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INTRODUCTORY NOTE

INTEGRATING yiND TURBINES INTO
UTILITY POWER SYSTEMS

Dan Ancona
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i nterface

Connecting wind turbines with existing utility power systems has
been successfully accomplished in a variety of applications
configurations. However, concern exists that as the size and
of wind plants increases, power quality, voltage profiles, co
system protection, operating strategies, and personnel safety
adversely affected. There are a number of studies and wind p
field tests underway around the world from which data are bei
collected to address technical questions and further refine
theoretical projections of effects of interconnection of var
power sources such as wind turbines with a utility power sys

It is the purpose of this meeting to determine areas whjre
additional research is needed and to establish facts and doc intent
previous operational experience which can reduce concerns in the
utility community about using wind generated power. The prijnary
emphasis of this meeting and the planned research will be
relating to interconnecting wind power plants with existing
utility systems. Two areas to be addressed are: (1) macro-
issues involving controls, interconnection and operation with
penetration, and large numbers of wind turbines interconnected
large area networks; and (2) micro-scale issues relating to
and control of individual or small clusters of wind turbines
interfacing with local area networks. Emphasis will be on technical
rather than economic issues.

Micro-scale issues involves determining the impacts of wind
turbines, which are intermittent generating sources. At lo*
penetration levels (ratio of operating wind plant capacity
system load), the operating problems should be small. How
potential impacts on substation and other equipment increase
penetration. Portions of the subtransmi.ssion and distributi
networks may be subject to overloading or counter flows whi
result in reliability and voltage regulation problems. VAR
for the network could be an additional requirement. Such noeds
be strongly influenced by the type of generators used in th£
turbines, the interconnection between systems, and the —*
equipment.

Macro-scale issues include large area control and system
stability problems which may result from large penetrationsL
primary concern is that individual wind turbines or wind tu
arrays will lack sufficient control to prevent the power
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into the utility network froiri causing operational problems and
significant deviations in crucial system variables such as frequency
and voltage. Consequently, the burden of regulating frequency,
voltage and line loading deviations produced by wind turbines will
fall on conventional power generation regulating units. Moreover, if
existing system operating constraints and power quality standards are
to be maintained, the range of control adjustments which can be made
by conventional procedures needs to be examined to determine limits on
penetration of wind generation.

Degraded operating performance can be avoided by: limiting wind
turbine penetration; or, at moderate penetration levels, modifying the
utility's unit commitment program.to schedule additional conventional
regulating units which increases the ramp rate of control capability.
These regulating units are more expensive to operate than the
intermediate units they would displace. As operating problems become
more acute this will require the development of more sophisticated
operating control systems. In addition, large penetrations of wind
generation could require additional spinning reserve and/or load
curtailment agreements to account for the loss of wind generation in
the event of a fault, storm front or sustained lull. The cost of
resolving operating problems at the higher levels of wind turbine
penetration will be weighed against the value of wind generation.

Specific discussion topics suggested for the expert meeting are:
1. Utility power quality criteria - with and without wind

turbines.

2. Definitions of terms such as "penetration," "availability,"
and "spinning reserve."

3. Impact of wind generation on utility requirements for
spinning reserve, unloadable generation, and regulating unit
ramp rate.

4. Alternative strategies to mitigate the impact of wind
generation on power systems, including:
o Wind power system control strategies
o New wind turbine generator designs
o Short term storage
o Integrated customer load control
o Adoptive unit commitment strategy



GRID INTEGRATION OF DANISH WIND TURBINES

Poul Nielsen



1 . I n t r o d u c t i o n .

In the recent years, there has been a rapid growth in the
number of wind turbines connected to the Danish electricity
supply system. As of 1st January 1989, the total number of
all grid-connected wind turbines in Denmark was 2.050 units.
The total electrical capacity was 190 MW. In 1988, the power
production was about 290 GWh, and this corresponds to about
1.0% of the country 's electr ic i ty consumption. As of 1st
January 1988, the total number of grid-connected small-scale
wind turbines in Denmark was 1630 units, and the total elec
trical capacity was 110 MW.

As a by-product of this technological advancement, a valuable
collection of experiences has provided insight into many po
ten t i a l p rob lems o f l i n k i ng w ind t u rb i nes t o e l ec t r i c u t i l i t y
systems. In some respects the Danish experience is similar to
that of other countr ies regarding power qual i ty problems, for
instance. A more specific Danish problem would appear to be a
topic such as how to handle "surplus power", and also one in
volving load-frequency control at high levels of wind power
penetration. Therefore, an extensive study project on power
grid integration was undertaken some years ago.

Some of the Danish wind turbines, e.g. the multi-bladed
windroses, are not grid-connected. They are mainly used for
heating or water pumping. Wind-diesel instal lat ions are not
in common use, but some initial experimental units have been
i n s t a l l e d .



2. The Danish Electricity Supply System.

The Danish electricity supply is based almost completely on
fossi l-fuel thermal steam power stations. Many of these are
combined heat and power stations producing heat for urban
d i s t r i c t hea t i ng and e l ec t r i c i t y f o r t he pub l i c g r i d . The
predominant fuel is coal in contrast to the years before the
energy crises when it was oil.

Figure 1 shows the location of the various Danish power sta
tions. The map also shows the interconnection lines to Nor
way, Sweden and West Germany. Through these transmission
lines and cables the two Danish power systems are linked to
the Norwegian and Swedish systems. There is no electrical
connection across the Great Belt.

The Great Belt thus divides the country into two supply
areas. In the western area seven power production companies
col laborate wi th in the ut i l i ty associat ion ELSAM. In the
eastern area three power production companies collaborate
within ELKRAFT Power Company Ltd. A total of 120 electric
u t i l i t i e s a r e r e s p o n s i b l e f o r t h e e l e c t r i c i t y d i s t r i b u t i o n i n
Denmark. 54 of these are owned and operated by municipali
t ies, 54 are cooperat ives or partnerships, 10 are pr ivate
foundations and 2 are joint-stock companies.

The integration of the Scandinavian power grid into one in
terconnected gr id is o f great va lue in match ing e lec t r ic i ty
production with demand. Short-term discrepencies between de
mand and production in Denmark are balanced out by the Norwe
gian and Swedish hydro power stations because hydro power re
sponds quickly to load variat ions. Remaining discrepencies
between demand and electricity production are corrected from
Danish load dispatching centres by ordering the power sta
t ions to change thei r product ion rate. In th is context in
must be borne in mind that coal-fired steam power stations
are re la t i ve ly s low ac t ing compared w i th o i l - fi red s ta t ions .



Table I summarizes the types of publicly owned generating
plants in Denmark as of 1st January 1989. Privately owned
wind turbines are not included.

Table I. Types of generating plants

T y p e C a p a c i t y

Steam 7.507 MW 95.6
Gasturbines 245 MW 3.1
Diesel 63 MW 0.8
Hydro 8 MW 0.1
Wind 28 MW 0.4

T o t a l 7 . 8 5 1 M W 1 0 0 . 0

Several types of fuel can be used in the Danish power sta
tions. Thus 79% of the production capacity can be fuelled
ei ther by coal or o i l , 9% ei ther by natural gas or coal /o i l ,
11% only by oil and 1% only by coal. (The figures refer to
estimated installed capacity). Coal covered 94%, oil 4%, and
natural gas the remaining 2% of the fuel used in 1988.

In Denmark heat and power are commonly produced in a combined
process. Table II summarizes the key figures for production
and consumption of electr ic i ty and distr ict heat ing from po
wer stations in 1988.

Tabel II. Production and Consumption.

To t a l c o n t i n o u s e l e c t r i c a l c a p a c i t y 7 . 8 5 1 M W
M a x i m u m n e t d e m a n d 5 . 7 8 9 M W
N e t p r o d u c t i o n o f e l e c t r i c i t y 2 4 . 2 9 7 G W h
N e t i m p o r t f r o m a b r o a d 5 . 4 2 5 G W h
P u r c h a s e f r o m a u t o p r o d u c e r s 2 9 8 G W h
S a l e s t o c o n s u m e r s 2 7 . 9 6 3 G W h
P r o d u c t i o n o f d i s t r i c t h e a t i n g 5 2 . 9 1 3 T J
To t a l c o a l , o i l a n d g a s c o n s u m p t i o n 2 5 9 . 3 0 0 T J



The distr ic t heat ing supply f rom power stat ions contr ibutes
up to about 50% of the total supply of distr ict heating and
about 20% of the total heating requirements in Denmark. Pur
chase from autoproducers by utilities includes about 248 GWh
generated by private wind power plants.

According to 1988-pr ices, the fuel costs for typical conven
tional power stations were approximately 11 ore per kwh for
both coal and heavy fuel oil (12 kr./GJ * 9 GJ/MWh).

Exc lud ing taxat ion, the average e lect r ic i ty pr ice as o f 1s t
January 1989 for a Danish low-voltage customer consuming 3000
kWh per year was 43 ore per kwh, and the average subscription
charge was 392 kr. per installation. The average production
costs, respect ive ly d is t r ibut ion costs , were 31.5 and 11.5
ore per kwh.

Note:

Al l calculat ions in this paper are performed in Danish
kroners = 100 ore. At the time of writing, the exchange rate
was: 1 US $ = 7.25 Danish kroners.

3. Accounting Rules for Wind Power Generation.

The fi rs t accoun t ing ru les fo r sa les o f e lec t r i c i t y f rom
gr id -connec ted w ind tu rb ines to loca l e lec t r i c u t i l i t i es were
set up in 1976 by the Association of Danish Electic Uti l i
ties. As of 1st October 1984 completely new rules with an
agreed continuance of ten years came into force. Since then,
the agreement has been currently revised, and the rates have
also been updated. Al l prices quoted in this section are
valid from January 1989.

According to the latest agreement between the electr ic ut i l i
t ies and the Danish Wind Power Association, the electric
u t i l i t i es buy w ind-genera ted e lec t r i c i t y a t ra tes as spec i
fied in the fo l lowing two cases, a lso i l lus t ra ted in F igure 2
(s ing le and jo in t ownership) :



1. The surplus production from wind turbines placed as an in
ternal component of the owner's instal lat ion is bought by
the e l ec t r i c u t i l i t y a t a r a te o f 70% o f t he u t i l i t y ' s ne t
sel l ing pr ice to ordinary domest ic consumers. (For instal
l a t i ons p r i o r t o 1986 . Fo r l a te r i ns ta l l a t i ons , t he ru les
are more complicated).

2 . Wi th in a cer ta in l im i t , a l l e lec t r i c i t y p roduced by w ind
turbines connected to the public grid with a separate in
stallation, and with all owners belonging to the same mu
nic ipal i ty, or l iv ing wi th in a d is tance of 10 km f rom the
wind turbine, is bought by the uti l i ty at a rate of 85% of
the u t i l i t y ' s ne t se l l ing pr ice to o rd inary domest ic con
sumers.

In both cases VAT and a special electricity tax are excluded,
and the same applies to the administrative and metering costs
(1.9 ore per kwh). With these i tems left out, the net sel l ing
price is 43 - 1.9 = 41.1 ore per kwh taken as an average for
al l Danish ut i l i t ies. The buying rate is h igher in case 2
than in case 1, because the util ity in case 2 receives the
revenue of a normal sale of electr ici ty to the wind turbine
owners.

The e lec t r ic i ty tax is 32.5 ore per kwh on a l l e lec t r ic i ty
consumed domestically. Electricity generated by renewable
energy sources is exempted from this taxation - whether or
not i t is temporar i ly "stored" in the publ ic gr id system. The
exemption from the electr ic i ty tax is administrated by adding
the value of the tax to the payment that owners of wind tur
b ines receive for supply ing wind-generated e lectr ic i ty to the
g r i d .

Al though this is the main pr inciple, the "pay-back rate" of
e lect r ic i ty tax is a t present rest r ic ted to 23 or per kwh. In
both cases 'the VAT of the electricity tax is also added to
the pr ice o f w ind-genera ted e lec t r i c i t y. (Th is app l ies to
pr i va te ins ta l la t ions . For m ixed p r i va te /commerc ia l i ns ta l la
t ions, the rules are more complicated).



Disregarding the complicated cases, results of the above-men
tioned accounting rules are as summarized below, and all
pr ices they are average Danish ut i l i ty pr ices.

Purchase (P) f rom loca l u t i l i t y = se l l ing pr ice
(product ion + distr ibut ion) + electr ic i ty tax + 22% VAT
of preceeding items = 43 + 32.5 + (9.5 + 7.2) = 92.2 ore
per kWh.

Sa le (S) to loca l u t i l i t y ( s ing le ownersh ip ) = se l l i ng
pr ice - administ rat ive costs) x 70% + electr ic i ty tax +
22% VAT of electricty tax = (43 - 1.9) x 0.7 + 23 + 5.1 =
56.9 ore per kwh.

Sa le (S ) t o l oca l u t i l i t y ( j o i n t owne rsh ip ) = ( se l l i ng
pr ice - administ rat ive costs) x 85% + electr ic i ty tax +
22% VAT of electricity tax = (43 - 1.9) x 0.85 + 23 + 5.1
- 63.0 ore per kwh.

Electr ici ty produced by wind turbines owned by electr ic
u t i l i t i es i s no t exempted f rom taxa t ion , ne i the r w i l l e lec
t r ic u t i l i t ies in the fu ture rece ive any government subs idy
fo r the i r i ns ta l la t ion . The same app l ies to mun ic ipa l i t i es .
Private owners of wind turbines receive at present time a 10%
government installation subsidy, and 35% of the grid-connec
t ion costs are re imbursed by the e lect r ic u t i l i t ies wi th 377
kr per kW as an upper limit.

The government has further recommended that the electric
u t i l i t es re jec t g r i d - connec t i on o f p r i va te w ind tu rb ines i n
cases where these are not eligible for the government instal
l a t i on subs idy.

4. Grid-Connection of Wind Turbines.

4.1. General Guidel ines.

In 1976 the Associat ion of Danish Electr ic Ut i l i t ies (DEF)
published a set of general guidel ines for the connection of
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smal l -scale wind turb ines to the ut i l i ty gr id system. The
main condit ions were as fol lows:

Connection of private power-generating equipment must be
r e p o r t e d t o t h e l o c a l e l e c t r i c u t i l i t y b y a n e l e c t r i c a l
contractor who is author ized to do so by the ut i l i ty.

The equipment must be designed in such a way that the wind
turbine is automat ical ly d isconnected f rom the gr id in
cases o f mal func t ions , e i ther on the u t i l i t y g r id o r in
the equ ipment i tse l f .

•
Permission to connect a wind turbine to the power grid is
granted under the condition that no disturbance in the
voltage of the power grid is caused by the equipment.

A person must be assigned as responsible for the operation
of the equipment. An agreement between this operator and
the l oca l e l ec t r i c u t i l i t y mus t es tab l i sh ru l es f o r t he
operat ion of the gr id interface equipment.

Members o f the techn ica l s ta f f o f the . loca l e lec t r ic
uti l i ty may disconnect the power-generating equipment from
the ut i l i ty gr id at any t ime, for instance, when mainte
nance or repair work on the grid is being carried out.

4.2. Power Quality Standards.

These guidelines have been followed up by more information
from the Research Associat ion of Danish Electr ic Ut i l i t ies
(DEFU), for instance regarding quali ty of power.

The effect of wind turbines on the distribution system (10 kV
and below) depends on the deployment strategy, see Figure 3.
Wind farms connected to 10 kV feeder lines or at substations
affect the system in another way than small machines dis
persed throughout the electric system. The effect may be
v o l t a g e v a r i a t i o n s , fl u c t u a t i o n s e t c .
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With few exceptions, Danish wind turbines are equipped with
induction generators that are simple and rel iable. The gene
rator is connceted to the grid at the synchronous speed when
the wind veloci ty is h igh enough. I t is automat ical ly d iscon
nected when the power meter for some time has indicated that
power is being absorbed from the grid.

In the early days, many on-off operations occured, but the
present widespread use of dual-generator systems - and now
also the in t roduct ion of p i tch contro l led wind turb ines - has
reduced the number of on-off operations to a more tolerable
level. This is among other things done by introducing a hys
teresis between the windspeeds at cut-in and cut-out.

When an induction generator is connected directly to the grid
a high in-rush current occurs because an induction generator
draws a magnetising current 5-8 times maximum continous rat
ing. This may cause intolerable voltage changes. Figure 4
shows the present Danish power quality standard for the
low-voltage level. For voltage changes between 10 and 100
changes per hour, the curve is identical with a well-known
international power quality standard. For changes between 1
and 10 per hour, there is no international standard so the
depicted curve is only a Danish standard.

Good voltage quality can be established in two ways - or in a
combina t ion . The fi rs t i s to use thy r i s to r i n te r -connec t ion
equipment which is capable of l imit ing the in-rush to the
normal level at ful l power. In fact this equipment is now
mandatory on all small-scale wind turbines in Denmark. The
o the r so lu t i on i s t o re in fo rce the l oca l u t i l i t y ne twork i n
order to reduce the system impedance.

In a distribution system with only a small number of dis
persed grid-connected units, the influence of these on the 10
kV and low voltage systems can be neglected. If many units
are deployed in a given area and connected to the same 10 kV
feeder l ine, for instance sited in a windfarm, they may cause
voltage disturbances both on the feeder line and the low
voltage mains connected to the.l ine. If the 10 kV voltage
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level is increased by more than 1%, it is normally necessary
to increase the capacity of the 10 kV line in order to main
tain the required vol tage qual i ty in the low voltage system.
In the same way, the voltage increase in the low voltage
mains from a wind turbine to the 10/0.4 kV substation should
in general not be more than 2.5% (6 V). Otherwise, a rein
forcement of the network would be required.

Wind farms may offset the voltage control system in 60/10 kV
substations. This occurs i f the voltage control system com
pensates for the voltage drop in the distr ibution system by
using the current through the 60/10 kV transformer as an in*-
dication of the load level. This current measurement is, how
ever, misleading if a wind farm is supplying power to the
grid. In this case the output current from the farm should,
therefore, be subtracted from the first ment ioned current
measurement.

The question of reactive power compensation also calls for
attention. One way out of the problem is to install a capaci
tor battery in each wind turbine and to design and operate it
in such a way that islanding situations would be of short du
ration and not accompanied by over-voltages. As a crude rule
of thomb, each wind turbine in a wind farm should be provided
with a capacitor battery dimensioned to compensate for the
reactive power consumption at zero load. In addition, an ad
justable capacitor battery can be connected to the common
output lines from the windfarm and used for final compensa
tion if the wind farm is connected to a separate feeder l ine.

4.3. Protection and Safety Requirements.

The main concern for the uti l i t ies is to avoid supply of po
wer from a wind turbine to a portion of the system which is
disconnected from the main system (islanding). This could
lead to both personnel and material damage.

To avoid th is r isk of is landing, a f requency detect ion re lay
should disconnect the wind turbine from the grid i f the fre
quency is outside the range of .47-51 Hz for more than 0.2
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second. A voltage detection relay should disconnect the wind
turbine i f the vol tage is outside the range of 207-242 vol t
for more than 1 minute, and within 0.5 second if the voltage
exceeds 250 volt. Three phase measurements are presupposed.

If reactive power compensation is used harmfull overvoltages
may quickly occur in islanding situations. Supposing 100%
compensation at zero load, the capacitor battery should be
switched off within 0.2 second if the voltage reaches 250
volt or the frequency is outside the range of 47-51 Hz. The
turbine wil l be disconnected from the grid according to the
above mentioned cr i ter ia.

As a general rule, automatic reclosing is normally al lowed on
distr ibution systems (10 kV l ines) with a high percentage of
temporary faults. (Automatic reclosing means that the 10 kV
line is disconnected from the busbar for about 0.3 second).
Danish grid interface equipment is usually designed in such a
way that an automatic reclosing event automatical ly discon
nects adjacent wind turbines from the grid due to lack of
power supply to the relay system. Until recently, a manual
reset action was needed to restart the turbines but today au
tomat ic equipment is provided so restar t automat ical ly fo l
lows after a time delay of approximately 15 minutes.

5. Power Integration Study.

As mentioned above, the existing Danish power generation sys
tem is characterized by a high degree of combined heat and
power product ion. Th is sets l imi ts on the poss ib i l i t ies o f
stopping co-product ion uni ts ; for instance dur ing n ight hours
in winter when the demand for heat is high while the demand
for electr ic i ty is low. The amount of wind-generated elec
tricity which cannot be absorbed by the power system, so-
ca l led "surp lus energy" , increases rap id ly w i th the ins ta l led
wind power capacity.

For this reason a simulation study was carried out in 1983,
the aim of which was to identify the problems encountered at
high levels of wind power penetration. A computer programme
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simulated the operation of the conventional power system sup
plemented with unpredictable elements of power production
from an increasing number of wind turbines. The simulation
programme calculated savings in operating costs and fuel ex
penses as well as the "surplus energy" generated by the wind
power plants.

Calculations for the ELSAM-area (Jutland and Funen) at the
expected 1987 stage showed that a wind energy contribution
of , for example, 10% of the to ta l e lect r ic i ty product ion
would lead to an amount of "surplus energy" close to 15% of
the to ta l p roduct ion o f w ind-generated e lec t r ic i ty. The
figures for the ELKRAFT-area (Zealand) were rather similar to
these. The situation is anticipated to be more or less the
same in 1995.

The simulation study also showed that even at low levels of
wind power penetration "surplus energy" is to be anticipated
on certain occasions. If this happens, either some wind tur
bines must be stopped or the electricity must be used for
other purposes, for ins tance e lect r ica l heat ing. Th is so lu
tion presents no technical problems, only economic disadvan
tages.

Some Danish power stations have heat storage facil i t ies, e.g.
large water tanks with hot water to be used for distr ict
heating during peak load hours. By increasing the size of
these storage faci l i t ies the amount of wind-generated "sur
plus energy" can be reduced. Again, the economy of such a
scheme must be considered.

If Denmark had a considerable supply of hydro power from high
dams, the problem of energy storage would be easier to solve
as the water behind the dams effectively stores energy. The
storage problem together with any problem of matching the
product ion wi th the electr ic i ty demand may find i ts solut ion
by keeping'some quick-act ing oi l -fired power stat ions run
n ing. A l te rnat ive ly, the present Scand inav ian co l labora t ion
on electricity supply might be extended to take the existence
of Danish wind power plants into account.
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At present, a specia l s tudy project addressing the contro l
problem is in progress. The first step is to undertake a
series of measurements of the short-term variat ions in the
output power from wind farms. The aim is to determine to
which degree these short-term variations are equalized when
added together on the common grid system.

6. Wind-Diesel Pro ject .

The electr icity supply system on the small Danish island of
Anholt is based exclusively on power from 3 diesel-generator
units with an aggregate electr ical capacity of 565 kw. Maxi
mum demand in 1985 was close to 400 kw and total annual con
sumption about 1000 MWh. As of April 1986, the consumer price
was 132.5 ore per kwh excluding electricity tax and VAT, and
197.6 ore per kWh including these two items.

A study project carred out in 1986 showed that a wind turbine
with a capacity of 45 kW could supply 100 MWh to the grid per
year, and thus annual ly subst i tu te 20.000 1 l ight fue l o i l ,
w i thout a ffect ing the vo l tage qual i ty on the is land prov ided
that proper interconnect ion equipment was instal led.

To avoid load-frequency problems, the actual output power
from the wind turbine should never exceed about 50% of the
total consumer demand. Otherwise, the diesel engines might
not be able to control the grid frequency. On certain occa
sions this condit ion might have the effect that the wind tur
bine must be stopped even when wind speed allows it to gene
r a t e e l e t r i c i t y. W i t h o u t t h i s r e s t r i c t i o n t h e w i n d t u r b i n e
could, presumably, produce about 140 MWh per year.

The decis ion to proceed wi th the project , e.g. to insta l l a
wind turbine and implement an adequate measurement programme,
has since 1986 been delayed for several reasons. The wind
turbine was, however, installed in the beginning of 1989. The
operational' experience and the results of the measurements
are now awaited.
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DanUh Electricity Supply System: ELSAM-area left. ELKRAFT-area right.

Fig. 1. Main grid system in Denmark.

Public Grid Public Grid

—<S3>

P: Purchase from Local Utility.
S: Sale to Local Utility.

Fig. 2. Single and joint ownership
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INTEGRATION OF MIND POWER INTO EXISTING POWER SYSTEM

Trond Toftevaag

Rune Malmo
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1. INTRODUCTION
The Norwegian power product ion system has an instal led capaci ty of
about 25 000 MW, 99,2% of which represent hydro plants. Average yearly
hydro production is about 100 TWh. Total thermal capacity is approx.
200 MW. Wind- and wave-power is being developed in som areas, mainly
fo r inves t iga t ion and demonst ra t ion purposes . The cont r ibu t ion f rom
t h e s e r e n e w a b l e r e s o u r c e s w i l l i n t h e f o r e s e e a b l e f u t u r e r e m a i n
marg ina l .

The National Wind Energy Programme is run by the Norwegian Water
Resources and Energy Administration (NVE). NVE is responsible for the
n a t i o n a l e n e r g y a d m i n i s t r a t i o n , a n d f o r a d v i s i n g t h e N o r w e g i a n
gove rnmen t i n ene rgy po l i cy ques t i ons . The annua l budge t f o r t he
programme has for the last four years been close to $ 1 mill.

The par t ic ipants in th is nat iona l programme are a t present Ins t i tu te
for Energy Technology (IFE), Soer-Troendelag Kraftselskap, EB Energi
(member of the ABB group), and the Norwegian Research Insti tute of
E l e c t r i c i t y Su p p l y A /S (EF I ) . Th e ma i n fie l d s o f a c t i v i t y a re : w i n d
measurements and site assessment methods, small-scale integration of
wind turbines (WT) into the distr ibut ion network, and development of
wind/diesel plants (autonomous systems).

2. THE NORWEGIAN APPROACH. A SURVEY.
Wind power, from a general point of view, has to be considered as a
supplement to o ther e lec t r ic i ty supply.

T h e c o n t r i b u t i o n f r o m w i n d , w i l l b e i n t h e n a t u r e o f c a s u a l
genera t ion , and th is con t r ibu t ion w i l l a lways subs t i tu te supp ly f rom
the most expensive production plants otherwise in operation.
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2.1 PROFITABILITY

T h e p r o fi t a b i l i t y o f w i n d p o w e r d e v e l o p m e n t , i s g i v e n b y a c o s t /
benefit analysis over the expected depreciat ion period for the plants.
The cos ts a re usua l l y domina ted by the purchase cos t o f the w ind
t u r b i n e i t s e l f . W h e n c a l c u l a t e d i n s p e s i fi c u n i t s ( e . g . $ / k W ) , t h i s
cost show a fal l ing trend.

Due to technologica l improvements, which lead to p lants wi th bet ter
a v a i l a b i l i t y a n d w i t h p r o g r e s s i v e l y b e t t e r a e r o d y n a m i c c h a r a c t e r i s
t ics, a move towards an increasing energy benefit of the investments
in new wind power plants, can be seen.

These fea tu res o f the cos t /benefi t p i c tu re , con t r ibu te to make w ind
power a potent ial ly interest ing power source.

The economics of a cer ta in wind power appl icat ion, wi l l s t rongly be
i n fl u e n c e d b y t h e p r i c e l e v e l o f o i l , c o a l , a n d p o s s i b l y g a s a n d
n u c l e a r , s i n c e w i n d p o w e r i n m a n y c a s e s w i l l h a v e a r u n n i n g
ut i l i ta r ian va lue wh ich is connected to the product ions cos ts o f the
"balancing" fuel based plant(s) in the system.

2.2 Integration
From the Norwegian viewpoint, the exploitation of wind power can be of
interest in three main connections:

as a supplement to the power supply of isolated areas
- as a micro-scale supplement in the distr ibut ion networks
- as a macro-scale supplement in the power system.

2.2.1 POWER SUPPLY OF ISOLATED AREAS

Local and isolated explo i tat ion of smal l or medium-scale wind power
p lan t s , ope ra t i ng i n pa ra l l e l w i t h d i ese l p l an t s , can be o f i n t e res t
in two main connections from a Norwegian viewpoint:

* As a potent ia l ly economic a l ternat ive of energy supply for a
lot of isolated , rural areas and islands along the Norwegian
coast. For areas which at present have diesel/electr ic plants
a s t h e o n l y e n e r g y s u p p l y, s u b s t i t u t i o n o f a p a r t o f t h e
e x p e n s i v e d i e s e l o i l b y w i n d p o w e r , c o u l d s h o w t o b e
economic.

* As a bas is for indust r ia l deve lopment o f w ind/d iese l p lants ,
in the in tent ion of creat ing new markets, both nat ional and
in te rna t iona l , fo r Norweg ian indus t ry.

I n a c u r r e n t c o l l a b o r a t i o n p r o j e c t b e t w e e n E B E n e r g i a n d E F I , a
wind/diesel prototyp rated "100 kW, has been developed, and the final
evaluation is to be carried out in the spring of 1989.
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2.2.2 MICRO-SCALE INTEGRATION OF WIND TURBINES

In certa in coastal areas of Norway, wi th extended, loss-making main
d i s t r i b u t i o n a n d r e t a i l d i s t r i b u t i o n g r i d s , a n d w i t h f a v o u r a b l e w i n d
c o n d i t i o n s , i n t e g r a t i o n o f m e d i u m - s c a l e w i n d t u r b i n e s i n t o t h e
e x i s t i n g d i s t r i b u t i o n s y s t e m o n c e r t a i n p l a c e s , c a n s h o w t o b e
interesting, both technical and economic. There are three main reasons
f o r t h i s :

* W i n d c o n d i t i o n s r e s u l t i n g i n a h i g h p r o d u c t i o n d u r i n g t h e
winter season, when the power demand and unit price is at the
h ighest leve l

* E x t e n d e d a n d o f t e n w e a k d i s t r i b u t i o n g r i d s , w h i c h i n t h e
heavy load per iods g ive cons iderable marg ina l losses when
supplied from the central power production system.

* C o s t f a v o u r a b l e a n d r o b u s t m e d i u m - s c a l e w i n d t u r b i n e s
(100-500 kW). Such wind turb ines can be mounted wi thout
spec ia l requ i rements to the in f ras t ruc tu re on the po ten t ia l
s i t e .

2.2.3 MACRO-SCALE INTEGRATION INTO THE POWER SYSTEM

The long-terra marginal cost for firm power in Norway, will in the 90th
be in the range of 3-5 US cents/kWh. With adapt ion between power
supply capacity and the power demand, the current short-time marginal
cost in the energy market will be within the same range. This cost is
a measure of the marginal benefit of the wind generation.

The energy cost resulting from macro-scale wind power development is
s u p p o s e d t o b e a t a h i g h e r l e v e l t h a n t h i s " b e n e fi t - v a l u e " s t a t e d
above. Thus, macro-scale development of wind power today seems to be a
n o t v e r y i n t e r e s t i n g p e r s p e c t i v e f o r t h e N o r w e g i a n e l e c t r i c i t y
i ndus t r y.

3. AREAS OF FURTHER WORK IN NORWAY
Unt i l now, pre l iminary s tud ies o f technica l and economic aspects o f
smal l -sca le in tegrat ion of wind power has been carr ied out by EFI ,
within the National Wind Energy Programme. Cost/benefit analyses show
promis ing resu l t s concern ing p rofi tab i l i t y fo r i n tegra t ion o f med ium-
scale plants (200 - 500 kW) into the distribution grid in some windy,
rural areas along the Norwegian coast.

A demonstration plant, backed by the Government and rated 55 kw, was
put into operation in November 1986, as the"first, modern wind power
plant in Norway. A new plant, rated -400 kW, wil l be erected in June
1 9 8 9 , w i t h t h e i n t e n t i o n o f a n a l y s i n g c o s t / b e n e fi t r e l a t i o n s , a n d
gather ing fu r ther opera t iona l exper ience w i th w ind power p lan ts . In
th is connect ion theoret ica l invest igat ions and pract ica l measurements
w i l l be pe r fo rmed , as a p re l im ina ry p ro jec t concern ing the genera l
impac ts o f connec t ing w ind tu rb ines to a d i s t r i bu t ion sys tem. Bo th
wind turbines are operated by Soer-Troendelag Kraftselskap.

The national long-term project for wind power development, formulated
by NVE for the period 1987-95, gives the framework for further work in
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th is fie ld in Norway.

A c c o r d i n g t o t h i s p r o j e c t , m i c r o - s c a l e i n t e g r a t i o n i n t o t h e d i s t r i
bution system wil l be a main activi ty, and the aim is development of
3-4 MW of wind power, based on medium-scale , "cost optimum" wind
tu rb ines .

I t i s expec ted tha t t he Na t i ona l W ind Ene rgy P rog ramme a l so w i l l
assure the financing of further studies on the technical and economic
a s p e c t s o f s u c h i n t e g r a t i o n , w i t h t h e i n t e n t i o n o f d e v e l o p i n g a
thorough base of knowledge and perhaps national guidelines.

4. AREAS OF ADDITIONAL RESEARCH AND DEVELOPMENT
T h e f o l l o w i n g a r e a s a r e r e c o g n i z e d t o b e o f i n t e r e s t c o n c e r n y i g
further work and additional R & D in this context:

* bas i c c r i t e r i a (economics , power qua l i t y )
* econom ic ana l yses ( cos t / benefi t )
* e l e c t r i c a l a n a l y s e s ( v o l t a g e , s t a b i l i t y, l o s s e s , t h e r m a l ,

( f requency) ) .

Power quality questions should be related to already existing publica
t i ons and recommenda t ions f rom, and work done by i n te rna t i ona l l y
acknowledged institutions, e.g. IEC, UNIPEDE, EPRI.

A lo t o f work i s be ing done in te rna t iona l l y on th is fie ld , to spec i fy
l imit values as a basis for assessing quality of power.

T h e m a i n i r r e g u l a r i t i e s t h a t m a y a f f e c t t h e v o l t a g e w a v e a r e a s
fo l l ows :

s low vol tage var iat ions
sudden changes in the RMS value of the voltage
vol tage dips

- r a p i d fl u c t u a t i o n s i n v o l t a g e
- unbalance of three-phase voltages
- ha rmon ic vo l t age d i s to r t i on
- f r e q u e n c y v a r i a t i o n .

D e fi n i t i o n s o f a n d i n f o r m a t i o n r e g a r d i n g c h a r a c t e r i s t i c s o f t h e s e
i r r e g u l a r i t i e s , a r e n o r m a l l y g i v e n i n n a t i o n a l o r i n t e r n a t i o n a l
standards.

I n t e g r a t i o n o f w i n d p o w e r , c a n r e s u l t i n a l l t y p e s o f t h e a b o v e
men t i oned i r r egu la r i t i e s .

Concern ing economic analyses, character is t ics o f the power system,
opera t iona l cons t ra in ts , sp inn ing reserve , ins ta l led capac i ty, t ype o f
p o w e r p r o d u c t i o n p l a n t s , p e n e t r a t i o n l e v e l , s i z e a n d c o s t o f w i n d
turbines or arrays of WT generators, qual i ty of wind-speed and load
data, system models etc. , wi l l be aspects/var iables of interest .

Electr ical analyses can comprise computer based load flow analyses,
s tab i l i t y and t r ans ien t s imu la t i ons , e t c . The qua l i t y o f t he ou tpu t ,
e.g. for power qual i ty assessment purposes, depend st rongly on the
quality of component and system models, of time base for wind speed
and load data, etc.
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It is suggested, on the basis of the foregoing, that emphasis in
planned IEA Annex, will be on both technical and economic issues
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REQUIREMENTS AND EXPERIENCES WITH INTERCONNECTING
WIND POWER PLANTS TO PG&E'S POWER SYSTEM

Wil l iam J. Steely
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INTRODUCTION

The largest collection of wind driven electric turbines in the world is in the
PG&E service area. In 1987, the Altamont Pass wind power plants delivered
875,000,000 kWh to PG&E. This amounts to nearly half of the world's wind energy
production of 1,885,000,000 kWh for that year. (See Figure 1, World Wind Electric
Generation.)

Rest ol the World 1.6°/. Denmark 5.0%
Rest ot Europe 0.8%

San Gorgonio 23.9%

Hawaii 0.8% •

Tehachapi21.2%

Altamont Pa.ss 46.4%

Rest ot USA 0.3%

Figure 1. World Wind Electric Generation
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Since 1981, when the first wind turbine developers connected to PG&E's
transmission system, PG&E has developed a handbook entitled Tower Producers'
Interconnection Handbook.- This handbook was compiled by PG&E to serve as
a guide for wind power plants to follow in Interconnecting generation projects with
the PG&E transmission and distribution system. It describes the interconnection
process from the planning of a project to the operational phase.

The purpose of this paper is to describe PG&E's requirements and some of
the experiences we have gained with interconnecting wind power plants to our
system.

PROJECT REQUIREMENTS

PG&E has established operating, metering, and equipment protection
requirements for wind power plants and other power producers to be
interconnected with its system. The requirements vary according to the name-
plate rating of the generator, unless otherwise indicated. Table 1 summarizes
these requirements.

l O k W l t k W 41 kW 101 kW ■atOlkW l o w Over
or t e t o to t o to 10.gnr

Va t 40kW 100 kW .400 kW I n * 10 mw

DedicatedTnnsfonaer X X X X X X

Disconnect Device X X X X X X X

•Generator Circuit Bttaka X X X X X X X

OvcTvotute Protection X X X X X X X

Underrohage Protection X» X* X X X X X

•Ovcr/Underfrcqucjicy
aPmectiOQ X X X X X X X

Ground Faub Protection x» X X X X

OvcrcuRem Relay With
Vottap Restraint X X X

Miami Syxhron im ion Wi tfi
GeaaBtorSyncttronizing
Relay .Supervision X X X X X X X

Vohsgcind Power F.«cfor
Refutation X X X X X

Utility Grade Relays* X X

Ta t k n o e i t e f * • X

Timc-of-Day Mattering* X X X X

Graphic Recorder* X X

aOiafoct Pbone SeaTvtce X X X X X X X

30 Fatah Interrupting Device X X X X

•AD requirement* .tie based on generator aameptae. wdess .otherwise indicated.

This requirement can be met by tlie contactor Hadervetage release.

•Utility grade relays ut required for toy twnwmwion voltage (60 kV tad .above) interconnection, regardless of

•Requirement a based on deltveries to PGandE. not necessarily generator nameptate.
*For generators 41 kW to 100 kW. ground fauh .detection requirements will be tevicwed on a case-by-case basis.

Table 1 Summary of Interconnection Requirements1
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The wind power plant is responsible for the design, installation, operation
and maintenance of all necessary equipment for connection to the PG&E system,
unless otherwise stated in a contractual agreement. It is also the wind power
plant's responsibility to submit specifications and detailed plans for the installation
of the control and protective devices to PG&E for review and written approval prior
to parallel operation. PG&E's requirements are designed to protect PG&E facilities
and not designed to protect the customer's generator from internal faults.

INTERCONNECTION PROCEDURE

In order to efficiently coordinate all interconnection requests in a timely
manner, PG&E has defined a sequence of steps for all wind power plants to try to
follow. This is illustrated in Figure 2, Interconnection Flowchart

UTILITY SERVICES - ELECTRIC and GAS

Depending on the specific project, electric and gas services available from
PG&E may be required. If so, regular, supplemental or standby power
requirements can be supplied under PG&E's authorized rates and tariffs.

POWER PURCHASE AGREEMENTS

PG&E has developed standard forms of agreement, including prices, terms
and conditions under which PG&E offers to purchase power. These agreements
have been approved by the California Public Utility Commission (CPUC). The
standard offers currently in effect are:

Standard Offer No. 1 Power Purchase Agreement for As-Delivered
Capacity and Energy

Standard Offer No. 3 Power Purchase Agreement for As-Delivered
Capacity and Energy from Facilities of 100 kW
or less

Two other standard offers have been suspended by the CPUC and are not
currently available:

Standard Offer No. 2 Power Purchase Agreement for Firm Capacity
and Energy

Standard Offer No. 4 Power Purchase Agreement for Long-Term
Energy and Capacity
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Power Producer (PP)
oontascts PG»E

i
P P p r o v i d e * p r o j e c t •
description. kicMing praol
ol site control

PP requests rough
inMrconnection costs

*
PP fquwtt tngh—ring >tfyno»
quotation lot praNnwivy ttuty

PGtEprowds* rough
imrconnection costs. 1 pocstSe

'

T
PG»E .itfvlMa PP 4 .advance
(equated lor prefcrfeary .study

♦
PPadwraea study cost, PQ4E performs
pwttninanf study aatnOaWsmuwuia to PP

P P p a y s S S M W p r e i e a t s e *
(rascoRYnendod)

PPraquestseflgirwerlnga<te.iK»<iiisiaM>n
t o c o n d u c t . d e i a i s d s t u d y • »

I
PP raquosts .Spedal FaicHUa*

M8FA)

PG»EaSporovt»th»|Bb.
piapaiM and trimiMs SFA to PP

PP.Bay*.tS/KWpfo»aala»
(requited)

PP signs SFA .and advarae payment
t o r . S p e c i a l F a d t t e e (I
PVMonstniCRon Imotrq

PG4E eanstruoa -Spacfil FaclMa*

I
.Special Facttia* m truHLmm to PP:
MontMyOtM payment by PP.oegine

4ks-auJ drawings .im .scespiad
PCtEpartanna pwparaM

PGIE adviSaaM PP ol aatdMM*
required lor dMiW study

1 •
PP s.ybrn<isp^singla ine and
,orixooion drawings tor protrninafy
review (drawings should te submttad
by the beginning ol tha detailed study)

PP advances study cost PQ*E aoertonns*
deteled study and uansrrttsresuts to PP

PP passes pre-paraM inapactlon

Factty becomes operational

Firm apacly daitw«trsiad
(Hrmcapacty ( U

PG4E comments on plant. sJngla
Una and protection drawings

PP submits final design ol plant single
line .tnd protection darings

PG»E reviews, nnd comments or
accepts PPs plant single line .and
protection drawings

PPuMHtmm construction olpUnt
and atubmas .a*«uit single line ..tnd
ptoteaiondi.iwlngstoPOtE.and
raquostspte-peraaeiinspeaionI

PGtE reviews .afrou* single ana
.and protection draeings: and

• The PP must sign a power purchase
agreement if more than 6 months
have elapsed since project description
was submitted.

* QFMP step.

t In case of interconnection studies,
only detailed studies meet QFMP
requirements.

Figure 2. Interconnection Flowchart
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CONSTRUCTION

There are two components to the construction process. One is the
construction of the wind power plant's generation and interconnection facilities.
The other is the construction of PG&E special facilities, if required, which may be
financed by PG&E.

The special facilities are those additions and reinforcements to the PG&E
system which are needed to accept delivery of energy and capacity from the power
producer. Also, they are those parts of the interconnection facilities which are
owned and maintained by PG&E at the wind power plant's request.

The design and construction of the wind power plant's generation and
interconnection facilities are the responsibility of the wind power plant. At the wind'
power plant's option, certain of these interconnection facilities may be installed by
PG&E under contract as special facilities. Monthly cost of ownership charges
begin when PG&E special facilities are available for use by the wind power plant.

APPROVAL TO OPERATE

The wind power plant must meet several requirements before obtaining the
approval to operate which are the following:

(1) A Power Purchase Agreement must be in effect.
(2) The special facilities must be complete enough to accommodate the wind

power plant's power deliveries.
(3) The wind power plant's generation and interconnection facilities must be

ready for operation, with all required permits executed.
(4) The required insurance coverage as defined In the power purchase

agreement must be furnished to PG&E.
(5) The Standard Operating Agreement for Facilities of 40 kW and Larger must

be executed and complied with.
(6) The facility must pass a preparailel inspection by PG&E (see Appendix I).

OPERATION

The wind power plant must notify PG&E of any unusual or emergency
conditions or of any change in the wind power plant's mode of operation including
separating from or paralleling with the system. PG&E also expects capacity and
energy reports for all projects with deliveries greater than 1,000 kW when direct
telemetering is not available. The frequency of reporting (i.e., daily) is specified in
the power purchase agreement

The wind power plant must maintain a daily operations log which is available
to PG&E. It should have a record of all communications between the power
producer and the designated PG&E switching station and note all unusual
occurrences. For further details see Appendix II.
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ELECTRIC METERING REQUIREMENTS

Metering requirements for the delivery of power to PG&E fall under two
general classifications:

• Surplus Sale - The wind power plant's gross output in kWh, less station
use, any other use by wind power plant, and transformation and
transmission losses, is delivered to the PG&E system (see Figure 3).

• Simultaneous Purchase and Sale - The wind power plant's gross output in
kWh, less station use and transformation and transmission losses, is
delivered to PG&E. The above output is metered independently from the
wind power plant's own electric load that is served by PG&E (see Figure 4).

PG»E
TRANSMISSION SYSTEM

V
- 3 6 -

P G » E t * \
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DISCONNECT DEV7CE-WHEN APPLICANT OWNS TRANSFORMER AND .WEAKER
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PROTECTIVE RELAYS

The main safety requirement for generators interconnected to the PG&E
system is that the unit must go off the line immediately if a fault is detected or the
utility's power is disconnected from the line into which the unit is generating. Some
protection requirements can be standardized, but most of the line relaying depends
on generator size, line characteristics (voltage, impedance, ampacity) and existing
system protection requirements in the interconnection area. The basic protective
devices are shown in Table 1.

A test report for all relays is required prior to paralleling and every three
years thereafter. Circuit breakers must be tested every six years after the
preparallel inspection.

MANUAL DISCONNECTS

A PG&E operated disconnect device must be provided as a means of
electrically isolating the PG&E system from the wind power station and to establish
a visually open working clearance for maintenance and repair work. The
disconnect device must be located at the point of interconnection (ownership
change) with PG&E for interconnections 2.4 kV and above.
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REACTIVE AND VOLTAGE REQUIREMENTS

GENERAL

Most wind power plants are concerned with the delivery of real power
(watts) into the PG&E grid because this is the basis on which purchase payments
are made. However, reactive power (vars) is also a vital component of the PG&E
system load. It is therefore essential that PG&E receive both real and reactive
power from wind power plants. Where the wind power plant is unable to furnish
reactive power support-because of interconnection limitations, type of generator
or the generator loading-PG&E will charge for the installation of equivalent reactive
support

INDUCTION GENERATORS

An induction generator absorbs vars and therefore requires reactive power
support from PG&E's system. For facilities greater than 40 kW, PG&E requires a
power factor controller as well. Power factor controllers or capacitors will be
installed either by the wind power plant or as special facilities by PG&E. Care
should be exercised in connecting capacitors directly to the generator terminals
because of the possibility of self-excitation. Switched capacitors supplied by the
wind power plant must be switched on and off at the request of PG&E to satisfy
system operating requirements.

In many cases, where the generator is located at a remote location on an
existing distribution line, severe circuit voltage regulation problems may result if all
the capacitors are located at the generator terminals. In these cases, the
generator can be operated at a power factor less than unity (absorbing vars) with
part of the generator reactive supply furnished from capacitors located elsewhere
on the PG&E system.

Induction Projects 40 kW and Less

Switched capacitors may be required in areas where severe reactive
limitations exist

Induction Projects Greater Than 40 kW and Less Than or Equal to 1,000 kW

Under electric Rule No. 21 the wind power plant is required to provide
reactive supply equivalent to operating at unity power factor at full load. When
either the wind power plant or PG&E determines that it is not practicable for the
wind power plant to provide this level of reactive support, the wind power plant
will be charged the equivalent cost to install capacitors on the PG&E system as
special facilities to correct to unity power factor.

Induction Projects Greater Than 1,000 kW

The wind power plant must provide reactive support equivalent to operating
a synchronous generator anywhere within the range from 95 percent leading power
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factor (absorbing vars) to 90 percent lagging power factor (producing vars) at full
load, as directed by PG&E's system dispatcher. When either the wind power plant
or PG&E determines that it is not practicable for the wind power plant to provide
this level of reactive support, the wind power plant will be charged the equivalent
cost to install capacitors on the PG&E system as special facilities to correct to 90
percent lagging power factor.

STATISTICS and PROJECT EXPERIENCES

The wind power plants in the Altamont are connected to one of the largest
substations on the PG&E system. The rest of the paper is dedicated to showing
some of the statistics of the wind power plants in the Altamont as a composite
plant and to sharing some of the experiences we at PG&E have had with them
connected to our system.

Figure 5 shows the quarterly output of all the wind power plants in the
Altamont. There is a good seasonal fit to PG&E needs, as the wind power plants
produce most of their output during the second and third quarter of the year, when
PG&E's loads are greatest
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Figure 5. Quarterly Altamont Pass Area Wind Power Plant Output

As of late 1988, there were 7,650 wind turbines installed in the Altamont
Pass with a total rated capacity of 750 kW. In 1987, 750 turbines were installed
compared to 2,100 during the peak tax credit year of 1984 (see Figure 6).

In 1987, the 875,000,000 kWh produced by the power plants in Altamont
Pass represented 1.1% of PG&E system deliveries of 79,149,007,000 kWh of
electric energy. At times during late summer evenings, the wind power plants were
supplying nearly 6% of the system load. During peak load hours, the wind power
plants occasionally supplied close to 4% of the system load. To our knowledge
there have been no system stability problems from the wind power plants.
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Number of
Turbines

Figure 6. Number of Turbines in Altamont, New and Cumulative

The average total output for all of the Altamont Pass wind power plants has
been compiled for every hour of 1987. Figure 7 shows the average hourly wind
power plant output during a summer month (July) and a winter month (January).
In July the lowest average output was at noon {PUT) and the highest was at 11:00
p.m. At the hour of maximum PG&E annual needs, summer afternoons from 3:00
to 4:00 p.m. (PDT), the average total wind power plant output was 190 MW. This
compares with the 1987 average Altamont output of 100 MW, and the maximum
summer output of 377 MW. In January, the average output showed no clear
connection with time of day, and was very small.
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Figure 7. Total Altamont Output by Time of Day
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An examination was made of wind power plant output on the day of the
1987 PG&E peak system load, which was during the hour from 3:00 to 4:00 p.m.
(PDT) on July 15,1987, and results are shown in Figure 8.
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Figure 8. July 15,1987 Altamont Wind Power Plant Output

At the time of the peak 1987 PG&E system load, the wind power plants were
producing 243 MW, which is 2.4 times their average 1987 output This output is
also 37% of the total Altamont rated capacity at that time of 660 MW, and 64% of
the maximum 1987 Altamont output of 377 MW.

Three wind power plants are connected to the Tesla-Trust 115 kV
transmission line which is connected directly to the 115 kV bus at Tesla Substation.
From this we have been able to monitor real and reactive power flows over the
years. These are shown in Table 2. Negative MW or MV values indicate that the
direction of the power flow is into Tesla Substation from the wind power plants.
Positive MW or MV values indicate that the direction of the power flow is from Tesla
Substation into the wind power plants.

Table 2
Tesla - Trust 115 kV T/L Loading History

A m p s M W _ _ _ E E B u s V o l t

3/1/89
3/1/89

7/31/88
7/31/88
7/31/88

3/1/88
3/1/88

7/29/87
7/29/87
7/29/87

700
120

420
860
880

200
560

880
780
820

-140
-25

-92
-140
-140

-35
-95

-152
-135
-130

50
-3

53
70
75

25
65

111
95
90

0.94 lead 117
0.99 lag 118

0.87 lead 116
0.89 lead 116
0.88 lead 117

0.81 lead
0.83 lead

117
114

0.81 lead 115.5
0.82 lead 115
0.82 lead 116.5

Time

0000
0600

0600
1800
2000

0600
1600

0600
1600
2000
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Of special interest is the power factor which has steadily improved as a
result of the wind power plant developer's effort to comply with utility reactive and
voltage requirements. The Tesla substation operators like to operate the 115 kV
bus between 117 kV and 120 kV; otherwise, they receive complaints from
customers with voltage sensitive equipment such as computers. PG&E operators
reported that before adequate power factor correction was installed by the wind
power plants, they have seen the 115 kV bus voltage pulled down from 119 kV to
114 kV when the wind plants came on line (see Table 2).

In general, PG&E operators have no severe complaints and in fact are
pleased overall with the cooperation they are receiving from the wind power plants.
However, some of the areas that could be improved are the following:

(1) Communications - Sometimes wind power plants don't say when they're
going off-line. They are better about requesting when they want to come
on-line (usually within the hour). Our substation operators need information
on who's on-line to coordinate such activities as line maintenance or line
switching operations.

(2) Different Objectives - Wind power plants have as their main objective to
make money. As a result they are not always as willing to make changes
(curtail power, supply vars, etc.) to assist PG&E system operation.
However, they have met and will try to meet most of the requests from our
operators.

(3) Personnel Training • Wind power plant operators lack training in some cases
and don't know what to do when requests come from PG&E operators (i.e.,
How do you boost or buck the voltage?).

(4) Availability - Due to economic and other constraints, some wind power plant
operators are just not available to handle requests from PG&E operators.

In conclusion, PG&E operators and wind power plant operators have been
able to work together to both's satisfaction. Reactive power and system voltage
support have improved from the wind power plants. The minor problems that
remain should eventually be resolved as economic conditions stabilize in the wind
industry so that the remaining wind power plants are able to fully comply with the
standard operating procedures required by PG&E. Having Tesla Substation (one
of the largest at PG&E) as the interconnection point for 95% of all the wind power
plants on the PG&E system has diminished many of the problems with voltage and
reactive support, frequency and stability constraints, and so forth that other utilities
may experience with weak transmission and/or distribution systems.
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Appendix I

PREPARALLEL INSPECTION

REVIEW OF REQUIREMENTS

Prior to scheduling the parallel inspection, the following Herns must be
completed by the wind power plant:

• Sign a Power Purchase Agreement and Standard Operating Agreement.

• Sign a Special Facilities Agreement (if necessary).

• Sign any applicable regular service or standby service agreements.

• Receive written approval from PG&E of the wind power plant's "as built"
protective relay/control schematic drawings including relay settings.

• Furnish proof of insurance to the manager of PG&E's Insurance Department
as required in the Power Purchase Agreement.

• Provide complete relay test reports to PG&E.

PREPARALLEL INSPECTION

The following functional tests will be performed after the equipment has been
energized but before the generator is paralleled with PG&E's system. PG&E test
personnel must be present to observe all tests listed.

• Check that each protective relay trips the appropriate generator breaker
and/or main breaker.

• When first energized, check that proper secondary potential is applied to all
voltage and frequency relays.

• Check the synchronizing meter and equipment with the paralleling breaker
closed and the generator off line. The equipment should show an "in-phase"
condition.

• Check the generator phase rotation.

The following load tests may be done when the generator first picks up load.

• Check for correct load current in all relay current coils.

• Direction check all impedance and directional relays.
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When the inspection is completed the PG&E inspector will complete and
sign the Preparallel Inspection Form.

PERMISSION TO PARALLEL

The wind power plant's generation will be allowed to operate in parallel with
the PG&E system after the following conditions have been met:

• PG&E has received and approved a copy of the wind power plant's
preliminary tests.

• PG&E has received a final copy of the single-line meter-and-relay, and
elementary diagrams that show "as built" changes made during construction.

• PG&E personnel have observed that the functional and load tests have been
performed and the preparallel inspection form has been filled in and signed.

• The PG&E system dispatcher or designated switching center has been
notified that the generator is ready for commercial operation.

• An Operating Agreement is signed by both the power producer and PG&E.
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Appendix II

OPERATING PROCEDURES

JURISDICTION OF DISPATCHER

While operating in parallel with the PG&E system, the wind power station is
at all times under the jurisdiction of PG&E's system dispatcher. The system
dispatcher shall normally delegate such control to the designated local PG&E
switching center. A signed Operating Agreement must be obtained between the
wind power plant and PG&E prior to parallel operations.

COMMUNICATIONS

The wind power plant shall maintain telephone service from the local
telephone company to the generator location. In the event such location is remote
or unattended, telephone service shall be provided to the nearest building normally
occupied by the generator operator. PG&E and the wind power plant shall
maintain operating communications through the designated switching center.

The operating communications shall include system paralleling or
separation, scheduled and unscheduled shutdowns, equipment clearances, levels
of operating voltage or power factors and daily capacity and energy reports.

Daily Capacity and Energy Reports

If the wind power plant makes deliveries greater than one megawatt, a
graphic recording device must be installed to measure and register power in kW
and voltage in kV at a location within the facility.

If the wind power plant makes deliveries of greater than ten megawatts, he
is required to telemeter the delivered capacity and energy information, including
real power in kW, reactive power in kvar, and energy in kWh to PG&E. PG&E may
also require telemetering of transmission kW, kvar, and kV data depending on the
number of generators and transmission configuration.

If dispatchable capacity of greater than ten megawatts is provided pursuant
to the Power Purchase Agreement, the wind power plant may be required to
respond to system load frequency requirements on digital control from PG&E
through additional equipment

Paralleling to and Separating from PG&E

The wind power plant must notify the designated switching center prior to
paralleling or separating from PG&E system. For unexpected separations from
PG&E, the wind power plant must inform the designated switching center of the
nature of the problem (i.e., overvoltage, underfrequency, ground fault, etc.) and
report on relay target operations.
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Clearances and Switching Requests

These requests will be handled through the designated switching center.
Each power plant has installed an approved disconnect device for operation by
PG&E personnel as a clearance point.

Unusual or Emergency Conditions

Unusual operating conditions or other factors that may affect the capability
or the reliability of the wind power plant's generation should be reported to the
designated switching center as soon as practicable.

Other Communications

These include:

• Notification whenever relays are changed or taken out of service.

• Three-year bench test reports on all relays.

• Six-year circuit breaker test reports.

• Report of relay operations and targets.

CURTAILMENTS, REACTIVE POWER SUPPORT and MAINTENANCE and
SCHEDULING

It may be necessary for PG&E to request partial or total curtailment of
energy and capacity deliveries from a wind power plant's facility. This notification
will be through the designated switching center and in accordance with the Power
Purchase Agreement.

The wind power plant will provide such reactive power support as required
by PG&E to maintain system voltage level and power factor.

The wind power plant should follow recognized electrical industry standards
for maintenance of protection and control equipment

DAILY OPERATING LOG

The wind power plant shall keep a daily operating log for each generating
unit which shall include information on unit availability, maintenance outages, circuit
breaker trip operations requiring a manual reset, and any significant events related
to the operation of the facility. PG&E reserves the right to review this log when
analyzing system disturbances.

OPERATING AGREEMENT

An agreement between the wind power plant facility operator and PG&E will
have to be signed by both parties prior to parallel operation.
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SELECTED UTILITY WIND INTEGRATION STUDIES

J. Charles Smith
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TITLE: Wind Power Generation
Dynamic Impacts on Electric
Utility Systems

CONTRACTOR: Zaininger Engineering
Company

FUNDING AGENCY: EPRI

DATE: 1980

SUMMARY:

Deals with clusters of large wind turbines

Dynamic Impacts Affect Wind Turbine
Penetration Through System Operating
Requirements
Three classes of problems examined

short-term transient stability
system frequency excursions
minute-to-minute unit ramping
limitations

Simplified Models and Analyses showed
adverse impacts at moderate penetrations



49

80 n

70

60

50

40

i 3°3o
o 2 0

10

ABO 80 MW SPINNING HESEKVE

FESCTVE

400
I

600
I

.800
—t—
1000 1200 1400

I—
400

I
600

—T-soo 1000 1200 1400

400
- I —
600 800

I
1000 1200

1
1400

. In i t ia l OT Cluster
Output (MM)

22

60

INITIAI. DEMAND 000

Figure S-l. Allowable Combined WT Cluster Output/Load Chrage Corres
ponding To A 0.1 Hz Frequency .Excursion. A combined WT cluster output/
load change means an increase (or decrease) in WT cluster output and
simultaneous decrease (or increase) in system demand.



50

T I T L E : T h e I m p a c t o f W i n d P o w e r
Generation on the Operation
of An Electric Power
System

C O N T R A C T O R : T VA

FUNDING AGENCY: DOE

D A T E : 1 9 8 2

SUMMARY:

Investigate impact of 30% penetration of
TVA installed capacity by wind generation
on system operating requirement.

Investigation included issues of:

operating reserves
unloadable generation
automatic generation control

Wind generation treated as uncontrolled
negative load with assumed loss of 20% of
total capacity possible over 1 hour.

Results showed WECS could be
successfully integrated at levels up to 15%
of system generating capacity.
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TITLE:

CONTRACTOR

Methodology for Control
and Operation of Wind
Turbine Arrays in Utility
Systems
General Electric Company

FUNDING AGENCY: DOE

DATE: 1983

SUMMARY:

Studied impact of high penetration on utility
requirements for:

regulating units
load following capability
spinning reserve
unloadable generation

Investigations included:

open loop control
feed forward control
feedback control
resulting operating requirements

Hierarchical Control Strategies.

Identified control methodologies suitable for
integration into utility hierarchical control
systems.
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EXHIBIT 2.9-1 Block Diagram of the Negative Load Approach
to Interconnecting Wind Plants to the Utility System

CENTRAL CONTROL
COMPUTER (CCC)

INFORMATION
SIGNALS

WINO
PLANTS

UNCONTROLLED
POWER PROOUCTlON

FREO

CONTROL
SIGNALS

CONVENTIONAL
GENERATION

CONTROLLED
POWER PROOUCTlON

UTILITY GRIO ANO SYSTEM LOAO



53

EXHIBIT 2.9-2 Block Diagram of the Open-Loop Control Concepts

with Limits on Power Charge Rates (Trend Component)
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EXHIBIT 2.9-3 Block Diagram on the Open-Loop

Peed Forward Control Concept
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EXHIBIT 2.9-4 Block Diagram of a Closed-Loop
Feedback Control Concept
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T I T L E : M o d i fi c a t i o n o f P o w e r
System Operation for
Significant Wind Generation
Penetration

CONTRACTOR: Michigan State University

FUNDING AGENCY: DOE

DATE: 1983

SUMMARY:

Investigates methods to reduce WECS
generation changes through:

selection of wind turbine characteristics
for each site
selection of appropriate siting
configuration
use of coordinated wind turbine
controls

Reduced WECS generation changes reduces
the need for:

increased spinning reserve
increased unloadable generation
increased load following requirements

Turbine parameters, siting, and coordinated
blade pitch control can remove windfarm
capacity as limiting design criterion from
power system viewpoint.
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EFFECT OF REDUCED SITING DENSITY
AT A FIXED PENETRATION LEVEL
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TITLE: An Integration Methodology
for Large Wind Energy
Conversion Systems

CONTRACTOR: Cornell University

FUNDING AGENCY: DOE

DATE: 1985

SUMMARY:

Developed synthetic wind data for large
numbers of spatially correlated time
functions.

Investigated wind farm AC-DC-AC interface
with variable speed wind turbine using
controllable induction generator.

Investigated economics, steady-state and
dynamic control, and protection.
Studied harmonic impacts, VAR
requirements, damping system transient
oscillations.

Significant penetration can be achieved with
no adverse impact.
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Figure 9-1. AC/DC/AC Interface
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T I T L E : S t a t u s R e p o r t o n U t i l i t y
Interconnection Issues for
Wind Power Generation

CONTRACTOR: ELECTROTEK Concepts, Inc.

FUNDING AGENCY: DOE

D A T E : 1 9 8 6

SUMMARY:

Summarizes broad range of utility interface
issues and R&D needs:

Wind Turbine Control Characteristics
Wind Power Station Dynamics and
Control
Power System Planning Issues
Power System Operating Issues

Operations Planning Requirements:
Load forecast and unit commitment 1
day to 1 week in advance
Accurately forecast hourly wind power
values 24 hours in advance
Accurately forecast minute-to-minute
variations 24 hours in advance.
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Real Time Operations Requirements:

Maintain system frequency, scheduled
tie line flow, and economic dispatch
Increased penetrations possible with:

Wind Power Station Control
Strategies

Adaptive Unit Commitment
VSCF designs

Short-term storage

Faster responding conventional
units

Integration with direct customer
load control
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OTHER RELEVANT REPORTS
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ABSTRACT

Contro l schemes are descr ibed which are designed to opt imise the power
quality from a 250 JcW and a 3 MW wind turbine generator installed *on the
is land o f Orkney in the nor th o f Sco t land (P ig 1 ) . Un t i l 1982 e lec t r i c i t y
s u p p l i e s w e r e p r o v i d e d b y d i e s e l g e n e r a t o r s . A t t h a t t i m e a s u b m a r i n e
cable connection was made to the mainland and therefore this site presents
a u n i q u e f a c i l i t y t o e n a b l e d e s i g n s t o b e p r o v e d i n b o t h w e a k g r i d
and st i f f gr id modes. Moni tor ing resul ts are presented.

1 I N T R O D U C T I O N

The Nor th o f Scot land Hydro-Elect r ic Board*s area covers one quar ter o f
the land area and conta ins about 2% of the popula t ion o f Great Br i ta in .
It includes the most mountainous part of the mainland and a large number
of offshore is lands. Almost 99% of a l l potent ia l consumers in the Board 's
area have been provided with a supply of electricity.

Since the oi l cr is is of 1973 the NSHEB has adopted a long term strategy
fo r r emov ing dependence on o i l f ue l used i n mak ing supp l i es ava i l ab le
on i ts main is land groups. The connect ion o f these is land groups to the
ma in l and by submar i ne cab le i s t he p r ime op t i on . I n t he med ium te rm ,
wind energy is cons idered to be the most l ike ly v iab le a l ternat ive energy
source fo r i s land g roups to wh ich i t i s cu r ren t l y uneconomic to p rov ide
a mainland cable l ink.

Fol lowing discussions wi th the UK Departments of Energy and Industry an
agreement was reached in late 1981 to proceed with a 250 kW machine (MSI)
(Ref 1) with Department of Industry support and a 3 MW machine (LSI) (Ref 2)
with Department of Energy support, both to be sited on Burgar Hill, Orkney.
Design concepts for the 3 MW machine to be incorporated in the 250 kw
machine. Both machines were designed and constructed by the Wind Energy
Group comprising Taylor Woodrow Construction Ltd, British Aerospace Dynamics
Group and GEC Power Engineering Ltd.

2 ORKNEY PROJECT

The power transmission and associated control systems for the wind turbine
generators MSI and LSI , forming par t o f the UK wind energy programme,
a r e d i s c u s s e d i n t h i s p a p e r ( R e f 3 ) . T h e s m a l l e r t u r b i n e M S I i s r a t e d
at 250 kW wi th a rotor d iameter of 20 m and was connected to the gr id
on Mainland Orkney in August 1983 (fig 2). MSI is both a versatile research
machine and a development prototype for the larger 3 MW, 60 m diameter
machine LSI. The LSI was first synchronised to the grid in February 1988.
I t i s expec ted t ha t pos t s ynch ron i sa t i on t es t s w i l l be comp le te by May
1989.
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The electr ical system on Orkney is basical ly an isolated grid fed by diesel
g e n e r a t o r s w i t h a n i n s t a l l e d c a p a c i t y o f 3 5 M W. A l t h o u g h t h e g r i d w a s
connected to the main Scott ish gr id in 1982 by an undersea ac l ink, thus
m a k i n g i t e l e c t r i c a l l y s t r o n g e r, L S I a n d M S I a r e r e q u i r e d t o m e e t t h e
more arduous contro l condi t ions associated wi th prov id ing adequate power
qua l i t y t o t he i so la ted , e lec t r i ca l l y weak g r i d .

T h e v a r i a b i l i t y o f t h e w i n d a l s o i n t r o d u c e s c o n t r o l p r o b l e m s f o r w i n d
turb ines that do not apply to convent ional generators , s ince for maximum
e c o n o m y w i n d t u r b i n e s a r e r e q u i r e d t o s u p p l y e l e c t r i c i t y w h e n e v e r t h e
w i n d i s a v a i l a b l e a n d w i t h o u t a p p r e c i a b l e p o w e r - s m o o t h i n g l o s s e s . I n
g e n e r a l , m o s t t u r b u l e n t fl u c t u a t i o n s i n t h e w i n d o c c u r w i t h t i m e - s c a l e s
in the range of 5 s to 10 min. On Orkney the wind speed can vary typically
by 20% over ' 2 s . S ince the power ava i lab le is p ropor t iona l to the cube
of the wind speed, a wind speed variation of 20% corresponds to a variation
o f 7 0 % i n p o w e r . T h e s i t u a t i o n i s c o m p l i c a t e d b y t h e r o t a t i o n o f t h e
w i n d t u r b i n e r o t o r , w h i c h i n t r o d u c e s a d d i t i o n a l fl u c t u a t i o n s a t t h e
rotat ional frequency and i ts harmonics.

The qua l i t y o f e lec t r i ca l power supp l i ed to the g r id sys tem by the w ind
t u r b i n e g e n e r a t o r i s m a i n l y d e t e r m i n e d b y c y c l i c v a r i a t i o n s i n o u t p u t
power, a l t hough power f ac to r va r i a t i ons and ha rmon ics a l so need to be
taken in to account . For a weak gr id these var ia t ions affect the f requency
and vol tage of the gr id system. For a given set of input wind condi t ions,
ou tpu t power fluc tua t i ons can be reduced by dump ing o r s to r i ng ene rgy
above a set power leve l . The Orkney wind turb ines can dump energy by
varying the pi tch of part of the rotor blades to reduce the energy capture
effic iency and can store energy in the rotat ional iner t ia of the rotor.

3 CONTROL SYSTEMS FOR THE 250 kW WIND TURBINE

The power transmission of the 250 kW, 20 m diameter wind turbine generator
M S I c o n s i s t s o f a l o w - s p e e d s h a f t w h i c h c a r r i e s t h e w i n d t u r b i n e r o t o r
and is mounted on two main bear ings. The shaf t car r ies a two-s tage in
l i n e g e a r b o x , t h e h i g h - s p e e d o u t p u t s h a f t o f w h i c h i s c o n n e c t e d t o a
synchronous ac generator v ia a one-way c lu tch. A d isc brake is mounted
on the low-speed shaft between the bearing housing and the gearbox.

The power t ransmiss ion i s l oca ted a t t he top o f t he w ind tu rb ine tower
in a rec tangu lar nace l le , wh ich is ro ta ted to keep the w ind tu rb ine ro tor
pointing into the wind. The yaw control system is not discussed here.

All the functions of the machine are control led by a mini-computer (Fig 3).
T h e c o n t r o l s y s t e m c a n b e d i v i d e d i n t o t w o f u n c t i o n s : ( 1 ) " H e a l t h *
s ta r t / s t op / run ; ( 2 ) Regu la to r y.

The hea l th cont ro l sys tem scans sensors ind ica t ing a number o f mach ine
and ex te rna l cond i t ions - eg w ind speed - and in i t ia tes p rocedures such
a s s t a r t - u p , s t o p , y a w c o r r e c t i o n s a n d s o o n . T h e r e g u l a t o r y c o n t r o l
system comes into act ion when the heal th system al lows the machines to
r u n .

MSI may be opera ted in e i the r fixed-speed o r va r iab le -speed mode . The
var iab le-speed mode a l lows the opt imisat ion of the aerodynamic e ffic iency
o f t h e r o t o r t o d i f f e r e n t w i n d c o n d i t i o n s . T h e v a r i a b l e - s p e e d m o d e w a s
included in the design in order to assess the increase in energy production
achievable, part icular ly at lower wind speeds.



68

In the fixed-speed mode the turbine rotor is run up on a control led-speed
schedu le to 88 rev /m in and then synchron ised to the g r id . I f the power
demand i s g rea te r t han tha t ava i l ab le i n the w ind , t hen the mach ine i s
essen t i a l l y uncon t ro l l ed and t he g r i d mus t accep t a l l t he power o f f e red
to i t . Power fluc tua t i ons caused by the comb ina t i on o f w ind tu rbu lence ,
the va r ia t i on o f w ind speed w i th he igh t and the ro ta t iona l speed o f the
turbine rotor are attenuated by the introduction of an element of resi l ience
into the transmission system. This is accomplished by al lowing the gearbox
cas ing to ro ta te th rough a l im i ted ang le aga ins t res t ra in ing sp r ings and
dampers.

I f the power demand is less than that avai lable in the wind, or i f a more
c o n s t a n t p o w e r o u t p u t i s r e q u i r e d , t h e n t h e f a s t - a c t i n g v a r i a b l e - p i t c h
tips forming the outer 20% of the blade radius are used to spill the energy
captured by the b lades. The t ips are a lso used fo r s ta r t -up , and normal
and emergency braking.

The control scheme for the fixed-speed mode is shown in fig 4. The basic
c o n t r o l i s o n t h e b a s i s o f o u t p u t p o w e r. A n e r r o r b e t w e e n t h e a c t u a l
and demanded output power is fed to the tip servos via the microprocessor
c o n t r o l l e r. G e a r b o x c a s e v e l o c i t y a n d w i n d t u r b i n e r o t o r s p e e d s i g n a l s
are used to compensate the control loop to give improved dynamic performance
and reduce the variation in output power. For optimum operation the control
system gain is automatically adjusted with respect to the mean wind speed.

F i g u r e s 5 t o 1 0 i l l u s t r a t e r e c o r d s o f g e n e r a t e d p o w e r, r e a c t i v e p o w e r
and t ip jack actuator posit ion with power demands of 250 kW and 100 kw
respec t i ve l y i e un regu la ted and regu la ted i n t he fixed speed mode . The
records were taken on 13.10.83. Note that , once the power demand was
set to 100 kW, for the firs t 20 seconds the power was ramping down to
t h e s e t l e v e l . B l a d e t i p p o s i t i o n i s a ( s l i g h t l y n o n - l i n e a r ) f u n c t i o n
of jack posi t ion, where 0 mm jack posi t ion corresponds to 9 degrees t ip,
and 300 mm corresponds to 90 degrees.

The p l o t s we l l i l l u s t r a te t he e f f ec t on powe r qua l i t y o f bo th t he swung
gearbox ( the power peaks in unregulated running are rounded rather than
spikey) and t ip contro l .

In the var iable-speed mode the output of the generator is fed to the gr id
t h r o u g h a r e c t i fi e r - i n v e r t e r s y s t e m , a s s h o w n i n fi g 11 . T h e s p e e d i s
controlled to vary between 44 and 88 rev/min in such a way as to maximise
the energy captured from the wind by optimizing the aerodynamic efficiency
f o r t h e p a r t i c u l a r w i n d c o n d i t i o n s . T h i s e n t a i l s k e e p i n g t h e r a t i o o f
the t i p speed to the w ind speed near a va lue o f 8 . A t any g i ven ro to r
s p e e d t h e o p t i m u m p o w e r i s s e l e c t e d f r o m a l o o k - u p t a b l e w i t h i n t h e
con t ro l l e r, as i nd i ca ted i n fig 11 . I n add i t i on , power qua l i t y i s improved
by al lowing fluctuations to be absorbed in speed changes, and the gearbox
case resi l ience is not normal ly required.

I n t h i s c a s e t h e p o w e r i s c o n t r o l l e d b y s e t t i n g t h e fi r i n g a n g l e o f t h e
inver te r thy r is to rs , w i th subs id ia ry cont ro l o f the dc l ink vo l tage th rough
t h e g e n e r a t o r fi e l d . W h e n t h e w i n d s p e e d r e a c h e s a s u f fi c i e n t l y h i g h
level , the wind turb ine is const ra ined to the maximum rated speed of 88
rev/min and operation is no longer at the optimum tip-speed to wind-speed
r a t i o . T h e b l a d e t i p s a r e h e l d c o n s t a n t a t t h e m a x i m u m t o r q u e s e t t i n g
w i th inc reas ing w ind speed un t i l t he max imum ra ted power i s ach ieved ,
when they operate to spill excess power.
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Figures 12 to 17 i l lustrate sample records of rotor speed, generated power,
genera ted cu r ren t , reac t i ve power, w indspeed and g r id vo l tages w i th the
machine operating in variable speed mode ( ie with Power Condit ioning Unit
in service) in the medium to high output range.

A Comparison was made between the fixed-speed and variable speed mode
c h a r a c t e r i s t i c s u s i n g d a t a f r o m t h e s a m e d a y o r t w o o f o p e r a t i o n s . A
c o r r e c t i o n t e r m w a s a d d e d r e p r e s e n t i n g t h e l o s s e s i n t r a n s m i s s i o n a n d
g e n e r a t i o n t o o b t a i n t h e r o t o r p o w e r. T h e r o t o r p o w e r t h u s c a l c u l a t e d
and averaged in bins of windspeed for each mode is shown in Fig 18. The
variable speed mode power is seen to be the greater up to 8 metres/sec,
but fixed speed mode power is greater in winds of 11 metres/sec or more.
.Analys is of power losses shows that no addi t ional loss in var iable speed
mode is detectable up to 100 kW output, after which addit ional loss grows
rapidly. I t appears that at low power the losses in the Power Condit ipning
Unit (PCU) balance the reduced transmission losses associated with a lower
speed but at higher powers the PCU losses become dominant.

The mos t s t r i k ing resu l t t o have emerged f rom th i s i nves t iga t ion i s tha t
e n e r g y c a p t u r e i n t h e v a r i a b l e s p e e d m o d e i s i f a n y t h i n g r a t h e r l o w e r
than at synchronous speed, whereas improved energy capture is commonly
a d v a n c e d a s a b e n e fi t o f v a r i a b l e s p e e d r u n n i n g . F r o m t h e m a c h i n e
power/windspeed curve and the windspeed distribution at the site the energy
cap tu re a t 100% ava i l ab i l i t y i s es t ima ted to be 10% h ighe r i n t he fixed
speed mode than in the variable speed mode.

In practice, the amount of running in PCU mode has been severely restricted
b y o p e r a t i o n a l d i f fi c u l t i e s . M o s t o f t h e s e c a n b e a t t r i b u t e d t o t h e
distorted 50 Hz wave form produced by the Thyristor invertor. This caused
in te r fe rence on the loca l te lephone ne twork and spur ious t r ipp ing o f the
m a c h i n e . A c t i v e c o n s i d e r a t i o n i s b e i n g g i v e n t o t h e r e p l a c e m e n t o f t h e
PCU equipment with more modern equipment ( the or iginal was designed in
1981) and incorporat ing harmonic fi l ters.

Genuine overcurrent tr ips were experienced however due to the poor power
factor. This problem prevented PCU mode operation in winds gusting above
18 metres/sec.

The operat ion of the PCU leads to a high level of react ive power as can
be seen in Fig 19 where ten-minute mean values are plotted against those
f o r d i r e c t p o w e r. T h i s s h o w s t h a t t h e p h a s e a n g l e i s s t a b l e a t a b o u t
44°. The apparent intercept at about 3 kVAR may represent a zero error.
By contrast in DC mode the phase angle typical ly varies between -15° and
+15° . Thus i n PCU mode , t he power f ac to r i s abou t 70% whereas i t i s
typically over 97% in DC mode.

The 250 kw 20 m diameter MSI prototype unit now has a high avai labi l i ty
and up to the end o f February 1989 had opera ted fo r 18558 hours and
generated 1674095 kW hrs

4 POWER TRANSMISSION AND CONTROL FOR THE 3 MW WIND TURBINE

It was decided to base the power transmission of the 3 MW,60 m diameter
w ind t u rb ine gene ra to r LS I on reac t i on -mach ine res i l i ence , i n wh i ch t he
react ion machine and di fferent ia l gearbox are mounted on top of the main
generator in the tower head.
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T h e o v e r a l l c o n c e p t o f L S I i s i l l u s t r a t e d i n fi g 2 0 a n d t h e t o w e r t o p
e q u i p m e n t i n fi g 2 1 a n d i s d i s c u s s e d f u r t h e r i n r e f e r e n c e 2 . T h e m a i n
c o m p o n e n t s o f t h e d r i v e t r a i n a r e s h o w n i n fi g 2 2 . T h e m a i n s h a f t i s
s u p p o r t e d b y b e a r i n g s w i t h i n t h e c a s i n g o f t h e p r i m a r y g e a r b o x , w h i c h
consists of two paral le l epicycl ic stages fol lowed by a bevel output stage.
The d isc brake operates on an extension of the secondstage output shaf t
and is designed to stop the machine from overspeed in an emergency, as
we l l as t o b r i ng t he mach ine t o a fina l s t op f o l l ow ing no rma l ope ra t i on
of the t ip-b lade p i tch-contro l system in the brak ing mode. This equipment
is located in the nacel le .

The flex ib l y -moun ted sha f t t r ans fe rs power f r om the nace l l e t h rough the
s e c o n d a r y, d i f f e r e n t i a l g e a r b o x t o t h e g e n e r a t o r m o u n t e d v e r t i c a l l y i n
the tower top. A shear-pin assembly protects the gearbox against generator
f a u l t s .

The four-pole, synchronous, react ion machine is fed f rom a standard four-
quadrant var iable-frequency inverter (GEC Industr ia l Controls ' SYNCDRIVE).
Reac t ion mach ine to rque (and thus genera to r sha f t to rque and genera to r
o u t p u t p o w e r ) i s c o n t r o l l e d a s a f u n c t i o n o f r e a c t i o n m a c h i n e s p e e d .
O p e r a t i o n i n t h e fi r s t a n d s e c o n d q u a d r a n t s c a t e r s f o r g e n e r a t i n g a n d
m o t o r i n g c o n d i t i o n s . T h e s y s t e m h a s c h a r a c t e r i s t i c s s i m i l a r t o t h o s e
for a Ward Leonard controlled dc machine.

Control phi losophy

The power t ransmiss ion sys tem and the genera to r con t ro l and p ro tec t ion
systems are designed to optimise the fol lowing features:-

( i ) Q u a l i t y o f p o w e r o u t p u t
( i i ) C o n t r o l fl e x i b i l i t y
( i i i ) A v a i l a b i l i t y a n d r e l i a b i l i t y
( iv ) Personne l and p lan t p ro tec t ion under fau l t cond i t ions

F o r t h e 3 M W w i n d t u r b i n e L S I t h e t u r b i n e s p e e d i s p e r m i t t e d t o v a r y
c y c l i c l y b y u p t o + 5 1 a s a r e s u l t o f w i n d s p e e d fl u c t u a t i o n s , w h i l s t
t h e m a i n g e n e r a t o r r e m a i n s s y n c h r o n i s e d t o t h e g r i d . T h i s g i v e s
considerable at tenuat ion of cyc l ic torque fluctuat ions at the generator.

The contro l system is des igned to ensure that . cyc l ic power fluctuat ions
a re reduced and tha t the sys tem w i l l pe r fo rm sa t i s fac to r i l y du r ing l a rge
ramp or step changes in wind power. To this end the resi l ience and pitch-
control systems are combined as a single system designed to minimise the
frequency and rate of t ip blade movement. (On the 3 MW wind turbine the
b l a d e t i p s a r e r e f e r r e d t o a s t i p b l a d e s , b e c a u s e t h e y s w e e p a l a r g e r
area than the inner blades.)

Since the control laws for al l these funct ions are generated as algor i thms
within a computer, adjustments and modifications can be made any any time,
w i t h s u i t a b l e i n - b u i l t s e c u r i t y p r e c a u t i o n s . A u t o m a t i c c o n t r o l o f r u n
up, synchron isa t ion , shu t -down, and emergency shut -down sequences are
included within the computer.
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Dur ing s ta r t up , fo l l ow ing re lease o f the b rake , acce le ra t ion o f the ro to r
i s c o n t r o l l e d b y a d j u s t m e n t o f t h e t i p b l a d e s p i t c h s e t t i n g . T h i s c o n t r o l
is exercised by the supervisory control system (SCS), act ing in conjunct ion
w i t h t h e c l o s e d l o o p c o n t r o l l e r ( C L C ) . S e e fi g 2 3 . T h e S C S t r a n s m i t s
a r is ing rotor speed demand to the CLC, and the CLC, fed with measured
rotor speed, ad justs p i tch set t ing to meet th is demand. When rotor speed
reaches 32.6 rpm, equating to a generator speed of 1438 rpm, the reaction
m a c h i n e , w h i c h i s c o u p l e d t o t h e m a i n d r i v e t r a i n v i a t h e t h i r d s h a f t
o f a d i f f e r e n t i a l g e a r b o x , i s e n a b l e d . T h e r e a c t i o n m a c h i n e i s t h e n
acce le ra ted to ra ise the genera to r speed to 1500 rpm and ho ld i t there ,
w h i l e a d j u s t m e n t o f t i p b l a d e p i t c h s e t t i n g c o n t i n u e s t o m a i n t a i n r o t o r
speed close to 32.6 rpm. The SCS then enables the auto-synchroniser which,
in conjunction with the SCS/CLC speed control, adjusts the generator speed
fur ther to permi t synchron isa t ion .

Dur ing opera t ion , the LSI ro tor i s f ree to tee ter, uncoup l ing out o f p lane
b e n d i n g m o m e n t s f r o m t h e m a i n s h a f t , p r i m a r y g e a r b o x , e t c . W h i l s t
s t a t i o n a r y a n d d u r i n g t h e i n i t i a l s t a g e s o f s t a r t u p , f u l l t e e t e r r e s t r a i n t
is imposed. During the course of start up this restraint is removed.

Figures 24 to 27 show records of measurements made dur ing a par t icu lar
start up sequence. More detai ls are provided in reference 4.

These i l lustrate CLC combined control of reaction machine and pitch sett ing
to achieve generator speed control - 170 to 185 sees with wind speed between
17 and 23 m/sec:

Figure 24: Wind Speed
Figure 25: Reaction machine speed
F igure 26 : Tip b lade p i t ch se t t ing
Figure 27: Generator speed error.

I t should be noted that a l l w ind speed records reproduced here are f rom
an anemometer mounted at the equivalent of 45 m hub height, on an 80 m
high mast located some 300 m distant from the wind turbine.

Generation Below Power Demand

F o l l o w i n g s y n c h r o n i s a t i o n t h e C L C s w i t c h e s t o p o w e r c o n t r o l . T h i s i s
e x e r c i s e d t h r o u g h t o r q u e c o n t r o l o f t h e r e a c t i o n m a c h i n e a s a f u n c t i o n
o f t u rb i ne r o to r speed and t h rough p i t ch con t r o l o f t he t i p b l ades . The
higher frequency wind power variations (up to 0.2 Hz approx) are attenuated
b y p e r m i t t i n g t h e t u r b i n e s p e e d t o v a r y o v e r a l i m i t e d r a n g e ( + 5 % ) a t
c o n s t a n t t o r q u e . T h e p i t c h c o n t r o l s y s t e m e n a b l e s t h e w i n d t u r b i n e t o
follow large low frequency wind power variations.

When the power available in the wind is less than demanded, the tip blades
are held at fine pitch and power control is exercised solely by the reaction
machine. F igures 28 to 32 show records o f measurements o f w ind speed
(a t t he 80 m mas t ) , p i t ch se t t i ng , r eac t i on mach ine speed , r o to r speed
and power output, made during operation when the wind speed was fal l ing,
a n d t h e r e a c t i o n m a c h i n e w a s a c c e l e r a t i n g i n o r d e r t o c o m p e n s a t e f o r
d e c r e a s i n g r o t o r s p e e d . T h e r e i s a c o r r e s p o n d i n g m o d e s t r e d u c t i o n i n
mean power output, from 1.4 MW to 1.1 .MW, as a result of the gradual slope
of the speed/torque character ist ic that governs CLC control of the react ion
mach ine . The reco rd o f power ou tpu t a l so d i sp lays fluc tua t i ons a t b l ade
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pass ing f requency, as a resu l t o f gus t ing , tower shadow etc . The ex tent
to wh ich the fluc tua t ions have been a t tenua ted by the reac t ion mach ine
is not clear from early records, such as these, although small perturbations
in reaction machine speed are evident.

Generation With Power Limitation

Norma l l y, power regu la t i on by mov ing t i p b lade p i t ch se t t i ng away f rom
fine p i t ch i s on ly exerc ised when w ind speed r i ses above the 17 m/sec
l e v e l a t w h i c h t h e t u r b i n e w i l l g e n e r a t e a t i t s 3 M W r a t e d c a p a c i t y.
At any t ime, however, when l imi ta t ion at a lower power leve l is requi red
( s u c h a s d u r i n g t h e i n i t i a l s t a g e s o f o p e r a t i o n ) , a l o w e r l e v e l c a n b e
set and power input is limited by the CLC system, exercising pitch control.

Figures 33 to 35 show measurements of wind speed, pitch setting and power
output taken dur ing operat ion wi th power output l imi ted to 600 kW, when
t h e m e a n w i n d s p e e d w a s f a l l i n g f r o m 1 8 . 5 m / s e c t o 1 5 . 5 m / s e c a n d
corresponding available power therefore remained above 2.3 MW. As shown
i n fi g u r e 3 6 , t h e r e a c t i o n m a c h i n e w a s i n t h i s i n s t a n c e c o n s t r a i n e d t o
hold a more or less constant speed.

Shutdown

Normal shutdown is control led by the SCS/CLC. The t ip blades are dr iven
t o c o a r s e p i t c h a t a r a t e o f 1 0 d e g r e e s p e r s e c o n d , t h e g e n e r a t o r i s
de-synchron ised and teeter res t ra in t i s app l ied , a t fi rs t th rough swi tch ing
in dampers, fo l lowed by appl icat ion o f fu l l res t ra in t .

Figures 37 to 40 show records of rotor rpm, t ip blade pitch sett ing, teeter
restraint and teeter excursions over a period of 160 sees during a shutdown
when mean wind speed was 13 m/sec.

Summary

The essential function and operation of the reaction machine system, when
o p e r a t i n g w i t h i n t h e c o n s t a n t t o r q u e b a n d d e s c r i b e d e a r l i e r , a r e a s
f o l l o w s : -

The f unc t i on o f t he reac t i on mach ine sys tem i s t o ma in ta i n a cons tan t
u n i d i r e c t i o n a l t o r q u e o n t h e t h i r d s h a f t o f t h e d i f f e r e n t i a l g e a r b o x ,
a s se t b y t h e t o rq u e d e ma n d s i g n a l . Th e t o rq u e o n t h e t u rb i n e o u tp u t
s h a f t a n d o n t h e g e n e r a t o r s h a f t ( a n d t h e r e f o r e o u t p u t p o w e r ) i s
proport ional to th is " th i rd shaf t" or react ion machine output torque.

Synchron ised to the gr id , the genera tor speed remains constant and the
w ind tu rb ine speed var ies in l i ne w i th the acce le ra t ion and dece le ra t ion
p r o d u c e d b y t h e d i f f e r e n c e b e t w e e n t h e c o n s t a n t s h a f t t o r q u e a n d t h e
variable wind torque on the turbine blades.

Ta k i n g i n t o a c c o u n t g e a r b o x r a t i o s , t h e r e a c t i o n m a c h i n e s p e e d i s
constrained, through the different ial gearbox, to be equal to the difference
between the generator and wind turb ine speed. Any var ia t ion in react ion
machine torque has therefore only an ind i rect e ffect on react ion machine
s p e e d , c a u s e d b y t h e r e s u l t i n g v a r i a t i o n i n - w i n d t u r b i n e
acce le ra t ion /dece le ra t ion to rque.
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I n o r d e r t o r e d u c e r e a c t i o n m o t o r s i z e a n d t h e r e f o r e m i n i m i s e t h e
d e s t a b i l i s i n g e f f e c t o f r e a c t i o n m o t o r i n e r t i a , t h e l a t t e r w a s d e s i g n e d
t o r o t a t e i n e i t h e r d i r e c t i o n ( M o t o r i n g o r r e g e n e r a t i n g ) a s r e q u i r e d b y
the difference between generator speed (constant) and wind turbine speed.

The reaction machine is a 4 pole synchronous type fed from a static variable
frequency converter. The gearbox ratios are such that a +5% speed variation
of the wind turb ine f rom synchronous speed causes the react ion machine
speed to vary between +662 rpm.

A t t h e h i g h e r r e a c t i o n m a c h i n e s p e e d s t h e V F c o n v e r t e r t h y r i s t o r s a r e
control led from the reaction machine back emf but at low speeds the latter
i s n o t s u f fi c i e n t a n d f o r c e d c o m m u t a t i o n i s e m p l o y e d . T h e f o r c e d
commutation operation band is termed Mode 1 and natural commutation. Mode
2 . T h e c h a n g e o v e r p o i n t i n b o t h d i r e c t i o n s o f r o t a t i o n i s v e r y
approximately an average of 150 rpm but hysteresis is included to prevent
hunt ing .

When sett ing to work of the system commenced and no closed loop torque
c o n t r o l , i t w a s f o u n d t o b e d i f fi c u l t t o m a t c h t h e t o r q u e l e v e l s e x a c t l y
between Mode 1 and Mode 2 for a l l cond i t ions and output power leve ls .
In addi t ion, when changing f rom one mode to the other i t was necessary
to change the fie ld con t ro l se t t i ng and th i s i n t roduced s ign ifican t to rque
pulses into the system.

In Mode 1 and during Mode 1 to Mode 2 changeover it is necessary during
c o m m u t a t i o n o f t h e t h y r i s t o r s t o i n t e r r u p t t h e c u r r e n t f o r a b o u t 7
m i l l i s e c o n d s . T h i s n o r m a l l y h a s l i t t l e e f f e c t o n t h e s y s t e m b u t
occas ional ly, dur ing the set t ing up per iod, a commutat ion fa i lure occurred
which caused a more severe torque disturbance to the system.

D u r i n g t h i s i n i t i a l s t a g e o f s e t t i n g t o w o r k t h e t o r q u e v a r i a t i o n s w e r e
severe and were further ampl ified by the osci l latory nature of the system.
As a resu l t i t was no t poss ib le to measure the ac tua l sys tem response
and introduce the torque and CLC feedbacks designed to stabilise the system.
A "chicken and egg" si tuat ion resulted.

By the end o f 1988 the per fo rmance o f the var iab le f requency conver te r
had been great ly improved and as a result i t was possible to set to work
the h igh speed shaf t torque feedback and a lso the CLC power feedback.
The comb ined e f f ec t o f t hese two f eedback sys tems resu l t ed i n a ve r y
s i g n i fi c a n t r e d u c t i o n i n t h e a m p l i t u d e o f p o w e r t r a n s i e n t s a n d e n a b l e d
f u r t h e r a d j u s t m e n t t o t h e V F c o n v e r t e r t o b e m a d e . F i g 4 1 i l l u s t r a t e s
the powe r qua l i t y ach i eved i n a spec i fic t es t du r i ng wh i ch t he r eac t i on
m a c h i n e o p e r a t i o n w a s f o r c e d f r o m r e g e n e r a t i o n t o m o t o r i n g , b a c k t o
regenera t ion and aga in to motor ing w i th a to ta l o f 5 mode changes and
3 zero crossings. The mean wind speed during the test was 18 metres/sec.
Genera l l y the qua l i t y o f the ou tpu t i s exce l len t w i th var ia t ions res t r i c ted
within 4% of the mean level. On the other hand the transient disturbances
that remain at syncdrive mode changes and zero crossings are as much as
1 1 4 % o f t h e m e a n . S u c h t r a n s i e n t d i s t u r b a n c e s w i l l o c c u r m u c h l e s s
frequent ly dur ing normal operat ions than dur ing the test descr ibed above.
Due to other delays i t has not been possible to complete the opt imisat ion
of the system and further improvement is envisaged when work can recommence.

While commissioning has been under way i t became evident that ha.rmonic
currents are being injected into the 11 kV supply from the syncdrive system
and causing inter ference on the local te lephone network. Harmonic current
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levels were measured and recorded at various power levels while the wind
tu rb ine was gene ra t i ng . Ha rmon ic fi l t e r equ ipmen t i s be ing des igned fo r
instal lat ion in the base of the support tower.

The post synchronisat ion programme is cont inuing with the machine having
run at i ts rated output of 3 MW. Total running t ime to end February 1989
was 270 hours w i th a cumula t ive ou tput o f 305000 kw hrs . A mon i to r ing
programme will continue until mid-1990.

5 VOLTAGE CONTROL ON ISOLATED SYSTEMS WITH WIND TURBINE GENERATION

Ty p i c a l i s l a n d s y s t e m s w i l l c o m p r i s e a d i e s e l p o w e r s t a t i o n l o c a t e d i n
c lose p rox im i t y t o t he ma in l oad cen t re . I t i s qu i te common to find the
diesel generators feeding into the same 11 kV feeders supplying the same
bu lk o f the i s land load as ind ica ted in F igure 42 . The rema inder o f the
is land load is suppl ied f rom a 33 kV gr id system to which are connected
3 3 / 11 k V t r a n s f o r m e r s p r o v i d i n g s u p p l y t o s m a l l l o c a l 11 k V n e t w o r k s .
In normal operation, with no wind-generation, voltage control on the system
wil l be achieved by having the 11 kV generator busbar vol tage maintained
by AVR ac t ion on the d iese l genera to rs . The 33 kV g r id sys tem vo l tage
w i l l b e m a i n t a i n e d b y m a n u a l t a p c h a n g e c o n t r o l o f t h e 3 3 / 1 1 k V
t r a n s f o r m e r s , a n d t h e s m a l l l o c a l 11 k V n e t w o r k s w i l l b e c o n t r o l l e d b y
automatic tap change control on the local 33/11 kV transformers.

Synchronous w ind tu rb ine genera to rs w i th mach ines in the range f rom a
few hundred kW up to lOOOkW or 2000kW generate at 11 kV and can conveniently
b e c o n n e c t e d i n t o o n e o f t h e s m a l l l o c a l 11 k V n e t w o r k s . I n t r o d u c t i o n
of a wind turbine generator with its fluctuating power output causes voltage
fluctuations on the local network which in turn are reflected in the voltage
seen by the consumers. There wi l l a lso be a var iat ion in vol tage gradient
across the 33 kV grid system due to the changes in power transfer across
the system.

Tw o o p t i o n s a r e c o n s i d e r e d f o r c o n t r o l o f t h e v o l t a g e o n t h e l o c a l 11
k V s y s t e m t o w h i c h t h e w i n d t u r b i n e g e n e r a t o r i s c o n n e c t e d . T h e fi r s t
option is to have the local 33/11 kV transformer on fixed tap and to operate
the w ind tu rb ine genera tor w i th normal AVR cont ro l to ma in ta in cons tan t
11 kV voltage. The second opt ion is to operate with constant power-factor
c o n t r o l o n t h e w i n d t u r b i n e g e n e r a t o r AV R a n d t o h a v e t h e 3 3 / 11 k V
t rans fo rme r on au toma t i c t ap change con t ro l . The cho i ce o f op t i on w i l l
depend on a number of factors including a) consideration of the wind turbine
g e n e r a t o r k w c a p a c i t y i n r e l a t i o n t o b o t h t h e l o c a l 11 k V l o a d a n d t o
t h e t o t a l i s l a n d l o a d , b ) t h e p r o j e c t e d l o a d f a c t o r o n t h e w i n d t u r b i n e
g e n e r a t o r , c ) t h e r e a c t i v e c a p a b i l i t y o f t h e w i n d t u r b i n e g e n e r a t o r i n
re l a t i on t o t he r equ i r emen ts o f t he l oca l 11 kV ne two rk and t he 33 kV
grid system with changing wind turbine generator power output and system
load, d) the s t rength of the 33 kV gr id system between the wind turb ine
and the diesel power station.

Wind tu rb ine genera tors ra ted in MWs wi l l have a greater reac t ive MVAr
c a p a b i l i t y b u t w i l l a l s o h a v e a g r e a t e r i m p a c t o n t h e s y s t e m v o l t a g e
par t i cu la r ly a t t imes o f low sys tem demand. Genera to rs in the kw range
w i l l h a v e v e r y l i m i t e d r e a c t i v e c a p a b i l i t y b u t w i l l h a v e f a r l e s s i m p a c t
o n s y s t e m v o l t a g e . T h e l o a d f a c t o r o n t h e w i n d t u r b i n e g e n e r a t o r w i l l
be a measure of the proport ion of t ime i t wi l l be there to provide voltage
support to the local 11 kV network, and the size of wind turbine generator
w i l l i n g e n e r a l d i c t a t e t h e r e a c t i v e c a p a b i l i t y . T h e s t r e n g t h o f t h e
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33 kV gr id system, or the e lect r ica l impedance between the wind turb ine
g e n e r a t o r a n d t h e d i e s e l p o w e r s t a t i o n s i t e , w i l l d i c t a t e t h e v o l t a g e
var ia t i on resu l t i ng f rom the fluc tua t ing power ou tpu t o f the w ind tu rb ine
generator.

I t i s cons ide red tha t the mos t conven ien t mode o f ope ra t i ons i s to pu t
the w ind tu rb ine genera tor AVR on cons tan t power - fac tor cont ro l , and to
use the 33/11 kV automatic tap changer to control the local 11 kV voltage.
In this mode the variat ion in wind turbine generator output when combined
wi th the loca l load appears to the loca l t ransformer as fluctuat ing power
t ransfer and the tap changer vo l tage contro l can be se lected to g ive the
r e q u i s i t e 11 k V t a r g e t v o l t a g e a n d d e a d b a n d t o m i n i m i s e t a p c h a n g e
operat ions.
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POWER STATIONS

MAIN TRANSMISSION SYSTEM

Fig. 1
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WIND POWER INTEGRATION INTO HYDRO-THERMAL POWER SYSTEMS

Lennart Soder
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Summary
The Swedish power industry performed a wind power integration study between
1979 and 1984. Wind energy replacement of 5-30 TWh in a system of total 145
TWh hydro-thermal production was studied. The hydro production was estimated
to 45 % of the total. The wind power impact on power system was compared to an
equal (energy/year) installation of coal condensing units. In this paper the result
from this study is summarized.

With a large-scale introduction of wind power the system operation including
keeping of spinning reserves will be influenced since extra uncertainties are intro
duced. To study this a more detailed analyze of system operation is required.
Parameters such as wind speed forecast uncertainties, system load forecast un
certainties, ramp rates of thermal units, spinning reserves and economic optimal
scheduling have to be considered.

Mathematical optimization techniques can be used to determine a detailed
schedule of each wind, hydro or thermal unit for each hour in the planning period,
e.g. 24 hours in the daily planning. The requirements of instantaneous, fast and
slow reserves, depending on possible forced outages of thermal units and uncertain
load and wind speed forecasts etc., can then be calculated as well as the available
capacities of the corresponding reserve types. Tire result includes an estimation of
whether there are deficit or excess of instantaneous, fast or slow reserves, during
the hours of the planning period. A short description of the daily planning of a
wind-hydro-thermal power system is included in this paper.

In Appendix 1 the state of the Swedish wind energy program is described. The
appendix is written by Goran Svensson, Swedish State Power Board.
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Source TWh %

Hydro power
Nuclear power
Cogeneration
Fos. condense, gasturb.

68.8
66.4
5.6
0.5

48.7
47.0
3.9
0.4

Total 141.3 100.0

Table 1: Production in the Swedish Power System, 1988

1. Introduction
1.1 Wind power in Sweden

Sweden is situated in the "belt of westerly winds" and thus has favourable wind
conditions. Generally the winds are strongest along the coasts and at the great
lakes. Figure 1 shows the wind conditions in the south part of Sweden and the
until November 1988 installed wind power units with a capacity > 15 kW. Total
installed capacity is 7655 kW.

1.2 The Swedish Power System

Sweden Norway, Finland and eastern Denmark are synchronical interconnected in
the Nordic power system, figure 2. In table 1 the production in the Swedish power
system 1988 is shown.

The hydro power in Sweden is mainly located in the north part of the country
while the load centers are concentrated to the south part. The hydro system in
cludes several storage capabilities. The total storable amount of water corresponds
to an energy production of 33.4 TWh.

The uncertainty of the total amount of rain during a future year is the most
important criteria in the expansion planning. The available energy from the rain
can be approximated to be Gaussian with a standard deviation of 9 TWh. The
energy criteria is defined as the risk of a yearly energy deficit in the Swedish
power system. A risk of 3 % i.e. energy deficit 1 year of 33, is found economically
optimal. Energy deficit might occur mainly during a dry and cold year. The
temperature during the winter is important since around 40 TWh of the annual
energy consumption consists of electric space heating.

A loss of load probability (LOLP) of 0.1 % is accepted in the expansion planning.
The energy criteria is the dimensioning criteria in most of the studied future power
systems. This implies that if there are plants enough to meet the energy criteria
the LOLP becomes lower than 0.1 %.

2. The Swedish Power Industry Wind Power Integration
Study
Between 1979 and 1984 the Swedish power industry performed an integration
study concerning wind power. The background for the investigation was energy
policy decisions taken by the Swedish Parliament. According to these decisions the
energy supply shall be directed towards renewable and domestic forms of energy.
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Energy source Capacity Energy per year
Available Average

MW TWh TWh
Hydro power 16 500 53-75 66.0
Cogeneration
- Industrial 1 200 6.0 6.0

- Distict Heating 4 200 16.0 14.1
Condense power, oil 2 300 16.0 1.0

Condense power, coal 9 900 64.4 57.9
Gas turbines 1 000 2.0 0.0

Total 34 750 157-179 145.0
Table 2: Base power system for wind power integration

The investigation was sponsored by the National Energy Administration. The
total cost was 3.8 miljon SEK corresponding to 570 000 US$.

The base alternative in the study was a future power system when nuclear
power has been phased out and been replaced mainly by coal condensing power.
According to a Parliament decision, nuclear power will not be used in Sweden
after the year 2010. The composition of the base production alternative is shown
in table 2. The energy consumption was judged to 145 TWh. Coal condensing
power was then successively replaced by 5, 10, 20 and 30 TWh wind power.

Important data in the study were wind speed and wind speed variations in the
time scales from seconds to several years. Such data was collected during several
years on several locations on heights up to 100 meters. The characteristics of the
2 MW unit at Nasudden were used in the study. Existing simulation models were
modified and developed for wind power.The wind power impact on power system
regulation was divided into 5 parts.

2.1 Annual regulation

Wind energy replaces the corresponding coal condensing production, but wind
power causes a slightly increase of more expensive thermal production. The expla
nation is that wind power production varies more than coal condensing production
and this causes a more frequently use of more expensive thermal production.

2.2 Short term regulation

If wind power is introduced the variation of hydro power production within a week
increases. A hydro power station is normally run on best efficiency. With larger
variations in net load, the hydro stations are regulated more which causes more
runs at lower efficiencies. Also the losses on the transmission lines from the hydro
plants in northern Sweden to the load centers in the south of Sweden increase.

2.3 Power regulation and reserve margins

Thermal units have to be partly loaded to be able to meet unforecasted decrease
of wind power generation. Partly loaded thermal units have lower efficiencies.
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Wind energy TWh/year
5 10 20 30

Wind power cap. MW 2 150 4 300 8 600 12 900
Decrease coal cond. MW 900 1 700 3 400 5 000
Annual regulation 0.00 0.00 0.02 0.04
Short term regulation 0.34 0.38 0.73 0.97
Power regulation 0.20 0.20 0.20 0.28
Wind power spillage 0.00 0.00 0.04 0.22
Additional grid costs 0.18 * 0.20 0.22 0.22
Total costs UScents/kWh 0.71 0.77 1.21 1.73

Table 3: Additional costs for wind power alternatives

2.4 Wind power spillage

With a high percentage of wind power in the power system it is not possible to
always use the total installed capacity. Problems occure especially during low load
- high wind situations. If spillage is unavoidable the spillage is probably performed
with hydro units.

2.5 Grid costs

To be able to use hydro power in the north part of Sweden to balance wind power
variations in the south part, a new transmission line has to be installed when wind
power capacity is increased.

2.6 Total costs

The power industry investigation included an estimation of the total additional
system costs caused by wind power in comparison to the coal condense alternative.
All costs except grid costs referes to increased use of fuel and/or increased use of
more expensive fuel in thermal plants. If e.g. the efficiency of a hydro plant or a
thermal plant decreases more fuel has to be used to produce the same amount of
energy.

In table 3 the estimated costs are shown for the studied systems. The investi
gation used a real discount rate of 4 %. The used rate of exchange is 1 US$ = 6.5
SEK. The monetary value is from February 1989.

An additional conclusion from the investigation was that there is no need of
extra reserve capacity in any of the studied wind power alternatives. This depends
on the fact that the energy criteria is dimensioning in all studied alternatives.

2.7 New knowledge and assumptions

If the study was recalculated today some new knowledge and assumptions should
replace the ones used in the above described study.

1) Today it is possible to perform better wind speed forecasts than the persis-
tance forecast ("it will blow as much as now during the following hours") which
was the best known forecast method, in the study.
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2) During the last 8 years a negative correlation between available hydro power
and wind power has been shown. If this can be verified to be generally valid, it
means that there are better winds in dry years than during wet years. In the study
above the available hydro energy and wind energy were considered independent.

3) The alternative to wind power is today not only coal condensing units. Im
ported natural gas from Denmark, Norway or Sovjet to be used for electric pro
duction is today another more accepted alternative.

4) The amount of electric space heating has increased during the last years.
This cause the installed capacity to a more important factor, since the capacity
demand during cold winter days is high. It is possible that the LOLP-criteria then
becomes more important if the study is recalculated.

5) There are also some new transmission fines under construction. The impact
of these fines might also have an impact on the integration of wind power.

3 Operation Planning of Wind-Hydro-Thermal Power Sys
tem
3.1 Introduction

Wind power has mainly to be considered as an expansion alternative for the future
Swedish electric power supply system. The simulation of system operation of a
power system including wind power is therefore required to study wind power
influence on power system reserve margins, need of extra reserves etc. It is also
important to describe the short term operation planning of a wind-hydro-thermal
power system.

In the following the operation planning model of a hydro-thermal power system
is supplemented with a wind power model and a reserve model. This involves that
wind speed and load forecasts are treated as uncertain. Possible forced outages of
thermal plants are also considered.

3.2 Load model

The system load is in the operation planning forecasted for the planning period
e.g. 24 hours for the daily planning. The load is here assumed to be reforecasted at
each hour within the period since new information, e.g. weather forecasts, might
change the forecast conditions. The forecast error can me modeled as a stochastic
variable with a mean and a standard deviation, where the standard deviation of
the load is included in the forecast. In figure 3 an example of uncertain load
forecast is shown.

The uncertainty shown in figure 3 is the uncertainty for the forecasted hourly
mean load. But there are also load variations within each hour . The load vari
ations of interest are the unpredictable load variations within 15 minutes, since
these changes must be met by the frequency reserve, chapter 3.6.1. Assume also
that the slow reserve, chapter 3.6.3, has to be available in m hours. The slow nor
mal operating reserve is used to release used fast normal operating reserve, chapter
3.6.2. This implies that unpredicted load variations occuring between 15 minutes
ahead and m hours ahead have to be met with fast reserve. The fast reserve should
also replace occupied frequency reserve within 15 minutes. The unpredicted load
variations within m hours can be modeled as a stochastic variable with a mean
and a standard deviation.
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3.3 Thermal power model

For the operation planning the modeling of thermal units, such as nuclear units,
fossil fueled condensing units, cogeneration units and gas turbines are important.
The model has to take into account unit specifications such as

• minimum production of thermal units

• maximum production of thermal units

• ramprates i.e. maximum increase of production within a specified time interval

• time required for a cold start

• time required for a hot start

• number of hot hours after stop of unit

In figure 4 the model of an oil fueled condensing plant is shown. For nuclear power,
cogeneration plants and gas turbines the model has to be modified to take into
account the special features of these plants.

3.4 Hydro power model

Figure 5 shows the model of an interconnected hydro system. Hydro stations 1-4
and 8-10 have regulating capabilities, while stations 5-7 and 11-16 are run-of-the-
river plants.

For each station and for each hour, a balance equation can be written.

Xi(k + 1) = Xi(k) - Ui{k) + __Uj(k - Tji) - 3i(k) + ( i )
i€*

where

Xi(k) = reservoir content, station i, end of hour k
(xi(fc) = 0 for run-of-the-river plants)
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Discharge in [m3/s]

Figure 6: Hydro station characteristics at fixed head hight, Krangede power station

Ui(k) water discharge, station i, hour k
3{(k) = water spillage, station i, hour k
Wi(k) = natural inflow to reservoir i during hour k

= water delay time between reservoir j and its
downstreem neighbour i

' * j

The reservoir content has lower, suWi *&& upper Xi(k) limits. Also the water
discharge has a lower U{(k), and an upper Uj(fc), bound.

Power production of hydro plants is a nonlinear function of effective head and
turbine discharge. Figure 6 shows an example of the power production of a hydro
unit as function of discharge at fixed head hight. The figure shows that from start
to production level Popt the efficiency is variating between maximal efficiency (=
the line of short dashes) and a lower value. This depends on the fact that Krangede
power station has 6 turbines. At higher production the efficiency decreases.

A hydro power station is either synchronized or not synchronized, depending on
the operation strategy. A hydro unit requires some time to speed up the turbine
and generator from standstill to rated speed. When it is synchronized the rated
power can be produced in some seconds. These features have to be taken into
account in determination of hydro power reserve margins, chapter 3.7.

3.5 Wind power model

The wind speed at the sites with wind power units is assumed to be forecasted for
the planning period. In figure 7 the forecast error of available wind speed forecast
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methods are shown. To obtain better predictions the wind speed is also assumed
to be reforecasted for e.g. each hour.

The wind speed forecast error can be modeled as a stochastic variable with
a mean and a standard deviation, where the standard deviation is included in
the forecast. The uncertainty of this wind speed forecast is the uncertainty of
the hourly mean wind speed. But as with the load there are also wind speed
variations within each hour. As with the load, chapter 3.2, the unpredictable wind
speed variations within 15 minutes are of interest since these changes must be
met by the frequency reserve, chapter 3.6.1. These 15 minutes variations can be
modeled as a stochastic variable including a mean and a standard deviation.

The unpredicted wind power variations between 15 minutes ahead and m hours
ahead have to be met with fast reserve, chapter 3.6. The unpredicted wind speed
variations within m hours can be modeled as a stochastic variable with a mean
and a standard deviation.

As mentioned above the result of a wind speed forecast is an expected wind
speed and an estimated standard deviation of the forecast error. Assume that
the result of a wind speed forecast is the mean v and the standard deviation crvki
m/s. The forecast error of the wind speed can be represented with the density
function. A corresponding frequency function is obtained for the power from one
wind power unit. This is shown in figure 8 together with the wind speed-power
transfer function of a wind power generator.

The total wind power forecast is the sum of the forecast of the individual pro
ductions of each unit. The total forecast error can be determined from the standard
deviations from the forecast from each unit and the correlation between forecast
errors for different units.

3.6 Power system reserve margins and requirements

Variations in the consumption of electricity must be met by an equivalent modi
fication of the production. This implies that some of the capacity in the system
must be saved for reserve purposes. Also in the case of disturbances which cause
generation deficits in the system, reserve capacity must be available to restore the
balance. The operating reserves in the Nordel network are coordinated and the
system is in this respect operated as one system.

In the operation planning the reserve is divided into normal operation reserve
and disturbance reserve, dependent on the cause of the reserve requirement. At
operation of the system, the reserve is divided into different groups depending on
how fast the reserve capacity is available. The groups are instantaneous, fast and
slow reserve. An overview of system capacity is shown in figure 9.

Operating reserves are the total reserves necessary for the daily operation. The
operating reserves consist of spinning reserve and units held in readiness.

Normal Operating Reserve

is the part of the operating reserve, which is used for normal frequency control and
forecast errors, the normal operating reserve is divided into three parts according
to its availability.

• Frequency Control Reserve
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is the reserve necessary for keeping the frequency within the tolerances ±
0.1 Hz. The main part of this reserve consists in practice of momentary
reserve, that is available within 30 sec. The Frequency Control Reserve is
under primary control, that means controlled by the frequency.

• Fast Normal Operating Reserve
is available within 15 min.

• Slow Normal Operating Reserve
is available within 15 min. to 4 h

Disturbance Reserve

is the part of the operating reserve provided for use in case of 1) unit trip, 2)
outage of part of the network with power excess, 3) change in load flow in case of
overload or risk of loosing stability. The disturbance reserve is divided into three
parts according to its availability.

• Momentary Disturbance Reserve
is spinning active reserve controlled by fast governor actions (< 30 sec), and
available within 49.5 Hz.

• Fast Disturbance Reserve
is active reserve available within 15 min.

• Slow Disturbance reserve
is active reserve available within 15 min. to 4 h

3.0.1 Instantaneous reserve

The instantaneous reserve consists of the frequency control reserve and the mo
mentary disturbance reserve. It means that it is reserve capacity that is available
within 30 sec.

The frequency control reserve is used to keep the frequency within the tolerance
± 0.1 Hz. In figure 10 the strategy of load frequency control in presence of wind
power is shown. The load and total wind power is forecasted and the non-wind
power sources are planned to produce according to the net load (load minus wind
power) forecast. The difference between forecasted net load and real net load is
met with frequency control reserve.

Used frequency control reserve is after 15 minutes replaced by fast reserve. This
implies that all unpredictable load + wind power variations within 15 minutes have
to be met with frequency control reserve.

The frequency function of 15 minutes net load forecast error is assumed to be
Gaussian, figure 11.

There are costs connected to the ambition to keep the frequency within the
tolerance ± 0.1 Hz i.e. keep enough frequency control reserves. But there are also
advantages in keeping a stable frequency. An analyze of these costs and benefits
leads to a decision of how often one can accept that the frequency will pass outside
the required interval. As shown in figure 11, a frequency control reserve of Plwis
MW will lead to lower frequency than -0.1 Hz in Oi6 % of all 15 minute periods.
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The momentary disturbance reserve should be available to replace the lost pro
duction of tripped units or outages of important transmission lines etc. After 15
minutes, used momentary disturbance reserve is replaced with fast disturbance
reserve. This implies that there must be enough momentary disturbance reserve
to meet possible outages within 15 minutes. In Sweden "possible outages" are
defined as outages which has a possibility to occure at least as frequently as one
time in three years.

In the Nordic countries (NORDEL) the momentary disturbance reserve require
ment is 200 MW less than the decisive fault case. This depends on the frequency
and voltage dependency of the consumption. The required reserve is then divided
between the countries.

In order to be able to handle extremly severe disturbances in Sweden and
the other countries within NORDEL, load-shedding programmes have been es
tablished. Thermal units are specified to stay in operation for frequencies above
47.5 Hz. The main objective is therefore to keep frequency above this level to
avoid tripping, particulary of nuclear units, since the restarting time of these units
are in the order of 6-24 hours. The load shedding programme involves about 50 %
of the load in middle and south Sweden, subdivided in five steps. The programme
is implemented with frequency relay equipment operating on a large number of
breakers.

The frequency control reserve and momentary disturbance reserve have to be
available in 30 sec. In Sweden only synchronized hydro units can increase the
production that fast.

3.6.2 Fast reserve

The fast reserve consists for the fast normal operating reserve and the fast distur
bance reserve. Hence it follows that it is reserve capacity that is available within
15 minutes.

The fast normal operating reserve is used to release the frequency control re
serve. At greater deviation from the net load forecast, the normal operating reserve
is used to restore the marginals in the frequency regulating units. Otherwise the
system will be vulnerable for disturbances.

The fast reserve is after rn hours replaced with slow reserve. Hence the fast
normal operating reserve must meet possible unpredicted net load variations within
m hours.

In the decision of required frequency control reserve the accepted times with too
low frequency was estimated. Also with the fast normal operating reserve a cost-
benefit analyze leads to a corresponding decision. The decision is the acceptable
rate of how many percents of all possible net load changes within rn hours, that
will not be met with fast normal operating reserve.

When the momentary disturbance reserve is used at a disturbance, it has to
be replaced with fast reserve, so the system is capable to meet a new disturbance.
Within the Nordic countries there is no common used fast disturbance reserve, so
each country has to have its own. The magnitude of the fast reserve has to be the
same as the real decisive fault case.

The fast normal operating reserve and the fast disturbance reserve have to be
available within 15 minutes. In Sweden synchronized and not synchronized hydro
units, as well as gasturbines are available within this time period. Also partial
loaded condensing units (not nuclear), can increase the power within 15 minutes
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if needed. Synchronized hydro units can be used both for instantaneous reserve
and for fast reserve. This implies that excess of instantaneous reserve can be used
as fast reserve.

3.6.3 Slow reserve

The slow reserve is the slow normal operating reserve and the slow disturbance
reserve. The slow reserve has to be available within m hours, where m normally
is 3-4 hours.

The slow normal operating reserve is used to release used fast normal operating
reserve. It is sometimes also used at greater deviation from the net load forecast.
AS with the instantaneous and the fast reserves a cost-benefit analyze leads to
a decision of the acceptable rate of how many percents of all possible net load
changes, that can not be met with slow normal operating reserve.

When the fast disturbance reserve is used after a disturbance, it has to be
replaced with slow reserve, so the system is capable to meet a new disturbance.
Within the Nordic countries each country have its own requirements of slow re
serve. The magnitude of the slow disturbance reserve has to be the same as this
decision.

The slow normal operating reserve and the slow disturbance reserve have to be
available within m hours, where m is 3-4 hours. In Sweden manned oil condensing
units and excess of fast reserve m hours ahead is used as slow reserve. The excess
of fast reserve has to be reduced with the amount of partial loaded thermal power
margins, since these margins otherwise is considered twice.

3.7 Solution of wind-hydro-thermal short term operation planning

One possibility to perform the operation planning of a wind-hydro-thermal power
system is to formulate it as a mathematical problem. It can be shown that this
formulation probably is unsolvable for a Swedish power system including wind
power, mainly depending on the large number of integer varibles. These variables
origin from the formulation of reserve margins. To solve the operation planning
of a wind-hydro-thermal system the formulation therefor has to be modified.

A feasible methodology is to solve the operation planning problem excluding all
reserve constraints and reserve cost functions. The reserve constraints are instead
controlled in the obtained solution of this reduced problem.

In figure 12 a flow chart of the used methodology is shown. First the conven
tional hydro-thermal problem excluding reserve requirements and uncertainties is
solved. The net load (= load - wind power) forecast is used instead of load forecast.
This depends on the fact that wind power has neglect able incremental costs. If all
available wind power can not be used spillage of wind power or hydro power has
to be performed. The needed spillage will probably be perfomed in hydro stations
instead of using the more complex methods of dispatching wind power units. The
conclusion is that available wind power will always be used. Therefor wind power
can be modeled as negative load. Solution methodologies for this problem are
available. An example of the conditional operation plan is shown in figure 13.

The solution of the conventional hydro-thermal problem is a conditional optimal
operation plan including schedules for all involved power units. The solution is
"conditional optimal" since it is optimal only if all excluded reserve constraints are
not binding. If these constraints are binding or not binding will now be controlled.
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Figure 12: Solution methodology for operation planning of wind-hydro-thermal power system
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Figure 13: Conditional optimal wind-hydro-thermal scedule

From the conditional optimal operation plan the available reserves can be calcu
lated and from load and wind power forecast uncertainties the reserve requirements
are estimated. The instantaneous reserve margins are determined first followed by
calculation of fast reserve margins, since excess of instantaneous reserve can be
used as fast reserve. Finally the slow reserve margins including excess of fast re
serve are determined. In figures 14-16 examples of available reserve margins are
shown.

The result from these calculations include instantaneous, fast and slow reserve
margins at each hour of the planning period. If there is no deficit of any type of
reserves at any hour then the "conditional optimal" plan is also optimal.

If there are deficit of reserves at any hour of the planning period, i.e. some
reserve constraints are binding, then the conditional optimal plan has to be modi
fied. To obtain a final operation plan, an expert or expert system has to take into
account subjects as

• the conditional optimal operation plan

• calculated reserve margins

• costs connected to use of reserves

• the accepted percentage of time with deficit of reserves

• the cost of reserve deficit depending on how soon it might occur

• requirements of unloadable generation

• local requirements of reserves
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Figure 14: Instantaneous reserve margins
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Figure 15: Fast reserve margins
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RESULT FROM STOP
3-hours slow reserve

Test case, load from Jonuory 1984
Wind doto from 80 8 9 3, 1750 units

fc™j*L*J

" 1 — I — I — i — i — i — I — I — I — I — I — « — i — i — I — I — i — r — T — r
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Hour

Figure 16: Slow reserve margins

In the example shown in figures 13-16 the conditional optimal plan is also optimal
since there are excess of reserve capacity during all hours of the planning period.

A detailed presentation of the operation planning of a wind-hydro-thermal
power system is found in Benefit assessment of wind power in hydro-thermal power
systems, Lennart Soder, The Royal Institute of Technology, Stockholm 1988.
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Appendix 1

Wind Energy in Sweden - A Summary
Goran Svensson, Swedish State Power Board March 1989

Background

As In most countries a national research pro
gramme on new energy sources started in
Sweden around 1975. Wind energy was at that
date regarded as one of the more realistic
alternatives compared to many other "new"
energy sources which were sllll In a fairly basic
phase of the development. A 10-year pro
gramme was established to investigate the
possibility for wind energy in the national grid.

The main activities inside this programme
have been the building of the two large proto
types Nasudden and Maglaxp. Both are hori
zontal axis wind turbines with rotor diame
ters of 75m and 78m res.pectively.The genera
tor ratings are 2 and 3 MW. Both were taken
into operation in 1983. A lot of experience and
knowledge have been gathered from these
machines. As they are prototypes they can
though not yet be regarded as technically or
commercially mature but have both been
operating for more than 11 000 hours each.

Due lo the very low cost of electrical energy in
Sweden there has been no market for smaller
wind tu.rblnes as for example in Denmark. No
subcldles have been available for private in
vestments which means that there are a very
few number of wind turbines in Sweden. Most
projects are part of a research or demonstra
tion programme.

In 1985 the Government evaluated the ten
year wind energy programme. The total cost
had been slightly less than 300 MSEK. The
result of the evaluation was that technically
wind energy can be part of a fu lure production
system but the cost was still loo high to be
competetlve with other alternatives. Further
research activities were called upon. The Gov
ernment and also the Parliament transferred
some of the responsibilities for the further de
velopment to the utilities.

Kraftforctagens Vindkraft AB (The Utilities
Wind Power Company)

After discussions on how this responsibility
was to be carried out a cost sharing pro
gramme was agreed upon. The main activities
were:

The erection of a medium sized wind turbine
with a rated power of 750 kW. purchased on
commercial terms and with the aim to give
practical experience from operation of a ma
chine which was not a pure prototype. The
wind turbine was bought in Scotland from
James Howden & Co. Erection of the machine
took place in the summer of 1988 on an
island. Stora Rlsholmen, in Gothenburg. The
commissioning of the unit has been delayed
by some minor technical problems mainly in
the control system. In February 1989 these
problems seem lo be solved .and the operation
of the machine has started. The evaluation of
the project will be concentrated on the expe
rience from operation & maintenance and the
performance of the machine. An evaluation
programme is planned to run until 1991.
The second activity was to make a technical
and economical study for the next generation
of the large wind turbines, with generator rat
ings 2-3 MW. The study should be based on
the experience gained from the first two proto
types Maglarp and Nasudden. In cooperation
with the Swedish company Kvaerner Turbine
AB. responsible for the N&sudden unit, a com
mercial offer has been worked out and pre
sented in the autumn of 1988. as a base for a
decision If such a unit shall be erected. This so
called Conceptual Design Study is performed
together with West Germany to share the de
velopment cost and with the aim to build one
machine in each counUy.

For these two activities the Swedish utilities
have shared the financing with some help of
governmental money. A separte company
owned by the utilities has been formed for the
two projects, Kraftforctagens Vindkraft AB
(The Utilities Wind Power Company).

The Swedish State Power Board

The Swedish State Power Board .has been
operating the 2 MW prototype. N&sudden. on
contract from the National Energy Admini
stration. The results from the Conceptual
Design Study for the large machines men
tioned above has been Judged to be so Inter
esting that the Board has decided lo be re
sponsible for the erection of one machine
based on the results from the study. The ex
pected remaining lifetime of the existing



114

Nasudden machine is limited and the evalua
tion programme is finalized. In this situation
the Swedish State Power Board .has decided to
use the old tower for the new desl,gn .and
dismantle the old machinery.

The main characteristics of the new unit is
8um.mai1.zed in the following table where the
new design, Nasudden II is compared with the
old one, Nfisudden 1.

MUuddea I NKsuddaa O

2MW Rated power 3/1 MW
76 m Rotor .diameter 60 m
77 m Tower height 77m
25 .rpm Rotor speed 21/14 rpm
210 tons Weight of machinery lOStona
21 tons Weight of one blade 6 tons
5.0 GWh .Annual energy 6.5 GWh

The new machine will be taken into operation
in 1991. The project will get financial support
from the Swedish Energy Development Coop
eration and the National Energy Administra
tion

As a next step in the development of the large
wind turbines a wind park of 5 machines of
the third generation is aimed at. These ma
chines can be in operation earliest in 1995/96
depending on the experiences from N&sudden
II.

The Swedish Slate Power Board has also
erected a small wind farm of 4 units this
winter. The site, Alsvik. is also on the island of
Gotland close to the Nasudden site. The size of
the machines is 180 kW each. The main
pupose Is to demonstrate wind energy in the
landscape and get experience from the opera
tion of the most mature tec.hnolo.gy available
on the market. Experiences from the first
months of operation has shown high availa
bility. Measurments will be made at the wind
farm to learn more about interaction between
the different units.

The Slate Power Board will also investigate
the possibilities for and consequences of
building 300 MW of wind turbine generators
which means 100 units of the new design. The
results of this study will show economy and
siting possibilities. OlT-shore siting will also
be looked into inside this study.

Siting Investigations

An investigation of possible sites for a large
penetration of wind energy in Sweden has
been performed by the Government. When
talcing conflicting interests into account the
result clearly indicates that on land the

number of suitable sites are limited. The al
lowable distance between a wind turbine
generator and the nearest building has a
tremendous influence on the number of
machines that can be installed. This is reflec
ting the structure of the Swedish landscape.
Other conflicting interests are coming from
the defence, the vtsu.al Impact in the .land
scape, intrusion in farming areas e.t.c.
To get a large energy contribution from the
wind it seems necessary to go for off-shore
siting. The conflicting interests are less off-
shore although the commercial Ashing Is se
eing a potential problem. The economy and
the technical aspects on off-shore wind power
is lo a large extent still an open question.

To summarize the result of the investigation
the estimated energy contribution from the
wind, with todays knowledge, is 1.5 - 7 TWh/
year for land based machines and roughly 20
TWh/year for off-shore wind power. It must
though be slated that the economical aspects
are not looked into deeply when the energy
potential has been estimated. Todays electri
cal consumption in Sweden is slightly more
than 130 TWh/year.

Off-shore Wind Power

As the energy potential seems to be much
larger for off-shore wind power than land
based a separate project has been initiated by
the regional authorities in Bleklnge in south
of Sweden. The aim is lo investigate the com
mercial prospects for an industrial group to
develop the off-shore technology. A small
experimental off-shore unit Is planned Inside
the project. The work is done in cooperation
with Sydkraft AB, the next largest utility In
Sweden. Sydkraft is also responsible for the
operation of the Maglarp unit

The National Wind Energy Programme

In parallel lo the activities Inside the utilities
the Government is responsible for a research
programme. The aim is to increase the know
ledge about the basics in wind engineering as
a resource for the utilities and the industry.
Some of the major areas inside the pro
gramme are:

Basic wind research
Modelling of wind turbine structures
Aerodynamics
Materials
Desl.gn- and safety aspects
Environmental aspects
Evaluation of physical machines
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INTEGRATION OF WIND TURBINES INTO ENEL GRID
PRESENT PERCEPTIONS

A. Inve rn i zz i
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1 . I n t r o d u c t i o n

I n I t a l y u t i l i z a t i o n o f w i n d e n e r g y i s s t i l l i n a n e x p e r i m e n t a l

stage; the study of the technical problems of integrat ing wind turbines

into an electric grid .are presently considered from the point of view of

p lann ing.

In th is phase one of the purpose of s tud ies is to ind iv iduate the

main problems r ising when interfacing wind turbines .and wind farms to

the ENEL ne twork . Obv ious ly the pa r t i cu la r I t a l i an s i tua t ion i s taken

into account that depends on the wind resources, on the orography of

land, on the ch.aracter is t ics of the network and of those of the wind

p lan ts tha t can be ins ta l led in I ta ly.

The poss ib le techn ica l prob lems present ly invest igated, that cou ld

be caused by wind power fluctuations, are:

- s t a b i l i t y o f c o n v e n t i o n a l u n i t s

- sp inn ing reserve requ i rements

- l o a d f o l l o w i n g c a p a b i l i t y r e q u i r e m e n t s

- v o l t a g e r e g u l a t i o n .

A de ta i led ana lys is o f these par t i cu la r aspec ts i s s t rong ly l im i ted

by the lack of wind farm production data recorded with a time resolution

in the range o f seconds or less . Never the less , the fo l low ing aspec ts

need to be stressed.

- The complex orography of the land in the windiest .areas, populat ion

d e n s i t y, a n d c o n s t r a i n t s o n t h e u t i l i z a t i o n o f t h e l a n d f o r w i n d

f a r m i n s t a l l a t i o n s w i l l p r o b a b l y n o t p e r m i t a h i g h w i n d f a r m

c o n c e n t r a t i o n a t a n y s i t e i n I t a l y. A r e a l i s t i c s c e n a r i o c o u l d b e

the ins ta l la t ion o f w ind fa rms w i th a l im i ted max imum genera t ing

capacity (of the order of 10 .MW) scattered over the windiest areas

and connected to different HV/.MV substations of the subtransmission

network.
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The whole of Italy is covered by a ful ly interconnected transmission

and sub t ransmiss ion ne twork , s t rong ly meshed (save loca l l y ) ; th is

means that the effect of wind fluctuat ions needs to be analyzed in

the con tex t o f t he who le e lec t r i c power sys tem (excep t i n a few

cases where the effect of intermittence and of rapid wind variations

a t o n e s i t e c o u l d b e c o m p e n s a t e d f o r b y t h e d i f f e r e n t w i n d

cond i t ions a t o ther loca t ions ; there fo re more da ta a re needed on

total energy product ion from whole large areas where several wind

farms are ins ta l led .

- T h e p e n e t r a t i o n s c e n a r i o s s h o w h i g h p e r c e n t a g e s o f w i n d p o w e r,

re la ted to consumpt ion i n t he w ind ies t r eg ions se lec ted , bu t t he

p e r c e n t a g e s a r e m a r k e d l y l o w e r i f r e l a t e d t o t o t a l s y s t e m

consumption and the relevant influence on the dynamic behaviour of

the system is lower too.

Bear ing th is in mind, the effect o f wind fluctuat ions on the above

said aspects of system operat ion are br iefly analyzed and discussed in

the sec t ions tha t fo l low.

2 . S y s t e m s t a b i l i t y

A t t h e p l a n n i n g s t a g e o f a n e l e c t r i c p o w e r s y s t e m , t h e c r i t e r i a

app l ied a re usua l l y a imed a t check ing whe ther the ne twork s t ruc tu re

designed ensure that al l the generators connected to the gr id maintain

synchron ism, even in the even t o f in f requent bu t very severe d is tu r

b a n c e s f a l l i n g i n t h e s h o r t t i m e ( l o w e r t h a n 1 s e c ) ; f o r e x a m p l e , a

t y p i c a l c o n d i t i o n e x a m i n e d i s t h a t t h e g e n e r a t o r s o f a p o w e r p l a n t

shou ld main ta in s tab i l i t y in the event o f a 3 phase shor t -c i rcu i t near

the p lan t w i th defin i t i ve l oss o f the fau l ted l i ne .

In th i s connec t ion , the ques t ion a r i ses i f , a t l eas t i n theory, the

r a p i d fl u c t u a t i o n o f w i n d t u r b i n e p o w e r o u t p u t c o u l d i n fl u e n c e t h e
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trans ient s tab i l i ty o f convent iona l e lec t r ic generators connected to the

g r i d : t h e e f f e c t d e p e n d s v e r y m u c h o n t h e a m o u n t o f p o w e r o u t p u t

va r i a t i ons and on how rap id t hese va r i a t i ons a re .The answer t o t he

ques t i on t he re fo re requ i res t he ava i l ab i l i t y o f power p roduc t i on da ta

from both s ingle wind farms and from the combinat ion of several wind

farms connected to the network, with a very short t ime resolut ion ( <1

sec.) in order to detect the h ighest var ia t ion rates.

N e v e r t h e l e s s , a s r e g a r d s t h e I t a l i a n s i t u a t i o n , t h e l i m i t e d

penet ra t ion o f w ind power, the smal l capac i ty ins ta l led in s ing le w ind

farms and the fact that they wi l l be distr ibuted throughout the network

( i .e. , exposed to d i fferent wind regimes), leads to the assumpt ion that

rapid fluctuat ions in wind turbine product ion should not cause transient

i n s t a b i l i t y s i t u a t i o n s .

This assumption should be confirmed when the above-mentioned data

becomes available.

3 . Frequency cont ro l

Operation of an electric power system calls for a suitable amount of

spinning reserve, ready to cope with random events such as the sudden

l o s s o f a l a r g e g e n e r a t i n g u n i t o r a s u d d e n l o a d v a r i a t i o n . I f t h e

sp inn ing reserve i s no t enough to con t ro l the f requency t rans ien t , in

part icular the frequency decrease, in the ENEL network under frequency

relays permit the automatic shedding of some of the load (for example up

to abou t 30%) i n o rde r t o avo id t he f r equency dec rease t ha t wou ld

automatical ly bring the thermal power plants to a halt.

The add i t i on o f w ind t u rb ines cou ld a f f ec t t he sys tem f requency

regulat ion in two di fferent ways:

a) Wind turb ine output fluctuat ions are fur ther random events that the

spinning reserve should to cope with.
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b) Wind generators increase the part of the generating system that can

n o t p a r t e c i p a t e t o t h e f r e q u e n c y c o n t r o l ( s u c h a s t h e r m a l b a s e

u n i t s , r u n - o f - r i v e r , e t c . )

The ca re fu l l eva lua t i on o f t hese e f f ec t s wou ld ca l l f o r da ta t ha t

show how total MW supplied from several scattered wind farms will change

in t imes ranging from seconds to minutes, with a resolution of about 1

sec.

The high percentages of peak duty units of ENEL generating system

(about 25%), the possibi l i ty to use a part of the generating capacity of

part loaded thermal units and the characterist ics, already mentioned, of

wind power uti l ization, lead to the assumption that the total system has

s u f fi c i e n t f r e q u e n c y r e g u l a t i n g c a p a b i l i t y, a n d t h a t t h e p r e s e n c e o f

w ind turb ines shou ld on ly a f fec t the d ispatch ing o f convent iona l un i ts

( for example, increasing the i r par t loading) .

This assumpt ion might not be real is t ic in the case of local areas,

weak l y i n te r connec ted w i t h t he res t o f t he ne two rk , bu t w i t h a h i gh

concentration of wind farms.

I n I t a l y, t h i s c o n d i t i o n c o u l d o c c u r o n t h e i s l a n d o f S a r d i n i a ,

whose w ind charac te r i s t i cs a re , indeed, favourab le , wh i le the e lec t r i c

network has undergone modest development in the past and is connected to

t h e m a i n l a n d n e t w o r k v i a a s i n g l e d . c . l i n k 4 1 2 k m l o n g , w i t h a

t r a n s m i s s i o n c a p a c i t y c u r r e n t l y e q u a l t o 2 0 0 M W, b u t s o o n t o b e

increased to 300 MW (see Fig. 1).

Pre l iminary calculat ions | l | were made on the Sardin ia network, to

determine the maximum wind production that can be integrated into the

ne twork i n o rde r t o ma in ta in adequa te f requency con t ro l desp i te the

intermit tence and var iabi l i ty of the wind source.

Var ious f requency t ransients in the network have been considered,

caused by the following events:
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Sudden loss of al l wind product ion (due to sudden wind gusts that

e x c e e d c u t - o u t v e l o c i t y, f o r e x a m p l e ) , w i t h a l l t h e c o n v e n t i o n a l

genera t ing un i ts ava i lab le .
- The same even t as be fo re bu t w i th a g radua l d im inu i t i on (down to

zero in 4 seconds) in wind production.

- Var iab le product ion, depending on to wind ava i lab i l i ty (eva luated on

the basis of the few data avai lable for single wind turbine output).

The calculations were performed on the assumtpion of an outage of

the dc link with the mainland (network thus isolated), under maximum and

m i n i m u m l o a d c o n d i t i o n s a n d w i t h v a r i o u s a s s u m p t i o n s a s t o t h e

composit ion of the spinning reserve.

The results show that, in the event of the sudden loss of al l wind

turbine output wi th a l l the other convent ional generators avai lable, the

maximum acceptable wind production need to be less than the 11% of the

demand considered (1), in order to avoid load-shedding by under-frequen-

cy re lays ; th is percentage r ises to 12% in the event o f loss o f w ind

product ion in 4 sec. and drops to 10% i f the loss of wind generat ion

occurs under night- t ime load condit ions (1).

The maximum acceptable percentages of wind product ion should be

lower than 10-12% in a fu r the r s i tua t ion : sudden loss o f the la rges t

generator (240 MW), combined with the gradual diminuition (down to zero

in 4 sec.) wind turbine output; the calculations so far performed do not

p e r m i t e v a l u a t i o n o f t h e n e w p e r c e n t a g e s . I n c o n s i d e r i n g t h e

aforementioned results, it should be borne in mind that:

The hypothesis of sudden drop to 0 of all the wind power output is

hardly real is t ic , even i f re lated to not a very large area, such as

Sard in ia i s land ;

(1) The preliminary calculation were made considering the present demand
levels of Sardinia: about 1200 MW at peak and 600 MW at night time.
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- T h e s i m u l t a n e o u s o c c u r r e n c e o f i s o l a t e d n e t w o r k ( d c l i n k o u t o f

service) and the sudden loss of the largest generators combined with

a rapid and substantial drop in wind turbine output is a very severe

assumption, and, in any case, the probabi l i ty of occurrence of th is

event needs to be evaluated.

From a balance of the above mentioned considerations the necessity

ar ises of more refined invest igat ions, should high penetrat ion scenar ios

of wind power into the Sardinia electr ic sub-system be considered, just

from the point of view of frequency control.

4 . L o a d f o l l o w i n g c a p a b i l i t y

The da i l y load d iagram o f an e lec t r i ca l g r id i s h igh ly modu la ted ;

thus, the maximum system load change rates (about 100 .MW/min at the 1988

p e a k d a y ) o c c u r d u r i n g t h e m o r n i n g l o a d r i s e a n d t h e n i g h t t i m e

f a l l - o f f , a n d a s u i t a b l e l o a d i n g v a r i a t i o n c a p a b i l i t y ( t h a t i s l o a d

fo l lowing capabi l i ty) , f rom the generat ing system is required.

T h e fl u c t u a t i o n i n w i n d t u r b i n e o u t p u t ( e . g . , a d r o p d u r i n g t h e

m o r n i n g l o a d p i c k - u p a n d a r i s e d u r i n g t h e n i g h t - t i m e f a l l ) s h o u l d

reduce the abi l i ty of the system to fo l low load var iat ions.

But bearing in mind once again that:

For the ENEL system the percentage of peak units is high enough;

- T h e r a t e d c a p a c i t y i n s t a l l e d a t i n d i v i d u a l w i n d f a r m s s h o u l d b e

l i m i t e d t o f e w t e n s o f M W ( w h i c h m e a n s l o w w i n d - t u r b i n e

concen t ra t i on l eve l s ) ;

The wind farms should be distr ibuted throughout the network (which

shou ld compensate fo r ou tpu t var ia t ions in w ind fa rm ins ta l led in

d i f f e r e n t a r e a s ) ;

then the load- fo l lowing capabi l i t ies o f the sys tem shou ld be suffic ient

to meet the additional requirements imposed by wind power util ization.
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Only in the case of Sardinia, where, local ly, wind penetrat ion is to

b e h i g h e r , s o m e p e n a l t i e s c o u l d o c c u r ( s u c h a s c h a n g e s i n l o a d

d i s p a t c h i n g o r l i m i t a t i o n i n w i n d t u r b i n e o u t p u t ) i n t h e c a s e o f t h e

highest penetrat ion scenar ios. These aspects shal l be fur ther examined

when more data on the rapid variations of aggregated wind farms output

w i l l b e a v a i l a b l e .

5 . Vo l t a g e r e g u l a t i o n

I n I t a l y, t h e w i n d p r o d u c t i o n s h o u l d b e s u p p l i e d t o t h e s y s t e m

through HV/MV (132-150/20 kV) substations. Such substations are normally

equipped with HV/MV transformers, having on-load taps ( + 18%) on the HV

s i d e .

Two cases are possible:

For the high-medium size (10-20 MW) wind farms, the production will

be d i r ec t l y connec ted t o t he HV busba r and t hen flow ing t o t he

system;

F o r s m a l l w i n d f a r m s , p o s s i b l y i n t e n d e d t o f e e d l o c a l i s o l a t e d

loads, the connection should be made, through MV lines, to the MV

b u s b a r s . I n t h i s c a s e t h e p r o d u c t i o n e x c e e d i n g t h e d e m a n d , a s

probably could occur dur ing l ight load condi t ions dur ing the n ight ,

will flow from the load point to the MV busbars. In such cases, the

prac t ice usua l l y adopted in the vo l tage cont ro l a t the d is t r ibu t ion

feeders l eve l i s t o be re -examined . I n fac t t he vo l tage regu la to rs

allocated on the HV/MV transformers and controll ing the HV on load

tap changer are presently setted onaMV reference value such as to

allow suitable voltages on all the loads connected in cascade on the

MV feeders . In the above sa id s i tua t ions , new regu la to r se t t i ngs

(reference MV vo l tage) need to be determined and appl ied to the

pertaining HV/MV substations.
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Apart f rom the effect on the steady-state operat ion of the network,

wind power should also br ing transient disturbances, as is indicated by

the fo l low ing po in ts :

F l u c t u a t i o n s i n w i n d t u r b i n s o u t p u t c o u l d c a u s e fl i c k e r, v o l t a g e

dips and harmonics;
- In the case of asynchronous wind generators, the high transient ma

gnet iz ing cur ren t absorbed a t the s tar t ing- t ime cou ld cause unac

c e p t a b l e v o l t a g e d i p s . T h i s p r o b l e m m i g h t m a k e i t n e c e s s a r y t o

stagger wind turbine star t -up;
- T h e s w i t c h i n g - o f f o f a w i n d f a r m t o i s o l a t e i t f r o m t h e s y s t e m i n

t h e e v e n t o f a f a u l t o n t h e d i s t r i b u t i o n n e t w o r k c o u l d b u i l d u p

dangerous overvoltages.

H o w e v e r, i t i s l i k e l y t h a t t h e a b o v e t e c h n i c a l p r o b l e m s c a n b e

solved. The cost of solut ions ( i .e. , addi t ional VAR sources, appropr iate

s e l e c t i o n o f t h e H V / M V s u b s t a t i o n w h e r e t h e w i n d f a r m s s h o u l d b e

connected, su i tab le design of the l ine connect ion, etc . ) should be low

i f c o m p a r e d w i t h t h e t o t a l c o s t o f t h e w i n d f a r m , a n d s h o u l d n o t

adversely affect the overal l economic evaluat ion.
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SUMMARY

The paper describes briefly the technico-economic justification leading to the Wind/diesel
coupling as a means of reducing the high annual operating deficit of remote power systems.

With the no-storage high penetration scenario, at optimum penetration with the range of
wind speed expected in Northern Quebec, 54 % to 76 % of the fuel used to produce electricity
can be displaced by wind energy. In addition, a substantial quantity of fuel used for space
and/or water heating can be displaced.

A program schedule for the implementation of such wind/diesel systems in HQ's remote
networks is presented and discussed.

Results of the first two phases of this program are discussed. The first phase demonstrated
the technical feasibility of wind energy in the far north.

The objective of the second phase of this program is to develop a regulation and control
system that will allow wind turbines to supply all of the demand of the community, when
sufficient wind is available, the diesel being shutdown, while maintaining and/or improving
the quality of power.

The paper presents some preliminary analytical results demonstrating the transient
response and stability of the high penetration no storage wind/diesel scenario.
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•1 INTRODUCTION

Due to the unpredictable nature of the wind, the utilisation of wind turbines as generating
units in existing electrical power systems raises numerous questions as to their potential as a
viable and economic adjunct to conventional electric power sources. Hydro-Quebec has been
involved in research and development work in wind energy since 1975. Through research
activities, many aspects of this technology have been looked at on both theoretical and
experimental basis. A constant concern in this activity has been to improve the understanding
of these complex machines so as to allow their economical integration in existing networks.

Approximately 800 remote diesel generator units supply electricity to 290 communities
in Canada, for a total installed capacity of 350 MW. Hydro-Quebec operates 92 MW of diesels
in 20 Power Plants. Electrical production costs are typically much higher in these
communities than in the main networks of southern Canada. In general, since many of these
sites are coastal, the wind regime is better than in the south. It is recognised that wind
turbines will find their first economically viable applications in this type of environment.

• 2 JUSTIFICATION FOR WIND/DIFSF1 IMPLEMENTATION

Cost effectiveness and power supply quality are the two basic requirements for an
effective integration of wind energy in any given community. A good control strategy should
maximize the acceptance of wind energy by the network and apply the energy not required by
the electrical network to serve other needs of the community (to heat buildings and/or water
for example).

• 2.1 W/D COUPLING • TFHHN1CAL RACKGROUND

The integration of wind energy in a given community power system must take into account
the characteristics of the major equipments involved, a few of which are given below:

• Demand and wind power output are both random. However, demand, being largely
fashioned by community habits, follows more predictable patterns.

• A diesel generating plant has good toad following capability but is an inefficient fuel
to electrical energy converter. Also, as Its load decreases, its specific fuel consumption
increases. Operating and maintenance costs are high.

• Due to the random nature of wind, wind turbines are poor power producers.
However, on a yearly basis, they are excellent energy producers. Reliable machines exist
today that have very low Operating and Maintenance costs. For a given wind generator
installed capacity, a group of machines will exhibit smoother power output than a single
m a c h i n e . _ , m „ . . . 4 .

• Mismatch between wind and demand imposes increased load following burden on the
diesel generating set. The net demand, as seen by the diesel is more random than the
d e m a n d i t s e l f . , J M . A . . , .

• Power and frequency stability call for a variable dump load for maintaining the
energy balance in the system.

A detailed analysis of current operating practices of the all-diesel generating plant and
their effect on the planning of a large penetration of wind energy into this network must also
be taken into consideration for efficient W/D coupling and optimum economic penetration.
Simulation programs that facilitate these economic choices are being developed *»2.
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•2.2 W/D COUPLING tECONOMIC JUSTIFICATION

As discussed in a previous paper3, the most cost effective power production system in
Northern Quebec communities is the no-storage, high penetration wind/diesel scenario
schematically shown in Figure 1.

An economic analysis based on this scenario was done. The analysis assumed that the
control and regulation system will allow wind energy to be used primarily to supply the
electrical demand at a value equal to the cost of fuel for the diesel generator set, while the
surplus will be used to supply part of the heating demand of the village at a value equal to the
cost of fuel used for heating.

Before such a project is implemented, much more detailed calculations are needed. Each
community will have to be considered separately for the choice of sites (wind regime), cost of
fuel and electricity demand. Wind energy will be more profitable for those communities were
the fuel price is high. Figure 2 and 3 show that in 1986, the optimum penetration for the
communities where Hydro-Quebec bought fuel from the local COOP would have been 100 % for
a wind speed of 6.8 m/s and 200 % for a wind speed of 7.8 m/s.

The financial aspect also deserves special attention. For example, even if Hydro-Quebec
does not pay income taxes, advantage can be taken of the accelerated depreciation through
Lease-Purchase (LP), the lessor absorbing the tax credits and leasing the installation to
Hydro-Quebec, resulting in tower capital cost. This effect is also shown in figures 2 and 3 for
the reference scenario and for COOP communities. For this latter case (COOP + LP), the
optimum penetration becomes 150 % and more than 300 % for wind speeds of 6.8 and 7.8 m/s
respectively.

The calculations were based on a typical 65 kW danish wind turbine. Recent developments
show that larger wind turbines are more cost effective. For communities were the fuel cost,
the winds and the electricity demand dictate a high wind turbine installed capacity, larger wind
turbines might be a better choice, provided that enough turbines are installed for a given
community to result in a relatively stable wind power and provided that those larger wind
turbines can be erected and maintained without heavy lifting equipment which is generally not
available in these communities.

According to reference 3, 54 % of the fuel used to produce electricity can be displaced by
wind energy at a penetration of 100 % for a 6.8 m/s wind, whereas 76 % would be displaced
at a penetration of 300 % for a wind speed of 7.8 m/s.

The Northern Quebec wind energy potential for the reference case and for the average wind
speed of 6.8 m/s at the optimum penetration (100 %), calculated from reference 3, would be
around 11 MW of wind turbines for a NPV of around 8 000 000 $.

For those economic calculations, the only source of income used to justify wind energy was
the fuel saved. Other benefits would accrue from savings in maintenance on the diesels; the
maintenance cost of a diesel is proportional to its running time. At a wind penetration of 100
%, the diesel running time would be reduced by 50 %, giving a 50 % reduction in its
maintenance costs. For the same reason, the life of the diesels would be prolonged (life to
retirement is specified in running hours), the capital cost would be decreased because the
scheduled replacement of the diesels would be delayed.
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• 2.3 WIND/DIESEL PROGRAM OBJECTIVES

The program objectives for the development of the W/D scenario for Hydro-Quebec's
remote networks are the following:

• To develop a reliable Wind/diesel coupling system which will allow the optimal
reduction of operating costs in remote networks. More specifically, a control and
regulation system will be designed and developped in such a way that:

-The penetration level (defined as the ratio of installed wind energy power to peak power
demand of the local network) will be determined by economic criteria and not by
current operational constraints which limit its contribution into diesel based network
to a low percentage of the total diesel capacity.

-Production priority will be given to wind energy to the extent that if wind power output
is sufficient to supply the demand, the diesel(s) will be shut off.

The scenario we are pursuing stems from demonstration of W/D coupling made in 1977
by WTG on Cuttyhunk Island. This installation showed that, when the wind was strong enough,
the diesel gensets could be shutt off and the demand supplied by wind power alone. Likewise, the
results obtained in 1978 at IREQ on an horizontal axis wind turbine driving a synchronous
generator will be useful to reach the objectives of the proposed project. The system was
operated in an autonomous mode with a speed regulation loop that acted directly on the load.
Research projects along similar schemes are pursued in Holland, in Denmark and in the UK.

. a fil ORAL SCHEDULE OF WIND/DIESEL COUPLING IMPLEMENTATION

To give some perspective towards the implementation of this Wind/diesel scenario in
Quebec, Figure 4 gives a tentative schedule of the development and demonstration activities.

This global program covers a period of 9 years, from the Kuujjuaq demonstration project
to full scale implementation.The schedule present an overview of the different phases that will
lead to the full development of the W/D potential in Ungava region.

• 3.1 PHASE 1 Kl II IJ.I1 iAO'S DEMONSTRATION PROJECT

The main goal of the Kuujjuaq's demonstration project was to demonstrate the technical
feasibility of the installation and the operation of a wind turbine in a remote, northern diesel-
electric network

Kuujjuaq was choosen for this demonstration project because it is easily accessible (daily
flights from Montreal) and because it is the northern headquarter of Hydro-Quebec. Figure 5
shows the location of Kuujjuaq and of the other northern communities. The machine chosen was
a well proven 65 kW horizontal axis wind turbine. The penetration level was low, of the order
of 4 %.

After a two years monitoring program, the project has demonstrated that it is possible to
install wind energy in the far north and that it can operate reliably.
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•3.2 PHASE 2 W/D CONTROL SYSTEM DEVELOPMENT

The installation of equipments in remote northern areas of Canada is always very
expensive due to the high transportation costs and the investments in support logistic required.
Obviously, the development of such a system in these area would be prohibitive both in terms
of time and money.

Therefore, we are developping this system at IREQ where the technical resources and the
scientific expertise is available. Once the feasibility of the scenario is validated, a full scale
demonstration in a northern village will be possible with the best chances of success.

• 3.2.1 Moderation of system dynamics

In the following two sections, the letter "s" represents the Laplace's operator. The
lowercase letters refer to normalised values, whereas uppercases letters refer to absolute
engineering values. The system is represented on a per unit (p.u.) base, in relation to a chosen
operating point "O". The reference values of this base are the nominal values of the given
parameters at this point. Time is in seconds. Generally, "p" refers to a power and "co" to a
pulsation (rad/sec). Appendix 2 gives a more detailed nomenclature.

Figure 6a gives the detailed schematics of the wind diesel coupling, without dump load The
asynchronous wind generator set is represented by a well established dynamic model4*5. The
induction generator representation is included as the slope "V of the (adimensional) power
output vs slip. Also, the electromechanical and aerodynamic phenomenas each act, through the
high speed generator shaft, on the power output of the generator and on the aerodynamic power
Pa, in proportion of the speed deviation cog .

• 3.2.2 PID control of the dump load

In the high penetration, no-storage wind diesel scenario, quality of power and frequency in
the network is maintained by insuring a fast elimination of unpredictable power fluctuations
originating from the wind or the load.

A programmable dump load of an appropriate capacity, controlled by a Proportional
Integral and Derivative (PID) regulator which absorbs excess wind power and provides a
virtual power reserve in case of a sudden power demand from the consumer load (or a drop in
wind power). The dump load controller is only an auxiliary for the conventional regulators of
the diesel power units, but when the diesel is stopped, it becomes the primary frequency
regulator for the network. This principle has already been demonstrated6 with success, but its
use has been so far restricted to test beds.

A. Auxiliary measuring and control devices

The principle of the correcting circuit calls for a measuring system (phase detector) and
a controlling device (programmable load). Whatever way we choose to implement the first
element, the phase comparator is by definition an integrator:

d 6 ( t )
con (t) - cos (t) = Tp-jp

where 6(t) is the phase difference.
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If we choose to bring the control voltage of the programmable load Ut to its maximum
value UjM. the regulating power activated pcm is given by :

,_Ut_ APeMxPcm = tuTMTlaPo'

ApeM is the maximum power capacity of the programmable load; "Ha is the alternator
efficiency and uCm is the relative value of the programmable load control voltage. In reality,
the static switch relays of the programmable load will only apply power pcm on the shafts at
the next zero crossing of the network voltage, so as not to introduce harmonics. This
corresponds to an absolute random time delay equal to half a period of the network frequency
(V2).

K ^ n
pcm = i+t ms *Ucm = Gcm(s) • "cm • Tcm = "4"

R Dfitflilftri block diagrams nf the rennlation

Figures 6b and 6c present the regulating loops for the diesel/dump load and for the
diesel/dump load/aerogenerator configurations. In the second configuration, it should be noted
that, because the active power on the alternator shaft is never equal to the demand, pcm has to
be corrected by the factor Pdemo/Pao to keep the system in proportion with the alternator
power adopted for reference. This factor is applied to the network demand to be coherent with
that power base.

Similar considerations have led to rescale the power feedback of the asynchronous
generator and to correct, in certain cases, the value of electrical sensitivities ei, 62 and e3.

• 3.2.3 Numerical simulation of the system without dump load

Figure 7a present some results obtained with the configuration described in figure 6a.
The aerogenerator corresponds to the 50 kW VAWT installed at IREQ and the diesel genset data
are those obtained from Garvey7. As there are no precise data on the voltage regulator of the
alternator, we will suppose that it is identical to the one described by D. Angell 8. The
characteristics are given in Appendix 1. The electrical sensivities of the grid are those of
Borel9 .

A similar study made with a simpler model has been presented elsewhere10 . Other
researchers11 have also proposed a nonlinear approach to the modelisation that permits to
simulate almost all the operating modes of the coupled system and could point to certain
instabilities in very strong winds. Unfortunately, classical methods do not lead to practical
solutions for designing the corrective circuits necessary to improve the quality of electricity
in that case.

Table 1 puts on the essential performance indices for three operating modes of the
diesel/aerogenerator configuration, without dump load. These cases indicate that generally, the
introduction of an aerogenerator in a given diesel network has the potential of contributing to
satisfy power demand without creating instabilities in the system. However, if no corrective
measures are taken to make the system more immune to power fluctuations.the quality of
power can be significantly reduced.
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Table 1. Performance Indices of the Wind/Diesel Coupling, Without Levelling Load Regulation
at Different Wind Penetrations (0%, 20%, 100%).

Operating Mode Response
Time

Rise Time Frequency
Deviation

Gain Margin Phase Mar
gin

0% Penetration:
Autonomous Diesel (240kw)

I s 0.1s 3.7% 3.16 66.3°

20% Penetration:
50kW Aerogenerator

2s 0.1s 3.2% 4.12 158.5°

100% Penetration:
Five 50kW Aerogenerators

4s 0.1s 2.8% 8.31 136°

• 3.2.4 Validation of dynamic regulation of the dump load by PID control

The simulations refer to the block diagrams of figure 6b and 6c. No simplification of the
dynamic model is postulated. In all of the three simulation programs, written in PC-MATLAB
language12, the dynamic impact of the low-pass filter is ignored by setting Gfm(s) to 1 .
However, it is recognized that a more explicit characterisation of a filter that would smoothen
the real signal sent to the control elements of the PID would be :

In actual reality, a perfect derivative circuit is not implementable: the operation always
introduce a time delay which should be as short as possible. Therefore the derivative part of
the PID regulator has to be taken into account via an additional time constant Tvp= Tv/Dp,
where Dp is a rather large value (103 to 106). The real transfer function of the regulator
becomes:

(1+sTnMI+sTy)
GR(S) - A sTj(1+sTvp)

All the auxiliary gain coefficients of the system are regrouped in a general gain coefficient
of value Kern 10o' All the other gains can therefore be set to a constant value, Kfm =K$ =A=1.

With the same parameters used in the previous system. Figures 7b and 7c give a sample of
the typical time response of a step variation in the demand in the case of the second
configuration, without and with the PID. It is clear that the PID regulator presents an
improved behaviour for a similar perturbation, at 100% wind power penetration.

Table 2 shows the principal observations on the response and the stability of the
regulation system for the different configurations. "System in open loop" designates the system
operated without the dump load. Taking the autonomous Diesel in open loop as the reference
case it is clear again that the addition of the PID regulator and its associated dump load leads to
significant improvements in terms of power quality (lower frequency variations and quick
recovery in time) in the case of significant load perturbations. The stability margins of the
system are also wide. The narrowest stability margin belongs to the configuration where the
diesel operates in a stand-alone mode with the dump load acting as an additional regulator.
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Table 2. Performance Indices of the Wind/Diesel Coupling in its Different Operating Modes,
With Levelling Load Regulation

PID Regulators Close Loop
System

Operating Mode TSA T 4lps ^ T=T ResponseTime
Max. Fre
quency
Eiror

Gain
Margin

phase
Margin

Autonomous Diesel
(240kw)

260ms 6.7ms 632*is 85.9ms 0.5s 0.3% 10 39°

Diesel + Aerogenera
tor (50kW)

408ms 13.4ms 206ms 141ms Is 2.5% oo 155°

Diesel + Aerogenera
tor (240kw)

877ms 13.1ms 90.5ms 138ms 1.2s 2% oo 151°

I Autonomous Aero-
| generator (50kw)

954s 10.9ms 308ns 121ms 02s 0.12% 1482 179°

J Autonomous Ae.ro-
I generator (240kw)

52.9s 2.43ms 4.5\is 52.8ms 0.1s .02% 1010 167°

(*)Ts,Tps: Time constants of the plant reduced order dynamic model

• 3.2.5 Supervisory control for the High Penetration No-Storage Wind Diesel Scenario

The optimal coupling of a wind farm to a diesel base power system consists of allocating in
real-time the generating units of the site in such a way that the consumer demand is met at the
minimum production cost. Continually, the number of aerogenerators and diesel units on line
must be adapted to maximize wind power input, to minimize fuel consumption and operating
costs, and to maintain the quality standards in energy delivery to the consumer (reliability,
and frequency and voltage stability).

This kind of automation calls for an event manager whose role is to compensate for
tendencies and important events that modify the operating point of the network. This supposes
that the power systems themselves are already dynamically tuned in all operating modes and
that they are able to adapt to the smaller perturbations that continuously come from the load
and the wind. This part of the problem has been covered in the previous sections. This section
addresses the coordination and the supervision aspects of the overall wind diesel power system.

The Wind/diesel system that we propose to develop will be designed and built according to
the following strategy :

• Priority is given to wind energy production.
• diesel gensets are the standby units; if wind power is high enough to safely meet the

l o a d , d i e s e l s a r e s h u t o f f . . .
• Dissipative loads are used for absorbing the difference between the demand and the wind

+ diesel power output. Dissipative loads could be installed in community buildings.
They could be of two types: variable by step(operated by addressable frequency
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sensitive switches) and/or binary progression loads (zero crossing solid state relays
controlled).

• The reference frequency of the regulation could come from an oscillator, the controlled
parameter being the network frequency.• The control system monitors the power consumed by the dissipative loads. If the level of
power consumption reaches a predetermined low level setpoint.the control system
commands the startup of one wind turbine or diesel genset. At the opposite, when a
predetermined high level setpoint is reached, then one diesel or one wind turbine is
closed.

• When the demand is met by the wind turbine only, the synchronous generator(s) of the
diesel group(s) provides the reactive power to the asynchronous generator of the wind
turbine.

• When the diesel is operating, it could provide the frequency reference of the network. It
could also be operated at a fixed power production level, while the control system
maintains the grid frequency.

The development of a real-time supervisory control program implementing this strategy
is being initiated on a Masscomp RTU ( Real-Time Unix) system. It emulates the case of a wind
farm consisting of three aerogenerators and three diesel gensets, and includes the operating
constraints of each power unit in its evaluation of the appropriate actions to take, namely the
start or stop of any given unit. For example, these constraints include for each machine: the
total number of hours of operation, the planned maintenance outage time, etc... The event
manager has to maintain a database on the network operation statistics and should be able to
handle the system monitoring, including communications with the operator of any given unit.

The resulting control system will then be translated into the appropriate programmable
analog/numeric-input/output equipment.

This prototype program follows a first phase of the exercise which consisted in
establishing the functional specification of the supervisory control functions with the help of
concurrent communicating Petri Networks. This specification has been analysed only
informally so far, since formal analysis tools for such a system are not available. The formal
analysis of the specification will be carried in parallel with the fine tuning of the supervisory
control program, a task that is presently complicated by the asynchronous aspects of the
supervisor functions and to a lesser degree by the mastering of the graphical resources of the
RTU.

When the model will have been fully validated by experimental work, it will be a valuable
tool for sensitivity analysis of the proposed scenario for other W/D combination . This will
minimize the margin of error for the design of regulation and control systems. Matching W/D
equipments of different characteristics in any remote location,witl be an easier task, thus
ensuring a successful and cost effective application of wind/diesel systems in remote networks.

• 3.2.6 Experimental setup

The experimental installation consists of IREQ' s 50 kW vertical axis wind turbine
manufactured by Indal Technologies and a 30 kW Ford/Onan diesel generator set. A one-way
clutch has been installed between the diesel and its generator to keep the alternator running
when the diesel is shut down. A soft start system has been installed on the wind turbine to allow
the diesel generator set to start it. A 30 kW resistive load simulates the demand whereas a 50
kW resistive load is used as a dump load, its capacity is sufficient to dissipate the energy
generated by the wind turbine.
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It should be noted that this experimental setup is actually a worst case situation for the
W/D high penetration scenario since it consists of only one wind turbine, a Darrieus with its
inherent torque ripple characteristics having a power capacity larger than that of the diesel
genset alone. For implementation, we believe it would be preferable to install at least four (4)
turbines, grouped in a small wind farm. This should reduce the peak-to-average-power of wind
energy due to the dispersion of the machines, increasing the base wind power capacity,
improving the fuel savings and reducing the number of diesel starts/stops.

• 3.3 PHASE 3 FULL SCALE DEMONSTRATION IN A VILLAGE

Once the feasibility of the high penetration no storage scenario will have been
demonstrated at the experimental site, a full scale demonstration in a real site will be done.
This demonstration will be done in two steps.

In phase 3a, a small wind farm of the order of 360 kW will be installed in a northern
community having a peak demand of around 360 kW (penetration of around 100 %) or lower
(penetration higher than 100 %) to allow a clear demonstration af the high penetration no
storage scenario. The village choosen should also have a good wind regime for a proper
demonstration of the potential for economies obtained from the reduced running time of the
diesels. These economies would be ; reduced maintenance costs and lower capital costs for their
replacement because of the prolonged life.

In this phase of the project, the wind turbines could be put in operation according to the
negative load scenario in which the diesels have priority and the wind turbines are shut down
whenever there is a conflict. For example, in normal practice, the diesels should not operate
lower than 50 % of their nominal power.

In phase 3b, the systems necessary for the demonstration of the high penetration no
storage wind/diesel scenario will be installed, these systems are :

- one or more dump loads,
- clutches (one way) between the existing diesels and their alternators,
- a regulation system. This regulation system is under development in phase 2, its

function is to regulate the dump load in order to maintain the frequency at its nominal level,
- a command system. This system will monitor the level of power going to the dump load

and decide when a diesel should be started or stopped or will dispatch power to heating loads,
- an automatisation system for the diesel power plant. Although their protection is fully

automatic, the diesel power plants in northern Quebec are manually started.

• 3.4 PHASE 4 IMPLEMENTATION

After a period of succesful operation of the system installed during phase 3, the
commercial implementation of the system could be undertaken for the other remote
communities were a combination of winds and fuel costs makes it interesting.
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•4 CONCLUSION

We believe that wind energy has a good economic potential in remote networks with the use
of the no storage high penetration scenario.

Simulation results of the transient behaviour for the proposed scenario have been
presented. In all operating states of the high penetration W/D system, taking a standard
autonomous Diesel powered network as the reference case, the simulations show that the
response of the system to significant load perturbations is improved by the addition of the PID
regulator and its dump load. The result is a significant improvement in power quality, lower
frequency variations and quicker recovery in time . The different simulation runs indicate
wide stability margins.

Furthermore, the simulation shows that the wind turbine can be operated autonomously,
without affecting the frequency stability of the network; therefore, the diesel can be shut down
when the wind is sufficiently strong to meet the instantaneous demand.

A realistic program for the orderly development and implementation of this scenario was
presented.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the participation of E, M & R in the financing of the
Kuujjuaq demonstration project and for the R&D work described in Phase 2.

REFERENCES

1 KellerJ. " Wind/Diesel Hybrid Simulation Program", Proceedings of the Canadian
Wind Energy Conference '88, Toronto, Ontario, October 16-18, 1988 pp 229-246

2 Halliday, J.A. & al "Simulation of Wind Integration for the Shetland Medium-
Scale Diesel Grid", Proceedings of European Community Wind Energy Conference, 6-
10 June 1988, Herning, Denmark, pp 518-523

3 Reid, R. & Saulnier, B.," Wind/Diesel Potential For Remote Power Systems : Technico-
Economic Aspects", Proceedings of the Canadian Wind Energy Association 1986 Meeting , Quebec
city, Qc, 26 - 28 October 1986

4 Tsitsovits, A. and Freris, L.L. , " Dynamics and Control of Autonomous Wind-Diesel
Generating Systems". Presented at the 5th Annual BWEA Conference, 23-25 March
1983, Reading University, UK



137

5 Saulnier, B. , Barry, A.O., Dube\ B., Reid, R., " Design and Implementation of a
Regulation and Control System for the High-Penetration No-Storage Wind/Diesel
Scheme" , Proceedings of European Community Wind Energy Conference, 6-10 June
1988, Herning, Denmark, pp 530-535

6 LundsSger, P, N0rgaard, P., " The 55/30 kW Experimental Wind/Diesel System at
RIS0 National Laboratory", Proceedings of European Community Wind Energy
Conference, 6-10 June 1988, Herning, Denmark, pp 373-379.

7 Garvey„D.C, "Speed Control of a Detroit Diesel 8V-71 Engine Generator System"
Woodward Governor Company, Fort Collins, Colorado. Analysis Report FEN 41303, nov
1978.

8 Angel 1, D.,"Diesel Generator System", Communication a 1'IREQ (correspondant:
A.Valette), Aout 1984.

9 Borel, L., "Stability de Rlglage des Installations Hydro-Slectriques", Editions
Dunod, Paris, 1960.

10 Papadopoulos.M, Malatestas, P., Papadias.B., "Penetration of Wind Turbines in
Islands with Diesel Power Stations", Proceedings of European Community Wind
Energy Conference, 6-10 June 1988, Herning, Denmark, pp 512-517

11 Bordier, B., and Nogaret, E., " Modelling, Stability Analysis and Control of a
Wind Diesel System", Proceedings of European Community Wind Energy Conference,
6-10 June 1988, Herning, Denmark, pp 384-388

12 Kamwa, I., Saulnier, B., Reid, R. " Moderation, Simulation et Regulation d'un
Roseau Eolien/Diesel Autonome", Report IREQ-4340, January 1989

APPENDIX 1

Tables A1 to A3 give the values of the parameters involved repeatedly in the simulations.
The characteristic time constants of the mechanical inertias and the adimensional coefficients
of static losses have been evaluated at the nominal operating point (Table A1). The coefficients
of electrical sensitivity associated with the network are also evaluated at the nominal operating
point and they correspond to those used by Borel9 to caracterize a typical autonomous network
(Table A3).

The synchronous alternator efficiency is constant at i\a - 90 %. This value is taken into
account to calculate the no-load losses when it operates as a compensator. In that case, The
coefficients e1, e2, e3 have to be corrected: the alternator power capacity being Pa0 and its
nominal power Pan, the actual values of the electrical sensitivity coefficients are:

0 _ P a n . _ 0 ^ P a n . 0
7— , e2 = 62 p—a O £ r a 0e i r , e i p ^ : e 2 = e z F c : : 8 3 = e 3
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Table A-l. Mechanical Coefficients of Rotating Machines
(Diesel:240kw, 1800rpm; Aerogenerator.SOkw, 79rpm)

Rotating .Machine Friction Inertia (kg.m*) Caracteristic Time Loss Coefficient
Diesel DD=le-3 JD = 8.3744 TD= 1.2398 s cto= 1.48e-4
Alternator D.= le-5 J. = 0.919 T. = 0.136 s o.= 1.48e-5
Aerogenerator DE=le-3 JE= 12003 TB= 16.48 s 0%= 1.373e-3

Table A-2. Conventional Regulators Coefficients and Transfert Functions

T„= 1.667 s
T„ = 0.303 s
TA = 0.053 s

T* = 0.33 s
T„ = 0.05 s
T,=0.5s

T„- 6.667 s
T«, = 0.013 s
T^^ 0.25S

T^ 0.083 s
T^ 0.01s
Tm = 6.25 ms

T^ 0.01s
T„= 0.01s
G, = -100etGv=1.3

GJLs) =

GA(*) =

G{s ) -

GrMsis)

( H - s T J O - f i T J ^ v „ ( s )
' ( l + j 7 w ) ( l + i T * ) ( l + j r j e ( s )

Pod(s)_ e'Tm
vA(s) l+sTA'

V/fr) = 1
v„(s) \+sT/

M s ) 1
v/j) I+sTms

Gr<l+sTa8)(l+sTb.)vA{s)
s ( I+ jT^MI+ jT*) e(s) '

Table A-3. Sensibility Coefficients at Nominal Point.

t. = .15 e, = 0.4 e^O.8 ea = 0.2 y- 0.0182
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Appendix 2

Figure 1. Schematic of the Relations Between the Five Major Elements of No-Storage
H i g h - P e n e t r a t i o n W / D s c e n a r i o 1 5

Figure 2. Total Net Present Value Sensivity Analysis at 6.8 m/s 16

Figure 3. Total Net Present Value Sensivity Analysis at 7.8 m/s 16

Figure 4. Global Schedule of Wind/Diesel Coupl ing Program 17

Figure 5. Location of Kuujjuaq and of the another Northern Communities 18

Fi.gure 6a. Detailed Block Diagram of a Diesel Coupled to an Aerogenerator, Without Load
L e v e l l i n g R e g u l a t i o n 1 9

Figure 6b. Detailed Block Diagram of a Diesel Operating in a Stand-alone Mode, With
L o a d L e v e l l i n g R e g u l a t i o n 2 0

Figure 6c Detailed Block Diagram of a Diesel Coupled to an Aerogenerator, With Load
L e v e l l i n g R e g u l a t i o n 2 1

Fi.gure 7a. Time Response of a Diesel Coupled to an Aerogenerator, Without Load
L e v e l l i n g R e g u l a t i o n ( 1 0 0 % P e n e t r a t i o n ) 2 2

Fi.gure 7b. Time Response of a Diesel Operating in a Stand-alone Mode, With Load
L e v e l l i n g R e g u l a t i o n 2 3

Figure 7c Time Response of a Diesel Coupled to an Aerogenerator, With Load Levelling
R e g u l a t i o n ( 1 0 0 % P e n e t r a t i o n ) 2 4

List of Main Symbols and Abbreviations

g, p , , , , , Asynchronous Generator S l ip , Ouput Power
P e W i n d I n p u t P o w e r
P d o n G r i d L o a d

p _ y D i e s e l G o v e r n o r o u t p u t
P o a L e v e l l i n g P o w e r
v t G r i d V o l t a g e
^ A e r o d y n a m i c S e n s i b i l i t y
e F r e q u e n c y D e v i a t i o n
u ) , , a _ G r i d , W i n d F r e q u e n c y
o subsc r ip t Va lue a t Opera t i ng Po in t O
e» d» mis subscript Wind, Diesel, Asynchronous Generator Variables
OM, PID, OCM Sensor, Regulator, Transducer Block
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FK3URE1 Schematic of the relations between the five
major elements of the no-storage
high -penetration W/D scenario.
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FIGURE 4

GLOBAL SCHEDULE OF WIND/ DIESEL COUPLING PROGRAM

HIGH-PENETRATION-NO-STORAGE WIND / DIESEL PROGRAM
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Figure 6a Detailed Block Diagram of a Diesel Coupled to an Aerogenerator,Without Load Levelling Regulation.
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Figure 6b Detailed Block Diagram of a Diesel Operating in a Stand-alone Mode,With Load Levelling Regulation
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Fi g u re 7a Time Response of a Diesel Coupled to an Aerogenerator,
Without Load Levelling Regulation (100% penetration).
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Figure 7c Time Response of a Diesel Coupled to an Aerogenerator, With Load Levelling
Regulation (100% penetration).
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CEC PENETRATION STUDIES

Bent Rasmussen
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A. CEC Information, 1989

The pentration studies have been carried out for ten

mainland grids and the French Islands possessions to

estimate the contribution which mind energy could

make, taking into account the special character ist ics
of each grid.

B. Viewgraphs of the Author
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Wind Energy Penetration Europe 12 Guidelines for National Studies

Authors:

Contract number:

Dura t i on :

Tota l budget :

Head of project

Con t rac to r :

Address:

J . K. Vesterda l

EN3W-0006-DK(b)

10 months 1 February 1986 - 30 November 1986

DKR 2.415.000 CEC contribution: DKR 2.415.000

Chief Engineer P. F. Bach,
ELSAM Planning Department

ELSAM Planning Department

ELSAM
DK 7000 Fredericia
Denmark

Summary

For CEC DGXII ELSAM has been engaged in preparing "Guidelines for Sy
stem Studies under CEC Wind Power Penetration Study".
The intention with the Guidel ines is to provide the different CEC-coun-
tries with a tool which - in the absence of national data - makes it
possible for them to evaluate the extent to which wind power can
technical ly and economical ly be fit ted into the nat ional power
product ion systems, in order to- Serve as background informat ion in the energy pol i t ical del iberat ion

of the Community and the national governments
- Serve as background in format ion for u t i l i t ies
- Serve as guidance for wind turbine manufacturers' market analyses.
The guidel ines consist of
- recommendations for technical and economic evaluations which form

a background for harmonizat ion of the studies in the different
count r ies

- demonstrat ion of the possibi l i ty to obtain the necessary wind turbine
data and wind data where these are not available.

In obtaining the wind turbine data and the wind data ELSAM's Planning
Department has been assisted by ELSAM's Power Station Engineering Divi
sion and RIS0 National Laboratory.
As a resu l t o f d iscuss ions wi th u t i l i t ies in the major i ty o f the twelve
CEC-countries during 1986 the Guidelines have been modified a number of
t imes and are now avai lable in the final edi t ion.
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2

■p̂ gGgs.̂ 53_ ^ _ ^ ^ y ^
f t i f• -T^ r l ^ . ^ r3^

| " ^ ^t ygyyy r - „

I . Non-u iount« lnous reglona far away f rom moun
tains- Complicat ions occur in Che form of sur
face roughness Inhomogenel t les and shel ter ing
effects. The theory of geostrophic drag law Ls
a p p l i c a b l e .

2. Non-mountainous regions as under ( I ) but wi th
t h e a d d i t i o n a l c o m p l i c a t i o n o f s m a l l - s c a l e
s m o o t h h i l l s a n d v a l l e y s . Ty p i c a l h o r i z o n t a l
dimensions are less than 1 kin. The flow modi
fi c a t i o n s i n t r o d u c e d b y t h e o b s t a c l e s c a n b e
t r e a t e d a s p o t e n t i a l fl o w w i t h m o d i fi c a t i o n
from turbulence and wind shear.

3 . L a r g e r s c a l e h i l l s a n d v a l l e y s . H o r i z o n t a l
d imensions larger than 1 km. On these scales
buoyancy e f fec ts a re a lmos t a lways Impor tan t
a n d u n d e r s t a b l e s t r a t i fi c a t i o n s m o u n t a i n
waves are often present.

U . H i g h m o u n t a i n m a s s i f s c u t b y d e e p v a l l e y s .
Depending on the local geometry, the winds at
the peak, may be representative of the free at
m o s p h e r i c v a l u e s . I n t h e v a l l e y s t h e r m a l l y -
Induced mountain val ley winds are dominant in
the wind cl imate. Except for leestde foehn the
winds are decoupled from free atmosphere winds.

5 . B r o a d s l o p i n g f o r e l a n d r e g i o n s . T h e r e g i o n s
are character ized by some dist inct mechanisms
caused by p rocesses l i ke channe l l i ng , deflec
t i o n , l e e s i d e d e s c e n t , a n d l o w - l e v e l j e t .
These mechan isms a re o f ten we l l - known l i ke :
- Foehn ( lees ide descent caused by upst ream

b l o c k i n g a n d l a r g e - s c a l e m o u n t a i n w a v e s ) .
- B i z e ( b l o c k i n g a n d d e fl e c t i o n o f l o w - l e v e l

c o l d a i r ) .
- B o r a ( h y d r a u l i c I n t e n s i fi c a t i o n o f c o l d a i r

flow and channel l ing) .
- Mistral and Tremontane (combines channell ing,

l e e s i d e d e s c e n t a n d h y d r a u l i c i n t e n s i fi c a -

- H o r n i n g j e t ( l o w - l e v e l j e t g e n e r a t e d t h e r
ma l l y by s lop ing te r ra in ) .

Terrain forms used in the CEC Wind Atlas to define the meaning of the
terms "non-mountainous" and "mountainous" terrain.
The CEC Wind Atlas is the basis for the Wind Data which can be obtained
in connection with the Wind Penetration Study, Europe 12.
Source: E. Lundtang Petersen, I. Troen, Department of Meteorology and
Wind Energy, RIS0 National Laboratory, DK-4000 Roskilde, Denmark
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EC WIND POWER PENETRATION STUDY
ENEL CONTRIBUTION

A u t h o r s

Cont rac t number
D u r a t i o n
To t a l b u d g e t
H e a d o f p r o j e c t
C o n t r a c t o r

Address

G . B O T TA , A . I N V E R N I Z Z I ,
L.SALVADERI
EN-3W-0053-I
15 months
ECU 61000
A . I n v e r n i z z i

A . R I V O I R O , S . PA N I C H E L L I ,

1 October 1987 - 31 December 1988
CEC contr ibut ion: ECU 61000

E l e c t r i c a l R e s e a r c h C e n t e r
E N E L ( E n t e N a z i o n a l e p e r 1 ' E n e r g i a E l e t t r i c a ) , S t u d y
a n d R e s e a r c h D e p a r t m e n t ,
V i a G . B . M a r t i n i 3
I - 00198 ROME
ITALY

Summary

In the frame of the 1987 European Community Study, ENEL carried out investigations
concerning on one side the availability of exploitable wind energy resources in Italy and on
the other the quantitative evaluation of the related credits in a possible generation system
structure for the year 2000.
Even if the methodology adopted in the evaluations is rigorous, it is to be underlined that
the results produced are to be kept with caution: infact, many uncertainties affected the
input data. First of all, at the beginning of the study the Italian National Energy Plan
(PEN) was still to be formulated: only in the month of August 1988 it was issued by the
Industry Ministry and up to now it has not jet been approved by the Parliament; this has an
obious effect on generating system structure. Secondly, the cost projections of wind
turbines are, on their side, also affected by incertitudes so as the fuel costs. Finally, in
the cost of the wind sources the economic value of "land occupation" was not included: this
factor, which is certainly high in a densely populated nations as Italy, could be of
paramount importance in the operative decisions.
In this rather uncertain frame, the quantitative evaluations were carried out with reference
to the "high" demand projection foreseable at the moment for the ENEL system in the year
2000, that is 285 TWh. Capacity and Energy credits of the wind source have been
investigated. In doing this, various percentages of wind energy penetration have been
considered, with a maximum of 1500 GWh presently foreseen by the Italian Energy Plan and
corresponding to 0.5% of the yearly demand. Two hypothesis of fuel cost projections (high
and low) have been considered, since the higher contribution to the wind credits stems from
the energy credits. The effect on the turbine cost of parameters such as life, operation and
maintenance cost, unavailability was also examined.
The results of the evaluation, in term of comparison "credits vs; cost" are not valid for
any system but are peculiar of each system structure and characteristic. For the Italian
system they are resumed in the following three drawings: a necessary caution is to be
exerted in "interpreting" them, for the existing above mentioned incertitudes concerning the
input data.
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Comparison of wind energy credits with costs as a funct ion of: expected
life of wind turbines, annual charges for operation and maintenance (as %
of investment), wind turbines unavailabil i ty. The cost of wind energy does
not include the cost for land occupation.
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Type 30 wind turbines: 30 m rotor diameter
Type 60 wind turbines: 60 m rotor diameter

Wind energy credits

Y7777777Z Range of variation relevant to "HIGH" fuel cost forecast (oil 62.2
ECU/MWh, coal 33.7 ECU/MWh)

^WvV. Range of var iat ion re levant to "LOW" fuel cost forecast (o i l 43.4
ECU/MWh, coal 21.4 ECU/MWh)

Wind turbines cost

National manufacturers cost: 97 KECU (Type 30), 118 KECU (Type
60)

EC Guidelines cost: 51 KECU (Type 30), 101 KECU (Type 60)
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INTEGRATION OF WIND POWER IN THE GREEK GENERATION SYSTEM

Authors : D.KANELLOPOULOS, M. TOMBROU (A.E.F)
E.P. KARIDOGIANNIS (P.D.)

Contract number : EN3W-0054-GR

Dura t i on : 12 mon ths 1s t Feb rua ry 1988 - 31 Janua ry 1989

To ta l budge t : ECU 83000 CEC con t r ibu t ion : ECU 80000

Head of project : Dr. D. Kanellopoulos, PPC/ Alternative Energy Forms.

Contractor : PUBLIC POWER CORPORATION
Alternative Energy Forms and Planning Department.

A d d r e s s : P u b l i c P o w e r C o r p o r a t i o n / A l t e r n a t i v e E n e r g y F o r m s
10, NAVARINOU Str., GR-106 80, ATHENS. GREECE

Summary

The scope of this work is to carry out a penetration study for wind energy in
the generating system of Greece. This is carried out in accordance with the
"Guidelines for System Studies under EC WIND POWER PENETRATION STUDY,January
1987". The wind power penetration senarios include 5%, 10% and 15% penetration
levels for the following cases: a) Wind Energy generated in Crete by 300 kW
wind turbines (WT) with the power system of Crete operated in isolated mode,
b) Wind Energy generated in Crete by 300 kW WT and 1000 kW WT in mainland
Greece with a 600 MW interconnection DC link between mainland and Grete. The
generated units in Crete are on cold reserve.
Because of the large potential of Wind Energy in the Greek islands of CYCLADES,
PPC is p lann ing to car ry ou t an ex t ra senar io w ich w i l l i ncorpora te the
wind energy generated in Cyclades, Crete and mainland Greece as an intercon
nected System.
For the above senarios various matters are taken into consideration. To start
with, emphasis was given to SITE selection with criteria the annual mean speed
at 10m height, accessibi l i ty and wind farm configurat ions. A combinat ion of
experimental hourly values plus theoret ical evaluat ions using a mass consistent
algori thm were used in order to establ ish the t ime series for the power pool.
Following the coise of the two types of WT, energy calculations of the total
number of wind farms were prepared and used as input in the subsequent calcu
lations. These include:energy demand projections for the year 2000, generation
and production cost, energy displaced, annual production cost saving both tor
EI^ERGY GREDIT and CAPACITY GREDIT mode, wind power economic value with
s e n s i t i v i t y a n a l y s i s .



158

PPC-CRETE
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CEC WIND ENERGY PENETRATION STUDY

Author

Contract number

Durat ion

Total budget

Head of project

Cont rac tor

Address

N. Halberg

EN3W-0055-NL

16 months 1 October 1987-31 January 1989

148000 ECU CEC contribution: 80000 ECU

N. Halberg, N.V. Sep

N.V. Samenwerkende eletctr ici teits-
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Summary

O p e r a t i o n o f t h e D u t c h e l e c t r i c i t y g e n e r a t i n g s y s t e m h a s b e e n
examined with varying penetration degrees of Wind Energy Conversion
Systems (WECS). The simulation has been carried out using wind data
r e c o r d e d a t 6 s i t e s s p r e a d a c r o s s t h e a r e a o f i n t e r e s t i n t h e
Netherlands. The recorded wind data has been used in conjuction with
a p r o d u c t i o n c o s t i n g m o d e l n o r m a l l y u s e d b y S e p f o r p l a n n i n g
purposes. Th is model was modified to g ive a correct assessment o f
quantity and value of fuel savings by WECS.
S y s t e m s t u d i e s w e r e c a r r i e d o u t f o r t h e y e a r 2 0 0 0 a n d f o r t h r e e
dist inct ive penetrat ion degrees of WECS, namely 5%, 10% and 15%.
After incorporation of WECS capacity, adjunstments were made to the
bas ic p lant mix to a l low for the capac i ty c red i t o f WECS. Separate
p roduc t i on cos t s imu la t i ons were execu ted fo r each d i s t i nc t WECS
capac i t y f ac to r.
Recent studies by Sep suggest that, up to about 1,000 MW to 1,600 .MW
i n s t a l l e d W E C S c a p a c i t y, t h e a g g r e g a t e p o w e r o u t p u t o f t h e w i n d
systems could be absorbed into the generating system without recourse
t o s t o r a g e a n d w i t h o u t s i g n i fi c a n t w i n d e n e r g y l o s s e s . P r e v i o u s
resu l ts c lear ly demonst ra te the po ten t ia l l y devas ta t ing e f fec t o f the
l o a d - f o l l o w i n g a n d s p i n n i n g - r e s e r v e p e n a l t i e s o n t h e e c o n o m i c s o f
wind power for higher penetrations of WECS and no storage.
For the 10% and 15% cases an energy storage system was therefore
inc luded in the p lan t m ix . Economic assessments were ca r r ied ou t
using standard procedures. The resul ts of th is analysis are shown in
the f o l l ow ing figu res .
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INTEGRATION OF WIND POWER IN THE PORTUGUESE GENERATION SYSTEM

Authors A.M.d'A. CARVALHO, F.A.P. DOMINGUES, H.C.R. MOREIRA, A.C.L. NUNES

Contract number : EN3W-0056-P(TT)

D u r a t i o n : 1 8 m o n t h s 1 O c t o b e r 1 9 8 7 - 3 1 M a r c h 1 9 8 9

T o t a l b u d g e t : 3 2 2 0 0 0 E C U C E C c o n t r i b u t i o n : 8 0 0 0 0 E C U

Head of project : A.M.d'A. Carvalho, EDP-DTA

C o n t r a c t o r : E l e c t r i c i d a d e d e P o r t u g a l , E P

Address Av. Jose Malhoa, Lote A/13
P-1000 LISBOA

Summary

The study of the in tegrat ion of wind power in the Por tuguese generat ion
system is part of the EC Wind Power Penetration Study that is intended to
evaluate the extent to which wind power can technical ly and economical ly
be fitted into the power production systems of the member countries.
I t i s a l so an a im o f t he p ro jec t t o i den t i f y re levan t R&D p ro jec t s t ha t

may f ac i l i t a t e t he pene t ra t i on o f w ind power i n t he ex i s t i ng gene ra t i on
systems. The results obtained are expected to serve as background infor
mat ion fo r the u t i l i t ies and fo r energy po l icy by the Communi ty and the
nat iona l governments as we l l as to supp ly usefu l in format ion fo r market
studies by the wind turbine manufactures.
S e v e r a l t y p i c a l s i t e s w e r e s e l e c t e d a s r e p r e s e n t a t i v e o f r e g i o n s w i t h
good wind power potencial and, after being duly characterized, wind speed
and energy time series were obtained from the Danish Risoe National Lab
o r a t o r y. P r e l i m i n a r y c a l c u l a t i o n s w e r e c a r r i e d o u t f o r a s c e n a r i o w i t h
5% w ind ene rgy pene t ra t i on i n the yea r 2000 compared to a re fe rence
scenar io w i thout w ind energy us ing EDP's Va loragua mode l . Energy and
capac i t y c red i t s were es t ima ted as we l l as the co r respond ing economic
e v a l u a t i o n . S i m u l a t i o n s f o r l o w e r a n d h i g h e r p e n e t r a t i o n s c e n a r i o s a r e
current ly be ing car r ied out .
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Integration of Wind Power in the Danish Generation System
EC Renewable Energy R&D Programme

A u t h o r s : U f f e S t e i n e r J e n s e n

Contract Number: EN3W-0057-DK (B)

Dura t ion : 17 mon ths , 1 Oc tober 1987 - 1 March 1989
Total Budget : 97.331 ECU CEC

Head of Project: Carl Hilger, ELSAM

Cont rac to r : ELSAM, The Ju t land -Funen E lec t r i c i t y Consor t i um

A d d r e s s : E L S A M
The Planning Department
DK-7000 Fredericia

Summary

The purpose of the "Penetration Study" is to examine the extent to
which i t is feas ib le, technica l ly and economical ly, to in tegrate wind
power into the Danish power system maintaining the quality of the
e lec t r i c i t y supp ly a t the usua l leve l .

Scenarios with 5, 10 and 15 % wind energy have been analysed. The
Elsam Expansion Plan for the year 2000 has been used as the reference
scenar io .

Different 5% scenarios have been analysed taking into account the
f o l l o w i n g f a c t o r s :

- added wind power capacity
- reduced conventional capacity
- added load control capacity
- added energy storage capacity

The preliminary results indicates that the wind power scenarios are
u n p r o fi t a b l e .

A number of operat ional d i fficul t ies e.g. load control and load
gradients must be analysed in more detail in the future.
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CEC WIND ENERGY PENETRATION STUDY

Author

Contract number

Durat ion

Total budget

Head of project

Contractor

Address

A. Elstermann

EN3W-0059D

1 6 m o n t h s N o v e m b e r 1 9 8 7 - F e b r u a r y 1 9 8 9

8 0 , 0 0 0 E C U C E C c o n t r i b u t i o n : 1 0 0 %

A. Elstermann, CONSULECTRA

CONSULECTRA Unternehmensberatung GmbH

Flotowstr. 41-43
D-2000 Hamburg 76

Sjimmary

The present study offers a better insight into the economical and tech
nical problems ar is ing wi th increasing wind penetrat ion into an electr i
city system. The simulation models developed here have made it possible
to depict a sequence of scenarios with different parameters. The influ
ence of the internal rate of return, the future price development on the
world coai market (it has been assumed, here that wind energy will replace
generat ing by coal-fired power p lants) , the influence of wind potent ia l
and operation and maintenance costs have been analysed. To calculate the
cos t -benefi t ra t i o w i th in d i f f e ren t scenar ios , t he capac i t y c red i t o f
wind turbines (rat io of safe capaci ty share to instal led capaci ty) has
also been computed on a special model. The justified expenditure for 3 ?5W
and 250 kV wind turbines in wind classes 1 and 2 for 2 different world
coal price scenarios are shown depending on the internal rate of return
(see attached chart) . This just ified expenditure can be direct ly comparer
with estimates from the wind turbine manufacturers, inasmuch as these in
clude all investment costs per kW up to the transformer station.■
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EC WIND ENERGY PENETRATION STUDY

Authors : A. Cooke, C. Kelleher, H. Mangan, E. O'Dwyer.

Contract Number : EN3W-0060-IRL

Duration : 18 months from l/December/1987.

Total Budget : ECU 157,000. CEC Contribution : ECU 80,000.

Project Leader : Edmond O'Dwyer.

Contractor : E lect r ic i ty Supply Board.

Address : Lower Fi tzwi l l iam Street , Dubl in 2, I re land.

SUMMARY :

ESB, together w i th o ther European ut i l i t ies , has been par t ic ipat ing
i n t h i s s t u d y.

T h e i n t e n t i o n i s t o c o m p a r e a r e f e r e n c e s y s t e m e x p a n s i o n p l a n
w i t h o u t w i n d p o w e r f o r t h e y e a r 2 0 0 0 , w i t h t h r e e e q u i v a l e n t
alternative expansion plans for that year having wind energy supply

ing 5 , 10 and 15% of to ta l p r imary energy requ i red for e lec t r ic i ty
generat ion.

The economics o f w ind ene rgy i n 2000 i n t h i s con tex t has been

assessed , w i th w ide - rang ing pa ramete r va r ia t i on sens i t i v i t i es . The
i s s u e s o f e n e r g y c r e d i t , c a p a c i t y c r e d i t , e n v i r o n m e n t a l i m p a c t ,

sys tem f requency con t ro l and o ther techn ica l p rob lems have been
addressed.
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Capacity Credit
LOLE method. BK.MM.SK.WX.
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THE EC WIND POWER PENETRATION STUDY

Contract number : EN3W 0061-E

D u r a t i o n : 1 4 m o n t h s

Tota l budget : 80 .000 ECU

Head of project : Julio Barcelo

C o n t r a c t o r : E N H E R

1 July 1987 - 1 September 1988

CEC contribution: 80.000 ECU

Address : PS Gracia, 132
08008 Barcelona

Summary

A s t u d y a b o u t t h e p o s s i b i l i t i e s o f w i n d e n e r g y a s a s u b s t i t u t e o f
conventional energy sources has been carried out. The steps of the study
have been: first of a l l , s i te select ion, t ime ser ies of wind data and wind
da ta co r re la t i ons ; t hen , w ind fa rm configu ra t i on and power p roduc t i on ;
finally economical evaluation. Four scenarios have been taken into account:
1,5, 5, 10 and 15% level of penetration for year 2000 scenario. 1,5% level
is the optimal wind energy production for Spanish energy balance mix. 5, 10
and 15% are kept in order to be comparable with other CEC regional studies.
P r e l i m i n a r y c o n c l u s i o n s s h o w t h a t w o u l d b e i n t e r e s t i n g t o h a v e m o r e
accurate data in order to validate wind energy production data; preliminary
e c o n o m i c c a l c u l a t i o n s s h o w t h a t w i n d e n e r g y c o u l d r e a c h , w i t h g r e a t
d i fficul t ies, break-even s i tuat ions under favorable c i rcumpstances.
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WTND POWER PFNFTRATTQN STUDY :
rfmsv of THE wgyrH BvhrsraS^DFPARTMENTS ANT) TFRMTOMBS.

A u t h o r : E . N O G A R E T

Contract number : EN3W-0070F

Duration : 6 months 1st June 1988-30 November 1988

Total Budget : 20.000 ECU CEC contribution: 20.000 ECU

Head of Project : E. NOGARET

Contractor : ARMINES, Centre d'Energgtique.

Address : ARMINES, 60 Bd St Michel, 75006 PARIS

Summary

This report is the french contribution to the Commission of the European Communities
conceited action : "Wind Power Penetration Study".
The purpose is to perform an economic evaluation of investments m wind power m the
electricity power pool of the French Overseas Departments and Territories. ...
The Guadeloupe island, in the cairibbean sea, has been chosen due to its good wind
potential From different informations such as wind speed data at the chosen spot, power
curve of the selected wind turbines, availability of the WT and effectiveness of the wind
farm, it is shown that a 10 MW wind farm would produce 28 GWh per year.
A 50 GWh production from wind power in year 2000, i. e. a 5 % share of the overall
production of 1000 GWh, would thus require a 18.6 MW capacity from 62 wind turbines
r a t e d a t 3 0 0 k W . . e „
Taking, for the year 2000, a fuel cost of 0.072 ECU per kwh for the diesel units, the 5%
scenario of wind power would have an internal rate of return of 14 % in the case of
energy credit only and 18 % in die case of energy and capacity credit; the pay bacK nines
of the investment would be 9 years (first case) and 7 years (second case).
Concerning control problems, it is shown that precise studies should be done to evaluate
the additionnal control equipment needed and the limits to wind power penetration at any
moment
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CEC Penetration Studies

Study 1: Autumn 1981 - June 1983

Study 2: Autumn 1987 - Spring 1990

Study 3: Autumn 1989 - Autumn 1991
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CEC wind power penetration study

pjjertjvej.

Generation Study,

- 5% wind energy

- 10% wind energy

- 15% wind energy

Specific Studies,
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CEC wind power penetration study

Method:

Common Guidelines.

National or Regional

Simulation Models
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CEC wind power penetration study

Common basis:

- Year 2000

- 0 - 5 - 10 - 15% scenarios

- Same topics.

- Same economic calc.
& parameters.

- Nearly same assumptions:

- Wind resources.

- Wind turbines.
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CEC wind power penetration study



177

CO

cu
cscu

cu5

oi u
CD

I



178

CO

cu
cu

cu
3

o
UJo

»

CO
09

CO

E
CQ



179

CEC wind power penetration study

Correlation
Wind / Power Supply

- Wind and electrical heating

- Diurnal variations in wind

and in power load

- Wind and hydro
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CEC wind power penetration study

Wind Farm Configurations
4 different types of wind farms, each consisting
of 10 turbines are shown below.

Farm type 10
* * M * x x a x x

m*. 9x8d

Farm type 5+5 w — . - . . — A

f 1 0 d r 9 x 4 d j l O d j

Farm type 4+3+2+1

|10d.. 6x4d 10d* i

m*
10d
yn d
10d

10d

10d

Farm type 1+09

10d
L

11,7d

11,7d
c

10d
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CEC wind power penetration study

Windfarm power production

O 0 , 0 1
Tlfflo(hoors)

i »

0 , 0 2 0 , 0 3
Wind Farm
Single Wind Turbine

0,04

1 , 5 -

0 , 5 -

2 4 6 8 10 12 14 16 18 20 22 24 Hour
— 12 sites combined

Single site
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CEC wind power penetration study

Wind Predictability:

Improved unit commitment
schemes.

- Improved dispatch, reduced
start up cost.

- Reduced control problems.
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CEC wind power penetration study

Europe 12:
400,000 MW
1600 TWh/y.
A ~ 10,000 MW/y
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CEC wind power penetration study

Common topics:
- Energy Credit.

- Capacity Credit.

- Control Problems.

- Environmental impact.

- Voltage Control,

Reactive Power,
Primary Network.
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CEC wind power penetration study

Energy credit:

75% of total credits

- Fuel savings

- Savings in 0.& M.
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CEC wind power penetration study

Capacity credit:

Unchanged:

- L O L P

- Power quality
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CEC wind power penetration study

Capacity Credit of Wind Power

Capacity Credit, %
25 -

20

15 -

10 -

5 -

I I

5 1 0 1 5 2 0

Installed Wind Power Capacity In %
of total installed capacity
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CEC wind power penetration study

Control problems!

Ramping capacity
(min. domain)

-Transients,
stability etc.
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CEC wind power penetration study

Island studies

- Crete.

- Guadeloupe.
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CEC Wind Power Penetration Study

S e n s i t i v i t y A n a l y s i s ;

1. Parameter Var iat ion ( fuel cost, d iscount rates etc.)

2 . Spider d iagrams for benefit /cost ra t io

3. Break-even ECU/kU wind
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CEC Wind Power Penetration Study

Study 3

1. System Stabi l i ty

2 . Wind Pred ic tab i l i t y

3. Windfarm-Grid Interface

4. Windfarm Cost and Operation

5. Wind/Solar Cogeneration
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SUMMARY

Areas Needing further Research
on

Wind Turb ine/Ut i l i ty Systems Interact ions

These subtasks part i t ion WT/ut i l i ty system Interact ion issues into a

number of major categories, as follows: Power System Operations, Wind

Forecasting, Wind Power System Control Strategies, Electr ical

Interface Issues, Third Party Ownership, and Definit ion of Terms. The

issues range from those associated with single WT's having local

impacts, to large arrays of WT's having global impacts.

Subtask A: Power System Operations

An E lec t r i c u t i l i t y cons ider ing the add i t ion o f w ind tu rb ines to i t s

power generation mix must anticipate the problems which may be imposed

on the ut i l i ty 's operat ing cont ro l system due to the in termi t tent

nature of the wind energy source. Of primary concern Is the

possib i l i ty that the fluctuat ing power in jected by the wind turb ines

may cause unacceptable deviations in crit ical operating performance

variables such as frequency error and tie l ine power deviation.

Maintaining operating performance within acceptable bounds, while

accommodating wind power production, may require changes in system

opera t ion .
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The exact nature and extent of the operating problems imposed on a

u t i l i t y by w ind e lec t r i c gene ra t i on i s u t i l i t y spec i fic , and can on l y

be determined by a careful engineering evaluat ion. Important

considerations in such a study are wind and wind turbine

charac te r i s t i cs (pa r t i cu la r l y the t ime ra te -o f - change-o f -w ind

generat ion) , w ind turb ine penet ra t ion o f u t i l i t y sys tem capac i ty,

conventional generat ion mix and response rate, load characterist ics,

and u t i l i t y opera t ing ph i l osophy. In add i t i on to these fac to rs , the

compatibi l i ty of wind generat ion with system operat ion wi l l be

strongly influenced by the degree of predictabi l i ty and contro l

associated with the wind generation.

Subtask Br Wind Forecasting

Successful implementation of solutions to problems created by high

penetrations of wind energy generators, in the operations planning and

rea l t ime operat ions requi re the ab i l i ty to forecast shor t - term

(rainute-by-ralnute over the period of an hour) and long-term (hourly

over the next 24 hours) var iat ions in the wind veloci ty. This is due

to the fact that both the charge and the rate of charge of aggregate
Opwind power output are important. To date, acceptable method tort

accurately determine these parameters has evolved.

Subtask C: Wind Power System Control Strategies
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It may be possible to reduce the ramping requirements placed on

conventional units by wind generators through implementation of

a l te rna t ive cont ro l s t ra teg ies , inc lud ing (a ) a r ray ramp ra te cont ro l ,

(b) feed forward control, and (c) closed loop feedback control. The

array ramp rate control strategy l imits the generation ramp rate of

the wind turbine array and causes the' output power to appear as a well

behaved negative control. The feed forward approach provides the

central control computer with advance information concerning array

power changes. This provides the load fol lowing uni ts with addit ional

time to respond to the changes. The closed loop control can enhance

the advantages of the other two concepts and dispatch the wind plant

to an optimum power level. A detailed evaluation of the various

control concepts is warranted.

Subtask D: E lec t r ica l In ter face Issues

A number of e lectr ical inter face issues ar ise wi th the Introduct ion of

wind energy generators in to the ut i l i ty t ransmiss ion and d is t r ibut ion

system. The complexity and severity of these issues varies with the

number of wind machines in question, their point of interconnection,

and the type of electrical machine. These concerns include the

fo l l ow ing : ove rvo l t age p ro tec t i on , p ro tec t i ve r e l ay i ng ; r eac t i ve

power compensation; harmonic resonance; capacitor switching

t rans ien ts ; se l f -exc i ta t ion and Is landed or i so la ted opera t ion ;

behavior dur ing faul ted condi t ions; ferroresonance; vol tage regulat ion

and transformer load tap-charter operat ion. Systemat ic evaluat ions of
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these issues are required. The abi l i ty of var iable speed wind

turbines to effect these problems should also be investigated.

Subtask E: Third Party Ownership

With the growing trend toward congeneration and third party producers,

ut i l i t ies no longer have total control over the design and operat ion

of new fac i l i t ies . Because o f th is , a process o f negot ia t ion is

required to arrive at a suitable compromise between the uti l i ty and

the th i rd par ty. The impl icat ions of th is process on personnel

safety, abi l i ty to control the wind generator, and the economic impact

of curtailment and control measures, needs to be investigated.

Subtask F: Defini t ion of Terms

With the prospect of large scale application of wind generation on

power systems, the need for a consistant set of terminology becomes

more cr i t ica l . Before any new defini t ions are proposed, ex is t ing

standards organizations should be consulted for any current or

conflicting usage of terms (e.g., CIGRE, IEC, IEE, IEEE, UNIPED, ANSI,

EWEA, CANWEA, AWEA). Terms for which an agreed-upon definition is

r e q u i r e d i n c l u d e p e n e t r a t i o n , r e l i a b i l i t y, a v a i l a b i l i t y, a n d

s t a b i l i t y .
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IEA - Implementing Agreement LS WECS
Expert Meetings

1. Seminar on Structural Dynamics, Munich, October 12, 1978

2. Control of LS-WECS and Adaptation of Wind Electricity to the
Network, Copenhagen, April 4, 1979

3. Oata Acquisition and Analysis for LS-WECS, Blowing Rock, North
Carolina, Sept. 26-27, 1979

a. Rotor Blade Technology with Special Respect to Fatigue Design
Problems, Stockholm, April 21-22, 1980

5. Environmental and Safety Aspects of the Present LS WECS, Munich,
September 25-26, 1980

6. Reliability and Maintenance Problems of LS WECS, Aalborg,
April 29-30, 1981

7. Costings for Wind Turbines, Copenhagen, November 18-19, 1981

8. Safety Assurance and Quality Control of LS WECS during Assembly,
Erection and Acceptance Testing, Stockholm, May 26-27, 1982

9. Structural Design Criteria for LS WECS, Greenford, March 7-8, 1983

10. Utility and Operational Experiences and Issues from Mayor Wind In
stallations, Palo Alto, October 12-14, 1983

11. General Environmental Aspects, Munich, May 7-9, 1984

12. Aerodynamic Calculational Methods for WECS, Copenhagen,
October 29-30, 1984

13. Economic Aspects of Wind Turbines, Petten, May 30-31, 1985

14. Modelling of Atmospheric Turbulence for Use in WECS Rotor
Loading Calculation, Stockholm, Oecemder 4-5, 1985

15. General Planning and Environmental Issues of LS WECS Installations,
Hamburg, December 2, 1987

16. Requirements for Safety Systems for LS WECS, Rome, October 17-18, 1988

17. Integrating Wind Turbines into Utility Power Systems, Herndon (Virginia),
April 11-12, 1989

18. Wind Turbine Noise, Petten (The Netherlands), November 27-28, 1989

19. Wind Turbine Control Systems, Strategy and Problems, London,
May 3-4, 1990


