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9.2.1 Frequency variation

The frequency of the grid is controlled by the flow of the
active power in the electric system. For every generator
connected to the grid the following relation is valid:

+E_¢c c.

pm [9.1]
where:
J is the moment of inertia of the rotor;
Q is the angle speed of the rotor;
C,, is the mechanical driving torque applied to the rotor;
C, isthe load resistance electromagnetic torque.

Therefore, in case of imbalance between the two torques,
the rotor shall tend to increase or decrease the speed,
proportional to the difference of the torques and inversely
proportional to its own moment of inertia. Since the
power can be expressed as the product of the torque
by the angle speed, the foregoing expression, in terms
of powers, becomes:

dQ P, -P.

J —=

9.2
dt Q o2

Since each generator is connected to the grid in synchro-
nism with the others, the above equation may represent
the operation of the whole system. Therefore, since the
grid frequency can be directly correlated to the angle
speed of the rotor through the relationship
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where:

o isthe pulsation of the generated electrical quantities;

p isthe number of the couples of poles of the genera-
tor

the imbalance between the driving power introduced
into the grid as total power output and the sum of the
power of the connected loads causes a variation of the
network frequency.

As a consequence of the load variation, the power
outputs of the power stations are changed to keep the
frequency as constant as possible and within established
limits.

In particular, the higher the fraction of power produced
by a power plant in comparison with the total power
injected into the grid, the better such power plant is able
to influence the network frequency.

Wind power plants

9.2.2 Voltage variation

When considering the voltage instead, one of the regula-
tion methods is the variation of the generator excitation.
With reference to the alternators, by varying the excitation
magnetic flux, also the r.m.s. value of the voltage and
the reactive power output vary and consequently also
the power factor of the energy inserted into the network
varies. In particular, in wind power plants, since the con-
nection line of a power plant at the net presents an ohmic-
inductive impedance to the current flow , there shall be
a variation of voltage between the terminals of the wind
generator and the voltage at the point of connection with
the grid, which is expressed by the formula:

_Pr+Q-x
Vv,

r

AV [9.4]

where:

P isthetotal active power generated by the wind power
plant

Q is the total reactive power generated by the wind

power plant®

is the resistance of the connection line

is the inductive reactance of the connection line

is the grid voltage at the connection point.

—
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As it can be noticed in the foregoing relation, injection of
active as well as reactive power into the grid causes a
voltage variation between the generation point and the
connection point to the grid. Ideally, if V. would always
stay constant at the rated value (network at infinite short-
circuit power), by increasing the power insertion, there
would be an overvoltage at the terminals of the genera-
tors of the wind power plant, the higher the higher is the
impedance of the connection line.
In reality, the lower the fault level of the connection point,
the more frequently the voltage V. may change (as a func-
tion of the power flowing through the connection node),
which involves the loads connected to the node itself.
The Standard EN 50160 defines the maximum levels
of the almost-steady variation of the network voltage
measured in a 10min span:

¢ +10% of the rated voltage U_ during 95% of the

week

e for the LV grids, between -15% and +10% U .
In case of wind turbines, the voltage variation can be
limited by varying the power factor.
In fact, a modest reduction in the power factor from the
unit value to 0.98 inductive causes a decrease of the
maximum voltage variation of about 1.5%.

4 Transversal parameters are ignored as it is custom in the modeling of LV short electric
lines.

5 In case of fixed speed turbines with asynchronous generator, the reactive power would
be absorbed and therefore would have a negative value.



9.3 Power quality

Therefore, injection of electric power into the grid may
affect the voltage quality.

As the voltage quality must be within certain limits, to
ensure the supply of electrical energy to the consum-
ers, the Std. IEC 61400-21 prescribes procedures for
determining the “power quality” characteristics of wind
turbines (Figure 9.5).

Figure 9.5
Power quality
I I
Voltage Frequency Interruptions
Voltage ; . .
Ve Flicker Harmonics Transients

In compliance with the above mentioned Standard, the
following parameters are fundamental for characterization
of the quality of the power supplied by wind turbines:

e rated data (P, Q,, U and|);

e maximum permitted power Pmc (10-minute aver-
age);

¢ maximum measured power P600 (600-second aver-
age), P60 (60-second average) and P0.2 (0.2-sec-
ond average);

e reactive power Q (10-minute average);

* flicker coefficient c(¥,,v,) for continuous operation
as a function of the line impedance phase angle W,
and annual average wind speed v,

e maximum number of operations on turbines over a
10min-period (N10) and a 2hour-period (N120);

» flicker step factor k. () and voltage change fac-
tor k, (W) for specified switching operations of the
turbine as a function of the network impedance
phase angle ¥,;

e maximum value of the current harmonic Ik, up to the
50th harmonic over a period of 10min, of the inter-
harmonics up to 2kHz and of the high frequency
components ranging from 2kHz to 9kHz®.

Table 9.1 sums up the main influences exerted on the
grid by a wind turbine or by a wind power plant and the
relevant causes.

¢ For values of generated active power equal to 0,10,20...,100% of the rated power P,

Table 9.1

Parameter Cause

Voltage value Produced power

Voltage variations and flicker Operations

Tower shadow effect
Blade pitching error
Yaw error

Sudden wind variation

Harmonics Inverter
Rectifiers

Voltage peaks or dips Inductive components or asynchronous
generators

Reactive power consumption Operations

9.3.1 Maximum permitted power

It is the maximum 10-minute average output power of
the wind turbine, depending on its design. Wind turbines
with active control (Pitch angle, variable speed) of out-
put power typically provide P_ =P _; wind turbines with
passive control (stall, fixed speed) of output power are
commonly set up with P__20% higher than the nominal
power P .

9.3.2 Maximum measured power

The maximum measured powers are to be considered
when choosing the relay protection settings and are of
particular relevance for the operation of wind turbines
on isolated grids. Variable speed turbines may typically
provide P0.2=P60=P600=P , whereas for fixed speed
turbines the power will commonly be larger than the
rated power P .

9.3.3 Reactive power

The reactive power of the wind turbine is to be specified
as 10-minute average value as a function of the 10-minute
average output power for 0.10%, ...., 90%, 100% of the
rated power P and as a function of P__, P60 and P0.2.
Wind turbines with asynchronous motor connected di-
rectly to the grid consume reactive power as a function
of the output power.

The consumption is usually compensated by capacitors
connected in steps.

Wind turbines employing frequency converters are usu-
ally capable of controlling the reactive power by reducing
it to zero, or consuming it or supplying it according to
the needs of grid, although this is limited by the size of
the converter.
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9.3.4 Flicker coefficient

The fluctuation of the power output from wind turbines
causes a corresponding voltage fluctuation at the con-
nection point of the grid.

The amplitude of the voltage fluctuations will depend
not only on the amplitude of the power fluctuations, but
also on the network impedance (and therefore on the
fault level).

Voltage fluctuations may cause annoying changes in
the luminance from lamps, thus causing the flicker phe-
nomenon. As Figure 9.6 shows, also a small percentage
voltage fluctuation may cause annoying flickers’.

Figure 9.6
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The flicker coefficient is a normalized measure of the
maximum flicker emission (99th percentile) produced
from a turbine during continuous operation and it is
expressed as:

[9.9]

(0]

cly,,v,) =P, ==

(Weva) =Py 5

where:

P, is the flicker emission from the wind turbine on a
fictitious grid;

S is the rated apparent power of the wind turbine;

S, is the short-circuit apparent power of the grid.

The flicker coefficient must be given for specified val-
ues of the network impedance phase angle (30°, 50°,
70°, 85°) and of the annual average wind speed (6m/s,

7 The human eye is more sensitive to voltage variations at 8-10Hz.

Wind power plants

7.5m/s, 8.5m/s, 10m/s). Variable-speed turbines usually
have low flicker coefficients, fixed-speed turbines (stall-
controlled) have average values, whereas fixed-speed
turbines (pitch-controlled) have higher coefficient.

In fixed speed turbines, flicker emission is mainly caused
by the wake due to the tower.

Everytime a rotor blade passes in front of the tower,
the power output of the turbine is reduced. This effect
determines a periodic variation in the power with a fre-
quency of the order of 1Hz and the subsequent voltage
fluctuation.

On the contrary the power fluctuations due to wind speed
variations have a lower frequency and therefore are less
important for the flicker.

Variable speed turbines have lower flicker coefficient
since the periodic power fluctuations due to the wake of
the tower are damped by the wind turbine itself. In wind
power plants the periodic fluctuations of the total power
output are damped because the power fluctuations of
the single turbines are not correlated together.

As a consequence the flicker emission from a wind power
plant formed by n turbines of the same type is Vn times
the flicker emission of the single turbine.

9.3.5 Flicker step factor

It is a normalized measure of the flicker emission due to
a single switching operation of a wind turbine and it is
expressed as:

1.5

kf(lpk) = 130 S_

Py T [9.6]

where:

Tp is the duration of the voltage variation due to the
switching operation;

. IS the flicker emission from the wind turbine on a

fictitious grid.

The flicker step factor has to be given for specified values
of the network impedance phase angle (30°, 50°,70° and
85°) and for the specified types of switching operations.
Variable speed wind turbines commonly have low flicker
step factors, whereas fixed speed wind turbines range
from average (pitch-controlled) to high (stall-controlled)
factors.



9.3.6 Voltage change factor

It is an index of the voltage change caused by a single
operation of the wind turbine and it is expressed as:

ku(wk)=\/§'vmaxu—nv'"'”‘:—: [9.7]

V. .andV_ are the maximum and minimum phase
voltage in afictitious grid during switching
operations;

] is the rated line-to-line voltage of the
system.

The voltage change factor shall be given for specific
values of the network impedance angle (30°, 50°,70°,85°)
and for specific types of switching (see clause 6.2.1).
Variable speed turbines usually have low values for this
coefficient, whereas fixed speed wind turbines range
from average (pitch-controlled) to higher (stall-controlled)
values.

9.3.7 Switching operations

As regards the influence on voltage variations, the fol-
lowing typologies of switching operations are to be
considered:
e startup of wind turbine at the cut-in speed of the
wind
e startup of wind turbine at the rated speed of the
wind
e the worst case of switching between generators (con-
figuration with turbines with more than one generator
or one generator with multiple windings).

The influence on the power quality depends not only on
the number of switching operations, but also on their fre-
quency. In particular, voltage variations during switching
operations are due to the inrush currents and the relevant
variations of active and reactive power.

For fixed speed turbines, the soft-starter limits the inrush
current of the asynchronous generators.

During startup, the generator requires reactive power for
the magnetization of the stator.

Few seconds after the connection of the generator, the
insertion of the capacitor banks limits the reactive power
consumption during normal functioning.

Moreover, swift power variations during switching opera-
tions cause flickers.

This effect is limited in variable speed turbines, which,
due to their structure, damp the effects on the delivered
power quality caused by switching operations.

In wind power plants, there are usually one or few turbines
starting up or shutting down at the same time; therefore
for the calculation of switching voltage variation it is suf-
ficient to consider either a turbine or a limited number
of turbines.

9.3.8 Harmonics

Actual variable-speed wind turbines are equipped with
PWM (Pulse Wide Modulation) controlled inverters using®
IGBT (Insulated Gate Bipolar Transistor) or IGCT (Integrat-
ed Gate Commutate Thyristor) static circuit-breakers. In
particular, two types of PWM inverters are used:

e fixed clock frequency

e variable clock frequency.
The first type, with fixed frequency, produces individual
inter-harmonics in the range of the clock frequency and
multiple harmonics with such frequency. The second type
instead, with variable frequency, present a wide band of
inter-harmonics and multiple harmonics which reach their
peak at the resonance frequency with the grid.

9.3.9 Frequency control

In an electric power system, frequency is an indicator of
the balance or imbalance between the generated and
absorbed® active power, including transmission and
distribution losses. During normal operation of the grid,
the frequency should be very close to the rated value:
for example, in the European countries it usually varies
in the range 50+0.1Hz and rarely it is outside the range
49-50.3Hz.

If there is lack of balance between production and con-
sumption (due to the outage of a power plant or to a
load increase), the primary and secondary controls of the
frequency shall be used to re-balance the system and to
restore the frequency to the established values.

If, by assumption, the network loads absorb more power
than the produced one, the kinetics energy stored in the
large alternators of the conventional power plants is used
to keep as close as possible the power generated and
the power absorbed.

This implies a reduction in the rotation speed of the alter-
nators and consequently a reduction in frequency.
During normal functioning, the power output from a wind
power plant can vary up to 15% of the installed capacity
in a 15min span, above all during and immediately after
extreme windy conditions.

8 It belongs to GTO family.

9 Since electric energy cannot be stored on a large scale.
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This can cause an additional unbalance between the
power generated and consumed in the electrical sys-
tem.

In power systems there are some generation units’®,
named primary control units, equipped with devices for
the frequency control.

Such units increase their production as long as balanc-
ing with the total power consumption is restored and the
frequency stabilized.

The time interval for such adjustment is 1 to 30s.

In order to restore frequency to its rated value and release
from use the primary control reserves, secondary control
is carried out in a 10 to 15min time up to one hour, with a
gradual increase or decrease of the total output.

This implies that some generation units of the electric
system (gas-turbine or hydro power plants, which can
be started up quickly) are used as secondary reserve
plants', to be started up when the frequency is too
low.

Besides, there is a long-term reserve (tertiary reserve or
unit commitment) which breaks within times of the order
of hours or days and consists of a forecast of the load
diagram at medium-long term and in the subsequent
scheduling of the use of the production units.

Although wind turbines use an energy source different
from that of the traditional power plants and variable,
wind power plants have, however, the capability, even if
limited, to take part into the primary control, through a
control equal to 3-5% of the output power of the wind
power plant, and into the secondary control.

In particular, when the frequency exceeds the rated value
over the tolerance, the contribution to the secondary
control can be obtained by shutting down some wind
turbines of the wind power plant or by using the pitch
angle control.

Moreover, since wind cannot be controlled, at the rated
frequency, the power produced by a wind power plant
can be intentionally kept under the rated power so that
the wind power plant can contribute to the secondary
control in case the frequency goes below the lower
tolerance.

The wind source is still not programmable, but it is
becoming more and more predictable, with a margin of
uncertainty of almost 5% in a time period of 72 hours.
This uncertainty further decreases when reducing the
time interval, which is leading to an improvement of the
capacity of managing the energy contribution of the wind
power plants to the electric systems.

9.4 Short-term and long-term effects

The effects of the wind energy on the electric network
depend on the dimensions and on the relative flexibility
of the network itself, as well as on the penetration level
of the wind output in the electric system.
The effects caused by the wind turbines can be divided
into two categories:
e short-term effects — balance of the system in the scale
of operating time (minutes or hours)
¢ long-term effects — supplying enough power during
the load peaks.

9.4.1 Short-term effects

The variable production pattern of wind power produc-
tion leads to changes in the scheduling of the other large
conventional production plants and in the power flows
in the transmission network.

Part of the fluctuation of the wind power, however, can-
not be defined in advance or can be wrongly predicted;
therefore an adequate reserve has to be provided for.
The electrical system needs power reserves both to
face disturbances in the grid as well as to follow the
load diagram.

Disturbance reserves are usually dimensioned accord-
ing to the largest unit outage. As wind power consists
of small units, there is no need to increase the amount
of disturbance reserve.

Instead, the variation of wind power for the time scale
of 1 hour or for a lower time affects the reserve of power
used for the frequency control (load following) if the pen-
etration level of the wind power into the electric system
is such as to considerably increase the total variations
of the system itself.

On average, for a 10% penetration level, the extra reserve
requirement of wind power is in the order of 2-8% of the
installed wind power capacity.

In particular, variations on wind power on the time scale
of seconds and minutes (primary control of frequency)
have little effect on the power reserve, since small vari-
ations in the various wind power plants placed on large
areas are not correlated, and therefore they cancel out
each other.

Another short-term effect of the wind power is the de-
crease or increase in the transmission and distribution
losses, depending on where the production sites are

0 The quantity of reserve power which must be available for primary control in a power
system is usually defined by taking into account the largest generation plant which can
be put out of service by a single fault.

" The quantity of reserve power which must be available for secondary control in a power
system is usually defined by taking into account the largest generation plant which can
be put out of service by a single fault and considering a possible failure in the short-term
forecast of the load diagram. Therefore, in such case the power reserve corresponds to
about 1.5 times the power of the largest generation plant.

Wind power plants

2 An increase in the power reserve obviously involves some additional costs, especially
during the phase in which the most economical component of the reserve is already in
use (e.g. hydro plants) and consequently it is necessary to turn to the reserves with higher
operating costs (e.g. turbogas power plants).



situated in relation to the load centers.

Moreover, large amounts of intermittent wind power pro-
duction can result in a lower efficiency of conventional
generation caused by traditional plants operating below
their optimum. As a consequence, the optimized unit
commitment is complicated by the intermittent output
from wind power plants.

If the intermittent wind power produced exceeds the
quantity which can be handled by the network, keeping
an adequate dynamic control on the electrical system,
a part of the wind power shall be limited.

Substantially, this depends on the penetration level and
generally when the intermittent power exceeds a 10%
penetration a limitation becomes necessary.

9.4.2 Long-term effects

The intermittent nature of wind energy may influence
the reliability of the electric system, which must be able
to serve the loads connected to the network with low
probability of failure: the required reliability of the system
is usually in the order of one blackout in 10-50 years. In
order to contribute to keep unchanged the reliability of
the electric system, wind power should be able to replace
part of the conventional production capacity, in particular
during the load peaks.

Some variable sources produce power at times of peak
demand.

Solar energy, for instance, follows “air-conditioning”
loads; if the diurnal wind power production coincided with
the load demand (e.g. wind power production increases
in the morning and decreases in the evening-at night),

Table 9.2

this effect would be beneficial.

Therefore, the dispersion of wind power production on
the territory and the desirable positive correlation be-
tween wind power production and power demand can
determine an increase in the wind power value in the
electric system.

95 Dynamic performance requirements of wind
turbines

The expected increase in the percentage of output power
from wind source in comparison with the total power
injected in the electrical systems makes it necessary to
define new requirements for keeping the quality of the
delivered power as high as possible.

Special attention has to be paid to the dynamic behavior
of wind turbines in case of network faults, in order to
define the requirements which can help to guarantee
operation stability and safety for the grid itself.

In fact, with the connection of wind power plants to the
high and very high voltage transmission network, the
disconnection of the wind turbines part of such plants
for an indefinite time because of a failure on the grid,
could cause a critical situation which might jeopardize
the system stability, causing cascading interruptions.

Short-term effects

Long-term effects

Voltage management through active power
Time scale: up to several minutes

Primary and secondary control of frequency through active power
Time scale: several minutes to an hour

Production efficiency of conventional thermal or hydro power plants
Time scale: 1 to 24h

Transmission and distribution efficiency
Time scale: 1 to 24h

Excess of produced energy put into the network
Time scale: hours

Reliability of the electric system
Time scale: one year or more
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To face such problem, nowadays wind power plants
are required to withstand any possible disturb on the
distribution network, thus guaranteeing operation and
service continuity of the system.

Therefore, considering the increasing integration of the
wind energy into the European interconnected trans-
mission system, wind turbines must meet the following
requirements:
¢ in the event of three-phase short-circuits close to
wind power generation plants, as a rule there shall be
neither instability of the wind turbines nor disconnec-
tion from the grid for voltage-time values exceeding
the bold line shown in Figure 9.7 (AWEA):

- in particular, in zone 1, active power generation
capacity must be recovered after the identification
of the fault and increased at a gradient of 20% of
the rated power per second

- in zone 2 instead, a short disconnection of the
turbines from the grid is allowed; however, a
quick resynchronization shall follow after the fault
clearing and the return to the pre-fault standard
generation conditions, so that the outage lasts
for maximum 10s. Therefore, the wind turbines
must return to supplying active power within 2s
after the fault is cleared at a gradient of 10% of
rated active power per second

Figure 9.7
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¢ in the event of short-circuits far from wind power
plants, the wind generation units must not discon-
nect from the electrical system due to a fault which is
eliminated by the network protections in 5s

e wind turbines must support the voltage in case of
three-phase short circuits in the network.

The passage from standard operation to “support of
the network voltage” occurs in the event of a voltage
drop higher than 10% and within 20ms from the fault
identification; this passage is realized with the inflow
of current of reactive type with a value equal to 2% of
the rated current for each per cent of voltage drop.
After 3s, return to normal operating condition is al-
lowed.

To satisfy such requirements the new frequency convert-
ers are based on Low Voltage Ride Through (LVRT), or
Fault Ride Through (FRT) technology, which enables the
uninterrupted operation of the wind units even in the
presence of network disturbances and supports it with
the injection of reactive power.
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10 ABB offer for wind power applications

ABB offers the following solutions to be used in the
several parts which constitute a wind turbine. As for the
technical characteristics of the different products refer-
ence is to be made to the relevant catalogues.

10.1 Electrical drivetrain — Fixed speed -
Power circuit

10.1.1 Circuit-breakers

Circuit-breakers are used for the protection of the supply
circuit of the induction generator stator coordinated with
contactors for switching operations.

In particular, for the protection against the overcurrents
of the electrical devices, such as generators, cables and

transformers, it is possible to use the air circuit-breakers
of Emax series and molded-case circuit-breakers of Tmax
T series and the new SACE Tmax XT.

Molded-case and air switch-disconnectors can be used
to isolate the generator during maintenance.

Special versions are being developed for operating tem-
perature from -40°C to +70°C.

These circuit-breakers are available in compliance with
the Standards IEC, UL and CCC and in the following
sizes:

e rated current up to 6300A
e rated voltage up to 690V
¢ breaking capacity up to 100kA

For limited-power wind installations it is possible to use
the miniature circuit-breakers of System Pro M Compact
series.
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10.1.2 Contactors

For the switching operations it is possible to use AF
contactors coordinated with the circuit-breakers for
circuit protections.

These contactors can be used also in the supply circuit in
the presence of Softstarters or with star-delta connection
to reduce the inrush current.

The wide available product range (from AF9 to AF2050)
allows switching of load currents up to 2050A in AC-1.
In particular, the contactors AF1250 and AF2050 have
been designed to be used in applications as wind power
systems. They stand out for:

e compactness: AF1250 is the most compact 1260A
(AC-1) contactor on the market, with the same
overall dimensions of AF580 and AF750 contac-
tors; AF2050 has the same overall dimensions as
AF1650 but with higher current (AC-1 rating)

e electronically controlled coil and wide voltage
range

¢ wide range of accessories: all the accessories can
be used for AF580, AF750, AF1350 and AF1650

If LVRT (Low Voltage Ride Through) without UPS as back-
up function is required, a special version of contactors
shall be used: AF...T.

AF1350T — AF2050T contactors offer “T-function” (time
delay) built-in together with the electronically controlled
coil.

contactors.
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10.1.3 Solutions for inrush current reduction

The connection of asynchronous generators to the grid
causes inrush current peaks which must be reduced to

acceptable values.

To this purpose two different solutions can be adopted:
e softstarter - depending on the wind turbine rating,
different softstarter ranges are possible:
e PSS - current ratings 18A-300A (availability of the
main functions only)
e PST(B) - current ratings 30A-1050A (advanced

functions)

e star-delta connection, by using contactors in the
same way as for asynchronous motor starting in
industrial applications.
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10.1.4 Surge protective devices (SPDs)

Type 1 surge protective devices can be installed near
the main circuit-breaker for the protection against direct
strike lightning and Type 2 near the generator as an ad-
ditional protection of it against indirect strike lightning.

e Type2 OVR T2 3L 40 440/690 P TS
- | .. = 40kA/phase (8/20)

- Iimp =1.5kA/phase (10/350) in compliance with Std. |[EC 61400-24

U, = 400/690V (L-PEN/L-L)
U, = 440/750V (L-PEN/L-L)
U, = 690V (L-PEN)

<> 3
- - U =29kV F
- P 9 a e
e Type 1 OVR T1 25 440-50 (x3) : 20y
- |, = 25kA/phase (10/350) e i
- U, = 400/690V (L-PEN/L-L) — ¥ B
- U, = 440/750V (L-PEN/L-L) i | <
- U, =690V (L-PEN) : =
- U, = 2KV e
- 1, = 50kA .
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10.1.5 Switching and protection of capacitors be made to the information of the Technical Application
As for the choice of capacitor banks, of switching con-  Paper QT8 - Power factor correction and harmonic filter-

tactors and of protective circuit-breakers reference is to  ing in electrical plants.
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10.2 Electrical drivetrain - Fixed speed — Main
auxiliary circuit

10.2.1 Circuit-breakers

Circuit-breakers are used for the protection of the main
auxiliary circuit against overloads. In particular, molded-
case circuit-breakers of series Tmax T or of the new
series SACE Tmax XT can be used.

Special versions are being developed for operating tem-
peratures from -40°C to +70°.

Wind power plants

These circuit-breakers are available in compliance with
Standards IEC, UL and CCC and in the following sizes:
e rated current up to 320A
e rated voltage up to 690V
¢ breaking capacity up to 100kA.

For limited power wind installations it is possible to use
the miniature circuit-breakers of System Pro M Compact
series.




10.3 Electrical Drive Train - Doubly-fed —
Power circuit

10.3.1 Circuit-breakers

Circuit-breakers are used to protect the supply circuits
of the stator and the rotor of the slip-ring induction
generator.

The circuit-breakers are coordinated with the contactors
for switching operations.

In particular, for the protection against the overcurrents
of the electrical devices such as generators, cables and
transformer it is possible to use air circuit-breakers of
the Emax series and molded-case circuit-breakers of the
Tmax T series and the new SACE Tmax XT.

Molded-case and air switch-disconnectors can be used
to disconnect the generator in case of maintenance.
Special versions are being developed for operating tem-
peratures from -40°C to +70°.
The circuit-breakers typically used comply with Stand-
ards IEC, UL and CCC and are available in the following
ratings:

e rated current up to 6300A

e rated voltage up to 1150V

¢ breaking capacity up to 100kA

For limited power wind installations it is possible to use
the miniature circuit-breakers of System Pro M Compact
series.
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10.3.2 Contactors They stand out for:
For switching operations it is possible to use AF con- e compactness: AF1250 is the most compact 1260A
tactors coordinated with the circuit-breakers for circuit (AC-1) contactor on the market, with the same
protection. These contactors can be used also in the overall dimensions of AF580 and AF750 contactors;
supply circuit in the presence of Softstarters or in star- AF2050 has the same dimensions as AF1650 but
delta connection to reduce the inrush current. with higher current (AC-1 rating)
¢ electronically controlled coil and wide voltage

The wide product range (from AF9 to AF2050) allows range
switching of load currents up to 2050A in AC-1. e wide range of accessories: all accessories can
In particular, the contactors AF1250 and AF2050 have be used for AF580, AF750, AF1350 and AF1650
been designed to be used in applications as wind power contactors.
systems.
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If LVRT (Low Voltage Ride Through) without UPS as back-
up function is required, a special version of contactors
shall be used: AF...T.

AF1350T - AF2050T contactors offer “T-function” (time
delay) built-in together with the electronically controlled
coil.

The contactor, positioned on the stator circuit, is intended
for the switching operations of higher power and conse-
quently has larger size. Since starting up is carried out
through the rotor circuit, the star-delta connection of the
stator is unusual.

The contactor, positioned on the rotor circuit, is of smaller
size since the power to operate is lower.

It can be installed both on the generator side as well as on
the converter line side and since the control range of the
converter is limited, both the installation configurations
can be treated as applications at constant frequency.

Finally, the contactor positioned on the start-up circuit,
for the starting up of the converter and the capacitor

switching is of small size.
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10.3.3 Surge protective devices (SPDs)

Type 1 surge protective devices can be installed near
the main circuit-breaker for the protection against direct
strike lightning and Type 2 near the generator as an ad-
ditional protection of it against indirect strike lightning.
Moreover, Type 2 surge protective devices suitable for
transient overvoltages superimposed to the control
voltage are installed on the generator side of the rotor
converter and close to the rotor itself.

e Type 1

-1
imp

- U, =2kV
- 1, = 50kA

Type 2

o

[3

—

Gearbox

Rotor bearing

Wind power plants
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U, = 690V (L-PEN)
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e Type2 OVR T2 3L 40440/690P TS
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linp = 1.5kA/phase (10/350) in com-
pliance with IEC 61400-24 T
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10.4 Electrical Drive Train - Doubly-fed — Main
auxiliary circuit

10.4.1 Circuit-breakers

Circuit-breakers are used to protect the main auxiliary
circuit agaist overcurrents. In particular, molded-case
circuit-breakers of the series Tmax T or of the new series
SACE Tmax XT can be used.

Special versions are being developed for operating tem-
peratures from -40°C to +70°.

These circuit-breakers are available in compliance with
Standards IEC, UL and CCC and in the following rat-
ings:

e rated current up to 630A

e rated voltage up to 690V

¢ breaking capacity up to 100kA

For limited power wind installations it is possible to use
the miniature circuit-breakers of System Pro M Compact
series.
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10.5 Electrical Drive Train - Doubly-fed —
Asynchronous generators

10.6 Electrical Drive Train — Doubly-fed -
Converters

ABB doubly-fed asynchronous generators enable con-
tinuous production of reactive power and have high ef-
ficiency which results into the maximization of the kilowatt
hour production.

The particular rotor design uses special carbon fiber
winding-end support rings which can withstand sudden,
uncontrolled overspeeds.

The increased rotor insulation allows a wide range of
converters to be used.

These doubly-fed generators guarantee high power-
quality thanks to the minimization of total harmonic
distorsion (THD), above all by reducing the 5th and 7th
order harmonic.

Main characteristics of ABB doubly-fed generators:

e rated power up to 5SMW

e rated voltage from 690 up to 12000V
e rotor insulation voltage 2.5kV
e power factor: 0.9 (inductive) — 1 - 0.9 (capacitive)
e speed range from 700 to 2000 rpm
e maximum overspeed up to 3000 rpm
e air or water cooling
Wind power plants

ABB converters for doubly-fed concepts synchronize
the generator to the grid. Monitoring (40000 times/s) and
direct control of the rotor torque guarantee speed and
torque values suitable for generator running.
Liquid-cooled models are in a completely enclosed cabi-
nets for increased protection against severe environmen-
tal conditions, such as dust, salt and high humidity.
Main characteristics of ABB doubly-fed converters:

rated power from 0.85 to 3.8MW

direct torque control (DTC)

active and reactive power control

IGBT power modules with integrated capacitors
and control electronics

low total harmonic distorsion (THD)

e air or water cooling

¢ liquid-cooled models are provided with a com-
pletely enclosed cabinet.




1 0.7 Electrical Drive Train — Full converter —
Power circuit

10.7.1 Circuit-breakers

Circuit-breakers are used to protect the circuit on the
grid side of the converter.

For the section between generator and converter, where
electrical values at variable frequency are present, the
new circuit-breakers of the series SACE Tmax VF and
SACE Emax VF have been designed.

They represent the ideal solution thanks to:

* new trip units and current sensors optimized to
ensure high accuracy and precision of the protec-
tion functions also with variable frequencies;

® arcing chambre and main contacts designed to
guarantee high breaking capacities in the whole
frequency range;

¢ use of high-performing materials allowing operation
up to 1000V.

Main characteristics:

f=var

Frequency converter

a.c. d.c.

d.C. [ a.c.

e rated uninterrupted current from 800A to 5000A
e rated service voltage: 1000V for Tmax VF and 1000V
for Emax VF
e operating frequency from 1 to 200Hz; 4 types of
protective trip units are available (two for Tmax
and two for Emax circuit-breakers) according to
the rated current and to the frequency range:
- thermal magnetic trip units for low frequency
(1..60Hz) up to 800A
- PR222/VF for high frequency (20..200Hz) up to
800A
- PR122/VF for low frequency (1..60Hz) up to
2500A
- PR111/VF for high frequency (20..200Hz) up to
5000A
¢ high breaking capacity in every frequency range
e operating temperature from -25°C to +70°C; for
installations under extremely critical environmental
conditions the special version SACE LTT (Low Volt-
age Temperature) can operate from -40°C to +70°C
thanks to a new generation of lubricants and to
electronic and mechanical components intended
for functioning at very low temperatures.

Converter control

Brake  Pitch drive
Rotor bearing

generator

v

|

[T1
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Wind turbine control
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In the section between converter and grid it is possible to
use air circuit-breakers of the Emax series and molded-
case circuit-breakers of theTmax T series and the new
SACE Tmax XT for the protection against the overcurrents
of the electrical devices such as generators, cables and
transformer.

Molded-case and air switch-disconnectors can be used
to disconnect the generator in case of maintenance.
Special versions are being developed for operating tem-
perature from -40°C to +70°C.

Wind power plants

The circuit-breakers are available in compliance with the
Standards IEC, UL and CCC and in the following size:
e rated current up to 6300A

e rated voltage up to 1150V

¢ breaking capacity up to 100kA @ 690V

For limited power wind installations it is possible to use
the miniature circuit-breakers of System Pro M Compact
series.




10.7.2 Contactors

For switching operations it is possible to use AF contac-
tors coordinated with the circuit-breakers for the protec-
tion of circuits.

In addition to the circuit-breaker which guarantees
disconnection and protection, these contactors can be
installed on both sides of the converter and therefore they
operate at low frequency on the grid side (50/60 Hz) and
at variable frequency on the generator side.

In particular, for high frequency operations, the contac-
tors are subject to derating with a derating factor of 0.8
at 400 Hz (factor equal to 1 at 150 Hz). At low frequencies
there is no derating.

Switching high currents at low frequency theoretically
implies reduced life for the main contacts, but usually
this does not need to be considered in this case.

The wide product range (from AF9 to AF2050) allows
switching of load currents up to 2050A in AC-1.

In particular, the contactors AF1250 and AF2050 have
been designed to be used in applications as wind power
systems. They stand out for:

e compactness: AF1250 is the most compact 1260A
(AC-1) contactor on the market, with the same
overall dimensions of AF580 and AF750 contactors;
AF2050 has the same dimensions as AF1650 but
with higher current (AC-1 rating)

e electronically controlled coil and wide voltage
range

e wide range of accessories: all accessories can
be used for AF580, AF750, AF1350 and AF1650
contactors

If LVRT (Low Voltage Ride Through) without UPS as back-
up function is required, a special version of contactors
shall be used: AF...T.

AF1350T — AF2050T contactors offer “T-function” (time
delay) built-in together with the electronically controlled
coil.

L8
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10.7.3 Surge protective devices

e Type2 OVR T2 3L 40 440/690 P TS

Type 1 surge protective devices are installed near the - | .. = 40kA/phase (8/20)
main circuit-breaker for the protection against direct -z 1.5kA/fase (10/350) in compliance with
strike lightning and Type 2 on the grid side of the con- IEC 61400-24 e
verter as an additional protection against indirect strike - U_=400/690V (L-PEN/L-L) LS ° o
lightning. - U, = 440/750V (L-PEN/L-L) P
Moreover, Type 2 surge protective devices suitable for - U, = 690V (L-PEN) -E__. l'?ﬂ-r y
transient overvoltages superimposed to the control volt- _ Ut —2.9KV s B
age are installed on the generator side of the converter P "j = g
and close to the generator itself. vy
e Type2 OVRWT3L40690P TS if
- | = 20kA/phase (8/20)
e Type 1 OVR T1 25 440-50 (x3 iy " g = 40KA/fase (8/20)
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1 0.8 Electrical Drive Train — Full converter —
Main auxiliary circuit

10.8.1 Circuit-breakers

Circuit-breakers are used for the protection of the main
auxiliary circuit against overcurrents.

In particular, it is possible to use molded-case circuit-
breakers of the Tmax T series and the new series SACE
Tmax XT.

Special versions are being developed for operating tem-
perature from -40°C to +70°C.

These circuit-breakers are available in compliance with
the Standards IEC, UL and CCC and in the following
sizes:

e rated current up to 250A

¢ rated voltage up to 690V

e breaking capacity up to 100kA

For limited power wind installations it is possible to use
the miniature circuit-breakers of System Pro M Compact
series.
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10.9 Electrical drivetrain — Full converter —
Generators

For full-converter concept high-, medium- or low-speed
permanent magnet generators suitable for onshore as
well as offshore turbines are available.

For high-speed concept ABB offer includes also asyn-
chronous generators.

10.9.1 Permanent magnet generators

The proven high voltage insulation technology and
vacuum pressure impregnation system (VPI) allows
maximization of the operational life of generators and
enable high momentary overload capacity.
All ABB generators offer maximum efficiency at every
speed and especially at low speeds thanks to robust
design and reduced maintenance.
ABB know-how and design experience in the realization
of permanent magnet generators ensure:
e design of the magnetic circuit suitable for all the
three low, medium and high-speed concepts
e proper selection of the neodymium magnet avail-
able on the market with the suitable characteristics
for each individual case
e correct dimensioning and functioning at low tem-
peratures, which prevent demagnetization even
during faults
e reliable fastening of the magnets, optimized for all
the different rated speeds, and for all demanding
applications causing mechanical stresses.

10.9.1.1 High speed generators

These types of ABB permanent magnet generators pro-
vide high power from the smallest frame size, with the
highest efficiency over the whole speed range.
Main characteristics:

e rated power from 1 to 6MW

e rated voltage from 690V to 3300V

e rated speed from 1000 to 2000 rpm

e fatigue-resistant magnet fastening

Wind power plants

10.9.1.2 Medium speed generators

These generators are integrated with the gearbox to
provide a very compact design with the highest efficiency
over the whole speed range.
A separate modular design is also available.
Main characteristics:

e rated power from 1 to 6MW

¢ rated voltage from 690V to 3300V

e rated speed from 120 to 450 rpm

10.9.1.3 Low speed generators

These generators form a structurally integrated unit
with the wind turbine. Inner and outer rotor designs
are available with the highest efficiency over the whole
speed range.
Main characteristics:

e rated power from 1.5 to SMW

e rated voltage from 690V to 3300V

e rated speed from 14 to 30 rpm




10.10 Electrical drivetrain — Full converter —
Converters

Full power converters isolate the generator from the grid
and provide low-voltage ride through (LVRT) supporting
the grid through active and reactive power control.
They set and monitor the generator torque and speed and
protect against sudden variations of the grid parameters
which otherwise would cause additional mechanical
stresses on the drivetrain.

These converters are suitable for both onshore as well
as offshore installations.

10.10.1 Low voltage converters

Direct torque control (DTC) monitors the generator torque
40000 times/s thus guaranteeing an efficient control
of the generator speed and torque to offer high power
quality.

Liquid-cooling transfers the heat from the converter to
outside the turbine thus making the cabinet be com-
pletely enclosed and without openings which could let
humidity, salt and dust in.

Converters over 2 MW offer a design option to use parallel
connected sub-converters for increased efficiency and
optimized turbine installation.

Main characteristics:

e rated power from 0.8 to 6 MW

* liquid cooling

e contactor or circuit-breaker on grid side for con-
nection/disconnection

¢ |GBT power modules with integrated DC capacitors
and control electronics

® reduction in torsional oscillations

¢ |low total harmonic distortion (THD)

* possibility of tower base installation

10.10.2 Medium voltage converters

Designed for large turbines and for tower base installa-
tion, ABB medium voltage converters use IGCT semicon-
ductor technology which enables quick and homogenous
switching with reduced conduction losses.

Main characteristics:

rated power from 2.5 to 10MW

rated voltage 3.3kV

liquid cooling

IGCT technology

harmonic elimination control algorithm

high efficiency

integrated cooling unit

integrated generator breaker

lighter cables with smaller cross-sectional area
possibility of tower base installation
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10.11 Blade pitch control system

ABB offers several devices for the switching and protec-
tion of the actuators which adjust the Pitch angle of the
blades.

10.11.1 Molded-case circuit-breakers

Tmax T and SACE Tmax XT circuit-breakers for motor
protection with integrated electronic trip units suitably
designed for this application - PR222MP and Ekip M
respectively — which include protections against:
e overload (L) with fixed trip time depending on the
trip class defined by the Std. IEC 60947-4-1
¢ rotor block (R) with adjustable threshold and trip
time
e instantaneous short-circuit (I) with adjustable
threshold and instantaneous trip time
e phase unbalanced (U) with adjustable threshold in
ON or OFF.
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& | & et |
3ELY e el no
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TestPrg
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10.11.2 Short-circuit current limiters

Short-circuit current limiters are used for coordinated
protection in motor applications up to 690V, enabling
selectivity and minimizing the installation space when
used as back-up for different motor starters. They limit
the short-circuit current until the downstream protective
devices trip.
Two models are available:
e S800SCL-SR - technical characteristics:
- rated current: 32, 63, 100A
- rated voltage: 400, 690V
- breaking capacity:
up to 100kA @ 440V
up to 65kA @ 600V
up to 50kA (65kA) @ 690V
- accessories: Smissline adaptor

Number of downstream motor starters: up to 12..15 mo-
tors for each S800SCL-SR
¢ WT63, based on S700 technology, increases the
short-circuit level of MMS up to 35kA @ 690V and
ensures Type 2 coordination (normal start-up).
Main technical characteristics:
- maximum motor size: 37kW @ 690V
- maximum total current (AC-3): 50A/pole
- maximum total in rush current: 450A/pole
- maximum ambient temperature: 55°C



10.11.3 Manual motor starters
MS325, MO325 of the former generation still available.

MS116, MS132 of the new generation with:
* high short-circuit ratings
® 690V insulation voltage
e disconnection function
e environment operating temperature from -25° to
+60°C (55°C for MS116)
e trip class 10
® phase loss sensitivity
In particular, MS116 has 12 setting ranges from 0.1 to
16A:
¢ 0.1/10A @ 400V with lcs=50kA
e 16A @ 400V with lcs=16kA
while MS132 has 15 setting ranges from 0.1 to 32 A:
¢ 0.1/10A @ 400V with lcs=100kA
e 10/25A @ 400V with lcs=50kA
e 32A @ 400V with lcs=25kA

10.11.4 Contactors

ABB offers a complete range of contactors:

¢ A-range, which is modern but which has been on
the market for several years (Types A, AE, AL ....)
¢ AF type, which are available since some years, but
which have been recently implemented for motor
starting up to 18.5kW. They offer the following
advantages:
- AF technology - less sensitive to control voltage
variations (AC or DC)
- reduced number of versions resulting in improved
logistics and stock-keeping
- reduced overall dimensions
- AF..Z version for PLC-control thanks to reduced
coil consumption.

Sizes: AF09 (4kW), AF12 (5.5kW), AF16 (7.5kW), AF26
(11kW), AF30 (15kW), AF38 (18.5 kW).

10.11.5 Overload relays for motor protection

New generation (TF/EF) for motors of power up to
18.5kW, offering the following advantages:

¢ perfect match to the contactor

¢ phase loss sensitivity

¢ automatic/manual reset/sealable

¢ stop and test function
In particular for TF42 relays:

e trip class 10

e operating temperature from -25° to +60°C
whereas for EF19 and EF45 electronic relays:

e trip class 10E, 20E, 30E

e EF19 from 0.1 to 18.9A

e EF45 from 9 to 45A

e operating temperature from -25° to +70°C
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10.11.6 Smissline system

Motor starter combined in a single pre-wired unit mount-
ed on the plug-in smissline module for the smissline
busbar system. The main components of this combined
system are:

e motor starter MO325

® contactor

e electronic thermal relay

e smissline unit
Main advantages:

e reduction in installation space and wiring time

e signaling integrated into the system via bus (LA,

LB)
e one order code only.

10.11.7 Miniature circuit-breakers

S200 and S800 miniature circuit-breakers include D and
K characteristics suitable for motor protection applica-
tions.
Main characteristics:
e compact solution
e rated current from 0.5 to 125A
e breaking capacity from 6 to 50kA (according to
voltage).
For DC circuits, S280UC series is available with the fol-
lowing main characteristics:
e rated voltage: 220Vdc (1pole), 440Vdc (2,3,4
poles)
e rated current from 0.5 to 63A
e B, K, Z characteristics.

Wind power plants

10.11.8 Surge Protective Devices (SPDs)

For the protection against indirect strike lightning Type 2
SPD for three-phase circuits are available:
e OVR T2 3L 40 440 P TS for applications at 400V
e OVR T2 3L 440/690 P TS for applications at 690V
e OVR T2 3N 40 275 P TS (3P+N) for applications at
230/400V with | =40kA and U =1.4kV

For the protection of direct current circuits at 24/48Vdc
the following Type 2 SPD can be used:
* OVR21575s P TS with | _ =15kA and
U,=0.3/0.6kV

For the protections of the given circuits the following

devices can be used:
¢ OVRTCxxV P withlmax=10kA, Uc=6/12/24/48/200V
and possibility of connection with RJ11 and RJ45



10.11.9 Electronic products and relays

Power supplies
e CP-E 24/20, CP-S 24/20, CP-C 24/20
e CP-E 24/10, CP-S 24/10, CP-C 24/10
Analogue converters
e CC-U RTD R (-40°C)
Safety relays
e C6700, C6701, C6702
Timers
e CT-MFE
Interface relays
¢ CR-M, CR-P, R600 (2 c/0), R600 (1 c/0)
Three-phase monitoring relays
e CM-MPS
Single-phase monitoring relays
e CM-EPS.2 (dc), CM-ESS.M
Panel heaters
Controllers
e |ogic relay: CL-Range or AC 500 (eCo)

10.11.10 Fuses and fuse holders
Main characteristics:

e AC-22B in compliance with Std. IEC 60947-3

e rated current: 20A and 32A
¢ rated voltage: 400V and 690V
e fuses type aM/gG
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10.11.11 Modular sockets

Main characteristics:
* 16mm? terminals
e safety shutters

e Pozidriv® screws
e Options:
- embedded fuse
- coloured versions
- embedded indicator light

10.11.12 Motors

As mechanical actuators for the blade pitch control sys-
tem, ABB suggests solutions with:

® 6 pole motors

e power from 1.1 to 4kW, but higher powers are also

available
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10.1210.12 Yaw control system 10.13 Turbine main controller

The yaw control system consists of several motor start- 10.13.1 Controller

ers, generally 3 to 10 in number. . Control and protection systems guarantee that the tur-
ABB offer is similar to that for the blade pitch control

system. PLC AC500 solution is used for wind turbine control,

bine operates in a defined range of physical quantities.

typically to set the reference speeds, for turbine orienta-
tion to the wind and for turbine startup and shutdown
operations.

Switch Pitch control

Optical link

H ©H

Nacelle

Tower [ ]
Local Etherne

network

Ethernet
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e.g.Serial

Converter
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10.13.2 Auxiliary equipment

ABB offers also a complete range of products which can
be used with the main controller:

e power supplies: 2 x CP-C 24/10 or 24/20, CP-A
RU, CP-A CM, CP-C MM + CP-B buffer module C
24/10; if the circuit-breaker is required to trip, use
CP-C/S type

¢ interface and monitoring relays: CR-P, CR-M, R600,
R600 opto

e analogue converters (CC-E I/1)

e serial data converters (ILPH)

timers (CT-MFE)

10.13.3 Protections against overcurrents

For the protection of the controller against overcurrents
miniature circuit-breakers of series S200 and S280UC
can be used:
e S200 for AC voltage of the main circuit
230/400Vac
- rated current from 0.5 to 63A
- trip characteristics B, C, D, K, Z
e S280UC for DC voltage: 220Vdc (1 pole) and
440Vdc (2,3 and 4 poles)
- rated current from 0.5 to 63A
- trip characteristics B, K, Z

N
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10.13.4 Surge Protective Devices (SPDs)

For the protection against indirect strike lightning Type 2
SPDs for three-phase circuits are available:

e OVR T2 3N 40 275 P TS (3P+N) for applications at
230/400V wit |__ =40kA and U _=1.4kV
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For the protection of direct current circuits at 24/48Vdc
the following Type 2 SPDs can be used:
* OVR21575s P TS with | _ =15kA and
U,=0.3/0.6kV =,

For the protections of the given circuits the following

devices can be used:
¢ OVRTCxxV P withImax=10kA, Uc=6/12/24/48/200V
and possibility of connection with RJ11 and RJ45

10.13.5 Fuses and furs'e holders

Main characteristics:
e AC-22B in compliance with Std. IEC 60947-3
¢ rated current: 20A and 32A
¢ rated voltage: 400V and 690V
e fuses type aM/gG
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10.13.6 Modular sockets

Main characteristics:
e 16mm? terminals
e safety shutters
¢ Pozidriv® screws
e Options:
- embedded fuse
- coloured versions
- embedded indicator light

=
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€
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10.14 Hydraulic and cooling systems

10.15 Arc Guard system

Turbine systems are supported by hydraulic pumping
and cooling systems that are used to transfer heat losses
from internal equipment (such as generators, gearboxes,
converters...) outside of the turbine.

Furthermore, hydraulic systems can be used in the safety
circuits such as the braking systems.

ABB offer is similar to that for the blade pitch control
system.

As actuators for pumping, motors from 2 to 8 poles, pow-
ers from 0.06 to 55kW are available for all the common
voltages, whereas for the cooling systems 2,4 and 6 pole
motors with powers from 0.75 to 7.5kW and two speed
2/4, 4/8 and 4/6 pole motors are available.

Wind power plants

e

This system consists of an optical sensor inside the
switchgear able to detect the light radiation caused by
the electric arc; this sensor is connected to the TVOC-2
arc monitor, which in its turn is connected to the circuit-
breaker.
Main advantages:
¢ increased protection degree in comparison with the
protection systems based on overcurrents only
¢ increased safety for the personnel and improved
productivity
e prevention from explosions due to short-circuit and
circuit disconnection in a few milliseconds.
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10.16 Insulation monitoring relays

The unearthed main circuit may be monitored to signal
any possible insulation fault by using ABB monitoring
relays.

They can be used to measure directly the insulation
resistance in unearthed AC or DC systems with voltage
levels up to 690Vac and 1000Vdc.

10.17 Connection to the grid

Large-sized turbines of MW order are usually connected
to MV grids, whereas small-medium size turbines are
generally connected to low voltage grids.

For medium voltage connection, ABB offer includes LV/
MV transformers and switchboards equipped with MV
circuit-breakers.

10.17.1 LV/MV transformers

ABB transformers have a compact design that allows
the transformer to be installed through the tower door,
without disassembly. They are designed to reduce losses
and operate under severe environmental conditions char-
acterized by high vibrations, salt, dust and also 100% of
relative humidity.
Main characteristics:

e dry-type transformers up to 40 MVA and 72.5 kV

¢ liquid-filled transformers up to 40 MVA and 72.5 kV

e classes E2, C2, F1

¢ multiple forced cooling system solutions

e insulation temperature up to 180°C for dry-type

transformers
* organic liquid cooling options
¢ suitable for onshore and offshore turbines.

10.17.2 Switchgear

ABB SafeWind is a compact switchgear solution suit-
able for all voltage levels. It provides protection and
switching of wind power plants also in harsh operating
environments.
It has both IEC as well as Chinese GB approvals and it
is the only product approved by GB for 40.5kV. The slim
design width (420mm) suitable for a 36kV circuit-breaker
allows it to be installed through the tower opening.
Main characteristics:
e solutions available for 12kV, 24kV, 36kV and
40.5kV
e combination of standardized modules to ensure
application flexibility

circuit-breaker and switch-fuse protection
advanced solutions available for electric arc protec-
tion

suitable for onshore and offshore turbines.
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For low voltage connection of small-medium sized tur-
bines ABB offer includes:
e interface relays
e circuit-breakers
switch-disconnectors
contactors
energy meters

10.17.3 CM-UFS interface relays

CM-UFS interface relays, which comply with both the
ENEL Directive for the connection to the electrical dis-
tribution network as well as with Std. DINV VDE V 0126-
1-1, fully satisfy the safety requirements for installations
and personnel in case of faults and malfunctioning of the
public grid occurring during parallel connection.
Main characteristics:

e protection against minimum voltage
protection against maximum voltage
protection against minimum frequency
protection against maximum frequency
DIN-rail mounted, 22 mm overall dimensions
adjustable connection of the neutral conductor
3 LEDs for the indication of the operating status
power supply from the controller circuit
measure of the rm.s. value
usable also for the control of single-phase plants
2 switchover contacts (SPDT)
installation: DIN rail EN 60715 (35 mm) through
SNAP DIN-rail adapters

® 6 o o o o o o o o o

CM-UFS.1 interface relay
For the markets where VDE German Standards are ac-
knowledged:

e maximum voltage [Vn] > 115%

* minimum voltage [Vn] < 80%

e maximum frequency [Hz] > 50.2

e minimum frequency [Hz] < 47.5

e average value [Vn] 10 minutes 110+115% adjust-

able

114 | Wind power plants

CM-UFS.2 interface relay
Specific for the ltalian market, in compliance with the
most recent ENEL Distribution specifications (edition 1st
December 2008):
e maximum voltage [Vn] > 120%
e minimum voltage [Vn] < 80%
e maximum frequency [Hz] > 50.3 or 51 upon request
of ENEL’s personnel
e minimum frequency [Hz] < 49.7 or 49 upon request
of ENEL’s personnel.

10.17.4 Miniature circuit-breakers

These circuit-breakers with breaking capacity up to 50kA
allow a reduction in the overall dimensions and weight
of the switchgear where they are installed.

They find applications in a wide range of temperature
and altitude.

A wide range of rated currents (from 10 to 125A) and
several trip curves (characteristics B, C, D, K, 2) are
available.
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10.17.5 Delta Max energy meters

These energy meters allow:
e full control over energy generation and consump-
tion
e possibility of long distance communication
e applications up to 500Vac




10.18 Auxiliary circuits

There are many small supporting systems in a turbine,
from lift systems (lifts, hoists.... used for the ascent/de-
scent of personnel or equipment to and from the nacelle)
to fans and internal lightning systems.

ABB products are used also in such systems.

10.18.1 Miniature circuit-breakers type S500HV

Suitable for the protection of control circuits: com-
puters and bus systems. They are high-performance
three-phase circuit-breakers having the following main
characteristics:

e breaking capacity 1.5kA

e trip characteristics K, 0.21A 1000Vac

10.18.2 Residual current circuit-breakers
(RCCBs)

F500 residual current circuit-breakers are the only ones

suitable to be used at 690Vac and have a built-in circuit-

breaker for overcurrent protection, with trip characteristic

C, rated current 10A and rated residual current 30 mA.

T L T
o 5 je ‘I.:t:

R

Also thermal magnetic residual current circuit-breakers
series DS200 are available with the following main char-
acteristics:

e rated current: from 6 to 32A

¢ breaking capacity: 4.5-6-10kA

e trip characteristics: B, C, K

e residual current sensitivity: from 10 to 300mA

ABB offers also residual current circuit-breakers of series
F200 with the following main characteristics:

¢ rated current: from 16 to 125A

e type: AC, A, B

e residual current sensitivity: from 10 to 500mA

-
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10.18.3 Temperature control

The temperature control system allows the inside tem-
perature to be kept within limits suitable to guarantee the
proper operation of the other devices, even when the tur-
bines are exposed to harsh environmental conditions:

e temperature monitoring relay type CC-U/RTDR

¢ anti-condensation panel heater 300W/230V

Wind power plants

10.18.4 Safety systems

ABB is developing a complete range of safety systems for
the personnel and for the realiability of the wind turbine,
in particular for machine safety (Jokab).




Italian context

Annex A: Economic incentives and energy

valorization

A.1 Obliged quotas and incentive
mechanisms

The Law Decree 79/1999 has introduced the obligation,
for the producers and importers of electrical energy
derived from non-renewable sources, to inject into the
national grid, as from 2002, a minimum amount of elec-
trical energy produced from renewable sources through
power plants put in service after 1/4/1999.

The amount (in percentage) is determined based on the
energy produced and imported from non-renewable
sources in the previous year, reduced by the electrical
energy produced in co-generation, by the self-consump-
tions of the power plant and by exports, with 100 GWh
exemption for operator. Initially, this amount had been
fixed at 2%, but then the Law Decree 387/2003 has
established an annual progressive increase of 0.35% in
the three-year period 2004-2006. Moreover, the Financial
Act 2008 has introduced a further 0.75% increase per
year for the period 2007-2012. Subsequent Ministerial
Decrees shall define the rises for the years after 2012
(Table A.1).

The subjects who have to fulfill the obligation can also do
it by purchasing from other producers some certificates,
called Green Certificates (CVs), attesting the production
of the equivalent quota from renewable sources. Thus a
market is created in which the demand is given by the
subjects who have to fulfill the obligation and the offer is

constituted by the producers of energy from renewable
sources and being entitled to CVs.

As a matter of fact, to promote electrical energy produc-
tion through renewable sources, the Law Decree 79/1999
has introduced the system of the Green Certificates.
However, before the Financial Act dated 2008, such
incentives were certificates granted in proportion to the
energy produced for a period of 12 years and without
distinction for the different renewable sources.
Revenues derived from the sale of CVs in a market where
there is a certain obliged demand determine the incentive
to the production of energy from renewable sources. In
addition to the sale of the CVs, a further source of revenue
derives from the valorization of the energy injected into
the grid and becomes the only source at the end of the
incentive period (Table A.2).

Table A.2 — Revenues for renewable source plants entered service by
31/12/2007

Incentive

Energy valorization

Energy valorization

First 12 years

Sale of the CVs
assigned according to
the energy produced
(without distinction for
the different sources)

Self-consumption
and
Market prices
or Dedicated
withdrawal’

or

Afterwards = Net metering?

" With power not higher than 10 MVA or with any power in case of
renewable sources non-programmable
2 With power not higher than 20 kW

Table A.1 — Annual increase in the “Obliged quota”, introduced by the Law Decree 79/1999

Reference year Obliged quota Fulfilment year
2001 2% 2002 8%
2002 204 2003 7% - [ Annual increase in the quota —_
[CJobliged quota

2003 2% 2004 6% +—

2004 2.35% 2005 5% -

2005 2.70% 2006 4% —

2006 3.05% 2007 3%

2007 3.80% 2008 2% ]

2008 4.55% 2009 1%

2009 5.30% 2010 0% : : -_T-_T-_J_J_J_J_J_J__
— (oY} [s0) < [Te] © N~ © [¢2) o — o

2010 6.05% 2011 8 8 8 8 8 8 8 8 8 & & =&
(8] N (V) N N (V) N (V) N (V) N [sV)

2011 6.80% 2012 Reference year

2012 7.55% 2013

" The importers of electrical energy can ask for exemption from the obligation for the amount
of energy produced from renewable sources and certified accordingly.

2 Initially CVs were granted for a period of 8 years. Afterwards the Law Decree 152/2006
extended the period to 12 years.
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The Financial Act dated 2008 has introduced some
modifications to the above described mechanism for
the plants which entered service after 31/12/2007. The
main amendments regarding incentives through CVs
are two:
- the incentive period has been extended for 15 years
- the number of CVs granted has been differentiated
according to the renewable source.
Besides, for smaller plants a new incentive system has
been introduced as an alternative to the system of the
CVs. In fact, in case of small plants, the right is given to
opt for tariffs of withdrawal for the energy injected into
the grid, paid out for a period of 15 years and differenti-
ated according to the renewable sources.
Such tariffs are called all-inclusive, since they include
both the incentive component for the energy produced,
as well as the sale component for the energy injected
into the grid (Table A.3).
Besides, according to the Financial Act dated 2008,
as further modified by the Law Decree 99/2009, the
generation of electrical energy from wind power plants
entered service after 30/06/2009 is entitled to the CVs
or to the all-inclusive tariffs provided that such plants
do not benefit from other public national, regional, local
or Community incentives as Feed-In Tariff granted after
31/12/2007.

A .2 Green Certificates

They are certificates which prove the production of en-
ergy from renewable sources. Initially their size was fixed
in 100MWh, but it has progressively been reduced to
1MWh with the Financial Act of 2008. Green certificates
are released according to the net energy generated by
the plant (E )°, which however is not always the refer-
ence term for the definition of the number of CVs, since
there are different types of intervention on plants (new
construction, development, total or partial restructura-
tion...4) which entitle to incentives of all or of part of the
net generated energy.

As regards the plants put in service before 31/12/2007,
the energy corresponding to the number of recognized
CVs (E,) coincides with the energy recognized as in-
centivable (E) for the whole incentive period (12 years),
that is:

E.=E withE asfunction oftheintervention classand of E,

The Financial Act dated 2008 has introduced a difference
in the incentive entity for the plants put in service from
01/01/2008, based not only on the type of intervention
carried out and on the produced net energy, but also on
the type of renewable source.

3 It is the energy measured at the output of the generation set, decreased by the energy
absorbed by the auxiliary services, by the transformer losses and by the line losses up to
the point of parallel with the grid.

4 For a detailed description of the different intervention classes to which a different formula
corresponds, which links the energy recognized as incentivable (E) to the net produced
energy (E,), reference shall be made to the Guide to the incentives for the production of
electrical energy from renewable sources published by GSE.

Table A.3 — Revenues for renewable source plants entered service after 31/12/2007

A) Any size of power

B) For smaller plants only
(as an alternative to scheme A)

Operation period Incentive

Energy valorization

Incentive Energy valorization

Sale of the CVs assigned
according to the energy
produced (distinctly for the
different sources)

First 15 years

Self-consumption
and
Free market
or

Dedicated and
withdrawal? Free market
Afterwards - or = or

Net metering®

All-inclusive tariffs for the withdrawal of the energy injected
into the grid
(separate according to the different sources)

Self-consumption

Dedicated withdrawal
or
Net metering®

' With power not higher than 1MW (200 kW for onshore wind power plants)

3 With power not higher than 200 kW.

2 With power not higher than 10 MVA or with any power in case of renewable sources non-programmable.
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Therefore the CVs are assigned by multiplying the incen-
tivable energy (E) by a coefficient K depending on the

renewable source used:
E =K-E
cv I

The coefficient K is 1 for onshore wind power plants and
1.5 for offshore wind power plants.

The Green Certificates have a validity of three years, that
is the certificates issued in a given year can be used
to fulfill the obligation set by the Law Decree 79/1999
relevant to the two following years.

The economic valorization of the CVs constitutes the
incentive for the generation of electric power from renew-
able energy sources, except for photovoltaics, for which
incentive is given by Feed-In-Tariffs. Defining P_, the price
[€/MWh] of the CVs sold, the value of the incentive |,
[€] is expressed by:

| =P -E
cv cv cv

The price of the CVs is defined according to the supply
and demand law. Transactions of the CVs can be carried
out on the market organized by GME (Gestore dei Mer-
cati Energetici - Power Exchange Market Administrator)
or under bilateral contracts. The Financial Act 2008 has
introduced a new modality for the calculation of the offer
price of the CVs of GSE: as from 2008 they are placed on
the market at a price equal to the difference between 180
€/MWh and the annual average value of the transfer price
of electrical energy registered in the previous year®.
The application of this new calculation modality has re-
sulted in offer prices for the CVs of GSE equal to 112.88
€/MWh for the year 2008, 88.66 €/MWh for the year
2009 and 112.82 €/MWh for the year 2010.

The price of the CVs of GSE represents the maximum
price for the whole market. While up to 2005, due to the
poor offer, the certificates were exchanged at a price
near to that of GSE, starting from 2006 the CVs’ offer
of qualified producers has exceeded the corresponding
demand necessary to cover the obligation; such situa-
tion has caused a reduction in the sale prices of the CVs.
To avoid the excessive loss of value of the CVs under
conditions of excess supply, two standard provisions
were introduced.

The first one, which is a part of the Financial Act 2008,
provides that, upon request of the producers, GSE with-
draws the CVs expiring in the year at a price equal to the
average price registered in the previous year, relevant to
the transactions of all the CVs, independently of the year
to which they refer, carried out both in GME’s regulated
market as well as under bilateral contracts.

The second provision, introduced by the Ministerial De-
cree 18/12/2008, provides that, in the three-year period
2009-2011, upon request of the holders, GSE withdraws
the CVs issued for the production relevant to the years
up to 2010. The withdrawal price of the above mentioned

% Such price is defined by AEEG, every year by 31 January.

certificates is equal to the average market price in the
three-year period before the year when the withdrawal
request is put forward. In 2010 the withdrawal price of
the CVs from GSE, in compliance with such provision,
is equal to 88.91 €/MWh (VAT excluded), correspond-
ing to the average weighed price of the transactions of
all the certificates registered by GME in the three-year
period 2007-2009.

The CVs can be required:

e effective, according to the net energy really gen-
erated by the plant in the year before the year of
issue

¢ planned, according to the expected net production
capacity of the plant.

GSE, after a verification of the reliability of the data
given by the producers, issues effective the due green
certificates within 30 days from the receipt of the request,
rounding off the net energy production (MWh) using a
commercial criterion.

If a plant, for which planned green certificates have been
issued, cannot really produce energy in an amount equal
to or higher than the corresponding value of the CVs
obtained and the producer is not in a position to return
the exceeding ones, GSE compensates this difference by
withholding the green certificates relevant to the energy
produced for the same year by other plants owned by
the same producer. If in the reference year there is not a
sufficient number of certificates, GSE can compensate
also with the production of the year following that in
which the debt has formed. If also this further possibil-
ity of compensation is missing, GSE encashes the bank
guarantee in its favor.

In the opposite case instead, in which the effective pro-
duction of the plant exceeds the expected production
capacity, at the act of compensation, GSE issues in the
producer’s favor, the remaining owing certificates.
Starting from 2008, by the month of June each year, upon
request of the producer, GSE withdraws the CVs expiring
in that year exceeding those necessary to fulfill the obli-
gation. To this purpose, the annual average price is that
relevant to the transactions of all the CVs, independently
of the reference year, exchanged in the previous year
in GME’s regulated market or under bilateral contracts.
Moreover, to guarantee a gradual transition from the old
incentive mechanisms to the new ones and in order not
to penalize the investments already started, in the three-
year period 2009-2011, by June, GSE shall withdraw,
upon holders’ request, the green certificates issued for
the production relevant to the years 2006-2010. The
withdrawal price is equal to the average market price of
the previous three-year period.

Legislative Decree of 3rd March 2011 No. 28 provides
that GSE withdraws yearly the CVs issued for the energy
production relevant to the years from 2011 to 2015, if any
exceeding those necessary to comply with the obligation
quota. The withdrawal price is equal to 78% of the price
defined in Financial Act 2008.
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A .3 All-inclusive tariffs

A .4 Valorization of the energy fed into the grid

The Financial Act of 2008 has introduced a new incentive
system (afterwards regulated by Ministerial Decree 18-
12-2008 and by Resolution AEEG ARG/elt 1/09), which
is available as an alternative to the Green Certificates,
for renewable source plants (with the exception of pho-
tovoltaic technique) entered service after 31-12-2007
and with rated power not exceeding 200kW for wind
power plants.

To such plants all-inclusive tariffs are granted for a 15-
year period. Up to the end of the incentive period, all-
inclusive tariffs represent the only remuneration source;
at the end of such period, however, a possibility of
valorization of the generated energy persists (sale of the
energy injected into the grid or net metering).
Moreover, while CVs are recognized based on the net
energy produced E_ and therefore they reward also self-
consumed energy, all-inclusive tariffs are paid out only
on the basis of the amount of energy fed into the grid
Ef. Also for all-inclusive tariffs, on the basis of the type
of intervention carried out on the plant, the size of the
incentive changes. In particular, the net energy injected
into the grid (E) changes, which can receive incentives
based on the type of intervention: it is according to the
amount of energy E, that tariffs are paid out. For wind
power plants with size smaller than 200kW, from the Ta-
ble enclosed to Financial Act 2008, as amended by Law
99 dated 23/07/2009, it results an incentive all-inclusive
tariff of 300 €/kWh.

Legislative Decree of 3rd March 2011 No. 28 provides
that the all-inclusive tariffs remain constant for the whole
validity period and keep to the above mentioned value
for all the plants entering service within 31st December
2012.

The right of option between green certificates and all-
inclusive tariffs is exercised through a qualification re-
quest for the plant” addressed to GSE. Prior to the end
of the incentive period, only one shift is allowed from an
incentive system to the other one; in case of shifting, the
period of duration granted for the new incentive system
is reduced by the time period already enjoyed with the
previous system.

% If a wind power plant draws from the grid the electric power necessary for the supply
of auxiliary services, the energy subject to all-inclusive tariff incentive is not the total
amount of energy actually fed into the grid, but this value deducted the above mentioned
withdrawals.

7 The qualification of renewable source plants (IAFR) attests the possession of the requisites
foreseen by the rules and entitling to incentives.

Wind power plants

A.4.1 Dedicated withdrawal

The dedicated withdrawal from GSE represents a simpli-
fied mode at producers’ disposal to sell on the market
the energy fed into the grid, as an alternative to bilateral
contracts or to sale on stock. Dedicated withdrawal is
available to wind power plants of any rated power. To
access the system, the producer recognizes to GSE a
money consideration to make for the administrative costs
equal to 0.5% of the equivalent value of the pay for the
withdrawn energy, up to the maximum amount of €3500
per year per plant.
For a plant with rated active power higher than 50kW
the producer grants to GSE a further compensation for
the metering accounting service currently equal to 3.72
Euro/month for plant.
For the power generation plants connected in low or
medium voltage, GSE grants to the producer a compen-
sation for electrical energy transmission and distribution
services, which is currently equal to 0.00388 €/kWh.
For the electrical energy fed into the grid, GSE recognizes
to the producer, for each hour, the market price referred
to the zone where the plant is positioned.
For the plants with rated active power up to 1 MW, mini-
mum guaranteed prices have been defined (Resolution
AEEG 280/2007) and they are periodically updated by
AEEG. The minimum guaranteed prices are recognized
by GSE for the first 2 million kWh of electrical energy
injected into the grid on annual basis. In the case in
which, at the end of every solar year, valorization at the
minimum guaranteed prices should result lower than that
achievable at market prices, GSE shall recognize to the
producer the relevant adjustment.
The values of the minimum guaranteed prices updated
for 2010 are the following:

e up to 500.000 kWh per year, 101.8 €/MWh

e over 500.000 kWh up to 1,000,000 kWh per year,

85.8 €/ MWh
¢ over 1,000.000 kWh up to 2,000,000 kWh per year,
75.0 €/MWh.

Dedicated withdrawal is an “indirect” sale of energy,
advisable for the plants feeding-in a quantity of power
exceeding their own requirements.



Moreover it can be noticed the general higher return of
the minimum guaranteed prices in comparison with the
market prices.

In short, dedicated withdrawal is more easily managed
than the sale of energy on stock market.

A.4.2 Net Metering

Net Metering is regulated on a financial basis by GSE
(Gestore Servizi Energetici - Electrical Utilities Administra-
tor) as a form of contribution linked to the valorization at
market price of the energy exchanged with the grid. Net

Metering is available to wind power plants up to 20 kW

if entered service before 31/12/2007 and up to 200 kW

if entered service after that date.

In this case GSE recognizes a contribution to the user;

this contribution is a sort of refund for the fees paid for the

withdrawal of electrical energy from the grid. To calculate
this contribution, determined on solar annual basis, the
following items are taken into consideration:

- the amount of electrical energy exchanged with the grid
(the minimum amount between the energy fed into and
withdrawn from the grid in the reference period)

- the equivalent value in Euros of the electrical energy
injected into the grid

- the value in Euros of the withdrawal fee for the supply
of the energy from the grid, divided into energy fee and
services fee (transport and dispatching of the electrical
energy).

In particular, the Net Metering contribution paid by GSE

to the user consists of:

- an energy quota, that is the recognition of the minimum
value between the energy fee and the equivalent value
in Euros of the electrical energy injected into the grid

- aservices quota, that is the refund of the services fee
only for the energy exchanged with the grid.

If the equivalent value of the energy fed into the grid is

higher than the energy fee, the settlement is “banked”

as a credit for the user, who can either use it as a com-

Italian context

pensation for the energy fee in the subsequent years or
ask for the payment.

Net metering contribution is calculated by GSE planned
on a three-month basis and it is paid out when its amount
exceeds the minimum threshold of 100 Euros. On a year
basis, the balance for the contribution accrued in the year
is calculated and paid, without applying any minimum
threshold for the payment.

Besides, GSE grants a contribution equal to 50 Euros for
every kW of power of the plant within the 30 days follow-
ing the end of the three-month period of the drawing up
of the Net Metering agreement. The above mentioned
contribution is gradually reabsorbed with the subsequent
down payments and adjustments.

Generally speaking, Net Metering is favorable when,
yearly, the valorization of the electrical energy injected
into the grid is totally compensated with the energy fee;
besides, for the totality of the energy exchanged with the
grid, the charges for the use of the grid are reimbursed
by GSE to the user of Net Metering and exclusively to
the users who are also owners of plants supplied by
renewable sources also the general system fees are
reimbursed.
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Annéx B: Connection to the grid and measure of

the energy

As regards medium-large sized wind power plants con-
nected to medium voltage or high voltage grids, here
below are some information and indications about con-
nection criteria. In particular, for the connection to the
medium voltage distribution networks of the turbines
the indications in Chapter 4 of the Technical Application
Paper No.10 “Photovoltaic plants” are valid, together with
some additional suggestions given here.

B.1 Connection to the MV grid

The total generation power which can be connected to
the MV grid referred to each Primary Substation (HV/
MV) without modifying it is limited by the likelihood that
reversals of the power flow with respect to the normal
passage from high to medium voltage occur. If this pas-
sage results to be reversed for a time exceeding by 5%
the total annual operating time, it is necessary to equip
the Primary Substation and its relevant HV lines with
protection and control devices suitable to the bidirec-
tional power flow.

As regards MV/Iv transformation, three-phase transform-
ers with delta connection on the primary winding must
be used or, for particular requirements, with different
connections subject to agreement of the Distributor.

B.1.1 Limits for the transformer size

The Distributor communicates the maximum power
limit of the single transformer and/or of more transform-
ers in parallel on the same Iv busbar installable by the
Consumer to avoid tripping of the protective devices on
the MV line supplying the plant in case of short-circuit
on the Iv busbars. Such limit shall not be generally lower
than 2000kVA (20kV grids) and 1600kVA (15kV grids).
Lower limits can be defined by the Distributor in case of
particular structure of the existing MV grid. The Consumer
can install larger size transformers provided that, owing
to the impedances positioned between the delivery point
and the Iv side of the transformers, the fault current at
the secondary winding of the transformer is limited to
a value equivalent to that obtained by considering only
the limitation due to the sizes prescribed for the above
mentioned transformers. In the case where the Consumer
has a plant not compatible with the limitations above, the
connection through MV single feeders can be taken into
consideration, by setting the protections ad hoc.

B.1.2 Limits on the contemporary connection
of transformers

To limit the inrush current, the Consumer cannot install
transformers for a total power exceeding three times
the above mentioned limit values for each voltage level,
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even with separated Iv busbars. In the contrary case, the
plant must be equipped with suitable devices to prevent
the contemporary energization of the transformers which
cause overcoming the given limitations. Such devices
shall intervene in case of lack of voltage for more than 5s
and shall provide for the reconnection of the transformers
according to total powers not exceeding the given limits,
with reconnection times at intervals of at least 1s.

B.1.3 General Device (DG)

Generally speaking, to command opening of the General
Device (DG) through the General Protection (PG) an un-
dervoltage release shall be used or, as an alternative, a
shunt opening release, provided that the PG is equipped
with a suitable control and recording system to allow any
possible verification (data logger). Table B.1 shows the
minimum settings for the different protection functions
of the PG for Consumers with powers not exceeding
3MVA. For higher powers, the Consumer can agree with
the Distributor upon different settings, as a function of
the service requirements and of the characteristics of
the distribution grid.

B.1.4 Interface protection device (PDI)

In addition to the protections listed and described in
the Technical Application Paper QT10 “Photovoltaic
Plants”, for the plants able to support the grid voltage
(synchronous generators, self-excited asynchronous
generators, inverters operating as voltage generators)
with total power =400kVA, upon Distributor’s request, the
maximum homopolar voltage V, protection is provided
on the MV side with 15% value and with 25s intentional
delay (CEI 0-16 Interpretation Sheets) and it is necessary
to provide for a support in case of failure of opening of
the interface device.

This support function consists in transmitting the trip
command from the interface release to another tripping
device; this protection function is formed by a circuit,
depending on the closed position of the DDI and acts
on the general device or on a generator device, with a
maximum delay of 1s. The timer is activated by the trip
circuit of the PDI.

A protection against the network loss is being studied,
to be agreed upon between the Distributor and the Con-
sumer as a function of the characteristics of the grid to
which the generation plant is connected.

If required by the grid conditions (e.g. for output powers
exceeding 1MVA), the Distributor can require the instal-
lation of a remote trip system to guarantee the opening
of the Interface Device in case of tripping failure of the
protections.



For generation powers approximately higher than 3MVA,
the Consumer is connected to a MV antenna line; be-
sides, as an alternative to the remote trip, a logic can be
implemented in the Primary Substation to which the MV
line is connected to make the feeder circuit-breaker open
in case of tripping failure of the protections of the Distribu-
tor, when the defined conditions occur (for example loss
of HV grid, HV/MV transformer protection tripping).

Both the remote trip as well as the Primary Substation
logic are realized and kept in service by the Distributor
grid and in both cases the installation of the possible
protection in the event of grid loss is not necessary.

B.2 Connection to the HV grid

The continuous growth of wind energy production is
highlighting some problems regarding the infrastructure
of the grid. In particular, some high voltage lines have
shown a transport capability insufficient to dispatch
all the energy produced (at high wind regimes) by the
wind power plants currently connected to the distribu-
tion grid. This has the consequence of grid congestions
which result in the intervention of the Electrical Utilities
Administrator (GSE) to reduce the power injected from
such plants (lack of production which can also exceed
20%). The Authority has recently provided to reform the
compensation system for the potentially available but not
produced energy due to the limitations, entrusting GSE
with the task of defining a system for the assessment of

the lack of production. However, it is necessary to boost
the grid so that the situation does not get worse further
to the installation of new power plants.

For the connection to the HV grid, the plants shall satisfy
the following requirements.

B.2.1 Protections against external faults

The wind power plants connected to the public networks
with rated voltage higher than 30kV shall be equipped
with protections sensitive to the external faults; their trip-
ping shall be coordinated with the other network protec-
tions and their settings are established by the Network
Administrator (CEI 11-32 V3).
The protections against external faults command the
opening of the main circuit-breaker/s and, in case of
failure of opening, the generator circuit-breakers or
other interposed circuit-breakers properly coordinated
to guarantee selectivity shall trip as support.
The protections which operate the main circuit-breaker/s
are:

¢ Maximum and Minimum Frequency

¢ Maximum and Minimum Voltage HV side

e Maximum Homopolar Voltage HV side
Instead, the protections which command the generator
circuit-breakers are:

¢ Maximum and Minimum Frequency

¢ Maximum and Minimum Voltage.

Table B1
SETTINGS
First threshold Second threshold Third threshold
Obtional activation Value: 250A Value: 600A
Maximum phase’| Vp T
50 and 51 alue and trlpp!ng time _to I:')e o o o o
agreed upon with the Distributor | Fault extinction time: 500ms Fault extinction time: 120ms
Maximum homopolar | Only if protection 67N is not present \?;}:Yel'f 1p jgf,‘j‘“l'in el pEan
(neutral isolated) Value: 2A2 FlE o =
NP Fault extinction time:
51N Fault extinction time: 170ms
170ms
PROTECTION . Only if protection 67N is not present | Always present, also with 67N
DEVICES Maximum homopolar | =1 ;e a2 Value: 140%| 5
(neutral compensated) F S 0L -
51N ault extinction time: Fault extinction time:
450ms 170ms
With neutral isolated With neutral compensated
ly: 2A ly: 2A
- U 2v U5V
1
E?Eh faultidirectional Tr?pping range (ID delay with Tr?pping range (IU delay with -
respect to U ): 60°-120° respect to U): 60°-250°
Extinction time: Extinction time:
170ms 450ms

' Values refered to 15-20kV voltages; analogous values must be defined for other volt-

age values.

2 Lower values are possible, however not lower than 1A, in case of grids having a par-
ticularly limited extension..

fault extinction time) can be used.

3 Value of the single-phase fault current to earth given by the Distributor.

4 For Consumers who do not need 67N, only the first threshold (with 2A value and 170ms

5 Typically 70A for grids at 20kV and 56A for grids at 15kV.

Wind power plants | 123

g xauuy

ABisua ay) jo ainseaw pue pub ay} 0} uoiodaUU0D



g xauuy

ABisua ay) Jo aunseaw pue pLb ayj 0} UoI}OdBUUOY)

124

Technical Application Papers

B.2.2 Protections against internal faults

Internal faults in wind power plants, which could affect
other plants connected to the grid, must be eliminated
in a quick and selective way. The settings of the protec-
tions are agreed upon with the Network Administrator
(CEI 11-32 V3).
As for the HV side of the MV/HV transformer, the protec-
tions which command the circuit-breaker of the relevant
transformer are:

e Maximum Current

e Transformer Residual Current
On the contrary, for the MV side, the protections must
be suitable both against the faults between phases as
well as the faults phase-to-earth.

B.2.3 Performances required

The performances which can be required to a wind
power plant according to its installation site and with
the purpose of maintaining the reliability and safety of
the network are:

¢ limitation of the generated disturbances

e gradual injection of power into the grid

e disconnection or reduction of the power injected
into the grid
immunity from voltage reductions;
¢ control of the active power;
¢ control of the reactive power.

B.2.3.1 Limitation of the generated disturbance

The Owner of the wind power plant is bound to install
machines and components resulting in values of har-
monic emissions and voltage dissymmetry positively
considered during designing by the Administrator of the
connection network.

B.2.3.2 Gradual insertion of the power to be
injected into the network

The positive gradient of delivery of the instantaneous
efficient power shall not exceed 20% of the efficient
power per minute, or shall not exceed other gradients
agreed upon with the Network Administrator; such gra-
dient must be complied with during the start-up of the
wind power plant compatibly with the wind source. The
wind turbines must not be put into service if the network
frequency exceeds 50.3 Hz.

% The instantaneous efficient power of a wind power plant is the sum of the instantane-
ous efficient powers, expressed in MW, of the single wind turbines, that is the sum of
the active powers delivered by the wind turbines as a function of the “instantaneous”
meteo conditions.

Wind power plants

B.2.3.3 Disconnection or reduction of the
power injected into the network

The wind power plant shall be equipped with one of the
following systems:

e production control system, able to modify, both au-
tomatically as well as manually, the power injected
into the grid upon remote control of the remote
control centers of the Owner of the plant

e automatic remote disconnection system, able to
operate instantaneous disconnection - total or
partial — of the wind power plant from the grid upon
remote control also from a subject different from the
Owner.

B.2.3.4 Immunity from voltage reductions

Wind power plants must be able to maintain the con-
nection to the grid in case of faults external to the plant
properly cleared by the network protections.

The values of duration and the value of voltage reduction,
typical for the network faults, to be tolerated by the wind
power plant at the generator terminals without discon-
nection are reported in Figure B.1 (CEI 11-32 V3).

A reduction of the instantaneous efficient power injected
into the grid is accepted during the fault clearance time,
but, when the standard operating conditions restore, the
instantaneous efficient power injected into the grid must
get back to a value close to that before the fault occur-
rence, compatibly with the present wind conditions.

Figure B1
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B.2.3.5 Control of the active power

The wind power plant must be equipped with an au-

tomatic control system which, depending on the real
capacity of the available wind, allows (Figure B.2):

* injection into the grid of the instantaneous efficient
power for frequencies from 47.5 to 50.3 Hz;

¢ reduction of the instantaneous efficient power as

a function of the positive frequency error, with a

droop ranging from 2% and 5%, for frequencies

higher than 50.3 Hz and up to a value of 51.5 Hz.

Figure B.2
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B.2.3.6 Control of the reactive power

The control system of the single turbine regulates the
reactive power at the terminals of the generator so that
the power factor is adjustable from 0.95 in advance
and 0.95 delayed. The power factor can be kept fixed
to a value chosen and agreed upon between Network
Administrator and Owner.

B.3 Measure of energy

B.3.1 Measure of the produced energy

According to Resolution AEEG 88/2007 (in addition to
Resolution AEEG 150/2008) “Disposizioni in materia
di misura dell’energia elettrica prodotta da impianti di
generazione” (“Provisions regarding the measure of the
electrical energy produced by power generation plants”)
responsible for the measure of the electrical energy pro-
duced by installations with rated power not higher than
20 kW is the Network Administrator, whereas for the
installations with power exceeding 20 kW responsible
is the producer, who has the authority to apply to the
Network Administrator, but always keeping the respon-
sibility for such service.

Positioning of meters is agreed upon with the energy
producer based on functional choices and in compliance
with the following requirements for wind power plants:

e |ocation as near as possible to the terminals of the
generator and however on the load side of the
auxiliary service systems;

e inside the property of the energy producer or on
the boundary of such property as specified by the
producer;

e guaranteeing to the Network Administrator the
proper performance of his own tasks;

¢ being equipped with suitable antifraud devices;

¢ ability to detect energy production on hour basis;

¢ being equipped with devices for data query and ac-
quisition via remote of measures from the Network
Administrator.

B.3.2 Measure of the energy injected and
drawn from the grid

The “Integrated Text of the provisions of the Authority for
electrical energy and gas as regards supply of the trans-
mission, distribution and measure of the electrical energy
services — TIT” (Resolution AEEG 348/2007) defines the
responsibility of the measurement service® as follows:
¢ asregards the injection points®, responsible for the
installation and maintenance of the meters is the
subject Owner of the plant; as regards the with-
drawal points, responsible is the Distributor
¢ as regards the injection points, responsible for the
activities of collection, recording and validation of
measures is the Network Administrator; as regards
the withdrawal points, responsible is the Distribu-
tor.

7 The automatic system can also disconnect in sequence the different generators, sepa-
rately or in groups.

8 The measurement service consists in the activities of installation and maintenance of the
equipment and of collection, recording and validation of measurements.

9 A connection point is considered an injection point when it is devoted to a production plant
and the energy withdrawals from the grid are exclusively oriented to energy production; in
all the other cases the connection point is considered as a withdrawal point.
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In case of power generation plants positioned at a con-
nection point through which energy is withdrawn by users
different from the auxiliary services of the power plant
itself, a single bidirectional meter must be installed at this
connection point by the competent Distributor.

The Distributor himself shall be responsible for the main-
tenance of the meter, as well as for collection, validation
and recording of the measurements of the electrical
energy injected and withdrawn.

The meters relevant to power generation plants con-

nected to very high, high and medium voltage must:

- allow survey and recording, at each hour, of the with-
drawn energy and of the active and reactive electric
power injected and withdrawn at the injection and
withdrawal points

Wind power plants

- be equipped with an automatic system to signal any
possible irregularity in the operation

- allow access to surveys and records for the Owner of
the site where the meter is installed

- be prepared, upon request of the Owner of the site
where the meters are installed and paid by him, for
the installation of devices to monitor electric power
injections and withdrawals.

In case of connection points used solely to inject electri-
cal energy and to withdraw the electrical energy neces-
sary to supply the auxiliary services (“pure” injection
points), the energy producers are obliged to install the
bidirectional meters prescribed by Resolution AEEG
292/2006. In the contrary case, this obligation falls on
the Distributor.
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Annex C: Earthing systems

C.1 Dimensioning

As regards the wind turbines connected to the MV grid,
to the purpose of dimensioning the earthing system, the
Distributor communicates to the Consumer the value of
the single-phase ground fault current (l) and the fault
clearance time.

When designing the ground electrode, it is possible to
take into consideration the value of the earth current (| )
reduced with respect to the earth fault current (I) due to
the effect of the metal shield of the cables (CEI 11-1):
as conservative hypothesis, it is possible to assume a
reduction factor equal to 0.7 (CEI 0-16).

In case of networks with isolated neutral, the current I,
communicated to the Consumer must be increased by
10% by the Distributor with respect to the current value
calculated or measured with a minimum of 20A rise. How-
ever, the earthing arrangement must be dimensioned to
be suitable for both the following conditions (CEI 0-16):
¢ earth fault current and fault clearance time communi-

cated by the Distributor
e ground fault current of 40A at 15kV (50A at 20kV) and
fault clearance time exceeding 10s.

When dimensioning the earthing system according to the
touch voltages', reference is made to the voltage limits
U._reported in Figure C.12and for the relevant fault dura-
tion the settings of the protective devices must be taken
into account. Such values of admissible touch voltages
are considered as satisfied if the total earth voltage value,
measured or calculated, does not exceed of 50% the
touch voltage of Figure C.1 and the values calculated
in Table C.1 (CEI 11-1).

Figure C.1
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" Touch voltages are generally higher than step voltages and since the latter have higher
acceptable values (from foot to foot), it can be supposed that no dangerous voltages
usually occur.

2 The curve represents the voltage which can be applied to the human body, from bare
hand to bare feet (at 1m distance from the vertical projection of the mass) for the indicated
time only. If the duration of the earth fault current exceeds what is reported on the graph,
75V can be considered as limit value of the touch voltage.

Table C.1
Fault duration t, Acceptable touch voltage
[s] U,
10 80
1.1 100
0.72 125
0.64 150
0.49 220
0.39 300
0.29 400
0.20 500
0.14 600
0.08 700
0.04 800

The low voltage neutral conductor can be grounded on the
earthing system of MV plants to constitute an earthing ar-
rangement in common, provided that during earth faults in
the LV part of a MV plant dangerous touch voltages do not
occur: to this purpose it is sufficient that the total voltage
U, of the common earthing system does not exceed - in
TN systems —the touch voltage limit value U | (CEI11-1).

C .2 Practical example

Values communicated by the Network Administrator:
e ground fault current |.=50A,
e fault duration t=10s.

From Table C.1, it results UTp=80V.

According to the prescriptions of the Standard CEI 0-16, it is
possible to assume a current |, =0.7 -1, =0.7-50 = 35A.
Therefore the limit value of the ground resistance is

equal to: U
R =£=@=2.SQ [C.1]

Supposing to have a meshed ground grid, for the calcu-
lation of the ground resistance (CElI 11-1 Annex K) the
following formula can be used:
P
R =rte
*~op [C.2]
where:
e p, is the ground resistivity [2m];
¢ D is the diameter of a circle with an area equal to
that of the meshed ground electrode [m].

As a consequence, in the case under consideration, with
a R_=2.3Q and assuming to have a clayey ground (p.=
200 ©2m) the diameter of the meshed grid shall be:

D=—2-=——=435m [C.3]
If the meshed grid is made using braided bare copper

ground electrodes, the minimum cross-section is 25 mm?
(CEl 11-1 Annex A).
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Annex D: Drag type turbines vs lift type turbines

In the drag turbines the motive force which makes the
axis of the turbine rotate is the resulting aerodynamic drag
force F, which is a function of the resistance coefficient
C, and of the relative wind speed v = v, - v, = v, - Q-r with
respect to the rotor surface (see Figure D.1) according
to the following relation [3.32]:

F =%-Cb-A'p'v2 =%-Cb-A-p-(v1—Q-r)2 [D.1]

Figure D.1

vV = Vvy-Qr
—_—

—_— Qr

©

The mechanical power extracted by the wind and trans-
mitted to the rotor is the product of the total resistance
force F_for the equivalent peripheral speed of the rotor
surface v, at the application point of the force:

P=Fr-vt=%-Cb-A-p-(v1—Q~r)z-Q-r
b.2]
'[Cb'K'('I—)»)Z]'p'A'V?

N =

The power coefficient C, =C, - 7\.'(1—7\.)2 (illustrated by
the graph in Figure D.2 as a function of the coefficient
A which represents the tip speed ratio TSR) is null, not
only for A =0 (rotor still) but also for the limit value A =1
(rotation speed of blades, equal to the wind speed with
consequent reduction to zero of the draft force).

The maximum value for the power coefficient is reached
for A =1/3 and it is equal to 0.08.

As it can be noticed, the maximum value theoretically
achievable by Cp in drag based turbines is definitely lower
than that one achievable with the lift turbines subject to
the Betz limit (Cpmax=0.59): this represents the main limit,
in terms of efficiency of power extracted from the wind,
of drag turbines in comparison with lift turbines.
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Figure D.2
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This limitation depends both on the minor value of the
drag coefficient C, compared with the lift coefficient C_
under no-stall conditions (see Figure 3.8), as well as on
the manufacturing concept of drag turbines, in which the
relative wind speed v with respect to the surface of the
blades is always lower than the absolute wind speed v,
(Figure D.1):

with A<1

v=v,-Qr=v, (1-2) D.2]

In lift turbines, instead, the relative speed of the air flow
lapping over the blades is always higher than the absolute
wind speed (Figure D.3):

v=qv2+(Qr)? =v,-\1+ 22 withhupto 10-12 D3]

Since the lift motive force Fisa function of both the coef-
ficient C_ as well as of the relative speed v (see [3.31]), it
follows that in the lift turbines the motive force developed
is definitely higher than the motive force generated in the
drag turbines, which results in a higher torque delivered
to the rotor shaft and therefore a greater efficiency as
regards the power extraction from the wind.

Figure D.3
Drag force
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