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Abstract— This paper presents research into the limits on
controllable power output from wind energy conversion sysems.
The viewpoint of imposing delivered power as a control input
is explored though the introduction of a novel control strudure
for a fully-rated converter interfaced wind turbine. A singular
perturbations decomposition of the system dynamics into te
separate models underlies the new structure. A preliminary
discussion of the stability implications for the turbine hub is
offered, using torque-speed diagrams. Usefulness of thengular
perturbation models and control structure is illustrated by its
application in a power filtering methodology that specifies he
delivered power as a filtered version of available wind power
Simulation results demonstrate the controlled system'’s alty to
absorb wind power variations and completely isolate its tosional
modes from the grid.

Index Terms—wind power generation, energy storage, dynam-
ics, power generation control

. INTRODUCTION

trade-off for filtered power exists in the form of decreased
energy capture and increased speed variations. Simulation
results quantify this trade-off and demonstrate the istgdat
properties of the control structure.

[I. MODELING AND SYSTEM STRUCTURE

A wind energy conversion system involves a number of
distinctive features that must be captured in a useful model
These include the static curve that describes the aerodgnam
conversion of energy by the bladed turbine rotor, and a
dominant mechanical mode between the inertia of the rotor
and the generator mass. In this work, a wind turbine with
parameter values as in [8], interfaced through a back-ti-ba
converter system, has been studied.

A. Conversion System Modeling
The power coefficientCp, describes the efficiency with

In many areas of the world, significant contributions byhich wind energy is extracted by the turbine blad€%
wind energy conversion systems to the generation mix aiepends on the tip-speed rati, defined as

planned. Compliance with new grid codes [1] and contrilbutio

to system regulation by wind farms [2], [3] are being studied A
It has been commented that the sacrifice of energy captur
in order to obtain better control of wind farm power outpu\fv
may become more common [4]. However, in most installatio@?
and published research, the power delivered to the grid is
consequence of the primary goals of tip-speed regulatiaft s

damping, and dc-link capacitor voltage regulation. Grigvpo

is therefore asystem outputhat can contain fast variations

- Rwh

(1)

ﬁerewh is the rotational speed of the rotar,, is the wind
eed, and? is the radius of the rotoC;, (shown in Fig. 1)
gtermines the aerodynamic powe,...,, extracted from the
available wind power:

Vw

1
Poero = EPWRQCP()\)’U'?U (2)

caused by the excitation of conversion system modes by wiile shape of th€p curve causes maxima in both the speed-
turbulence. This complicates studies of grid impact and tip@wer and speed-torque curves. Maximum power is obtained

potential for contributions to regulation.

when\ = \°P* as shown in Fig. 1. This aerodynamic relation

This paper presents a control structure for a system withdatermines the dynamics of the turbine rotor spegdand

fully-rated converter, where the power delivered to thel ggi

depend on the dimensionless ratig rather than the wind

defined as aontrol input P..r. An analytical separation into speed or rotor speed individually. Operation can occur aba s
fast and slow time scale models is central to the approachofitimal conversion efficiency around a tip-speed ratio>

is first shown that the variations of the shaft, generatoedpe)°rt,

and capacitor voltage constitute a fast subsystem that ean bThe mechanical components of a wind turbine system are
regulated using energy exchanged with the turbine hubadstecommonly simplified to a two-mass model with a flexible
of the grid. The stability implications of imposing a desire coupling having stiffnesd(, [9],[10]. In the implementation
power extractionP,..; on the more slowly evolving turbine chosen for this work, these elements are cascaded through

hub are then examined.

an AC-DC-AC converter as shown in Fig 2. Through the

The control structure is employed to implement a methodpplication of vector controls for the machine-side coterer
ology whereP,.; is based on wind speed to deliver a filteredurrents, the electromagnetic torque and flux inside themgen
version of available power. Details about the structure afmdior can be controlled with a high bandwidth [11]. Therefore
methdology are presented in [5]. The concept of employinigis assumed that the torqug.,, established in the generator
turbine kinetic energy to absorb fluctuations and deliveea dis a control input. The flux is simply set constantdat,;.,.

rated, filtered power has also been studied in [6] and [7].

Fhe active and reactive power leaving the grid-side coevert
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Fig. 2. Full-converter interfaced wind turbine with contstructure.

can also be regulated using high bandwidth vector controls.

The active power is chosen as an independent control in%%tsi ned. The quasi-steady state values, which vary oma slo
P..¢, and reactive powe€),.; can be specified as desired 9 ) q y ’ y

The converter is thus simplified to a differential equation f time scale, are substituted in the first equation of (3) taibbt

the dc-link capacitor voltage, where the contol ingfifs, and a sltow SLébsysE[erlenhtPa single stalg, time-varying input
P,.; enter as dictated by power balance. vw(t), and control inputP:

The uncontrolled state-space system associated with Fig. 2 ATy Paero(Vu(t),@h) — Prey

is as follows: a Tnn : (6)
dwp, — 1 _ .
s 7 (Pacro(vu (1), wn) fwn = KsBaiy ) The fast dynamics of (3) are viewed as evolving on their
Lt = Wlh — Wy 3) own time scaler = J,t. On this time scale, it is assumed that
e = 7 (Ksbdiss — Tyen) the statew;, changes so slowly that it can be replaced with a
dvge = Toeno=lre constantt,. Defining

where Ty.,, and P..; are control inputsp,(t) is a time- mn Oaifs — KL%

varying wind speed input signal, and other symbols are de&fine yo | = | wy—wn 5 , (7)

as in Fig. 2. n Ve — Vo

B. System Analysis the substitution

. Because of the large vqlue_ dﬁb.’ the equatipns 3) have a Tyen = Pref/wy + fqen (8)
singularly perturbed form indicating that their dynamiage

place on two distinct time scales. For analysis and contrioko the last three equations of (3) yields the dynamic éqoat
design, the system (3) can be formally separated into tvfthe fast subsystem

independent subsystems of equations. dun

The separation proceeds by assuming that the faster states dr T Y2 _
of the system are stable and settle to steady-state valbés. T dp = ,ig (Ksy1 - Tgen) 9)
simplifies the influence of the fast states on the slow state. dys _ _ Sty T
The control inputT., is defined as having a slow component dr 7 Cye(Vae +y3) 9

T yen, and a fast componeft,.,, that is zero at steady-state ) ) o~ i
‘ ' The control input in (9) isly.,. Equations (9) may be used

Tyen = qun + fqen. (4) exclusively for the study of fast dynamics, while (6) is used

By setting the left hand side of the last three equations pf (Eﬁr the §tudy of slow dynf';lm|cs, Whlch may be interpreted as
. ) , ‘the motion of the system’s centre of inertia.
to zero, quasi-steady state values gy ¢, w, and the ‘slow

control inputT.,, can be found

ediff = Tgen/Ks
wg = wp (5) A. Control InputZye,

1. CONTROL METHODOLOGY

Tgen = Preg/wy- The two components of the control inpifi., are con-
The above conditions correspond to a lack of torsional lascil structed as shown in Fig 2. Settirif,., according to (5)
tions, and power balance across the converter. The quesist achieves an average power balance across the back-to-back
state dc voltag@,. is unspecified by (5) and can be freelyconverter. The componeffi,.,, is designed to damp torsional



to (6). These slow dynamics are common to all converter
interfaced wind turbines.

P,.¢ could be chosen arbitrarily, provided it does not exceed
the available power for too long. Ideally, it is desired to
demand a filtered power [6],[7],[5] or one based on grid
variables [2],[3],[12]. The torque-speed curves assediatith
such goals must be examined carefully, because they inteodu
the possibility of instability. A power command,.; that
changes more slowly than turbine hub speed will produce
a generator torque approaching that of a constant power
characteristic as in Fig 3.

Fig. 3 plots the aerodynamic torque and generator torque
for the case of constant wind speed, and a constant power
P,..; that is less than the maximum available wind power.
fo 3 T 4 characteristic f ot wion. Sian of An equilibrium is reached at the speed ®, where exactly
mlegt.tor.que (()Jrrq:chﬁeergtin;,%rgggll:rgtin%r) (i:sorr]nsa’crll?ed?(ﬁ\ll:tl;giorr]{ (s%gazgd) Prey 1 being eXtraCte_d from the wind. For a range O_f lower
of restoring torque exists for the operating paift®. speeds, more thaR,.; is available from the wind, causing an

accelerating torque that drives the hub back towzayd.
Variations of the wind can change the size of this region of
and capacitor voltage oscillations contained in the fast slrestoring torque, and even eliminate it. Maintaining a tamis
system (9). While (9) is nonlinear, it is only weakly so. Thig, . in the presence of such variations may cause instability.
becomes evident from substituting the control law of Fig. 2De-ratingP,.; to be less than the available power increases the

vw’ w h)

aero (

Torque

~ Tde + 3 domain of stability of the turbine hub. This can be illusiGt
Tgen = Cot (—Ki1ys — Kays) (10) by studying a simple example.
where K; and K, are positive gains. From the approximation Choose a constént powet.; based on a mean wind speed
; . . o Vo , as follows:
&0 + y2 = & and algebraic manipulation, one obtains: mean
1
Py = —pnR2C,(\*) 7" (13)
5 e . Yl A 20 C00) < Gy 14
Z—i = I§—g i%KQ JLg,U{gCKl y2 + — ) p( )— P( ) ( )
dr 0 —g.f2 —g K L& Choosing\* = \°P* extracts a maximum power, while a
0 higher \* extracts a de-rated power.
trefeysy:  +7 g Ky Now, let the wind have a simple periodic variation around
—aKoys — s Kiysye Vi,ean» With @ periodT’, as in Fig. 4(a). The two aerodynamic

(11) torque characteristics correspondingug,_ .. and v, .. in
the speed-torque plane are shown in Fig. 4(b). The generator

which has the form of a linear system = Axz with a torque given byP..;/wy, is also plotted. From the upper curve,
perturbationg(z) we identify a critical speed;“. No accelerating torque exists

&= Az + g(x) (12) below this speed for any portion of the period T. Therefore,

. - if @y, drops below this speed, it will collapse toward zero.

that vanishes at the origin of the transformed system, which . . o R
. . . he trajectory of the operating point is shown in Fig 4(b)
in this case corresponds to the quasi-steady state value§ o-lf— ; g :

) . or the case where the maximum power available at windspeed
84ifr,wq, andug.. The perturbatiog(x) has a higher order,so " . o . :
) ; . . . Ty IS demanded by choosing* = A,,:. The periodT is
it does not affect the linearization. Hence, if the lineart pd short enough that the turbine never settles at a constaatispe
the system is stable through appropriate choic& ofand K, 9 b

then the origin of the boundary system is locally expondigtia No reglon of accelerating torqut_a exists dl.{rlng the inteofal
stable low wind speed. However, the wind §peed increases befpre
' . . : . drops beloww;,*, and therefore the given wind input provokes
Influence of the torsional dynamics and dc-link dynamics on
the grid through delivered active power is eliminated byhgsi a stable cycle for the chosen constant power.

In Fig. 4(c), the period and amplitude of the wind input

the generator torquéy., to achieve damping. The energy ) o

required to regulate these variations is exchanged with t ave been |n<l:)reasded.n'\rl1e res}\ponsz ththde t_urblﬂe IS s_hown

turbine hub rather than the grid. No inter-turbine or tuedin or a power based o = O”tt( ashe ) is shown in
addition to that based on = M\°P* (solid). In each case

grid modes can ever exist in the proposed controller. the excursion of the turbine hub speed is larger because a
larger energy variation must now be absorbed. In the case
B. Control InputP. of the power based on°’* (solid line), the wind variation
The control inputP,.; and external inpui®,.,, influence causes a period of hub deceleration long enough that the hub
the speedy;, of the turbine hub’s centre of inertia accordingpeed dips below,*. Hence a collapse of the hub speed is



unavoidable. The trajectory associated with the powerlleven Fig. 5 were simulated along with a standard maximum
based om\* > \°P!(dashed line) remains stable. power tracking control method [10] for comparison. The
amount of energy captured relative to the maximum available
C. Application to Power Filtering is shown, as are the average speed and standard deviation of
. . I . ) speeds. The fastest wind variations can not be tracked due to
It_ is clear that stability will limit the du_ratlon and size ah the turbine hub's inertia. Thus, the captured percentatgess
arbitrary power demand. Over long periods of time, t.he. POWR{an would be expected from Fig. 5. Operation in filtering
demanded must be chosen to follow the slow Var'at'ons(ﬁ'[ode further reduces capture. The higher average speed and

the wind resource. The preceeding example can be vieweq 450\ speed variations for larger filter time constantsident

an approximation of the situation where changes in the MEABm the last two columns. For operation at larger deratings

wind speed are being tracked, but faster fluctuations must a%ctical machine speed limits would likely be reached teefo

absc()jrbed._A na;ural Tnﬁ Sim_pls choicefbﬁf isfa filtgrecri],_ deG:\; the filtering time-constant reached the maximum imposed
rated version of available wind power. Therefore, in thiglvo by the aerodynamic stability limit.

P,.; was based on a wind speed measurement filtered

with a time constant, and an adjustable de-rating TABLE |
. SUMMARY : ENERGY CAPTURE AND SPEED VARIATIONS IN FILTERING
Opie = 1/7(vw — vpine) (15)
1 MODE
Prey = —pﬂ'RQCp()\*)WS (16) Energy | Average Hub| Std. Dev
2 Capture(%) | Speed (rad/s)| (rad/s)
> AP CL(AF) < Cp (AP, (17) standard 996 354 0.554
) _ ) T 99.0 3.79 0.448
The ratio ofCy,(A*)/Cp(Aopt) gives the factor by which power 3} 98.5 3.92 0.646
has been de-rated. Setting the time constant to a particular Fy 9.7 4.27 0.826
F3 88.7 4.76 1.08

minimum valuer;,...r (which can be determined as explained
in [5]) allows the turbine hub to respond to wind fluctuati@ss
necssary to maintain the tip-speed ratio This is referred to
aspower tracking modeSetting the time constant larger forces
the turbine hub to absorb changes in wind speed beyond wRatContainment of Power Variations

is required to track\*. This is referred to apower filtering Choosing a filtered poweP,; attenuates the wind power
mode The response of the full nonlinear system of (3) witQariations delivered to the grid. As discussed, the filtereti
control input (16) to a 100 minute time series of measure@nstant must be set within the ability of the turbine hulstine
wind speeds was simulated over a wide range of parametgysabsorb fluctuations. Fig 7 shows the frequency content of
A* andr. For each simulation, state variables were monitorefélivered power for the optimal power tracking paramet@rs
for instability. The maximum tolerable time constant.. IS and the de-rated power filtering parametéks
plotted in Fig. 5 against the corresponding de-rating fa@®  Specifying P,.; based on filtered wind speed rather than
is the minimum filter time constant;,..,. Several pairs of states of the fast subsystem completely removes the influenc
parameters (marked &5 and F1, I3, F3) have been selectedof these states from the delivered power. Fig 7(b) compares
as examples of possible filters to be evaluated in Section Vfhe generator power with the powd?,..; delivered to the
grid. A hump in the frequency content of the generator power
IV. RESULTS around 2 Hz corresponds to the torsional resonance [14],[15

Measured wind time series were obtained from the sam8€ control structure prevents this torsional resonanc fr

test site as used in [13] through a communication with tH€ing coupled to power system variables. Variations of the
authors, and employed in all simulations. dc-link capacitor voltage and mechanical system statearocc

due to continual forcing of the torsional resonance by wind
. . disturbances. The effect of the control law definedfgyr,, on
A. Adjustable Power Filter Performance these states is demonstrated in Fig. 8. Variations i%rthessta
Fig. 6 shows the delivered power and turbine hub speed o¥ge well contained.
10 minutes for power tracking mode at optimal efficien€y (
on Fig. 5) and for power filtering mode at de-rated efficiency
(F3). The maximum available powét,, . is also plotted. The V. CONCLUSIONS
delivered power clearly trackB,,,,. more closely for the filter ~As a step toward understanding the limits of imposing
T:. However, the delivered power obtained with the filfér a desired power output on wind turbines, a new control
is smoother, though it must be less on average due to its daucture has been introduced that can cause them to appear
rating. It is evident from the plot of turbine hub speed tiéd t as adjustable power filters. It has been shown how this allows
smoothing is possible due to large variations around a higle range of operation modes (from power tracking to power
average speed than of the filtéy. filtering) over a range of conversion efficiencies. However,
A more quantitative demonstration of the trade-offs cd stability limit on the filter time constant used in power
power filtering mode is provided by the results of several Sitering is demonstrated. It was also shown that it is pdssib
minute simulations summarized in Table I. The filters marked regulate torsional and dc-link voltage dynamics usinty on



the machine-side converter controls, eliminating the arflte
of internal modes on the grid.
In today’s wind installations, providing a filtered poweryna

not be economical. However, in the future, problems arising
from increased wind power penetration may drive a need to
exploit all the potential operating modes of installed wind

turbine generators. A control structure where deliveredgyo

is a control input is a natural arrangement for implementing

new control functions for wind turbines, and for studyingith

impact. Given the growing interest in allowing wind farms to

contribute to the regulation of power systems, the metragiol
and analyses of fundamental limitations presented henawniar
further investigation.
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