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Abstract

A new control approach named Sinusoidal Reference Strategy is developed for adaptive feedforward
structural control. In this approach, the recursive-least-squares algorithm is used and a higher frequency
sinusoidal signal is utilized as the reference signal. The present approach is able to overcome some of the
shortcomings of the conventional adaptive feedforward control. Numerical simulations are then conducted
on reducing wind-induced vibrations of the JIN MAO Building in Shanghai, China, with a height of 420 m.
A multiple-degree-of-freedom (m.d.o.f.) acroelastic model of a general super-tall building and an active
mass damper (AMD) actuator are designed and manufactured. Wind tunnel tests are carried out to
investigate further the control efficiency and robustness of the present approach. Both the simulation and
experimental results show that the approach can reduce vibration of super-tall buildings remarkably, and
can adapt to dynamic uncertainties and modelling errors of the buildings.
© 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

Nowadays, more and more super-tall buildings are being constructed worldwide. These kinds
of structures are sensitive to wind excitations due to their low damping and stiffness, and thus
large amplitude vibrations often occur under strong wind excitation. For serviceability
considerations, it is important to develop some effective approaches to reduce the vibration
level of such kind of buildings. Active structural control has turned out to be an effective means to
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reduce wind-induced response, and a number of control algorithms have been developed [1-7],
most of which are generally based on an accurate model of the structure to be controlled.
However, for super-tall buildings under wind excitation, damping and stiffness are varying with
time due to the aerodynamic effects, and thus their dynamic properties are difficult to model
accurately. The characteristics of wind-induced vibrations of super-tall buildings thus impose a
new and stricter requirement for the robustness of control algorithms. One promising control
methodology is the adaptive feedforward control algorithm, which does not require an accurate
model of the structure, and can tolerate changes of structural dynamic properties. The adaptive
feedforward control algorithm stemmed from adaptive signal processing and was first applied in
the 1970s to the cancellation of signals corrupted by noise or interference [8,9]. In the 1980s, it was
implemented for the active control of acoustics [10]. Then it was extended to the control of
radiated sound from harmonically excited structures [11], as well as broadband structural
vibration [12]. More recently, this technique has been applied to vibration control of civil
engineering structures [13,14]. In the previous studies, the reference signal for the adaptive
feedforward control was assumed to be available directly from the excitation source in most cases.
A sinusoidal signal or multiple harmonic signal was also used as the reference signal, mostly for
controlling a sinusoidal response or harmonic response. However, wind excitations are of high
uncertainty with respect to magnitude and arrival time, and the original excitations are difficult to
be picked up and used as the reference signal for adaptive feedforward control. Thus, the
construction of a reference signal becomes one of the critical issues for adaptive feedforward
control of wind-induced vibration of super-tall buildings. In this paper, a Sinusoidal Reference
Strategy is developed and some properties of the control system are discussed. Numerical
simulations are conducted on reducing wind-induced vibration of the JIN MAO building. A
multiple-degree-of-freedom (m.d.o.f.) aeroelastic model of a general super-tall building and an
active mass damper (AMD) are designed and manufactured. Wind tunnel tests are performed on
controlling the along-wind and the across-wind vibrations of the building model, respectively.
Both the simulation and experimental results demonstrate high control efficiencies and good
robustness of the strategy.

2. Principle of conventional adaptive feedforward control

The block diagram of the conventional adaptive feedforward control is shown in Fig. 1, where,
P, is the transfer property of the controlled structure from the external excitation to the sensor; P,
is the transfer property from the control force to the sensor; H is the N-order identified finite
impulse response (FIR) model of P,; W is a FIR controller; x is the reference signal; fis the
external excitation; d is the response to the external excitation; # is the control force; s is the
response to the control force; e is the error response, i.e., the sum of the responses to external
excitation and control force. The adaptive algorithm adjusts controller parameters in real time
according to the error responses measured by sensors, and makes these parameters converge to
their optimal values.

There are broadly three key issues for the conventional adaptive feedforward control: (1)
Construction of the reference signal. The basic requirement of it is to be correlated with the
external excitations or the uncontrolled response. (2) Determination of orders of the FIR model
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Fig. 1. Block diagram of adaptive feedforward control.
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Fig. 2. A sample of typical uncontrolled response and mixed response; (a) original uncontrolled response, (b) mixed
response.

and controller. They are normally determined based on the number of frequency components in
the reference signal (or the frequency bandwidth of the reference signal). More components
correspond to large sizes. (3) Development of the adaptive algorithm. There are two broad classes
of adaptive algorithms that can be used for adaptive feedforward control [15-17]. One is the least-
mean-squares (LMS) algorithm and the other is the recursive-least-squares (RLS) algorithm. The
former has been widely used for its simplicity in computation (with a complexity of O(N), where N
denotes the order of the FIR model), but its property is limited because of its slow convergence
rate. The latter has superior convergence property and tracking capability, but its complicated
computation (with a complexity of O(N?)) may become an obstacle in some practical applications,
especially in multi-channel cases.

3. Development of sinusoidal reference strategy

From the vibration cancellation point of view, one of the difficulties in reducing wind-induced
vibration of super-tall buildings comes from the violent variation of the uncontrolled response, a
typical sample of which is shown in Fig. 2(a). As a solution, a higher frequency sinusoidal signal is
added here to the original uncontrolled response and the mixed response is regarded as the
objective response to be controlled. The mixed response is shown in Fig. 2(b). Considering the
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relatively alleviated variation of the amplitude, one can expect intuitively that better results may

be obtained than controlling the original response directly.

The mixed response is dominated by the additional sinusoidal signal; therefore, the reference
signal for adaptive feedforward control can be determined as a sinusoidal signal with the same
frequency. Then the block diagram of the adaptive feedforward control system evolves into Fig. 3,
where K is a proportional coefficient, used for adjusting the amplitude of the additional sinusoidal
signal. In order to improve tracking capability of the control system, a filtered-x RLS algorithm
is used here. Define the N-order FIR model of the control path H, the N-order FIR controller

W(n) as
H = [hhy---hy],

W(n) = [wiwy---wyl.

The corresponding recursive algorithm can be expressed as
x(n) = A4 sin(now Af),

Xn(n) = [x(0)x(n — 1)---x(n — N + 1)},
y(m) = Xy(mH",
Yy () = [y —1)---y(n = N + 1)),
Py (n) = Cyn(n — DYy (n),
1= Yn(mPy(n),

gyv(n) = Py(n)/(Z+ ),
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Fig. 3. Block diagram of adaptive feedforward control for reducing mixed response.
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T
Cav(n) = | Cantn — 1) - %Pg)(”) , (10)
W(n) = W(n — 1) + gy(n)e(n), (11)
u(n) = X (W' (n), (12)

where x(n) is the present time value of the reference signal, # is the time index, 4 is the forgetting
factor of the adaptive algorithm, At is the time interval of control update, 4 and w are the
amplitude and the circular frequency of the reference signal, respectively, e(n) is the error response
which is the sum of uncontrolled response, the added sinusoidal and the secondary response
produced by control signal; u(n) is the control signal at present time. After obtaining the FIR
model H and initializing the FIR controller W, one can obtain the controller coefficients and
control signal at every time index by using Egs. (3)—(12) iteratively.

In the control system shown in Fig. 3, the control signal u consists of two components: one
corresponds to the uncontrolled response and the other corresponds to the additional sinusoidal
signal. The former is the desired component for reducing the original uncontrolled response. But
the latter will lead to additional undesired response if it is applied to the structure directly. In
order to remove this negative effect, Eq. (11) is investigated in more detail. It can be re-written as

Wi(n) + Wa(n) = Wi(n — 1) + Wa(n — 1) + gy(n)(ei(n) + es(n)), (13)

where Wi (n) and W»(n) are two components of the controller corresponding to the two control
signal components respectively. ej(n) and e,(n) are error components corresponding to the
original uncontrolled response and the additional signal.

When W,(n) converges sufficiently, W;(n) is approximately identical to Wy(n — 1), and ey(n) is
much less than e;(n) and thus can be neglected in Eq. (13). So one can have

Wi(n) = Wi(n — 1) + gy (mer(n). (14)

Eq. (14) shows that the recursive computation of Wi(n) is separated from the value of W»(n) as
well as the amplitude of the additional sinusoidal signal. Therefore, the proportional coefficient K
in Fig. 3 is set as zero, thus W, (n) becomes definitely a zero vector. So the negative influence of the
addition is removed and the control signal contains only the desired component. The block
diagram of the SRS-based adaptive feedforward control is shown in Fig. 4.
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Fig. 4. Block diagram of SRS-based adaptive feedforward control.
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It seems that Fig. 4 is very similar to the conventional adaptive feedforward control. But in fact
it has some unique characteristics: (1) Its reference signal is definitely selected as a sinusoid, whose
frequency is much higher than all of the dominant modal frequencies of the controlled structure.
This is quite different from the conventional principle for selecting a reference signal. (2) The
orders of the FIR model and the controller are definitely selected as 2, since the reference signal is
only of a 2-order persistent excitation. Theoretically, this is the smallest size for them. Such a
small size can remarkably reduce the computation amount during each control update interval,
and thus make the algorithm more easy to implement. (3) Identification of the FIR model is
conducted offline using an adaptive identification method with the same sinusoid as input signal.
The updating rate is selected as the same as that for controlling. Only the dominant modes are
included through using modal filters. Such a modelling method means that the two parameters of
the FIR model only reflects amplitude and phase properties at a high-frequency point. It is well
known that a vibration system appears to be nearly inertial under high-frequency excitations, and
amplitude and phase properties are not sensitive to the fluctuation of damping and stiffness of the
vibrating system. The present modelling method, therefore, is helpful to improve the robustness of
the whole control system. It should be noted that the same modal filters should be used for both
identification and control.

4. Numerical simulation

The SRS-based adaptive feedforward control is simulated for reducing wind-induced vibrations
of the JIN MAO Building, 420 m high, located in Pudong New Area, Shanghai, China. Only the
first three modes are considered. Their mode shapes and modal frequencies are shown in Fig. 5
and Table 1, respectively. The terrain condition is considered as category D. The exponent o of the
average wind profile is 0.3 and the corresponding gradient height is 450 m according to Chinese
code. The 10-year return period wind speed at the gradient height under terrain D is 46.2 m/s.

AMD is considered as the actuator, installed on the top of the building, which weighs 423 T,
about 1% of the first modal mass of the JIN MAO Building. The first two modal acceleration
responses at the top of the buildings are to be controlled.

In order to evaluate the robustness of the controller, the uncertainty of the building stiffness is
considered since the active controllers are not sensitive to the uncertainty in damping. The mode
shapes are assumed unchanged. Stiffness uncertainties in seven cases from 15% to —15% are
obtained by multiplying the first three modal frequencies 1.0724, 1.0488, 1.0247, 1.0000, 0.9747,
0.9487 and 0.9220, respectively. The controller is designed below and the same controller is
applied to all the seven cases:

Control updating rate: f=75Hz

Reference signal: Sinusoidal = sin(2m x 16.148 x n/f), n is time index
Forgetting factor: 4 =0.1

Identified model: [h1,h2] = [8.60 x 1078, —1.34 x 1071]
Initialization for n = 0: 1.0 x 102 0.0

[wi, w2] =[0.0,0.0], Cun(n) = 0.0 1.0 % 102
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Fig. 5. First three mode shapes of JIN MAO Building.

Table 1

Modal parameters of JIN MAO building

Modal parameters First mode Second mode Third mode
Modal frequency (Hz) 0.16148 0.66363 1.43068
Modal mass (T) 42323.089 33452.830 31114.356
Modal damping ration (%) 0.15 0.15 0.15

Fig. 6 shows time histories of uncontrolled and controlled accelerations of the zero-uncertainty
building. The corresponding frequency spectra are shown in Fig. 7. The corresponding frequency
spectra of the controller parameters and control force are presented in Fig. 8. Control efficiencies
in peak and r.m.s. values in all seven cases are shown in Tables 2 and 3.

Fig. 6 indicates that the amplitude of the acceleration response is remarkably reduced.
Comparing the frequency spectra of the uncontrolled and controlled accelerations shown in
Fig. 7, one can see that the first two modal responses are reduced effectively. Fig. 8(a) shows that
the controller parameters contain four dominant frequency components. Two of them are
corresponding to the addition of the reference signal frequency and the first two modal
frequencies, and the other two are corresponding to the subtraction of the reference signal
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Table 2

Peak reduction efficiency under different stiffness uncertainty

Uncertainty (%) No control (m/s?) With control (m/s?) Control efficiency (%)
15 56.735 35.524 37.386

10 61.318 34.114 44.365

5 65.381 35.510 45.687

0 66.527 34.749 47.767

=5 66.306 35.267 46.812

—10 68.097 36.849 45.888

—15 59.637 37.451 37.202

Table 3

r.m.s. Reduction efficiency under different stiffness uncertainty

Uncertainty (%) No control (m/s?) With control (m/s%) Control efficiency (%)
15 20.987 11.737 44.075

10 21.819 11.722 46.276

5 23.096 11.711 49.294

0 22.182 11.829 46.673

=5 22.652 12.076 46.689

—-10 23.186 12.310 46.908

—15 23.774 12.347 48.065

frequency and the first two modal frequencies. The control signal, which is the result of
convolution of the reference sinusoidal signal and the controller parameters, consists of two
dominant frequency components, corresponding to the first two dominant modal frequencies,
shown in Fig. 8(b). The results in Tables 2 and 3 show that control efficiencies corresponding to
different uncertainties do not change much, which demonstrates that the control system has good
robustness.

It should be mentioned that the modal frequencies of the controlled structure are found to
decrease slightly when the control system is running.

5. Designs of m.d.o.f. aeroelastic building model and AMD actuator

A m.d.o.f. aeroelastic model of a general super-tall building, which was designed and
manufactured, is sketched in Fig.9. It is of square cross-section with dimension of
0.15m x 0.15m. It is 1.125m in height and about 8 kg in weight. In order to study the along-
wind and across-wind responses, respectively, avoiding the coupling of responses in the two
directions, the bending stiffness in the vibration direction is designed to be much smaller than that
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Fig. 9. Sketch of m.d.o.f. model of super-tall building.

Fig. 10. Sketch of electro-magnetic AMD actuator.

in the other direction. The first four modal frequencies in the vibration direction are 2.2, 13.2, 33.5
and 62.8 Hz, respectively.

An AMD of an electro-magnetic type was designed and made, and is depicted in Fig. 10. The
weight of the mass block is around 88 g, about 1.1% of the total weight of the designed super-tall
building model. Its maximum stroke is limited to 2.0cm. The maximum control force it can
provide is about 0.3 N.

6. Wind field simulation and experimental setup

Wind tunnel tests were carried out in the TJ-1 boundary layer wind tunnel of Tongji University.
Its working section is of 1.8 m in width and 1.8 m in height. The wind field simulation in the wind
tunnel is achieved by a combination of turbulence generating spires, a barrier at the entrance of
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the wind tunnel and roughness elements along the wind tunnel floor upstream of the model.
Fig. 11 shows the simulated average wind speed profile and turbulent intensity of terrain D.
The experimental setup is shown in Fig. 12. Four accelerometers, which are mounted on the
building model at the heights of 0.48, 0.68, 0.9 and 1.1 m, respectively, are used for measuring the
acceleration responses. In addition, one accelerometer is set on the mass block of the AMD to
measure its acceleration. The control system implementation is based on a TMS320C30 Digital
Signal Processor, HY-8027A A/D-D/A board and a Personal computer. The AMD is installed on

0.0 02 0.4 0.6 08
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|-
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~ & ; ® Turbulivity
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5 60
: ,,,,,,,,
40 40
20 20
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Fig. 11. Simulated wind field in wind tunnel.
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Fig. 12. Sketch of experimental setup.
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the top of the building model. In order to reduce the friction damping, the mass block of the
AMD is hung from the roof of the wind tunnel with four long threads when conducting the tests.

7. Experimental results and discussions

The objective of the tests is to experimentally investigate the efficiency and robustness of the
present strategy for controlling the first modal response of super-tall buildings under wind actions,
both in along-wind and across-wind directions. First four modal filters are computed before
conducting the tests, which are presented in Table 4.

In order to evaluate the robustness of the control algorithm, the along-wind response control
tests are conducted under eight different FIR models. The parameters of the test are: the wind
speed is 4 m/s; the frequency of the reference signal is 200 Hz; the forgetting factor is set as 0.2; and
the control updating rate is 12,000 Hz. Some time histories of the response with/without control
and their frequency spectra of the building model are shown in Figs. 13 and 14, and the
corresponding r.m.s. responses and efficiencies are listed in Table 5.

The across-wind response control test is conducted in a uniform wind field also under eight
different FIR models. The test wind speed is 2.8 m/s. The frequency of the reference signal is
selected as 200 Hz. The forgetting factor is set as 0.2. The control updating rate is 12,000 Hz. Some
time history responses and their frequency spectrums are shown in Figs. 15 and 16. The
corresponding r.m.s. responses and efficiencies are presented in Table 6.

From the results shown in Figs. 13 and 14 and Table 5, one can find that both peak and r.m.s.
values of the along-wind response are effectively reduced. The results in Table 5 indicate that an

Table 4
First four modal filters of building model
First mode Second mode Third mode Fourth mode
0.170 0.743 0.172 0.273
0.369 —0.072 0.006 —0.870
0.068 0.214 —1.200 1.069
0.390 0.886 1.022 —0.472
0.3
Ng 0.0*‘" I.‘ '. ‘. -~ Il. ‘ T m 'll' .Il‘l.‘ " '“'hl No Control
~ 03+ y T T T T T T T T T T 1
g o0 50 100 150 200 250 300
2 o3
S 00 With Control
5. f= 10000 Hz
0.3+ T T v T T T T T T T T T
0 50 100 150 200 250 300
Time (s)

Fig. 13. Time histories of along-wind responses of Case 1 (uncontrolled response and controlled response with FIR
Model [1.2, —0.05)).
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Fig. 14. Frequency spectrums of along-wind responses of Case 1 (uncontrolled response and controlled response with
FIR Model [1.2, —0.05]).

Table 5
Control efficiencies of along-wind responses under different FIR models
FIR model (kg) r.m.s. Response (m/s) Efficiency
[0.4, —0.05] 0.0221 60.25
[0.8, —0.05] 0.0262 52.88
[1.2, —0.05] 0.0298 46.40
[1.6, —0.05] 0.0322 42.09
[2.0, —0.05] 0.0332 40.29
[2.4, —0.05] 0.0389 30.04
[2.8, —0.05] 0.0399 28.24
[3.2, —0.05] 0.0458 17.63
No control 0.0556 —
0.08
Y o.ooWM No Control
g -0.08 ¢ Y T y T Y T v T v T T T
3 0 50 100 150 200 250 300
2 o08
E" 0.00 woe——" " ‘ ool v With Control
<< f= 10000 Hz
-0.08 " T T T T T T T T T
0 50 100 150 200 250 300
Time (S)

Fig. 15. Time histories of across-wind responses of Case 2 (uncontrolled response and controlled response with FIR
Model [1.2, —0.005]).

SRS-based control system can run in stable state under quite different FIR models, and at the
same time remarkable response reduction can be obtained. That demonstrates that the controls
system is very robust. The characteristics of the results of controlling across-wind responses,
presented in Figs. 15 and 16 and Table 6, are similar to those of controlling along-wind responses.
The results also show remarkable control efficiency and satisfied robustness for across-wind-
induced vibration of super-tall buildings. Moreover, due to the narrowband property of the
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Fig. 16. Frequency spectrums of across-wind responses of Case 2 (uncontrolled response and controlled response with
FIR Model [1.2, —0.005)).

Table 6

Control efficiencies of across-wind responses under different FIR models

FIR model (kg) r.m.s. Response (m/s?) Efficiency (%)
[0.4, —0.005)] 4.66 x 1073 80.58
[0.8, —0.005] 6.83x 1073 71.54
[1.2, —0.005] 8.40 x 107° 65.00
[1.6, —0.005] 1.03x 1072 57.08
[2.0, —0.005] 1.14 x 1072 52.50
[2.4, —0.005] 1.15%x 1072 52.08
[2.8, —0.005] 1.16 x 1072 51.67
[3.2, —0.005] 1.25x 1072 47.92
No control 240 x 1072 —

across-wind response, the efficiency of controlling across-wind vibration is seen to be higher than
that of controlling along-wind response.

8. Concluding remarks

A Sinusoidal Reference Strategy is developed in this paper for adaptive feedforward vibration
control of flexible structures. Numerical simulations and model studies are carried out for
reducing wind-induced vibration of super-tall buildings. The results indicate that the present
strategy has some superior properties in the construction of a reference signal, the reduction of the
orders of the FIR model and the controller, less computation time and robustness, etc. Both the
numerical simulations and experimental results further show remarkable control efficiencies and
good robustness of the present strategy.
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