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Abstract. This paper deals with the modeling of variable
speed wind turbines for stability studies. Using the space-phasor
representation and the fundamental relationships governing the
operation of the machine quasi stationary model, suitable control
algorithms for the simulation of the doubly-fed induction
machine (DFIM) as well as the permanent magnet synchronous
machine (PMSM) operating on an interconnected system are
developed. The control schemes include the pitch-angle/speed
control and the decoupled control of the real and reactive power
outputs. As an additional modeling option, the generic model for
variable speed machine has been introduced. The models were
then implemented on a representative test network, and
simulations have been carried out to observe the response of the
control system to typical abnormal situations such as three phase
grid faults to compare the accuracy of the generic models with
the detailed quasi-stationary (QSS) models.

Keywords: wind power, control system, power system stability,
doubly-fed induction machine.

|. INTRODUCTION

HE past two decades have seen the emergence ofagin
the world's fastest growing renewable energy saurce”

During this period the share of wind power in relatto the
overall installed capacity has increased signifisaand this
trend is in all likelihood set to continue. As thievious choice
for electromechanical energy conversion eitheritigiction
or the synchronous generator (appropriately dedigaed
configured for wind turbines) come into questionheT
modelling of these two types of machines and tkeintrol
systems is the focus of this paper.

Generators based on the DFIM concept consist dipa s
ring induction generator whose rotor is connectedhe grid
through a back-to-back converter. The major adgpgntd this
design over the synchronous machine is the fadt tihe
converter has to be sized only for about one-thiséighe
machine rating. However, since it is not fully deped from
the grid, the machine is directly affected by gtidgturbances.
Wind turbines with synchronous generator use aufaqy
converter, which needs to be rated for the full Imae rating,
and, as a result, the converter of this type of himec is
referred to as the full-size converter. The corerednables
operation of the WT in a wide speed range. The macls
fully decoupled from the grid, and can, as a reqperate at

I. Erlich (e-mail: istvan.erlich@uni-duisburg.defcaF. Shewarega (e-mail:

fekadu.shewarega@uni—duisbur@.dﬂe with the University Duisburg-Essen,

47057 Duisburg, Germany ; O. Scheufeld (email: eslscheufeld@fgh-
ma.de) is with FGH e.V., 52072 Aachen, Germany.

normal voltage and output power even during faulike
common feature in both cases is the field oriertedtrol
(FOC), which enables the decoupled control of actand
reactive power outputs.

This paper is aimed at providing an overview of ¢herent
state-of-the-art in modeling variable speed machiogether
with their control system for large-scale systend&s. The
system of machine equations as presented herei@etlyd
applicable only to the DFIM, but only minor modéitons are
needed to adapt them to the synchronous machirs=dBan
the fundamental equations governing the operatibrthe
machine the quasi-stationary model of the DFIM vik
derived. Then, the control structure will be intnedd, which
includes the speed and pitch-angle control as agthe fast,
decoupled electrical control of P (active power)(r@active
power). The same procedure will be followed for thedeling
of the direct drive synchronous machine. Finalg proposed
generic models for wind turbines will be presentaadd
simulation results comparing the various modelingians
will be provided.

d

A. Mathematical model of the DFIM

What distinguishes the DFIM from ordinary slip-ring
induction machine is the fact that the rotor tersnare fed
with a symmetrical three-phase voltage of varidldguency
and amplitude from the grid via a voltage sourcaveoter
usually equipped with IGBT based power electromicuitry.
The basic structure is shownrry. 1Fig. 1.
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Fig. 1. The main components of the DFIG system.
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The variable rotor voltage enables the machingwate at  , —| i +(y 'Ihis)'lh/ I @)
. . ] S - R -
adjustable .rotor spe_ed to match the optlmqm omgq]omt From Eq. (6) and (7) we have:
corresponding to a given wind speed. The dimensgaof the o i i 8)
rotor power depends on the desired rotor speedgehémw) UsTsls= Jw0h315+(fR'lh!S)'lh/ lRJ (
between cut-in and maximum wind speeds. The coaewert Which, after rearrangement, results in:
enables the machine to operate in all four quadramtthe Us=Zig+U (9)
complex P-Q plane including delivering reactive powo the where
grid. Additionally, Q delivered to or absorbed fothe grid 5 :(r b I')
can be controlled independently from the real poaaput. = VS J@ ] o
Protection against overcurrents or excessive DQagel is IS defined as the internal transient impedance and
provided by the crowbar (CBR) connected to therroto U= jaksy (10)

1) Detailed model
For modeling rotating machines the space phas?r_I 12/1. and
: H ; —I's™'h R
representation using complex vectors (underlinedaktes)
containing orthogonal direct (d) and quadrature &X)s
components is used. Equations (1) - (5) repredbet

The voltage equation (9) can be
equivalent circuit given in Fig. 2.

as the transient Bvenin voltage source, with

Ke =11/ 1

illustrated usirge t

complete set of mathematical relationships thatriles the

dynamic behavior of the machine. All quantities iareer unit , ,
DFIG Differential

Stator Current i i,

from solving arid equations

(p-u.) and a sign convention, which results in fpasisign for Equations
uat
consumed power, has been used. o )
St By g (00 =) nitk et
. . R . k

Voltage equations: b e ke

ggK - rSiigK +dﬂ§K /dt+ ijﬂgK (1) dzkzgi[k W dasi ¥ e+t A

A

Ug =g+ Ayl ldt+ (o —op) -yl 2)

The subscripts S and R denote, respectively, saatdirotor
andwg represents the speed of the rotating referenceefra

Mech. Torque“‘t;‘n"“““"E

from wind power
conversion model

Rotof Voltage

Ugg:Ugq

Flux linkages: from rotor side
p4 V4 4
=lg-ig+l,-i (3
Fs Zlstis T ir Fig. 2. Reduced order DFIG model with couplingtte grid.
wo =1, is +1, ik (4) . o _ _
LR h =S TR R The internal voltage in Fig. 2Ai() is a function of the d- and

wherelg =1, +1,s andig =1y +1,5 g-components of the rotor flux, which together witie rotor
speed are state variables of the reduced order Imdte
state-space differential equations themselves eanhained
from (2) after eliminating the rotor current usiig). The

resulting relationship resolved into d- and g-comgus is:
Oyig / dt=—yrg e/ g +(wr—ax) YrqtK & st Urg (11)
Oy/rg ! dt= (g @) Vg ~¥rq TR/ Ir K krsqt Urg (12)

Equation of motion:
doog / dt = (54~ v &S+ tn)/ T 5)
Equations (1) and (2) resolved into real and imagyiparts
together with (5) constitute thé"®rder model of the DFIM.

The stator terminal voItagg: forms the link to the external

network. It should however be noted that the us¢hef" To complete the QSS model, the equation of motE)n (
order model is clearly not feasible for large scsiebility needs to be modified to take account of the faat tie stator
simulation, and, as a result, a reduced order asiggtationary flux is now no longer a state variable. This isiaebd by
model needs to be derived. eliminating the stator flux first using (3) and théhe rotor
2) Reduced order dynamic model current using (4), which results in:
The reduced order or the so-called quasi steady €5S) 1 . )
model can be obtained by neglecting the derivate in (1).  92R mt:ﬁ[kR(‘/’ Rdsq~ ¥ Rd Sd)+tm] (13)

From th|5_ point onwards the synchronously rotatm@_zrence Equations (11) - (13) constitute the QS (8der) model
frame will be adopted but the superscripte, will be . . :

0 of the induction machine.
abandoned for simplicity of notation. It then folle from (1)
for the stator flux linkages:

%S=(Qs_rsis)/ jog (6)
Similarly, another expression for the stator flinkhges can

be obtained by eliminating the rotor current in (8jng (4).
Thus,

B. Model of the control system

The control system of the DFIM encompasses the
speed/pitch-angle control and the control systess@ated
with the grid side as well as the rotor side coterst
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1) Speed/pitch- angle control and model ofviired power
conversion system

of the machine[4], [5]. The extraction of maximumeegy
from the wind necessitates the adjustment of thar kpeed to

The mechanical power extracted from the wind can hsrrespond to the changing wind speed. Therefohe, t

calculated as:

Pr = AuCpl 2. Vo ! 2
where

p- air densityAi: cross-sectional area traversed by the
turbine;Cp: power coefficienty:wind speedg: the pitch-
angle;A: tip-speed ratio.

Wind turbines provide two degrees of freedom fontoal,
namely turbine speed and the blade pitch-angle pattial
loads the pitch angle is adjusted for capturing rfeximum
wind power at constant pitch angle but variableratpeed.
The upper part of Fig. 3 shows an example of atrobn
structure for keeping the rotor speed within theimel range.
The output of this controller serves as the sehtpfir the
rotor side converter control. Both partial and flolhd turbine
controls can be modeled as shown in Fig. 3. Thiengb rotor

(14)

reference power provided to the converter contsotierived
from the wind speed [4], [5], as shown in Fig. 3.

Independent control of P and Q can be achievedugfiro
rotor current control [1], [2]. It follows from Ed5) that the
electrical torque keeping balance with the meclaniarbine
torque is calculated using the equation:

teI = l/lgcjséq - l//édséd (15)
Assuming an orthogonal coordinate system wheredhkaxis
corresponds with the direction of the stator flaxais), i.e.
wils = ‘Zs‘ leads toy/5"> = 0, which in turn leads to:

tel = ‘ZS‘ iséqws

One can easily deduce (from (16)) that electriceque can
be controlled through the control of the g-axis poment of
the stator current. Alternatively, if the d-axis éhosen to

(16)

speed depending on the wind speed is described bycgincide with the stator voltage phasor, the d-conemt of

characteristic lookup table shown in the upperdefiner (Fig.
3). When the nominal wind speed (approximatelyzats) is
reached the lower speed controller is activategbitch the
blades and thus to reduce the power generatedamgie 5,
represents the set point in partial load mode. dltput S is
provided to the blade actuator which is represebtea first
order delay. The calculation of the turbine powsgrand
torque t, is needed only for the evaluation of Eq. (13).
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Fig. 3. Wind turbine converter control model.

2) Control and modeling of the rotor side certer
The rotor side converter is used to control P anou@uts

the stator current is equal to the active curremd ¢he Q-
component corresponds to the negative of the reactirrent.

Control of the DFIM takes place essentially frone ttotor
side. To calculate the reference values for rotorents, the
steady state relationship between rotor and staioents is
required. Using Eq. (1) and (3) (after neglecting terivative
term and settings=0), it can be shown that:

iézs_ref =—Ps_ref. Xs /qus"xh) (7)
ié:iref =g _ref. Xs /qus"xh)_‘!s‘ /Xh (18)

Practical requirements dictate that a delay terintieduced
before passingPs_rand Gs_+ on to the current controller.

The term ‘Qs‘ /%, represents the magnetization current that

additionally has to be provided from the rotor sifigg. 4
shows the control and simulation structure derifredn Eq.
(17) and (18).

Fig. 4 has been augmented by a fast-acting voltage
controller. The gain and time constant to be chatepend on
the stability requirements of the system, which tadake
precedence at all times [1].
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Fig. 4. Structure for generating rotor currerfiérence values.

The next question concerns the control loop of ribier
current and how the corresponding rotor voltagetoisbe
calculated. It follows from (1) and (2) togethertiwi3) and
(4) (after setting the flux derivative terms zetimgt:

Zu - Zu - Zu,

Urd” =TrlRrd" +ngs"xh [Xs—igg" @ XR)' (19)
Z H HYA

Ugg® =T s (20)

co> +SiRg® 0 Xg
where? = ?1_ X ! XR"S) ‘the leakage coefficient).

The voltage drops over the rotor resistance in éi@) (20)
can be interpreted as auxiliary signals which atputs of the
intended rotor current controller. Assuming PI coltérs, the
control transfer functions then become:

UGS = ridse = K, (11 /(pT, ))- (1% o —ic)

U'ngs :rRiFf;S = KI(1+1/ p-rl)'(ié:iref _ilgthjs)

(21)
(22)

)\ uz
Kl(l_,_lj ‘,O_F,
P

Fig. 5. Rotor current control.

The control of the grid side converter is similarthat of
the rotor side. However, in the active power chatine DC
voltage is controlled. This is achieved when thévacpower
passing through both converters (the grid side twedrotor
side) is in equilibrium. Therefore, the grid sidengerter will
try to inject the same active power into the grisl that
provided to the DFIM through the rotor side congert
Following the assumption that DC voltage fluctuai@are not
considered, the active power is injected into thd without
any time lag. After neglecting converter losses, haee for
the corresponding power:

Pec = Pr = UZRJ- Ffd +uécj qu (23)

The reactive power control channel of the grid side

converter provides the capability to generate reaghower.
However, in normal operation it is more practicalgenerate
reactive power using the rotor side converter. Therent

The corresponding block diagram of the rotor currefransmitted from the rotor to the stator circuitamplified on

controller is shown in Fig. 5. B )
To be able to pass the outplts® and Uze” ina practical

situation as reference values to the rotor sideveder
control, the signals have to be transformed inte thtor
reference frame.

3) Control and modeling of the grid side caee

The grid and rotor side converters are linked tgroa DC
capacitor. If the DC voltage is assumed to remathiwlimits
an explicit representation of the DC circuit candmeitted for
stability kind of power system simulations.

44

account of the typical values of the turns-ratiotted DFIM.

Thus, the same reactive current passing throughotioe side
converter is capable of producing higher reactivaver

compared to the current through the grid side cdareAs a
result, in normal operation, the reactive poweerefice value
of the grid side converter is usually set to zerw dhe

required reactive current is supplied by the rowide

converter. Fig. 6 shows a simple model of the gide

converter applicable for stability studies [3].

—_—>
ﬂRd Pc_ciia
- 5] . .
- L 5
R IRd—>uRJRd+uRJRq
[ — |
'ra Injected power at
grid side converter
terminal node
Different
strategies for qCG_rEL 1 Qc rid
activating reactivg T 1+ pTeg
power

Fig. 6. Grid side converter model.
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Il. CONTROL OF A PERMANENT MAGNET SYNCHRONOUS DC voltage controller
GENERATOR(PMSG)BASEDWT Upc
Wind turbines with PMSG use a frequency converter - KuDC(l+lj ]
dimensioned for the full machine rating. The coteeenables u SToc
operation of the WT in a wide speed range. The imacts oe Pu
fully decoupled from the grid, and can, as a rexperate at E—-{)
normal voltage and output power during faults. (Bthe Us —4 e q il
power output during faults is limited by the reddicenltage e e (d) Mag —
and converter current limits.) The configuration 2fPMSG =155 et et (ﬂ) Limter  |laas
based wind turbine is shown in Fig. 7. Reactive current set point Yy
N - Priority
D?_, 1
- b MSC control LSC control Us sty
% ref
L_ | P~ Q cost, Ur | | Unc Q Fast local voltage controller
= Y 1 E%—» >
1+ S-I:IZ T- 7+L KVC
, U
DC-Link LSC Fig. 8. LSC active and reactive current refereyemeration.
0O
L Usq®
[ 1
Gd_ref : KLp[l"’ = J
Fig. 7. PMSG wind turbine system with full-sizenwerter. Sty A
Upc  Terminal voltage
A. Line side converter (LSC) control g H ifected by LSG
Z
The LSC control of the full-size converter is vesiynilar to | Mod. Ly Uig®
that of the DFIM. The only significant difference that the Index &t il uqua
whole generated power is fed into the grid throubke > Limiter {—] —
converter. Additionally, the LSC has to provide tiwbole
reactive current for grid voltage support duringlfa as well
as in steady-state. The control structure of tB€ lis shown i
in Fig. 8 and Fig. 9.

B. Machine side converter (MSC) control

In steady-state operation the performance of theSMMs
described by the system of equations (similar toséhof
DFIM) to develop the current control loop of theahime side
converter. The voltage drop over the stator restetds used
as an auxiliary signal controlled by a PI contmolld=ig. 10
and Fig. 11 show the requisite current contralcttire and
the transformations required.

The transformation between the stator and rotordinate

(ugee)

Fig. 9. LSC current controller.

[ll. GENERIC MODEL OF VARIABLE SPEED WIND TURBINES

In the preceding sections models applicable forhbot
variable speed type wind turbines was introducegically,
these models are used to determine the power adtabgoat
grid connection point for different operating caiwhs. They

systems requires the anglgthe angle between stator voltagecan also be used to evaluate the behavior and ingfate

and rotor g axis). In a simulation environmentagles are
known, and, therefore, no additional effort is resegy. The
active current reference delivered by the activewgro
controller ensures the injection of the active pogenerated
by the wind. The reactive current control chanmselsually
used to keep the PMSM terminal voltage constant.

wind farm on the rest of the grid in contingenctuations.
This enables full understanding of the characteriséhavior

of wind turbines, the formulation of general corthat
requirements. The drawback of such a modeling ambro
however, is that the models are different for défa
generator technologies such the DFIM and PMSG.
Additionally, models are not only technology depemtdbut
also manufacturer specific [6].

To overcome these problems generic dynamic model fo
simulating wind turbines in power system studies is
increasingly becoming an attractive alternative.e Tihasic
building-blocks of any such models are availablpriactically
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all popular power system simulation packages. Assalt the

model can easily be made compatible across simulati

platforms and can form the basis for standard nsoeéth
appropriately adjusted parameters- thus underlitivegneed
for a generic model non-proprietary, not linkedatacertain
turbine technology or manufacturer, applicablediitypes of
wind turbines, and compatible across simulatiortfpims.
One such model is given in Fig. 12.

Power controller

Pe .

:. |
%- Kopp| 1+ L LEI
STupIC
Ps
(9) . P
Mag. "loile25) ey
Limiter I
FEFM
“Gref
Ug .
ref i
% = K| 14 1 iy §
STupIC
U5

Terminal voltage controller
Fig. 10. MSC active and reactive current referegergeration

Terminal voltage
iniected bv the converter

Ly

Mag.
| Limiter _>1!.du

T f

oy 25

>

inglyge—T—

Fig. 11. MSC current controller

Fig. 13 and Fig. 14 compare simulation resultsioied
using the detailed QSS model on the one hand ageharic
model on the other. In both cases a fault was diited which
reduces the terminal voltage to 50 % of its origiedue. The
resulting active current versus time (Fig. ) hd reactive
current versus time (Fig. 14) are plotted.

> Grid oriented synchronous reference frame

e WT
X termina

jrefe
reactive

jref e
active

Current Limitation
Transformation into
grid coordinates

——>|

Terminal

voltage angle
«— Terminal voltage magnitude

Active/Reactive
Current
Priority=f(V;)

Fig. 12. Type 3.3 Generic Model.
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Response of Active Current
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Fig. 13. Active current comparison: detailed Q8Sgeneric models.
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1
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-15
Fig. 14. Reactive current comparison: detaile®&®$. generic models.

IV. CONCLUSION

The modelling of variable speed wind turbines irwpp
system stability studies has been the focus ofghjger. The
QSS model based on space-phasor representation
expanded to include models for the speed/pitcheanghtrol
and those associated with the grid and rotor sateserters.
The control algorithms were derived considering nieed for
the decoupled control of P and Q outputs of thehimec A
similar approach has been used to obtain the dositeectures
for the PMSG based wind turbines. As an alternativéhe
detailed models derived on the basis of physidatiomships,
a generic model has been introduced.

For comparing the generic model with the detaile8SQ
model a three-phase distant short circuit in thie, gwhich
reduces the terminal voltage to 50% of its pretfaalue, was
simulated for purposes of illustration. The resshew that it
is, in principle, possible to represent wind tudsinwith
generic models that can be parametrically adjustedny
practical implementation.
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