SYNCHRONISATION CONDITIONS IN ASYNCHRONOUS WIND PARKS
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ABSTRACT: the purpose of this work is to study the conditions under which synchronisation is possible in
asynchronous wind parks. Synchronisation is defined as the situation where blades of different wind turbines
pass simultaneously in front of their towers. Tower shadow effect is generally considered responsible for part
of power quality problems originated by wind turbines. The way of summing the effects of several wind
turbines is important. When synchronisation of several wind turbines occurs, the addition effects can be

reinforced.
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1 INTRODUCTION

When several wind turbines rotate at the same speed
and their blades pass in front of their towers at the same
time, it can be due to a process of synchronisation. In this
situation, tower shadow effects of all the wind turbines
can be added, which can have a significant effect on the
electrical system.

Interest in  studying synchronism and the
synchronisation process of wind turbines is due to the
way power from these machines oscillates due to
rotational sampling effect (tower shadow) with an
amplitude of about 20 % of the mean power value,
according to some authors and measurements [1, 2, 3].
The final effects of this are voltage variations and
possible flicker.

Generally, the square root of n rule is accepted to add
the effects of different wind turbines on the electrical
network [1, 4, 5], where n is the number of wind turbines
in the wind park, assuming they are identical. Some
authors have taken measurements which agree with this
idea [4], but some others hold that they have observed a
trend to synchronisation in groups of wind turbines, and
consequently the total effect is higher [1].

Under certain conditions, synchronisation of wind
turbines can be simulated [6]. These conditions mean they
have to be identical, and the mean value of the
mechanical power must be the same for all them.

Synchronisation, as shown in Figs. 1.a and 1.b, means
that the difference of mechanical angles tend to zero and
mechanical and electrical powers, consequently, tend to
the same values. It is a very slow process, which can be
seen in the mentioned figures. At the same time, rapid
variations caused by mechanical power fluctuations
occur, as can be seen in Fig. 2.
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Figure 1.a: Evolution of the difference of mechanical

blade angles of two identical wind turbines
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Figure 1.b: Evolution of electrical and mechanical
powers for the synchronisation process
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Figure 2: Evolution of electrical powers

Some explanations have been given for synchronisation
of asynchronous wind turbines in a wind park assuming
steady-state models [7]. The purpose of this paper is to
give a complete explanation of synchronism conditions in
wind turbines connected to the same point of common
connection, by using several models based on the one
proposed in [8, 9].

The analysis of synchronism and non-synchronism
conditions is done by sequentially using two dynamic
models of a wind park: linear dynamic model and
dynamic model in incremental notation. The linear
dynamic model is applied to mechanical sinusoidal

fluctuations AP, produced by rotational sampling

effects, and has a lower time constant (a few seconds).
The results of simulation with the linear model are used
to calculate variations in constant values of electrical and



mechanical powers 0P, , 0P, . These powers are applied

to dynamic models and modifications of rotational and
mechanical angles are obtained that can produce
synchronism of wind turbines, depending on wind turbine
parameters and conditions. For this second simulation the
time constant is higher (thousand seconds).

2  MODELLING OF INDUCTION GENERATORS
AND ASYNCHRONOUS WIND PARKS

The induction generator can be dynamically modelled
as a voltage source E’ behind the impedance R+j-X’, as
can be consulted in [8, 9]. This was the first model used
for simulations. As the model can be read in the given
references, a description of it is not a purpose of this
paper.

Two models are described here, which are the so called
incremental dynamic model and the linear dynamic one.

2.1 Incremental dynamic model of an asynchronous wind
turbine

Based on the mentioned dynamic model, if the
induction generator is assumed to be in an initial steady-
state situation described by a set of values E’, (internal
voltage), s, (slip), Io (stator current), P, (mechanical
power), U, (terminal voltage), the value of AE’ can be
calculated by integrating the following equation:

dAE!
dt

=—zeAE'-jem,*As*Ey + z'AU— jew,Ass AE'

where:

z=jemgeset

1 .[ +4j.(X0_X')j
T Ry +je X'
1L i (Xe-X)

Ty Ry+j*X

-

z

and T, X, and X’ are obtained from the generator
parameters.

As for electromechanical equations, the following can
be written:

AP, — AP, =2-H-(1—s0—As)-ddAS
%:—QS-AS
dt

The electrical power, AP,, is calculated by:

A, = Rel Yt AE! I ¢ AE' Ty s AU
€ —y'sAE'sAE' *+y'sAE'sAU *
where:
E*
y=—"9—
= Ry-jeX
. 1
2 Ry-jX'

and the mechanical power is:

AP, (t) =P, esin(0, + Q * t + AB)
where Q) = (1—-5()* Q.

2.2 Linear dynamic model

Assuming small changes in the last equations,
AE'*As = 0, As<<sy, AE'sAE'*=0, AE'sAU* =~ 0 and
sin(AB) =A0=0, a linear differential first order
system results [10], defined by:

X = Aex+ce AU +be AP'

2.3 Dynamic model of a wind park

Applying the dynamic model to a wind park with n
wind turbines, from the nodal analysis of the electrical
circuit, the following equation can be written:

AU=K*AE'

The electrical equations of the wind turbines are
expressed as:

%[Agi'] =BAE'+C*As—je0 *[As; *AE;']

which in rectangular components are:

d {AE'{

. 1m
= ZBAE'+ CeAst o, o| 25 TAE
dt| A

—As; s AE'f

where AE'is the vector of real and imaginary
components of the complex vector AE', and B’ and C’

are real matrices.
The electromechanical equations are:

dAs;
APm,i - APe,i = hi L Tl
AO.:
dt

where h; =2*H; *(1-5;).

The electrical power, AP, :, can be calculated as:

e,i >
[AP,;] = M- AE'+Re{—[Xi'-AE'i-AE'T] +[AE;*N- AE‘]}

where M is a real matrix.
And the mechanical power is:

AP, ; =Pg; sin(0y; +Q; *t+A0;)
where Q ; =(1-sp;)*Q;-

2.4 Mechanical fluctuations
Assuming small changes: As; * AE';= 0, AEi‘AEj =0

and sin(A0;)=A0; =0 for (i, j =1, .., n), the



following equation can be written, by means of the
Fourier Transform:

X=D-Ap
where:

D=(j+Q-1-A)"eH
Q is the imaginary variable in the Fourier analysis.
1 is the unitary matrix.

H is the diagonal matrix of % components.
1

A is the real matrix with the relations between the
variables AE';, As; and AP, ;.

Ap is the complex vector of AP, ; values.
AE',As and AB can be defined by the expression:

AEL(t) = X[ »sin(Qq * t) + X™ + cos(€g * )
AEfn(t) = Xii+l) o sin(QO . t) + X?il_H) . COS(QO . t)
ASi(t) = X{iJrz) . SiH(QO * t) + X?;l+2) * COS(QO o t)

Q, .
A6,(t) = —[Q—Sj (X{‘i‘+2, Sin(Qq * 1) = X142 * €08(Q * )
0

where all variables have the same rotational speed
(frequency) Q. This situation does not happen when the
working points of the wind turbines are different:
Pit0sPm2,00 s Pmn,0 5 S1,0082,00 " »Sn,0 - In this case

the last equations have a multi-frequency expression,
such as:

n n
AEL(t) = 2 X0 esin(@Qgy o+ )+ 2 X7 e cos(Qqy o 1)
k=1 k=1

If small changes are now considered, the following
expression is valid:

SE' |_ o, | D50 AE'™ (1)
SE'" —As; (t)*AE'] (t)
8P| =MeSE +
Re{—[y'rAE'i W AE] 0]+ {Ag'i (0 Xy AE, (t)}
- k=1""
SPm,i = Ps,i . sin(GO’i + Qo,i ot+ AGl(t)) - Ps,i . Sil’l(eo’i + QO,i ot)

= PS,i . COS(GO,i + Qo’i . t) . ABl(t)

With 8P, ;and 8P, ; the following equations are

obtained:

dds; doe
OP, ;i —06P,; —OP', ;=h;e—L, — =—-Q_*3s
m,i e,l e,l 1 dt dt s
where SP'e,i is an additional electrical power produced

by slip variations Os;, and can be defined by the
following equation:

%[5 E"|=0=B'SE"+C's3s

[8P" ;| =—Me(B) ' e Cre5s

3 SYNCHRONISATION

The synchronisation analysis is defined for a wind park
with identical wind turbines and identical initial
conditions. In the other cases, powers do not tend to equal
values and, consequently, the synchronism phenomenon
is not possible.

The analysis of synchronism can be defined using one
of the wind turbines as a reference. So, let us assume that
machine 1 is taken as a reference:

dds;
(6Pm,i - 6Pm,l) - (8Pe,i - 6Pe,l) - (SP'e,i—ﬁP'e’l )=he —=ol

dd0;,; _ d(36;, - 56))
dt dt

=-Qqe 8si,l

where:

2 2 .
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0
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These equations mean the following powers exist in a
wind park:

= A constant powetr, K'ir?j’e-( Psz,i - 52, i) » produced by

different mechanical power fluctuation levels.
= A synchronisation power, Kimj’e *sin(6; - 6;) ,

function of mechanical power fluctuation levels and
difference between mechanical angles.

= A damping power, Dij *(8s; — s;) -
The constant (K';nj’e ), synchronisation (K;nj’e) and

damping (Di j) coefficients are expressed by the linear

dynamic model in steady-state situation, and they are a
function of parameters and the initial working point of
wind turbines.

In an example with two identical wind turbines and
P, =P, =0.1, h = 6.093 and Qg =10.62, the

dynamic equations are:

K *sin(0y +50) — D+ (8s) = he d(is

s _

D0 - 55
dt

S



where:

B9 =020-610
50 =80, — 50,
ds =08s, — s
K=855107°
D=12142

Assuming sin(80) =80 and cos(80) =1, the last
equations can be expressed as:

d? . d(80)
Me " (89) = A+B-s1n(56)+C'T
where:

A =Kesin(0y), B=Kecos(0)

D
C=—

The equation roots p, and p, of the differential equation
can be expressed as:

C C
= o[1+41+8)=—=-19.92
Pi 2-M( C) M
C K
2 =5 (17T - Ky
where
C=4.B—.M=—1.5-10_4°c0s(60)<<1
C2

So the variable 6=0(3+30, for 05 =10" and

P2 =—7.4+10"*, can be defined as:0=0 eeP2"t

whose evolution is similar to that given in Fig. l.a
obtained by simulation.

4 CONCLUSIONS

In order to study the synchronisation of wind turbines,
the following assumptions were made:
= Two models of asynchronous generators were used:
a linear dynamic model and an incremental one.
=  Mechanical power fluctuations are considered to be
sinusoidal.
Several conclusions can be extracted:
=  Synchronisation is a very slow process.
=  Synchronisation can be studied by means of second
order differential equations.
= Synchronisation happens when the wind turbines are
identical.
=  For different wind parks a synchronisation process
seems to be very improbable.

5 ACKNOWLEDGEMENTS

The financial support received from the Ministerio de
Educacion y Cultura under the contract PB98-1096-CO2-
01 and from the Xunta de Galicia under the contract
PGIDTO0PXI32102PN is gratefully acknowledged by the
authors.

6 REFERENCES

[1] R. Klose, F. Santjer and G. Gerdes:
“Flickerbewertung bei Windenergieanlagen”, DEWI
Magazin, n.11. August 1997.

[2] A. Larson: “Flicker and slow voltage variations from
wind turbines”, Proc. 7" ICHQP, Las Vegas, 1996,
pp. 270-275.

[3]1 A.E. Feijoo: “Influencia de los parques edlicos en la
seguridad estacionaria y calidad de onda de redes
eléctricas de gran dimension”, Ph. D. thesis (in
spanish). Universidade de Vigo. Spain, July,1998.

[4] P. Gardner: “Flicker from wind farms”, Proceedings
of BWEA/RAL workshop on wind energy into weak
electricity network, June 1993.

[5] P. Serensen: “Methods for calculation of the flicker
contributions from wind turbines”, Tech. Report
Risg-1-939 (EN), Risg National Laboratory, 1995.

[6] J. O. G. Tande, O. A. Monzén: “Synchronisation of
wind turbines”, Wind Power for the 21 Century,
Kassel, Germany, 25-27 September, 2000.

[7T A. Stampa: “Synchronisation von netzgekoppelten
Windenergieanlagen in einem Windpark”, DEWI
Magazin, n.7, August, 1995.

[8] D. S. Brereton, D. G. Lewis and C. C. Young:
“Representation of induction motor loads during
power system stability studies”, AIEE Transactions,
Vol. 76, pp. 451-461, August, 1957.

[9] A. E. Feijéo and J. Cidras: “Analysis of mechanical
power fluctuations in asynchronous WEC’s”, IEEE
Transactions on Energy Conversion, vol. 14, n° 3,
September, 1999, pp. 284-291.

[10] T. Omata and K. Vemura: “Aspects of voltage
response of induction motor loads”, IEEE
Transactions on Power Systems, Vol. 13, N° 4, No.
1998, pp. 1337-1344.

[11] A. E. Feijoo, J. Cidras and J. L. G. Dornelas: “Wind
speed simulation in wind farms for steady-state
security assessment of electrical power systems”,
IEEE Transactions on Energy Conversion, vol. 14,
n° 4, December 1999, pp. 1582-1588.

[12] L. L. Freris: “Wind energy conversion systems”,
Prentice-Hall, 1990.



	ABSTRACT: the purpose of this work is to study the conditions under which synchronisation is possible in asynchronous wind parks. Synchronisation is defined as the situation where blades of different wind turbines pass simultaneously in front of their to
	2.3  Dynamic model of a wind park


