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ABSTRACT

A simulation based semi-active control strategy for partially observed building frames subjected to random ground motions is presented. The control strategy has the following attributes, namely, i) it is suitable for online implementation; ii) it meets the ideal condition for the use of the Kalman filter for the state estimation by converting the input excitation to the Gaussian white noise; and iii) it can accommodate a site-specific random ground motion defined by its power spectral density function (PSDF). In order to meet the requirement of the site-specific input ground motion and to meet the ideal condition for the use of the Kalman filter, the state vector is augmented by the filter variables of the double filter PSDF proposed by Clough and Penzien so that the Gaussian white noise is provided as the input to the system. The structure is also analyzed for the simulated ground motion from the PSDF directly applied as input to the structure without fulfilling the condition that the use of the Kalman filter requires the input excitation or disturbance to be white noise. Two control algorithms are used, namely, i) Linear Quadratic Gaussian (LQG) control with clipped optimal algorithm (LQGCL); and ii) Sliding mode control with clipped optimal control (SMCCl). The results of the study show that i) there is a significant difference in results between the two types of analysis performed; ii) SMCCl provides better control of responses; and iii) the development of the control strategy for site-specific ground motion requires careful consideration of the online implementation. 
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1. INTRODUCTION

Natural hazards like earthquakes, cyclones and tsunamis have a tendency to cause large scale damage to structures if they are not properly designed. For the protection of structures against these natural hazards considerable researches have been carried out in the field of structural control in the past. Various control devices like the base-isolator, the tuned mass damper, the friction-damper, the Magneto-rheological (MR) damper etc. have been developed and successfully installed. Out of the different control devices developed, the MR damper is the most widely studied semi active control device because of its low voltage requirement and is fail-safe. 
Substantial studies on the development of control schemes for the MR damper and their applications to different structural control problems had been conducted. Some of the popular control schemes which were proposed for the semi-active control using MR damper include the clipped optimal control, the Lyapunov control and the modulated friction control developed by Dyke et al. (1996) and Jansen and Dyke (2000). Xu et al. (2000) put forward two more control schemes for the semi active control of structures fitted with the MR dampers. A quantitative feedback theory for the semi active control using the MR dampers was developed by Zapateiro et al. (2009). Kori and Jangid (2009) investigated the effectiveness of input voltage on the MR damper considering various control algorithms under different earthquakes. The control of the pounding effect of a base isolated long span highway bridge using MR dampers was investigated by Sheikh et al. (2011). Different control algorithms developed for MR dampers were employed for controlling the responses of piping systems by Kumar et al. (2012). A turbo-Lyapunov function-based control scheme for the semi-active control of a nonlinear highway bridge using the MR damper was put forward by Cha and Agarwal (2013). The behaviour of an asymmetric building plan fitted with MR dampers was investigated by Bharti et al. (2014). Performances of the clipped-optimal control, decentralized feedback control and passive control were investigated by Cha et al. (2013).  The use of MR dampers for coupled buildings for reduction of the response and pounding between the two buildings was investigated by Abdeddaim et al. (2016). A few attempts have also been made to use neural networks for the semi active control with MR dampers. The use of neural network for predicting voltage for the MR damper was presented by Bahar et al. (2010). A recurrent neural network model which evaluates the input voltage to be applied across the MR damper was proposed by Chang and Zhou (2002). A neuro-controller was used for the reduction of the response of base-isolated structures by Lee et al. (2005). Das et al. (2012) presented a semi active scheme combining neural network and fuzzy logic algorithm for the response control of building frames using MR dampers.
Since real life future excitations are better modelled as a stochastic process and in practice, only a few numbers of measurements are possible, hence,  partially observed stochastic control using MR dampers were extensively studied in the past. Ying et al. (2003) first presented semi active stochastic control of structures using ER/MR dampers. The control strategy was developed considering the system to be a dissipated Hamiltonian system excited under random loading. For convenience, the control forces developed by ER/MR dampers were divided into two parts namely, passive and active. The controlled responses were obtained using the stochastic averaging technique and solving the Ito equations. Following nearly the same technique, a number of structural systems were controlled by using MR dampers by a few researchers (Dong et  al. 2004, Zhu  et al. 2004, Cheng et al. 2006, Hu et al. 2016).
Although considerable studies on the semi-active control of partially observed systems using MR dampers are reported, there is a lack of rigor in the formulations made. The reason is attributed to the use of the Kalman filter for state estimation which requires that both process and measurement noises should be ideally Gaussian white. While the exact nature of measurement noises is unknown, it may be reasonable to assume it as Gaussian white, since many of the measurement noises are broadband processes, if not white. The same assumption is not valid for the seismic excitation, since except for some ideal situations, the seismic excitations are not white. However, the Kalman filter is used for the state estimation for non-white Gaussian seismic excitation for many partially observed control problems found in the literature. Since the Kalman filter requires only the values of covariance of the excitation and the measurement noise, the state estimation remains the same irrespective of the nature of excitation. However, the formulation of the problem lacks theoretical rigor if the excitation is not white. Herein, an alternative formulation of the problem is presented in which the state variables are augmented by two filter variables. A white noise is passed through the filters to obtain the desired type of the seismic excitation to the structure. The system with augmented variables is analyzed for the control problem in which excitation becomes Gaussian white noise. The results derived from the proposed formulation are compared with those of the conventional formulation in which seismic excitation is directly prescribed as input to the structure. For real time implementation, an artificial neural network (ANN) is trained to transform the measured ground motion to white noise which is considered as the input to the control algorithm in the proposed formulation. An example problem of a 10 storey building frame is presented as an illustration of the proposed control strategy. Two standard semi-active control strategies are employed to obtain the controlled responses using the MR dampers. They include i) Linear Quadratic Gaussian (LQG) control with clipped optimal algorithm (LQGCl); and ii) Sliding mode control with clipped optimal algorithm (SMCCl). Modified Bouc-Wen model is used for the generation of the control force in the MR dampers.


2. THEORY

Equation of motion of the building frame employed with MR dampers is written as


 	(1)

where  Ms is the mass matrix, Cs is the damping matrix and Ks is the stiffness matrix, U is the vector of MR damper force, G denotes the damper location matrix; z is the floor displacement vector; r is an influence coefficient vector; and  is the ground acceleration. The state-space form of Equation 1 is written as:


	(2)
 

	(3)

where, Aw is a 2n x 2n  matrix based on the dynamic properties of the structure, Bw is a 2n x m control force matrix, Ew is a 2n x 1 excitation vector, Cw is a p x 2n measurement matrix, Dw is a p x m zero matrix, x is a 2n x 1 state vector, y is a p x 1 vector of measured responses and v is a p x 1 measurement noise vector; n, m and p are the numbers of floors, MR dampers and  measured outputs, respectively.

The state vector in the above formulation (called VB-1) consists of only the structural displacement and velocity. The ground motion is non-white and assumed as Gaussian. Since excitation is non-white, the full state estimation of the measured state using Kalman filter (described later) lacks theoretical rigor. In order to bring in the theoretical rigor, an alternative formulation (VB-2) is presented by augmenting the state vector of the structure by two filter variables. The VB-1 and VB-2 systems are shown in Figure 1. The filter equations are coupled to the equations of motion of the structure in the state space domain. A white noise is passed through the filters to obtain the desired non-white seismic excitation to the structure. The augmented system is analyzed for the control problem in which white noise forms the input excitation. The following set of filter equations is augmented to the set of Equations 1 and 2.


	(4)


		(5)

where   and  are the outputs of the first and the second order filters; w is the white noise;  ,,  and  are the filter coefficients. The PSDF of the ground acceleration  as obtained from Equations 3 and 4 is given as (Clough and Penzien,1975):


	(6)

where  S0 is the ordinate of the PSDF of white noise. 
When the Equations 3 and 4 are substituted in Equations 1 and 2, the following state space equations for the structure filter system are obtained.


	(7)


	(8)


where ; A is a 2(n+2) x 2(n+2) matrix. The elements of A matrix are functions of filter coefficients and structure’s characteristics, B is a 2(n+2) x m control force coefficient matrix, E is a 2(n+2) x 1 excitation coefficient matrix, C is a p x 2(n+2) measurement matrix, D is a p x m zero matrix, Ys is a p x 1 measurement vector and v is a p x 1 measurement noise vector. For both the formulations VB-1 and VB-2, the control algorithms are used to obtain the required voltage to be applied to the MR dampers.  
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Figure 1. a) VB-1 and b) VB-2 system equipped with three MR dampers and six sensors

2.1 Linear Quadratic Gaussian Control 


For the partially observed system, at each time step t, using measured output vector Ys(t), the controlled full state  is estimated as (Bhaiya et al. 2016): 


	(9)


in which 	(10)

For obtaining P(t) the following Riccati equation (Equation 10) is solved.


	(11)

where K(t) is the Kalman gain, W and V are the covariance matrices of excitation w(t) and white gaussian noise v(t) and T in superscript denotes transpose. The size of V and W are 2(n + 2) x 2(n + 2) and p x p, respectively. 

The LQG is a combination of Linear Quadratic Regulator (LQR) and Kalman filter. The Kalman filter for state estimation is summarized above. Then LQR is used to obtain the desired control force with estimated state vector .The control force u(t) is obtained by using the following equation


	(12)

where L(t) denotes feedback gain matrix and is obtained by solving the following Riccati equation:


	(13)


	(14)

The sizes of Q and R matrix are 2(n + 2) x 2(n + 2) and m x m, respectively, and are called constant matrices whose elements are adjusted to provide best results.

2.2 Sliding mode control

For the active control of structures, sliding mode control has been extensively used by various researchers (Yang et al.,1994, Sarbjeet and Datta,2000, Sarbjeet and Datta,2003). The control algorithm consists of two steps:  firstly, the sliding surfaces are designed and then the controllers are designed to bring the response trajectory on the sliding surfaces. The external excitation is neglected for the design of sliding surfaces. However, it is considered for the design of controllers. For m numbers of controllers, m numbers of sliding surfaces, S1, S2…Sm are defined as given below 


	(15)

where S is a vector consisting of m sliding variables. S is also expressed as a linear combination of estimated state variables as shown in Equation 15.


	(16)


where M is a (m x 2n+2) matrix required to keep the motion on the sliding surface for stability. For the response trajectory to remain on sliding surface, it is required that  ; from Equations 6 and 15, it follows that


	(17)

Solution of Equation 16 for U gives the equivalent control force Ueq on the sliding surface as given below:


		(18)

The sliding surface can be determined using different methods such as the pole assignment method and the LQR method (Yang et al.,1994). 

2.3 Clipped Optimal Control Law

Clipped optimal law (Dyke et al. 1996) is used to obtain the input voltage. If the absolute force in MR damper is greater than the absolute value of desired force, then the voltage is set to minimum. On the other hand, if the force in MR damper is less than the absolute value of the desired force, then the voltage is set to maximum. Mathematically it is given as:


	(19)

where V is the voltage applied across the MR damper, H is the Heaviside function, Vmax is the maximum value of the voltage, Fd is the desired control force; Fmr is the MR damper force. The desired force Fd is obtained by LQR/sliding mode [Equations 11 and 17] control algorithms.


3. NEURAL NETWORK FOR GENERATING WHITE NOISE INPUT FROM THE MEASURED GROUND MOTION

For generating white noise input to the filters corresponding to the real ground excitation, a neural network is trained. For the training of neural network, a two layered feed forward neural network is used. The input data and target data for the training of the neural network is the filtered excitation and the corresponding white noise, respectively. The network is trained offline using twenty five sets of both broadband and narrowband filtered excitations and the corresponding white noises. Using gensim command in MATLAB, a neural network function block of the trained neural network is created in SIMULINK of MATLAB. The function block of the neural network is then applied before the state space block in SIMULINK as shown in Figure 2 and real excitation is given as input to the neural network.
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Figure 2. Use of ANN for online application of algorithm


4. DEVELOPMENT OF MR DAMPER FORCE

Force developed by MR damper depends on viscosity of the MR fluid and the piston movement. The viscosity of the MR fluid is varied by changing the input voltage applied across the MR damper and the piston movement is governed by the movement of floors between which the MR damper is placed. In the present study, modified bouc-wen model given by (Spencer et al.,1997) is used. As the model is well established, therefore its details are not given here. 


5. NUMERICAL STUDY

For the numerical study, a ten story shear building frame is considered. The total mass and stiffness of each floor are taken as 18000 kg and 24965 kN/m. Controlled responses are obtained using VB-1, in which the state vector contains only the structural displacements and velocities, and VB-2, in which the state vector contains filter variables, and the structural displacements and velocities. For the former, the excitation is the simulated ground acceleration from its PSDF, which is shown in Figure 3. For the latter, the excitation is the corresponding white noise, which produces the simulated ground acceleration when passed through the filters. Two types of ground motions are considered, namely, narrow band and broad band excitations. The filter coefficients (Equations 3, 4 and 5) used for generating two types of excitations are shown in Figure 3. The value of S0 in Equation 6 is so adjusted that rms value of the white noise over a frequency band of 30 rad/s is 0.05g. The corresponding PSDFs of both narrow and broad band excitations are shown in Figure 3. Sample time histories of the filtered narrow band and broadband excitations are shown in Figure 4. The corresponding covariance of excitations is 0.2 and 0.58 respectively. Sample time history of the corresponding white noise is shown in Figure 5.

[image: C:\Users\Vishisht Bhaiya\Desktop\doublefiltermodified\Graph1.emf]
[bookmark: _Toc496030399]Figure 3. PSDF plot of broadband (Case 1) and narrowband (Case 2) filtered excitation

[image: C:\Users\Vishisht Bhaiya\Desktop\doublefiltermodified\timehistory.emf]
[bookmark: _Toc496030400]Figure 4. Sample time history of a) broadband and b) narrowband filtered excitation

The control of responses is obtained with three MR dampers placed on the first, second and third floors in a sequence. Since the placement of measurement sensors greatly influences the estimated state of the structure, their locations are decided based on the most accurate estimate of the states of the floors where the MR dampers are placed. As the control forces generated in the MR dampers largely depend on the velocities of the floors where MR dampers are attached, placement of a velocity sensor on each of these floors is the obvious choice. If more than three sensors are used, the extra sensors are placed in locations so as to obtain the best results. In the present example problem, six sensors are used with the three velocity sensors and the three displacement sensors placed at the bottom three floors where the MR dampers are placed.
For VB-1, the covariance matrix of the excitation (W) is of size 20 x 20. In the last 10 diagonal terms, the covariance of excitation is inserted. Similarly, the covariance matrix of measurement noise (V) is of size 6 x 6 having diagonal terms equal to the covariance of measurement noise. For VB-2, W is the covariance matrix of white noise having size of 24 x 24. The last 12 diagonal terms contain the covariance of white noise. V matrix remains the same as that of VB-1. The values of matrices are selected based on a separate sensitivity analysis. 
[image: C:\Users\Vishisht Bhaiya\Desktop\doublefiltermodified\broadwhi.emf]

[bookmark: _Toc496030401]Figure 5. Sample time history of white noise

Q and R matrices for the LQR algorithm are of size 20 x 20 and 3 x 3 respectively, for the VB-1 system, and of size 24 x 24 and 3 x 3 respectively, for the VB-2 system. Q and R matrices are adjusted for each earthquake to obtain the best results. Similarly, the QS matrix in the sliding mode control is adjusted for each earthquake to get the best results. 
An ensemble of twenty five time histories is used to find the response reductions and associated control force. The results of the analysis are shown in the form of the following control measures:


Percentage reduction	(20)


Percentage reduction 	(21)

(i = 1, 2, 3; 1- top floor displacement; 2- maximum inter story drift; 3- base shear)
in which ] are the expected rms value of the uncontrolled and controlled responses; are the expected uncontrolled and controlled absolute peak responses. Expectations are taken over 25 samples of the ensemble. Note that in Figures 6 and 7, Dd, Dr, and Bs represent the peak top floor displacement, the maximum inter story drift and the peak base shear.

 5.1 Comparison between the percentages of control of responses obtained by VB-1 and VB-2

Figures 6 and 7 show the comparison between the percentage reductions in expected peak and rms values of the response quantities of interest obtained by VB-1 and VB-2 for broadband and narrowband excitations. It is seen from the figures that the response reductions in general are different for the two schemes and the difference varies with the response quantities of interest. Further, the difference is more pronounced for the narrowband excitation; VB-2 provides more reduction in responses. 

[bookmark: _Toc496031107][image: ]
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Figure 6. Comparison between percentage reductions in expected peak values of different response quantities obtained by VB-1 and VB-2 (broadband excitation) for a) top floor displacement b) maximum inter-story drift and c) base shear
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Figure 7. Comparison between percentage reductions in expected rms values of different response quantities obtained by VB-1 and VB-2 (broadband excitation) for a) top floor displacement b) maximum inter-story drift and c) base shear

In certain cases, VB-2 gives a much higher response reduction compared to VB-1. Comparison between the response reductions obtained for different response quantities of interest shows that the LQGCl control generally provides more reductions in responses as compared to the SMCCl. The maximum percentage reductions in the drift and the top floor displacements are about 60% and 50%, respectively. The percentage reduction in the peak base shear is always less as compared to the other two response quantities; maximum reduction is of the order of 30%.   
The peak control forces developed in the MR damper located in the first floor are compared for the two control schemes in Table 1. It is seen from the table that there is not much difference between the peak control forces required for the two control schemes. The reason for this may be attributed to the limitation of the maximum voltage that can be applied to the MR dampers. Since the maximum voltage remains the same for the two schemes, it limits the control forces generated in the MR damper resulting in nearly the same peak control forces for the two.

Table 1. Peak control forces developed in the MR damper for different control strategies

	Control Algorithm
	Broadband Excitation
(kN)
	Narrowband Excitation
(kN)

	
	VB-1
	VB-2
	VB-1
	VB-2

	LQGCl
	107
	95
	91
	93

	SMCCl
	104
	97
	92
	92



Force-displacement and force-velocity plots of the first story MR damper are shown for some typical cases in Figures 8, 9, 10 and 11. It is seen from the figures that the nature of the plots is different for the two control schemes, VB-1 and VB-2. Further, they are different for different control algorithms.
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Figure 8. Force-displacement and force-velocity plots of the MR damper located on the first floor for the LQGCl under broadband white noise (VB-2 system)
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Figure 9. Force-displacement and force-velocity plots of the MR damper located on the first floor for the LQGCl under broadband filtered excitation (VB-1 system)
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Figure 10. Force-displacement and force-velocity plots of the MR damper located on the first floor for the SMCCl under broadband white noise (VB-2 system)
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Figure 11. Force-displacement and force-velocity plots of the MR damper located on the first floor for the SMCCl under broadband filtered excitation (VB-1 system)


6. CONCLUSIONS

A modified semi active control of partially observed building frames under seismic excitation is presented. The new formulation incorporates more theoretical rigor in the analysis by making the input excitation to be Gaussian white with the help of a double filter incorporated in the structural system. The results of the alternative formulation are compared with the conventional analysis. A ten story building frame is taken as an example problem. Two control algorithms are used for obtaining the time histories of the voltage to be applied to MR dampers. The control of responses for a ten story building frame is realized with the help of three MR dampers placed at the bottom three stories and the states of the system are observed with the help of six sensors. Numerical study leads to the following conclusions:
(1) Response reductions obtained by the proposed alternative formulation (VB-2) differ from those of the conventional formulation (VB-1) showing the need for improving the state estimation with more theoretical rigor; in general, the response reductions are found to be more for the VB-2 as compared toVB-1.
(2) Out of the two control algorithms employed, the SMCCl generally provides better control of responses as compared to the LQGCl; however, the maximum control forces developed in the MR dampers remain nearly the same for all cases.
(3) The force-displacement and the force-velocity plots derived from measurements are of different for different cases even though the peak control force and the peak responses remain nearly the same.
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Welcome

On behalf of the Anti-Seismic Systems International Society (ASSISi) and the Russian
Assodiation for earthquake engineering and protection from natural and manmade

hazards (RAEE) we warmly invite you to join us in St. Petersburg, Russia, on 1-6 July 2019 for

the 16th World Conference on Seismic Isolation, Energy Dissipation and Active Vibration
Control of Structures.

We believe this conference presents a unique opportunity for sharing the
latest international earthquake engineering knowledge and we encourage you to start
planning your contributions and attendance at the conference.

Please note the key dates for abstractand paper submission. As the conference date
draws closer the website wil be updated with details of the keynote
speakers, programme and other conference activities.

At the same dates in the parallel session the Xill Russian National Conference on
Earthquake Engineering and Seismic Zoning will be held

We look forward to welcoming you allin St. Petersburg!

Important Dates

Abstract Submission Deadline - 01 december 2018
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