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Abstract

This paper shows in detail a model of a voltage dip in the power system dynamic simulation tool PSS/E. The
modelled voltage dip corresponds to a specification published by the Spanish System Operator Red Eléctrica de
Espafia. Dynamic simulations involving this voltage dip are interesting for wind energy producers because any wind
farm in Spain which is able to remain connected and stable after such a dip will receive an economic revenue.
The source code of the model is shown and commented. Results of a simulation involving the voltage dip and a
fixed-speed windmill are shown in order to illustrate the performance of the model.
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. INTRODUCTION wind farms to remain connected after a voltage dip [2].

IND power installed in the Spanish peninsuIaThiS dip is defined as a voltage decay followed by a
W which has been growing continuously over th¥oltage recovery in two ramps with different slope. Wind
last decade, reached 8.2 GW at the end of 2004 ['1 stallations which remain connected after such a dip will
This is a significant amount of installed capacity, takingPtain an economic prime.
into account that the maximum demand at the same ared he publication of the voltage dip has prompted
and the same year was 37.7 GW. Thus, depending windmill manufactures to perform test and simulations
the weather and the power demand’ a |arge percentggethen' maChineS, in order to know if their windmills
of energy may be produced by wind farms. This situatioMill remain connected after such voltage dip, and to take
is more likely to happen at windy nights, when the loaine appropriate measures if this is not the case. In order
is low and the wind power production is high. to perform these simulations, it is necessary to model the

As a result of the increase in wind power productioryoltage dip in software tools suitable for power system
concern has arisen about the effect of voltage dips 8Ralysis. One of these tools is PSS/E from PTI, which is
the transmission grid. These voltage dips, which m&xtensively used by a large number of electric utilities.
be caused by short-circuits on the high-voltage network, This paper proposes a model in PSS/E for the voltage
propagate over a wide area and may cause the disc@i described by the Spanish System Operator, and may
nection of a large number of wind farms, compromisinge used as a guide to develop a model of any other
seriously system stability. In order to avoid or minimis¥oltage dip.
this risk, several system operators from areas with highThe paper is basically divided into three parts. The first
wind power penetration have published technical speéipe describes briefly the voltage dip as established by the
fications to allow the connection of wind farms to thé&panish System Operator specification. The second one
grid [3], [4]. describes in detail the implementation of the voltage dip

In the same direction, the Spanish System Operafopdel in PSS/E, including the source code. The third one
Red Eléctrica de Espafia, together with delegates fréhows an example of the application of the voltage dip
private companies from the wind energy sector, h&odel to the study of the performance of a fixed-speed
developed technical specifications requiring from thaindmill.
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Where IBUS is the number of the bus where the
voltage dip is imposed, and MAID is the number of
the machine which stands for the voltage dip model.
This machine should have a very small ZSORCE value,
as discussed above. The number 1, according to the

PSS/E specifications for model writing, means that it is
0 05 1 15 a generator model. The first number zero means that it
Time (seconds) does not impose a current injection into the bus where it
is connected (instead, it acts as a Thevenin equivalent).
Fig. 1. Voltage dip as specified by the Spanish System Operato The third, forth and fifth zeros mean that there are not
real constants, neither integer constants, neither state
variables. The number 2 mean that the model keeps
memory space for two global variables.

Fig. 1 show the voltage dip specified by the Spanish The structure of the voltage dip model, as any genera-
System Operator. It consists of a voltage decay to 20 model in PSS/E, has three different entry points: one
of the nominal value during 0.5 seconds, followed by far the calculation of the initial conditions, one for the
voltage recover in two ramps: one from 20 % to 80 % Qfalculation of the rate of change of the state variables,
the nominal value in 0.5 seconds and one from 80 % #&nd one for the calculation of other output variables.
95% of the nominal value in 14 seconds. The voltage The name of the subroutine that contains the model is
dip is applied simultaneously to the three phases at REEDIP. The first lines are for variable declaration and

o
[oe]
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[I. VOLTAGE DIP SPECIFICATION

affected bus. general asignations:
SUBROUTI NE REEDI P( MC, | SLOT)
[1l.  V OLTAGE DIP MODEL IN PSS/E $I NSERT COVON4
This section describes in detail the implementation of integer MC, I SLOT,IB,1BO, I BUS, I
the voltage dip depicted in fig. 1 in PSS/E. The model conpl ex jay, ibus, VDI P

is written in fortran, and it is implemented as a specig

case of a rotating machine model. Rotating machines are 1BO = NUMIRM MC)

actually represented in PSS/E by Norton equivalents, but : EU; QBEEJ:\/E(L)J)S( | B)
for the sake of clarity, we will refer to them in this paper MAQI D = MACHI D( M)
as Thevenin equivalents, corresponding generally to a | = STRTIN(4, | SLOT)
transient or subtransient voltage source behind a transien jay = (0.,1.)

or subtransient impedance. In order to model the voltage GOTO (100, 200, 300) MODE
dip, the impedance of the Thevenin equivalent, named
ZSORCE in PSSIE, is set to a very small value of the simulation, is used to store the value of the

p.u. in the simulations), so that the internal voltage {foltage at the initial point. The variable VDIP will be

!mposed at the Ipus where the model is connected.'Tnged always to represent the value of the voltage during
internal voltage is forced to be that of the voltage dip

. e voltage dip. Several operations must be performed
The model has no constants (named CONSs in PSS/ ‘cause the relevant variable for the PSS/E is the current

no_integer c'onstants (!CONS) and 'no stgte Va”a,blggurce ISORCE of the Norton equivalent, instead of the
(STATEs) as it does_ notinclude any @fferennal equa_tlor\meIP voltage value of the Thevenin equivalent. Several
It only uses wo variables (VARs) which must be retalne<5jther operations are used to refer the variables to the

during the different call to the model. This variable stem power base SBASE instead of the machine power
account for the real and the imaginary part of the volta%%se MBASE:

at the initial moment, in order to begin the simulation
with all the derivatives equal to zero. C

As the model follows the conventions of the generatgr
models, it must be refered at the dynamic data file gi

- . 100 CONTI NUE

a generator model. The entry point for the voltage dip VDI P = | SORCE( NC) * ZSORCE( MC) *
model at the dynamic data file (read by PSS/E through  g\maSE( M) / SBASE
the activity DYRE) has the form VAR( L+0) = REAL(VDI P)

The first entry point, which is called at the beginning

MODE = 1 => I NI TI AL CONDI Tl ONS
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VAR(L+1) = Al MAG( VDI P)
| BUS = | SORCE( MC) * SBASE/ MBASE( MC) -
&VOLT( | B) / ZSORCE( MC)
PELEC(MC) = real (VOLT(IB)*
&conj g(i bus)) * MBASE( MC) / SBASE
QELEC(MC) = ai mag(VOLT(IB)*
&conj g(i bus)) * MBASE( MC) / SBASE
ETERM MC) = abs(VOLT(IB))
return

No calculation is performed at the second entry point,

since there are not state variables in the model:

C
C MODE = 2 => RATE OF CHANGE OF THE
C STATE VARI ABLES
C
200 continue
return

v
IG
Sr=1MVA i
T

Fig. 2. Case including the windmill and the voltage dip
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IV. EXAMPLE OF APPLICATION

The voltage dip model has been applied to the base
case shown in fig. 2 in order to study the response of a
typical fixed-speed windmill to the dip. The case consists
of two buses. Bus number one represents the grid, while
the windmill is connected at bus number two. Both buses
are connected through a reactance which accounts for
the effect of every transformer and line between the
generator and the grid. This reactance is 0.12 p.u.onal

At the third entry point the value of the voltage VDIPMVA, 0.69 kV base.Losses in the circuit are neglected.
is calculated as a function of the time. This is the part of The value of the reactance has been calculated suppo-
the model where the shape of the voltage dip is imposeshg that there exists a 0.69kV/20kV transformer connec-
Here the voltage dip begins at time TIME = 1 secondted to the windmill with a short-circuit reactance of 0.07

MODE = 3 => VDI P AND OUTPUT VARI ABLES
CALCULATI ON

OO0

300 continue
IF (TIME LT.1.0) THEN
VDI P = VAR(L+0) +j ay* VAR( L+1)
ENDI F
IF (TIME. GE. 1. 0). AND. (TI ME. LT. 1. 5) THEN
VDI P = (VAR(L+0) +j ay* VAR(L+1))
& / ABS( VAR( L+0) +j ay* VAR(L+1))*0. 2
ENDI F
IF (TIME. GE. 1.5). AND. (TI ME. LT. 2. 0) THEN
VDI P = (VAR(L+0) +j ay* VAR(L+1))
& / ABS( VAR( L+0) +j ay* VAR(L+1))
& *(0.2+(TIME-1.5)*1. 2)
ENDI F
IF (TIME. GE. 2.0). AND. (TI ME. LT. 16. 0) THEN
VDI P = (VAR(L+0) +j ay* VAR(L+1))
& / ABS( VAR( L+0) +j ay* VAR(L+1))
& *(0.8+(TIME-2.0)*0. 15/ 14)
ENDI F
IF (TIME GE. 16.0) THEN
VDI P = (VAR(L+0) +j ay* VAR(L+1))
& / ABS( VAR( L+0) +j ay* VAR(L+1))*0. 95
ENDI F
| SORCE(MC) = VDI P/ ZSORCE( MC)
&* MBASE( MC) / SBASE
i bus = | SORCE( MC) * SBASE/ MBASE( MC) -
& VOLT( I B) / ZSORCE( MC)
PELEC(MC) = real (VOLT(IB)*conjg(ibus))
&* MBASE( MC) / SBASE
QELEC(MC) = ai mag( VOLT( I B) *conj g(i bus))
&* MBASE( MC) / SBASE
ETERM MC) = abs(VOLT(IB))
return

p.u., and that the short-circuit power at the connection
point is 20 times the rated power of the windmill, this
is, a short-circuit reactance of 0.05 p.u.. The value of the
short-circuit power is a minimum currently imposed by
the Spanish law for wind power installations.

Several capacitors are connected to the induction
generator in order to compensate the reactive power
consumption. It has been supposed that the size of the
capacitors is such that the windmill together with them
operates at unity power factor.

IV-A. Fixed-speed windmill model

A typical indiction generator model for transient sta-
bility studies, which neglects stator transients and with
one rotor winding, has been used. The equations of the
generator model, taking positive currents going out from
the machine, are [5], [6]:

dvfj 1 / "\, 1 !

S o = (X = XDigs] + jswbasety (1)
o

dv’ 1 . :

T =l + (X — XDias) — st 2)
o

Tem = Vjigs + lige (3)

where the subindexed, ¢ stand for the voltage and
current components aligned with the d, g axis in the
synchronous rotating reference frame ani the slip.
This model represents the generator as a internal voltage
vy + ju, behind a transient reactanég + jX|. Para-
meters7, and X! are calculated a¥] = X, /R, and
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X! = X, — X2 /X,. All variables are in per unit but the Y T
rated frequency.s., Which is in radians per second. 1

The electric parameters of the machiRg, X, Xm,

R, and X, stand for the stator resistance and reactance,
mutual reactance and rotor resistance and reactance,
respectively, are shown in section I.

The windmill drive train is modelled by two lumped
masses, which represent the low-speed shaft (blades,
hub) and the high speed shaft (rotor of the generator).
Both masses are linked through a flexible coupling. The

Voltage (p.u.)
o o
2 o

o
IS

o
)

equations of the model are: 0 2 4 6 8 10 12 14 16 18 20
Time (s)
dbyg @)
— = Wy —w
dt g t Fig. 3. \oltage at bus one and two
dwt 1
E = Q—I_It(Twind + Ketg + D(wg - wt)) (5) 15 S
dwg 1
— = Q—Hg(_Tem — K0y — D(wg —wy)) (6) é n
whered,, is the angle between the turbine and the ge- é
neratorwy, wy, H; and H, are the turbine and generator S osl
frequencies and inertia constants, respectivalyand g
D are the drive train stiffness and damping constants, <
Twing 1S the torque provided by the wind and,, is Or
the electromagnetic torque. All parameters are in per
u_nlt. Input torquerying IS ass_umed constant durlng_the B B M o W
simulations [7]. The mechanical parameters used in the Time (s)

simulations are shown in section |.
Fig. 4. Active power output.

V. SIMULATIONS

Several simulations have been performed in order $nerator is consuming reactive power on order to re-
estimate the maximum amount of active power provide@yer magnetisation when the voltage recovers. This
by the windmill which result in a stable case. It has be%nsumption of reactive power results in the voltage
obtained that, with the windmill generating 0.9 MW theyscillations observed in fig. 3.
windmill is not able to return to the rated speed, and Fig. 6 show the rotor speed during the simulation.
thus the case is unstable. With the windmill generatingotor speed reflects the presence of two modes of
0.85 MW, the case is stable. oscillation as a result of the presence of two masses.

The following figures show the trajectories of severgihe oscillations due to the low-speed shaft are larger
variables at the critically stable case, this is, when thgq slower, while the oscillations due to the high-speed

voltage dip is applied to the windmill providing 0.855haft are smaller and faster.
MW. Fig. 3 shows the voltage at buses one and two.

\oltage at bus one follows exactly the pattern described VI. CONCLUSION

by fig. 1, as it is imposed by the voltage dip model.

\Voltage at bus two, where the windmill is connected, i ]

oscillates under the voltage dip value prior to stabilising ® A model of a voltage dip has been developed in

following the rotor oscillations in the generator. power system simulation tool PSS/E. _
Fig. 4 and fig. 5 show the active and reactive power ® The performance of the model has been tested with

input at bus two, respectively. It may be seen that the 900d results at a simple case.

active power suffers large oscillations during several

seconds before returning again at the initial value. On APPENDIX|

the other hand, the reactive power output, which begins PARAMETERS

at zero due to the capacitors, decays to negative value3ables | to Ill show the relevant parameters of the

during the voltage dip. This means that the inducticstudy.

Two are the main results of this work:
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Fig. 5.

Fig. 6.
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Parameter | Value | Units
Low speed inertia constari; 5 S
High speed inertia constarf , 0.5 s
Stiffness K 30 p.u.
Damping D 0 p.u.
TABLE |
WINDMILL DRIVE TRAIN
Parameter Value | Units
Rated power 1| MVA
Rated voltage 0.69 kv
Stator resistancé; 0.01 p.u.
Stator leakage inductanck; 0.1 p.u.
Mutual inductanceX,, 4.6 p.u.
Rotor resistance?, 0.015| p.u.
Rotor leakage inductanc¥, 0.05 p.u.

TABLE 1l

WINDMILL INDUCTION GENERATOR
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Parameter | Value | Units
Base power 1| MVA
Base voltage 0.69 kv
1-2 line reactancg 0.12 p.u.
TABLE Il
GRID
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