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Abstract: Wind turbine size has increased exponentialtytfie last twenty years. With

the increase in size the control systems for variable spéeld pgulated machines play a
greater role, since they are used for other tasks than jgstatng generator speed. The
structural dynamics impact directly on the achievable mastystem performance becoming
more restrictive as the size of wind turbine increases. T&enthis dependence explicit,
the relationships between performance measures of theot@ystem and wind turbine

structural dynamic characteristics are derivedpyright(©2002 USTRATH
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1. INTRODUCTION on the sensitivity and complementary sensitivity func-
tions (Freudenberg and Looze, 1987).

Over the last twenty years, the size of wind turbines Sidi has studied the limitations on the bandwidth
has increased rapidly, see Figure 1. The interest inimposed by different non-minimum phase elements:
continuing this trend is obvious, but whether there is in (Sidi, 1980), the limitations imposed by the non-
a limit to the possible size of wind turbines, assuming minimum phase nature of sampling is investigated;
the current dominant design, is unclear. Furthermore,in (Sidi, 1997) criteria to estimate the limits on the
as wind turbines get bigger, interest in lighter mate- bandwidth imposed by right half plane zeros (RHPZs)
rials and more flexible tower and blades increases.and poles are given; in (Sidi and Yaniv, 1999), previ-
The issue arises as to whether some combination ofous results from (Sidi, 1997) are extended to the case
these factors, bigger wind turbines and more flexible with several right half-plane poles and zeros. In the
structures, might lead to a limitation on the size from aforementioned references only the case with single
a part of the wind turbine design which is typically not RHPZs and poles present is examined.

considered critical: the control system. . o . . -
y In this paper the limitations derived in (Sidi, 1997)

In recent years there has been renewed interest inare extended to cover the limitations imposed by a
studying the limitations imposed on control systems pair of complex RHPZs. These limitations are applied
by the structural characteristics of the plant to be to wind turbine control, where they are especially
controlled. It is well known that when a plant is relevant, given the non-minimum phase nature of the
non-minimum phase the benefits of feedback are re-wind turbine.

duced (Horowitz, 1963). The non-minimum phase ef-

fectis caused either by right-half plane zeros, time de-

lays or sampling, characteristics all presentin the wind 2. MODELS AND DYNAMICS

turbine control problem. The main effect of the non-

minimum phase nature of the plant is a limitation on The linear model for the wind turbine dynamics used
the achievable bandwidth (Sidi, 1997) and constraintsin this paper is that reported in (Leithead and Rogers,
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Fig. 1. Wind turbine size evolution

1996; Leithead and Connor, 2000). The model has
been validated against a variety of real wind turbine
data andrLEX simulations, see Figure 2 where the
directly identified response of a detaileédex sim-
ulation is compared with the frequency response of
the linear model for a multi-Megawatt wind turbine.
This linear model is being integrated into aaM.AB
Toolbox for wind turbine controller design.

Bode diagram of the wind turbine dynamics from pitch angle to tower speed
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In Figure 3, the Bode plot for the transfer function
representing the dynamics from pitch demand to gen-
erator speed for a commercial multi-Megawatt wind
turbine is depicted for two different wind speeds. At
13m/s, the presence of lightly damped RHPZs arising
from the tower dynamics at abotad/s is evident.
The acute phase loss due to these RHPZs influences
strongly the maximum bandwidth that the generator
speed controller can achieve. Atm/s, the RHPZs
due to the tower are no longer present in the plant
dynamics, since they move into the left-half plane
as the blade pitches. The pitching of the blades, and
the change in the relationship between flap and edge
mode, are also responsible for the changes in the
Bode magnitude plot at mid frequencies in Figure 3.
In Figure 4 the location as wind speed varies of the
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Fig. 3. Dynamics from pitch angle to generator speed

RHPZs due to the tower dynamics is depicted. The
physical explanation of these right-half plane zeros is
the following: given an increase in pitch angle in order
to reduce the aerodynamic torque, the thrustis reduced
and the rotor displacement adjusts by moving forward.
During this motion the wind speed relative to the rotor
is increased, causing the aerodynamic torque also to

Fig. 2. Identified frequency response and linear model be transiently increased. Hence a control action aimed

frequency response

The linear model includes all the dynamic components

significant for controller design and control perfor-

mance assessment, in particular, two modes for the of
tower, two modes for the blades and two modes for the

drive-train. It also includes the dynamics of the pitch
actuator and the interaction of the rotor with the wind.
The main differences to other linear models of wind
turbine dynamics found in the control literature is the
explicit inclusion of the tower and blade modes. The

tower modes are of particularimportance in the design

of controllers for wind turbines since they introduce a
pair of RHPZs which impose limitations on the gen-
erator speed loop (Serat al,, 1997; Sidi, 1997). The

blade modes are important since the blade flap mode

at reducing the torque causes an initial increase.
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interacts with the tower mode and the blade edge mode
is a major contribution to the first drive-train mode.

Fig. 4. Right half plane zeros associated with the tower




In Figure 3, it is seen that there is an additional pair frequency varies froml.6 H z to 1.5 H z is depicted for

of RHPZs. The second pair arises from the dynamicsvarious wind speeds.

relating rotor torque to hub torquéj, which d(_apend As can be seen from Figure 4, the damping of the

on the pitch angle, the blade flap and edge-wise modes :
) ) 2 . zeros due to the tower, which are almost exactly at

and the aerodynamic gains. The derivationif is

explained in (Leithead and Rogers, 1996), but a sim- tower frequency, is very small. These zeros !nduce_ a
plified expression from which the RHPZs associated sudden drop in the phase at tower frequency, imposing

; . a very simple constraint: the cross-over frequency
to these dynamics can be found is
of the controller can never be greater. However, the

Ts=Tp1+ Ts2 (1) zeros associated witlis, are heavily damped and
their frequency varies. This enhances the possibility

with that the phase loss they induce spreads towards low
[52 (Fm _ (wz _ w]%)sin(oé)COS(Oé)Fm/wg) + frequencies, limiting the controller performance.
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The notation used in this paper is the same as | ™| oo oo
in (Leithead and Rogers, 1996). The location of the | = o5
zeros associated withs is depicted in Figure 5.

Fig. 6. Variation of the frequency of zeros with wind

Although (1) i implificati f th ics f
though (1) is a simplification of the dynamics from speed for the SMW machine

aerodynamic torque to pitch angle, it is nevertheless a
good approximation. It is not only useful for locating

the RHPZs, but also for investigating the relationship 3. LIMITATIONS IN BANDWIDTH IMPOSED BY

of the location of the zeros to the different structural
parameters. The frequency of the RHPZs associated RIGHT HALF'PI‘DAI‘E’\II_i\%SEROS AND TIME

with T3 depend on the structural characteristics of the
wind turbine. As can be seen from (1), these zeros are,  _. .
) In Figure 7, a typical example of the Bode plot for
mainly dependent on the blade flap and edge frequen- . : . s
. ) . pen loop dynamicd,(s), is depicted. In the vicinity
cies and on the aerodynamic gains. The dependence of
— “of w,, the controller cross-over frequendy(s) can be
the RHZPs off3 on the blade edge mode frequency is .
- . approximated by
negligible and there is no dependence whatsoever on
tower frequency. However, these RHPZs have a very L*(s) = (g)k @)
strong dependence on the blade flap mode frequency,

see Figure 6 where the location of the zeros as flap Bode's ideal loop transfer function. For (2), the am-



plitude curve has a constant slope-gf and the phase  An expression relating the ratio between the controller
curve is a constant line atkr /2. This transfer func-  crossover frequency and the frequency of the pair of
tion is supposed to approximate the open loop transferzerosw., is, thus,
function in the vicinity ofw., the open loop cross-over 2
frequency, and should remain valid until more or less (&> 2¢ (&> —1=

quency, + 1=0 (8)
wp, the phase cross-over frequency. Assuming this ap- Wz tan(v) \w.
proximation to be valid, it is straight forward to anal- with
yse the loss of phase induced by a pair of RHPZs, and 9 — m(1—k/2) — PM )
its subsequent impact in the open-loop crossover fre- 2
guency. The development follows (Sidi, 1997; Seron Of course, only the positive solution of (8) makes
etal, 1997). physical sense. Let this solution & (k, PM). A
similar relationship can be established gy, namely

Assuming thatZ(s) is non-minimum phase, it can be

split into 2
i’ (—“”’) b (—“””) ~1=0 (10)
L(S) = LMP(S)LNILIP(S) (3) Wz ta’n(ﬂp) Wz
where Ly,;p is the minimum-phase component and with
/ - m(1—k/2)
Ly yp is the non-minimum phase component. The Vp = 5 (11)

non-minimum phase component can be expressed ash uti hich ist. (k. PAD). Recall h
a Blaschke product, which is an all-pass function, the solution to W, ich 1 p(k, )- ecalling the
definition of Bode's ideal transfer function,
(82 — 2€w,s + w?)

Lymp(s) = (4) k
( (8% + 2Cwzs + w?) 20log (ﬂ) =GM (12)
With 0 < ¢ < 1. It is obvious that this transfer e
function has a phase lag at frequencypf and, therefore,
k k
_ . chi <ﬂ> _ <‘I’p(k7PM)) — 10(GM/20) (13)
arg(Lypp(jw)) = —2tan —= | (5 We E.(k,PM)
1- (w_) Expression (13) is solved to finkl for a given GM

Since the minimum phase of the open loop transfer @1d & given PM. Having calculatéd the maximum
function can be approximated by Bode’s ideal loop Crossover frequency possible for a system with a com-
transfer function, for a certaih, which has a constant  Pl€X pair of RHPZs is obtained using
phase lag of—lm/Q, the overall phase lag di(s) ata we = w,=(k, PM) (14)
frequencyw is

In the above, only one pair of complex RHPZs is

S T 1 20~ assumed. Results obtained by the above procedure
arg(L{jw)) = —hg —2tan L (i)Q ©®)  should be regarded as conservative. Limitations on the

w crossover frequency are given by all non-minimum

Therefore, at the open loop cross over frequency, thePhase elements in the controlloop, including sampling

phase lag in terms of the PM is, and time-delays, both of which are present in the wind
turbine control problem. The phase loss induced by

. 2( e these elements is straightforward to account for.
km/2 = 2tan 1 (&)2 =~ PMT) However, the limitations imposed by the RHPZs are
w= not limited to the bandwidth of the controller. Lower
bounds on the sensitivity function and the complemen-
— o o ‘ tary sensitivity function are also imposed due to the

Magnitude (dB)

a fundamental role in the design process (Freduenberg
et al, 2000; Bode, 1945).

’ : ) al presence of non-minimum phase elements in the trans-
: mission loop, see Figure 8, and these limitations play

Due to the rotational nature of the wind turbine, de-
terministic peaks are present in the disturbance spec-
tra at frequencies multiples of the rotor rotational
speed. The high gain regions of the sensitivity function
should not coincide with these deterministic peaks.
The increase in the peaks of the sensitivity function
freq (racs) also has implications in the control of the tower fore-
aft movement using pitch control since, when trying
Fig. 7. Gain and phase stability margins to achieve several control objectives using the same
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control action with a multi-loop structure, the sensi-
tivity function can give an estimation of the interac-
tion between the various loops. Therefore, when the
sensitivity function has a large positive value, the ac-
tion of one loop is likely to interact with the other,
which might lead to instabilities, see (Leithead and
Dominguez, 2004).
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Fig. 8. Sensitivity function of the non-minumum phase
plant and its minimum phase equivalent

4. EXAMPLE OF APPLICATION

The previous procedure is applied to two different

wind turbines. Both machines share the same charac-

teristics, up-wind, variable speed, three bladed multi-
Megawatt wind turbines, with variable pitch capability
for active control above rated. Both machines differ in
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Fig. 10. RHZPs associated withfi; for the 5SMW
machine
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Fig. 11. Variation of the frequency of zeros with wind
speed

generated power and size, one beirsglal’” machine
and the other 8 MW machine. The tower mode be-
ing at2.64rad/s for the smaller wind turbine iand at
2rad/s for the bigger machine. In both cases a con-
troller bandwidth oflrad/s is required. In Figures 9
and 10, Figures 4 and 5 are repeated for the bigger
machine.
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Fig. 12. Variation of the frequency of zeros with wind
speed for the 5SMW machine

In Figures 11 and 12 the frequency variation with wind
speed of both the tower zeros and the zeros associated
with T3 are shown, for both wind turbines. As men-
tioned, the frequency of the zeros associated with the
tower remains constant, whereas the frequency of the

Fig. 9. RHPZs tower associated for the 5SMW machine zeros associated with; varies over a big range for

both wind turbines, in both cases following a similar



pattern. The zeros df increase in frequency as wind speed remaining very close to tower frequency. The
speed raises, therefore becoming less critical for thefrequency and the damping of the pair associated with
control action. T changes as wind speed changes and is completely
independent of tower frequency and blade edge mode

The maximum bandwidth achievable with each one of frequency but stronaly dependent on blade flap mode
these configurations is examined. In both cases, the, 9 y gly dep P

wind turbines’ rated wind speed is betwe&h and frequency.
13m/s. Furthermore, it is at these low wind speeds The approach provides useful insight into the conse-
that the control requirements are most stringent, sincequences of the choice of natural frequencies for blades
the gain of the plant is lowest due to the low value of and towers during the design process. It should be em-
the gradient of the aerodynamic torque with respect to phasized that the limitations raised with this method
pitch angle. Therefore, it is at these low wind speeds, are intrinsic to the system, since they are derived from
just above rated, that the limiting effect of the RHPZs structural characteristics. This implies that the avali-
is analysed. able bandwidth is a constraint independent from the
control methodology chosen to design the controller.
Therefore, if the avalaible bandwidth has a lower value
than the intended bandwidth, the latter will be, by no
means, achievable, resulting in a poor performance of

s? — 1.605s + 6.875 the controller.
T2 = —

5% 4+ 1.605s5 4+ 6.875

52 — 3.604s + 21.33

At 12 and 13m/s, the Blaschke products for the
RHPZs associated withz has the following form for
the smaller wind turbine

1018 = 31756045 + 21.33 6. REFERENCES
and for the bigger machine Bode, H. W. (1945)Feedback Amplifier Desigivan
s2 —2.176s + 2.624 Nostrand.
T2 = $2 1 21765 + 2.624 Freduenberg, J., R. Middleton and A. Stefanopoulou
s2 — 2.474s + 6.673 (2000). A survey of inherent design limitations.
T3 = s2 1 2.4745 1+ 6.673 American Control Conference. Chicago, lllinois.
’ ' Freudenberg, J.S. and D.P. Looze (1987). Right half-
Choosing safe stability marging0dB of GM, and plane poles and zeros and design tradeoffs in
60° of PM, at12m/s, the maximum achievable band- feedback systemdEEE Transactions on Auto-
width for the smaller wind turbine i6.65rad/s and, matic Control30(6), 555-565.
for the bigger wind turbine, i8.27rad/s. The latter ~ Horowitz, .M. (1963) Synthesis of Feedback Systems
reflects the effect of the lower frequency of the ze- Academic Press.
ros. As the wind speed increases, hence increasingd-eithead, W.E. and B. Connor (2000). Control of
the frequency of the RHPZs, the maximum avalaible variable speed wind turbines: Dynamic models.
bandwidths increase to.04rad/s, and 0.49rad/s, International Journal of Control
respectively. This implies that with the chosen stability Leithead, W.E. and M.C.M. Rogers (1996). Drive-
margins, a bandwidth ofrad/s is unachievable at train Characteristics of Constant Speed HAWT's:
12m/s. For stability margins obd B and45° the max- Part I-Representation by Simple Dynamics Mod-
imum bandwidth islrad/s for the smaller machine els.Wind Engineering
although just.43rad/s for the bigger machine. Inthe  Leithead, W.E. and S. Dominguez (2004). Analysis
latter case, the required bandwidthlofzd/s cannot of tower-blade interaction in the cancellation of
be achieved. the tower fore-aft mode via control. IEuropean

Wind Energy ConferencEWEA. London, U.K.
Seron, M., J.H. Braslavsky and G.C. Goodwin (1997).

5. DISCUSSION AND CONCLUSIONS Fundamental limitations in filtering and control
Springer-Verlag.

In this paper, a procedure is presented that, with the in-Sidi, M. (1980). On maximization of gain-bandwitdh

put of readily avalaible parameters of the wind turbine, in sampled data systemsternational Journal of
enables an estimate of the maximum crossover fre-  Control 32(6), 1099-1109.

quency possible for the pitch control system to be ob- Sidi, Marcel (1997). Gain-
tained. Traditionally, these issues had been given littte ~ bandwith limitations of feedback systems with
or no importance, but with the current increase in size non-minimum-phase plantgaternational Jour-
in wind turbines, the possibility of having a machine nal of Control67(5), 731-743.

for which the pitch control system cannot reach the Sidi, Marcel and Oded Yaniv (1999). Margins and
required bandwidth is realistic. Both the dynamics of bandwith limitations of NMP SISO feedback sys-
the tower and the dynamics from aerodynamic torque ~ tems. Haifa, Israel.

to hub torque are relevant, witch each inducing a pair

of complex conjugates RHPZs. The frequency of the

pair associated with the tower varies little with wind
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