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Synchronization of Asynchronous Wind Turbines

José CidrasMember, IEEEANdrés Elias Feijéo, and Camilo Carrillo Gonzalez

Abstract—In this paper, a theoretical analysis and explanation
of synchronization phenomena in wind parks with asynchronous —
generators is presented. P, = Pmo + By sin(8;)

Electrical power

Index Terms—Asynchronous wind turbine, slow voltage fluctu- network

ation, synchronization of induction machines, wind energy, wind
park. —)

Pm,z =Ppo+P sin(8,)

|I. INTRODUCTION

N STEADY-STATE, the synchronization of wind turbines
in a wind park occurs when the blades of two different winglig. 1. Simulation of two asynchronous wind turbines.
turbines have the same rotational speed. In this case, the rela-

tive angle between their blades is constant. In this situation, the ith this id b h hold that thev h b
steady-state fluctuations of the electrical and mechanical va#ree With this idea [4], but others [1] hold that they have ob-

ables of wind turbines have the same values and they can p'?S_[VEd a trend to synchronization in groups of wind turbines. If
duce significant effects on the electrical power system, becatSls really happens, the total effect should be higher and, con-
they occur simultaneously. sequently, should be quantified differently. So, there might be
Synchronization of wind turbines does not mean they Oped?sonable dgubts as to wh(_ether or n_ot the square ront ,Of
at network synchronous speed. It means that several wind dipe holds, W_h_lch makes the qllscusspn m_terest_mg. Conclusions
bines operate at exactly the same speed. In fact, synchronizaﬁ@ﬁUt the ability of several wind turbines in a wind park to syn-

can occur when two fixed-speed asynchronous wind turbint;egronize can help in deciding if the mentioned rule is applicable.

generate real power, so they are operating over synchronou8Y Simulation it is known that two identical wind turbines,
speed. as shown in the scheme of Fig. 1, with the same operating point

The power injected into the electrical network from these mggnditions and connected to a common bus bar, tend to synchro-

chines oscillates due to several fluctuation phenomena, suc%¢ When mechanical power fluctuations exist [6], although

wind shear effect, rotational sampling and tower shadow, wi’EHe" initial angles are different.

an amplitude of about 20% of the mean power value, according>Ynchronization, as shown in Fig. 2(a) and (b) and Fig.3,

to some authors and measurements [1][3]. These fluctuatidigkes the difference between mechanical angles tend to zero

imply variations in currents injected into the network that fi2"d mechanical and electrical powers to be equal. The synchro-

nally become voltage variations with the same frequency. TRZ1ON process, as can be seen in the same figures, has a very
final effect can be the existence of electrical fluctuations, suéPLPW time constant.. ,
as voltage flicker, which eventually results in a negative influ- ©°M€ explanations have been given to the process of
ence on power quality. This effect also depends on paran;f\éynchronous wind turbines synchronization in a wind park
ters of the network at the point of common connection, e.g., R§SUMING steady-state models [8]. _
short-circuit power and the inductive to resistive relationship of 11€ Purpose of this paper is to look for an explanation for
this short-circuit feature. synchronization conditions of asynchronous wind turbines con-
Generally, the fact is assumed that the effect of awind park 8f¢ted to the same point, by using a linear dynamic model de-

the electrical network can be calculated according to the squii&d from the well-known third-order dynamic model widely
root of n rule [1], [4], [5], wheren is the number of wind tur- described in [9]. This model was already used in [10] for de-

bines in the wind park, assuming they are of the same kind. Alving a steady-state model for wind turbines with mechanical

cording to this rule, the flicker inde,; of the whole wind park fluctuations. , _ , o
is estimated as the square rootiotimes the index due to a 1 he linear dynamic model [11] is used with the application
single machine. Some authors have taken measurements wiichrechanical sinusoidal fluctuations?,,. Mechanical sinu-
soidal fluctuations are fluctuations with a sinusoidal shape, su-
perimposed to the constant mechanical power. This model for
Manuscript received November 3, 2000; revised February 5, 200hechanical power fluctuations tries to simulate the above-men-
This work was supported by the Ministerio de Educaciéon y Cultura undfr d | eff . had ind sh d . |
Contract PB98-1096-C02-01 and by the Xunta de Galicia under Contr: lene .rea efiects: tower shadow, wind s ear., an 'rotatlor)a
PGIDTOOPXI32102PN. sampling. Measurements taken by the authors in a wind turbine

The authors are with the Departamento de Enxefieria Eléctrica, the Unive §_|1] show that this can be a correct way of simulating mechan-
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scheme of such an equivalent in front of the electrical network
is shown in Fig. 4 [9]. This dynamic model is defined by consid-
‘:‘\ ering the machine operating in a balanced way and neglecting
i 2800500 ] the electromagnetic transients of the stator, and it is known as
//{ f") f £ F the third-order induction machine model.
The value ofE’ can be calculated by integrating the following
complex equation:

s
L e t=1000-100) ;_,»-"-‘ / dEl 1
-0.04 = - / / - /
e — = —jwssE — = (B — j(Xo— X')I 1
\ dt JWsSLy Té (_ J( 0 )_s) ( )
-0.06
woeame el o . Mrooemom o where the constani), X’ andX, can be calculated as follows:
AP
m,1 m2
imulation time: 0.0 - 20.000 s
ee-ooty o X X X 1 X, X = X, X
Curve a: t=10000-10001s  Curve b: t=15000-15001s  Last Curve: t=20000-20001s 0 or fs R 0 T m s X, + X,
(b)
Fig. 2. (a) Evolution of mechanical angles difference between two identic\élvlher
ig. 2. .
wind turbines over time. (b) Evolutions of electrical and mechanical powers for X, rotor Ieakage reactance,
the synchronization process. X, stator leakage reactance;
X,, magnetizing reactance;
R, stator resistance;
R, rotor resistance;
[- Ped=----- Pe.2 fs network frequency and, = 27 f;
0,2 I I,  stator current.
s 015 AA A A A —b . . .
2 ;)1 T The electrical equation of the stator current is
k= y “ YA I
g °'°z AHAHIREERREL ;o U-E )
> v H [ R —
oy HRHRHIERRERVE =5 i X’
T 0,05 it Rs 35X
B -0.1 \ Hi1R] EHEEHEEHE .
8 0 1’5 'IR whereU is the stator voltage.
0o —¥ . . ..
6 ) v v The electromechanical equation (3) is given by the balance of
o R 5002 10002 20002 electrical and mechanical torques
time in s
P, ds ds
——2 +P =-2H— =P, —P.=2H(1-35)— (3)
Fig. 3. Evolution of electrical powers. l—s dt dt
where

of 3P are observed to be dominant. Other authors have observed:.

the same effect [1] and [2], although some others have also red1
ported fluctuations of P and3nP (n > 1) [4].

mechanical power;
inertia constant, obtained from the moment
of inertia;

The results of simulation with the linear model are used to P. = P.(1 —s) real power injected into the network

calculate variations in constant values of electrical and mechan-

andP..

ical powersé P,,, 6 P.. These powers are applied to dynamic The mechanical power can be expressed by the following

models and modifications of rotational and mechanical anglesms:

are obtained that can finally lead to synchronization of wind tur-
bines, depending on wind turbine parameters and conditions.
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where CReX Rt X
P, 0 10-min mean value of the power of the wind turbine, —» g O——(:—I——-IZI—
obtainable as a function of the wind speed, which fol- P, glIcl
lows a Weibull or a Rayleigh distribution [12], [13]; * swer network
AP,, power caused by tower shadow, wind shear, and rota- ' , R +jX, e POV :
tional sampling. G, RitiX, w78 BN
In this paper, the following hypotheses are considered. Po C L UlJ_ — — Vin
1) TheP,, , component of mechanical power is constant. & w AQu
2) TheAP,, mechanical power can be expressed as J
o RygtiX,
AP, (1) = P, sin(4(1)) (5) g G R
P -n
g,
whereP; is the amplitude of mechanical fluctuations; at{d) T lI G \‘/l

is the mechanical angle of the wind turbine blades, defined as
Fig. 5. Scheme of a wind park in front of an electrical network represented by

do(t t its Thevenin equivalent.
(1—5)Q = % = 0(t) =6+ / (1—5)Qsdt (6)
Jt
’ where
where
s slip of the induction generator; E'; ; 1 v E

/
_ — — 0
Qs=3-2ws/(rp) synchronous speed in rad/s of all the 4= R, —j X' 4 R, — j X' & R, —j X'

fluctuating effects considering a three- ) ) i
bladed machine, where the synchronou@nd the mechanical power (), using (6), is
speed of the turbine &w; /(rp);

ws synchronous speed in rad/s of the induc- APy (t) = Pssin(fo + Qot + Af) (12)
tion generator; _ whereQy = (1 — 50)Qs.

r gear box ratio, with a valu.e 0f 1:44.38  £or the case of a single wind turbine and assuming small
in the case analyzed hert_a, _ . changes in (8)—(11), that is to sdyE'As ~ 0, As < 5o,

P number of poles, which is four in this \ pr A pre o 0, AE'AU =~ 0, andsin(Af) = Af =~ 0, a
case. rst-or ’ ,

linear differential first-order system results [11], [14], with a

The electrical poweP. is calculated by shape such as the following:

_ pr _ /T E
P.=P(1-s)=Re{E'I7}. ) & = Az +bAP., + cAU (13)

If the mducfuon generator Is gssum_ed to_be in the 'n't"’i}\llherea: is a vector representingand the real and imaginary
steady-state situation, an operating point defined by the Val%%%ponents of

E}, so, In, Py, andU,, then the value of a small variation of
E’, AF’, taking (1) and (2) into account, can be calculated by
integrating the following equation [7], [10]: lll. WIND PARK MODEL

Applying the dynamic model to a wind park with n wind tur-

dAE' _ —2AE — jwAsEl + 2/ AU — jw,AsAE' (8) bines, such as that schemed in Fig. 5, the following equations

dt hold [7]:
where » Network nodal analysis:
, 1 J(Xo — X') ;1 j(Xo=X") AU = KAE' (14)
= s E— 1 — _- S T - = ===
- j“"S”To'( TRoix ) 27T Rovix

. . . * Electrical equation (8), taking (14) into account:
Also, the following can be written for the electromechanical g ®) g(14)

equations (3):
quations (3) S AB]) = BAE + CAs — ju. [ASAE!] (15)
dAs
APp — AP =2H(1 = 50 — As) dt ©) where the subscript is used for theith machine of the
dAB wind park.
= kA (10)  Equation (15) can be split into its components
. . . ViS ViS ) /m
A small change in the electrical power (B F., is calculated ~ d [ AF'; _p AE"; O As 4w As;AE";
by dt | AE'T AE'T *| —As;AE"
(16)

AP, = Re{—gAE'* + l;oAﬁl — Q’AE'AE*
+y' AE'AU” +y"AU*} (11) whereB’ andC’ are real matrices.
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The electromechanical equations (9) and (10) can now be &dere all variables have the same rotational sgegd
pressed as There is a second case when the operating points of the
wind turbines are different. In this case, (22.a)—(25.a) can be
APy i — AP, ; =2H;(1 — ;) = h; & 17) expressed in the following way:

dt
dAd; =_—0O.As; (18) AE](t ZX sin(Qo, xt) + ZX( ” cos(Qg, kt)
dt B k=1
The electrical poweA P, ;, taking (11) and (14) into account, (22.b)
can be calculated as AE!(t ZXHrl sin(Qo, 1t) + ZXz(ﬂ cos(. k1)
[AP.i] = MAE' + Re{~[y{AEAE{|+[AEINAE'] } (23.b)
(19)
ZX1+2 sin(Qo, xt) —l—Z:XH_2 cos(Qg, kt)
whereM is a real matrix.
Furthermore, the mechanical power (12) is expressed as (24.b)
& (k)™
Ab;(t) = X Qot
APmyi = Psyisin(ﬂ()?i + Qoyit + Aei) (20) ( ) <Qo> ( (i+2) Sln( 0 )
— X cos(Qot 25.b
Whereﬂgvi = (1 — So’i)ﬂs. (i+2) COS( 0 )) ( )

where( ;. are different frequencies.
If small changes are now considered, the following expres-
Assuming small change\EjAs; ~ 0, AEJAE ~ 0, sion is valid:

A. Mechanical Power Sinusoidal Fluctuations

AE'AU =~ 0, andsin(Af;) = Af;, ~ 0, and for . m
(4,7 = 1,...,n), (16), (17), (19), and (20) can be ex- OB _ Asi(t)AE" (1) (26)
pressed in a steady-state situation by a Fourier transform as SE" As;(t)AE"(t)
X =DAP (21) [6P. ;] = M6E' + Re{ AE:(1)]
where m
Xj } (27)
D=(jQ1-A)"'H
Where 0P, i = P isin(fo i + Qo, it + Ab;)
Q imaginary variable in Fourier analysis; — P isin(fo,; + Qo, it)

1 unitary matrix;

H  diagonal matrix of components/h;;

A real matrix with the relations between the variables
AFE!, As; and AP, ;. (this matrix has not been in-
cluded here, but is given in Appendix B);

AP complex vector with the values &P, ;.

Now two different cases can be considered.

In the first case, fom identical wind generators and as-

s, i COS(H()’i + 907 Zt)AHz (28)

Equations (26)—(28) have constant values wheh’, As,
andA#f have the same frequeng£ly. For the sake of simplicity,
the analytical way of obtaining (26)—(28), taking (22.a)—(25.a)
into account, has been skipped and is given in Appendix D.
With 6 P,,, ; andd P, ; the following equations are obtained:

suming identical mean values for the mechanical powers d6s.

Pmio = - = Pn.noand equal values for the interconnec- 6P, i — 6P i — 6P, ; =h; de (29)
tion lines, given byRy 1, + j X140 = -+ = Ruun + 1 X0, ’

(21) has a symmetrical structure in blocks. As the relations o6 = Q.65 (30)
and notation ofX and A P are cumbersome, they are given in di )

Appendix C. Using (21)AE’, As andAf can be defined by whereé P! ; is an additional electrical power term produced by

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

AE](t) = X[ sin(Qot) + X" cos(Qot) (22.a)
AP (t) = X{iyr) sin(Qot) + X (i) cos(ot) (23.2) % [6E'] =0 = B'SE' + C'6s (31)
As;(t) = X1 oy sin(Qot) + X7 oy cos(Qot) (24.a) )
) TR i) TR (8P ] =—M(B') 1’5, 32)

Q,
Ab;(t) = X Qot) — X7, Qot . . . . .
®) ((20) ( (2 Sin(Q0t) = X{ipz cos(So )) Finally, a flow diagram for the simulation of a wind park can
(25.a) be seen in Fig. 6.
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Linear dynamic model

Steady-state
8Pm,i =Py sin(Bo,; +30; +Qq;t)
X=DAP
AR | As
s | o,

Equations (26), (27) and (28) J

8Ppi | OPesi

7 Dynamic model

[oPei]=-M (8) " C 8

BBy - OBy 8P = Iy ddi:i 3;

B0 _ass;
at

Fig. 6. Scheme of the simulation process.

IV. ANALYSIS OF THE SYNCHRONIZATION PROCESS

The analysis of the synchronization process is made forbg

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 17, NO. 4, NOVEMBER 2002

1) constant powerk”;";“(P?; — P? ;), produced by dif-
ferent mechanlcal power fluctuation Ievels;

2) synchronization poweds;";“ sin(6; — ¢;), function of
power mechanical fluctuatlon levels and difference be-
tween mechanical angles;

3) damping powerDs .(6s; — ds;). The constan
synchronization K;";°), and damping B ;) coeffl—
cients are expressed by the linear dynamic model in
steady-state situation, and they are a function of parame-
ters and the initial operating point of wind turbines.

/m 8),

V. EXAMPLE
In an example with two identical wind turbines with ; =
P, 5 =0.1,h = 6.093, and2; = 10.62, the dynamic equations
(33) and (34) are

Ksin(fo + 66) — D(és) =h % (35)
déo
— =—Q0 36
0 s (36)

Whereﬂo = 62,1 — 91,0, 60 = 66y — 6601, 6s = Osy — s,
K =8.55-1073, andD = 121.42.

Assumingsin(66) ~ 66 andcos(66) ~ 1, (35) and (36) can
expressed as

wind park with identical wind turbines and mean operating point
conditions. Random variations around these values do not affect d?66 d(60) (37)

it.

= A+ Bsin(60) + C ——=

dt? dt

In the other cases, powers do not tend to equal values ang],

consequently, the synchronization phenomenon is not possi

! o . . D
The analysis of synchronization can be defined taking one OfA — Ksin(do) B=Kcos(fy) C M= _h

the wind turbines as a reference. So, (29) and (30), with machine ~—

1 as reference, are expressed as

(5Pm,i - 5Pnl,1) - (6PE’L - 5Pe,1)
dbs;
— (8PL, = 8PL ) =h ot (39)
dé0; 1 d(66; — 661)
1= —_Q .
dt dt 5632,1 (34)
where
6P’rnt 6Pm1_K/:nl(P2 Ps21)
+ K" Py, i Ps 1 sin(0; — 61)
mo Qs
K/i,l = Q_ODi+2,i+2
m QS r
Ki,l = Q_ODi+2,1+2
§P. ;i —6P.1 =K'} 1(P2 Ps2,1)

+ K 1Ps i Ps 1sin(6; — 61)
Klel_Ml-l-Q 7(AL17 Afxl 1)

+ Mt ip1 (A ;le i A/ﬁ 1)
KZl M; o, ZA 1; 1+ Miyo, Z+1Al

6P, ;= 6P, = D5 1(6si — bs1).

Equation (33) means that the following powers exist:

Qs Q'

The equation rootg; andp- of the differential equation can
be expressed as

p1=%(1+M)%%:—19.92
P2=£(1—\/1+C)%—g<<p1

2M

4BM
(=—g =15 10™* cos(fp) < 1.

So the variabld = 0y + 66, for 6y = 10° andpy = —7.4 -
10~%, can be defined a8 = 6,eP>t, the evolution of which is
similar to that given in Fig. 1(a) obtained by simulation.

VI. CONCLUSIONS

In this paper, an analysis of synchronization conditions for
a wind park with asynchronous wind turbines was developed.
The synchronization phenomenon was simulated assuming me-
chanical sinusoidal power fluctuations. These fluctuations are
assumed to simulate those produced by some known physical
phenomena such as tower shadow, wind shear, and rotational
sampling.
From the analysis, some conclusions can be extracted.
1) Synchronization is a phenomenon with a very slow time
constant, which means that it is a very slow process. This
is already observable in complex simulations.
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2) Synchronization can be studied by means of simulationz;
processes carried out with second-order differential equa-4; ;
tions for modeling the wind turbines. Several terms in the
power expressions appear, some of which can be inter-4;
preted as synchronization and damping constants.
Synchronization only seems to be possible when the windb;
turbines are identical and operate under very similar con-
ditions (mean values of operating points). The trend to
synchronize means that, if these conditions are given and
different wind turbines work at the same speed, then after
along time, their blades will tend to pass in front of the

3)

1167

3 x 1vector of[AE’] AE'" As;]' components;

3 x 3 matrix of parameters and initial conditions of
machinei;

3 x 3 matrix that represents the relation between vari-
ables of machine and maching;

3 x 1 vector defined as

AP 1!
[00 hz:|

towers at the same time. T wsso,i + fi,i - wsBino,;
4) As the wind power changes every few seconds inwind , _ | —wsso,i — (i, —Q —wskL, ;
parks, a non synchronization process is expected there, “* —ci; —d; ;
except for partial synchronization in groups of machines h:, h— 0
close to each other. This seems to be a typical situation in , ’ , '
a wind park. oy =By 0
5) The above-mentioned conclusions are of interestinthe , | £}, al ., 0
analysis of the effect of wind parks on perturbations in <% = | c A d )
the electrical network, because the square root nfle hlﬁ hlf
is under discussion for assessing such perturbations. The ¢ y . ,
rule seems to be applicable, because synchronization of o, , + jg3; ; = 1 <1 + 3(Xo,i = X'i)(.l — Ki:i))
asynchronous wind turbines does not seem a probable ’ 15,4 Ry, +jX]
process in general. ) 1 j(Xei— XDK i k
Q; k +'Jﬁ%7k - R. iX!
APPENDIX A 0,4 i IR
DATA ci,i =Re{l 0} + G

The data used in the simulations presented in the paper are as
follows:

di i =Im{l;0,:}+ B

. EioK;;—1)*
Base powet=350 KVA X, =2.78 p.u. H=3.025s Gi,i +JBii = W
Base voltage=690 V. R, =0.00612 p.u.  w, = 100 D
, Ei oK)
- rad/s Cik+idi k= iy
X, =0.0639 p.u. R,=0.00571p.u.  Viy=1p.u. i

X,=0.18781 p.u. C=1.1475-1073 p.u.

hi =2H;(1—s; )

K, i, K; i are elements of matrix in (14).

APPENDIX B
TERMS OF THELINEAR DYNAMIC MODEL OF AWIND PARK

The variation of stator current in théh machine can be ex-
pressed as

AU; - AE;

ZXIS i = .
- R<,1+,7Xl/

(1.1)
whereAU ; is the nodal voltage defined by the nodal analysis
of the circuit in Fig. 5, obtainable from (14).

Applying (16) and (19) to the system in Fig. 5, the following%2
matrix expression is deduced:

APPENDIX C
MATRIX NOTATION

Equation (21) represents a set of equations with the shape
shownin (l1l.1) and (111.2), shown at the bottom of the next page.

APPENDIX D
OTHER CONSTANTSUSED

Taking into account only the constant values of (21), then
6)—(28) can be expressed as

SE" ) _wa | X Xivn) T XG4 X o)
Z1 A1 Aq,2 At n z1 by [ m} = S mm (Iv.1)
| 6B T2 | —XIXp L, - XX,

d Y
77| = A A; g Ain z; | + | b [6P..;] = MSE + Re{%}

Ty Anq A A,n T b, ) ((Xf)z + (X" + (er+1)2 + (Xfi1)2)

(11.2) 1 .
+5 | X7 Re{y.} X}

where 2 2 Re{yi} X

k=1
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m where
+ X7 Re{y: 1\ X}
+1; {_k} k+1 Af’,:n :wsPs,sz,n
) m (Dii1 k42 Diyo nva + Dty kyoDito nia)
m / m
+3 | X" ) Re{yi} X} APY =w,P, P
k=1 7 n st s, k- s,
m . (D’,“ Dm —_ pm DT )
i+1, k42142, n+2 i+1, k42142, n+2
+XM Redy/ t X o
+IZ {gk} k+1 /'7 ZWSPS kPS_n
k=1 i, k,n ) )
- (D} k2 Diso niz + D2 Do ni2)
+1
t3|Xin Z o {u}} X ATY =0 PP
. (Dz k+2Dz+2 n+2 Dglk+2D{+2,n+2)
—X{Z Im {Q;C}Xl:+1 ATE ATE ADY Ty
k=1 i,1,Mn n,n,t 1,t,Mn n,n,t"
Furthermore, for (1V.3)
1 m m
= I X
2 Z+1Z o {yk} k (Spm’i = Z F;,CCOS(QZ"O—H]C_’())-FZ an}k Sin(eivo—ek_’())
k=1 k=1 (V5)
-Xpr Z Im {y},} X", (IV2) L here '
k=1 9) Q
Q. ik=o PoilokDits iy Tie= 5" Po,iPs,kDils pyo-
5P i = Py, c08(8;,0) X 1o + Py, i sin(8i 0) XILy). Qo Qo

»

200

(IV.3)
Furthermore, substituting in (IV.1) the values obtained in (215)Pe, i=

Similarly, for electrical power (IV.2)

Zchosﬂkg 2’”:

_ m - k,n=1
> ATE, cos(Ok — B) SiE sm(ak,o —0n0) (IV.6)
k, n= 1 where the most important terms correspond46E’.
+ Z Af,fnsm (0r — 0n)
SE"T kel REFERENCES
|:5El"‘n:| = (IV.4) [1] R. Klosee, F. Santjer, and G. Gerdes, “Flickerbewertung bei Winden-
g Z AT 605(9 ) ) ergieanlagen,DEWI Mag, no. 11, Aug. 1997.
ik, m k n [2] A. Larson, “Flicker and slow voltage variations from wind turbines,” in
k,n= 1 Proc. 7th ICHQR Las Vegas, NV, 1996, pp. 270-275.
oy [3] A. E. Feij6o, “Influence of wind parks in steady-state security and
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