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ABSTRACT

Snce the beginning of the 90's, many countries have

experienced a substantial growth of distributed generation

(DG) ontheir power systems. If currently in most countries,

either a constant power factor regulation, or a constant

reactive power regulation are specified by the Distribution

System Operators (DSO) for a distribution network grid

connection, in the future, the use of a more elaborated

voltage regulation (for instance based on a voltage set
point) is expected.

The choice of an elaborated set point based voltage

regulation brings more flexibility by further optimising the

network operation whereas there is no voltage constraint.

Indeed, the choice and design of a DG voltage regulation

should be the result of an optimisation maximizing the

benefits to the whole network. It can for instance be
performed in order to:

- facilitatethe grid connection of both power production
unitsand consumer sinstallations, and so to reducethe
connection costs,

- limit active power |osses on the network,

- limit the cost related to the reactive power exchanges
between the distribution and the transmission systems,

- improve network stability.

Indeed, for DG connected to distribution networks, the
voltage regulation must at least respect the following
requirements:

- The contractual and regulatory constraints are
respected: steady state voltage kept within the
admissible values, limited voltage fluctuations, voltage
quality maintained, etc.

There will be no overvoltage leading to damages to grid
components or consumers' installations.
The use of a voltage regulation affects different physical
phenomenain steady state and in transients such asvoltage
profile, currents magnitudes, losses, short-circuits, flicker,
etc. This paper analysesitsimpact on different phenomena
in order to prepare an evolution of the grid connection
study methods needed for the use of an elaborated voltage
regulation.

Furthermore the use of a voltage regulation supposes the

existence of a compatible regulatory and contractual

framework (for instance not to charge the DG for reactive
power consumption if it is regulating the voltage). An
example of a simplified voltage regulation, with a partial
compatibility with the French actual contractual and

regulatory framework is presented, along with EDF R&D

perspective and future works on more efficient voltage

regulations that suppose a contractual and regulatory
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framework modification (for instance on the network tariff
[9]), and a modification of the grid connection studies
methods and tools.

INTRODUCTION

The connection of a DG on a distribution network affects
the physical phenomenain steady state (currents, voltages),
and in transients (flicker, short-circuit currents, etc). So the
DSO hasto perform a grid connection study for each new
connection in order to determine the optimal solution that
enables to fulfill the technical, regulatory and contractual
constraints towards the network users.
When the grid connection study shows avoltage constraint
in steady state (corresponding to an overvoltage for DG
connection), different solutions are possible, anong them:
- amodification of the point of common coupling (PCC),
- amodification of the voltage regulation for the DG
with a decrease of reactive power production or an
increase of the reactive power consumption to decrease
the voltage,
- anetwork reinforcement.
Generally, the regulatory framework is adapted in the
different countries with grid connection requirements
concerning the production and absorption capabilities of
reactive power by DG. These capabilities might be used
with different control modes. For instance in France, the
DSO (voltage level up to 20 kV) may ask for a constant
power factor control mode, a constant reactive power
control mode or avoltage regulation based on avoltage set
point.
Nowadays, a common practice for the DG connection to
radial distribution networks isto ask for a constant power
factor regulation mode. To cope with voltage constraints,
for instance an inductive power factor set point can be
defined. If this control mode enables to decrease the
voltage, it however does not take into account the actual
value of the voltage at the PCC (that depends also on the
load, on the on-load HV/MV transformer). Hence this
control mode leads sometimes to reactive power
consumption (and corresponding losses) whereas the
maximum voltage is not reached. Furthermore, in case of a
grid event (such as a short-circuit), this regulation does not
support the voltage and in case of network reconfiguration,
voltage constraints can appear with apower factor set point
calculated only for normal operation.
The use of avoltage regulation based on avoltage set point
brings more flexibility to the network with a possibility to
improve the DG reactive power capability use. This paper
focuses on the impact of the use of avoltage regulation on
the network behavior and the grid connection studies. The
following points are presented:
- DG grid connection reguirements, with French case,
- DG gtatic and dynamic capabilities regarding reactive
power and voltage control,
- Physica phenomena affected by the choice of the
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voltage regulation,

- Anexampleof afirst voltage regulation that considers
thelack of communication means between the DG and
the network,

- EDF R&D research perspectives.

GRID CONNECTION REQUIREMENTS AND
NETWORK TARIFF

The French voltage limits are 230V +6%,-10% for the LV
customers and contracted voltage level (generally around
20kV) + 5% for the MV customers.
Thegrid connection requirementsfor DG regarding reactive
power and voltage control capabilities are different
depending on the country considered. They are generaly
more complex and detailed for a connection to the
transmission grid than for a connection to the distribution
networks. These regquirements can concern:

- maximum reactive power consumed or produced, either
independently from the active power production, or for
instance with a maximum power factor specified.

- Different operating modes that a DG hasto be able to
implement.

As anillustration and to show possible limits of a voltage

regulation, this section presents the connection requirements

to the French distribution grid exploited by EDF [1-2],

where most of French DG is connected.

Table 1: distribution grid DG connection requirements

PCC insltja(lsled Connection conditionsr_egarding
voltage control and reactive power
power
P < 250 | No reactive power must be consumed
LV
kVA
Each generating unit shall be able to
P < 1|produce (a the machine terminays)
MW reactive power up to 40% of its apparent
nominal power Sn
Each generator must be able to produce
1 MW < | (at the machineterminals) at least 50% of
MV P < 10| Snand consume at least 10% of Sn. The
MW DG shall be able to adjust the voltage
control at the DSO’s request.
Each generating unit must be able to
10 MW |produce (at the machine terminals) at
<P < 12| least 60% of Sn and to consume at least
MW 20% of Sn. The DG shall be equipped
with a voltage control system.

A specific rule applies for classical induction generators:
their reactive power needs and the possibly required
additional reactive power generation are provided by
capacitor banks connected either to the producer’s
installation or to the HV/MV? substation. The reactive

In France, HV levelsare 400 kV, 225 kV, 150 kV, 90 kV
and 63 kV voltage levels. The MV level is mostly 20 kV
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power produced by the capacitor banks at the DSO’'s
request shall not exceed 0.4 Sn.

The value of the reactive power produced and the control
mode (voltage, power factor or reactive power control) are
determined by the DSO in accordance with network
operation requirements.

A voltage regulation can act within thisregulatory reactive
power range but can also act within amore extended range
if possible with the DG considered and if agreed between
the producer and the DSO. Indeed a higher reactive power
consumption capability might facilitate the grid connection
with the use of a voltage regulation. Note that the whole
static and dynamic characteristics of a voltage regulation
are not presented in the regulation.

Note that the definition of avoltage regulation, in addition
to taking into account the regulatory requirements, should
also be coherent with the network tariff (for instance with
therulesfor the invoicing of the reactive power consumed
or not provided). Indeed, a DG should not be invoiced by
the DSO for reactive power consumption if it results from
the voltage regulation asked by the DSO. Depending on the
country considered, the use of an elaborated voltage
regulation might require or lead to a modification of the
network tariff. It isthe casein France for DG connection to
distribution networks with a regulatory network tariff that
leads to an invoicing process of reactive power based on:
- Constant power factor set points, instead for instance of
a reactive power (or a power factor, etc) set point
depending on voltage.

In addition, the use of a voltage regulation might have an
impact on the contracts between the DSOs and the TSO for
the invoicing of the reactive power at the connection point
of the distribution to the transmission network.

DG TECHNOLOGIESREGARDING VOLTAGE
CONTROL

The different DG generator technologies are: synchronous
generators, doubly-fed generators, synchronous or induction
generators connected by power electronics and classical
induction generators. Only thislast type of generator hasno
inherent reactive power and voltage control capability.
Anyway, whatever the type considered, the reactive power
and voltage control capabilities can be extended by the use
of additional devices such as static var compensators,
STATCOMS, etc. This is sometimes required to comply
with the grid connection requirements.

The minimum time constants associated to reactive power
and voltage control are in the range of:
- 20 ms for the generators with power electronics

voltage level and sometimes 15 kV voltage level.
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(doubly fed, synchronous and induction generators
connected with power electronics),

- 05 to 15 seconds for synchronous generators
depending on the generator and excitation electrical
characteristics [3-5]. This corresponds to a minimum
5% response time between 1.5 and 45 seconds.

The static and dynamic voltage regulation characteristics

haveto take into account the DG technol ogies specificities.

PHYSICAL PHENOMENA AFFECTEDBY THE
CHOICE OF A DG VOLTAGE REGULATION
MODE

Different physical phenomenaare affected by the choice of

the voltage regulation, among them:

- Average voltage (10 minutes): on which the DSO has
contractual commitments,

- Averagevoltages (60secondsand 10 seconds): used for
the operating of on-load tap changers at the HV/MV
substations. Based on different hypotheses for the
French case, it is assumed that a DG reactive power
variation limited to 0.4*Sn / % of Un for the voltage
regulation preventsin each case from fal se operating of
the on-load tap changer of the HV/MV transformer (i.e.
uninterrupted tap changes to minimum or maximum
taps).

- Steady state current: the maximum increase of the
steady state current delivered by the DG is 15%
(considering the French limits of theregulation reactive
power capabilities).

- Short-circuit currents (at 250 ms and 1-second
equivalent): based on different assumptions, the choice
of atime constant higher than 5 seconds preventsfrom
an increase of more than 5% of these short-circuit
currents with the use of avoltage regulation.

- MV network losses: the DG reactive power changes
the power flows through the network and can lead
either to an increase or a decrease of these losses. Ina
general way, when the voltage regul ation decreasesthe
voltageit leadsto higher losses. However when thereis
no voltage constraint, an evolved voltage regulation
might enable to decrease the losses by producing
reactive power closer to the load.

- Protection plan: if the voltage regulation sustains the
voltage during a fault, it can increase the risk of
islanding operation (in French MV distribution
networks, an islanded situation is considered when
during at least 400 ms). A global time constant for the
voltage regulation higher than 7 seconds preventsfrom
significantly increasing the risk of islanding.

- Dynamic stability: the voltage regulation has animpact
on the generator and on the network stability.

- Power qudity (among which flicker): the voltage
regulation might have a significant impact on flicker.
Upto date, flicker coefficientsfor aDG unit are mostly
measured with a unity power factor. Either new
measurements and/or an adapted methodol ogy haveto
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be taken into account to integrate the use of a voltage
regulation in the flicker grid connection studies.
The voltage regulation static and dynamic characteristics
specifications have to take into account these impacts. And
the grid connection studies have to be adapted for the use of
avoltage regulation.

EXAMPLE OF A VOLTAGE REGULATION

The following characteristics have been chosen as an
example for afirst (and simplified) voltage regulation that
supposes the lack of communication links between the DG
and the distribution network devices:

- A —Global time constant of the voltage regulation, 7
seconds: to limit the impact of the regulation on the
short-circuit current and the protection plan.

- B-—Maximum reactive power variation: 0.4 Sn/%Un :
to prevent from a false operating of the on-load tap
changer of the HV/MV transformer.

- C — Static characteristic of the voltage regulation: to
decrease |osses and prevent from too high voltages.

tan Example of a static characteristic
leading tan phi max limit
0.56 5 i
0.3 : -
Static|characteristic High
: oltage
0.1 \\ firni
-0.1 \
tan
lagging tan phi mjin limit
-0.3
-10 -6 2 0 2 6 10
Voltage at the regulating point from -10 to +10% of Un

Figure 1. Example of a static characteristic

This simplified voltage regulation (see Figure 1) has been
chosen considering the lack of communication means and
keeping a characteristic based on a tan ¢ (=Q/P) versus
PCC voltage curve in order to be as close as possible to
actual French network tariff. Anyway, even for this
simplified voltage regulation, and &l the more for an
evolved one, amodification of the network tariff might be
required.

EDF R&D RESEARCH PERSPECTIVES
CONCERNING DG VOLTAGE REGULATION

At the present time, three evolved methods have been
studied for voltage control on distribution network, a
centralised method that corresponds to the coordinated
regulation on French transmission system and two local
methods, the auto-adaptive voltage regul ation devel oped by
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IDEA and aregulation developed by EDF.

1. Thecoordinated regulation usesdistributed generation
to control voltageto its set-point value at the substation
and at some other specific nodes called pilot busses.
Simulations were carried out on reference networks.

2. The auto-adaptive voltage regulator is a local
intelligent regulator that is able to coordinate in real
timethe control of several DGs, connected to the same
HV/MV substation, without communication system.
ThisAutomatic V oltage Regulator (AVR) isdescribed
in paper [6].

3. EDF developed and studied a method for voltage
control at DG connection point. This regulation has
two loops. A reactive loop is used to produce or to
absorb reactive power. An active loop controls active
power to limit the voltage when reactive power limits
are reached. Severa regulation modes have been
devised: two for reactive power regulation and threefor
active power regulation.

The two loca methods have led to patents [7-8].

Experimentations of these methods are envisaged.

The coordinated voltage control, first designed for meshed
transmission systems, is not well adapted for radial
distribution networks. Moreover, this it requires many
investments on DSO’s communication system.

In return, local methods are well suited for distribution
grids. However, they require coordination with DSO
equipments (notably HV/MV transformer on-load tap
changer), in particular when distributed generation
allocation is not homogeneous on all the feeders. Indeed, in
this case, over-voltages could occur on DG feeders when
the load is high because the on-load tap changer tries to
maintain the voltage on the other feeders with a high
voltage set point at the HV/MV substation. This
coordination will be greatly enhanced with communication
systems between DG and DSO’ s equipments.

Today, EDF R& D research works consist in characterizing
and optimising the different local regulations according to
the various physical phenomenainfluenced by DG voltage
control. Then, amethod of coordination of local regulations
with DSO'’s automation systems should be developed for
radial distribution networks. This method will probably
require an evolution of DSO’s communication system.
Additionally, EDF R&D works on the corresponding
evolutions of grid connection studies methods and tools.

CONCLUSION

EDF R&D and EDF ERD (DSO) are working together on
the definition of an efficient and evolved voltage regulation
for DG. This regulation should be the better solution to
increase DG grid connection and it should also enhance
distribution grid operation. The implementation of this
regulation requires main steps among which, ensuring the
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good coordination between DG voltage regulation and
DSO’ s equipments, adapting grid connection methods and
tools, modifying the contractual and regulatory framework.
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