and 0,33Pom
China LV: Ppy>50% rated power: cos = 0.98,g4ing t0 GB/T 19964-2012 [22]
0.98\cading
20%< Ppy<50% rated power: cosg = 0.95,4ing t0
O-95Ieading
Denmark LV: Dg with Iy < 16A per phase Pp,>20% rated LV Iy £ 16A per phase:
power: cos® = 0.95 |5gging t0 0.95 jeaging Teknisk forskrift 3.2.1 based on
LV/MV: Different operation ranges can be EN50438 (VDE-AR-N 4105)
specified by the DSO. In general Dg with Pp,>11 LV/MV above 11 kW:
kW: Cosp = 0.90 lagging to 0-90Ieading Teknisk forskrift 3.2.2
Europe LV: DG with Iy < 16A per Phase: cosq =0.9,gging t0 DIN EN 50438 (06/2014)[23]
O-9Ieading
Germany II;I\SIC:)Different operating ranges specified by the HV: VDE-AR-N 4120 (01/2015) [24]
MV: c05® = 0.95|,5ing t0 0.95/cading MV: BDEW Technical Guideline MV DG
LV: cos@ = 0.95/0.90 jagging t0 0.95/0.90 jesging (06/2008) [25]
LV: VDE AR-N-4105 (08/2011) [19]
Greece® HV: For RE generators different operating ranges | Grid Code, Government Gazette B /
are specified by the DSO 103 / 31.01.2012 (as modified in
For the generators connected to the Distribution March 2015)
grid (MV and LV) the power factor is limited in the
range: cos® = 0.95,4ing t0 0.95/c54ing Unless the DSO
decides otherwise.
Japan MV: cos® = 0.85ag4ing t0 COSP = 1.00c5qing JEAC 9701-2012.
LV: cos@ = 0.855g4ing t0 COS® = 1.00cading
Switzerland No national specifications available, only Werkvorschriften (DSO specifications)
guidelines. Mostly compatible with VDE-AR-N4105. | Guideline: NA/EEA—CH 2014
€os@ = 0.90 j5gging t0 0.90 jeaging European Standards are normally
respected.
usAa’ LV/MV: (10MVA or less) The DG may actively IEEE 1547 (2014 —inclusive of

participate to regulate the local voltage (e.g. by
changing the P and Q) with the coordination and
approval of the area electric Power Systems and
DG operators, voltage regulation range bound by
ANSI C84.1-2011 Range A.

Amendment 1547a-2014) [26, p. 1]

> Currently under review
® The grid code for the interconnected distribution grids is under consultation
7 |[EEE 1547 is currently under full revision (P1547).
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4.Impact on Grid Operation and Planning

This chapter presents case studies investigating technical and economic aspects of local voltage
control strategies. Section 4.1 explains how local voltage support can positively contribute to
increase a grid’s hosting capacity for additional DG capacity. Here, technical aspects and economic
findings, derived by analysing real highly PV-penetrated low voltage grids in Germany, are presented.
Section 4.2 presents the impact of local control strategies on the reactive power exchange at the
HV/MV connection point. In Section 4.3, the impact of DG reactive power control on other voltage
regulation schemes applied by the utility are analysed. Finally, Section 4.4 highlights the challenges
and impacts of local voltage control on the voltage stability.

4.1.Impact on the Grid Hosting Capacity

The technical boundaries of hosting
capacity of the distribution grid are
defined by grid codes and individual DSO
technical guidelines. Several factors can
limit the hosting capacity of a
distribution grid for DGs, such as the
thermal rating of grid assets, voltage and
power quality aspects, fault clearance
specifications, reverse power flow
limitations, anti-islanding safety measure
and protection schemes [31],[32]. In
order to increase the DG hosting
capacity, the DSOs can apply several
methods: In Germany grid operators
intend to plan their grid according to the
NOVA principle®. This means that grid
optimization should be considered Penetration level
before grid reinforcement and/or before Figure 6: Hosting Capacity [28].
grid expansion. The local voltage support
by DGs is increasingly accepted by the
DSOs as grid optimization.

The term DG hosting capacity of electrical
grids defines the maximum generation
capacity that can be connected to the
respective grid while complying with the
technical requirements of grid codes and
guidelines [30].

Performance index

Hosting | ™.

Capacity g P

4.1.1. Technical Potential

The DG local controllers (acting for example on inverters) can support the grid voltage by providing
or consuming reactive power, and hence contribute to increase the grid tolerance to host more DG
capacity [29]. The common local reactive power control methods are:

o fixed power factor control,
e Cos@(P) characteristic (Watt-Powerfactor function, Figure 7, left),
e Q(U) characteristic (Volt-Var function, Figure 7, right).

& The abbreviation ,NOVA‘ stands for ‘Netz-Optimierung vor Verstirkung vor Ausbau’ i.e. before
expanding the network, first the current network operation must be optimized followed by the
strengthening of existing lines or cables. Finally, if both methods are inapplicable, the network may
be expanded by adding new lines.
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Figure 7: Examples of cos@(P) characteristic (left) and Q(U) characteristic (right).

Each local voltage control strategy may result in different technical potentials to increase the grid
hosting capacity. To further elaborate on this issue it is expedient to consider an example. In [30], an
assessment approach investigated a total of 17 real German low voltage grids. Figure 8 shows the
distribution of the additional PV hosting capacity that can be gained through local control, compared
to a scenario in which no control strategies are applied. These results were achieved by simulating a
total of 1000 random PV installation scenarios. The coloured plots in the background depict the
accumulated distribution over all the 17 LV grids, while the grey distributions in the foreground
highlight the results for one particular LV grid. These results illustrate that all three control methods
can lead to a significant increase in the grid hosting capacity. Distinguishing which local voltage
method is most effective for a variety of different grids however, is not always an easy task.

Il 17 LV-Grids One LV-Grid #1 One LV-Grid #2
— Median over 17 LV-Grids Median over one LV-Grid

300
|

Additional PV Capacity [%]
100 200

COSPFixed cosp(P) Q(u) COSPFixed cosp(P) Q(v)

Figure 8: Bean-plot showing the distribution of the additional hosting capacities for different
control strategies in 17 grids and in detail for LV-Grid #1 and #2 [30]. The bean-plot shows the
density curve and the median value of the result population.

Another factor that has a high influence on the results is the setting of the reactive power controller
(e.g. the set-points of the Q(U) controller). Figure 9 shows the additional PV capacity that can be
achieved over the 17 investigated LV grids. It is clear that shifting the starting point of the Q(U)
controller (U1, compare Figure 7) towards higher values can reduce the ability of the Q(U) voltage
control strategy to increase the PV hosting capacity. The evaluation of the effectiveness of Q(U)
characteristics should consider different criteria such as the grid’s hosting capacity (see Figure 9), the
total reactive power demand (Section 4.2), voltage stability aspects (Section 4.4) and protection
settings, for example.



A further PV integration challenge
especially at the LV level is voltage
unbalance. Unbalanced grid voltages can
lead to an earlier exceeding of the
upper-voltage limitation and can
strongly decrease the grid hosting
capacity (e.g. [31]). Reactive power
control by DG systems can help to
mitigate voltage unbalances in the
distribution grid. However, the
effectiveness of DG reactive power
control under unsymmetrical grid
conditions strongly depends on the
applied reactive  power  control
characteristics (e.g. cosphi(P) or Q(U)) Figure 9: Bean-plot showing the distribution of the
and the applied voltage measurements.  additional hosting capacity for different starting points
A detailed analysis of the effectiveness of the Q(U) characteristic [30].

of DG reactive power control under

unsymmetrical grid conditions is given in [31], [32].
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4.1.2. Cost-Benefit-Analysis

The previous subsection presents the technical potentials of applying local voltage control strategies
to increase the hosting capacity of the grid. Solutions such as installing additional cables or
exchanging the distribution transformers require high investment costs. By implementing local
control strategies, additional hosting capacity may be utilized by using the existing grid infrastructure
more efficiently. However, the additional reactive power flow in the grid can increase the network
losses and will lead to additional active power losses in the DGs. Therefore, when analysing the
economic benefits of the local voltage control methods, it is important to consider the operational
costs as well. In [30], a cost—benefit-analysis was performed on two existing low voltage grids with
different local control strategies spanning over 10 years, assuming a constant growth in photovoltaic
installations. The investigation considered two main cost categories: the investment costs including
reinforcements of the grid (by exchanging transformer or by parallel cables) and operational costs
(e.g. additional feed-in losses due to active power reduction and additional network losses). The
study investigated the following local voltage control strategies:

e Cos@(P) characteristic (Watt-Powerfactor function),
e Q(U) characteristic (Volt-Var function) with and without power factor limitation.

Figure 10 illustrates the total cost net present value of the two LV grids (compare Grid #1 and #2 in
Figure 8) as a percentage of the total cost when no voltage control was applied at all. In the scenario
“no voltage control”, only traditional grid reinforcement is applied to increase the DG hosting
capacity. The results show that local voltage control strategies can achieve significant cost saving
potential for the investigated grids. The net present value of the investment costs could be reduced
by up to 60% (Grid #1) for the Q(U) control strategy, compared to the traditional grid reinforcement.
It should be noted that these cost saving potentials are highly dependent on the scenario under
investigation and may be different for other networks.



I Grid reinforcement Grid #1
B Network losses + maintenance Grid #1
100% = 188,583 €

B Grid reinforcement Grid #2
Network losses + maintenance Grid #2
100% =174,203 €

Figure 10: Total cost net present value of a real LV grid as a percentage of the total cost when
applying no voltage control [30].

Other studies also identified a significant cost saving potential for active voltage support by DG. In a
Belgian case study [33], a cost-benefit analysis was performed using a local and a central control
approach for reactive power control and active power curtailment of PV and storage systems. The
results show that for increasing the grid hosting capacity, voltage support by PV systems is an
“economically viable alternative to grid reinforcement at a fraction of the cost” [33]. Whereat the
highest cost saving potential is identified for the local control solutions of the PV systems [33].

4.2.Impact on the Reactive Power Demand of Distribution Grids

In Germany, the demand for reactive power
flexibilities in the transmission system s
expected to increase significantly by 2030. The
main reasons are increasing transmission
distances, an increased degree of cabling [34]
and a reduced number of conventional power
plants in the transmission system.

Furthermore, the local reactive power control
by DGs can affect the reactive power demand
of distribution grids and can additionally lead
to an increased need of reactive power
compensators in  the distribution or
transmission grid. Figure 11 shows exemplarily
the active and reactive power exchange at an
extra-high-voltage/high-voltage substation
[35]. Today, the distribution grid mainly
consumes active power from the upstream
voltage level while reverse power flows occur
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Figure 11: Impact of DG with and without
voltage regulation on the reactive power
demand of a distribution grid [35].

only rarely (Figure 11, dark blue points). In the future, with a significant amount of installed DG
capacity, reverse power flows are expected to occur more frequently (light blue dots). If those DGs
are then actively used to mitigate local voltage rises by means of local reactive power control, the
result could be a significant increase in the reactive power demand of the distribution grid (Figure 11,
black points prospective with a fixed power factor control). However, this result is also highly
sensitive to the applied local control strategy of the DGs.
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In Reference [36], the impact of different local control strategies of low-voltage PV-systems on the
reactive power exchange at the HV/MV transformer was analysed for a real German distribution grid.
The simulations were performed using a detailed composite 20 kV and 0.4 kV grid model, which
consists of one 110 kV/20 kV substation and 156 distribution substations (20 kV/0.4 kV). More than
1440 PV systems are installed in the LV grid, adding up to total PV capacity of approximately
30 MWop. In order to assess the impact of local reactive power provision on the reactive power
exchange with the upstream 110 kV grid, different reactive power provision strategies were assumed
for certain percentages of the PV systems, respectively. Figure 12 shows an exemplary result of the
power exchange at the HV/MV transformer for a clear sky day, where for all low voltage PV systems
(100% scenario) the voltage support functionality was applied. The results in [36] show that a system
wide rollout of the fixed cosg control or the cose(P)-control can have a significant impact on the
reactive power demand of the distribution grid. On the other hand, the investigated Q(U) control
shows only a minor impact on the reactive power demand of the distribution grid. The results
depend on the respective grid topology and loading situation and the parameter settings of the
applied reactive power controller. In the analysed distribution grid, high voltages (Upec > 1.05 p.u.)
only occur rarely at the PCC of the PV systems, due to a power flow dependent control of the on-load
tap changer in the HV/MV transformer. Nevertheless, the results illustrate that an appropriately set
Q(U) characteristic can minimize the additional reactive power flows within the distribution grid,
whilst supporting the local voltage.
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Figure 12: Impact of different local DG control
strategies on the reactive power exchange at the
HV/MV transformer [36]. (German case study)

In a case study carried out in Belgium [37], the costs for reactive power surplus at the DSO/ TSO
connection point is examined for various MV grids and the influence of distributed generation on the
reactive power surplus is analysed. A focus is set on the reactive power requirements by the ENTSO-E
Network Code on Demand Connection [38], in this example no export of “Reactive Power (at nominal
Voltage) at an Active Power flow of less than 25% of the Maximum Import Capability”[38] should be
applied at TSO/DSO connection points (red square in Figure 13); except in cases when other
measures are agreed between TSO and DSO. The distributed generation can shift the operation
points of the distribution grid to lower consumption or even to reverse power flows (from A
(permitted) to B (not permitted) and from B to C (not permitted) in Figure 13), which might lead to
additional costs for the DSO. Furthermore, local reactive power characteristics for DGs are discussed
in [37], which might reduce the reactive power surplus of distribution grids.

In general, distributed generation and reactive power control of DGs can have a relevant impact on
the reactive power demand of distribution grids. The reactive power demand of distribution grids
and the reactive power requirements at the connection point with the upstream Network operator
can differ strongly per country, voltage level or grid region. The additional required reactive power
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flexibility could be provided by conventional technology, such as the installation of reactive power
compensators in the transmission or distribution grid (e.g. mechanically switched compensators,
Static Var Compensators). In addition, controllable reactive power, provided by state-of-the-art DG
technology (e.g., inverters, doubly-fed induction machines), could also provide a considerable
amount of reactive power for distribution and transmission grids (e.g. [39], [40], compare Chapter 6).

4.3.Impact on Existing Voltage Regulation Schemes

“In general, an attempt by a DR (Author’s note: distributed resource) to regulate distribution system
voltage can conflict with existing voltage regulation schemes applied by the utility.”[41]

This quote (from 2008) is taken from the IEEE

working group on distributed generation \
integration. In fact, several studies show that Voltage regulation in the distribution
distributed generation with or without reactive grid is traditionally performed by on-
power control can affect the operation of load tap changers (OLTC) of
conventional voltage regulators ([42]-[46]). For transformers, line voltage regulators
example, an inadequate control of voltage and/or switched capacitor banks.
regulators (VR) operating in line drop Examples of common control strategies
compensation mode can occur under reverse are voltage based methods or line drop
power flow conditions ([43]-[45]). The impact of compensation. An increase of tap/
distributed generation on the operation of switching operations can shorten the
voltage regulators may differ strongly by the lifetime and maintenance intervals of

regulators and the grid configurations.

applied control strategy of the DGs, the voltage \the voltage regulators.

In the previous section, it is shown that reactive control by DGs can significantly increase the reactive
power flow in distribution grids. This additional reactive power flow needs to be taken into
consideration in the planning and operational process of voltage regulators (e.g. maximum and
minimum tap step, set values). Several studies have analysed the solar variability (e.g. [62], [64]) and
have shown how fast PV active power output can change within different time intervals and different
grid regions. Therefore, the application of a reactive power control for a variable energy source (e.g.
PV), can also increase the reactive power fluctuations and ramp rates in the grid. Figure 14 shows an
example from a case study [46] of a real German MV grid with a high PV penetration. All reactive
power control strategies of the PV systems lead to an increase of reactive power ramp rates at the
HV/MV transformer. The highest ramp rates were determined for the cosq(P) control of the PV
systems. For the Q(U) control the reactive power ramp rates are dependent on the voltage profiles in
the grid.

The impact of PV active and reactive power variations on the grid voltage depends strongly on the
electrical characteristic of each grid node (especially R/X ratio and short circuit power). In Figure 3 it
is shown that PV reactive power control can partially or completely compensate the voltage rise
caused by PV active power feed in, for a wide range of different grid node and PV configurations.
However, at grid nodes with a small R/X ratio (R/X << 1) PV reactive power control can also lead to an
overcompensation and to additional voltage variations. Therefore, depending on the location of the
voltage regulators (e.g. R/X ratio and short circuit power) and the applied control configurations, PV
reactive power control can either increase or decrease the number of operations of the voltage
regulators.
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Figure 14: Active and reactive power flow (left) and ramp rates of reactive power (right) at the
HV/MV transformer for a partially cloudy day (German Case Study) [46] (*Q(U) control is simulated
with two different voltage profiles a the HV-connection point of the grid)

In the German case study [46] the impact of PV reactive power control on the on-load tap changer
control of a HV/MV transformer was analysed. The OLTC transformer controlled the voltage at the
MV substation busbar (R/X ratio < 0.1), which is especially sensitive to the reactive power flow over
the HV/MV transformer. All reactive power control strategies could effectively reduce the maximum
voltage magnitude in the grid, compared with the baseline scenario (PV at unity power factor).
However, the number of OLTC operations increased when using a cos (P) or a fixed cos control of
the PV systems. In contrast, the applied Q(U) control showed just a minor increase of OLTC
operations. The voltage dependency of the Q(U) control had also a smoothing effect on voltage
variations at the MV substation busbar [46].

A US case study, including the demonstration of using fixed power factor control to mitigate voltage
regulation issues due to high-penetration PV integration, on a 47 mile long MV (12kV) circuit with
relatively sparse LV customer-level transformers (as is typical in the US) showed significant
reductions in voltage rise along the circuit during periods of PV plant operation [47]. Figure 15 shows
the PV plant’s point of common coupling voltage (MV) for the day prior to the beginning of the field
demonstration and a day during the field demonstration. Voltage regulation, which is accomplished
entirely with switched capacitor banks (i.e. no OLTC or voltage regulators present on the circuit),
operation returned to pre-integration operation as the switched capacitor banks are voltage
controlled.
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Figure 15: Voltage at a 5 MWp PV plant, connected to a MV distribution circuit, during similar days
with the PV system operating normally (PF=1) and during the field demonstration of using fixed
power factor settings to reduce voltage regulation issues along the circuit (PF=0.95).

24

Voltage (kV I-1)

PF=0.95, During Demo

1271
126

] 12 18 24
Time (Hour)

In a further US case study, the impact criteria of smart inverter functions (e.g. volt/var Q(U) and
volt/watt P(U)) was analysed for 3 different feeders (4 kW — 13 kV) [63]. The analysis was performed
for a large number of different control characteristics for each inverter function and the best settings
were identified for each feeder. Figure 16 shows the voltage regulator tap response for the best
setting of each inverter function. For the investigated feeders, especially an intelligent volt/var
control (Q(U) control) was able to reduce the number of tap/ switching operations of the existing
voltage regulators.
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Figure 16: Voltage regulator tap response (best settings for each PV inverter function) [63]
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4.4.Impact on the Voltage Stability of Distribution Grids

Among the previously presented voltage control

strategies, the Q(U) control is one of the promising

strategies to provide voltage support in the

distribution grid. However, the Q(U) characteristic is
a closed loop adjustment and potential voltage
oscillations or stability problems have to be
accounted for prior to its application. So far, several
studies have analysed the Q(U) stability by
analytical studies and laboratory or field tests ([48]-
[49]). In the laboratory and field tests in [48] and
[49], no stability problems of the Q(U) control have
been observed. Analytic studies in [50] and [51]
show that stability problems can theoretically occur,

The Q(U) controller is a non-linear
proportional controller, with its
gain depending on the droop-
settings. The whole system is a
closed-loop system, where the
reactive power value is determined
by the measured voltage. Stability
problems of the Q(U) control can be
avoided, if the control parameters
are chosen appropriately [50], [51].
if the control parameters are not chosen properly.

The grid characteristics at the PCC (e.g. short-circuit

power, R/X-ratio) and the setting of the Q(U)-

controller (e.g. gain, measurement dead time, filter
settings) have a relevant impact on the stability of the Q(U) control itself.

The analyses in [50] and [51] show that a significant dead time of the Q(U) control (e.g. dead time for
measurement, communication and signal processing) can cause voltage stability issues. To assure the
stable operation of the Q(U) control, a first order filter (PT1-behaviour) of the controller with a
sufficiently long time constant is suggested in ([48], [49] and [51]). Minimum requirements needed to
achieve the stable operation of the Q(U) control were proposed and validated in [51]. Therefore, a
clear parameter definition of the reactive power step response is suggested in the more recent grid
codes (e.g. [14]).

A summary on the voltage stability of the Q(U) control is presented in [33]: “Simulations, lab tests
and field tests confirmed that the Q(U) control can operate stably under all network conditions. This
control function is stable when the internal delays present in the control loop are not too large to the
time response of the current controller. [...] The stability criterion is rather weak and easy to comply
with. Only for large PV installations requiring communication over a certain distance between the
controller and the inverters, the stability criterion should be checked and re-confirmed since the
resulting delays may reduce the stability margin”.

Further investigation into the stability of autonomous PV inverter local voltage control utilized power
hardware in-the-loop (PHIL) laboratory testing [52, p. 500], [53]. These investigations examined one
specific circuit typical of US-style distribution topologies and included the full unbalanced three-
phase real-time simulation of the entire 8 mile long circuit. The interconnected PV system, along with
autonomous reactive power control, was implemented in real hardware and was powered by a large
PV simulator. Time resolution of the simulation was in the order of tens of milliseconds with an
overall bandwidth under 1 Hz. No undesirable voltage stability issues or fast-time-scale interactions
with existing automatic voltage regulation devices on the distribution circuit were observed.
Additional model-based analysis was also completed to investigate if autonomous PV inverters, with
similar or differing reactive power control objectives, would result in unstable circuit operation [54]
[55]. This study also found no voltage stability issues (i.e. controller hunting, controller limit-cycling in
steady state, etc.) under realistic circuit topologies and operating conditions.
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5.Combined Active and Reactive Power Control

Besides local reactive power control, the PV systems can provide local active power curtailment for
means of voltage support. For example, in Austria and Germany especially two approaches for local
active power curtailment have been discussed:

e Q(U)/P(U) control: combined Volt-Var and Volt-Watt function (e.g. Figure 18)
e Fixed 70 % power limitation: Active power feed-in of PV systems is limited to 70 % of the
installed PV capacity (e.g. German Renewable Energy Source Act (EEG 2014 §9))

A 70 % power limitation is for example required in Germany for small PV systems (Py < 30 kWp)
which are not equipped with a remote interface for the DSO (EEG 2014 §9). The new Austrian
guideline [20] requires a voltage dependent active power curtailment of DG systems. Combined
reactive power and active power control approaches can further increase the grid hosting capacity.
As a measure to increase the grid hosting capacity, combined reactive power and active power
control approaches show within the highest cost saving potential in several case studies [30] and
[33]. However, active power curtailment might lead to relevant PV feed-in losses (PV opportunity
costs in Figure 19). In [56], PV generation profiles for different European countries are analysed and
annual PV feed-in losses between 2.9 % and 6.7 % are determined for a fixed 70 % power limitation
(compare also [57]). However, the 70 % power limitation is requested at the PCC of the PV system. In
combination with local demand, smart energy management or storage systems, PV curtailment
losses can be further decreased. For P(U) control, the feed-in losses over all PV systems in a grid is
usually considerably smaller [30], [56]. However, single PV systems might be affected more
significantly by a P(U) control compared with a fixed 70 % power limitation. Therefore, the
requirements for active power curtailment should be a good trade-off between increasing the grid
hosting capacity and avoiding additional PV feed-in losses. An overview on advantages and
disadvantages of the discussed active power curtailment approaches is given in Table 2.

B Grid reinforcement Grid #1 B Grid reinforcement Grid #2
B Network losses + maintenance Grid #1 Network losses + maintenance Grid #
PV opportunity costs Grid #1 PV opportunity costs Grid #2
100% = 188,583 € 100% = 174,203 €
Q fax ;
4R O
i 1 o
H : E
S
A U
U1 Ua2Us Ua T
Figure 18: Active and reactive power 0%
control characteristics of the PV
inverters with U1= 1.05p.u., U2=U3= Figure 19: Total net present value of local active power
1.08 p.u. and U4=1.09 p.u. [30] and reactive power control characteristics for a German
(German case study) case study [30] (compare also Figure 10).
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Table 2: Advantages and disadvantages of local active power control approaches (based on the
findings in [56])

Advantages Disadvantages
Fixed 70% | e Fair: all PV systems equally affected e Power curtailment also at nodes and at
P.ovs‘/er' e Simple grid planning times when no voltage support is
Limitation | Simple forecast of feed-in losses required

e Function available in modern inverters e Usually higher PV feed-in losses

compared to P(U) control

P(U) e Power curtailment only at nodes and at | e Not fair: especially PV systems at weak
control

times when voltage support is required
e Function available in modern inverters

connection points affected
e More complex grid planning

¢ Difficult forecast of feed-in losses
e Feed-in losses difficult to determine

6. New Trends

In several studies voltage support by DG has been identified as an effective measure for maintaining
the voltage of distribution grids within its limitations. Today, active voltage support by DGs is
required in grid codes and guidelines in several countries and by various DSOs. Voltage support by
DG is on its way to becoming a state of the art technology.

A need for research and development is identified to further standardize DG parameterization and
operation. First hand experiences from German DSOs and an Austrian DSO on DG reactive power
control are presented in [14]. The study reveals that a noticeable number of DGs are not operating in
full compliance with the relevant grid codes and guidelines. Especially, the parameterization of the
reactive power controller is an error-sensitive task, due to the lack of clear parameter definitions and
the diversity of manufacturer-specific GUIs. Therefore, standardized interfaces and parameter
settings can help to avoid parameterization errors in the field.

In future, the DG systems will provide additional ancillary services to the network operator (TSO and
DSO) like for example frequency control, congestion management, reserve capacity, volt/var
coordination or black start capability. The IT-infrastructure will be widely developed in the future
distribution grid and decentralized as well as central control structures will become more and more
relevant. However, due to the fast reaction time and the possible independence of the
communication infrastructure, local control strategies will also play a decisive role in any future grid.
For example new control concepts by German DSOs combine local and central control structures for
voltage support and reactive power management [58], [59]. In these concepts, the DG systems are
operated through local voltage control; however their local control characteristics can be configured
by a central controller, which allows a globally optimized operation of the DG systems. The
combination of local control and central control characteristics enables fast responses and an overall
optimized operation of the DG systems. Figure 19 shows the requested reactive power characteristic
by a German DSO [58]. Within the light blue area the remote reactive power set points by the DSO
are adjusted by the DG system. However, in case of very low or very high voltages at the PCC the
reactive power provision by the DG system is limited by a local Q(U) characteristic (dashed blue line
in Figure 19).
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For reactive power management in public or commercial grids a full time operation of PV inverters
can be of interest. Solutions for full time operation (Q at night and day) of PV inverters are already
available on the market. Several case studies [40], [60], [61] concerning the full time operation of PV
inverters show a high technical potential for reactive power management in distribution grids.
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Figure 20: Example of a combined local and central control approach of a German DSO. The shaded
blue area is the requested control characteristic, and the orange line shows the control
characteristic for a central reactive power set value of 50% Qmax (underexcited). Own diagram
based on [58].

7.Conclusion

This report has addressed the importance of local voltage support functionalities by DGs connected
to the distribution grid. The review of different scientific studies has highlighted a promising
performance of local reactive power provision methods. If applied appropriately, local voltage
support by means of DG reactive power provision has the ability to maintain the voltage within
operating limits in different distribution grids. Regardless of the applied methodology (e.g., fixed
cos, cos® (P) or Q(U)), voltage support by DGs is capable of utilizing additional DG hosting capacity
and hence may be able to delay or avoid cost intensive grid reinforcement measures. However, the
increase in hosting capacity and the associated cost saving potential depend on the grid topology,
the loading situation and the controller parameterizations.

The parameterization of DG reactive power control is not always an easy task and local control
strategies (e.g., fixed cosg, cos@ (P) or Q(U)) show different advantages and disadvantages in grid
operation and planning. Table 3 gives an overview on advantages and disadvantages of the reactive
power control strategies according to different case studies. Table 3 can support decision-making for
the application and parameterization of local reactive power control.
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Table 3: Comparison between different reactive power control strategies by DG (based on [7])

Category

Reactive power control strategy

Fixed power factor

Cose (P) characteristic

Q(U) characteristics

Effectiveness to N highest effectiveness, all DG systems 1 high effectiveness, all DG systems equally A effectiveness usually slightly less, compared
mitigate voltage rises equally contribute to voltage support contribute to voltage support to cos@(P) control; only DG at critical PCC
[7] J undifferentiated Q-provision, e.g. N undifferentiated Q-provision, e.g. unwanted provide voltage support

unwanted voltage reduction also in load voltage reduction also in load dominated A can also provide voltage support in case of

dominated feeders feeders (to a smaller extent than fixed under-voltage at the PCC

power factor control)

Impact on reactive J usually highest Q-provision of DG systems | N partially unneeded Q-provision of DG A Q-provision only at PCCs and at times when
power demand in systems (to a smaller extent than fixed voltage support is required
distribution grids [7], power factor) o reactive power ramps by DG systems
[36] N usually high reactive power ramps by DG depend on voltage variations at PCCs

systems

Impact on existing
voltage regulators
[46], [63]

M ->J depending on the location of the voltage regulators (e.g. R/X ratio) and the applied control configurations, DG reactive power control can
either increase or decrease the voltage regulator operations. In the investigated case studies a proper Q(U) control (volt/var) supported the grid
voltage effectively, while the number of voltage regulator operations remained on the same level or was reduced.

Impact on grid losses ° | |, usually highest grid losses N usually increased grid losses A usually no unnecessary increase of grid
[7] losses
Complexity of DG N simple parameterization A simple parameterization, but highest N more complex parameterization;
parameterization o awareness is required for the sign voltage rise at PCC, which does not always compromise between effectiveness and
[71, [14] convention of Q-provision (under-/ occur during the highest PV feed-in additional reactive power provision by DG
overexcited operation) N plant dimensioning should be considered o awareness is required for the sign
o awareness is required for the sign convention of Q-provision (under-/

convention of Q-provision (under-/
overexcited operation)

overexcited operation)

Cost-Benefit-Analysis
(301,[33]

A

grid structure and the controller parameterizations.

DG Reactive power control can avoid or delay expensive grid reinforcement measures. The cost saving potential depends especially on the

Controller stability
(48], [49], [50], [51]

o Open-loop control — no voltage stability problems are expected.

o

Closed-loop control: Stability problems can
occur if the control parameterization is not
appropriate. If parameterized appropriately,
stability issues are of no concern.

Legend: 1: advantage, | : disadvantage o: not rated

9 Impact of PV reactive power control on the grid losses is strongly case sensitive. For example, in the study [63] the fixed power factor control and the intelligent volt/var
control (Q(U)) could reduce the line losses in the grid.
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