








ratios are found, reactive power compensation will be less B. cos ¢ (P)

effective than in higher voltage grids. Despite this fact, the

purpose of providing reactive power compensation in LV The cos¢ (P) strategy is based on the measure of the
networks is to produce additional power flows of reactive active power output of the PV inverter. The concept is to

power which will decrease the voltage raises caused by vary the power

distributed generation (DG) [2].

Current PV inverters usually can implement static reactive
power compensation by means of four different control
strategies: (i) fixed Q, (ii) fixed cog, (iii) cos ¢ (P) and

(iv) Q (V). However, it is expected that more sophisticated
control methods will appear, as proposed in [7].

A. FixedQ

With the fixed Q method (Figure 5, a), the PV inverter
delivers or absorbs the same amount of reactive power
regardless other variables in the system. This method
requires information of load power and PV power profiles
in order to set an adequate Q point [7]. Since this strategy
does not take into account other variables in the system,
such as voltage, the PV inverters will provide reactive
power compensation even when it is not required.
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Fig. 5. Operational windows for (a) Fixed Q control and (b)
Fixed cosp control.

A. Fixed cos ¢

With fixed power factor (co®), the generated reactive
power is proportional to the active power (Figure 5, b).
The PV inverter is forced to work at a determined ¢os
again without taking into consideration system variables.
For that reason, the inverter will be providing reactive
power compensation although it may be not needed, as it
happens with the fixed Q method.

factor (providing reactive power
compensation) when power output reaches certain value
e.g. 50% of rated power. Figure 6 depicts a characteristic
curve of this control strategy.
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Fig. 6. Characteristic curve and operational window ofdc@B)
control.

C.QW

In the Q (V) method, also referred to as volt-var function,
the PV inverter will provide an amount of reactive power
as a function of the voltage at its point of interconnection,
accordingly to the setting points programmed in the
inverter [13]. Figure 7 shows an example of a
characteristic curve that may be set in the inverter.

Following the depicted curve, the inverter will start to

inject or absorb reactive energy (i.e. operate with
capacitive or inductive power factors) when the registered
voltage is outside the +4% range from the nominal
voltage. If the voltage reaches the +7% limits, then all the
available capacity for reactive power will be used.

Both strategies, co¢ (P) and Q (V) methods, are local
control functions, influenced by local variables of the
inverter or the grid. However, if communication
infrastructures are used, these strategies can be
implemented in a global control fashion, optimizing the
total assets of the network and providing better results of
voltage regulation (some authors called it centralized
control [6]).
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150 6. Importance of regulatory frameworks
100 and grid codes
8 90 In general, electricity grids must meet a series of strict
g requirements regarding the quality of the electricity
g o delivered, in order to ensure a safe and effective operation
3 . S
50 by the end-user loads and infrastructures. This is
particularly true in low voltage distribution grids, where
-100 the majority of customers are connected to draw
electricity from the network. This set of operational
'1500,9 o8 : T8 71 conditions are usually referred to as power quality

requirements, and they are regulated in standards, laws,
grid codes or even by utility companies in some countries

[4].

The maintenance of these power quality requirements is
one of the reasons why the interconnection of DG at LV is
so problematic. LV distributions networks are inherently

difficult to operate, since they have a stochastic behaviour
that depends on multiple uncontrollable factors, such as
the use that end-users make of their loads. Traditionally,
in a radially operated network, these quality parameters
are adjusted by the DSO, at the substation, using tap
changers in the transformers or capacitor banks [1].
Nevertheless, when the grid starts to experience multi-
directional power flows due to higher PV penetration

rates, the complexity of operation increases.
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Fig. 7. Characteristic curve and operational window of Q(V)
control.
This fact evidences the necessity of having robust

frameworks and grid codes that regulate the
interconnection of distributed energy sources to LV
networks while maintaining the quality standards and the
reliability of the electric system.

D. Load management strategies and self-consumption

Another solution that prosumers can provide to the
distribution system is trying to match their demand

patterns with the PV production. This can be made both
by shifting their non-critical demands to the hours with

highest PV generation or by increasing self-consumption
instead of delivering all produced power to the network. It
is obvious that if less power is introduced into the electric
grid, the occurrence of voltage rise will be reduced.

The IEA, within the Task 14 of its Photovoltaic Power
Systems (PV-PS) program, has identified and studied the
regulatory and technical PV integration issues in
distribution grids of interconnected electric power
systems. According to the IEA PV-PS Task 14, the
electric system of every country that is going to increase
the PV share to the total electricity mix, will face three
different stages (which are depicted in Figure 8), each of

E. Storage systems them with different issues to be addressed [2]:

Storage systems are another way of somehow increasing
self-consumption. The idea is to store the surplus of PV
power instead of injecting it into the network, thus
reducing the probability of voltage rise to occur.
Furthermore, using energy management systems (EMS),

a) Stage 1. Low/medium PV penetration in a few
distribution grids, where local consumption is higher than
local generation

b) Stage 2. High PV penetration in a few
distribution grids, where local generation exceeds local

the demand profile at the point of common coupling could

be smoothed out by levelling load and generation [2].

However, different storage technologies provide different

services, and along with the storage size selected, they
will determine for what purpose could be used (peak

shaving, increase of self-consumption, ramp rate

control...).

Nevertheless, some novel concepts of storage technologies
known as Hybrid Energy Storage Systems (HESS) are
being developed. They are usually form by two or more
complementary technologies which allows for broadening
the operational range of storage systems [8].

consumption

c) Stage 3. High PV penetration in many
distribution grids, where PV will become a major
electricity source

In order to achieve a cost-effective and reliable transition
from one stage to another, advanced technology such as
smart inverters, as well as robust regulatory frameworks
are needed to be adopted as soon as possible. The late
implementation of grid codes will result in high
integration costs due to the necessary adaptation of
existing PV systems [2].
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Germany has recently developed a grid code (VDE-AR-N
4105) that regulates the interconnection of DG in LV
networks. The main innovative measure included is the
requirement of active and reactive power compensation by
distributed generators [9]. In the USA, a revision for their
IEEE 1547 standard is being prepared, that will provide
more flexibility to the interconnection of PV generators
allowing advanced functionalities of the inverters to
provide voltage control at the distribution level [4]. Other
countries with LV interconnection grid codes, such as

Italy, Belgium, Japan or Australia, do not have any active
or reactive power regulations. The European Network of
Transmission System Operators for Electricity (ENTSO-

E) is preparing a new grid code, which, once approved,
will rule the requirements for grid connections for any

generators, at all voltage levels. This grid code will not

make any statement of provision the regulation services,
but it will require the capability to provide them [4].
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Fig. 8. Stages in the transition from uni- to multi-directional distribution systems. Source: [2].

Taking into account the future perspectives of PV
penetration, it seems mandatory that policy makers in

Spain and Canary lIslands start to develop a regulatory

framework which allows the wuse of advanced
functionalities of PV inverters (and any DG), facilitating
the deployment of PV system and enabling a distributed
regulation infrastructure at the distribution level.

4. Conclusions

The increasing penetration of PV systems into LV
networks is leading to power quality issues and integration
problems. Within Spain, it should be expected that the
deployment of PV systems in Canary Islands will be larger
than in other locations. High irradiation levels and high
cost of conventional electricity productions will drive this

deployment. However, electric systems in small islands are
relatively weaker than continental systems, and therefore,

the probability of problems to arise is likely to be higher.
Hence, special attention should be paid to the PV
integration issues in Canary Islands.

10

The most problematic and limiting factor in the
deployment of PV systems is the voltage rise, but
problems related to power fluctuations, frequency or
harmonics (among others) may also occur with high PV
penetration rates. In this paper, both the DSO and PV
system owner have addressed most of the problems
related with PV integration in LV system, as well as the
possible solutions that may be adopted.

Among the solutions available for the DSO (which are
mainly derived from the experience in the voltage control
of medium and high voltage networks), the
implementation of LVR seems very interesting, since this
equipment provides solutions for both under and
overvoltage situations.

Regarding the solutions that PV system owners may
provide, the use of advanced inverters with capabilities of
active power curtailment and reactive power
compensation is very attractive. The higher R/X ratios of
LV lines make that active power flows have more
influence over voltage than reactive power flows, making
the first measure more efficient than the later. However,
the effect that reactive power compensation has over the
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voltage cannot be neglected. In fact, this procedure is a
promising way to enable a distributed regulation system
through the LV network with already deployed resources.

Finally, regarding the real case studied, there are several
issues that still needs to be clarified, like the cause of the
pronounced voltage unbalance or the influence of the
capacitor bank over the problem. Additionally, it would be
interesting to study the effect that a PV inverter, which
performs reactive power compensation individually in
each of the phases, would have over both the voltage rise
and voltage unbalance issues.
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