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Electrical Engineering 

(ABSTRACT) 

A novel technique is investigated for utilizing the motion caused by environmental forces 

on a civil structure to generate electrical energy when the structure's response is within safety 

limits. When strong winds and earthquakes occur, the utility power source which supply energy 

to the actuator in an active control system is usually not reliable. With a regenerative electric 

actuator, recovered energy can be used to reduce the peak oscillations of the structure by 

applying forces (through actuators which use the recovered energy) counter to the environmental 

forces even if the utility power is not available. The use of a regenerative electric actuator allows 

a precise control of the amount of damping being provided by the actuator. Another advantage of 

using regenerative electric actuators is the reduction of the required energy capacity of the 

electrical source. This translates into lower energy ratings for the electrical source, and lower 

equipment and maintenance costs. This study is the first of its kind to propose and investigate 

active control of civil structures using regenerative electric actuators. This study is also the first 

of its kind to investigate the applicability of sliding mode control to civil structures using 

regenerative electric actuators. Sliding mode control provides a natural synthesis of the on-off 

nature of pulse width modulation control and control force saturation, and guarantees stability for 

the contro] law. It is also invariant to parameter changes and external disturbances. New direct- 

control schemes for neural network and adaptive fuzzy control of civil structures using 

regenerative electric actuators are proposed and investigated. These allow on-line control of the 

structure without the need for either an accurate model of the system or a specific learning stage. 

Since the error at the output of these controllers will be unknown in the direct-control scheme, 

the error at the system output is used to train or update the controller parameters. Simulations are 

conducted for wind and earthquake excitations using linear and nonlinear models. It is shown 

that the use of regenerative electric actuators is a viable and a reliable alternative for active 

control of civil structures.



To Maria Nona and Alana Rae 

ill



Acknowledgments 

I would like to thank my advisor, Prof. Krishnan Ramu, for his guidance and 

encouragement. My thanks to all members of my academic committee, Prof. VanLandingham, 

Prof. Singh, Prof. Baumann, and Prof. Bay, for their interest and enthusiasm for my work. 

I would like to express my gratitude for the financial support provided by the Philippine 

Department of Science and Technology. 

I would like to thank the members of the Motion Control Systems Research Group for 

their help and support in the completion of this work. 

My sincere thanks to my family and friends who provided moral support and 

encouragement. 

Above everything else, I thank Him Who is the Source of all knowledge.



Table of Contents 

I. 

I. 

LIST OF FIGURES 

LIST OF TABLES 

NOMENCLATURE 

INTRODUCTION 

1.1 The Principle of Regenerative Electric Actuation 

1.2 Objectives of the Study 

1.3 Scope of the Study 

1.4 Methodology 

1.5 Organization of the Study 

ACTIVE CONTROL OF CIVIL STRUCTURES 

2.1 Introduction 

2.2 The Need for Control in Tall Structures 

2.3 Methods of Control 

2.4 Actuators 

2.5 Problems in the Implementation of Active and Hybrid Control 

MODELING OF CIVIL STRUCTURES, SYSTEM COMPONENTS, AND 

DISTURBANCES 

3.1 Introduction 

3.2 Linear, Single-Degree-of-Freedom Model of Structures 

3.3 Nonlinear, Single-Degree-of-Freedom Model of Structures 

3.4 Single-Degree-of-Freedom Structures with Mass Dampers 

3.5 Linear, Multidegree-of-Freedom Structures 

3.6 Base-Isolated Structures 

3.7 Structures with Mass Dampers 

3.8 Nonlinear, Multidegree-of-Freedom Structures 

3.9 Active Variable Stiffness and Active Variable Dampers 

3.10 Disturbances 

IV. PROPORTIONAL CONTROL 

4.1 Introduction 

4.2 Displacement Feedback Control 

4.3 Feedforward Control 

Viil 

XVili 

XVIX 

“
o
n
e
 

Oo
 

aI 
ND
 

HD 
N
O
 

=
 

=
 

Ny
 
N
O
 

Ww
 

NY
 

©
 

25 

25 

25 
27 

28 

31 

40 

43 

45 

52 

52 

55 

55 

56 

78



4.4 Proportional Control in Discrete-Time 86 

4.5 Summary 87 

V. LINEAR QUADRATIC CONTROL 89 

5.1 Introduction 89 

5.2 Formulation of the Optimal Control Problem 89 

5.3 The Linear Regulator Problem 91 

5.4 Selection of the Q and R Weighting Matrices 102 

5.5 Summary 114 

VI. SLIDING MODE CONTROL 116 

6.1 Introduction 116 

6.2 Variable Structure Systems 117 

6.3 Sliding Modes 118 

6.4 Design of the Sliding Surface 120 

6.5 Controller Design 125 

6.6 Summary 148 

VI. NEURAL NETWORK CONTROL . 150 

7.1 Introduction 150 

7.2 Learning Architecture 151 

7.3 Training Algorithm 152 

7.4 Summary 163 

Vill. ADAPTIVE FUZZY CONTROL 164 

8.1 Introduction 164 

8.2 Adaptive Fuzzy Control 165 

8.3 Control Scheme 166 

8.4 Adaptation Mechanism 167 

8.5 Summary 174 

IX. COMPARISON OF CONTROLLERS 175 

9.1 Displacement, Damper Stroke, and Control Force 175 

9.2 Power and Energy 180 

9.3 Control Force Saturation 183 

9.4 Some Considerations in Controller Implementation 186 

9.5 Summary 186 

X. REGENERATIVE ELECTRIC ACTUATORS 188 

10.1 Introduction 188 

vi



10.2 Modes of Operation 

10.3 Basic Control Scheme 

10.4 System Modeling 

10.5 Selection of the Actuator 

10.6 Modeling of the Permanent-Magnet Brushless DC Machine 

10.7 Drive Scheme for the PM Brushless DC Machine 

10.8 Terminal Voltage of the Electrical Source 

10.6 Summary 

XI. CONCLUSIONS AND RECOMMENDATIONS 

10.1 Conclusions 

10.2 Recommendations for Future Work 

REFERENCES 

VITA 

vii 

189 

19] 

192 

220 

220 

223 

225 

226 

228 

228 

232 

234 

241



List of Figures 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

2.8 

2.9 

2.10 

2.11 

2.12 

2.13 

2.14 

2.15 

2.16 

2.17 

2.18 

2.19 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

3.7 

Fig. 3.8 

Fig. 3.9 

Passive Base Isolation System using Elastomeric Bearings 

Active Elastomeric Base Isolation System 

Active Sliding Base Isolation System 

Hybrid Base Isolation System with Tuned Mass Damper 

Hybrid Base Isolation System with Hybrid Mass Damper 

Hybrid Sliding Base Isolation System with Friction-Controllable 

Bearings 

Passive Damper System 

Semi-active Damper System 

Active Damper System 

Hybrid Damper System 

Hybrid Tuned Mass Damper / Active Mass Damper System 

Active Variable Stiffness System 

Active Bracing System 

Active Tendon System 

Active Tendon System 

Active Bracing System 

Tuned Liquid Damper System 

Tuned Liquid Column Damper System 

Gravity Actuator System 

Linear Single-Degree-of-Freedom Model 

Single-Degree-of-Freedom Structure with Mass Damper 

Fixed-Base Building Structure 

Shear-Building Model using Absolute Displacements 

Shear-Building Model using Displacements between Floors 

Shear-Building Model using Displacements Relative to the Ground 

Base-Isolated Structure 

Shear-Building Model of Base-Isolated Structure using an Inertial 

Reference 

Shear-Building Model of BIS using Displacements Relative to the 

Ground 

Vill 

13 

14 

14 

14 

15 

15 

16 

16 

16 

16 

18 

19 

20 

20 

20 

20 

21 

2] 

22 

26 

28 

32 

33 

35 

37 

39 

39 

4]



Fig. 3.10 

Fig. 3.11 

Fig. 3.12 

Fig. 3.13 

Fig. 3.14 

Fig. 3.15 

Fig. 4.1 

Fig. 4.2 

Fig. 4.3 

Fig. 4.4 

Fig. 4.5 

Fig. 4.6 

Fig. 4.7 

Fig. 4.8 

Fig. 4.9 

Fig. 4.10 

Fig. 4.11 

Fig. 4.12 

Fig. 4.13 

Fig. 4.14 

Fig. 4.15 

Fig. 4.16 

Fig. 4.17 

Fig. 4.18 

Fig. 4.19 

Fig. 4.20 

Fig. 4.21 

Base-Isolated Building with Hybrid Mass Damper 

Base-Isolated Structure with Hybrid Mass Damper on the Top Floor 

Base-Isolated Structure with Mass Dampers 

Wind Force 

Earthquake Ground Acceleration 

Power Spectral Density 

Displacement-Feedback Control Scheme 

Illustration of the Actuator Time Delay (77) and Measurement Time 

Delay (7) 

Single-Degree-of-Freedom Structure with Mass Damper 

Root Locus for Varying Gain 

Displacement for Various Gain Values 

Actuator Force, Power, and Energy for K = 15 

Damper Stroke Length for K = 15 

Difference between a Linear and Nonlinear Simulation 

Sensitivity of the Maximum Displacement to Variations in Feedback 

Gain 

Sensitivity of the Maximum Control Force to Variations in Feedback 

Gain 

Sensitivity of the Maximum Stroke Length to Variations in Feedback 

Gain 

Displacement for Various Actuator Time Delays for K = 15 

Sensitivity of the Maximum Displacement to Variation in Time Delay 

Sensitivity of the Maximum Control Force to Variation in Time Delay 

Sensitivity of the Maximum Stroke Length to Variations in Time Delay 

Displacement for Various Measurement Time Delays 

Sensitivity of the Maximum Displacement to Variation in Measurement 

Time Delay 

Sensitivity of the Maximum Control Force to Variation in Measurement 

Time Delay 

Sensitivity of the Maximum Stroke Length to Variation in Measurement 

Time Delay 

Displacement without Control 

Displacement with Feedback Control 

43 

44 

48 

53 

53 

54 

56 

57 

58 

59 

59-60 

61 

61 

62 

63 

63 

63 

64 

65 

65 

65 

66 

67 

67 

67 

68 

68



Fig. 4.22 

Fig. 4.23 

Fig. 4.24 

Fig. 4.25 

Fig. 4.26 

Fig. 4.27 

Fig. 4.28 

Fig. 4.29 

Fig. 4.30 

Fig. 4.31 

Fig. 4.32 

Fig. 4.33 

Fig. 4.34 

Fig. 4.35 

Fig. 4.36 

Fig. 4.37 

Fig. 4.38 

Fig. 4.39 

Fig. 4.40 

Fig. 4.41 

Fig. 4.42 

Fig. 4.43 

Fig. 4.44 

Fig. 4.45 

Fig. 4.46 

Fig. 4.47 

Fig. 4.48 

Fig. 4.49 

Fig. 4.50 

Linear, Fixed-Base, Eight-Story Structure 

Interstory Displacements with Passive Control 

Interstory Displacements with Proportional Control 

Actuator Force, Power, and Energy for Proportional Control 

Damper Stroke Length for Proportional Control 

Effect of Gain Variation on the Maximum Interstory Drift 

Effect of Gain Variation on the Maximum Damper Stroke 

Effect of Gain Variation on the Maximum Displacement with Respect 

to the Ground 

Effect of Gain Variation on the Maximum Control Force 

Linear, Base-Isolated, Eight-Story Structure 

Interstory Displacements with Passive Control 

Interstory Displacements with Proportional Control 

Regenerative Actuator Force, Power, and Energy for Proportional 

Control 

Damper Stroke Length for Proportional Control 

Effect of Gain Variation on the Maximum Damper Stroke 

Effect of Gain Variation on the Maximum Base Displacement 

Effect of Gain Variation on the Maximum Interstory Drift 

Effect of Gain Variation on the Maximum Control Force 

Feedforward Control Scheme 

Displacement for Various Feedforward Gains 

Actuator Force, Power, and Energy for K = 0.12 

Damper Stroke Length for Feedforward Control 

Sensitivity of the Maximum Control Force to Gain Variations 

Sensitivity of the Maximum Control Force to Gain Variations 

Sensitivity of the Maximum Stroke Length to Gain Variations 

Displacement for Various Time Delays 

Sensitivity of the Maximum Displacement to Changes in the Time 

Delay 

Sensitivity of the Maximum Control Force to Changes in the Time 

Delay 

Sensitivity of the Maximum Stroke Length to Changes in the Time 

Delay 

68 

69 

70 

71 

72 

72 

72 

73 

73 

73 

74 

75 

76 

77 

77 

77 

78 

78 

78 

79 

80 

80 

8] 

81 

81 

82 

83 

83 

83



Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

4.5] 

4.52 

4.53 

4.54 

4.55 

4.56 

4.57 

4.58 

5.1 

5.2 

5.3 

5.4 

5.5 

5.6 

5.7 

5.8 

5.9 

5.10 

5.11 

5.12 

5.13 

5.14 

5.15 

5.16 

5.17 

5.18 

Displacement for Various Measurement Time Delays 84 

Sensitivity of the Maximum Displacement to Variations in the 

Measurement Time Delay 85 

Sensitivity of the Maximum Control Force to Variations in the 

Measurement Time Delay 85 

Sensitivity of the Maximum Stroke Length to Variations in the 

Measurement Time Delay 85 

Displacement with Feedforward Control 86 

Displacement without Control 87 

Displacement with Displacement-Feedback Control 87 

Displacement with Feedforward Control 87 

Displacement with Linear Quadratic Control 92 

Control Input Supplied by the Actuator 93 

Damper Stroke Length for Linear Quadratic Control 94 

Difference between a Linear and a Nonlinear Simulation 94 

Displacement for Various Limits (Ug, kips) on the Control Force 95 

Sensitivity of the Maximum Displacement to Limits on the Control 

Force 96 

Sensitivity of the Maximum Stroke Length to Limits on the Control 

Force 96 

Displacement for Various Time Delays (7 seconds) 96-97 

Sensitivity of the Maximum Displacement to Variations in Time Delay 97 

Sensitivity of the Maximum Control Force to Variations in Time Delay 97 

Sensitivity of the Maximum Stroke Length to Variations in Time Delay 98 

Displacement for Various Measurement Time Delays (7,,, seconds) 98 

Sensitivity of the Maximum Displacement to Variations in Measurement 

Time Delay 99 

Sensitivity of the Maximum Control Force to Variations in Measurement 

Time Delay 99 

Sensitivity of the Maximum Stroke Length to Variations in Measurement 

Time Delay 99 

Displacement with Linear Quadratic Control 100 

Actuator Force, Power, and Energy 101 

Damper Stroke Length with Linear Quadratic Control 101 

xi



Fig 

Fig 

Fig 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig 

Fig 

Fig 

Fig 

. 5.19 

. 5.20 

.5.21 

5.22 

5.23 

5.24 

5.25 

5.26 

5.27 

5.28 

5.29 

5.30 

5.31 

5.32 

5.33 

5.34 

5.35 

5.36 

5.37 

5.38 

5.39 

5.40 

. 6.1 

. 6.2 

. 6.3 

. 6.4 

Fig. 6.5 

Fig. 6.6 

Difference between a Linear and a Nonlinear Simulation 

Displacement for Various Q11 Values 

Sensitivity of the Maximum Displacement to Variations in Q11 

Sensitivity of the Maximum Control Force to Variations in Q11 

Sensitivity of the Maximum Stroke Length to Variations in Q11 

Displacement for Various R 

Sensitivity of the Maximum Displacement to Variations in R 

Sensitivity of the Maximum Control Force to Variations in R 

Sensitivity of the Maximum Stroke Length to Variations in R 

Interstory Drifts with Linear Quadratic Control 

Actuator Force, Power, and Energy 

Damper Stroke Length with Linear Quadratic Control 

Sensitivity of the Maximum Interstory Drift to Variations in gj 

Sensitivity of the Maximum Damper Stroke to Variations in q1 1 

Sensitivity of the Maximum Control Force to Variations in q1 

Interstory Drifts for Linear Quadratic Control 

Actuator Force, Power, and Energy 

Damper Stroke Length for Linear Quadratic Control 

Sensitivity of the Maximum Interstory Drift to Variation in ¢7> 

Sensitivity of the Maximum Base Displacement to Variations in 79 

Sensitivity of the Maximum Damper Stroke to Variations in g79 

Sensitivity of the Maximum Control Force to Variation in q79 

Displacement for (a) Sliding Mode (Pole-Placement) Control, and 

(b) Sliding Mode (Quadratic-Minimization) Control 

Actuator Force, Power, and Energy for Sliding Mode (Pole-Placement) 

Control 

Actuator Force, Power, and Energy for Sliding Mode (Quadratic- 

Minimization) Control 

Damper Stroke for Pole-Placement Method 

Damper Stroke for Quadratic-Minimization Method 

Difference between the Responses of the Linear and Nonlinear Models 

for (a) Sliding Mode (Pole-Placement), and (b) Sliding Mode 

(Quadratic-Minimization) Control 

Xil 

102 

104 

105 

105 

105 

106 

106 

106 

107 

108 

109 

109 

110 

110 

110 

111 

112 

113 

113 

113 

114 

114 

129 

130 

130 

131 

131 

131



Fig. 6.7 

Fig. 6.8 

Fig. 6.9 

Fig. 6.10 

Fig. 6.11 

Fig. 6.12 

Fig. 6.13 

Fig. 6.14 

Fig. 6.15 

Fig. 6.16 

Fig. 6.17 

Fig. 6.18 

Fig. 6.19 

Fig. 6.20 

Fig. 6.21 

Fig. 6.22 

Fig. 6.23 

Fig. 6.24 

Displacement for a 25% Step Decrease in k, with (a) Sliding Mode 

(Pole-Placement), and (b) Sliding Mode (Quadratic-Minimization) 

Control 

Sensitivity of the Maximum Displacement to Control Force Limits for 

(a) Sliding Mode (Pole-Placement), and (b) Sliding Mode (Quadratic- 

Minimization) Control 

Effectiveness in Decreasing the Maximum Displacement by Increasing 

the Maximum Control Force 

Sensitivity of the Maximum Stroke Length to Control Force Limits for 

(a) Sliding Mode (Pole-Placement), and (b) Sliding Mode (Quadratic- 

Minimization) Control 

Effectiveness in Decreasing the Maximum Stroke Length by 

Increasing the Maximum Control Force 

Displacement for (a) Sliding Mode (Pole-Placement), and (b) Sliding 

Mode (Quadratic-Minimization) Control 

Control Input for Sliding Mode (Pole-Placement) Control 

Actuator Force, Power, and Energy for Sliding Mode (Quadratic- 

Minimization) Control 

Damper Stroke for Pole-Placement Method 

Damper Stroke for Quadratic-Minimization Method 

Difference between Responses of Linear and Nonlinear Model for 

(a) Sliding Mode (Pole-Placement), and (b) Sliding Mode (Quadratic- 

Minimization) Control 

Effect of Control Force Limit for (a) Sliding Mode (Pole-Placement), 

and (b) Sliding Mode (Quadratic-Minimization) Control 

Effectiveness of Increasing the Maximum Control Force in 

Reducing the Maximum Displacement 

Interstory Drifts for Sliding Mode (Quadratic-Minimization) Control 

with q1; = 800 

Actuator Force, Power, and Energy for q;, = 800 

Damper Stroke for g1; = 800 

Sensitivity of the Maximum Interstory Drift to Variations in q 

Effectiveness of Increasing g,, in Decreasing the Maximum Interstory 

Displacement 

Xiii 

132 

133 

133 

134 

134 

135 

136 

136 

137 

137 

137 

138 

138 

139 

140 

14] 

141 

141



Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

6.25 

6.26 

6.27 

6.28 

6.29 

6.30 

6.31 

6.32 

6.33 

6.34 

6.35 

6.36 

6.37 

6.38 

6.39 

7.1 

7.2 

7.3 

7.4 

7.5 

7.6 

7.7 

7.8 

7.9 

7.10 

7.11 

Sensitivity of the Maximum Damper Stroke to Variations in q1 

Effectiveness of Increasing g1 in Decreasing the Maximum Damper 

Stroke 

Sensitivity of the Maximum Control Force to Variations in q1 

Effectiveness of Increasing q;, in Decreasing the Maximum Control 

Force 

Interstory Drifts for Sliding Mode Control with go> = 10 

Actuator Force, Power, and Energy for g77 = 10 

Damper Stroke for gz = 10 

Sensitivity of the Maximum Interstory Drift to Variations in g2> 

Effectiveness of Increasing g77 in Reducing the Maximum Interstory 

Drift 

Sensitivity of the Maximum Base Displacement to Variations in q¢79 

Effectiveness of Decreasing q77 in Reducing the Maximum Base 

Displacement 

Sensitivity of the Maximum Damper Stroke to Variations in q7> 

Effectiveness of Decreasing gz in Reducing the Damper Stroke 

Length 

Sensitivity of the Maximum Control Force to Variations in q77 

Effectiveness of Decreasing g7> in Decreasing the Maximum 

Control] Force 

Indirect Learning Architecture 

Generalized Learning Architecture 

Specialized Learning Architecture 

Controller Architecture 

Modified Control Scheme 

Neural Network Structure 

Displacement with Neural Network Control 

Damper Stroke Length with Neural Network Control 

Actuator Force, Power, and Energy for Neural Network Control 

Trajectory of the Displacement Versus Control Force 

Sensitivity of the Maximum Displacement to Variation in the Output 

Gain 

XiV 

142 

142 

143 

143 

144 

145 

145 

146 

146 

147 

147 

147 

147 

148 

148 

151 

152 

152 

153 

155 

155 

156 

156 

156 

157 

158



Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

7.12 

7.13 

7.14 

7.15 

7.16 

7.17 

7.18 

7.19 

7.20 

7.21 

7.22 

8.1 

8.2 

8.3 

8.4 

8.5 

9.1 

9.2 

10.1 

10.2 

10.3 

10.4 

10.5 

10.6 

10.7 

10.8 

Sensitivity of the Maximum Control Force to variation in the Output 

Gain 

Sensitivity of the Maximum Displacement to Variation in the Input 

Scale Factor 

Sensitivity of the Maximum Control Force to Variation in the Input 

Scale Factor 

Sensitivity of the Maximum Displacement to Variation in the Learning 

Rate 

Sensitivity of the Maximum Control Force to Variation in the Learning 

Rate 

Difference between Linear and Nonlinear Results 

Effect of Control Force Saturation on the Maximum Displacement 

Effect of Control Force Saturation on the Maximum Stroke Length 

Displacement with Neural Network Control 

Actuator Input for Neural Network Control 

Damper Stroke for Neural Network Control 

Adaptive Fuzzy Control System 

Form of the Fuzzy Logic Controller 

Displacement with Adaptive Fuzzy Control 

Stroke Length with Adaptive Fuzzy Control 

Actuator Force, Power, and Energy for Adaptive Fuzzy Control 

Comparison of the Effect of Limiting the Control Force on the 

Maximum Displacement 

Comparison of the Effect of Limiting the Control Force on the 

Maximum Displacement 

Single-Degree-of-Freedom Structure with Mass Damper 

Quadrants of Operation for the Regenerative Electric Actuator 

Basic Control Scheme 

Multidegree-of-Freedom Structure with Regenerative Electric Actuators 

Comparison of Displacements for Various Types of Control 

Comparison of Damper Stroke Lengths 

Comparison of Control Torques for Various Controllers 

Comparison of Actuator Powers for Various Controllers 

XV 

158 

159 

159 

159 

159 

160 

160 

160 

161 

161 

162 

166 

167 

172 

172 

173 

184 

185 

189 

190 

192 

196 

199 

200 

201 

202



Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

Fig. 

10.9 

10.10 

10.11 

10.12 

10.13 

10.14 

10.15 

10.16 

10.17 

10.18 

10.19 

10.20 

10.21 

10.22 

10.23 

10.24 

10.25 

10.26 

10.27 

10.28 

10.29 

10.30 

10.31 

10.32 

10.33 

10.34 

10.35 

10.36 

10.37 

10.38 

Comparison of Actuator Energy with and without Regeneration for 

Various Controllers 

Displacement with Regeneration 

Actuator Power during Regeneration 

Recovered Energy during Regeneration 

Control Torque during Regeneration 

Effect of Torque Command on the Maximum Power 

Effect of Torque Command on the Maximum Displacement 

Comparison of Displacements for Different Types of Control 

Comparison of Damper Stroke Lengths for the Two Controllers 

Comparison of Control Torques for the Two Controllers 

Comparison of Actuator Powers 

Comparison of Actuator Energy with and without Regeneration 

for Two Controllers 

Displacement with Regeneration 

Actuator Power with Regeneration 

Recovered Energy with Regeneration 

Control Torque during Regeneration 

Effect of Torque Command on the Maximum Power 

Effect of Torque Command on the Maximum Displacement 

Damper Stroke Lengths for Various Controllers 

Comparison of Control Torques for Various Controllers 

Comparison of Actuator Energy with and without Regeneration for 

Various Controllers 

Comparison of Damper Strokes for the Three Controllers 

Comparison of Control Torques for the Three Controllers 

Comparison of Actuator Energy with and without Regeneration for 

Different Controllers 

Phase-a Induced EMF 

_ PM Brushless DC Torque-Drive Scheme 

Torque Command 7,* 

Electromagnetic Torque 7, 

Phase Currents [A] 

Line Current for Sliding Mode Control 

XVi 

203 

204 

204 

203 

205 

205 

205 

206 

208 

208 

209 

209 

210 

210 

210 

211 

211 

211 

213 

214 

215 

217 

218 

219 

221 

223 

224 

224 

225 

226



Fig. 10.39 Line Voltage for Sliding Mode Control 226 

XVlii



List of Tables 

Table 4.1 

Table 4.2 

Table 4.3 

Table 4.4 

Table 4.5 

Table 4.6 

Table 5.1 

Table 5.2 

Table 5.3 

Table 5.4 

Table 6.1 

Table 6.2 

Table 6.3 

Table 6.4 

Table 7.1 

Table 7.2 

Table 8.1 

Table 9.1 

Table 9.2 

Table 9.3 

Table 9.4 

Table 9.5 

Table 9.6 

Table 9.7 

Table 9.8 

Table 10.1 

Table 10.2 

Table 10.3 

Table 10.4 

Comparison of Response for Passive and Proportional Control 

Parameters of the Structure 

Comparison of Response for Passive and Proportional Control 

Parameters of the Structure 

Comparison of Response for Passive and Proportional Control 

Comparison of Response for Passive and Proportional Control 

Comparison of Response for Passive and Linear Quadratic Control 

Comparison of Response for Passive and Linear Quadratic Control 

Comparison of Response for Passive and Linear Quadratic Control 

Comparison of Response for Passive and Linear Quadratic Control 

Comparison of Response for Passive and Sliding Mode Control 

Comparison of Response for Passive and Sliding Mode Control 

Comparison of Response for Passive and Sliding Mode Control 

Comparison of Response for Passive and Sliding Mode Control 

Comparison of Response 

Comparison of Response 

Comparison of Response 

Comparison of Maximum Displacement, Stroke, and Control Force 

Comparison of Maximum Displacement, Stroke, and Control Force 

Comparison of Maximum Displacement, Stroke, and Control Force 

Comparison of Maximum Displacement, Stroke, and Control Force 

Comparison of Power and Energy 

Comparison of Power and Energy 

Comparison of Power and Energy 

Comparison of Power and Energy 

Comparison of Maximum Response 

Comparison of Maximum Response 

Comparison of Maximum Response 

Comparison of Maximum Response 

XVill 

60 

69 

71 

74 

75-76 

719 

93 

100 

108 

112 

129 

135 

140 

144 

157 

162 

173 

175 

177 

178 

179 

180 

181 

182 

182 

199 

207 

212 

216



Nomenclature 

mass of the structure 

spring or stiffness coefficient of the structure 

damping coefficient of the structure 

control force 

external excitation force 

structure's displacement with respect to an inertial reference frame 

structure's displacement with respect to the ground 

system matrix 

control coefficient matrix 

disturbance coefficient matrix 

external disturbance vector 

state vector 

vector of control forces 

ground acceleration 

restoring force due to the spring/stiffness element 

ratio of postyielding to preyielding stiffness 

yielding displacement 

nondimensional auxiliary variable 

hysteresis parameters of stiffness element 

damper's displacement with respect to an inertial reference frame 

damper's displacement with respect to the structure 

ground displacement with respect to an inertial reference frame 

mass of floor i 

damping coefficient of floor i 

stiffness or spring coefficient of floor i 

displacement of floor i with respect to an inertial reference frame 

wind force exerted on floor i 

control force exerted on floor i 

mass matrix 

damping coefficient matrix 

stiffness coefficient matrix 

Xix



Patt) 

eq(t) 

Zpas 

‘pro 

vector of displacements with respect to an inertial reference frame 

relative displacement between floor i and floor i-1 or between floor i and the 

ground 

vector of masses 

vector of wind forces 

mass of the base floor 

damping coefficient of the base floor 

stiffness coefficient of the base floor 

displacement of the base floor with respect to the ground 

mass of the damper 

damping coefficient of the damper 

stiffness coefficient of the damper 

actuator infuence matrix 

vector of nonlinear damping forces 

vector of nonlinear stiffness forces 

elastic stiffness coefficient matrix 

inelastic stiffness coefficient matrix 

vector of auxiliary variables 

control force exerted by active variable-stiffness device 

variable stiffness coefficient 

interstory deformation 

viscous damping coefficient of active variable damper 

control force exerted by active variable-damping device 

positive number 

wind force 

magnitude parameter of wind force 

frequency parameter of wind force 

proportional feedback gain 

actuator time delay 

measurement time delay 

actuator instantaneous power 

energy drawn by the actuator from the electrical source 

maximum interstory drift for passive control 

maximum interstory drift for proportional control



r(k) 

a(x,u,f) 

u*(t) 

x*(t) 
J 

h(x,1) 

2(x,u,f) 

10 

f 
4 

“
R
A
V
D
B
A
A
 
R
F
D
 

D
 

* 
a 

S
S
S
 

Q11> 922 

f(x,1) 

Oo 

root-mean-square value of interstory drift for passive control 

root-mean-square value of interstory drift for proportional control 

maximum displacement with respect to the ground for passive control 

maximum displacement with respect to the ground for proportional control 

discrete-time system matrix 

discrete-time input matrix 

discrete-time input vector 

n-vector function 

admissible control 

admissible state trajectory 

performance index 

scalar function 

scalar function 

initial time 

final time 

Hamiltonian function 

vector of Lagrange multipliers or costate variables 

variations in the final state 

variations in the final time 

final state 

real, symmetric, positive semi-definite weighting matrix 

real, symmetric, positive definite weighting matrix 

admissible costate trajectory 

Riccati matrix 

feedback gain matrix 

scalar weights 

identity matrix 

first diagonal element of Q-matrix for single-degree-of-freedom system 

maximum interstory drift for linear quadratic control 

root-mean-square value of interstory drift for linear quadratic control 

maximum displacement with respect to the ground for linear quadratic control 

scalar factor in Q-matrix 

vector of nonlinear state functions 

switching manifold



Ueg 

AA, AB 

T 

Z 

Aj}, A12 

Az), A22 
0 

Bo 

S;, 89 

Z1,22 

Q 

ts 

Q11, Qi2 

Q11, Qi2 

qj 

Sij 

ith switching surface 

coefficient matrix of switching surface 

equivalent control 

external disturbance 

system perturbation 

orthonormal transformation matrix 

transformed state vector 

partition of transformed system matrix 

partition of transformed system matrix 

null matrix 

partition of transformed control matrix 

partition of coefficient matrix for switching surface 

partition of the transformed state vector 

constant, symmetric, positive definite weighting matrix 

time it takes to reach the sliding manifold 

partition of weighting matrix Q 

partition of weighting matrix Q 

diagonal element of weighting matrix Q 

element of switching surface coefficient matrix S 

switched feedback-gain matrix 

element of feedback-gain matrix K 

matrix of boundary values for switched feedback gains 

boundary values of switched feedback-gains 

maximum interstory drift for sliding mode control 

root-mean-square value of interstory drift for sliding mode control 

maximum displacement with respect to the ground for sliding mode control 

desired plant output 

plant output 

kth output of the neural network controller 

qth plant output 

error at the qth plant output 

qth desired plant output 

weighted-sum of inputs to the plant's output unit g 

output of neuron unit g



activation function 

connection weight between units i and / 

learning rate 

input scaling factor 

output gain factor 

squared-error at output of fuzzy controller 

desired output of fuzzy controller 

squared-error at system output 

system output error 

fuzzy controller parameter 

degree of membership of jth input for rule i 

center of the output membership function for rule i 

center of the jth-input's membership function for rule i 

spread of the /th-input's membership function for rule i 

momentum factor 

linear-to-rotational transformation ratio 

load torque 

actuator electromagnetic torque 

moment of inertia of actuator 

rotational damping coefficient of actuator 

angular speed 

efficiency 

pitch 

voltage of phase k 

current of phase k 

stator phase resistance 

self-inductance of phase i 

mutual inductance between phases i and j 

induced electromotive force (emf) for phase k 

peak value of induced emf 

induced-emf constant 

rotor speed in electrical radians per second 

number of poles 

XXlil



rotor speed in mechanical radians per second 

position-dependent function 

rotor position in electrical radians 

current magnitude command 

torque command 

XXIV



CHAPTER 1 

Introduction 

1.1 THE PRINCIPLE OF REGENERATIVE ELECTRIC ACTUATION 

Mitigation of wind- and earthquake-induced oscillations in civil structures, such as 

buildings, is of crucial importance for the safety of the people in the building and for the 

protection of the structural integrity of the building itself. Passive damping in the form of tuned 

mass dampers (TMD) is a widely prevalent practice for tall buildings. Basically, a TMD consists 

of a mass attached to a structure such that it oscillates at the same frequency as the structure but 

with a phase shift. It is found that the TMDs have better performance with wind forces than with 

earthquake excitations. To counter this high frequency excitation of the earthquake, various 

semi-active control methodologies have come to fore recently. All of these rely on energy for 

actuation from an external supply which most likely is the utility power supply. As the utility 

power supply itself may be under threat and therefore unavailable during strong-wind and 

earthquake episodes, it is important that the energy source to counter the oscillations of the 

building must itself be derived from these oscillations. The energy from the environmental forces 

could be converted into electrical energy and stored for re-use by an actuator which produces a 

counter-force to the environmental forces. Therefore, the actuator has to be an electrical one as it 

can handle energy flow in both directions, i.e., it can generate electrical energy when given a 

mechanical input (generation mode) as well as produce mechanical energy when given an 

electrical input (motoring mode). The interconnection between the building and the electric 

actuator is through the medium of the tuned mass damper. It must be noted that during generating 

and motoring modes, the energy taken out of the TMD can be precisely controlled. That 

indirectly amounts to a controlled damping of the building. This is a significant factor because 

the controlled damping is able to accommodate most safety criteria for the building 

displacement, velocity, acceleration, inter-story shift and its velocity, etc. 

The electric actuation being proposed has the unique advantage of being able to operate 

even in the absence of a power source such as the utility power supply. This is unlike other or 

most of the semi-active and active control systems being proposed for civil structures. Therefore, 

the reliability of the control system is increased manifold, hitherto considered impossible both in 

concept and in practice. Furthermore, the electric actuation has the advantage of controlling the 

damping during both the energy-acquisition mode and in the force-application mode. Therefore,



control is guaranteed at all times, unlike other systems. The space and volume requirements for 

the electric actuator seem to be feasible and within the constraints of the housing required for 

most of the other control systems. Hence, it should not be of any concern from the point of view 

of implementation. 

1.2 OBJECTIVES OF THE STUDY 

The study makes the following original contributions: (1) The study is the first of its 

kind, to propose and investigate active control of civil structures using regenerative electric 

actuators. (2) The study investigates a sliding mode controller for regenerative electric actuators 

(REA), with a control structure composed of linear feedback with switched gains. Other 

researchers have concentrated on a control structure composed of a sum of the equivalent control 

and an augmentation of this equivalent control. The performance of the proposed sliding-mode 

controller is evaluated for both wind and earthquake excitation. Previous studies considered only 

earthquake excitation. (3) While other studies have focused on indirect-learning or generalized- 

learning architectures, the present study proposes a neural network controller for the REA with a 

specialized-learning architecture. This allows the controller to be trained on-line and fine-tuned 

while performing its function. Hence, it is able to operate even in the presence of nonlinear or 

time-varying system parameters or operating conditions. Investigations are made for both wind 

and earthquake excitation. (4) Lastly, an adaptive fuzzy controller for the REA is proposed. It 

uses a steepest-descent algorithm as the adaptation mechanism. Previous investigations 

considered only nonadaptive schemes or neuro-fuzzy structures. 

A novel technique is investigated for utilizing the motion caused by environmental forces 

on a civil structure to generate electrical energy when the structure's response is within safety 

limits. When strong winds and earthquakes occur, the utility power source which supply energy 

to the actuator in an active control system is usually not reliable. It is during these instances that 

active control is needed most. With a regenerative electric actuator, the recovered energy is used 

to reduce the peak oscillations of the structure by applying forces (through actuators which use 

the recovered energy) counter to the environmental forces even if the utility power is not 

available. To achieve this, a tuned mass damper is used as the intermediary for the energy 

transfer between the structure and the actuator. The use of a regenerative electric actuator allows 

a precise control of the amount of damping being provided by the actuator. Another advantage of 

using regenerative electric actuators is the reduction of the required energy capacity of the 

electrical source. This translates into lower energy ratings for the electrical source, and lower
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�s�u�b�j�e�c�t�e�d� �t�o� �s�o�m�e� �a�s�s�u�m�e�d� �d�i�s�t�u�r�b�a�n�c�e�s�.� �T�h�e� �b�e�s�t� �r�e�g�u�l�a�t�o�r� �i�s� �o�n�e� �w�h�i�c�h� �p�e�r�f�o�r�m�s� �w�e�l�l� �f�o�r� �m�o�s�t� 

�o�f� �t�h�e� �a�s�s�u�m�e�d� �e�x�c�i�t�a�t�i�o�n�s� �a�n�d� �t�h�o�s�e� �e�x�c�i�t�a�t�i�o�n�s� �w�h�i�c�h� �c�l�o�s�e�l�y� �r�e�s�e�m�b�l�e� �t�h�e� �a�c�t�u�a�l� �d�i�s�t�u�r�b�a�n�c�e�s�.� 

�T�h�e� �L�Q� �c�o�n�t�r�o�l�l�e�r� �i�s� �t�e�s�t�e�d� �o�n� �a� �s�i�n�g�l�e�-�d�e�g�r�e�e�-�o�f�-�f�r�e�e�d�o�m� �s�y�s�t�e�m�,� �a� �f�i�x�e�d�-�b�a�s�e� 

�m�u�l�t�i�s�t�o�r�y� �b�u�i�l�d�i�n�g�,� �a�n�d� �a� �b�a�s�e�-�i�s�o�l�a�t�e�d� �m�u�l�t�i�s�t�o�r�y� �b�u�i�l�d�i�n�g�.� �I�n�c�r�e�a�s�i�n�g� �t�h�e� �w�e�i�g�h�t� �o�n� �t�h�e� 

�d�i�s�p�l�a�c�e�m�e�n�t� �p�r�o�d�u�c�e�s� �a� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �a�t� �t�h�e� �c�o�s�t� �o�f� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e� 

�a�n�d� �d�a�m�p�e�r� �s�t�r�o�k�e�.� �T�h�e� �L�Q� �c�o�n�t�r�o�l�l�e�r� �i�s� �s�h�o�w�n� �t�o� �b�e� �e�f�f�e�c�t�i�v�e� �f�o�r� �b�o�t�h� �w�i�n�d� �a�n�d� �e�a�r�t�h�q�u�a�k�e� 

�e�x�c�i�t�a�t�i�o�n�s�.� �H�o�w�e�v�e�r�,� �p�e�a�k� �r�e�d�u�c�t�i�o�n� �s�e�e�m�s� �t�o� �b�e� �a� �p�r�o�b�l�e�m� �i�n� �e�a�r�t�h�q�u�a�k�e�-�e�x�c�i�t�e�d� �c�a�s�e�s�.� �V�a�r�i�o�u�s� 

�c�r�i�t�e�r�i�a� �a�r�e� �s�u�g�g�e�s�t�e�d� �f�o�r� �c�h�o�o�s�i�n�g� �t�h�e� �w�e�i�g�h�t�i�n�g� �m�a�t�r�i�c�e�s�.



�T�o� �i�m�p�r�o�v�e� �c�o�n�t�r�o�l� �e�f�f�i�c�i�e�n�c�y�,� �l�i�m�i�t�s� �c�a�n� �b�e� �s�e�t� �o�n� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e� �t�o� �r�e�d�u�c�e� �s�t�r�o�k�e� 

�l�e�n�g�t�h� �w�i�t�h�o�u�t� �c�o�m�p�r�o�m�i�s�i�n�g� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �r�e�s�p�o�n�s�e�.� �T�h�e� �L�Q� �c�o�n�t�r�o�l�l�e�r� �p�r�o�v�i�d�e�s� �o�p�p�o�r�t�u�n�i�t�y� 

�f�o�r� �r�e�g�e�n�e�r�a�t�i�o�n�.� �I�n� �s�o�m�e� �c�a�s�e�s� �w�i�t�h� �s�u�f�f�i�c�i�e�n�t� �d�u�r�a�t�i�o�n� �o�f� �t�h�e� �e�x�c�i�t�a�t�i�o�n�,� �t�h�e�r�e� �i�s� �e�v�e�n� �a� �n�e�t� �g�a�i�n� 

�i�n� �t�h�e� �s�o�u�r�c�e� �e�n�e�r�g�y� 

�T�h�i�s� �s�t�u�d�y� �i�s� �t�h�e� �f�i�r�s�t� �o�f� �i�t�s� �k�i�n�d� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �a�p�p�l�i�c�a�b�i�l�i�t�y� �o�f� �s�l�i�d�i�n�g� �m�o�d�e� �c�o�n�t�r�o�l� �t�o� 

�c�i�v�i�l� �s�t�r�u�c�t�u�r�e�s�,� �w�i�t�h� �s�p�e�c�i�a�l� �e�m�p�h�a�s�i�s� �o�n� �t�h�e� �m�i�t�i�g�a�t�i�o�n� �o�f� �w�i�n�d�-� �a�n�d� �e�a�r�t�h�q�u�a�k�e�-�i�n�d�u�c�e�d� �m�o�t�i�o�n� 

�i�n� �t�a�l�l� �b�u�i�l�d�i�n�g�s� �u�s�i�n�g� �r�e�g�e�n�e�r�a�t�i�v�e� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r�s�.� �T�h�e� �r�a�t�i�o�n�a�l�e� �f�o�r� �u�s�i�n�g� �s�l�i�d�i�n�g� �m�o�d�e� 

�c�o�n�t�r�o�l� �i�s� �t�h�e� �f�a�c�t� �t�h�a�t� �r�e�g�e�n�e�r�a�t�i�v�e� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r�s� �u�s�e� �a� �f�o�r�m� �o�f� �o�n�-�o�f�f� �c�o�n�t�r�o�l� �b�a�s�e�d� �o�n� �p�u�l�s�e� 

�w�i�d�t�h� �m�o�d�u�l�a�t�i�o�n� �(�P�W�M�)�.� �S�l�i�d�i�n�g� �m�o�d�e� �c�o�n�t�r�o�l� �p�r�o�v�i�d�e�s� �a� �s�y�n�t�h�e�s�i�s� �o�f� �t�h�i�s� �o�n�-�o�f�f� �n�a�t�u�r�e� �o�f� 

�P�W�M� �c�o�n�t�r�o�l� �a�n�d� �g�u�a�r�a�n�t�e�e�s� �s�t�a�b�i�l�i�t�y� �f�o�r� �t�h�e� �o�n�-�o�f�f� �c�o�n�t�r�o�l� �l�a�w�.� �F�u�r�t�h�e�r�m�o�r�e�,� �s�l�i�d�i�n�g� �m�o�d�e� 

�c�o�n�t�r�o�l� �n�a�t�u�r�a�l�l�y� �f�i�t�s� �t�h�e� �n�o�n�l�i�n�e�a�r�,� �o�n�-�o�f�f� �n�a�t�u�r�e� �o�f� �c�o�n�t�r�o�l� �f�o�r�c�e� �s�a�t�u�r�a�t�i�o�n� �w�h�i�c�h� �i�s� �a�l�w�a�y�s� 

�p�r�e�s�e�n�t� �i�n� �t�h�e� �a�c�t�i�v�e� �c�o�n�t�r�o�l� �o�f� �c�i�v�i�l� �s�t�r�u�c�t�u�r�e�s�.� �A�g�a�i�n�,� �s�l�i�d�i�n�g� �m�o�d�e� �p�r�o�v�i�d�e�s� �a� �n�a�t�u�r�a�l� �s�y�n�t�h�e�s�i�s� 

�o�f� �t�h�e� �o�n�-�o�f�f� �n�a�t�u�r�e� �o�f� �c�o�n�t�r�o�l� �f�o�r�c�e� �s�a�t�u�r�a�t�i�o�n� �a�n�d� �g�u�a�r�a�n�t�e�e�s� �s�t�a�b�i�l�i�t�y� �f�o�r� �t�h�e� �o�n�-�o�f�f� �c�o�n�t�r�o�l� �l�a�w�.� 

�B�o�t�h� �l�i�n�e�a�r� �a�n�d� �n�o�n�l�i�n�e�a�r� �m�o�d�e�l�s� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �a�r�e� �c�o�n�s�i�d�e�r�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �t�o� �a�s�s�e�s�s� 

�t�h�e� �s�l�i�d�i�n�g� �m�o�d�e� �c�o�n�t�r�o�l�l�e�r�'�s� �p�e�r�f�o�r�m�a�n�c�e� �d�u�r�i�n�g� �d�i�s�t�u�r�b�a�n�c�e�s�.� �I�t� �i�s� �s�h�o�w�n� �t�h�a�t� �t�h�e� �c�o�n�t�r�o�l�l�e�r� �i�s� 

�a�b�l�e� �t�o� �o�v�e�r�c�o�m�e� �s�e�n�s�i�t�i�v�i�t�y� �t�o� �s�t�r�u�c�t�u�r�a�]� �p�a�r�a�m�e�t�e�r� �v�a�r�i�a�t�i�o�n�s�,� �p�a�r�t�i�c�u�l�a�r�l�y� �s�t�r�u�c�t�u�r�a�l� �s�t�i�f�f�n�e�s�s�.� 

�S�y�s�t�e�m�a�t�i�c� �p�r�o�c�e�d�u�r�e�s� �f�o�r� �t�h�e� �d�e�s�i�g�n� �o�f� �t�h�e� �s�l�i�d�i�n�g� �s�u�r�f�a�c�e�,� �u�s�i�n�g� �b�o�t�h� �p�o�l�e�-�p�l�a�c�e�m�e�n�t� �a�n�d� 

�q�u�a�d�r�a�t�i�c�-�m�i�n�i�m�i�z�a�t�i�o�n� �m�e�t�h�o�d�s�,� �a�r�e� �p�r�e�s�e�n�t�e�d� �t�o�g�e�t�h�e�r� �w�i�t�h� �s�i�m�u�l�a�t�i�o�n� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �b�y� �u�s�i�n�g� 

�l�i�n�e�a�r� �a�n�d� �n�o�n�l�i�n�e�a�r� �m�o�d�e�l�s� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�.� �T�h�e�s�e� �c�o�n�t�r�o�l�l�e�r�s� �a�r�e� �a�l�s�o� �s�h�o�w�n� �t�o� �b�e� �e�f�f�e�c�t�i�v�e� 

�e�v�e�n� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �c�o�n�t�r�o�l� �f�o�r�c�e� �s�a�t�u�r�a�t�i�o�n�.� �W�i�t�h� �s�l�i�d�i�n�g� �m�o�d�e� �c�o�n�t�r�o�l�,� �t�h�e� �r�e�g�e�n�e�r�a�t�i�v�e� 

�e�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r� �i�s� �a�b�l�e� �t�o� �r�e�c�o�v�e�r� �e�n�e�r�g�y� �a�n�d� �s�t�o�r�e� �i�t� �f�o�r� �l�a�t�e�r� �u�s�e�.� �T�h�i�s� �r�e�d�u�c�e�s� �t�h�e� �n�e�t� �e�n�e�r�g�y� 

�d�r�a�w�n� �f�r�o�m� �t�h�e� �s�u�p�p�l�y� �b�y� �t�h�e� �a�c�t�u�a�t�o�r�.� �I�n� �s�o�m�e� �c�a�s�e�s�,� �t�h�e�r�e� �i�s� �e�v�e�n� �a� �n�e�t� �g�a�i�n� �i�n� �t�h�e� �e�n�e�r�g�y� �o�f� �t�h�e� 

�s�u�p�p�l�y�.� 

�A� �n�e�w� �d�i�r�e�c�t�-�c�o�n�t�r�o�l�]� �s�c�h�e�m�e� �f�o�r� �n�e�u�r�a�l� �n�e�t�w�o�r�k� �c�o�n�t�r�o�l� �o�f� �c�i�v�i�l� �s�t�r�u�c�t�u�r�e�s� �u�s�i�n�g� 

�r�e�g�e�n�e�r�a�t�i�v�e� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r�s� �i�s� �p�r�o�p�o�s�e�d�.� �T�h�i�s� �a�l�l�o�w�s� �o�n�-�l�i�n�e� �c�o�n�t�r�o�l� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �w�i�t�h�o�u�t� 

�t�h�e� �n�e�e�d� �f�o�r� �e�i�t�h�e�r� �a�n� �a�c�c�u�r�a�t�e� �m�o�d�e�l� �o�f� �t�h�e� �s�y�s�t�e�m� �o�r� �a� �s�p�e�c�i�f�i�c� �l�e�a�r�n�i�n�g� �s�t�a�g�e�.� �U�n�l�i�k�e� �t�h�e� 

�c�o�n�t�r�o�l�l�e�r�s� �t�h�a�t� �h�a�v�e� �p�r�e�v�i�o�u�s�l�y� �b�e�e�n� �c�o�n�s�i�d�e�r�e�d�,� �t�h�e� �n�e�u�r�a�l� �n�e�t�w�o�r�k� �c�o�n�t�r�o�l�l�e�r� �i�s� �a�b�l�e� �t�o� �a�d�d�r�e�s�s� 

�c�h�a�n�g�e�s� �i�n� �s�y�s�t�e�m� �p�a�r�a�m�e�t�e�r�s� �a�n�d� �c�h�a�n�g�e�s� �i�n� �t�h�e� �o�p�e�r�a�t�i�n�g� �p�o�i�n�t� �a�n�d� �e�x�t�e�r�n�a�l� �d�i�s�t�u�r�b�a�n�c�e�s�.� �A� 

�m�o�d�i�f�i�e�d� �b�a�c�k�p�r�o�p�a�g�a�t�i�o�n� �a�l�g�o�r�i�t�h�m� �i�s� �u�s�e�d� �t�o� �t�r�a�i�n� �t�h�e� �n�e�u�r�a�l� �n�e�t�w�o�r�k�.� �S�i�n�c�e� �t�h�e� �e�r�r�o�r� �a�t� �t�h�e� 

�o�u�t�p�u�t� �o�f� �t�h�e� �n�e�u�r�a�l� �n�e�t�w�o�r�k� �c�o�n�t�r�o�l�l�e�r� �w�i�l�l� �b�e� �u�n�k�n�o�w�n� �i�n� �t�h�e� �d�i�r�e�c�t�-�c�o�n�t�r�o�l� �s�c�h�e�m�e�,� �t�h�e� �e�r�r�o�r� �a�t� 

�t�h�e� �s�y�s�t�e�m� �o�u�t�p�u�t� �i�s� �i�n�s�t�e�a�d� �b�a�c�k�p�r�o�p�a�g�a�t�e�d� �t�h�r�o�u�g�h� �t�h�e� �s�y�s�t�e�m� �b�y� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �s�y�s�t�e�m� �a�s� �a�n� 

�a�d�d�i�t�i�o�n�a�l� �l�a�y�e�r� �o�f� �t�h�e� �n�e�u�r�a�l� �n�e�t�w�o�r�k�.� �S�i�m�u�l�a�t�i�o�n�s� �a�r�e� �c�o�n�d�u�c�t�e�d� �f�o�r� �w�i�n�d� �a�n�d� �e�a�r�t�h�q�u�a�k�e� 

�e�x�c�i�t�a�t�i�o�n� �u�s�i�n�g� �a� �t�w�o�-�l�a�y�e�r� �n�e�t�w�o�r�k� �c�o�m�p�o�s�e�d� �o�f� �n�e�u�r�o�n�s� �w�i�t�h� �t�a�n�g�e�n�t�-�s�i�g�m�o�i�d� �a�c�t�i�v�a�t�i�o�n� 

�f�u�n�c�t�i�o�n�s�.� �I�t� �i�s� �s�h�o�w�n� �t�h�a�t� �t�h�e� �c�o�n�t�r�o�l�l�e�r� �c�a�n� �t�o�l�e�r�a�t�e� �l�a�r�g�e� �v�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� �i�n�p�u�t� �s�c�a�l�i�n�g� �f�a�c�t�o�r�,



�o�u�t�p�u�t� �g�a�i�n� �f�a�c�t�o�r�,� �a�n�d� �m�a�x�i�m�u�m� �c�o�n�t�r�o�l� �f�o�r�c�e�.� �I�t� �i�s� �a�l�s�o� �e�q�u�a�l�l�y� �e�f�f�e�c�t�i�v�e� �f�o�r� �b�o�t�h� �l�i�n�e�a�r� �a�n�d� 

�n�o�n�l�i�n�e�a�r� �m�o�d�e�l�s� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�.� 

�A� �n�e�w� �o�n�-�l�i�n�e�,� �d�i�r�e�c�t�-�c�o�n�t�r�o�l� �s�c�h�e�m�e� �f�o�r� �a�c�t�i�v�e� �c�o�n�t�r�o�l� �o�f� �c�i�v�i�l� �s�t�r�u�c�t�u�r�e�s� �u�s�i�n�g� �a�n� 

�a�d�a�p�t�i�v�e� �f�u�z�z�y� �c�o�n�t�r�o�l�l�e�r� �i�s� �p�r�o�p�o�s�e�d�.� �T�h�e� �a�d�v�a�n�t�a�g�e� �o�f� �u�s�i�n�g� �a�n� �a�d�a�p�t�i�v�e� �f�u�z�z�y� �c�o�n�t�r�o�l�l�e�r� �i�s� �t�h�a�t� 

�i�t� �d�o�e�s� �n�o�t� �r�e�q�u�i�r�e� �a�n� �a�c�c�u�r�a�t�e� �m�o�d�e�l� �o�f� �t�h�e� �s�y�s�t�e�m�.� �T�h�e� �c�o�n�t�r�o�l�l�e�r� �l�e�a�r�n�s� �t�h�e� �s�y�s�t�e�m� �d�y�n�a�m�i�c�s� �b�y� 

�a�d�a�p�t�i�n�g� �i�t�s� �p�a�r�a�m�e�t�e�r�s� �o�n�-�l�i�n�e�.� �I�t� �i�s� �p�r�o�p�o�s�e�d� �t�h�a�t� �a� �m�o�d�i�f�i�e�d� �g�r�a�d�i�e�n�t� �d�e�s�c�e�n�t� �m�e�t�h�o�d� �b�e� �u�s�e�d� �a�s� 

�t�h�e� �a�d�a�p�t�a�t�i�o�n� �m�e�c�h�a�n�i�s�m�.� �I�n� �o�r�d�e�r� �t�o� �a�d�a�p�t� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �o�f� �t�h�e� �f�u�z�z�y� �s�y�s�t�e�m�,� �t�h�e� �e�r�r�o�r� �a�t� �t�h�e� 

�o�u�t�p�u�t� �o�f� �t�h�e� �f�u�z�z�y� �c�o�n�t�r�o�l�l�e�r� �m�u�s�t� �b�e� �k�n�o�w�n�.� �I�n� �t�h�e� �p�r�o�p�o�s�e�d� �d�i�r�e�c�t�-�c�o�n�t�r�o�l� �s�c�h�e�m�e�,� �t�h�i�s� �e�r�r�o�r� �i�s� 

�u�n�k�n�o�w�n�.� �T�h�u�s�,� �i�t� �i�s� �p�r�o�p�o�s�e�d� �t�h�a�t� �t�h�e� �u�p�d�a�t�i�n�g� �b�e� �b�a�s�e�d� �o�n� �t�h�e� �o�u�t�p�u�t� �e�r�r�o�r� �o�f� �t�h�e� �s�y�s�t�e�m� 

�d�i�r�e�c�t�l�y�.� �T�h�e� �u�p�d�a�t�e� �e�q�u�a�t�i�o�n�s� �a�r�e� �d�e�r�i�v�e�d� �f�o�r� �t�h�e� �c�o�n�t�r�o�l�l�e�r�.� �S�i�m�u�l�a�t�i�o�n�s� �a�r�e� �p�e�r�f�o�r�m�e�d� �f�o�r� �a� 

�s�t�r�u�c�t�u�r�e� �w�i�t�h� �a� �r�e�g�e�n�e�r�a�t�i�v�e� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r�.� 

�A�f�t�e�r� �i�n�v�e�s�t�i�g�a�t�i�n�g� �t�h�e� �f�e�a�s�i�b�i�l�i�t�y� �o�f� �v�a�r�i�o�u�s� �c�o�n�t�r�o�l�l�e�r�s� �f�o�r� �a�p�p�l�i�c�a�t�i�o�n� �i�n� �s�t�r�u�c�t�u�r�e�s� �w�i�t�h� 

�r�e�g�e�n�e�r�a�t�i�v�e� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r�s�,� �a� �c�o�m�p�a�r�i�s�o�n� �i�s� �m�a�d�e� �o�f� �t�h�e� �d�i�f�f�e�r�e�n�t� �c�o�n�t�r�o�l�l�e�r�s� �b�a�s�e�d� �o�n� �v�a�r�i�o�u�s� 

�c�r�i�t�e�r�i�a�.� �T�h�e� �m�a�j�o�r� �f�a�c�t�o�r�s� �t�h�a�t� �h�a�v�e� �t�o� �b�e� �c�o�n�s�i�d�e�r�e�d� �w�h�e�n� �c�h�o�o�s�i�n�g� �a� �c�o�n�t�r�o�l�l�e�r� �f�o�r� �t�h�e� 

�r�e�g�e�n�e�r�a�t�i�v�e� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r� �i�n�c�l�u�d�e� �m�a�x�i�m�u�m� �d�i�s�p�l�a�c�e�m�e�n�t�,� �s�t�r�o�k�e� �l�e�n�g�t�h�,� �c�o�n�t�r�o�l� �f�o�r�c�e�,� 

�a�c�t�u�a�t�o�r� �p�o�w�e�r�,� �a�n�d� �a�c�t�u�a�t�o�r� �e�n�e�r�g�y�.� �C�o�n�t�r�o�l� �f�o�r�c�e� �s�a�t�u�r�a�t�i�o�n� �h�a�s� �t�o� �b�e� �c�o�n�s�i�d�e�r�e�d� �i�n� �o�r�d�e�r� �t�o� 

�o�b�t�a�i�n� �t�h�e� �m�o�s�t� �e�f�f�e�c�t�i�v�e� �t�y�p�e� �o�f� �c�o�n�t�r�o�l�.� �W�h�e�n� �c�h�o�o�s�i�n�g� �a� �c�o�n�t�r�o�l�l�e�r� �f�o�r� �t�h�e� �r�e�g�e�n�e�r�a�t�i�v�e� �e�l�e�c�t�r�i�c� 

�a�c�t�u�a�t�o�r�,� �t�h�e� �f�i�n�a�l� �d�e�c�i�s�i�o�n� �h�a�s� �t�o� �c�o�n�s�i�d�e�r� �a�l�l� �o�f� �t�h�e� �a�b�o�v�e�-�m�e�n�t�i�o�n�e�d� �f�a�c�t�o�r�s�.� �A� �c�o�m�p�r�o�m�i�s�e� 

�m�a�y� �b�e� �r�e�q�u�i�r�e�d� �i�f� �c�o�n�f�l�i�c�t�i�n�g� �o�b�j�e�c�t�i�v�e�s� �h�a�v�e� �t�o� �b�e� �s�a�t�i�s�f�i�e�d�.� 

�T�h�e� �a�c�t�u�a�t�o�r� �p�r�o�p�o�s�e�d� �f�o�r� �t�h�i�s� �s�t�u�d�y� �i�s� �a� �p�e�r�m�a�n�e�n�t�-�m�a�g�n�e�t� �b�r�u�s�h�l�e�s�s� �D�C� �m�a�c�h�i�n�e� �w�h�i�c�h� 

�c�a�n� �p�r�o�v�i�d�e� �a� �h�i�g�h�e�r� �i�n�s�t�a�n�t�a�n�e�o�u�s� �t�o�r�q�u�e� �i�n� �a� �c�o�m�p�a�c�t� �f�r�a�m�e� �s�i�z�e�.� �T�h�e� �a�c�t�u�a�t�o�r� �c�a�n� �e�i�t�h�e�r� 

�o�p�e�r�a�t�e� �i�n� �t�h�e� �p�a�s�s�i�v�e� �m�o�d�e�,� �4�-�q�u�a�d�r�a�n�t� �m�o�d�e�,� �o�r� �2�-�q�u�a�d�r�a�n�t� �g�e�n�e�r�a�t�i�o�n� �m�o�d�e�.� �I�n� �t�h�e� �4�-�q�u�a�d�r�a�n�t� 

�m�o�d�e�,� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �v�a�r�i�o�u�s� �c�o�n�t�r�o�l�l�e�r�s� �a�r�e� �c�o�m�p�a�r�e�d� �b�a�s�e�d� �o�n� �t�h�e� �m�a�x�i�m�u�m� �d�i�s�p�l�a�c�e�m�e�n�t�,� 

�s�t�r�o�k�e�,� �c�o�n�t�r�o�l� �t�o�r�q�u�e�,� �a�c�t�u�a�t�o�r� �p�o�w�e�r�,� �a�n�d� �s�o�u�r�c�e� �e�n�e�r�g�y�.� �I�t� �i�s� �d�e�s�i�r�e�d� �t�h�a�t� �t�h�e� �c�o�n�t�r�o�l�l�e�r� �r�e�q�u�i�r�e� 

�a� �s�m�a�l�l�e�r� �a�c�t�u�a�t�o�r� �p�o�w�e�r� �r�a�t�i�n�g� �s�o� �t�h�a�t� �t�h�e� �c�o�s�t� �o�f� �t�h�e� �m�a�c�h�i�n�e� �w�i�l�l� �b�e� �l�o�w�e�r�.� �A� �l�o�w�e�r� �a�c�t�u�a�t�o�r� 

�e�n�e�r�g�y� �i�s� �a�l�s�o� �d�e�s�i�r�e�d� �s�o� �t�h�a�t� �t�h�e� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �s�o�u�r�c�e� �w�i�l�l� �b�e� �l�o�w�e�r�.� �F�u�r�t�h�e�r�m�o�r�e�,� �a� 

�l�o�w�e�r� �e�n�e�r�g�y� �r�e�q�u�i�r�e�m�e�n�t� �m�e�a�n�s� �t�h�a�t� �a� �l�o�w�e�r� �c�a�p�a�c�i�t�y� �f�o�r� �t�h�e� �e�n�e�r�g�y� �s�t�o�r�a�g�e� �d�e�v�i�c�e� �i�s� �n�e�e�d�e�d�.� �I�n� 

�m�a�j�o�r�i�t�y� �o�f� �t�h�e� �t�e�s�t� �c�a�s�e�s�,� �s�l�i�d�i�n�g� �m�o�d�e� �c�o�n�t�r�o�l� �o�f�t�e�n� �h�a�s� �t�h�e� �l�o�w�e�s�t� �p�o�w�e�r� �a�n�d� �e�n�e�r�g�y� 

�r�e�q�u�i�r�e�m�e�n�t�.� �T�h�e� �u�s�e� �o�f� �r�e�g�e�n�e�r�a�t�i�v�e� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r�s� �r�e�d�u�c�e� �t�h�e� �r�e�q�u�i�r�e�d� �s�o�u�r�c�e� �c�a�p�a�c�i�t�y� �a�s� 

�c�o�m�p�a�r�e�d� �t�o� �u�s�i�n�g� �n�o�n�-�r�e�g�e�n�e�r�a�t�i�v�e� �a�c�t�u�a�t�o�r�s� �w�h�i�c�h� �s�i�m�p�l�y� �d�i�s�s�i�p�a�t�e� �e�n�e�r�g�y� �a�s� �h�e�a�t�.� �T�h�e� �a�m�o�u�n�t� 

�o�f� �r�e�d�u�c�t�i�o�n� �i�s� �o�f�t�e�n� �s�i�g�n�i�f�i�c�a�n�t�.� �T�h�i�s� �c�a�n� �t�r�a�n�s�l�a�t�e� �t�o� �s�a�v�i�n�g�s� �i�n� �e�q�u�i�p�m�e�n�t� �a�n�d� �m�a�i�n�t�e�n�a�n�c�e� 

�c�o�s�t�s�.� �S�i�n�g�l�e�-�d�e�g�r�e�e�-�o�f�-�f�r�e�e�d�o�m� �a�n�d� �m�u�l�t�i�d�e�g�r�e�e�-�o�f�-�f�r�e�e�d�o�m� �s�t�r�u�c�t�u�r�e�s� �a�r�e� �s�i�m�u�l�a�t�e�d�.� �I�n� �t�h�e� 

�r�e�g�e�n�e�r�a�t�i�o�n� �m�o�d�e�,� �t�h�e� �s�y�s�t�e�m� �r�e�s�p�o�n�s�e� �m�u�s�t� �a�l�w�a�y�s� �f�a�l�l� �w�i�t�h�i�n� �t�h�e� �s�a�f�e�t�y� �m�a�r�g�i�n�s� �f�o�r� �t�h�e



�s�t�r�u�c�t�u�r�e�.� �T�h�e� �a�m�o�u�n�t� �o�f� �e�n�e�r�g�y� �t�h�a�t� �c�a�n� �b�e� �r�e�c�o�v�e�r�e�d� �i�s� �l�i�m�i�t�e�d� �b�y� �t�h�e� �p�o�w�e�r� �r�a�t�i�n�g� �o�f� �t�h�e� 

�a�c�t�u�a�t�o�r� �a�n�d� �t�h�e� �e�n�e�r�g�y� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �s�o�u�r�c�e� �a�n�d� �s�t�o�r�a�g�e� �d�e�v�i�c�e�.� 

�T�h�e� �d�y�n�a�m�i�c�s� �o�f� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �s�u�b�s�y�s�t�e�m� �c�a�n� �b�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �a�c�t�u�a�t�o�r�-�s�t�r�u�c�t�u�r�e� 

�s�y�s�t�e�m� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �t�r�a�n�s�i�e�n�t� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �e�n�t�i�r�e� �s�y�s�t�e�m�.� �T�h�e� �e�q�u�a�t�i�o�n�s� �o�f� �m�o�t�i�o�n� �a�r�e� 

�d�e�r�i�v�e�d� �f�o�r� �t�h�e� �c�o�m�b�i�n�e�d� �s�y�s�t�e�m�.� �I�n� �o�r�d�e�r� �t�o� �o�b�t�a�i�n� �a� �p�r�e�l�i�m�i�n�a�r�y� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� �s�y�s�t�e�m� 

�r�e�s�p�o�n�s�e�,� �i�t� �i�s� �i�n�i�t�i�a�l�l�y� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �c�o�m�m�a�n�d�e�d� �c�o�n�t�r�o�l� �7�,�*� �i�s� �a�l�s�o� �t�h�e� �a�c�t�u�a�l� �c�o�n�t�r�o�l� �T�y�.� �I�t� �i�s� 

�s�h�o�w�n� �t�h�a�t� �t�h�i�s� �a�s�s�u�m�p�t�i�o�n� �i�s� �v�a�l�i�d�,� �d�u�e� �t�o� �t�h�e� �f�a�s�t�e�r� �t�i�m�e� �c�o�n�s�t�a�n�t�s� �o�f� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �s�u�b�s�y�s�t�e�m� 

�c�o�m�p�a�r�e�d� �t�o� �t�h�o�s�e� �o�f� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �s�u�b�s�y�s�t�e�m�.� �T�h�i�s� �i�s� �o�n�e� �o�f� �t�h�e� �a�d�v�a�n�t�a�g�e�s� �o�f� �u�s�i�n�g� �a�n� 

�e�l�e�c�t�r�i�c�a�l� �a�c�t�u�a�t�o�r�.� �M�o�r�e� �a�c�c�u�r�a�t�e� �m�o�d�e�l�s� �o�f� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �s�o�u�r�c�e� �a�n�d� �s�t�o�r�a�g�e� �d�e�v�i�c�e� �c�a�n� �a�l�s�o� �b�e� 

�i�n�c�l�u�d�e�d� �i�n� �t�h�e� �s�i�m�u�l�a�t�i�o�n� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� �v�o�l�t�a�g�e� �a�t� �t�h�e� �t�e�r�m�i�n�a�l�s� �o�f� �t�h�e� �s�o�u�r�c�e�.� 

�I�n� �t�h�i�s� �s�t�u�d�y�,� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �s�o�u�r�c�e� �i�s� �m�o�d�e�l�e�d� �a�s� �a�n� �i�d�e�a�l� �v�o�l�t�a�g�e� �s�o�u�r�c�e� �i�n� �s�e�r�i�e�s� �w�i�t�h� �a� �s�o�u�r�c�e� 

�r�e�s�i�s�t�a�n�c�e�.� 

�T�h�i�s� �s�t�u�d�y� �s�h�o�w�s� �t�h�a�t� �t�h�e� �u�s�e� �o�f� �r�e�g�e�n�e�r�a�t�i�v�e� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r�s� �i�s� �a� �v�i�a�b�l�e� �a�n�d� �a� �r�e�l�i�a�b�l�e� 

�a�l�t�e�r�n�a�t�i�v�e� �f�o�r� �a�c�t�i�v�e� �c�o�n�t�r�o�l� �o�f� �c�i�v�i�l� �s�t�r�u�c�t�u�r�e�s�.� 

�1�.�3� �S�C�O�P�E� �O�F� �T�H�E� �S�T�U�D�Y� 

�T�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y� �h�a�s� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�c�o�p�e�:� �(�a�)� �T�h�e� �s�t�u�d�y� �i�s� �l�i�m�i�t�e�d� �t�o� �d�i�s�c�r�e�t�i�z�e�d�,� 

�d�e�t�e�r�m�i�n�i�s�t�i�c� �s�t�r�u�c�t�u�r�a�l� �s�y�s�t�e�m�s� �w�i�t�h� �l�u�m�p�e�d� �p�a�r�a�m�e�t�e�r�s�.� �(�b�)� �T�h�e� �s�t�u�d�y� �f�o�c�u�s�e�s� �o�n� �a�c�t�i�v�e� �c�o�n�t�r�o�l� 

�s�c�h�e�m�e�s� �t�h�a�t� �u�s�e� �a�c�t�i�v�e� �o�r� �s�e�m�i�-�a�c�t�i�v�e� �m�a�s�s� �d�a�m�p�e�r� �s�y�s�t�e�m�s�.� �T�h�i�s� �i�s� �a� �p�r�e�r�e�q�u�i�s�i�t�e� �f�o�r� 

�i�m�p�l�e�m�e�n�t�i�n�g� �r�e�g�e�n�e�r�a�t�i�v�e� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r�s�.� �(�c�)� �A�l�t�h�o�u�g�h� �t�h�i�s� �s�t�u�d�y� �f�o�c�u�s�e�s� �o�n�l�y� �o�n� �m�a�s�s� 

�d�a�m�p�e�r� �s�y�s�t�e�m�s� �t�h�e� �c�o�n�t�r�o�l� �l�a�w�s� �t�h�a�t� �a�r�e� �b�e�i�n�g� �p�r�o�p�o�s�e�d� �c�a�n� �s�t�i�l�l� �b�e� �a�p�p�l�i�e�d� �t�o� �s�y�s�t�e�m�s� �w�i�t�h� 

�o�t�h�e�r� �f�o�r�m�s� �o�f� �a�c�t�u�a�t�i�o�n�,� �a�s�i�d�e� �f�r�o�m� �R�E�A�.� �(�d�)� �O�n�l�y� �f�e�e�d�b�a�c�k� �c�o�n�t�r�o�l� �i�s� �e�m�p�h�a�s�i�z�e�d� �d�u�e� �t�o� 

�p�r�o�b�l�e�m�s� �w�i�t�h� �t�i�m�e� �d�e�l�a�y� �a�n�d� �p�h�a�s�e� �i�n� �f�e�e�d�f�o�r�w�a�r�d� �c�o�n�t�r�o�l�.� 

�1�.�4� �M�E�T�H�O�D�O�L�O�G�Y� 

�S�i�n�c�e� �t�h�e� �p�r�o�p�e�r� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �r�e�g�e�n�e�r�a�t�i�v�e� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r�s� �f�o�r� �a�c�t�i�v�e� �c�o�n�t�r�o�l� �o�f� 

�c�i�v�i�l� �s�t�r�u�c�t�u�r�e�s� �h�a�s� �t�o� �t�a�k�e� �i�n�t�o� �a�c�c�o�u�n�t� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �l�o�a�d� �i�t� �i�s� �c�o�n�t�r�o�l�l�i�n�g�,� �i�.�e�.� �t�h�e� �c�i�v�i�l� 

�s�t�r�u�c�t�u�r�e�,� �t�h�e� �d�e�s�i�g�n� �p�r�o�c�e�s�s� �e�n�t�a�i�l�s� �a� �s�y�s�t�e�m�a�t�i�c� �s�u�r�v�e�y� �o�f� �v�a�r�i�o�u�s� �c�o�n�t�r�o�l�l�e�r�s�.� �T�h�e�s�e� �i�n�c�l�u�d�e� 

�c�l�a�s�s�i�c�a�l� �l�i�n�e�a�r�,� �n�o�n�l�i�n�e�a�r�,� �a�n�d� �i�n�t�e�l�l�i�g�e�n�t� �c�o�n�t�r�o�l�l�e�r�s�.� �H�e�n�c�e�,� �b�e�n�c�h�m�a�r�k�s� �h�a�v�e� �t�o� �b�e� �e�s�t�a�b�l�i�s�h�e�d� 

�a�g�a�i�n�s�t� �w�h�i�c�h� �a�n�y� �p�r�o�p�o�s�e�d� �c�o�n�t�r�o�l�l�e�r� �i�s� �e�v�a�l�u�a�t�e�d�.� �A�l�t�h�o�u�g�h� �n�o� �o�r�i�g�i�n�a�l� �c�o�n�t�r�i�b�u�t�i�o�n�s� �a�r�e� �b�e�i�n�g� 

�m�a�d�e� �i�n� �p�r�o�p�o�r�t�i�o�n�a�l� �o�r� �l�i�n�e�a�r� �q�u�a�d�r�a�t�i�c� �c�o�n�t�r�o�l�,� �t�h�e�s�e� �c�o�n�t�r�o�l� �t�y�p�e�s� �a�r�e� �i�n�v�e�s�t�i�g�a�t�e�d� �i�n� �o�r�d�e�r� �t�o� 

�p�r�o�v�i�d�e� �t�h�e� �n�e�c�e�s�s�a�r�y� �b�e�n�c�h�m�a�r�k�s�.� 

�I�n� �s�i�m�u�l�a�t�i�n�g� �a� �c�i�v�i�l� �s�t�r�u�c�t�u�r�e�'�s� �r�e�s�p�o�n�s�e� �u�n�d�e�r� �c�o�n�t�r�o�l�,� �i�t� �i�s� �c�o�n�s�i�d�e�r�e�d� �n�e�c�e�s�s�a�r�y� �t�o� 

�i�n�c�l�u�d�e� �b�o�t�h� �m�e�c�h�a�n�i�c�a�l� �a�n�d� �e�l�e�c�t�r�i�c�a�l� �d�y�n�a�m�i�c�s� �o�f� �t�h�e� �R�E�A�.� �T�h�u�s�,� �c�o�u�p�l�e�d� �s�e�t�s� �o�f� �e�q�u�a�t�i�o�n�s� �a�r�e



�e�v�e�n�t�u�a�l�l�y� �u�s�e�d� �i�n� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� �T�o� �o�b�t�a�i�n� �a�n� �i�n�i�t�i�a�]� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� �r�e�s�p�o�n�s�e�,� �a�c�t�u�a�t�o�r� 

�d�y�n�a�m�i�c�s� �i�s� �n�e�g�l�e�c�t�e�d�.� �T�h�e�n� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �d�y�n�a�m�i�c�s� �o�f� �t�h�e� �a�c�t�u�a�t�o�r� �i�s� �i�n�t�r�o�d�u�c�e�d�.� �F�i�n�a�l�l�y�,� �t�h�e� 

�m�a�c�h�i�n�e� �d�r�i�v�e� �d�y�n�a�m�i�c�s� �(�e�l�e�c�t�r�i�c�a�l�)� �a�r�e� �i�n�c�l�u�d�e�d� �t�o� �o�b�t�a�i�n� �a� �m�o�r�e� �a�c�c�u�r�a�t�e� �s�i�m�u�l�a�t�i�o�n�.� 

�1�.�5� �O�R�G�A�N�I�Z�A�T�I�O�N� �O�F� �T�H�E� �S�T�U�D�Y� 

�C�h�a�p�t�e�r� �2� �p�r�o�v�i�d�e�s� �a� �s�u�r�v�e�y� �o�f� �v�a�r�i�o�u�s� �p�a�s�s�i�v�e�,� �a�c�t�i�v�e�,� �a�n�d� �s�e�m�i�-�a�c�t�i�v�e� �c�o�n�t�r�o�l� �s�c�h�e�m�e�s�.� 

�T�h�e� �s�y�s�t�e�m� �e�q�u�a�t�i�o�n�s� �a�r�e� �d�e�r�i�v�e�d� �i�n� �C�h�a�p�t�e�r� �3�.� �C�h�a�p�t�e�r� �4� �a�d�d�r�e�s�s�e�s� �t�h�e� �p�r�o�b�l�e�m� �o�f� �d�e�t�e�r�m�i�n�i�n�g� 

�t�h�e� �e�f�f�e�c�t� �o�f� �v�a�r�i�a�t�i�o�n�s� �i�n� �g�a�i�n�,� �t�i�m�e� �d�e�l�a�y�,� �a�n�d� �m�e�a�s�u�r�e�m�e�n�t� �t�i�m�e� �o�n� �p�r�o�p�o�r�t�i�o�n�a�l� �f�e�e�d�b�a�c�k� 

�c�o�n�t�r�o�l�l�e�r�s�.� �T�h�e� �s�i�g�n�i�f�i�c�a�n�c�e� �o�f� �c�o�n�t�r�o�l� �s�a�t�u�r�a�t�i�o�n� �i�s� �a�l�s�o� �t�a�c�k�l�e�d�.� �C�h�a�p�t�e�r� �5� �a�p�p�l�i�e�s� �l�i�n�e�a�r� 

�q�u�a�d�r�a�t�i�c� �c�o�n�t�r�o�l� �t�o� �c�i�v�i�l� �s�t�r�u�c�t�u�r�e�s�.� �C�h�a�p�t�e�r� �6� �i�n�t�r�o�d�u�c�e�s� �s�l�i�d�i�n�g� �m�o�d�e� �c�o�n�t�r�o�l� �w�h�i�c�h� �a�d�d�r�e�s�s�e�s� 

�t�h�e� �p�r�o�b�l�e�m� �o�f� �u�n�c�e�r�t�a�i�n�,� �t�i�m�e�-�v�a�r�y�i�n�g�,� �a�n�d� �n�o�n�l�i�n�e�a�r� �s�y�s�t�e�m� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �N�e�u�r�a�l� �a�n�d� �f�u�z�z�y� 

�c�o�n�t�r�o�l� �a�r�e� �e�x�p�l�o�r�e�d� �i�n� �C�h�a�p�t�e�r� �7� �a�n�d� �C�h�a�p�t�e�r� �8� �a�s� �m�o�d�e�l�-�f�r�e�e� �c�o�n�t�r�o�l�l�e�r�s� �w�h�i�c�h� �r�e�q�u�i�r�e� �m�i�n�i�m�a�l� 

�s�y�s�t�e�m� �i�n�f�o�r�m�a�t�i�o�n�.� �O�n�l�y� �f�e�e�d�b�a�c�k� �f�o�r�m�s� �o�f� �t�h�e� �p�r�e�c�e�d�i�n�g� �c�o�n�t�r�o�l�l�e�r�s� �a�r�e� �e�m�p�h�a�s�i�z�e�d�.� �T�h�i�s� �i�s� 

�d�u�e� �t�o� �p�r�o�b�l�e�m�s� �i�n� �t�i�m�e� �d�e�l�a�y� �a�n�d� �p�h�a�s�e� �s�h�i�f�t�s� �e�n�c�o�u�n�t�e�r�e�d� �i�n� �f�e�e�d�f�o�r�w�a�r�d� �c�o�n�t�r�o�l� �s�c�h�e�m�e�s�.� 

�C�h�a�p�t�e�r� �9� �c�o�m�p�a�r�e�s� �t�h�e� �m�e�r�i�t�s� �a�n�d� �d�e�m�e�r�i�t�s� �o�f� �t�h�e� �d�i�f�f�e�r�e�n�t� �c�o�n�t�r�o�l�l�e�r�s� �b�e�i�n�g� �c�o�n�s�i�d�e�r�e�d�.� �A�f�t�e�r� 

�l�o�o�k�i�n�g� �a�t� �t�h�e�s�e� �v�a�r�i�o�u�s� �c�a�n�d�i�d�a�t�e�s� �f�o�r� �t�h�e� �c�o�n�t�r�o�l�l�e�r� �i�n� �t�h�e� �r�e�g�e�n�e�r�a�t�i�v�e� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�i�o�n� 

�s�c�h�e�m�e�,� �t�h�e� �e�n�t�i�r�e� �s�y�s�t�e�m� �i�s� �s�i�m�u�l�a�t�e�d� �a�n�d� �a�n�a�l�y�z�e�d� �i�n� �C�h�a�p�t�e�r� �1�0�.



�C�H�A�P�T�E�R� �2� 

�A�c�t�i�v�e� �C�o�n�t�r�o�l� �o�f� �C�i�v�i�l� �S�t�r�u�c�t�u�r�e�s� 

�2�.�1� �I�N�T�R�O�D�U�C�T�I�O�N� 

�T�h�i�s� �c�h�a�p�t�e�r� �p�r�e�s�e�n�t�s� �a� �s�u�r�v�e�y� �o�f� �t�h�e� �e�x�i�s�t�i�n�g� �t�e�c�h�n�o�l�o�g�y� �a�n�d� �r�e�s�e�a�r�c�h� �i�n� �t�h�e� �a�r�e�a� �o�f� 

�a�c�t�i�v�e� �c�o�n�t�r�o�l� �o�f� �c�i�v�i�l� �s�t�r�u�c�t�u�r�e�s�.� �T�h�i�s� �p�r�o�v�i�d�e�s� �a� �b�r�o�a�d�e�r� �v�i�e�w� �o�f� �t�h�e� �p�r�o�b�l�e�m� �b�e�i�n�g� �a�d�d�r�e�s�s�e�d� �b�y� 

�r�e�g�e�n�e�r�a�t�i�v�e� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�i�o�n�.� �T�h�e� �e�v�e�r�-�i�n�c�r�e�a�s�i�n�g� �d�e�m�a�n�d� �f�o�r� �t�a�l�l� �s�t�r�u�c�t�u�r�e�s� �i�s� �d�u�e� �t�o� 

�c�o�n�s�i�d�e�r�a�t�i�o�n�s� �i�n� �c�o�s�t�,� �c�o�n�v�e�n�i�e�n�c�e� �o�f� �h�a�v�i�n�g� �a�l�m�o�s�t� �e�v�e�r�y� �o�f�f�i�c�e� �o�r� �r�e�s�i�d�e�n�t�i�a�l� �f�u�n�c�t�i�o�n� �u�n�d�e�r� 

�o�n�e� �r�o�o�f�,� �l�a�c�k� �o�f� �l�a�n�d� �s�p�a�c�e�,� �c�o�n�g�e�s�t�i�o�n� �d�u�e� �t�o� �i�n�c�r�e�a�s�i�n�g� �p�o�p�u�l�a�t�i�o�n� �i�n� �m�a�n�y� �p�a�r�t�s� �o�f� �t�h�e� �w�o�r�l�d�,� 

�e�t�c�.� �T�a�l�l� �s�t�r�u�c�t�u�r�e�s� �b�r�i�n�g� �w�i�t�h� �t�h�e�m� �a� �g�o�o�d� �n�u�m�b�e�r� �o�f� �p�r�o�b�l�e�m�s� �t�o� �b�e� �s�o�l�v�e�d�.� �T�h�i�s� �c�h�a�p�t�e�r� 

�p�r�e�s�e�n�t�s� �t�h�e� �n�e�e�d� �f�o�r� �c�o�n�t�r�o�l� �o�f� �t�a�l�l� �c�i�v�i�l� �s�t�r�u�c�t�u�r�e�s�,� �a�n�d� �t�h�e� �r�o�l�e� �a�n�d� �i�m�p�o�r�t�a�n�c�e� �o�f� �m�o�d�e�r�n� 

�c�o�n�t�r�o�l� �t�h�e�o�r�y� �i�n� �t�h�i�s� �e�n�d�e�a�v�o�r� �t�o� �m�o�d�i�f�y� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �s�o� �t�h�a�t� �t�h�e� �s�t�r�u�c�t�u�r�e� �c�a�n� 

�o�v�e�r�c�o�m�e� �a�n�d� �s�u�r�v�i�v�e� �t�h�e� �i�m�p�a�c�t� �o�f� �e�n�v�i�r�o�n�m�e�n�t�a�l� �d�i�s�t�u�r�b�a�n�c�e�s�.� �B�r�o�a�d�l�y�,� �t�h�r�e�e� �t�y�p�e�s� �o�f� �c�o�n�t�r�o�l� 

�s�y�s�t�e�m�s� �e�m�e�r�g�e� �i�n� �t�h�i�s� �a�r�e�n�a�:� �p�a�s�s�i�v�e�,� �a�c�t�i�v�e�,� �a�n�d� �h�y�b�r�i�d� �c�o�n�t�r�o�l� �s�y�s�t�e�m�s�.� �T�h�e� �m�e�r�i�t�s� �a�n�d� 

�d�e�m�e�r�i�t�s� �o�f� �e�a�c�h� �o�f� �t�h�e�s�e� �c�o�n�t�r�o�l� �s�y�s�t�e�m�s� �a�r�e� �d�i�s�c�u�s�s�e�d�;� �t�h�e�n� �m�e�t�h�o�d�s� �f�o�r� �t�h�e�i�r� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� 

�a�r�e� �p�r�e�s�e�n�t�e�d�.� �A� �q�u�a�l�i�t�a�t�i�v�e� �d�i�s�c�u�s�s�i�o�n� �o�f� �t�h�e� �v�a�r�i�o�u�s� �s�u�b�s�y�s�t�e�m�s� �w�h�i�c�h� �c�o�m�p�r�i�s�e� �t�h�e� �c�o�n�t�r�o�l� 

�s�y�s�t�e�m� �i�s� �p�r�o�v�i�d�e�d�.� �T�h�e�s�e� �s�u�b�s�y�s�t�e�m�s� �c�a�n� �b�e� �b�a�s�e� �i�s�o�l�a�t�i�o�n� �s�y�s�t�e�m�s�,� �m�a�s�s�-�e�f�f�e�c�t� �s�y�s�t�e�m�s�,� �e�n�e�r�g�y� 

�a�b�s�o�r�p�t�i�o�n� �s�y�s�t�e�m�s�,� �a�c�t�i�v�e� �v�a�r�i�a�b�l�e�-�s�t�i�f�f�n�e�s�s� �s�y�s�t�e�m�s�,� �a�c�t�i�v�e� �b�r�a�c�i�n�g� �s�y�s�t�e�m�s�,� �t�u�n�e�d� �l�i�q�u�i�d� 

�d�a�m�p�e�r�s�,� �e�l�e�c�t�r�o�r�h�e�o�l�o�g�i�c�a�l� �d�a�m�p�e�r�s�,� �a�n�d� �v�a�r�i�o�u�s� �k�i�n�d�s� �o�f� �a�c�t�u�a�t�o�r�s� �w�h�i�c�h� �p�r�o�d�u�c�e� �t�h�e� �a�c�t�i�v�e� 

�f�o�r�c�e� �r�e�q�u�i�r�e�d�.� �F�i�n�a�l�l�y�,� �p�r�o�b�l�e�m�s� �f�a�c�i�n�g� �t�h�e� �u�s�e� �o�f� �v�a�r�i�o�u�s� �c�o�n�t�r�o�l� �s�t�r�a�t�e�g�i�e�s� �i�n� �t�h�e� 

�i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �a�c�t�i�v�e� �a�n�d� �h�y�b�r�i�d� �c�o�n�t�r�o�l� �a�r�e� �h�i�g�h�l�i�g�h�t�e�d�.� �T�h�e�s�e� �c�o�n�t�r�o�l� �s�t�r�a�t�e�g�i�e�s� �c�o�n�s�t�i�t�u�t�e� 

�t�h�e� �c�e�n�t�r�a�l� �t�h�e�m�e� �o�f� �t�h�i�s� �m�o�n�o�g�r�a�p�h�.� 

�2�.�2� �T�H�E� �N�E�E�D� �F�O�R� �C�O�N�T�R�O�L� �I�N� �T�A�L�L� �S�T�R�U�C�T�U�R�E�S� 

�I�n� �t�h�e� �p�a�s�t�,� �i�t� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �a�c�c�e�p�t�a�b�l�e� �f�o�r� �b�u�i�l�d�i�n�g�s� �a�n�d� �i�n�f�r�a�s�t�r�u�c�t�u�r�e�s� �t�o� �i�n�c�u�r� 

�d�a�m�a�g�e� �a�n�d� �t�h�e�i�r� �f�u�n�c�t�i�o�n�s� �a�s� �f�a�c�i�l�i�t�i�e�s� �t�o� �b�e� �a�f�f�e�c�t�e�d�,� �a�s� �l�o�n�g� �a�s� �t�h�e�y� �r�e�s�i�s�t�e�d� �c�o�l�l�a�p�s�e� �t�o� �p�r�o�t�e�c�t� 

�h�u�m�a�n� �l�i�f�e�.� �H�o�w�e�v�e�r�,� �t�h�i�s� �d�e�s�i�g�n� �p�h�i�l�o�s�o�p�h�y� �f�o�r� �s�t�r�u�c�t�u�r�e�s� �i�s� �n�o� �l�o�n�g�e�r� �a�d�e�q�u�a�t�e� �f�o�r� �t�h�e� �d�e�m�a�n�d�s� 

�o�f� �s�o�c�i�e�t�y� �i�n� �t�h�e� �p�r�e�s�e�n�t� �t�i�m�e�s� �[�1�]�.� �T�o�d�a�y�'�s� �s�o�c�i�e�t�y� �m�u�s�t� �b�e� �a�b�l�e� �t�o� �e�f�f�i�c�i�e�n�t�l�y� �t�r�a�n�s�p�o�r�t� �p�e�o�p�l�e�,� 

�g�o�o�d�s�,� �e�n�e�r�g�y�,� �a�n�d� �i�n�f�o�r�m�a�t�i�o�n�.� �W�e� �n�o�w� �l�i�v�e� �i�n� �a� �s�o�c�i�e�t�y� �w�h�i�c�h� �r�e�q�u�i�r�e�s� �h�i�g�h�l�y� �s�o�p�h�i�s�t�i�c�a�t�e�d� 

�i�n�f�o�r�m�a�t�i�o�n�.� �A� �t�o�t�a�l� �l�o�s�s� �o�f� �i�m�p�o�r�t�a�n�t� �d�a�t�a� �o�r� �v�i�t�a�l� �i�n�f�o�r�m�a�t�i�o�n� �w�o�u�l�d� �c�r�e�a�t�e� �p�a�n�i�c� �a�n�d� �c�h�a�o�s�.� 

�T�o�d�a�y�'�s� �s�o�c�i�e�t�y� �m�u�s�t� �b�e� �a�b�l�e� �t�o� �p�r�o�v�i�d�e� �c�l�e�a�n� �a�i�r� �a�n�d� �w�a�t�e�r�,� �c�o�n�t�r�o�l� �d�i�s�e�a�s�e�,� �a�n�d� �c�o�n�d�u�c�t� 

�c�o�m�m�e�r�c�e�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �f�u�n�d�a�m�e�n�t�a�l� �r�e�q�u�i�r�e�m�e�n�t� �t�h�a�t� �s�t�r�u�c�t�u�r�e�s� �p�r�o�t�e�c�t� �h�u�m�a�n� �l�i�v�e�s� �i�s� �n�o



�l�o�n�g�e�r� �s�u�f�f�i�c�i�e�n�t�.� �I�t� �i�s� �g�e�t�t�i�n�g� �m�o�r�e� �i�m�p�o�r�t�a�n�t� �t�h�a�t� �t�h�e� �f�u�n�d�a�m�e�n�t�a�l� �f�u�n�c�t�i�o�n� �o�f� �s�o�c�i�e�t�y� �b�e� 

�p�r�o�t�e�c�t�e�d� �a�s� �w�e�l�l�,� �e�s�p�e�c�i�a�l�l�y� �i�n� �t�h�e� �e�v�e�n�t� �o�f� �a� �n�a�t�u�r�a�l� �d�i�s�a�s�t�e�r� �[�2�]�.� 

�I�n� �r�e�c�e�n�t� �y�e�a�r�s�,� �s�i�g�n�i�f�i�c�a�n�t� �a�d�v�a�n�c�e�s� �i�n� �c�o�n�s�t�r�u�c�t�i�o�n� �t�e�c�h�n�o�l�o�g�y� �a�n�d� �m�a�t�e�r�i�a�l�s� �h�a�v�e� 

�b�r�o�u�g�h�t� �a�b�o�u�t� �t�h�e� �d�e�s�i�g�n� �a�n�d� �c�o�n�s�t�r�u�c�t�i�o�n� �o�f� �l�i�g�h�t�-�w�e�i�g�h�t� �a�n�d� �f�l�e�x�i�b�l�e� �s�t�r�u�c�t�u�r�e�s�,� �s�u�c�h� �a�s� �h�i�g�h�-� 

�r�i�s�e� �b�u�i�l�d�i�n�g�s� �a�n�d� �l�o�n�g�-�s�p�a�n� �b�r�i�d�g�e�s�.� �I�t� �i�s� �e�x�p�e�c�t�e�d� �t�h�a�t� �b�u�i�l�d�i�n�g� �h�e�i�g�h�t�s� �a�n�d� �b�r�i�d�g�e� �l�e�n�g�t�h�s� �w�i�l�l� 

�g�r�a�d�u�a�l�l�y� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �n�e�a�r� �f�u�t�u�r�e�.� �T�h�e�s�e� �s�t�r�u�c�t�u�r�e�s� �a�r�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �l�o�w�e�r� �s�t�i�f�f�n�e�s�s� �a�n�d� 

�h�i�g�h�e�r� �s�t�r�e�n�g�t�h�-�t�o�-�m�a�s�s� �r�a�t�i�o�s�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �s�u�c�h� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �m�a�k�e� �t�h�e�s�e� �s�t�r�u�c�t�u�r�e�s� 

�e�x�t�r�e�m�e�l�y� �s�u�s�c�e�p�t�i�b�l�e� �t�o� �e�n�v�i�r�o�n�m�e�n�t�a�l� �l�o�a�d�s�,� �s�u�c�h� �a�s� �e�a�r�t�h�q�u�a�k�e�s� �a�n�d� �s�t�r�o�n�g� �w�i�n�d�s�.� �T�h�e�s�e� 

�r�a�n�d�o�m� �l�o�a�d�i�n�g�s� �u�s�u�a�l�l�y� �p�r�o�d�u�c�e� �l�a�r�g�e� �d�e�f�l�e�c�t�i�o�n�s� �a�n�d� �a�c�c�e�l�e�r�a�t�i�o�n�s� �o�n� �t�h�e�s�e� �s�t�r�u�c�t�u�r�e�s�.� �O�n�c�e� 

�o�s�c�i�l�l�a�t�i�o�n�s� �i�n� �t�h�e� �s�t�r�u�c�t�u�r�e� �h�a�v�e� �s�t�a�r�t�e�d�,� �t�h�e�y� �w�i�l�l� �u�s�u�a�l�l�y� �c�o�n�t�i�n�u�e� �o�n� �f�o�r� �c�o�n�s�i�d�e�r�a�b�l�e� �p�e�r�i�o�d�s� 

�w�i�t�h� �v�e�r�y� �l�i�t�t�l�e� �a�d�d�i�t�i�o�n�a�l� �i�n�p�u�t� �f�r�o�m� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �e�x�c�i�t�a�t�i�o�n�.� �T�h�i�s� �c�a�n� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� 

�f�a�c�t� �t�h�a�t� �a� �s�t�r�u�c�t�u�r�e�'�s� �i�n�h�e�r�e�n�t� �d�a�m�p�i�n�g� �i�s� �v�e�r�y� �l�o�w�.� �I�n� �s�o�m�e� �c�a�s�e�s�,� �t�h�e� �s�t�r�u�c�t�u�r�e�'�s� �m�o�t�i�o�n� �c�a�n� 

�i�n�d�u�c�e� �a�d�d�i�t�i�o�n�a�l� �a�e�r�o�d�y�n�a�m�i�c� �f�o�r�c�e�s� �w�h�i�c�h� �c�o�u�l�d� �l�e�a�d� �t�o� �a� �p�h�e�n�o�m�e�n�o�n� �w�i�t�h� �p�o�s�i�t�i�v�e� �f�e�e�d�b�a�c�k� 

�c�a�l�l�e�d� �f�l�u�t�t�e�r� �[�3�]�.� 

�T�h�i�s� �t�r�e�n�d� �t�o�w�a�r�d�s� �t�a�l�l�e�r� �a�n�d� �l�i�g�h�t�e�r� �s�t�r�u�c�t�u�r�e�s� �w�i�t�h� �i�n�c�r�e�a�s�e�d� �f�l�e�x�i�b�i�l�i�t�y� �a�n�d� �m�i�n�i�m�a�l� 

�d�a�m�p�i�n�g� �w�i�l�l� �p�r�o�d�u�c�e� �s�t�r�u�c�t�u�r�e�s� �t�h�a�t� �a�r�e� �h�i�g�h�l�y� �s�e�n�s�i�t�i�v�e� �t�o� �e�n�v�i�r�o�n�m�e�n�t�a�l� �e�x�c�i�t�a�t�i�o�n�.� �A�s�i�d�e� �f�r�o�m� 

�t�h�e� �p�o�s�s�i�b�l�e� �f�a�i�l�u�r�e� �a�n�d� �d�a�m�a�g�e� �i�n� �v�a�r�i�o�u�s� �s�t�r�u�c�t�u�r�a�l� �m�e�m�b�e�r�s�,� �o�c�c�u�p�a�n�t� �c�o�m�f�o�r�t� �i�s� �b�e�c�o�m�i�n�g� �a�n� 

�e�v�e�n� �m�o�r�e� �i�m�p�o�r�t�a�n�t� �i�s�s�u�e� �a�s� �t�h�e� �n�u�m�b�e�r� �o�f� �t�a�l�l� �b�u�s�i�n�e�s�s� �a�n�d� �r�e�s�i�d�e�n�t�i�a�l� �b�u�i�l�d�i�n�g�s� �i�n�c�r�e�a�s�e�.� 

�A�l�t�h�o�u�g�h� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �a� �t�h�r�e�a�t� �t�o� �t�h�e� �s�a�f�e�t�y� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�,� �e�x�c�e�s�s�i�v�e� �a�c�c�e�l�e�r�a�t�i�o�n�s� �i�n� �t�h�e� 

�h�i�g�h�e�r� �l�e�v�e�l�s� �o�f� �a� �t�a�l�l� �b�u�i�l�d�i�n�g� �d�u�r�i�n�g� �a� �w�i�n�d� �s�t�o�r�m� �o�r� �a� �w�e�a�k� �t�o� �m�e�d�i�u�m� �e�a�r�t�h�q�u�a�k�e� �c�a�n� �c�a�u�s�e� 

�c�o�n�s�i�d�e�r�a�b�l�e� �d�i�s�c�o�m�f�o�r�t� �o�r� �e�v�e�n� �i�l�l�n�e�s�s� �t�o� �o�c�c�u�p�a�n�t�s�.� �T�h�e�r�e�f�o�r�e�,� �a� �d�e�s�i�g�n� �f�o�r� �o�n�e� �o�f� �t�h�e�s�e� 

�s�t�r�u�c�t�u�r�e�s� �m�u�s�t� �p�r�o�v�i�d�e� �s�a�f�e�t�y� �a�n�d� �i�n�t�e�g�r�i�t�y� �t�o� �t�h�e� �s�t�r�u�c�t�u�r�e�,� �w�h�i�l�e� �a�l�s�o� �p�r�o�v�i�d�i�n�g� �a� �m�e�a�s�u�r�e� �o�f� 

�c�o�m�f�o�r�t� �f�o�r� �i�t�s� �o�c�c�u�p�a�n�t�s�.� �A�d�d�i�t�i�o�n�a�l� �c�o�n�s�t�r�a�i�n�t�s� �o�n� �t�h�e� �d�e�s�i�g�n� �i�n�c�l�u�d�e� �t�h�e� �d�e�m�a�n�d� �f�o�r� �e�x�t�r�e�m�e� 

�r�e�l�i�a�b�i�l�i�t�y� �u�n�d�e�r� �h�i�g�h�l�y� �u�n�c�e�r�t�a�i�n� �l�o�a�d�i�n�g� �c�o�n�d�i�t�i�o�n�s�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �s�t�r�e�n�g�t�h� �a�n�d� �b�e�h�a�v�i�o�r� 

�o�f� �t�h�e� �a�c�t�u�a�l� �s�t�r�u�c�t�u�r�a�l� �c�o�m�p�o�n�e�n�t�s� �a�s� �o�p�p�o�s�e�d� �t�o� �t�h�e�i�r� �d�e�s�i�g�n� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �a�n�d� �t�h�e� �e�r�r�o�r�s� 

�i�n�t�r�o�d�u�c�e�d� �d�u�r�i�n�g� �c�o�n�s�t�r�u�c�t�i�o�n� �[�4�]�.� �T�o� �s�a�f�e�g�u�a�r�d� �a�g�a�i�n�s�t� �t�h�e� �a�b�o�v�e� �u�n�c�e�r�t�a�i�n�t�i�e�s� �a�n�d� �t�h�e� �p�o�t�e�n�t�i�a�l� 

�f�o�r� �e�x�t�e�n�s�i�v�e� �p�h�y�s�i�c�a�l� �d�a�m�a�g�e� �a�n�d� �l�o�s�s� �o�f� �l�i�f�e�,� �p�a�s�t� �d�e�s�i�g�n�s� �h�a�v�e� �t�r�a�d�i�t�i�o�n�a�l�l�y� �a�d�o�p�t�e�d� �a� �v�e�r�y� 

�c�o�n�s�e�r�v�a�t�i�v�e� �a�p�p�r�o�a�c�h�.� �H�o�w�e�v�e�r�,� �a�d�o�p�t�i�n�g� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �d�e�s�i�g�n� �m�e�t�h�o�d�s� �u�s�e�d� �f�o�r� �s�h�o�r�t�e�r� 

�b�u�i�l�d�i�n�g�s� �u�s�u�a�l�l�y� �r�e�s�u�l�t�s� �i�n� �u�n�a�c�c�e�p�t�a�b�l�y� �h�i�g�h� �c�o�s�t�s�.� �A�l�t�e�r�n�a�t�i�v�e�s� �h�a�v�e� �t�o� �b�e� �f�o�u�n�d� �t�o� �s�a�t�i�s�f�y� 

�s�a�f�e�t�y� �r�e�q�u�i�r�e�m�e�n�t�s�,� �c�o�m�f�o�r�t� �c�o�n�s�i�d�e�r�a�t�i�o�n�s�,� �a�n�d� �e�c�o�n�o�m�i�c� �c�o�n�s�t�r�a�i�n�t�s�.� 

�D�r�i�v�e�n� �b�y� �t�h�e� �d�e�m�a�n�d� �f�o�r� �h�i�g�h�e�r� �s�a�f�e�t�y� �l�e�v�e�l�s� �a�n�d� �m�o�r�e� �s�t�r�i�n�g�e�n�t� �p�e�r�f�o�r�m�a�n�c�e� 

�r�e�q�u�i�r�e�m�e�n�t�s�,� �e�n�g�i�n�e�e�r�s� �h�a�v�e� �t�u�r�n�e�d� �t�o� �c�o�n�t�r�o�l� �t�h�e�o�r�y� �t�o� �p�r�o�v�i�d�e� �s�o�l�u�t�i�o�n�s� �t�o� �c�o�s�t�-�e�f�f�e�c�t�i�v�e� 

�p�r�o�t�e�c�t�i�o�n� �o�f� �t�a�l�l� �c�i�v�i�l� �s�t�r�u�c�t�u�r�e�s� �a�g�a�i�n�s�t� �e�a�r�t�h�q�u�a�k�e�s�,� �w�i�n�d�s�,� �a�n�d� �o�t�h�e�r� �e�n�v�i�r�o�n�m�e�n�t�a�l� 

�d�i�s�t�u�r�b�a�n�c�e�s�.� �A�t� �t�h�e� �s�a�m�e� �t�i�m�e�,� �r�e�c�e�n�t� �a�d�v�a�n�c�e�s� �i�n� �e�l�e�c�t�r�o�n�i�c� �d�a�t�a� �a�c�q�u�i�s�i�t�i�o�n�,� �t�r�a�n�s�m�i�s�s�i�o�n�,



�p�r�o�c�e�s�s�i�n�g�,� �a�n�d� �s�t�o�r�a�g�e� �h�a�v�e� �i�n�c�r�e�a�s�e�d� �t�h�e� �e�c�o�n�o�m�i�c� �v�i�a�b�i�l�i�t�y� �o�f� �p�e�r�f�o�r�m�i�n�g� �r�e�a�l�-�t�i�m�e� �m�o�n�i�t�o�r�i�n�g� 

�a�n�d� �c�o�n�t�r�o�l� �o�f� �s�t�r�u�c�t�u�r�a�l� �s�y�s�t�e�m�s�.� 

�A�l�t�h�o�u�g�h� �i�t� �i�s� �i�m�p�o�s�s�i�b�l�e� �t�o� �p�r�e�c�i�s�e�l�y� �p�r�e�d�i�c�t� �t�h�e� �g�r�o�u�n�d� �m�o�t�i�o�n� �d�u�r�i�n�g� �a�n� �e�a�r�t�h�q�u�a�k�e� �o�r� 

�t�h�e� �w�i�n�d� �f�o�r�c�e� �d�u�r�i�n�g� �a� �h�u�r�r�i�c�a�n�e�,� �t�h�e� �s�t�r�u�c�t�u�r�e� �i�t�s�e�l�f� �c�a�n� �b�e� �a�d�j�u�s�t�e�d� �i�n� �a� �p�o�s�i�t�i�v�e� �m�a�n�n�e�r� �t�o� 

�p�r�o�t�e�c�t� �i�t� �f�r�o�m� �t�h�e�s�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �f�o�r�c�e�s�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �b�a�s�i�c� �c�o�n�c�e�p�t� �o�f� �s�t�r�u�c�t�u�r�a�l� �c�o�n�t�r�o�l� �i�s� 

�t�h�e� �a�r�t�i�f�i�c�i�a�l� �a�d�j�u�s�t�m�e�n�t� �o�f� �a� �s�t�r�u�c�t�u�r�e�'�s� �d�y�n�a�m�i�c� �p�r�o�p�e�r�t�i�e�s�,� �s�u�c�h� �a�s� �s�t�i�f�f�n�e�s�s� �a�n�d� �d�a�m�p�i�n�g� �[�2�]�.� 

�B�y� �r�e�g�u�l�a�t�i�n�g� �t�h�e� �p�e�r�t�i�n�e�n�t� �s�t�r�u�c�t�u�r�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �a� �d�e�s�i�r�a�b�l�e� �s�t�r�u�c�t�u�r�a�l� �r�e�s�p�o�n�s�e� �i�s� �e�n�s�u�r�e�d� 

�w�h�e�n�e�v�e�r� �t�h�e� �s�t�r�u�c�t�u�r�e� �i�s� �s�u�b�j�e�c�t�e�d� �t�o� �r�a�n�d�o�m� �d�i�s�t�u�r�b�a�n�c�e�s�.� �T�h�e� �d�e�s�i�r�e�d� �r�e�s�p�o�n�s�e� �i�s� �o�b�t�a�i�n�e�d� �b�y� 

�s�u�p�p�l�e�m�e�n�t�i�n�g� �t�h�e� �b�a�s�i�c� �s�t�r�u�c�t�u�r�e� �w�i�t�h� �m�e�c�h�a�n�i�s�m�s� �t�h�a�t� �g�e�n�e�r�a�t�e� �c�o�n�t�r�o�l� �f�o�r�c�e�s� �w�h�i�c�h� �c�a�n�c�e�l� �t�h�e� 

�e�f�f�e�c�t� �o�f� �a� �d�i�s�t�u�r�b�a�n�c�e�.� 

�2�.�3� �M�E�T�H�O�D�S� �O�F� �C�O�N�T�R�O�L� 

�S�t�r�u�c�t�u�r�a�l� �r�e�s�p�o�n�s�e� �c�a�n� �b�e� �c�o�n�t�r�o�l�l�e�d� �b�y� �(�a�)� �c�u�t�t�i�n�g� �o�f�f� �t�h�e� �i�n�p�u�t� �e�n�e�r�g�y� �f�r�o�m� �t�h�e� 

�d�i�s�t�u�r�b�a�n�c�e�,� �w�h�i�c�h� �i�s� �h�i�g�h�l�y� �i�m�p�o�s�s�i�b�l�e� �b�e�c�a�u�s�e� �t�h�e� �s�t�r�u�c�t�u�r�e� �c�a�n�n�o�t� �b�e� �c�o�m�p�l�e�t�e�l�y� �i�s�o�l�a�t�e�d� �f�r�o�m� 

�t�h�e� �g�r�o�u�n�d� �o�r� �s�h�i�e�l�d�e�d� �f�r�o�m� �w�i�n�d� �d�i�s�t�u�r�b�a�n�c�e�s�,� �(�b�)� �m�o�d�i�f�y�i�n�g� �t�h�e� �n�a�t�u�r�a�l� �f�r�e�q�u�e�n�c�i�e�s� �o�f� �t�h�e� 

�s�t�r�u�c�t�u�r�e� �f�r�o�m� �t�h�e� �p�r�e�d�o�m�i�n�a�n�t� �p�o�w�e�r� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �d�i�s�t�u�r�b�a�n�c�e�,� �(�c�)� �p�r�o�v�i�d�i�n�g� �n�o�n�l�i�n�e�a�r� 

�s�t�r�u�c�t�u�r�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �t�o� �e�s�t�a�b�l�i�s�h� �a� �n�o�n�s�t�a�t�i�o�n�a�r�y� �s�t�a�t�e� �a�n�d� �a� �n�o�n�r�e�s�o�n�a�n�t� �s�y�s�t�e�m�,� �(�d�)� 

�s�u�p�p�l�y�i�n�g� �a� �c�o�n�t�r�o�l� �f�o�r�c�e� �t�o� �s�u�p�p�r�e�s�s� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �r�e�s�p�o�n�s�e� �i�n�d�u�c�e�d� �b�y� �t�h�e� �d�i�s�t�u�r�b�a�n�c�e�,� �a�n�d� �(�e�)� 

�u�t�i�l�i�z�i�n�g� �a�n� �e�n�e�r�g�y� �a�b�s�o�r�p�t�i�o�n� �m�e�c�h�a�n�i�s�m� �[�5�]�.� �S�t�r�u�c�t�u�r�a�l� �c�o�n�t�r�o�l� �s�y�s�t�e�m�s� �c�a�n� �b�e� �c�l�a�s�s�i�f�i�e�d� �i�n�t�o� 

�p�a�s�s�i�v�e�,� �a�c�t�i�v�e�,� �o�r� �h�y�b�r�i�d� �c�o�n�t�r�o�l� �s�y�s�t�e�m�s�.� �T�h�i�s� �g�e�n�e�r�a�l� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� �i�s� �b�a�s�e�d� �o�n� �w�h�e�t�h�e�r� �o�r� �n�o�t� 

�t�h�e�y� �r�e�q�u�i�r�e� �a�n� �e�x�t�e�r�n�a�l� �e�n�e�r�g�y� �s�u�p�p�l�y� �t�o� �r�e�s�t�r�a�i�n� �a�n�d� �c�o�n�t�r�o�l� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� �a� �s�t�r�u�c�t�u�r�e� �t�o� 

�e�x�t�e�r�n�a�l� �d�i�s�t�u�r�b�a�n�c�e�s�.� 

�P�a�s�s�i�v�e� �c�o�n�t�r�o�l� �s�y�s�t�e�m�s� �d�o� �n�o�t� �r�e�q�u�i�r�e� �a�n� �e�x�t�e�r�n�a�l� �p�o�w�e�r� �s�o�u�r�c�e� �i�n� �o�r�d�e�r� �t�o� �o�p�e�r�a�t�e�.� �I�n� 

�m�o�s�t� �c�a�s�e�s�,� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �s�y�s�t�e�m�s� �o�f� �t�h�i�s� �t�y�p�e� �c�a�n�n�o�t� �b�e� �m�o�d�i�f�i�e�d�.� �M�o�s�t� �o�f� �t�h�e�s�e� 

�s�y�s�t�e�m�s� �a�r�e� �a�i�m�e�d� �a�t� �a�u�g�m�e�n�t�i�n�g� �s�t�r�u�c�t�u�r�a�l� �d�a�m�p�i�n�g� �o�r� �s�h�i�f�t�i�n�g� �t�h�e� �n�a�t�u�r�a�l� �f�r�e�q�u�e�n�c�i�e�s� �o�f� �t�h�e� 

�s�t�r�u�c�t�u�r�e�.� �E�n�e�r�g�y� �d�i�s�s�i�p�a�t�i�n�g� �d�e�v�i�c�e�s� �a�r�e� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �t�h�e� �s�t�r�u�c�t�u�r�e� �t�o� �a�b�s�o�r�b� �e�n�e�r�g�y�.� �T�h�e� 

�m�o�t�i�o�n� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �p�r�o�d�u�c�e�s� �r�e�l�a�t�i�v�e� �m�o�t�i�o�n� �w�i�t�h�i�n� �t�h�e�s�e� �d�a�m�p�i�n�g� �d�e�v�i�c�e�s� �w�h�i�c�h�,� �i�n� �t�u�r�n�,� 

�d�i�s�s�i�p�a�t�e� �t�h�e� �e�n�e�r�g�y�.� �E�n�e�r�g�y� �i�s� �d�i�s�s�i�p�a�t�e�d� �t�h�r�o�u�g�h� �v�a�r�i�o�u�s� �m�e�c�h�a�n�i�s�m�s� �l�i�k�e� �y�i�e�l�d�i�n�g� �o�f� �m�i�l�d� �s�t�e�e�l�,� 

�v�i�s�c�o�e�l�a�s�t�i�c� �a�c�t�i�o�n� �i�n� �r�u�b�b�e�r�-�l�i�k�e� �m�a�t�e�r�i�a�l�s�,� �s�l�o�s�h�i�n�g� �o�f� �f�l�u�i�d�,� �s�h�e�a�r�i�n�g� �o�f� �v�i�s�c�o�u�s� �f�l�u�i�d�,� �o�r�i�f�i�c�i�n�g� 

�o�f� �f�l�u�i�d�,� �a�n�d� �s�l�i�d�i�n�g� �f�r�i�c�t�i�o�n� �[�6�]�.� �T�h�e� �a�d�v�a�n�t�a�g�e� �o�f� �t�h�e� �p�a�s�s�i�v�e� �c�o�n�t�r�o�l� �s�y�s�t�e�m� �i�s� �t�h�a�t� �i�t� �d�o�e�s� �n�o�t� 

�n�e�e�d� �a�n� �e�x�t�e�r�n�a�l� �p�o�w�e�r� �s�u�p�p�l�y� �a�n�d� �i�s� �t�h�e�r�e�f�o�r�e� �m�a�i�n�t�e�n�a�n�c�e�-�f�r�e�e� �a�n�d� �m�e�c�h�a�n�i�c�a�l�l�y� �s�i�m�p�l�e�.� �T�h�e� 

�e�n�e�r�g�y� �d�i�s�s�i�p�a�t�i�n�g� �d�e�v�i�c�e�s� �c�a�n� �a�l�s�o� �b�e� �r�e�p�l�a�c�e�d� �i�f� �t�h�e�y� �s�u�f�f�e�r� �e�x�t�e�n�s�i�v�e� �d�a�m�a�g�e�.� �A� �d�i�s�a�d�v�a�n�t�a�g�e� 

�o�f� �t�h�e� �p�a�s�s�i�v�e� �s�y�s�t�e�m� �i�s� �t�h�a�t� �i�t� �i�s� �e�f�f�e�c�t�i�v�e� �o�n�l�y� �f�o�r� �e�x�c�i�t�a�t�i�o�n� �f�r�e�q�u�e�n�c�i�e�s� �w�i�t�h�i�n� �a� �n�a�r�r�o�w� �b�a�n�d� 

�a�n�d� �i�s� �n�o�t� �v�e�r�y� �e�f�f�e�c�t�i�v�e� �f�o�r� �t�r�a�n�s�i�e�n�t� �v�i�b�r�a�t�i�o�n�s� �c�a�u�s�e�d� �b�y� �n�o�n�s�t�a�t�i�o�n�a�r�y� �e�x�c�i�t�a�t�i�o�n� �[�7�]�.� �I�n� 

�1�0



�a�d�d�i�t�i�o�n�,� �t�h�e� �p�a�s�s�i�v�e� �c�o�n�t�r�o�l� �m�e�c�h�a�n�i�s�m�s� �a�r�e� �o�n�l�y� �a�b�l�e� �t�o� �c�o�n�t�r�o�l� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �r�e�s�p�o�n�s�e� �u�p� �t�o� �a� 

�c�e�r�t�a�i�n� �l�i�m�i�t�.� �T�h�e� �c�o�s�t� �o�f� �t�h�e� �s�y�s�t�e�m� �a�l�s�o� �i�n�c�r�e�a�s�e�s� �w�h�e�n� �m�o�r�e� �s�t�r�i�n�g�e�n�t� �r�e�q�u�i�r�e�m�e�n�t�s� �h�a�v�e� �t�o� �b�e� 

�s�a�t�i�s�f�i�e�d� �a�b�o�v�e� �t�h�o�s�e� �r�e�q�u�i�r�e�d� �f�o�r� �o�p�t�i�m�u�m� �d�e�s�i�g�n� �[�8�]�.� 

�A�c�t�i�v�e� �c�o�n�t�r�o�l� �s�y�s�t�e�m�s� �r�e�q�u�i�r�e� �a� �s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t� �o�f� �e�x�t�e�r�n�a�l� �p�o�w�e�r� �i�n� �o�r�d�e�r� �t�o� 

�o�p�e�r�a�t�e�.� �T�h�e�y� �a�l�s�o� �r�e�q�u�i�r�e� �c�o�n�t�i�n�u�o�u�s� �m�o�n�i�t�o�r�i�n�g� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �r�e�s�p�o�n�s�e� �a�n�d�/�o�r� �t�h�e� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �l�o�a�d� �d�i�s�t�u�r�b�a�n�c�e�.� �W�i�t�h� �a� �c�h�o�s�e�n� �c�o�n�t�r�o�l� �a�l�g�o�r�i�t�h�m�,� �t�h�e�s�e� �m�e�a�s�u�r�e�m�e�n�t�s� �a�r�e� �u�s�e�d� 

�t�o� �d�e�t�e�r�m�i�n�e� �a�n� �a�p�p�r�o�p�r�i�a�t�e� �c�o�n�t�r�o�l� �a�c�t�i�o�n�.� �A�c�t�i�v�e� �s�y�s�t�e�m�s� �c�a�n� �b�e� �d�i�v�i�d�e�d� �i�n�t�o� �f�u�l�l�y�-�a�c�t�i�v�e� 

�s�y�s�t�e�m�s� �a�n�d� �s�e�m�i�-�a�c�t�i�v�e� �s�y�s�t�e�m�s�.� �F�u�l�l�y�-�a�c�t�i�v�e� �s�y�s�t�e�m�s� �u�s�e� �t�h�e� �s�u�p�p�l�y� �e�n�e�r�g�y� �t�o� �g�e�n�e�r�a�t�e� �c�o�n�t�r�o�l� 

�f�o�r�c�e�s� �w�h�i�c�h� �d�i�r�e�c�t�l�y� �r�e�s�i�s�t� �t�h�e� �e�x�t�e�r�n�a�l� �d�i�s�t�u�r�b�a�n�c�e�,� �w�h�i�l�e� �s�e�m�i�-�a�c�t�i�v�e� �s�y�s�t�e�m�s� �u�s�e� �t�h�e� �s�u�p�p�l�y� 

�e�n�e�r�g�y� �t�o� �c�h�a�n�g�e� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �t�o� �c�o�u�n�t�e�r�a�c�t� �t�h�e� �d�i�s�t�u�r�b�a�n�c�e� �[�9�]�.� �A� �n�u�m�b�e�r� �o�f� 

�a�d�v�a�n�t�a�g�e�s� �c�a�n� �b�e� �c�i�t�e�d� �f�o�r� �a�c�t�i�v�e� �c�o�n�t�r�o�l� �s�y�s�t�e�m�s�.� �A�c�t�i�v�e� �s�y�s�t�e�m�s� �h�a�v�e� �s�u�p�e�r�i�o�r� �e�f�f�e�c�t�i�v�e�n�e�s�s� �i�n� 

�r�e�d�u�c�i�n�g� �v�i�b�r�a�t�i�o�n� �a�m�p�l�i�t�u�d�e�s�;� �t�h�e� �d�e�g�r�e�e� �o�f� �e�f�f�e�c�t�i�v�e�n�e�s�s� �b�e�i�n�g� �l�i�m�i�t�e�d� �o�n�l�y� �b�y� �t�h�e� �c�a�p�a�c�i�t�y� �o�f� 

�t�h�e� �c�o�n�t�r�o�!� �s�y�s�t�e�m�.� �C�o�m�p�a�r�e�d� �t�o� �p�a�s�s�i�v�e� �s�y�s�t�e�m�s�,� �a�c�t�i�v�e� �s�y�s�t�e�m�s� �a�r�e� �m�o�r�e� �f�l�e�x�i�b�l�e� �b�e�c�a�u�s�e� �t�h�e�y� 

�a�r�e� �a�b�l�e� �t�o� �c�o�n�t�r�o�l� �t�h�e� �s�t�r�u�c�t�u�r�e� �f�o�r� �a� �b�r�o�a�d�e�r� �r�a�n�g�e� �o�f� �l�o�a�d�i�n�g�s�,� �w�i�d�e�r� �r�a�n�g�e� �o�f� �e�x�c�i�t�a�t�i�o�n� 

�f�r�e�q�u�e�n�c�i�e�s�,� �a�n�d� �t�r�a�n�s�i�e�n�t� �v�i�b�r�a�t�i�o�n�s�.� �T�h�u�s�,� �a�c�t�i�v�e� �s�y�s�t�e�m�s� �c�a�n� �b�e� �u�s�e�d� �f�o�r� �m�o�t�i�o�n� �c�o�n�t�r�o�l� �d�u�r�i�n�g� 

�b�o�t�h� �e�a�r�t�h�q�u�a�k�e�s� �a�n�d� �s�t�r�o�n�g� �w�i�n�d�s�.� �A�l�s�o�,� �e�x�i�s�t�i�n�g� �s�t�r�u�c�t�u�r�e�s� �c�a�n� �b�e� �r�e�t�r�o�f�i�t�t�e�d� �w�i�t�h� �a�c�t�i�v�e� 

�c�o�n�t�r�o�l�l�e�r�s� �w�i�t�h�o�u�t� �a�n�y� �s�u�b�s�t�a�n�t�i�a�l� �m�o�d�i�f�i�c�a�t�i�o�n� �t�o� �t�h�e� �s�t�r�u�c�t�u�r�e�s�.� �D�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �c�o�n�t�r�o�l� 

�a�l�g�o�r�i�t�h�m� �b�e�i�n�g� �u�s�e�d�,� �t�h�e� �c�o�n�t�r�o�l� �o�b�j�e�c�t�i�v�e�s� �c�a�n� �b�e� �c�h�o�s�e�n� �t�o� �s�u�i�t� �t�h�e� �f�u�n�c�t�i�o�n�s� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� 

�a�n�d� �t�h�e� �n�e�e�d�s� �o�f� �i�t�s� �o�c�c�u�p�a�n�t�s�.� �T�h�i�s� �h�a�s� �t�h�e� �d�i�s�t�i�n�c�t� �a�d�v�a�n�t�a�g�e� �o�f� �h�a�v�i�n�g� �c�u�s�t�o�m�-�m�a�d�e� �c�o�n�t�r�o�l� 

�s�o�f�t�w�a�r�e� �b�e�i�n�g� �u�s�e�d� �f�o�r� �s�t�a�n�d�a�r�d�i�z�e�d� �h�a�r�d�w�a�r�e�,� �w�h�i�c�h� �l�e�a�d�s� �t�o� �h�i�g�h�e�r� �r�e�l�i�a�b�i�l�i�t�y� �a�n�d� �a� �l�o�w�e�r� �c�o�s�t� 

�f�o�r� �s�y�s�t�e�m� �d�e�s�i�g�n�,� �d�e�v�e�l�o�p�m�e�n�t�,� �i�n�t�e�g�r�a�t�i�o�n�,� �a�n�d� �a�p�p�l�i�c�a�t�i�o�n�.� �F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� �c�o�n�t�r�o�l� �h�a�r�d�w�a�r�e� 

�c�a�n� �b�e� �e�m�p�l�o�y�e�d� �i�n� �a� �d�i�s�t�r�i�b�u�t�e�d� �m�a�n�n�e�r�,� �r�e�s�u�l�t�i�n�g� �i�n� �s�m�a�l�l�e�r� �a�n�d� �c�o�m�p�a�c�t� �m�o�t�i�o�n�-�c�o�n�t�r�o�l� 

�h�a�r�d�w�a�r�e� �s�u�b�s�y�s�t�e�m�s�.� �T�h�i�s� �i�s� �i�m�m�e�n�s�e�l�y� �i�m�p�o�r�t�a�n�t� �f�o�r� �l�a�r�g�e�-�s�c�a�l�e� �d�e�p�l�o�y�m�e�n�t� �o�f� �s�u�c�h� �c�o�n�t�r�o�l� 

�s�y�s�t�e�m�s� �d�u�e� �t�o� �i�t�s� �l�o�w� �c�o�s�t� �a�n�d� �t�h�e� �h�i�g�h� �r�e�l�i�a�b�i�l�i�t�y� �a�f�f�o�r�d�e�d� �b�y� �l�a�r�g�e�-�s�c�a�l�e� �m�a�n�u�f�a�c�t�u�r�i�n�g� �o�f� �t�h�e�s�e� 

�s�y�s�t�e�m�s�.� �S�u�c�h� �i�s� �n�o�t� �t�h�e� �c�a�s�e� �w�i�t�h� �p�a�s�s�i�v�e� �c�o�n�t�r�o�l� �s�y�s�t�e�m�s� �w�h�i�c�h� �r�e�q�u�i�r�e� �s�p�e�c�i�f�i�c� �h�a�r�d�w�a�r�e� 

�d�e�s�i�g�n�s� �f�o�r� �e�a�c�h� �a�n�d� �e�v�e�r�y� �s�t�r�u�c�t�u�r�e�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �p�a�s�s�i�v�e� �a�p�p�r�o�a�c�h� �t�o� �c�o�n�t�r�o�l� �o�f� �s�t�r�u�c�t�u�r�e�s� 

�r�e�s�u�l�t�s� �i�n� �h�i�g�h�e�r� �e�n�g�i�n�e�e�r�i�n�g� �c�o�s�t�s�.� �A�t� �p�r�e�s�e�n�t�,� �a�c�t�i�v�e� �c�o�n�t�r�o�l� �s�y�s�t�e�m�s� �a�l�s�o� �h�a�v�e� �t�h�e�i�r� �d�r�a�w�b�a�c�k�s�.� 

�T�h�e� �a�m�o�u�n�t� �o�f� �e�n�e�r�g�y� �r�e�q�u�i�r�e�d� �t�o� �g�e�n�e�r�a�t�e� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e�s� �w�i�t�h�i�n� �a� �s�m�a�l�l� �t�i�m�e� �i�n�t�e�r�v�a�l� �m�a�y� �b�e� 

�t�o�o� �g�r�e�a�t� �t�o� �b�e� �e�c�o�n�o�m�i�c�a�l� �a�n�d� �p�r�a�c�t�i�c�a�l�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �t�i�m�e� �a�t� �w�h�i�c�h� �t�h�e� �c�o�n�t�r�o�l� �p�o�w�e�r� �i�s� �m�o�s�t� 

�n�e�e�d�e�d� �o�f�t�e�n� �c�o�i�n�c�i�d�e�s� �w�i�t�h� �t�h�e� �t�i�m�e� �a�t� �w�h�i�c�h� �m�o�s�t� �u�t�i�l�i�t�y� �s�y�s�t�e�m�s� �f�a�i�l�.� �T�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� 

�a�d�e�q�u�a�t�e� �e�n�e�r�g�y� �s�o�u�r�c�e�s� �i�s� �t�h�e�r�e�f�o�r�e� �a� �r�e�a�l� �c�o�n�c�e�r�n�.� �A�t� �t�h�e� �s�a�m�e� �t�i�m�e�,� �t�h�e� �h�i�g�h� �l�e�v�e�l� �o�f� 

�m�a�i�n�t�e�n�a�n�c�e� �f�o�r� �t�h�e� �c�o�n�t�r�o�l� �s�y�s�t�e�m� �m�a�k�e�s� �t�h�e� �c�o�s�t� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �e�x�p�e�n�s�i�v�e�.� �T�h�e�r�e� �i�s� �a�l�s�o� �t�h�e� 

�q�u�e�s�t�i�o�n� �o�f� �r�e�l�i�a�b�i�l�i�t�y� �o�f� �i�n�f�r�e�q�u�e�n�t�l�y�-�u�s�e�d� �e�q�u�i�p�m�e�n�t� �s�i�n�c�e� �a�n� �a�c�t�i�v�e� �c�o�n�t�r�o�l� �s�y�s�t�e�m� �m�a�y� �r�e�m�a�i�n� 

�i�n� �s�t�a�n�d�b�y� �m�o�d�e� �f�o�r� �a� �l�o�n�g� �t�i�m�e� �d�u�e� �t�o� �t�h�e� �r�a�r�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �e�a�r�t�h�q�u�a�k�e�s� �o�r� �s�t�r�o�n�g� �w�i�n�d�s�.� �T�h�e� 

�1�1



�l�a�r�g�e� �c�o�n�t�r�o�l� �f�o�r�c�e�s� �c�a�n� �a�l�s�o� �b�e� �a�s� �d�e�t�r�i�m�e�n�t�a�l� �a�s� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �f�o�r�c�e�s� �i�f� �t�h�e� �c�o�n�t�r�o�l� �s�y�s�t�e�m� 

�d�o�e�s� �n�o�t� �f�u�n�c�t�i�o�n� �p�r�o�p�e�r�l�y�.� �F�i�n�a�l�l�y�,� �o�c�c�u�p�a�n�t�s� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �m�a�y� �h�a�v�e� �s�o�m�e� �p�s�y�c�h�o�l�o�g�i�c�a�l� 

�r�e�s�e�r�v�a�t�i�o�n�s� �a�b�o�u�t� �t�h�e� �c�o�n�c�e�p�t� �o�f� �a�c�t�i�v�e� �c�o�n�t�r�o�l� �[�1�0�]�.� �G�l�o�b�a�l� �s�t�a�b�i�l�i�t�y� �m�u�s�t� �b�e� �a�s�s�u�r�e�d� �f�o�r� �t�h�i�s� 

�t�y�p�e� �o�f� �c�o�n�t�r�o�l�.� 

�H�y�b�r�i�d� �c�o�n�t�r�o�l� �s�y�s�t�e�m�s� �i�n�c�o�r�p�o�r�a�t�e�s� �t�h�e� �b�e�s�t� �f�e�a�t�u�r�e�s� �o�f� �b�o�t�h� �p�a�s�s�i�v�e� �a�n�d� �a�c�t�i�v�e� �c�o�n�t�r�o�l� 

�i�n� �a� �r�a�t�i�o�n�a�l� �m�a�n�n�e�r� �s�o� �a�s� �t�o� �r�e�d�u�c�e� �t�h�e� �d�i�s�a�d�v�a�n�t�a�g�e�s� �o�f� �b�o�t�h� �s�o�l�u�t�i�o�n�s�.� �T�h�e�y� �h�a�v�e� �r�e�d�u�c�e�d� 

�p�o�w�e�r� �d�e�m�a�n�d�s� �a�n�d� �i�m�p�r�o�v�e�d� �r�e�l�i�a�b�i�l�i�t�y� �c�o�m�p�a�r�e�d� �t�o� �a� �p�u�r�e�l�y� �a�c�t�i�v�e� �s�y�s�t�e�m�,� �a�n�d� �b�e�t�t�e�r� �c�o�n�t�r�o�l� 

�e�f�f�e�c�t�i�v�e�n�e�s�s� �a�n�d� �e�f�f�i�c�i�e�n�c�y� �c�o�m�p�a�r�e�d� �t�o� �a� �p�u�r�e�l�y� �p�a�s�s�i�v�e� �s�y�s�t�e�m�.� �T�h�e� �e�n�e�r�g�y� �r�e�q�u�i�r�e�d� �t�o� 

�g�e�n�e�r�a�t�e� �c�o�n�t�r�o�l� �f�o�r�c�e�s� �i�s� �s�m�a�l�l�e�r� �b�e�c�a�u�s�e� �o�f� �t�h�e� �s�u�p�p�r�e�s�s�e�d� �s�t�r�u�c�t�u�r�a�l� �r�e�s�p�o�n�s�e� �d�u�e� �t�o� �p�a�s�s�i�v�e� 

�c�o�n�t�r�o�l� �d�e�v�i�c�e�s�.� �A�s� �i�n� �a�n� �a�c�t�i�v�e� �s�y�s�t�e�m�,� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �a�r�e� �a�d�j�u�s�t�e�d� 

�b�a�s�e�d� �o�n� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �r�e�s�p�o�n�s�e� �a�n�d�/�o�r� �e�x�c�i�t�a�t�i�o�n�.� �T�h�e� �m�o�t�i�o�n� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� 

�i�s� �u�s�e�d� �t�o� �d�e�v�e�l�o�p� �c�o�n�t�r�o�l� �f�o�r�c�e�s� �t�h�r�o�u�g�h� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �a�d�j�u�s�t�m�e�n�t� �o�f� �t�h�e� �d�a�m�p�i�n�g� �a�n�d� �s�t�i�f�f�n�e�s�s� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �a�s� �i�n� �a� �p�a�s�s�i�v�e� �s�y�s�t�e�m�.� �S�i�n�c�e� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e�s� �a�r�e� �a�l�w�a�y�s� �d�i�r�e�c�t�e�d� �o�p�p�o�s�i�t�e� �t�o� 

�t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �s�t�r�u�c�t�u�r�a�l� �m�o�t�i�o�n�,� �t�h�e� �s�t�a�b�i�l�i�t�y� �o�f� �t�h�e� �s�y�s�t�e�m� �i�s� �e�n�s�u�r�e�d�.� �I�n� �t�h�e� �e�v�e�n�t� �o�f� �a� 

�c�o�m�p�l�e�t�e� �p�o�w�e�r� �f�a�i�l�u�r�e�,� �t�h�e� �h�y�b�r�i�d� �s�y�s�t�e�m� �d�e�v�i�c�e�s� �c�a�n� �b�e� �d�e�s�i�g�n�e�d� �t�o� �e�x�h�i�b�i�t� �e�i�t�h�e�r� �p�r�e�s�c�r�i�b�e�d� 

�d�a�m�p�i�n�g� �o�r� �s�t�i�f�f�n�e�s�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�n�d� �t�h�e�r�e�b�y� �m�a�k�i�n�g� �t�h�e� �s�y�s�t�e�m� �f�a�i�l�-�s�a�f�e� �[�6�]�.� 

�B�a�s�e� �I�s�o�l�a�t�i�o�n� �S�y�s�t�e�m�s� 

�B�a�s�e� �i�s�o�l�a�t�i�o�n� �s�y�s�t�e�m�s� �(�B�I�S�)� �h�a�v�e� �b�e�e�n� �s�h�o�w�n� �t�o� �b�e� �a�n� �e�f�f�e�c�t�i�v�e� �p�a�s�s�i�v�e� �m�e�t�h�o�d� �f�o�r� 

�m�i�t�i�g�a�t�i�n�g� �t�h�e� �t�r�a�n�s�m�i�s�s�i�o�n� �o�f� �h�o�r�i�z�o�n�t�a�l� �s�e�i�s�m�i�c� �f�o�r�c�e�s� �t�o� �a� �s�t�r�u�c�t�u�r�e�.� �H�o�w�e�v�e�r�,� �t�h�e�y� �a�r�e� �n�o�t� �a�s� 

�e�f�f�e�c�t�i�v�e� �i�n� �i�s�o�l�a�t�i�n�g� �t�h�e� �s�t�r�u�c�t�u�r�e� �f�r�o�m� �a�n�y� �v�e�r�t�i�c�a�l� �c�o�m�p�o�n�e�n�t� �o�f� �s�e�i�s�m�i�c� �f�o�r�c�e�s�.� �P�a�s�s�i�v�e� �b�a�s�e� 

�i�s�o�l�a�t�i�o�n� �s�y�s�t�e�m�s� �c�a�n� �b�e� �c�l�a�s�s�i�f�i�e�d� �a�s� �e�i�t�h�e�r� �e�l�a�s�t�o�m�e�r�i�c� �b�e�a�r�i�n�g� �s�y�s�t�e�m�s� �o�r� �s�l�i�d�i�n�g� �s�y�s�t�e�m�s�.� �I�n� 

�t�h�e�s�e� �s�c�h�e�m�e�s�,� �t�h�e� �s�t�r�u�c�t�u�r�e� �i�s� �m�o�u�n�t�e�d� �o�n� �e�i�t�h�e�r� �v�e�r�y� �f�l�e�x�i�b�l�e� �s�u�p�p�o�r�t�s� �o�r� �s�l�i�d�i�n�g� �s�u�p�p�o�r�t�s� �w�h�i�c�h� 

�e�f�f�e�c�t�i�v�e�l�y� �i�s�o�l�a�t�e�s� �t�h�e� �s�u�p�e�r�s�t�r�u�c�t�u�r�e� �f�r�o�m� �t�h�e� �f�o�u�n�d�a�t�i�o�n�.� �T�h�i�s� �d�e�c�r�e�a�s�e�s� �t�h�e� �n�a�t�u�r�a�l� �f�r�e�q�u�e�n�c�i�e�s� 

�o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �a�n�d� �s�h�i�f�t�s� �t�h�e�m� �o�u�t�s�i�d�e� �t�h�e� �r�a�n�g�e� �o�f� �e�x�c�i�t�a�t�i�o�n� �f�r�e�q�u�e�n�c�i�e�s� �w�h�i�c�h� �h�a�v�e� �h�i�g�h� 

�e�n�e�r�g�y� �c�o�n�t�e�n�t�.� �F�i�g�.� �2�.�1� �s�h�o�w�s� �a� �p�a�s�s�i�v�e� �b�a�s�e� �i�s�o�l�a�t�i�o�n� �s�y�s�t�e�m� �u�s�i�n�g� �e�l�a�s�t�o�m�e�r�i�c� �b�e�a�r�i�n�g�s�.� �T�h�e� 

�l�e�a�d�-�r�u�b�b�e�r� �b�e�a�r�i�n�g�s� �u�s�e�d� �f�o�r� �b�a�s�e� �i�s�o�l�a�t�i�o�n� �i�n� �e�l�a�s�t�o�m�e�r�i�c� �s�y�s�t�e�m�s� �a�r�e� �f�l�e�x�i�b�l�e� �i�n� �t�h�e� �h�o�r�i�z�o�n�t�a�l� 

�d�i�r�e�c�t�i�o�n� �b�u�t� �s�t�i�f�f� �i�n� �t�h�e� �v�e�r�t�i�c�a�l� �d�i�r�e�c�t�i�o�n� �[�1�1�]�.� �H�o�w�e�v�e�r�,� �s�i�n�c�e� �t�h�e� �n�a�t�u�r�a�l� �f�r�e�q�u�e�n�c�i�e�s� �o�f� �a� 

�s�t�r�u�c�t�u�r�e� �a�r�e� �f�i�x�e�d� �q�u�a�n�t�i�t�i�e�s�,� �p�a�s�s�i�v�e� �b�a�s�e� �i�s�o�l�a�t�i�o�n� �w�i�l�l� �b�e� �e�f�f�e�c�t�i�v�e� �o�n�l�y� �f�o�r� �a� �l�i�m�i�t�e�d� �r�a�n�g�e� �o�f� 

�e�a�r�t�h�q�u�a�k�e� �d�i�s�t�u�r�b�a�n�c�e�s�.� �T�h�e�r�e� �i�s� �a�l�s�o� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �p�r�o�d�u�c�i�n�g� �s�t�r�o�n�g� �u�p�l�i�f�t� �f�o�r�c�e�s� �e�s�p�e�c�i�a�l�l�y� 

�i�n� �t�h�e� �i�s�o�l�a�t�i�o�n� �s�y�s�t�e�m� �o�f� �t�a�l�l� �s�t�r�u�c�t�u�r�e�s�.� �T�h�i�s� �c�o�u�l�d� �c�a�u�s�e� �i�n�s�t�a�b�i�l�i�t�y� �a�n�d� �e�v�e�n�t�u�a�l� �f�a�i�l�u�r�e� �o�f� �t�h�e� 

�s�t�r�u�c�t�u�r�e�.� �I�n�e�l�a�s�t�i�c� �a�n�d� �p�e�r�m�a�n�e�n�t� �d�e�f�o�r�m�a�t�i�o�n� �c�a�n� �a�l�s�o� �a�c�c�u�m�u�l�a�t�e� �a�f�t�e�r� �s�e�v�e�r�a�l� �s�e�i�s�m�i�c� 

�e�p�i�s�o�d�e�s� �i�n� �s�o�m�e� �b�a�s�e� �i�s�o�l�a�t�i�o�n� �s�y�s�t�e�m�s� �u�s�i�n�g� �l�e�a�d�-�c�o�r�e� �e�l�a�s�t�o�m�e�r�i�c� �b�e�a�r�i�n�g�s�.� �A�n� �a�d�v�a�n�t�a�g�e� �o�f� 

�t�h�e� �s�l�i�d�i�n�g� �s�y�s�t�e�m� �o�v�e�r� �t�h�e� �e�l�a�s�t�o�m�e�r�i�c� �s�y�s�t�e�m� �i�s� �t�h�a�t� �t�h�e� �d�e�g�r�e�e� �o�f� �i�s�o�l�a�t�i�o�n� �i�t� �p�r�o�v�i�d�e�s� �i�s� 

�1�2



�d�e�p�e�n�d�e�n�t� �o�n�l�y� �o�n� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �f�r�i�c�t�i�o�n� �o�n� �t�h�e� �s�l�i�d�i�n�g� �i�n�t�e�r�f�a�c�e�,� �i�.�e�.� �s�m�a�l�l�e�r� �c�o�e�f�f�i�c�i�e�n�t�s� �g�i�v�e� 

�b�e�t�t�e�r� �i�s�o�l�a�t�i�o�n�.� �I�s�o�l�a�t�i�o�n� �p�e�r�f�o�r�m�a�n�c�e� �i�s� �n�o�t� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �i�n�t�e�n�s�i�t�y� �n�o�r� �t�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� 

�e�a�r�t�h�q�u�a�k�e� �e�x�c�i�t�a�t�i�o�n� �[�1�1�]�.� �H�o�w�e�v�e�r�,� �t�h�i�s� �t�y�p�e� �o�f� �i�s�o�l�a�t�i�o�n� �s�y�s�t�e�m� �i�s� �r�e�n�d�e�r�e�d� �i�m�p�r�a�c�t�i�c�a�l� �b�y� �i�t�s� 

�u�n�a�v�o�i�d�a�b�l�e� �r�e�s�i�d�u�a�l� �d�i�s�p�l�a�c�e�m�e�n�t� �a�n�d� �e�x�c�e�s�s�i�v�e� �s�l�i�d�i�n�g� �d�i�s�p�l�a�c�e�m�e�n�t�.� �T�h�e�r�e�f�o�r�e�,� �p�a�s�s�i�v�e� �b�a�s�e� 

�i�s�o�l�a�t�i�o�n� �c�a�n� �b�e�c�o�m�e� �i�n�a�d�e�q�u�a�t�e� �f�o�r� �e�a�r�t�h�q�u�a�k�e� �p�r�o�t�e�c�t�i�o�n� �o�f� �t�a�l�l� �c�i�v�i�l� �s�t�r�u�c�t�u�r�e�s�,� �a�s�i�d�e� �f�r�o�m� 

�j�j� 

�F�i�g�.� �2�.�1� �P�a�s�s�i�v�e� �B�I�S� �u�s�i�n�g� �E�l�a�s�t�o�m�e�r�i�c� �B�e�a�r�i�n�g�s� 

�b�e�i�n�g� �i�n�e�f�f�e�c�t�i�v�e� �a�g�a�i�n�s�t� �s�t�r�o�n�g� �w�i�n�d�s�.� 
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�T�h�e�r�e� �h�a�s� �b�e�e�n� �a� �g�r�o�w�i�n�g� �i�n�t�e�r�e�s�t� �i�n� �a� �h�y�b�r�i�d� �s�y�s�t�e�m� �w�h�i�c�h� �c�o�m�b�i�n�e�s� �b�a�s�e� �i�s�o�l�a�t�o�r�s� �w�i�t�h� 

�a�n� �a�c�t�i�v�e� �s�y�s�t�e�m� �t�h�a�t� �a�p�p�l�i�e�s� �c�o�n�t�r�o�l� �f�o�r�c�e�s� �o�n� �t�h�e� �b�a�s�e� �[�1�1�]�[�1�2�]�.� �B�y� �i�t�s�e�l�f�,� �p�a�s�s�i�v�e� �b�a�s�e� �i�s�o�l�a�t�i�o�n� 

�c�a�n� �r�e�d�u�c�e� �i�n�t�e�r�-�s�t�o�r�y� �d�r�i�f�t�s� �a�n�d� �a�b�s�o�l�u�t�e� �a�c�c�e�l�e�r�a�t�i�o�n�s� �i�n� �t�h�e� �s�t�r�u�c�t�u�r�e� �w�h�i�c�h�,� �i�n� �t�u�r�n�,� �c�a�u�s�e�s� �t�h�e� 

�s�t�r�u�c�t�u�r�e� �t�o� �b�e�h�a�v�e� �l�i�k�e� �a� �r�i�g�i�d� �b�o�d�y�.� �A�l�t�h�o�u�g�h� �t�h�e� �s�h�e�a�r� �f�o�r�c�e� �o�n� �t�h�e� �s�u�p�e�r�s�t�r�u�c�t�u�r�e� �i�s� �s�m�a�l�l�,� �t�h�e� 

�a�b�s�o�l�u�t�e� �d�i�s�p�l�a�c�e�m�e�n�t� �o�f� �t�h�e� �b�a�s�e� �i�t�s�e�l�f� �i�s� �q�u�i�t�e� �l�a�r�g�e�.� �A�c�t�i�v�e� �c�o�n�t�r�o�l� �f�o�r�c�e�s� �a�p�p�l�i�e�d� �a�t� �t�h�e� �b�a�s�e� 

�c�a�n� �r�e�d�u�c�e� �t�h�i�s� �d�i�s�p�l�a�c�e�m�e�n�t� �i�n� �b�o�t�h� �e�l�a�s�t�o�m�e�r�i�c� �a�n�d� �s�l�i�d�i�n�g� �s�y�s�t�e�m�s�.� �T�h�e�s�e� �c�o�n�t�r�o�l� �f�o�r�c�e�s� �d�o� �n�o�t� 

�h�a�v�e� �t�o� �b�e� �l�a�r�g�e� �b�e�c�a�u�s�e� �t�h�e� �b�a�s�e� �i�s�o�l�a�t�o�r�s� �a�r�e� �e�i�t�h�e�r� �h�i�g�h�l�y� �f�l�e�x�i�b�l�e� �o�r� �s�l�i�d�e�s� �w�i�t�h� �m�i�n�i�m�a�l� 

�f�r�i�c�t�i�o�n�.� �A�c�t�i�v�e� �e�l�a�s�t�o�m�e�r�i�c� �a�n�d� �s�l�i�d�i�n�g� �i�s�o�l�a�t�i�o�n� �s�y�s�t�e�m�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�.� �2�.�2� �a�n�d� �F�i�g�.� �2�.�3� 

�w�h�e�r�e� �A� �i�n�d�i�c�a�t�e�s� �a�n� �a�c�t�u�a�t�o�r�.� �H�y�b�r�i�d� �s�y�s�t�e�m�s� �w�h�i�c�h� �c�o�n�n�e�c�t� �t�h�e� �b�a�s�e� �i�s�o�l�a�t�i�o�n� �s�y�s�t�e�m� �t�o� �e�i�t�h�e�r� 

�a� �t�u�n�e�d� �m�a�s�s� �d�a�m�p�e�r� �o�r� �a�n� �a�c�t�i�v�e� �m�a�s�s� �d�a�m�p�e�r� �[�1�3�]� �a�r�e� �a�l�s�o� �a�b�l�e� �t�o� �p�r�e�s�e�r�v�e� �t�h�e� �a�d�v�a�n�t�a�g�e�s� �o�f� 

�b�a�s�e� �i�s�o�l�a�t�i�o�n� �a�n�d� �p�r�o�t�e�c�t� �t�h�e� �i�s�o�l�a�t�i�o�n� �s�y�s�t�e�m ��s� �i�n�t�e�g�r�i�t�y�.� �A�l�t�h�o�u�g�h� �t�y�p�i�c�a�l�l�y� �i�n�s�t�a�l�l�e�d� �o�n� �t�h�e� �t�o�p� 

�f�l�o�o�r�,� �s�e�t�t�i�n�g� �t�h�e� �m�a�s�s� �d�a�m�p�e�r� �o�n� �t�h�e� �b�a�s�e� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �m�a�k�e�s� �i�t� �p�o�s�s�i�b�l�e� �t�o� �d�i�s�s�i�p�a�t�e� �t�h�e� 

�s�e�i�s�m�i�c� �e�n�e�r�g�y� �b�e�f�o�r�e� �i�t� �i�s� �t�r�a�n�s�m�i�t�t�e�d� �t�o� �t�h�e� �s�u�p�e�r�s�t�r�u�c�t�u�r�e�.� �I�n�s�t�a�l�l�a�t�i�o�n� �w�i�l�l� �a�l�s�o� �b�e� �e�a�s�i�e�r� �a�n�d� 

�p�r�a�c�t�i�c�a�l� �a�t� �t�h�e� �b�a�s�e� �l�e�v�e�l�.� �F�i�g�.� �2�.�4� �a�n�d� �F�i�g�.� �2�.�5� �i�l�l�u�s�t�r�a�t�e� �s�u�c�h� �h�y�b�r�i�d� �s�y�s�t�e�m�s�.� �S�l�i�d�i�n�g� �s�y�s�t�e�m�s� 

�u�s�i�n�g� �v�a�r�i�a�b�l�e�-�f�r�i�c�t�i�o�n� �b�e�a�r�i�n�g�s�,� �s�h�o�w�n� �i�n� �F�i�g�.� �2�.�6�,� �h�a�v�e� �b�e�e�n� �p�r�o�p�o�s�e�d� �w�h�e�r�e�i�n� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� 

�f�r�i�c�t�i�o�n� �a�t� �t�h�e� �s�l�i�d�i�n�g� �i�n�t�e�r�f�a�c�e� �i�s� �a�c�t�i�v�e�l�y� �c�o�n�t�r�o�l�l�e�d�.� �I�n� �t�h�e�s�e� �s�y�s�t�e�m�s�,� �t�h�e� �s�t�r�u�c�t�u�r�e� �i�s� �s�u�p�p�o�r�t�e�d� 
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�b�y� �a� �n�u�m�b�e�r� �o�f� �s�l�i�d�i�n�g� �b�e�a�r�i�n�g�s�;� �e�a�c�h� �b�e�a�r�i�n�g� �i�s� �a� �c�a�r�v�e�d�-�o�u�t� �s�t�e�e�l� �d�i�s�k� �w�i�t�h� �a� �s�l�i�d�i�n�g� �i�n�t�e�r�f�a�c�e� 

�o�u�t�s�i�d�e� �(�c�i�r�c�u�l�a�r� �p�e�r�i�m�e�t�e�r�)� �a�n�d� �a� �f�l�u�i�d� �c�h�a�m�b�e�r� �i�n�s�i�d�e� �[�1�4�]�[�1�5�]�[�1�6�]�.� �T�h�e� �c�h�a�m�b�e�r� �i�s� �s�e�a�l�e�d� �b�y� �a� 

�r�u�b�b�e�r� �O�-�r�i�n�g� �a�r�o�u�n�d� �t�h�e� �c�i�r�c�u�l�a�r� �p�e�r�i�m�e�t�e�r� �j�u�s�t� �i�n�s�i�d�e� �t�h�e� �s�l�i�d�i�n�g� �s�u�r�f�a�c�e�.� �A� �s�l�i�d�i�n�g� �m�a�t�e�r�i�a�l�,� 

�s�u�c�h� �a�s� �a� �T�e�f�l�o�n�-�b�a�s�e�d� �m�a�t�e�r�i�a�l�,� �i�s� �p�l�a�c�e�d� �o�n� �t�h�e� �s�l�i�d�i�n�g� �s�u�r�f�a�c�e�.� �A� �p�r�e�s�s�u�r�e�-�c�o�n�t�r�o�l� �s�y�s�t�e�m�,� 

�c�o�m�p�o�s�e�d� �o�f� �a� �p�u�m�p�,� �a�n� �a�c�c�u�m�u�l�a�t�o�r�,� �a�n�d� �a� �s�e�r�v�o� �v�a�l�v�e�,� �i�s� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �f�l�u�i�d� �c�h�a�m�b�e�r�s� �o�f� �a�l�l� 

�t�h�e� �b�e�a�r�i�n�g�s�.� �T�h�e� �f�r�i�c�t�i�o�n� �f�o�r�c�e� �o�n� �t�h�e� �s�l�i�d�i�n�g� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �t�h�e� �b�e�a�r�i�n�g� �a�n�d� �t�h�e� �g�r�o�u�n�d� �i�s� 

�c�o�n�t�r�o�l�l�e�d� �b�y� �a�d�j�u�s�t�i�n�g� �t�h�e� �f�l�u�i�d� �p�r�e�s�s�u�r�e� �i�n� �t�h�e� �c�h�a�m�b�e�r�.� 
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�F�i�g�.� �2�.�6� �H�y�b�r�i�d� �S�l�i�d�i�n�g� �B�I�S� �w�i�t�h� �F�r�i�c�t�i�o�n�-�C�o�n�t�r�o�l�l�a�b�l�e� �B�e�a�r�i�n�g�s� 

�M�a�s�s�-�E�f�f�e�c�t� �S�y�s�t�e�m�s� 

�M�a�s�s�-�e�f�f�e�c�t� �s�y�s�t�e�m�s� �t�r�a�n�s�f�o�r�m� �t�h�e� �i�n�p�u�t� �e�n�e�r�g�y� �o�f� �a� �d�i�s�t�u�r�b�a�n�c�e� �i�n�t�o� �t�h�e� �k�i�n�e�t�i�c� �e�n�e�r�g�y� 

�o�f� �a� �v�i�b�r�a�t�i�o�n� �m�e�c�h�a�n�i�s�m� �a�d�d�e�d� �t�o� �a� �s�t�r�u�c�t�u�r�e�.� �T�h�i�s� �r�e�d�u�c�e�s� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �a�n�d� �t�h�e� 

�e�n�e�r�g�y� �w�i�t�h� �w�h�i�c�h� �t�h�e� �s�t�r�u�c�t�u�r�e� �i�t�s�e�l�f� �i�s� �f�o�r�c�e�d� �t�o� �c�o�p�e�.� �T�h�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �o�f� �i�n�p�u�t� �e�n�e�r�g�y� �t�o� 

�k�i�n�e�t�i�c� �e�n�e�r�g�y� �i�s� �a�c�h�i�e�v�e�d� �t�h�r�o�u�g�h� �t�h�e� �m�o�t�i�o�n� �o�f� �a�n� �a�u�x�i�l�i�a�r�y� �m�a�s�s�.� �T�h�e� �m�o�v�i�n�g� �m�a�s�s� �p�r�o�d�u�c�e�s� 

�i�n�e�r�t�i�a� �f�o�r�c�e�s� �t�h�a�t� �g�i�v�e�s� �t�h�e� �m�a�i�n� �s�t�r�u�c�t�u�r�e� �l�a�r�g�e� �v�i�s�c�o�u�s� �d�a�m�p�i�n�g�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� 

�k�e�e�p� �t�h�e� �p�h�a�s�e� �o�f� �t�h�e� �a�u�x�i�l�i�a�r�y� �m�a�s�s� �o�p�p�o�s�i�t�e� �t�o� �t�h�a�t� �o�f� �t�h�e� �m�a�i�n� �s�t�r�u�c�t�u�r�e�.� �M�a�s�s�-�e�f�f�e�c�t� �s�y�s�t�e�m�s� 

�a�r�e� �p�r�i�m�a�r�i�l�y� �e�x�p�e�c�t�e�d� �t�o� �r�e�d�u�c�e� �t�h�e� �f�i�r�s�t� �n�a�t�u�r�a�l�-�m�o�d�e� �v�i�b�r�a�t�i�o�n�.� �T�h�e� �m�a�s�s� �r�a�t�i�o�,� �w�h�i�c�h� �i�s� �t�h�e� 

�r�a�t�i�o� �o�f� �t�h�e� �a�d�d�e�d� �m�a�s�s� �t�o� �t�h�e� �e�f�f�e�c�t�i�v�e� �m�a�s�s� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�,� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �s�y�s�t�e�m�'�s� �d�a�m�p�i�n�g� 

�e�f�f�e�c�t�.� �A�s� �t�h�e� �r�a�t�i�o� �g�e�t�s� �h�i�g�h�e�r�,� �t�h�e� �c�o�n�t�r�o�l� �e�f�f�i�c�i�e�n�c�y� �i�m�p�r�o�v�e�s�.� �M�a�s�s�-�e�f�f�e�c�t� �s�y�s�t�e�m�s� �c�a�n� �b�e



�c�l�a�s�s�i�f�i�e�d� �i�n�t�o� �p�a�s�s�i�v�e�,� �s�e�m�i�-�a�c�t�i�v�e�,� �a�c�t�i�v�e�,� �a�n�d� �h�y�b�r�i�d� �m�a�s�s� �d�a�m�p�e�r� �s�y�s�t�e�m�s� �[�1�7�]� �a�s� �s�h�o�w�n� �i�n� 

�F�i�g�.� �2�.�7�,� �F�i�g�.� �2�.�8�,� �F�i�g�.� �2�.�9�,� �a�n�d� �F�i�g�.� �2�.�1�0�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �I�n� �t�h�e�s�e� �f�i�g�u�r�e�s�,� �t�h�e� �m�a�s�s�,� �s�t�i�f�f�n�e�s�s�,� �a�n�d� 

�d�a�m�p�i�n�g� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �a�r�e� �i�n�d�i�c�a�t�e�d� �a�s� �m�,�,� �k�,�,� �a�n�d� �c�,�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �m�g�,� �k�g�,� �a�n�d� �c�g� �a�r�e� �t�h�e� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �d�a�m�p�e�r� �p�a�r�a�m�e�t�e�r�s�.� �T�h�e� �e�x�t�e�r�n�a�l� �e�x�c�i�t�a�t�i�o�n� �f�o�r�c�e� �i�s� �g�i�v�e�n� �a�s� �F�,�.� �S� �a�n�d� �C� �a�r�e� 

�s�e�n�s�o�r�s� �a�n�d� �c�o�n�t�r�o�l�l�e�r�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �a�c�t�u�a�t�o�r� �i�s� �l�a�b�e�l�e�d� �a�s� �A�.� 
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�T�h�e� �p�a�s�s�i�v�e� �m�a�s�s� �d�a�m�p�e�r�,� �w�h�i�c�h� �i�s� �c�o�m�m�o�n�l�y� �r�e�f�e�r�r�e�d� �t�o� �a�s� �a� �t�u�n�e�d� �m�a�s�s� �d�a�m�p�e�r� 

�(�T�M�D�)�,� �i�s� �a�b�l�e� �t�o� �p�r�o�v�i�d�e� �e�x�c�e�l�l�e�n�t� �c�o�n�t�r�o�l� �b�y� �o�p�t�i�m�u�m� �a�d�j�u�s�t�m�e�n�t� �o�f� �i�t�s� �m�a�s�s�,� �s�p�r�i�n�g�,� �a�n�d� 

�d�a�m�p�e�r� �e�l�e�m�e�n�t�s�.� �M�o�s�t� �T�M�D� �s�y�s�t�e�m�s� �h�a�v�e� �a� �1�%� �m�a�s�s� �r�a�t�i�o� �f�o�r� �e�c�o�n�o�m�i�c� �v�i�a�b�i�l�i�t�y� �a�n�d� 

�c�o�n�s�t�r�u�c�t�i�o�n� �s�i�m�p�l�i�c�i�t�y�.� �T�u�n�e�d� �m�a�s�s� �d�a�m�p�e�r�s� �a�r�e� �u�s�u�a�l�l�y� �t�u�n�e�d� �t�o� �t�h�e� �f�i�r�s�t� �f�u�n�d�a�m�e�n�t�a�l� 

�f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� �p�r�i�m�a�r�y� �s�t�r�u�c�t�u�r�e�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e�y� �a�r�e� �o�n�l�y� �e�f�f�e�c�t�i�v�e� �f�o�r� �s�t�r�u�c�t�u�r�a�l� �c�o�n�t�r�o�l� �w�h�e�n� 

�t�h�e� �f�i�r�s�t� �m�o�d�e� �i�s� �t�h�e� �d�o�m�i�n�a�n�t� �m�o�d�e�.� �T�u�n�e�d� �m�a�s�s� �d�a�m�p�e�r�s� �h�a�v�e� �b�e�e�n� �f�o�u�n�d� �t�o� �b�e� �e�f�f�e�c�t�i�v�e� �i�n� 

�1�6



�r�e�d�u�c�i�n�g� �w�i�n�d�-�i�n�d�u�c�e�d� �v�i�b�r�a�t�i�o�n�s� �i�n� �t�a�l�]� �b�u�i�l�d�i�n�g�s�.� �S�i�n�c�e� �t�h�e� �i�n�p�u�t� �e�n�e�r�g�y� �o�f� �a�n� �e�a�r�t�h�q�u�a�k�e� 

�e�x�c�i�t�a�t�i�o�n� �i�s� �s�p�r�e�a�d� �o�v�e�r� �a� �w�i�d�e�r� �f�r�e�q�u�e�n�c�y� �b�a�n�d�,� �t�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �T�M�D�s� �i�n� �r�e�d�u�c�i�n�g� �t�h�e� 

�r�e�s�p�o�n�s�e� �o�f� �t�a�l�l� �b�u�i�l�d�i�n�g�s� �t�o� �s�e�v�e�r�e� �e�a�r�t�h�q�u�a�k�e�s� �i�s� �s�t�i�l�l� �n�o�t� �c�o�m�p�l�e�t�e�l�y� �s�e�t�t�l�e�d� �a�t� �t�h�i�s� �t�i�m�e� �[�1�8�]�.� 

�A�n�o�t�h�e�r� �s�h�o�r�t�c�o�m�i�n�g� �o�f� �t�h�e� �p�a�s�s�i�v�e� �m�a�s�s� �d�a�m�p�e�r� �s�y�s�t�e�m� �i�s� �i�t�s� �s�l�o�w� �s�t�a�r�t�-�u�p�.� �I�t� �c�a�n� �o�n�l�y� �b�e�c�o�m�e� 

�e�f�f�e�c�t�i�v�e� �o�n�c�e� �t�h�e� �s�t�r�u�c�t�u�r�e� �i�t� �i�s� �s�u�p�p�o�s�e�d� �t�o� �c�o�n�t�r�o�l� �h�a�s� �s�t�a�r�t�e�d� �m�o�v�i�n�g�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �m�a�y� �n�o�t� �b�e� 

�a�b�l�e� �t�o� �p�r�o�v�i�d�e� �t�h�e� �p�e�a�k� �c�o�n�t�r�o�l� �f�o�r�c�e� �a�t� �t�h�e� �s�a�m�e� �i�n�s�t�a�n�t� �t�h�a�t� �t�h�e� �p�e�a�k� �r�e�s�p�o�n�s�e� �o�c�c�u�r�s�.� �T�h�e� 

�a�m�o�u�n�t� �o�f� �d�a�m�p�i�n�g� �t�h�a�t� �a� �T�M�D� �c�a�n� �p�r�o�v�i�d�e� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �i�t�s� �s�t�r�o�k�e� �a�n�d� �t�h�e� �a�m�o�u�n�t� �o�f� �a�d�d�e�d� 

�m�a�s�s� �[�1�9�]�.� �T�h�e� �s�t�r�o�k�e� �i�s� �t�h�e� �m�a�s�s�'�s� �r�e�l�a�t�i�v�e� �d�i�s�p�l�a�c�e�m�e�n�t�.� �A�s� �t�h�e� �n�a�t�u�r�a�l� �p�e�r�i�o�d� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� 

�b�e�c�o�m�e�s� �l�o�n�g�e�r� �a�n�d� �t�h�e� �i�n�p�u�t� �d�i�s�t�u�r�b�a�n�c�e� �b�e�c�o�m�e�s� �s�t�r�o�n�g�e�r�,� �t�h�e� �a�m�p�l�i�t�u�d�e� �o�f� �v�i�b�r�a�t�i�o�n� �o�f� �t�h�e� 

�a�u�x�i�l�i�a�r�y� �m�a�s�s� �a�l�s�o� �b�e�c�o�m�e�s� �l�a�r�g�e�r�.� �T�h�i�s� �m�e�a�n�s� �t�h�a�t� �a� �l�a�r�g�e�r� �s�t�r�o�k�e� �w�o�u�l�d� �b�e� �r�e�q�u�i�r�e�d� �t�o� �r�e�d�u�c�e� 

�t�h�e� �r�e�s�p�o�n�s�e�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �s�t�r�o�k�e� �l�e�n�g�t�h� �c�o�u�l�d� �l�i�m�i�t� �t�h�e� �T�M�D�'�s� �u�s�e�f�u�l�n�e�s�s�.� �A� �v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� 

�t�u�n�e�d� �m�a�s�s� �d�a�m�p�e�r� �s�y�s�t�e�m� �i�s� �t�h�e� �d�o�u�b�l�y� �t�u�n�e�d� �m�a�s�s� �d�a�m�p�e�r� �(�D�T�M�D�)� �c�o�n�s�i�s�t�i�n�g� �o�f� �t�w�o� �m�a�s�s�e�s� 

�i�n� �s�e�r�i�e�s� �i�n�t�e�r�c�o�n�n�e�c�t�e�d� �b�y� �s�p�r�i�n�g�s� �a�n�d� �d�a�m�p�e�r�s� �t�o� �t�h�e� �m�a�i�n� �s�t�r�u�c�t�u�r�e� �[�2�0�]�.� �A�s� �i�n� �t�h�e� �T�M�D�,� �i�t� �i�s� 

�a�l�s�o� �u�s�e�d� �t�o� �c�o�n�t�r�o�l� �a� �s�p�e�c�i�f�i�c� �m�o�d�e� �o�f� �v�i�b�r�a�t�i�o�n� �o�f� �a� �s�t�r�u�c�t�u�r�e�.� 

�S�i�n�c�e� �t�h�e� �t�u�n�e�d� �m�a�s�s� �d�a�m�p�e�r� �s�y�s�t�e�m� �d�o�e�s� �n�o�t� �h�a�v�e� �a� �r�e�s�p�o�n�s�e�-�m�o�n�i�t�o�r�i�n�g� �s�y�s�t�e�m�,� �i�t� �i�s� 

�u�n�a�b�l�e� �t�o� �a�d�a�p�t� �a�n�d� �k�e�e�p� �i�t�s�e�l�f� �t�u�n�e�d� �t�o� �c�h�a�n�g�e�s� �i�n� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�r� �t�h�e� 

�d�a�m�p�e�r� �s�y�s�t�e�m� �i�t�s�e�l�f�.� �T�h�e� �s�e�m�i�-�a�c�t�i�v�e� �m�a�s�s� �d�a�m�p�e�r� �s�y�s�t�e�m� �h�a�s� �i�t�s� �o�w�n� �s�e�t� �o�f� �s�e�n�s�o�r�s� �w�h�i�c�h� 

�e�n�a�b�l�e� �i�t� �t�o� �m�a�k�e� �a�p�p�r�o�p�r�i�a�t�e� �c�h�a�n�g�e�s� �i�n� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �i�t�s� �o�w�n� �s�p�r�i�n�g� �a�n�d�/�o�r� �d�a�m�p�e�r� 

�e�l�e�m�e�n�t�s�.� 

�A�n� �a�c�t�i�v�e� �m�a�s�s� �d�a�m�p�e�r� �(�A�M�D�)� �s�y�s�t�e�m� �c�a�n� �r�e�d�u�c�e� �b�o�t�h� �t�h�e� �t�r�a�n�s�i�e�n�t� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� 

�s�t�r�u�c�t�u�r�e� �a�n�d� �t�h�e� �m�a�s�s� �s�t�r�o�k�e� �b�y� �i�n�t�r�o�d�u�c�i�n�g� �c�o�n�t�r�o�l� �f�o�r�c�e�s� �u�s�i�n�g� �a�n� �e�x�t�e�r�n�a�l� �e�n�e�r�g�y� �s�u�p�p�l�y�.� �I�n� 

�t�h�e� �A�M�D� �s�y�s�t�e�m�,� �t�h�e� �s�p�r�i�n�g� �a�n�d� �d�a�m�p�e�r� �e�l�e�m�e�n�t�s� �o�f� �a� �T�M�D� �s�y�s�t�e�m� �a�r�e� �r�e�p�l�a�c�e�d� �b�y� �a�n� �a�c�t�u�a�t�o�r�,� 

�a� �c�o�n�t�r�o�l�l�e�r� �a�n�d� �a� �s�e�t� �o�f� �s�e�n�s�o�r�s�.� �C�o�m�p�a�r�e�d� �t�o� �a� �T�M�D�,� �t�h�e� �A�M�D� �(�a�)� �h�a�s� �a� �b�e�t�t�e�r� �c�a�p�a�b�i�l�i�t�y� �i�n� 

�r�e�d�u�c�i�n�g� �v�i�b�r�a�t�i�o�n� �a�m�p�l�i�t�u�d�e�s�,� �(�b�)� �c�a�n� �r�e�d�u�c�e� �t�o�r�s�i�o�n�a�l� �v�i�b�r�a�t�i�o�n�s�,� �a�n�d� �(�c�)� �i�s� �e�f�f�e�c�t�i�v�e� �f�o�r� �a� �w�i�d�e�r� 

�f�r�e�q�u�e�n�c�y� �r�a�n�g�e�.� �H�o�w�e�v�e�r�,� �i�t� �r�e�q�u�i�r�e�s� �a� �l�a�r�g�e� �a�m�o�u�n�t� �o�f� �p�o�w�e�r� �t�o� �b�e� �a�b�l�e� �t�o� �c�o�n�t�r�o�l� �a� �t�a�l�l� 

�s�t�r�u�c�t�u�r�e�.� �E�q�u�i�p�m�e�n�t� �m�a�i�n�t�e�n�a�n�c�e� �a�n�d� �t�h�e� �l�a�r�g�e� �c�a�p�a�c�i�t�i�e�s� �o�f� �t�h�e� �a�c�t�u�a�t�o�r�s� �a�l�s�o� �m�a�k�e� �t�h�e� �s�y�s�t�e�m� 

�e�x�p�e�n�s�i�v�e�.� �R�e�l�i�a�b�i�l�i�t�y� �o�f� �t�h�e� �e�n�e�r�g�y� �s�u�p�p�l�y� �a�n�d� �o�f� �t�h�e� �A�M�D� �s�y�s�t�e�m� �i�t�s�e�l�f� �i�s� �a�n� �a�d�d�i�t�i�o�n�a�l� 

�c�o�n�c�e�r�n�.� 

�T�h�e� �h�y�b�r�i�d� �m�a�s�s� �d�a�m�p�e�r� �(�H�M�D�)� �s�y�s�t�e�m� �c�o�m�b�i�n�e�s� �t�h�e� �t�u�n�e�d� �m�a�s�s� �d�a�m�p�e�r� �w�i�t�h� �a�n� 

�a�c�t�u�a�t�o�r� �t�h�a�t� �g�e�n�e�r�a�t�e�s� �a� �m�u�c�h� �s�m�a�l�l�e�r� �f�o�r�c�e� �t�h�a�n� �i�n� �a�n� �A�M�D�.� �T�h�e� �H�M�D� �i�s� �m�o�r�e� �e�f�f�e�c�t�i�v�e� �i�n� 

�v�i�b�r�a�t�i�o�n� �s�u�p�p�r�e�s�s�i�o�n� �t�h�a�n� �a� �T�M�D� �a�n�d� �m�u�c�h� �m�o�r�e� �e�n�e�r�g�y�-�e�f�f�i�c�i�e�n�t� �a�n�d� �e�c�o�n�o�m�i�c�a�l� �t�h�a�n� �a�n� 

�A�M�D�.� �S�i�n�c�e� �h�y�b�r�i�d� �c�o�n�t�r�o�l� �s�y�s�t�e�m�s� �c�a�n� �b�e� �c�o�n�s�i�d�e�r�e�d� �a�s� �a�c�t�i�v�e� �c�o�n�t�r�o�l� �o�f� �p�a�s�s�i�v�e� �s�y�s�t�e�m�s�,� �t�h�e�n� 

�c�o�n�t�r�o�l� �a�l�g�o�r�i�t�h�m�s� �f�o�r� �A�M�D�s� �c�a�n� �b�e� �d�i�r�e�c�t�l�y� �a�p�p�l�i�e�d� �t�o� �H�M�D�s�.� �F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� �s�y�s�t�e�m� �i�s� �f�a�i�l�-� 

�s�a�f�e� �t�o� �a� �c�e�r�t�a�i�n� �d�e�g�r�e�e� �s�i�n�c�e� �v�i�b�r�a�t�i�o�n� �e�n�e�r�g�y� �w�i�l�l� �s�t�i�l�l� �b�e� �a�b�s�o�r�b�e�d� �a�n�d� �d�i�s�s�i�p�a�t�e�d� �b�y� �t�h�e� �s�p�r�i�n�g� 
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�a�n�d� �d�a�m�p�e�r� �e�l�e�m�e�n�t�s� �e�v�e�n� �i�f� �t�h�e� �a�c�t�i�v�e� �s�u�b�s�y�s�t�e�m� �f�a�i�l�s�.� �O�n�e� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �a�n� �H�M�D� �s�y�s�t�e�m� 

�c�o�n�s�i�s�t�s� �o�f� �a�n� �a�u�x�i�l�i�a�r�y� �m�a�s�s� �b�e�i�n�g� �s�u�p�p�o�r�t�e�d� �b�y� �m�u�l�t�i�s�t�a�g�e� �r�u�b�b�e�r� �b�e�a�r�i�n�g�s� �a�n�d� �a�n� �a�c�t�u�a�t�o�r� 

�b�e�i�n�g� �d�r�i�v�e�n� �b�y� �a�n� �A�C� �s�e�r�v�o�m�o�t�o�r� �[�2�1�]�.� �A�n�o�t�h�e�r� �i�m�p�l�e�m�e�n�t�a�t�i�o�n�,� �s�h�o�w�n� �i�n� �F�i�g�.� �2�.�1�1�,� �i�n�v�o�l�v�e�s� 

�m�o�u�n�t�i�n�g� �a� �s�m�a�l�l� �A�M�D� �o�n� �t�o�p� �o�f� �a� �c�o�n�v�e�n�t�i�o�n�a�l� �T�M�D�,� �w�h�i�c�h� �i�s� �i�n� �t�u�r�n� �m�o�u�n�t�e�d� �o�n� �h�o�l�l�o�w�e�d� 

�l�a�m�i�n�a�t�e�d� �r�u�b�b�e�r� �b�e�a�r�i�n�g�s� �[�2�2�]�.� �T�h�e� �A�M�D� �w�e�i�g�h�t� �i�s� �a�b�o�u�t� �1�0�%� �t�o� �1�5�%� �o�f� �t�h�e� �T�M�D� �w�e�i�g�h�t�.� �T�h�e� 

�b�e�a�r�i�n�g�s� �p�r�o�v�i�d�e� �t�h�e� �p�a�s�s�i�v�e� �T�M�D� �w�i�t�h� �a�d�e�q�u�a�t�e� �l�a�t�e�r�a�l� �s�t�i�f�f�n�e�s�s�.� �V�i�b�r�a�t�i�o�n� �e�n�e�r�g�y� �i�s� �d�i�s�s�i�p�a�t�e�d� 

�b�y� �o�i�l� �d�a�m�p�e�r�s� �c�o�n�n�e�c�t�e�d� �b�e�t�w�e�e�n� �t�h�e� �T�M�D� �m�a�s�s� �a�n�d� �t�h�e� �s�t�r�u�c�t�u�r�e�.� �T�h�e� �A�M�D� �a�c�t�u�a�t�o�r� �c�o�n�s�i�s�t�s� 

�o�f� �a�n� �A�C� �s�e�r�v�o�m�o�t�o�r� �a�n�d� �a� �b�a�l�l�s�c�r�e�w� �m�e�c�h�a�n�i�s�m�.� 
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�F�i�g�.� �2�.�1�1� �H�y�b�r�i�d� �T�M�D�/�A�M�D� �S�y�s�t�e�m� 

�E�n�e�r�g�y� �A�b�s�o�r�p�t�i�o�n� �S�y�s�t�e�m�s� 

�A�n� �e�n�e�r�g�y� �a�b�s�o�r�p�t�i�o�n� �s�y�s�t�e�m� �o�r� �d�a�m�p�i�n�g� �s�y�s�t�e�m� �r�e�d�u�c�e�s� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� �a� �s�t�r�u�c�t�u�r�e� �t�o� �a�n� 

�e�x�t�e�r�n�a�l� �e�x�c�i�t�a�t�i�o�n� �b�y� �a�b�s�o�r�b�i�n�g� �t�h�e� �i�n�p�u�t� �e�n�e�r�g�y� �o�f� �t�h�e� �d�i�s�t�u�r�b�a�n�c�e� �a�n�d� �t�r�a�n�s�f�o�r�m�i�n�g� �i�t� �i�n�t�o� 

�t�h�e�r�m�a�l� �e�n�e�r�g�y�.� �I�n� �s�o�m�e� �r�e�s�p�e�c�t�s�,� �i�t� �i�s� �s�i�m�i�l�a�r� �t�o� �a� �m�a�s�s� �e�f�f�e�c�t� �s�y�s�t�e�m� �w�i�t�h�o�u�t� �t�h�e� �a�u�x�i�l�i�a�r�y� �m�a�s�s�.� 

�T�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �o�r� �v�e�l�o�c�i�t�y� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �i�s� �u�s�e�d� �b�y� �t�h�e� �d�a�m�p�i�n�g� �d�e�v�i�c�e�s� �t�o� 

�d�i�s�s�i�p�a�t�e� �t�h�e� �e�n�e�r�g�y�.� 

�P�a�s�s�i�v�e� �v�i�s�c�o�e�l�a�s�t�i�c� �(�V�E�)� �d�a�m�p�e�r�s� �a�r�e� �u�s�u�a�l�l�y� �i�n�s�t�a�l�l�e�d� �o�n� �t�h�e� �d�i�a�g�o�n�a�l� �b�r�a�c�e�s� �b�e�t�w�e�e�n� 

�t�w�o� �f�l�o�o�r�s� �o�f� �a� �s�t�r�u�c�t�u�r�e�.� �T�h�e�y� �c�a�n� �b�e� �u�s�e�d� �f�o�r� �r�e�t�r�o�f�i�t� �o�r� �n�e�w� �s�t�r�u�c�t�u�r�e�s�.� �T�h�e� �d�a�m�p�e�r� �a�b�s�o�r�b�s� �a�n�d� 

�d�i�s�s�i�p�a�t�e�s� �t�h�e� �v�i�b�r�a�t�i�o�n�a�l� �e�n�e�r�g�y� �t�h�r�o�u�g�h� �t�h�e� �s�h�e�a�r�i�n�g� �d�e�f�o�r�m�a�t�i�o�n� �p�r�o�d�u�c�e�d� �b�y� �t�h�e� �s�t�r�u�c�t�u�r�a�l� 
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�m�o�t�i�o�n� �o�n� �t�h�e� �v�i�s�c�o�e�l�a�s�t�i�c� �m�a�t�e�r�i�a�l� �[�2�3�]�.� �T�h�e� �h�e�a�t� �g�e�n�e�r�a�t�e�d� �b�y� �t�h�e� �h�y�s�t�e�r�e�t�i�c� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� 

�m�a�t�e�r�i�a�l� �i�s� �d�i�s�s�i�p�a�t�e�d� �b�y� �c�o�n�d�u�c�t�i�o�n� �t�h�r�o�u�g�h� �t�h�e� �s�t�e�e�l� �m�e�m�b�e�r�s� �o�f� �t�h�e� �d�a�m�p�e�r�.� 

�A�c�t�i�v�e� �V�a�r�i�a�b�l�e� �S�t�i�f�f�n�e�s�s� �S�y�s�t�e�m� 

�T�h�e� �a�c�t�i�v�e� �v�a�r�i�a�b�l�e� �s�t�i�f�f�n�e�s�s� �(�A�V�S�)� �s�y�s�t�e�m� �c�o�n�t�r�o�l�s� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �r�e�s�p�o�n�s�e� �d�u�e� �t�o� �a�n� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �d�i�s�t�u�r�b�a�n�c�e� �b�y� �a�c�t�i�v�e�l�y� �c�o�n�t�r�o�l�l�i�n�g� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �s�t�i�f�f�n�e�s�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �T�h�r�o�u�g�h� 

�a� �s�p�e�c�i�a�l� �b�r�a�c�i�n�g� �m�e�c�h�a�n�i�s�m� �a�n�d� �a� �v�a�r�i�a�b�l�e� �s�t�i�f�f�n�e�s�s� �d�e�v�i�c�e� �(�V�S�D�)�,� �t�h�e� �A�V�S� �s�y�s�t�e�m� �s�w�i�t�c�h�e�s� 

�a�n�d� �s�e�l�e�c�t�s� �a�n� �a�p�p�r�o�p�r�i�a�t�e� �s�t�i�f�f�n�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �w�i�t�h�i�n� �t�h�e� �s�t�r�u�c�t�u�r�e� �s�o� �t�h�a�t� �r�e�s�o�n�a�n�c�e� �d�o�e�s� �n�o�t� 

�o�c�c�u�r� �w�i�t�h� �e�x�t�e�r�n�a�l� �e�x�c�i�t�a�t�i�o�n�.� �F�i�g�.� �2�.�1�2� �s�h�o�w�s� �a�n� �A�V�S� �s�y�s�t�e�m�.� 
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�V�S�D� 

� � � � � � 

�F�i�g�.� �2�.�1�2� �A�c�t�i�v�e� �V�a�r�i�a�b�l�e� �S�t�i�f�f�n�e�s�s� �S�y�s�t�e�m� 

�A�c�t�i�v�e� �B�r�a�c�i�n�g� �S�y�s�t�e�m� 

�T�h�e� �a�c�t�i�v�e� �b�r�a�c�i�n�g� �s�y�s�t�e�m� �(�A�B�S�)�,� �w�h�i�c�h� �i�s� �s�o�m�e�t�i�m�e�s� �c�a�l�l�e�d� �t�h�e� �a�c�t�i�v�e� �t�e�n�d�o�n� �s�y�s�t�e�m� 

�(�A�T�S�)�,� �i�s� �c�o�m�p�o�s�e�d� �o�f� �a� �s�e�t� �o�f� �p�r�e�s�t�r�e�s�s�e�d� �t�e�n�d�o�n�s� �o�r� �b�r�a�c�e�s� �c�o�n�n�e�c�t�e�d� �t�o� �a� �s�t�r�u�c�t�u�r�e�.� �T�h�e� 

�t�e�n�s�t�o�n�s� �o�n� �t�h�e�s�e� �b�r�a�c�e�s� �a�r�e� �a�c�t�i�v�e�l�y� �c�o�n�t�r�o�l�l�e�d� �b�y� �a�c�t�u�a�t�o�r�s� �s�u�c�h� �a�s� �e�l�e�c�t�r�o�h�y�d�r�a�u�l�i�c� �m�e�c�h�a�n�i�s�m�s� 

�o�r� �e�l�e�c�t�r�i�c�a�l� �m�a�c�h�i�n�e�s� �[�2�4�]�.� �T�h�e� �s�y�s�t�e�m� �a�p�p�l�i�e�s� �a� �h�o�r�i�z�o�n�t�a�l� �c�o�n�t�r�o�l� �f�o�r�c�e� �a�t� �e�a�c�h� �f�l�o�o�r� �o�f� �t�h�e� 

�s�t�r�u�c�t�u�r�e�.� �T�h�e� �A�B�S� �s�y�s�t�e�m� �i�s� �s�u�i�t�a�b�l�e� �f�o�r� �r�e�t�r�o�f�i�t�t�i�n�g� �a�n� �e�x�i�s�t�i�n�g� �s�t�r�u�c�t�u�r�e�.� �V�a�r�i�o�u�s� �A�B�S� �s�c�h�e�m�e�s� 

�a�r�e� �s�h�o�w�n� �i�n� �F�i�g�.� �2�.�1�3�,� �F�i�g�,� �2�.�1�4�,� �F�i�g�.� �2�.�1�5�,� �a�n�d� �F�i�g�.� �2�.�1�6�.� 
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�F�i�g�.� �2�.�1�3� �A�c�t�i�v�e� �B�r�a�c�i�n�g� �S�y�s�t�e�m� �F�i�g�.� �2�.�1�4� �A�c�t�i�v�e� �T�e�n�d�o�n� �S�y�s�t�e�m� 

�T�e�n�d�o�n� 

�I�~� �A�c�t�u�a�t�o�r� �T�e�n�d�o�n� 
�A�c�t�u�a�t�o�r� 
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�F�i�g�.� �2�.�1�5� �A�c�t�i�v�e� �T�e�n�d�o�n� �S�y�s�t�e�m� �F�i�g�.� �2�.�1�6� �A�c�t�i�v�e� �B�r�a�c�i�n�g� �S�y�s�t�e�m� 

�T�u�n�e�d� �L�i�q�u�i�d� �D�a�m�p�e�r�s� 

�T�h�e� �t�u�n�e�d� �l�i�q�u�i�d� �d�a�m�p�e�r� �(�T�L�D�)� �u�t�i�l�i�z�e�s� �t�h�e� �m�o�t�i�o�n� �o�f� �s�h�a�l�l�o�w� �l�i�q�u�i�d� �i�n�s�i�d�e� �a� �r�i�g�i�d� �t�a�n�k� 

�(�s�h�o�w�n� �i�n� �F�i�g�.� �2�.�1�7�)� �t�o� �c�h�a�n�g�e� �t�h�e� �d�y�n�a�m�i�c� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �a� �s�t�r�u�c�t�u�r�e� �a�n�d� �d�i�s�s�i�p�a�t�e� �i�t�s� 

�v�i�b�r�a�t�i�o�n� �e�n�e�r�g�y� �[�2�5�]�.� �T�h�e� �T�L�D� �p�r�o�v�i�d�e�s� �i�n�d�i�r�e�c�t� �d�a�m�p�i�n�g� �t�o� �t�h�e� �s�y�s�t�e�m� �t�h�r�o�u�g�h� �t�h�e� �s�l�o�s�h�i�n�g� 

�l�i�q�u�i�d�'�s� �a�b�s�o�r�p�t�i�o�n� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �e�n�e�r�g�y� �a�n�d� �i�t�s� �d�i�s�s�i�p�a�t�i�o�n� �b�y� �t�h�e� �v�i�s�c�o�u�s� �a�c�t�i�o�n� �o�f� �t�h�e� �f�l�u�i�d�,� 

�w�a�v�e� �b�r�e�a�k�i�n�g�,� �c�o�n�t�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �f�r�e�e� �s�u�r�f�a�c�e� �w�i�t�h� �b�e�a�d�s�,� �a�n�d� �c�o�n�t�a�i�n�e�r� �g�e�o�m�e�t�r�y� �a�t� �t�h�e� 

�s�u�r�f�a�c�e� �[�2�6�]�.� �S�o�m�e� �o�f� �i�t�s� �a�d�v�a�n�t�a�g�e�s� �i�n�c�l�u�d�e�:� �(�a�)� �s�i�m�p�l�e� �c�o�n�s�t�r�u�c�t�i�o�n� �a�t� �a� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �c�o�s�t�,� �(�b�)� 

�2�0



�e�a�s�y� �i�n�s�t�a�l�l�a�t�i�o�n� �e�v�e�n� �i�n� �s�t�r�u�c�t�u�r�e�s� �w�i�t�h� �s�p�a�c�e� �c�o�n�s�t�r�a�i�n�t�s�,� �(�c�)� �e�a�s�y� �a�d�j�u�s�t�m�e�n�t�,� �(�d�)� �c�a�n� �b�e� �u�s�e�d� 

�t�e�m�p�o�r�a�r�i�l�y�,� �(�d�)� �a�l�m�o�s�t�-�z�e�r�o� �t�r�i�g�g�e�r� �l�e�v�e�l�,� �(�e�)� �n�o� �e�x�t�e�r�n�a�l� �d�a�m�p�i�n�g� �d�e�v�i�c�e� �i�s� �r�e�q�u�i�r�e�d� �b�e�c�a�u�s�e� �t�h�e� 

�l�i�q�u�i�d� �p�r�o�v�i�d�e�s� �i�n�h�e�r�e�n�t� �d�a�m�p�i�n�g�,� �(�f�)� �c�a�n� �b�e� �e�f�f�e�c�t�i�v�e� �o�m�n�i�d�i�r�e�c�t�i�o�n�a�l�l�y�,� �(�g�)� �p�o�s�s�i�b�l�y� �e�f�f�e�c�t�i�v�e� 

�o�v�e�r� �a� �r�a�n�g�e� �o�f� �f�r�e�q�u�e�n�c�i�e�s� �e�v�e�n� �i�n� �t�h�e� �p�a�s�s�i�v�e� �m�o�d�e� �s�i�n�c�e� �t�h�e� �T�L�D� �i�s� �a� �m�u�l�t�i�-�d�e�g�r�e�e�-�o�f�-�f�r�e�e�d�o�m� 

�s�y�s�t�e�m� �w�h�i�c�h� �c�a�n� �p�r�o�v�i�d�e� �d�a�m�p�i�n�g� �i�n� �s�e�v�e�r�a�l� �d�i�r�e�c�t�i�o�n�s� �i�n�s�t�e�a�d� �o�f� �j�u�s�t� �o�n�e� �d�i�r�e�c�t�i�o�n� �,� �a�n�d� �(�h�)� 

�m�i�n�i�m�a�l� �m�a�i�n�t�e�n�a�n�c�e� �i�s� �r�e�q�u�i�r�e�d�.� �A�s� �i�n� �t�h�e� �T�M�D�,� �t�h�e� �T�L�D� �i�s� �p�r�i�m�a�r�i�l�y� �t�u�n�e�d� �t�o� �t�h�e� �f�u�n�d�a�m�e�n�t�a�l� 

�f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� �e�f�f�e�c�t�i�v�e� �w�h�e�n� �t�h�e� �p�r�e�d�o�m�i�n�a�n�t� �e�x�c�i�t�a�t�i�o�n� �i�s� �i�n� �t�h�a�t� 

�p�a�r�t�i�c�u�l�a�r� �m�o�d�e�.� �I�n� �t�h�e� �T�L�D�,� �t�h�e� �s�l�o�s�h�i�n�g� �l�i�q�u�i�d� �m�a�s�s� �s�e�r�v�e�s� �a�s� �t�h�e� �s�e�c�o�n�d�a�r�y� �m�a�s�s� �a�n�a�l�o�g�o�u�s� �t�o� 

�t�h�e� �T�M�D� �m�a�s�s�.� �W�i�t�h� �m�i�n�i�m�u�m� �p�o�w�e�r�,� �a�c�t�i�v�e� �c�o�n�t�r�o�l� �c�a�n� �e�x�t�e�n�d� �i�t�s� �e�f�f�e�c�t�i�v�e�n�e�s�s� �t�o� �a� �w�i�d�e�r� 

�r�a�n�g�e� �o�f� �e�x�c�i�t�a�t�i�o�n� �f�r�e�q�u�e�n�c�i�e�s�.� 

�A� �c�o�l�u�m�n� �o�f� �l�i�q�u�i�d� �m�a�s�s� �i�n� �a� �U�-�t�u�b�e� �c�o�n�t�a�i�n�e�r� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �p�r�i�m�a�r�y� �s�t�r�u�c�t�u�r�e� �s�e�r�v�e�s� �a�s� 

�t�h�e� �s�e�c�o�n�d�a�r�y� �i�n�e�r�t�i�a�l� �s�y�s�t�e�m� �i�n� �a� �t�u�n�e�d� �l�i�q�u�i�d� �c�o�l�u�m�n� �d�a�m�p�e�r� �(�T�L�C�D�)� �s�y�s�t�e�m� �s�h�o�w�n� �i�n� �F�i�g�.� 

�2�.�1�8�.� �T�h�e� �v�i�b�r�a�t�i�o�n� �o�f� �t�h�e� �p�r�i�m�a�r�y� �s�t�r�u�c�t�u�r�e� �i�s� �r�e�d�u�c�e�d� �b�y� �t�h�e� �i�n�e�r�t�i�a�l� �r�e�s�t�o�r�i�n�g� �f�o�r�c�e� �o�f� �t�h�e� �l�i�q�u�i�d� 

�m�a�s�s� �a�n�d� �b�y� �t�h�e� �d�a�m�p�i�n�g� �i�n�t�r�o�d�u�c�e�d� �b�y� �l�i�q�u�i�d�'�s� �p�a�s�s�a�g�e� �t�h�r�o�u�g�h� �a�n� �o�r�i�f�i�c�e� �w�h�i�c�h� �h�a�s� �i�n�h�e�r�e�n�t� 

�h�e�a�d�-�l�o�s�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �A� �h�y�b�r�i�d� �s�y�s�t�e�m� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �b�y� �a�c�t�i�v�e�l�y�-�c�o�n�t�r�o�l�l�i�n�g� �t�h�e� �o�p�e�n�i�n�g� 

�a�n�d� �c�l�o�s�i�n�g� �o�f� �t�h�e� �o�r�i�f�i�c�e�,� �t�h�e�r�e�b�y� �c�o�n�t�r�o�l�l�i�n�g� �t�h�e� �d�a�m�p�i�n�g� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �T�L�C�D�.� �S�i�m�i�l�a�r� �t�o� �a� 

�m�a�s�s� �e�f�f�e�c�t� �s�y�s�t�e�m�,� �t�h�e� �m�a�g�n�i�t�u�d�e� �a�n�d� �p�h�a�s�e� �o�f� �t�h�e� �c�o�u�n�t�e�r� �f�o�r�c�e� �e�x�e�r�t�e�d� �b�y� �t�h�e� �l�i�q�u�i�d� �c�a�n� �b�e� 

�c�o�n�t�r�o�l�l�e�d� �b�y� �a�d�j�u�s�t�i�n�g� �t�h�e� �o�r�i�f�i�c�e� �o�p�e�n�i�n�g� �a�n�d� �c�o�n�t�a�i�n�e�r� �g�e�o�m�e�t�r�y�.� 
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�2�1



�E�l�e�c�t�r�o�r�h�e�o�l�o�g�i�c�a�l� �D�a�m�p�e�r�s� 

�E�l�e�c�t�r�o�r�h�e�o�l�o�g�i�c�a�l� �(�E�R�)� �f�l�u�i�d�s� �e�x�h�i�b�i�t� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �a� �y�i�e�l�d�i�n�g� �s�o�l�i�d� �w�h�e�n� 

�s�u�b�j�e�c�t�e�d� �t�o� �a�n� �e�l�e�c�t�r�i�c� �f�i�e�l�d�.� �A�c�t�i�v�e�l�y�-�c�o�n�t�r�o�l�l�e�d� �E�R� �d�a�m�p�e�r�s� �h�a�v�e� �b�e�e�n� �p�r�o�p�o�s�e�d� �f�o�r� �u�s�e� �a�s� 

�s�u�b�s�t�i�t�u�t�e�s� �f�o�r� �s�u�c�h� �d�a�m�p�i�n�g� �d�e�v�i�c�e�s� �a�s� �v�i�s�c�o�e�l�a�s�t�i�c� �d�a�m�p�e�r�s� �a�n�d� �e�l�a�s�t�o�m�e�r�i�c� �b�e�a�r�i�n�g�s� �[�2�7�]�.� �T�h�e� 

�a�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e�s�e� �E�R� �d�a�m�p�e�r�s� �w�i�l�l� �b�e� �c�o�n�s�t�r�a�i�n�e�d� �b�y� �t�h�e� �a�t�t�e�n�d�a�n�t� �p�r�o�b�l�e�m�s� �i�n� �m�a�i�n�t�a�i�n�i�n�g� �a� 

�h�i�g�h�-�v�o�l�t�a�g�e� �p�o�w�e�r� �s�u�p�p�l�y�.� 

�2�.�4� �A�C�T�U�A�T�O�R�S� 

�H�y�d�r�a�u�l�i�c� �a�c�t�u�a�t�o�r�s� �h�a�v�e� �b�e�e�n� �u�s�e�d� �i�n� �A�M�D� �a�n�d� �H�M�D� �s�y�s�t�e�m�s� �f�o�r� �c�o�n�t�r�o�l�l�i�n�g� �w�i�n�d�-� �a�n�d� 

�e�a�r�t�h�q�u�a�k�e�-�i�n�d�u�c�e�d� �o�s�c�i�l�l�a�t�i�o�n�s� �i�n� �t�a�l�l� �s�t�r�u�c�t�u�r�e�s�.� �D�u�e� �t�o� �t�h�e� �c�o�m�p�l�e�x�i�t�y� �o�f� �t�h�e� �s�y�s�t�e�m�,� �i�t�s� 

�a�p�p�l�i�c�a�t�i�o�n� �i�s� �l�i�m�i�t�e�d� �b�y� �e�q�u�i�p�m�e�n�t� �a�n�d� �m�a�i�n�t�e�n�a�n�c�e� �c�o�s�t�s�.� �H�y�d�r�a�u�l�i�c� �a�c�t�u�a�t�o�r�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� 

�p�r�o�p�o�s�e�d� �f�o�r� �u�s�e� �i�n� �A�B�S� �s�y�s�t�e�m�s�.� �P�n�e�u�m�a�t�i�c� �a�c�t�u�a�t�o�r�s� �h�a�v�e� �b�e�e�n� �t�e�s�t�e�d� �i�n� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �i�n� 

�c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �p�u�l�s�e� �c�o�n�t�r�o�l� �o�f� �s�t�r�u�c�t�u�r�e�s�.� 

�A�C� �a�n�d� �D�C� �m�o�t�o�r�s� �h�a�v�e� �b�e�e�n� �u�s�e�d� �a�s� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r�s� �i�n� �v�a�r�i�o�u�s� �m�a�s�s� �d�a�m�p�e�r� �s�y�s�t�e�m�s�.� 

�E�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r�s� �a�r�e� �u�s�e�d� �b�e�c�a�u�s�e� �t�h�e� �c�o�n�t�r�o�l� �t�h�e�o�r�y� �f�o�r� �e�l�e�c�t�r�i�c� �m�a�c�h�i�n�e�s� �i�s� �a�l�r�e�a�d�y� �w�e�l�l�-� 

�d�e�v�e�l�o�p�e�d� �a�n�d� �t�h�e�i�r� �r�e�l�i�a�b�i�l�i�t�y� �i�s� �p�r�o�v�e�n�.� �P�n�e�u�m�a�t�i�c� �a�n�d� �h�y�d�r�a�u�l�i�c� �a�c�t�u�a�t�o�r�s� �h�a�v�e� �g�r�e�a�t�e�r� �f�a�i�l�u�r�e� 

�r�a�t�e�s� �t�h�a�n� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r�s� �b�e�c�a�u�s�e� �t�h�e�y� �a�r�e� �c�o�m�p�o�s�e�d� �o�f� �a� �g�r�e�a�t�e�r� �n�u�m�b�e�r� �o�f� �s�u�b�s�y�s�t�e�m�s�.� 

�E�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r�s� �c�a�n� �a�l�s�o� �b�e� �c�o�n�t�r�o�l�l�e�d� �w�i�t�h� �g�r�e�a�t�e�r� �p�r�e�c�i�s�i�o�n� �t�h�a�n� �p�n�e�u�m�a�t�i�c� �o�r� �h�y�d�r�a�u�l�i�c� 

�a�c�t�u�a�t�o�r�s�.� �F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e�y� �c�o�s�t� �l�e�s�s� �a�n�d� �a�r�e� �e�a�s�i�e�r� �a�n�d� �l�e�s�s� �e�x�p�e�n�s�i�v�e� �t�o� �m�a�i�n�t�a�i�n�.� 
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�F�i�g�.� �2�.�1�9� �G�r�a�v�i�t�y� �a�c�t�u�a�t�o�r� �s�y�s�t�e�m� 

�T�h�e� �u�s�e� �o�f� �g�r�a�v�i�t�y� �a�c�t�u�a�t�o�r�s� �h�a�v�e� �b�e�e�n� �p�r�o�p�o�s�e�d� �a�s� �a� �s�o�l�u�t�i�o�n� �t�o� �t�h�e� �p�r�o�b�l�e�m� �o�f� �e�n�e�r�g�y� 

�a�v�a�i�l�a�b�i�l�i�t�y� �d�u�r�i�n�g� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �a� �n�a�t�u�r�a�l� �d�i�s�a�s�t�e�r� �[�2�8�]�.� �T�h�e� �a�c�t�u�a�t�o�r� �s�y�s�t�e�m� �c�o�n�s�i�s�t�s� �o�f� 

�s�u�s�p�e�n�d�e�d� �m�a�s�s�e�s� �w�h�i�c�h� �a�r�e� �f�r�e�e� �t�o� �m�o�v�e� �i�n� �t�h�e� �v�e�r�t�i�c�a�l� �d�i�r�e�c�t�i�o�n�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�.�1�9�.� �T�h�e�s�e� 

�2�2



�m�a�s�s�e�s� �a�r�e� �a�t�t�a�c�h�e�d� �t�o� �a� �s�y�s�t�e�m� �o�f� �p�u�l�l�e�y�s� �a�n�d� �c�a�b�l�e�s�,� �a�n�d� �a�r�e� �a�n�c�h�o�r�e�d� �b�y� �m�e�c�h�a�n�i�s�m�s� �w�h�i�c�h� 

�d�r�i�v�e�,� �r�e�l�e�a�s�e�,� �a�n�d� �c�a�t�c�h� �t�h�e� �m�a�s�s�e�s�.� 

�A� �n�o�v�e�l� �t�e�c�h�n�i�q�u�e� �h�a�s� �b�e�e�n� �p�r�o�p�o�s�e�d� �[�2�9�]� �f�o�r� �u�t�i�l�i�z�i�n�g� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �c�a�u�s�e�d� �b�y� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �f�o�r�c�e�s� �o�n� �a� �t�a�l�l� �s�t�r�u�c�t�u�r�e� �t�o� �g�e�n�e�r�a�t�e� �e�l�e�c�t�r�i�c�a�l� �e�n�e�r�g�y� �w�h�e�n� �t�h�e� �s�t�r�u�c�t�u�r�e�'�s� 

�d�i�s�p�l�a�c�e�m�e�n�t� �i�s� �w�i�t�h�i�n� �t�h�e� �s�a�f�e�t�y� �l�i�m�i�t�s�.� �T�h�i�s� �r�e�c�o�v�e�r�e�d� �e�n�e�r�g�y� �i�s� �u�s�e�d� �t�o� �r�e�d�u�c�e� �t�h�e� �p�e�a�k� 

�o�s�c�i�l�l�a�t�i�o�n�s� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�.� �T�o� �a�c�h�i�e�v�e� �t�h�i�s�,� �a� �t�u�n�e�d� �m�a�s�s� �d�a�m�p�e�r� �i�s� �u�s�e�d� �a�s� �t�h�e� �i�n�t�e�r�m�e�d�i�a�r�y� �f�o�r� 

�t�h�e� �e�n�e�r�g�y� �t�r�a�n�s�f�e�r� �b�e�t�w�e�e�n� �t�h�e� �s�t�r�u�c�t�u�r�e� �a�n�d� �t�h�e� �a�c�t�u�a�t�o�r�.� �A� �p�e�r�m�a�n�e�n�t�-�m�a�g�n�e�t� �b�r�u�s�h�l�e�s�s� �D�C� 

�m�a�c�h�i�n�e� �i�s� �c�h�o�s�e�n� �a�s� �t�h�e� �a�c�t�u�a�t�o�r� �f�o�r� �t�h�e� �s�e�t�u�p�.� �T�h�i�s� �r�e�g�e�n�e�r�a�t�i�v�e� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r� �w�i�l�l� 

�s�u�b�s�e�q�u�e�n�t�l�y� �b�e� �d�e�s�c�r�i�b�e�d�.� 

�2�.�5� �P�R�O�B�L�E�M�S� �I�N� �T�H�E� �I�M�P�L�E�M�E�N�T�A�T�I�O�N� �O�F� �A�C�T�I�V�E� �A�N�D� �H�Y�B�R�I�D� �C�O�N�T�R�O�L� 

�A�l�t�h�o�u�g�h� �t�h�e�r�e� �h�a�s� �b�e�e�n� �a� �s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t� �o�f� �r�e�s�e�a�r�c�h�,� �t�e�s�t�i�n�g�,� �a�n�d� �e�v�a�l�u�a�t�i�o�n� �d�o�n�e� �i�n� 

�t�h�e� �a�r�e�a� �o�f� �a�c�t�i�v�e� �a�n�d� �h�y�b�r�i�d� �c�o�n�t�r�o�l� �o�f� �s�t�r�u�c�t�u�r�e�s�,� �f�u�l�l� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �t�h�e�s�e� �c�o�n�t�r�o�l� �s�y�s�t�e�m�s� 

�i�n� �a�c�t�u�a�l� �s�t�r�u�c�t�u�r�e�s� �i�s� �s�t�i�l�l� �f�a�c�e�d� �w�i�t�h� �a� �n�u�m�b�e�r� �o�f� �p�r�o�b�l�e�m�s�.� 

�A� �p�r�i�m�a�r�y� �c�o�n�c�e�r�n� �i�s� �t�h�e� �r�e�l�i�a�b�i�l�i�t�y� �o�f� �t�h�e� �e�x�t�e�r�n�a�l� �e�n�e�r�g�y� �s�u�p�p�l�y� �n�e�e�d�e�d� �t�o� �g�e�n�e�r�a�t�e� �t�h�e� 

�c�o�n�t�r�o�l� �f�o�r�c�e�s�,� �e�s�p�e�c�i�a�l�l�y� �d�u�r�i�n�g� �s�t�r�o�n�g� �e�a�r�t�h�q�u�a�k�e�s� �a�n�d� �h�u�r�r�i�c�a�n�e�s�.� �T�h�e�r�e� �i�s� �a� �g�r�e�a�t� �p�r�o�b�a�b�i�l�i�t�y� 

�t�h�a�t� �t�h�e� �e�n�e�r�g�y� �s�u�p�p�l�y� �w�i�l�l� �f�a�i�l� �a�t� �t�h�e� �s�a�m�e� �t�i�m�e� �t�h�a�t� �e�n�e�r�g�y� �w�i�l�l� �b�e� �r�e�q�u�i�r�e�d� �b�y� �t�h�e� �c�o�n�t�r�o�l� 

�s�y�s�t�e�m�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e�r�e� �i�s� �a� �n�e�e�d� �t�o� �d�e�v�i�s�e� �f�a�i�l�-�s�a�f�e� �a�l�t�e�r�n�a�t�i�v�e�s� �w�h�i�c�h� �w�i�l�l� �n�o�t� �r�e�q�u�i�r�e� �t�h�e� �u�s�e� �o�f� 

�e�x�t�e�r�n�a�l� �p�o�w�e�r� �a�t� �c�r�i�t�i�c�a�l� �i�n�s�t�a�n�t�s� �o�f� �t�i�m�e�.� 

�A�n�o�t�h�e�r� �m�a�j�o�r� �o�b�s�t�a�c�l�e� �t�o� �a�c�t�i�v�e� �o�r� �h�y�b�r�i�d� �c�o�n�t�r�o�l� �o�f� �e�a�r�t�h�q�u�a�k�e�-�e�x�c�i�t�e�d� �s�t�r�u�c�t�u�r�e�s� �i�s� �t�h�e� 

�p�r�o�p�o�r�t�i�o�n�a�t�e� �i�n�c�r�e�a�s�e� �i�n� �e�n�e�r�g�y� �r�e�q�u�i�r�e�m�e�n�t� �a�s� �s�t�r�u�c�t�u�r�e�s� �i�n�c�r�e�a�s�e� �t�h�e�i�r� �h�e�i�g�h�t�,� �l�e�n�g�t�h�,� �o�r� �m�a�s�s�.� 

�M�o�r�e� �e�f�f�i�c�i�e�n�t� �c�o�n�t�r�o�l� �a�l�g�o�r�i�t�h�m�s� �h�a�v�e� �t�o� �b�e� �d�e�v�e�l�o�p�e�d� �t�h�a�t� �w�o�u�l�d� �r�e�d�u�c�e� �t�h�e� �c�o�n�t�r�o�l� �e�f�f�o�r�t� �b�u�t� 

�m�a�i�n�t�a�i�n� �t�h�e� �s�a�m�e� �l�e�v�e�l� �o�f� �e�f�f�e�c�t�i�v�e�n�e�s�s�.� 

�M�o�s�t� �o�f� �t�h�e� �a�v�a�i�l�a�b�l�e� �c�o�n�t�r�o�l� �a�l�g�o�r�i�t�h�m�s� �r�e�q�u�i�r�e� �a�n� �a�c�c�u�r�a�t�e� �m�o�d�e�l� �o�f� �t�h�e� �s�y�s�t�e�m�.� 

�U�n�c�e�r�t�a�i�n�t�i�e�s� �i�n� �s�t�r�u�c�t�u�r�a�l� �p�a�r�a�m�e�t�e�r�s� �a�n�d� �t�h�e�i�r� �v�a�r�i�a�t�i�o�n� �o�v�e�r� �t�i�m�e� �i�n�c�r�e�a�s�e� �t�h�e� �d�i�f�f�i�c�u�l�t�y� �o�f� 

�a�p�p�l�y�i�n�g� �t�h�e�s�e� �a�c�t�i�v�e� �c�o�n�t�r�o�l� �a�l�g�o�r�i�t�h�m�s�.� �S�i�n�c�e� �s�t�r�u�c�t�u�r�e�s� �a�r�e� �b�a�s�i�c�a�l�l�y� �d�i�s�t�r�i�b�u�t�e�d�-�p�a�r�a�m�e�t�e�r� 

�s�y�s�t�e�m�s�,� �c�o�n�t�r�o�l� �a�l�g�o�r�i�t�h�m�s� �b�a�s�e�d� �o�n� �l�u�m�p�e�d�-�p�a�r�a�m�e�t�e�r� �m�o�d�e�l�s� �c�a�n� �a�l�s�o� �b�e�c�o�m�e� �i�n�a�c�c�u�r�a�t�e�.� 

�F�u�r�t�h�e�r�m�o�r�e�,� �e�x�t�r�e�m�e� �l�o�a�d�s� �o�n� �a� �s�t�r�u�c�t�u�r�e� �p�r�o�d�u�c�e� �a� �s�t�r�o�n�g�l�y� �n�o�n�l�i�n�e�a�r� �r�e�s�p�o�n�s�e� �d�u�e� �t�o� �t�h�e� 

�g�e�o�m�e�t�r�y� �o�r� �m�a�t�e�r�i�a�l� �b�e�h�a�v�i�o�r� �o�f� �s�y�s�t�e�m� �c�o�m�p�o�n�e�n�t�s�.� �C�o�n�t�r�o�l� �a�l�g�o�r�i�t�h�m�s� �t�h�a�t� �u�s�e� �i�n�a�c�c�u�r�a�t�e� 

�m�o�d�e�l�s� �t�o� �c�a�l�c�u�l�a�t�e� �c�o�n�t�r�o�l� �f�o�r�c�e�s� �c�a�n� �d�e�s�t�a�b�i�l�i�z�e� �t�h�e� �a�c�t�u�a�l� �s�t�r�u�c�t�u�r�e�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e�r�e� �i�s� �a� �n�e�e�d� 

�t�o� �d�e�v�e�l�o�p� �m�o�d�e�l�-�f�r�e�e� �a�l�g�o�r�i�t�h�m�s� �f�o�r� �s�t�r�u�c�t�u�r�a�l� �c�o�n�t�r�o�l�.� �A� �g�l�o�b�a�l� �s�t�a�b�i�l�i�t�y� �g�u�a�r�a�n�t�e�e� �f�o�r� �a�l�l� �t�h�e� 

�p�r�o�p�o�s�e�d� �c�o�n�t�r�o�l�l�e�r�s� �i�s� �a� �p�r�e�r�e�q�u�i�s�i�t�e� �f�o�r� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �i�n� �c�i�v�i�l� �s�t�r�u�c�t�u�r�e�s�;� �o�t�h�e�r�w�i�s�e�,� �a� �l�a�r�g�e� 

�n�u�m�b�e�r� �o�f� �r�e�s�i�d�e�n�t�s �� �l�i�v�e�s� �m�a�y� �b�e� �p�u�t� �a�t� �r�i�s�k�.� �T�h�e� �m�o�d�e�l�-�f�r�e�e� �c�o�n�t�r�o�l�l�e�r�s� �t�h�a�t� �a�r�e� �e�m�e�r�g�i�n�g� �a�r�e� �o�f� 

�t�h�e� �i�n�t�e�l�l�i�g�e�n�t� �t�y�p�e�,� �i�.�e�.�,� �n�e�u�r�a�l�,� �f�u�z�z�y�,� �o�r� �n�e�u�r�a�l�-�f�u�z�z�y� �c�o�n�t�r�o�l�l�e�r�s�.� �T�h�e�s�e� �c�o�n�t�r�o�l�l�e�r�s� �d�e�f�y� �t�h�e� 

�2�3



�c�o�n�v�e�n�t�i�o�n�a�l� �c�o�n�c�e�p�t� �o�f� �s�t�a�b�i�l�i�t�y� �a�n�d� �t�h�e�r�e�f�o�r�e� �n�e�c�e�s�s�i�t�a�t�e� �s�i�g�n�i�f�i�c�a�n�t� �t�h�e�o�r�e�t�i�c�a�l� �b�r�e�a�k�t�h�r�o�u�g�h�s� 

�i�n� �c�o�n�t�r�o�l� �t�h�e�o�r�y� �f�o�r� �t�h�e�i�r� �e�v�e�n�t�u�a�l� �i�m�p�l�e�m�e�n�t�a�t�i�o�n�.� 

�S�y�s�t�e�m� �r�o�b�u�s�t�n�e�s�s� �a�n�d� �o�v�e�r�a�l�l� �r�e�l�i�a�b�i�l�i�t�y� �o�f� �t�h�e� �a�c�t�u�a�t�o�r�s� �a�n�d� �c�o�n�t�r�o�l�l�e�r�s� �h�a�v�e� �t�o� �b�e� 

�m�a�i�n�t�a�i�n�e�d� �a�t� �a� �h�i�g�h� �l�e�v�e�l� �a�c�c�e�p�t�a�b�l�e� �f�o�r� �u�s�e� �i�n� �t�h�i�s� �a�p�p�l�i�c�a�t�i�o�n�,� �i�n� �o�r�d�e�r� �t�o� �p�r�o�m�o�t�e� �p�u�b�l�i�c� 

�a�c�c�e�p�t�a�n�c�e� �o�f� �a�c�t�i�v�e� �o�r� �h�y�b�r�i�d� �c�o�n�t�r�o�l� �o�f� �s�t�r�u�c�t�u�r�e�s�.� 

�A�l�l� �t�h�e� �c�h�a�l�l�e�n�g�e�s� �c�o�n�f�r�o�n�t�i�n�g� �t�h�e� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �a�c�t�i�v�e� �c�o�n�t�r�o�l� �c�o�u�l�d� �b�e� �b�o�l�d�l�y� 

�t�a�c�k�l�e�d� �b�y� �b�r�i�n�g�i�n�g� �t�o�g�e�t�h�e�r� �e�x�p�e�r�t�s� �i�n� �a�l�l� �f�i�e�l�d�s� �o�f� �e�n�g�i�n�e�e�r�i�n�g� �i�n� �a� �m�u�l�t�i�-�d�i�s�c�i�p�l�i�n�a�r�y� �w�a�y� �i�n� 

�o�r�d�e�r� �t�o� �c�r�o�s�s�-�f�e�r�t�i�l�i�z�e� �t�h�e� �f�i�e�l�d� �w�i�t�h� �t�h�e�i�r� �i�d�e�a�s�,� �c�o�n�c�e�p�t�s�,� �a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �w�o�r�k�.� �S�u�c�h� �a�n� �e�f�f�o�r�t� 

�h�a�s� �b�e�e�n� �l�a�u�n�c�h�e�d� �a�t� �t�h�e� �n�a�t�i�o�n�a�l� �l�e�v�e�l� �i�n� �1�9�9�1� �a�n�d� �c�o�n�t�i�n�u�e�s� �s�u�c�c�e�s�s�f�u�l�l�y�.� �E�d�u�c�a�t�i�o�n� �o�f� �t�h�e� 

�e�n�g�i�n�e�e�r�i�n�g� �c�o�m�m�u�n�i�t�y�,� �h�i�g�h�-�l�e�v�e�l� �m�a�n�a�g�e�m�e�n�t� �p�e�r�s�o�n�n�e�l� �i�n� �c�o�n�s�t�r�u�c�t�i�o�n� �i�n�d�u�s�t�r�i�e�s�,� �a�n�d� �t�h�e� 

�p�u�b�l�i�c� �a�t� �l�a�r�g�e� �i�s� �a�n� �a�b�s�o�l�u�t�e� �n�e�c�e�s�s�i�t�y� �i�n� �o�r�d�e�r� �t�o� �h�i�g�h�l�i�g�h�t� �t�h�e� �a�d�v�a�n�t�a�g�e�s�,� �f�e�a�s�i�b�i�l�i�t�y�,� �a�n�d� 

�r�o�b�u�s�t�n�e�s�s� �o�f� �a�c�t�i�v�e� �c�o�n�t�r�o�l� �o�f� �s�t�r�u�c�t�u�r�e�s�.� �T�h�i�s� �w�i�l�l� �d�e�v�e�l�o�p� �a� �b�a�c�k�d�r�o�p� �w�i�t�h� �w�h�i�c�h� �t�h�e�i�r� 

�r�e�s�e�r�v�a�t�i�o�n�s� �f�o�r� �t�h�e�s�e� �s�y�s�t�e�m�s� �a�r�e� �o�v�e�r�c�o�m�e�d�.� �S�u�c�h� �a� �s�t�e�p� �w�i�l�l� �u�l�t�i�m�a�t�e�l�y� �l�e�a�d� �t�o� �a� �l�a�r�g�e�-�s�c�a�l�e� 

�d�e�p�l�o�y�m�e�n�t� �o�f� �t�h�e�s�e� �s�y�s�t�e�m�s� �i�n� �t�a�l�l� �c�i�v�i�l� �s�t�r�u�c�t�u�r�e�s� �t�o� �p�r�o�v�i�d�e� �c�o�m�f�o�r�t� �a�n�d� �s�a�f�e�t�y� �f�r�o�m� �t�h�e� �i�m�p�a�c�t� 

�o�f� �e�n�v�i�r�o�n�m�e�n�t�a�l� �f�o�r�c�e�s�.� 
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�C�H�A�P�T�E�R� �3� 

�M�o�d�e�l�i�n�g� �o�f� �C�i�v�i�l� �S�t�r�u�c�t�u�r�e�s�,� �S�y�s�t�e�m� 
�C�o�m�p�o�n�e�n�t�s�,� �a�n�d� �D�i�s�t�u�r�b�a�n�c�e�s� 

�3�.�1� �I�N�T�R�O�D�U�C�T�I�O�N� 

�T�h�i�s� �c�h�a�p�t�e�r� �d�e�r�i�v�e�s� �t�h�e� �s�y�s�t�e�m�s� �e�q�u�a�t�i�o�n�s� �f�o�r� �a� �d�i�s�c�r�e�t�e�,� �l�u�m�p�e�d�-�p�a�r�a�m�e�t�e�r� �m�o�d�e�l� �o�f� 

�c�i�v�i�l� �s�t�r�u�c�t�u�r�e�s�.� �T�h�e� �f�o�r�m� �o�f� �t�h�e� �e�q�u�a�t�i�o�n�s� �c�o�n�s�i�d�e�r� �s�i�m�u�l�t�a�n�e�o�u�s� �e�x�c�i�t�a�t�i�o�n� �d�u�e� �t�o� �w�i�n�d� �a�n�d� 

�e�a�r�t�h�q�u�a�k�e�.� �P�r�e�v�i�o�u�s� �f�o�r�m�u�l�a�t�i�o�n�s� �c�o�n�s�i�d�e�r�e�d� �o�n�l�y� �o�n�e� �t�y�p�e� �o�f� �e�x�c�i�t�a�t�i�o�n� �a�t� �a� �t�i�m�e�.� 

�C�l�o�s�e�d�-�f�o�r�m� �a�n�a�l�y�t�i�c�a�l� �s�o�l�u�t�i�o�n�s� �t�o� �e�n�g�i�n�e�e�r�i�n�g� �p�r�o�b�l�e�m�s� �c�a�n� �o�n�l�y� �b�e� �o�b�t�a�i�n�e�d� �f�o�r� �a� �f�e�w� 

�s�i�m�p�l�e� �c�a�s�e�s�.� �I�d�e�a�l�i�z�a�t�i�o�n�s� �h�a�v�e� �t�o� �b�e� �m�a�d�e� �i�n� �o�r�d�e�r� �t�o� �m�a�k�e� �a�n� �e�n�g�i�n�e�e�r�i�n�g� �p�r�o�b�l�e�m� 

�m�a�t�h�e�m�a�t�i�c�a�l�l�y� �m�a�n�a�g�e�a�b�l�e� �w�i�t�h�o�u�t� �c�o�m�p�r�o�m�i�s�i�n�g� �s�a�f�e�t�y� �a�n�d� �e�c�o�n�o�m�y�.� �T�h�i�s� �m�a�t�h�e�m�a�t�i�c�a�l� 

�m�o�d�e�l� �s�u�b�s�t�i�t�u�t�e�s� �a�n� �i�d�e�a�l�i�z�e�d� �s�y�s�t�e�m�,� �t�o�g�e�t�h�e�r� �w�i�t�h� �a� �s�e�t� �o�f� �a�s�s�u�m�p�t�i�o�n�s�,� �f�o�r� �t�h�e� �a�c�t�u�a�l� �p�h�y�s�i�c�a�l� 

�s�y�s�t�e�m�.� 

�3�.�2� �L�I�N�E�A�R�,� �S�I�N�G�L�E�-�D�E�G�R�E�E�-�O�F�-�F�R�E�E�D�O�M� �M�O�D�E�L� �O�F� �S�T�R�U�C�T�U�R�E�S� 

�T�h�e� �n�u�m�b�e�r� �o�f� �i�n�d�e�p�e�n�d�e�n�t� �c�o�o�r�d�i�n�a�t�e�s� �n�e�e�d�e�d� �t�o� �c�o�m�p�l�e�t�e�l�y� �s�p�e�c�i�f�y� �t�h�e� �c�o�n�f�i�g�u�r�a�t�i�o�n� 

�o�r� �p�o�s�i�t�i�o�n� �o�f� �a� �s�t�r�u�c�t�u�r�a�l� �s�y�s�t�e�m� �a�t� �a�n�y� �g�i�v�e�n� �t�i�m�e� �i�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e� �n�u�m�b�e�r� �o�f� �d�e�g�r�e�e�s� �o�f� 

�f�r�e�e�d�o�m� �[�1�]�.� �A�l�t�h�o�u�g�h� �t�h�e� �c�o�n�t�i�n�u�o�u�s� �s�t�r�u�c�t�u�r�e� �h�a�s� �a�n� �i�n�f�i�n�i�t�e� �n�u�m�b�e�r� �o�f� �d�e�g�r�e�e�s� �o�f� �f�r�e�e�d�o�m�,� 

�i�d�e�a�l�i�z�a�t�i�o�n� �p�e�r�m�i�t�s� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �n�u�m�b�e�r� �o�f� �d�e�g�r�e�e�s� �o�f� �f�r�e�e�d�o�m� �t�o� �a� �d�i�s�c�r�e�t�e� �n�u�m�b�e�r�.� �I�n� 

�s�o�m�e� �c�a�s�e�s�,� �t�h�e� �s�t�r�u�c�t�u�r�e� �i�s� �r�e�d�u�c�e�d� �t�o� �h�a�v�i�n�g� �j�u�s�t� �a� �s�i�n�g�l�e� �d�e�g�r�e�e� �o�f� �f�r�e�e�d�o�m�.� �A� �s�i�n�g�l�e�-�d�e�g�r�e�e�-� 

�o�f�-�f�r�e�e�d�o�m� �m�o�d�e�l� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �s�t�r�u�c�t�u�r�e� �a�s� �a� �s�y�s�t�e�m� �w�i�t�h� �o�n�e� �d�i�s�p�l�a�c�e�m�e�n�t� �c�o�o�r�d�i�n�a�t�e�.� �T�h�e� 

�m�o�d�e�l� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�1� �h�a�s� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�l�e�m�e�n�t�s� �[�1�]�:� �(�1�)� �a� �m�a�s�s� �e�l�e�m�e�n�t� �m�,� �w�h�i�c�h� �r�e�p�r�e�s�e�n�t�s� 

�t�h�e� �m�a�s�s� �a�n�d� �i�n�e�r�t�i�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�;� �(�2�)� �a� �s�p�r�i�n�g� �e�l�e�m�e�n�t� �k�,� �w�h�i�c�h� �r�e�p�r�e�s�e�n�t�s� �t�h�e� 

�e�l�a�s�t�i�c� �r�e�s�t�o�r�i�n�g� �f�o�r�c�e� �a�n�d� �p�o�t�e�n�t�i�a�l� �e�n�e�r�g�y� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�;� �(�3�)� �a� �d�a�m�p�i�n�g� �e�l�e�m�e�n�t� �c�,� 

�w�h�i�c�h� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �f�r�i�c�t�i�o�n�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�n�d� �e�n�e�r�g�y� �l�o�s�s�e�s� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�;� �(�4�)� �a�n� �e�x�c�i�t�a�t�i�o�n� 

�f�o�r�c�e� �f�(�t�)� �w�h�i�c�h� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �e�x�t�e�r�n�a�l� �f�o�r�c�e�s� �a�c�t�i�n�g� �o�n� �t�h�e� �s�t�r�u�c�t�u�r�e�;� �a�n�d� �(�5�)� �a� �c�o�n�t�r�o�l� �f�o�r�c�e� �u�(�t�)� 

�w�h�i�c�h� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �s�t�r�u�c�t�u�r�e� �t�o� �m�i�t�i�g�a�t�e� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �r�e�s�p�o�n�s�e�.� 
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�b�-� �7� �G�r�o�u�n�d� 
� � 

�F�i�g�.� �3�.�1� �L�i�n�e�a�r� �S�i�n�g�l�e�-�D�e�g�r�e�e�-�o�f�-�F�r�e�e�d�o�m� �M�o�d�e�l� 

�T�h�e� �e�q�u�a�t�i�o�n� �o�f� �m�o�t�i�o�n� �f�o�r� �t�h�e� �s�i�n�g�l�e�-�d�e�g�r�e�e�-�o�f�-�f�r�e�e�d�o�m� �m�o�d�e�l� �i�s� �g�i�v�e�n� �b�y� 

�M�s� �V�s� �+� �C�s�(�V�s �� �Y�O�)� �t�+� �k�s�(�V�s�  �� �Y�O�)� �=� �S�(�t�)�  �� �u�l�t�)� �(�3�.�1�)� 
�w�h�e�r�e� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �y�,� �i�s� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �a�n� �i�n�e�r�t�i�a�l� �r�e�f�e�r�e�n�c�e� �f�r�a�m�e�.� �S�i�n�c�e� �y�,� �=� �y�o� �+� �Z�,�,� �t�h�e� 

�e�q�u�a�t�i�o�n� �c�a�n� �b�e� �w�r�i�t�t�e�n� �i�n� �t�e�r�m�s� �o�f� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �g�r�o�u�n�d� �z�,� �a�s�,� 

�M�s� �(�Z�s� �+� �V�o�)� �+� �C�s�Z�5� �+� �k�s�Z�s� �=� �f�(�t�) �� �u�l�t�)� �(�3�.�2�)� 

�o�r� 

�M�s�Z�5� �+� �C�s�Z�5� �+�h�y�Z�y� �=� �f�(�t�) ��u�(�t�) �� �m�s� �V�o� �(�3�.�3�)� 

�I�n� �o�r�d�e�r� �t�o� �g�e�t� �a� �s�t�a�t�e�-�s�p�a�c�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �s�y�s�t�e�m�,� �(�3�.�3�)� �c�a�n� �b�e� �m�a�n�i�p�u�l�a�t�e�d� �t�o� �o�b�t�a�i�n� 

�C�y�.� �k�s� �f� �o�u�.� �(�3�.�4�)� 

�I�f� �t�h�e� �s�t�a�t�e� �v�a�r�i�a�b�l�e�s� �a�r�e� �c�h�o�s�e�n� �a�s�,� 

�H�t� �v�s� �x�2� �Z�s� 

�t�h�e�n� �t�h�e� �s�t�a�t�e� �e�q�u�a�t�i�o�n�s� �c�a�n� �b�e� �w�r�i�t�t�e�n� �a�s�,� 

�2�}� �[�z�)�-�|�-�&� �h�s� �h�f�e�  ��3� �(�3�.�6�)� 
�x�2� �2�5� �M�s�,� �M�m�,� �Z�s� �M�,� �m�M�,� �Y�O� 

�o�r� 

�x� �=� �A�x� �+� �B�u�+� �H�w� �(�3�.�7�)� 

�w�h�e�r�e� 

�0� �1� �0� 
�A�=�|�_�¢�s� �_� �k�s� �B�=�|�_� �1� �(�3�.�8�)� 

�M�s� �M�s� �M�s�,� 
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�0� �0� 
�o�e�  ��|� �w�-�|�7�]� �(�3�.�9�)� 

�M�s� �Y�O� 
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�3�.�5� �L�I�N�E�A�R�,� �M�U�L�T�I�D�E�G�R�E�E�-�O�F�-�F�R�E�E�D�O�M� �S�T�R�U�C�T�U�R�E�S� 

�T�o� �o�b�t�a�i�n� �a� �b�e�t�t�e�r� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �a�c�t�u�a�l� �s�t�r�u�c�t�u�r�e�,� �a� �m�u�l�t�i�p�l�e� �d�e�g�r�e�e� �o�f� �f�r�e�e�d�o�m� 

�m�o�d�e�l� �c�a�n� �b�e� �u�s�e�d� �t�o� �d�e�s�c�r�i�b�e� �i�t�s� �d�y�n�a�m�i�c� �b�e�h�a�v�i�o�r�.� �A�l�t�h�o�u�g�h� �c�o�n�t�i�n�u�o�u�s� �m�o�d�e�l�s� �a�r�e� �a�v�a�i�l�a�b�l�e�,� 

�t�h�e�s�e� �a�r�e� �u�s�u�a�l�l�y� �t�o�o� �c�o�m�p�l�e�x� �a�n�d� �r�e�q�u�i�r�e� �c�o�n�s�i�d�e�r�a�b�l�e� �m�a�t�h�e�m�a�t�i�c�a�l� �a�n�a�l�y�s�i�s�.� �T�h�e�s�e� �m�o�d�e�l�s� �a�r�e� 

�a�p�p�l�i�c�a�b�l�e� �t�o� �o�n�l�y� �a� �f�e�w� �r�e�l�a�t�i�v�e�l�y�-�s�i�m�p�l�e� �s�t�r�u�c�t�u�r�e�s� �w�i�t�h� �u�n�i�f�o�r�m� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s� �a�n�d� �r�e�g�u�l�a�r� 

�g�e�o�m�e�t�r�y�.� �F�i�n�i�t�e�-�e�l�e�m�e�n�t� �m�o�d�e�l�s� �a�r�e� �a�l�s�o� �a�v�a�i�l�a�b�l�e� �f�o�r� �s�t�r�u�c�t�u�r�e�s� �w�i�t�h� �m�u�c�h� �s�i�m�p�l�e�r� �g�e�o�m�e�t�r�i�e�s�.� 

�A� �d�i�s�c�r�e�t�e� �m�o�d�e�l� �w�i�t�h� �m�u�l�t�i�p�l�e� �d�e�g�r�e�e�s� �o�f� �f�r�e�e�d�o�m� �c�a�n� �p�r�o�v�i�d�e� �a� �n�e�a�r�-�e�x�a�c�t� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� 

�t�h�e� �a�c�t�u�a�l� �s�t�r�u�c�t�u�r�e�.� �T�h�e� �m�u�l�t�i�s�t�o�r�y� �s�h�e�a�r� �b�u�i�l�d�i�n�g� �i�s� �o�n�e� �o�f� �t�h�e� �m�o�s�t� �i�n�s�t�r�u�c�t�i�v�e� �a�n�d� �p�r�a�c�t�i�c�a�l� �o�f� 

�t�h�e�s�e� �m�o�d�e�l�s�.� �A� �s�h�e�a�r� �b�u�i�l�d�i�n�g� �i�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �t�h�e� �a�b�s�e�n�c�e� �o�f� �a�n�y� �d�i�s�p�l�a�c�e�m�e�n�t� �i�n� �t�h�e� 

�v�e�r�t�i�c�a�l� �a�n�d� �t�o�r�s�i�o�n�a�l� �d�i�r�e�c�t�i�o�n�s�.� �T�h�i�s� �m�o�d�e�l� �a�s�s�u�m�e�s� �t�h�a�t� �t�h�e� �s�t�r�u�c�t�u�r�e� �i�s� �d�e�f�l�e�c�t�e�d� �b�y� �s�h�e�a�r� 

�f�o�r�c�e�s� �o�n�l�y�.� �T�o� �l�i�m�i�t� �t�h�e� �s�t�r�u�c�t�u�r�e� �t�o� �s�h�e�a�r� �d�e�f�l�e�c�t�i�o�n�s�,� �i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �(�a�)� �m�a�s�s�e�s� �a�r�e� �l�u�m�p�e�d� �a�t� 

�t�h�e� �f�l�o�o�r� �l�e�v�e�l�s�,� �(�b�)� �t�h�e� �g�i�r�d�e�r�s� �o�n� �t�h�e� �f�l�o�o�r�s� �a�r�e� �i�n�f�i�n�i�t�e�l�y� �r�i�g�i�d� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �c�o�l�u�m�n�s�,� �a�n�d� �(�c�)� 

�a�n�y� �h�o�r�i�z�o�n�t�a�l� �d�e�f�l�e�c�t�i�o�n� �i�n� �t�h�e� �s�t�r�u�c�t�u�r�e� �i�s� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �a�x�i�a�l� �f�o�r�c�e�s� �i�n� �t�h�e� �c�o�l�u�m�n�.� �F�i�g�.� �3�.�3� 

�s�h�o�w�s� �a� �m�u�l�t�i�s�t�o�r�y� �f�i�x�e�d�-�b�a�s�e� �b�u�i�l�d�i�n�g�.� 
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�F�i�g�.� �3�.�3� �F�i�x�e�d�-�b�a�s�e� �B�u�i�l�d�i�n�g� �S�t�r�u�c�t�u�r�e� 

�V�a�r�i�o�u�s� �r�e�f�e�r�e�n�c�e� �f�r�a�m�e�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �f�o�r�m�u�l�a�t�e� �t�h�e� �s�h�e�a�r�-�b�u�i�l�d�i�n�g� �m�o�d�e�l� �o�f� �t�h�i�s� �s�t�r�u�c�t�u�r�e�.� 

�O�n�e� �c�a�n� �e�i�t�h�e�r� �u�s�e� �d�i�s�p�l�a�c�e�m�e�n�t�s� �r�e�l�a�t�i�v�e� �t�o� �a�n� �i�n�e�r�t�i�a�l� �r�e�f�e�r�e�n�c�e�,� �d�i�s�p�l�a�c�e�m�e�n�t�s� �b�e�t�w�e�e�n� �f�l�o�o�r�s�,� 

�o�r� �d�i�s�p�l�a�c�e�m�e�n�t�s� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �g�r�o�u�n�d�.� �A�l�t�h�o�u�g�h� �t�h�e� �f�o�r�m�u�l�a�t�i�o�n� �i�n� �t�h�e� �d�i�f�f�e�r�e�n�t� �r�e�f�e�r�e�n�c�e� 

�f�r�a�m�e�s� �a�r�e� �e�q�u�i�v�a�l�e�n�t�,� �a� �p�a�r�t�i�c�u�l�a�r� �f�o�r�m�u�l�a�t�i�o�n� �m�a�y� �b�e� �m�o�r�e� �a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �a� �g�i�v�e�n� �s�e�t� �o�f� 

�m�e�a�s�u�r�e�m�e�n�t� �d�a�t�a� �w�i�t�h�o�u�t� �t�h�e� �n�e�e�d� �f�o�r� �a�d�d�i�t�i�o�n�a�l� �d�a�t�a� �p�r�e�p�a�r�a�t�i�o�n�.� 

�3�.�5�.�1� �U�s�i�n�g� �t�h�e� �D�i�s�p�l�a�c�e�m�e�n�t� �w�i�t�h� �R�e�s�p�e�c�t� �t�o� �a�n� �I�n�e�r�t�i�a�l� �R�e�f�e�n�c�e� �F�r�a�m�e� �(�A�b�s�o�l�u�t�e� 
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�F�i�g�.� �3�.�4� �s�h�o�w�s� �a� �s�h�e�a�r�-�b�u�i�l�d�i�n�g� �m�o�d�e�l� �o�f� �t�h�e� �n�-�s�t�o�r�y� �f�i�x�e�d�-�b�a�s�e� �s�t�r�u�c�t�u�r�e� �u�s�i�n�g� 

�d�i�s�p�l�a�c�e�m�e�n�t�s� �r�e�l�a�t�i�v�e� �t�o� �a�n� �i�n�e�r�t�i�a�l� �r�e�f�e�r�e�n�c�e� �f�r�a�m�e�.� �T�h�e� �e�q�u�a�t�i�o�n� �o�f� �m�o�t�i�o�n� �f�o�r� �t�h�e� �d�i�f�f�e�r�e�n�t� 
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�w�h�e�r�e� �y�o� �a�n�d� �y�;� �a�r�e� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �o�f� �t�h�e� �g�r�o�u�n�d� �a�n�d� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �o�f� �t�h�e� �i�t�h� �f�l�o�o�r�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�,� �r�e�l�a�t�i�v�e� �t�o� �a�n� �i�n�e�r�t�i�a�l� �r�e�f�e�r�e�n�c�e� �f�r�a�m�e�.� �I�t� �i�s� �s�e�e�n� �t�h�a�t� �t�h�e� �g�r�o�u�n�d�-�m�o�t�i�o�n�-�i�n�d�u�c�e�d� 

�d�i�s�t�u�r�b�a�n�c�e� �c�j� �y�o� �+� �k�j� �¥�q� �a�p�p�e�a�r�s� �o�n�l�y� �i�n� �t�h�e� �f�i�r�s�t� �(�b�a�s�e�)� �f�l�o�o�r� �e�q�u�a�t�i�o�n�.� 

�3�2



�P�o�t�t� �t�c�t�t� �f�n�t�U�n� 

� � 

� � 

�F�i�g�.� �3�.�4� �S�h�e�a�r�-�B�u�i�l�d�i�n�g� �M�o�d�e�l� �u�s�i�n�g� �A�b�s�o�l�u�t�e� �D�i�s�p�l�a�c�e�m�e�n�t�s� 

�T�h�e� �e�q�u�a�t�i�o�n�s� �o�f� �m�o�t�i�o�n� �c�a�n� �b�e� �w�r�i�t�t�e�n� �i�n� �m�a�t�r�i�x� �f�o�r�m� �a�s� 

�M�y�+�C�y�+�K�y�=�w�+�u� �(�3�.�4�5�)� 

�w�h�e�r�e� 

�T� �y�=�[�m� �y�o� �-�-� �Y�a�]� �(�3�.�4�6�)� 

�m� 

�m� 

�M� �=� �(�3�.�4�7�)� 

�M�y�,� 

�c�y� �+�¢�2� � �-�¢�9� �]� 

�C�2� �c�2�+�C�3�°� �C�3� 

�C�=� �D�o�,� �(�3�.�4�8�)� 

 ��C�y�-�]� �C�n�]� �t�l�y�  ��C�y� � � � � 
�3�3



�k�y� �+� �k�p�  ��k�y� 

 ��k�»� �k�p� �+� �k�3�  ��k� 

�K� �=� �o�o�,� �(�3�.�4�9�)� 

�~�h�y�-�]� �k�n�-�1� �+� �k�y�  ��k�y� � � � � �L�  ��k�p� �k�p� �|� 
�.� �T� �w�=�[�f�A�t�c�y�o�t�h�y� �f�2� �-�-� �+� �t�n� �(�3�.�5�0�)� 

�T� �u�=�[�m� �w�o�.�.�.� �U�y� �|� �(�3�.�5�1�)� 

�A�l�l� �e�l�e�m�e�n�t�s� �t�h�a�t� �a�r�e� �n�o�t� �i�n�d�i�c�a�t�e�d� �i�n� �t�h�e� �a�b�o�v�e� �m�a�t�r�i�c�e�s� �a�r�e� �e�q�u�a�l� �t�o� �z�e�r�o�.� �I�n� �s�t�a�t�e�-�s�p�a�c�e� �f�o�r�m�:� 
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�3�.�5�.�2� �U�s�i�n�g� �t�h�e� �R�e�l�a�t�i�v�e� �D�i�s�p�l�a�c�e�m�e�n�t� �B�e�t�w�e�e�n� �F�l�o�o�r�s� 

�T�h�e� �e�q�u�a�t�i�o�n� �o�f� �m�o�t�i�o�n� �f�o�r� �t�h�e� �m�o�d�e�l� �o�f� �t�h�e� �m�u�l�t�i�s�t�o�r�y� �b�u�i�l�d�i�n�g� �i�n�d�i�c�a�t�e�d� �i�n� �F�i�g�.� �3�.�4� �c�a�n� 
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�m�y�;� �+� �¢�j�(�¥�j�  �� �V�i�-�1�)� �+� �K�i�  �� �V�i�-�1�)� �+� �C�A�O�  �� �Y�i�)� �+� �G�O� �-� �V�i�s� �=� �i�t�y� �G�-�5�5�)� 
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�M�n�Y�n� �+� �C�n� �Y�n� �-� �Y�n�-�1�)�+� �k�n� �Y�n� �-� �Y�n�-�1�)� �=� �I�n�t� �U�n� �(�3�.�5�6�)� 
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�f�o�r�c�e� �i�s� �m�o�d�e�l�e�d� �a�s� �a� �s�u�m� �o�f� �s�i�n�u�s�o�i�d�s�.� �A�n� �e�a�r�t�h�q�u�a�k�e� �e�x�c�i�t�a�t�i�o�n� �i�s� �m�o�d�e�l�e�d� �b�y� �a� �t�i�m�e� �h�i�s�t�o�r�y� �o�f� 

�t�h�e� �g�r�o�u�n�d� �a�c�c�e�l�e�r�a�t�i�o�n�.� 
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�C�H�A�P�T�E�R� �4� 

�P�r�o�p�o�r�t�i�o�n�a�l� �C�o�n�t�r�o�l� 

�4�.�1� �I�N�T�R�O�D�U�C�T�I�O�N� 

�C�l�a�s�s�i�c�a�l� �c�o�n�t�r�o�l�,� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �p�r�o�p�o�r�t�i�o�n�a�l�-�i�n�t�e�g�r�a�l�-�d�e�r�i�v�a�t�i�v�e� �(�P�I�D�)� �c�o�n�t�r�o�l�l�e�r�s�,� 

�c�o�n�t�i�n�u�e�s� �t�o� �p�r�o�v�i�d�e� �g�r�e�a�t� �u�t�i�l�i�t�y� �i�n� �p�r�a�c�t�i�c�a�l� �a�p�p�l�i�c�a�t�i�o�n�s� �f�o�r� �c�o�n�v�e�n�t�i�o�n�a�l� �s�y�s�t�e�m�s�.� �A�l�t�h�o�u�g�h� �i�t� 

�i�s� �s�t�i�l�l� �u�s�e�f�u�l�n�e�s�s� �i�n� �s�y�s�t�e�m�s� �w�i�t�h� �o�n�e� �o�r� �t�w�o� �d�e�g�r�e�e�s�-�o�f�-�f�r�e�e�d�o�m�,� �i�t� �d�o�e�s� �n�o�t� �s�u�i�t� �t�h�e� �c�o�n�t�r�o�l� �o�f� 

�m�u�l�t�i�-�d�e�g�r�e�e�-�o�f�-�f�r�e�e�d�o�m� �s�y�s�t�e�m�s� �b�e�c�a�u�s�e� �t�h�e� �P�I�D� �c�o�n�t�r�o�l� �l�a�w� �i�s� �m�o�r�e� �d�i�f�f�i�c�u�l�t� �t�o� �f�o�r�m�u�l�a�t�e� �f�o�r� 

�t�h�e�s�e� �m�u�l�t�i�v�a�r�i�a�b�l�e� �s�y�s�t�e�m�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �s�i�m�p�l�i�c�i�t�y� �o�f� �t�h�e� �a�p�p�r�o�a�c�h� �m�a�y� �o�u�t�w�e�i�g�h� �a�n�y� 

�a�d�d�i�t�i�o�n�a�l� �g�a�i�n�s� �i�n� �p�e�r�f�o�r�m�a�n�c�e� �t�h�a�t� �a�r�e� �p�o�s�s�i�b�l�e� �f�o�r� �m�o�r�e�-�a�d�v�a�n�c�e�d� �m�o�d�e�r�n� �c�o�n�t�r�o�l� �m�e�t�h�o�d�s�.� 

�N�o� �o�r�i�g�i�n�a�l� �c�o�n�t�r�i�b�u�t�i�o�n� �i�s� �b�e�i�n�g� �c�l�a�i�m�e�d� �i�n� �t�h�i�s� �c�h�a�p�t�e�r�.� �T�h�e� �r�e�a�s�o�n� �f�o�r� �i�t�s� �i�n�c�l�u�s�i�o�n� �i�s� 

�t�o� �p�r�o�v�i�d�e� �a� �b�e�n�c�h�m�a�r�k� �a�g�a�i�n�s�t� �w�h�i�c�h� �c�o�n�t�r�o�l�l�e�r�s� �f�o�r� �t�h�e� �r�e�g�e�n�e�r�a�t�i�v�e� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r� �a�r�e� 

�e�v�a�l�u�a�t�e�d�.� �T�h�i�s� �c�h�a�p�t�e�r� �s�t�u�d�i�e�s� �t�h�e� �e�f�f�e�c�t� �o�f� �v�a�r�i�a�t�i�o�n�s� �i�n� �g�a�i�n�,� �a�c�t�u�a�t�o�r� �t�i�m�e� �d�e�l�a�y�,� �a�n�d� 

�m�e�a�s�u�r�e�m�e�n�t� �t�i�m�e� �d�e�l�a�y� �o�n� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �r�e�s�p�o�n�s�e�.� �D�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �r�e�s�u�l�t�s� �o�f� �a� �l�i�n�e�a�r� 

�a�n�d� �a� �n�o�n�l�i�n�e�a�r� �s�i�m�u�l�a�t�i�o�n� �a�n�d� �t�h�e� �e�f�f�e�c�t� �o�f� �c�o�n�t�r�o�l� �f�o�r�c�e� �s�a�t�u�r�a�t�i�o�n� �a�r�e� �a�l�s�o� �s�t�u�d�i�e�d� �i�n� �t�h�i�s� 

�c�h�a�p�t�e�r�.� 

�F�o�r� �w�i�n�d� �e�x�c�i�t�a�t�i�o�n�,� �i�t� �i�s� �s�h�o�w�n� �t�h�a�t� �p�r�o�p�o�r�t�i�o�n�a�l� �f�e�e�d�b�a�c�k� �c�o�n�t�r�o�l� �c�a�n� �p�r�o�v�i�d�e� �e�f�f�e�c�t�i�v�e� 

�c�o�n�t�r�o�l�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �s�t�r�u�c�t�u�r�e�'�s� �d�i�s�p�l�a�c�e�m�e�n�t� �i�s� �a�c�c�o�m�p�a�n�i�e�d� �b�y� �a�n� �i�n�c�r�e�a�s�e� �i�n� 

�t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e� �a�n�d� �t�h�e� �s�t�r�o�k�e� �l�e�n�g�t�h�.� �T�h�e� �u�s�e� �o�f� �f�e�e�d�b�a�c�k� �c�o�n�t�r�o�l� �g�e�n�e�r�a�l�l�y� �i�n�c�r�e�a�s�e�s� �t�h�e� 

�c�o�n�t�r�o�l� �f�o�r�c�e� �t�o� �r�e�d�u�c�e� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t�.� �T�h�e� �i�n�c�r�e�a�s�e�d� �f�o�r�c�e� �r�e�q�u�i�r�e�m�e�n�t�,� �i�n� �t�u�r�n�,� �i�n�c�r�e�a�s�e�s� �t�h�e� 

�s�t�r�o�k�e� �l�e�n�g�t�h�.� �A� �c�e�r�t�a�i�n� �a�m�o�u�n�t� �o�f� �f�e�e�d�b�a�c�k� �g�a�i�n� �v�a�r�i�a�t�i�o�n� �c�a�n� �b�e� �t�o�l�e�r�a�t�e�d� �w�i�t�h�o�u�t� �d�e�g�r�a�d�i�n�g� �t�h�e� 

�r�e�s�p�o�n�s�e�.� �C�r�i�t�i�c�a�l� �v�a�l�u�e�s� �o�f� �a�c�t�u�a�t�o�r� �t�i�m�e� �d�e�l�a�y� �a�n�d� �m�e�a�s�u�r�e�m�e�n�t� �t�i�m�e� �d�e�l�a�y� �h�a�v�e� �t�o� �b�e� 

�d�e�t�e�r�m�i�n�e�d�.� �F�e�e�d�f�o�r�w�a�r�d� �c�o�n�t�r�o�l� �c�a�n� �a�l�s�o� �b�e� �u�s�e�d� �f�o�r� �w�i�n�d�-�e�x�c�i�t�e�d� �s�t�r�u�c�t�u�r�e�s�.� �C�r�i�t�i�c�a�l� �v�a�l�u�e�s� �f�o�r� 

�t�h�e� �g�a�i�n�,� �t�i�m�e� �d�e�l�a�y�,� �a�n�d� �s�a�m�p�l�i�n�g� �t�i�m�e� �d�e�t�e�r�m�i�n�e� �t�h�e� �l�i�m�i�t�s� �o�f� �e�f�f�e�c�t�i�v�e�n�e�s�s� �f�o�r� �t�h�i�s� �t�y�p�e� �o�f� 

�c�o�n�t�r�o�l�.� �S�i�m�u�l�a�t�i�o�n�s� �a�r�e� �c�o�n�d�u�c�t�e�d� �f�o�r� �a� �s�i�n�g�l�e�-�d�e�g�r�e�e�-�o�f�-�f�r�e�e�d�o�m� �s�y�s�t�e�m� �a�n�d� �a� �f�i�x�e�d�-�b�a�s�e� 

�m�u�l�t�i�s�t�o�r�y� �b�u�i�l�d�i�n�g�.� �F�e�e�d�b�a�c�k� �a�n�d� �f�e�e�d�f�o�r�w�a�r�d� �p�r�o�p�o�r�t�i�o�n�a�l� �c�o�n�t�r�o�l� �o�f� �t�h�e� �s�i�n�g�l�e�-�d�e�g�r�e�e�-�o�f�-� 

�f�r�e�e�d�o�m� �s�y�s�t�e�m� �u�n�d�e�r� �e�a�r�t�h�q�u�a�k�e� �e�x�c�i�t�a�t�i�o�n� �i�s� �n�o�t� �e�f�f�e�c�t�i�v�e�.� �I�t� �i�s� �o�n�l�y� �s�l�i�g�h�t�l�y� �e�f�f�e�c�t�i�v�e� �f�o�r� �a� 

�b�a�s�e�-�i�s�o�l�a�t�e�d� �m�u�l�t�i�s�t�o�r�y� �b�u�i�l�d�i�n�g�.� �R�e�g�e�n�e�r�a�t�i�o�n� �c�a�n� �b�e� �a�c�h�i�e�v�e�d� �w�h�i�l�e� �u�n�d�e�r� �p�r�o�p�o�r�t�i�o�n�a�l� 

�c�o�n�t�r�o�l�.� 
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�4�.�2� �D�I�S�P�L�A�C�E�M�E�N�T� �F�E�E�D�B�A�C�K� �C�O�N�T�R�O�L� 

�F�i�g�.� �4�.�1� �s�h�o�w�s� �a� �b�l�o�c�k� �d�i�a�g�r�a�m� �o�f� �a� �s�t�r�u�c�t�u�r�a�l� �s�y�s�t�e�m� �w�h�e�r�e� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �y�,� �d�u�e� �t�o� 

�a�n� �e�x�t�e�r�n�a�l� �d�i�s�t�u�r�b�a�n�c�e� �w�,� �i�s� �u�s�e�d� �t�o� �g�e�n�e�r�a�t�e� �t�h�e� �c�o�n�t�r�o�l� �i�n�p�u�t� �u�w� �.� �K� �i�s� �a� �p�r�o�p�o�r�t�i�o�n�a�l� �g�a�i�n� 

�a�p�p�l�i�e�d� �t�o� �t�h�e� �f�e�e�d�b�a�c�k� �y�.� 

�W�w� 

�|� 
�S�t�r�u�c�t�u�r�e� �-� �y� 

�- ��- �� �«�x� �}�- ��-� 

�F�i�g�.� �4�.�1� �D�i�s�p�l�a�c�e�m�e�n�t�-�F�e�e�d�b�a�c�k� �C�o�n�t�r�o�l� �S�c�h�e�m�e� 

� � 

� � � � 

� � � � � � 
� � � � 

�T�h�e� �s�t�a�t�e� �e�q�u�a�t�i�o�n�s� �o�f� �t�h�e� �s�y�s�t�e�m� �c�a�n� �b�e� �w�r�i�t�t�e�n� �a�s�,� 

�x� �=� �A�x�+� �B�u�+� �H�w� �(�4�.�1�)� 

�y�=�C�x� �(�4�.�2�)� 

�I�f� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e� �i�s� �c�h�o�s�e�n� �t�o� �b�e� �o�f� �t�h�e� �f�o�r�m� 

�u�=� �K�y� �=� �K�C�x� �(�4�.�3�)� 

�t�h�e�n� �t�h�e� �s�t�a�t�e� �e�q�u�a�t�i�o�n�s� �c�a�n� �b�e� �m�o�d�i�f�i�e�d� �a�s� 

�x� �=� �A�x�+� �B�K�C�x�+� �H�w�=�(�A�+� �B�K�C�)�x�+� �H�w� �(�4�.�4�)� 

�o�r� 

�x� �=� �A�x�+� �H�w� �(�4�.�5�)� 
�w�h�e�r�e� 

�A�=�A�+�B�K�C� �(�4�.�6�)� 
�C�l�a�s�s�i�c�a�l� �t�e�c�h�n�i�q�u�e�s�,� �s�u�c�h� �a�s� �a� �r�o�o�t� �l�o�c�u�s� �d�i�a�g�r�a�m�,� �w�i�l�l� �s�h�o�w� �t�h�e� �e�f�f�e�c�t� �o�f� �K� �o�n� �t�h�e� �p�o�l�e�s� �o�f� �t�h�e� 

�s�y�s�t�e�m�.� �T�h�i�s� �i�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �e�i�g�e�n�v�a�l�u�e�s� �o�f� �A� �f�o�r� �v�a�r�i�o�u�s� �K�.� 
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�v�A�  ��,� 

� � � � 

� � 

� � 

� � 
� � � � 

� � � � 

� � 

 ��p� �t� � � � � 
�F�i�g�.� �4�.�2� �I�l�l�u�s�t�r�a�t�i�o�n� �o�f� �t�h�e� �a�c�t�u�a�t�o�r� �t�i�m�e� �d�e�l�a�y� �(�7�7�)� �a�n�d� �m�e�a�s�u�r�e�m�e�n�t� �t�i�m�e� �d�e�l�a�y� �(�7�,�,�)� 

�A� �t�i�m�e� �d�e�l�a�y� �(�7�)� �w�i�l�l� �a�l�w�a�y�s� �e�x�i�s�t� �b�e�t�w�e�e�n� �t�h�e� �i�s�s�u�a�n�c�e� �o�f� �t�h�e� �c�o�n�t�r�o�l� �c�o�m�m�a�n�d� �b�y� �t�h�e� 

�c�o�n�t�r�o�l�l�e�r� �a�n�d� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e� �b�y� �t�h�e� �a�c�t�u�a�t�o�r�.� �T�h�i�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �4�.�2�.� 

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �c�o�n�t�r�o�l� �e�x�p�r�e�s�s�i�o�n� �i�s� �m�o�d�i�f�i�e�d� �a�s� 

�u�(�t�)� �=� �K�y�(�t�  �� �T�q�)� �=� �K�C�x�(�t�-�T�)� �(�4�.�7�)� 

�T�h�e� �e�f�f�e�c�t� �o�f� �t�i�m�e� �d�e�l�a�y� �o�n� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� �s�y�s�t�e�m� �i�s� �d�e�t�e�r�m�i�n�e�d� �i�n� �t�h�e� �t�e�s�t� �c�a�s�e�s�.� 

�T�o� �r�e�c�o�n�s�t�r�u�c�t� �t�h�e� �f�e�e�d�b�a�c�k� �d�a�t�a�,� �a� �z�e�r�o�-�o�r�d�e�r� �h�o�l�d� �(�Z�O�H�)� �i�s� �u�s�e�d�.� �I�t� �a�s�s�u�m�e�s� �t�h�a�t� �t�h�e� 

�f�e�e�d�b�a�c�k� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �c�o�n�s�t�a�n�t� �w�i�t�h�i�n� �t�h�e� �s�a�m�p�l�i�n�g� �i�n�t�e�r�v�a�l� �7�,�,�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �4�.�2�.� �y�,� �i�s� 

�t�h�e� �a�c�t�u�a�l�]� �d�i�s�p�l�a�c�e�m�e�n�t�,� �w�h�i�l�e� �y�,�,� �i�s� �t�h�e� �r�e�c�o�n�s�t�r�u�c�t�e�d� �d�i�s�p�l�a�c�e�m�e�n�t�.� �O�b�v�i�o�u�s�l�y�,� �t�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� 

�o�f� �c�o�n�t�r�o�l� �i�s� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �s�a�m�p�l�i�n�g� �t�i�m�e� �o�r� �m�e�a�s�u�r�e�m�e�n�t� �t�i�m�e� �(�7�,�,�,�)�.� �D�u�r�i�n�g� �t�h�i�s� �p�e�r�i�o�d�,� �i�t� �i�s� 

�a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e� �u� �i�s� �k�e�p�t� �c�o�n�s�t�a�n�t� �a�t� �t�h�e� �v�a�l�u�e� �c�o�m�m�a�n�d�e�d� �a�t� �t�h�e� �s�t�a�r�t� �o�f� �t�h�e� 

�i�n�t�e�r�v�a�l�.� �T�h�e� �e�f�f�e�c�t� �o�f� �m�e�a�s�u�r�e�m�e�n�t� �t�i�m�e� �o�n� �t�h�e� �s�y�s�t�e�m� �r�e�s�p�o�n�s�e� �i�s� �a�l�s�o� �i�n�v�e�s�t�i�g�a�t�e�d� �i�n� �t�h�e� �c�a�s�e�s� 

�c�o�n�s�i�d�e�r�e�d�.� 

�T�h�e� �i�n�s�t�a�n�t�a�n�e�o�u�s� �a�c�t�u�a�t�o�r� �p�o�w�e�r� �i�s� �c�a�l�c�u�l�a�t�e�d� �a�s� �t�h�e� �p�r�o�d�u�c�t� �o�f� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e� �a�n�d� �t�h�e� 

�s�t�r�o�k�e� �v�e�l�o�c�i�t�y�.� �T�h�u�s�,� 

�P�a�(�t�)� �=� �u�(�t�)�z�(�t�)� �(�4�.�8�)� 
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�T�h�e� �e�n�e�r�g�y� �s�u�p�p�l�i�e�d� �b�y� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �s�o�u�r�c�e� �t�o� �t�h�e� �a�c�t�u�a�t�o�r� �i�s� �e�x�p�r�e�s�s�e�d� �a�s�,� 

�e�a�(�t�)�=� �|� �p�a�l�t�)�d�t� �(�4�.�9�)� 
�T�h�e� �s�i�m�u�l�a�t�i�o�n�s� �i�n� �t�h�i�s� �c�h�a�p�t�e�r� �a�s�s�u�m�e� �t�h�a�t� �t�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �a�c�t�u�a�t�o�r� �d�y�n�a�m�i�c�s� �a�r�e� 

�n�e�g�l�i�g�i�b�l�e�.� �T�h�i�s� �a�f�f�o�r�d�s� �f�a�s�t�e�r� �e�v�a�l�u�a�t�i�o�n� �o�f� �t�h�e� �c�o�n�t�r�o�l�l�e�r�.� �T�h�e� �a�c�t�u�a�t�o�r� �o�p�e�r�a�t�e�s� �i�n� �t�h�e� �4�-� 

�q�u�a�d�r�a�n�t� �m�o�d�e�,� �a�c�t�i�n�g� �a�s� �b�o�t�h� �a� �m�o�t�o�r� �a�n�d� �a� �g�e�n�e�r�a�t�o�r�.� �N�e�g�a�t�i�v�e� �p�o�w�e�r� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �i�t� �i�s� �t�h�e� 

�r�e�c�o�v�e�r�e�d� �p�o�w�e�r� �a�n�d� �i�t� �i�s� �s�t�o�r�e�d� �f�o�r� �l�a�t�e�r� �u�s�e�,� �i�n�s�t�e�a�d� �o�f� �s�i�m�p�l�y� �b�e�i�n�g� �d�i�s�s�i�p�a�t�e�d� �a�s� �h�e�a�t� �i�n� �o�t�h�e�r� 

�a�c�t�u�a�t�o�r� �t�y�p�e�s�.� 

�E�x�a�m�p�l�e� �4�.�1� �S�D�O�F� �S�t�r�u�c�t�u�r�e� �w�i�t�h� �M�a�s�s� �D�a�m�p�e�r� 

�C�o�n�s�i�d�e�r� �a� �b�u�i�l�d�i�n�g� �s�t�r�u�c�t�u�r�e� �w�i�t�h� �a� �m�a�s�s� �d�a�m�p�e�r� �o�n� �t�h�e� �t�o�p� �f�l�o�o�r�.� �T�h�e� �d�a�m�p�e�r� �i�s� �u�s�e�d� 

�p�r�i�m�a�r�i�l�y� �t�o� �s�u�p�p�r�e�s�s� �t�h�e� �f�i�r�s�t� �f�u�n�d�a�m�e�n�t�a�l� �m�o�d�e� �o�f� �m�o�t�i�o�n� �i�n�d�u�c�e�d� �b�y� �e�x�t�e�r�n�a�l� �d�i�s�t�u�r�b�a�n�c�e�s�.� �A� 

�s�i�n�g�l�e�-�d�e�g�r�e�e�-�o�f�-�f�r�e�e�d�o�m� �m�o�d�e�l� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �w�i�t�h� �t�h�e� �m�a�s�s� �d�a�m�p�e�r� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �4�.�3�.� 

�A�s�s�u�m�e� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �o�f� �t�h�e� �s�y�s�t�e�m� �t�o� �b�e� �m�,� �=� �1�0�4� �k�i�p�s�-�s�e�c�/�i�n�.�,� �c�,� �=� �2�.�0�8� �k�i�p�s�-�s�e�c�/�i�n�.�,� �k�,� �=� �1�0�4� 

�k�i�p�s�/�i�n�.�,� �m�g� �=� �2�.�0�8� �k�i�p�s�-�s�e�c�2�/�i�n�.�,� �c�y� �=� �0�.�1�3�7� �k�i�p�s�-�s�e�c�/�i�n�.�,� �a�n�d� �k�q� �=� �1�.�7�3� �k�i�p�s�/�i�n�.� �T�h�e� �n�o�n�l�i�n�e�a�r� 

�s�t�r�u�c�t�u�r�a�l� �s�t�i�f�f�n�e�s�s� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �a� �=� �0�.�1�,� �A� �=� �1�.�0�,� �B� �=� �0�.�1�8�,� �y� 

�=� �0�.�1�8�,� �a�n�d� �D�y� �=� �1�.�0� �i�n�.� 
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�F�i�g�.� �4�.�3� �S�i�n�g�l�e�-�d�e�g�r�e�e�-�o�f�-�f�r�e�e�d�o�m� �s�t�r�u�c�t�u�r�e� �w�i�t�h� �m�a�s�s� �d�a�m�p�e�r� 

�A� �r�o�o�t� �l�o�c�u�s� �p�l�o�t� �f�o�r� �a� �l�i�n�e�a�r� �m�o�d�e�l� �o�f� �t�h�e� �s�y�s�t�e�m�,� �w�i�t�h� �p�r�o�p�o�r�t�i�o�n�a�l� �f�e�e�d�b�a�c�k� �c�o�n�t�r�o�l�,� �i�s� 

�s�h�o�w�n� �i�n� �F�i�g�.� �4�.�4�.� �T�h�e� �s�t�r�u�c�t�u�r�e�'�s� �d�i�s�p�l�a�c�e�m�e�n�t� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �g�r�o�u�n�d� �i�s� �u�s�e�d� �a�s� �t�h�e� �f�e�e�d�b�a�c�k� 

�q�u�a�n�t�i�t�y�,� �i�.�e�.� �w�=� �K�y�,�.� �T�w�o� �o�f� �t�h�e� �p�o�l�e�s� �c�r�o�s�s� �o�v�e�r� �t�o� �t�h�e� �r�i�g�h�t� �h�a�l�f� �p�l�a�n�e� �a�t� �a� �g�a�i�n� �K� �=� �-�2�.�5�4�.� �T�h�e� 

�p�l�o�t� �s�h�o�w�s� �t�h�a�t� �o�p�t�i�m�u�m� �d�a�m�p�i�n�g� �i�s� �o�b�t�a�i�n�e�d� �j�u�s�t� �b�e�f�o�r�e� �t�h�e� �p�o�l�e�s� �b�r�e�a�k�a�w�a�y� �t�o�w�a�r�d�s� �K� �=� �+� �.� 

�A�f�t�e�r� �b�r�e�a�k�a�w�a�y�,� �o�n�l�y� �m�i�n�i�m�a�l� �c�h�a�n�g�e�s� �i�n� �t�h�e� �d�a�m�p�i�n�g� �r�a�t�i�o� �i�s� �o�b�t�a�i�n�e�d�.� �T�h�i�s� �i�m�p�l�i�e�s� �t�h�a�t� 

�i�n�c�r�e�a�s�i�n�g� �t�h�e� �g�a�i�n� �f�u�r�t�h�e�r� �d�o�e�s� �n�o�t� �p�r�o�v�i�d�e� �a�n�y� �s�i�g�n�i�f�i�c�a�n�t� �i�m�p�r�o�v�e�m�e�n�t� �i�n� �t�h�e� �s�y�s�t�e�m� �r�e�s�p�o�n�s�e�.� 
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�S�u�p�p�o�s�e� �t�h�a�t� �a� �w�i�n�d� �e�x�c�i�t�a�t�i�o�n� �w�i�t�h� �p�a�r�a�m�e�t�e�r�s� �p� �=� �9�.�7�5� �k�i�p�s� �a�n�d� �w� �=�1�.�0� �r�a�d�/�s�e�c� �i�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� 

�s�t�r�u�c�t�u�r�e�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �d�i�s�p�l�a�c�e�m�e�n�t� �f�o�r� �v�a�r�i�o�u�s� �g�a�i�n� �v�a�l�u�e�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�.� �4�.�5�.� �I�n� �t�h�e�s�e� 

�s�i�m�u�l�a�t�i�o�n�s�,� �i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �e�x�c�i�t�a�t�i�o�n� �i�s� �a�p�p�l�i�e�d� �i�n�d�e�f�i�n�i�t�e�l�y�.� �I�n� �t�h�e� �a�c�t�u�a�l� �c�a�s�e�,� �t�h�e� 

�e�x�c�i�t�a�t�i�o�n� �h�a�s� �a� �f�i�n�i�t�e� �d�u�r�a�t�i�o�n� �a�n�d� �e�v�e�n�t�u�a�l�l�y� �r�e�d�u�c�e�s� �t�o� �z�e�r�o�.� �T�h�e� �s�i�m�u�l�a�t�i�o�n�s� �u�s�e� �a� �n�o�n�l�i�n�e�a�r� 

�m�o�d�e�l� �f�o�r� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �s�t�i�f�f�n�e�s�s�.� �T�h�e� �t�i�m�e� �d�e�l�a�y� �a�n�d� �m�e�a�s�u�r�e�m�e�n�t� �t�i�m�e� �a�r�e� �f�i�x�e�d� �a�t� �0�.�0� �s�e�c�o�n�d�s� 

�a�n�d� 

�s�i�g�n�i�f�i�c�a�n�t� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t�.� �T�h�u�s�,� �c�o�n�t�r�o�l� �e�f�f�i�c�i�e�n�c�y� �i�s� �m�a�x�i�m�u�m� �n�e�a�r� �t�h�i�s� �v�a�l�u�e� �o�f� 
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�s�h�o�w�n� �i�n� �T�a�b�l�e� �4�.�1�.� �T�h�e�r�e� �i�s� �a� �7�9� �%� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �p�e�a�k� �d�i�s�p�l�a�c�e�m�e�n�t� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�.� �H�o�w�e�v�e�r�,� 

�t�h�i�s� �i�s� �a�c�c�o�m�p�a�n�i�e�d� �b�y� �a� �6�8� �%� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �p�e�a�k� �s�t�r�o�k�e� �l�e�n�g�t�h�.� �T�h�u�s�,� �r�e�d�u�c�i�n�g� �t�h�e� �p�e�a�k� 

�d�i�s�p�l�a�c�e�m�e�n�t� �w�i�l�l� �r�e�q�u�i�r�e� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �s�t�r�o�k�e� �l�e�n�g�t�h�.� 

�T�A�B�L�E� �4�.�1� �C�o�m�p�a�r�i�s�o�n� �o�f� �R�e�s�p�o�n�s�e� �f�o�r� �P�a�s�s�i�v�e� �a�n�d� �P�r�o�p�o�r�t�i�o�n�a�l� �C�o�n�t�r�o�l� 
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�C�O�N�T�R�O�L� �T�Y�P�E� �y�.�(�p�e�a�k�)� �y�,�(�r�m�s�)� �z�(�p�e�a�k�)� �z�(�r�m�s�)� 

�P�a�s�s�i�v�e� �4�.�6�2�7�5� �1�.�8�8�9�5� �1�5�.�4�8�3�9� �9�.�3�4�2�2� 

�P�r�o�p�o�r�t�i�o�n�a�l� �C�o�n�t�r�o�l� �0�.�9�7�6�5� �0�.�3�3�4�2� �2�6�.�0�3�8�9� �1�1�.�5�8�4�9� � � 
� � 

�w�h�e�r�e� �y�,� �i�s� �t�h�e� �s�t�r�u�c�t�u�r�e�'�s� �d�i�s�p�l�a�c�e�m�e�n�t� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �g�r�o�u�n�d� �(�i�n�.�)� �a�n�d� �z� �i�s� �t�h�e� �r�e�l�a�t�i�v�e� 

�d�i�s�p�l�a�c�e�m�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �s�t�r�u�c�t�u�r�e� �a�n�d� �t�h�e� �d�a�m�p�e�r� �(�i�n�.�)�.� �z� �i�s� �a�l�s�o� �c�a�l�l�e�d� �t�h�e� �s�t�r�o�k�e� �l�e�n�g�t�h�.� 
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�F�i�g�.� �4�.�6� �s�h�o�w�s� �t�h�e� �r�e�q�u�i�r�e�d� �a�c�t�u�a�t�o�r� �f�o�r�c�e�,� �p�o�w�e�r�,� �a�n�d� �e�n�e�r�g�y� �f�o�r� �K� �=� �1�5�.� �N�o�t�e� �t�h�a�t� �t�h�e�r�e� �a�r�e� 

�p�e�r�i�o�d�s� �o�f� �n�e�g�a�t�i�v�e� �a�c�t�u�a�t�o�r� �p�o�w�e�r�.� �T�h�i�s� �m�e�a�n�s� �t�h�a�t� �p�o�w�e�r� �f�l�o�w�s� �f�r�o�m� �t�h�e� �r�e�g�e�n�e�r�a�t�i�v�e� �a�c�t�u�a�t�o�r� 

�t�o� �i�t�s� �e�l�e�c�t�r�i�c�a�l� �s�u�p�p�l�y�.� �T�h�e� �r�e�c�o�v�e�r�e�d� �e�n�e�r�g�y� �i�s� �s�t�o�r�e�d� �f�o�r� �l�a�t�e�r� �u�s�e�,� �i�n�s�t�e�a�d� �o�f� �b�e�i�n�g� �d�i�s�s�i�p�a�t�e�d� �a�s� 

�h�e�a�t�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �e�n�e�r�g�y� �s�u�p�p�l�i�e�d� �b�y� �t�h�e� �s�o�u�r�c�e� �t�o� �t�h�e� �a�c�t�u�a�t�o�r� �i�s� �n�o�t� �m�o�n�o�t�o�n�i�c�a�l�l�y� �i�n�c�r�e�a�s�i�n�g� 

�a�s� �o�n�e� �w�o�u�l�d� �e�x�p�e�c�t� �f�o�r� �p�u�r�e�l�y�-�m�o�t�o�r�i�n�g� �o�p�e�r�a�t�i�o�n�.� �R�e�g�e�n�e�r�a�t�i�o�n� �i�s� �a�c�h�i�e�v�e�d� �w�h�e�n�e�v�e�r� �n�e�g�a�t�i�v�e� 

�p�o�w�e�r� �b�e�c�o�m�e�s� �a�v�a�i�l�a�b�l�e�.� 

�C�o�n�t�r�o�l� �I�n�p�u�t� �f�o�r� �P�r�o�p�o�r�t�i�o�n�a�l� �C�o�n�t�r�o�l� 
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�F�i�g�.� �4�.�6� �A�c�t�u�a�t�o�r� �f�o�r�c�e�,� �p�o�w�e�r�,� �a�n�d� �e�n�e�r�g�y� �f�o�r� �K� �=� �1�5� 
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�2�0� �4�0� �6�0� �8�0� �1�0�0� 

�T�i�m�e� �[�s�e�c�]� 

�F�i�g�.� �4�.�7� �D�a�m�p�e�r� �s�t�r�o�k�e� �l�e�n�g�t�h� �f�o�r� �K� �=� �1�5� 

�F�i�g�.� �4�.�7� �s�h�o�w�s� �a� �p�l�o�t� �o�f� �t�h�e� �d�a�m�p�e�r� �s�t�r�o�k�e� �l�e�n�g�t�h� �w�h�e�n� �t�h�e� �g�a�i�n� �i�s� �K� �=� �1�5�.� �W�h�e�n� �t�h�e� �s�t�r�o�k�e� 

�v�e�l�o�c�i�t�y� �h�a�s� �t�h�e� �s�a�m�e� �p�o�l�a�r�i�t�y� �o�r� �d�i�r�e�c�t�i�o�n� �a�s� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e�,� �t�h�e�n� �p�o�s�i�t�i�v�e� �p�o�w�e�r� �i�s� �o�b�t�a�i�n�e�d�.� 

�T�h�i�s� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �m�o�t�o�r�i�n�g� �a�c�t�i�o�n� �i�n� �t�h�e� �r�e�g�e�n�e�r�a�t�i�v�e� �a�c�t�u�a�t�o�r�.� �E�n�e�r�g�y� �i�s� �b�e�i�n�g� �d�r�a�w�n� �f�r�o�m� �t�h�e� 

�e�l�e�c�t�r�i�c�a�l� �s�u�p�p�l�y�.� �I�f� �t�h�e� �s�t�r�o�k�e� �v�e�l�o�c�i�t�y� �i�s� �i�n� �t�h�e� �o�p�p�o�s�i�t�e� �d�i�r�e�c�t�i�o�n� �a�s� �t�h�e� �a�c�t�u�a�t�o�r� �f�o�r�c�e�,� �t�h�e�n� 
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�g�e�n�e�r�a�t�o�r� �a�c�t�i�o�n� �o�c�c�u�r�s� �a�n�d� �n�e�g�a�t�i�v�e� �p�o�w�e�r� �i�s� �o�b�t�a�i�n�e�d�.� �I�n� �t�h�i�s� �c�a�s�e�,� �e�n�e�r�g�y� �i�s� �r�e�t�u�r�n�e�d� �t�o� �t�h�e� 

�a�c�t�u�a�t�o�r� �e�l�e�c�t�r�i�c�a�l� �s�u�p�p�l�y� �s�o�u�r�c�e�.� 

�L�i�n�e�a�r� �v�e�r�s�u�s� �N�o�n�l�i�n�e�a�r� �M�o�d�e�l� �R�e�s�p�o�n�s�e� 

�A� �c�o�m�p�a�r�i�s�o�n� �i�s� �m�a�d�e� �b�e�t�w�e�e�n� �t�h�e� �r�e�s�u�l�t�i�n�g� �d�i�s�p�l�a�c�e�m�e�n�t� �f�o�r� �a� �l�i�n�e�a�r� �a�n�d� �a� �n�o�n�l�i�n�e�a�r� 

�m�o�d�e�l� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �r�e�s�u�l�t�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �4�.�8�.� �C�l�e�a�r�l�y�,� �t�h�e� �u�s�e� 

�o�f� �a� �l�i�n�e�a�r� �m�o�d�e�l� �w�i�l�l� �n�o�t� �a�f�f�e�c�t� �t�h�e� �r�e�s�u�l�t�s� �s�i�g�n�i�f�i�c�a�n�t�l�y�.� �I�t� �i�s� �a�s�s�u�m�e�d�,� �h�o�w�e�v�e�r�,� �t�h�a�t� �c�o�n�t�r�o�l� �i�s� 

�a�p�p�l�i�e�d� �i�m�m�e�d�i�a�t�e�l�y� �a�t� �t�h�e� �s�t�a�r�t� �o�f� �t�h�e� �d�i�s�t�u�r�b�a�n�c�e�.� �O�t�h�e�r�w�i�s�e�,� �t�h�e� �i�n�i�t�i�a�l� �c�o�n�d�i�t�i�o�n�s� �w�i�l�l� �b�e�c�o�m�e� 

�d�i�f�f�e�r�e�n�t� �f�o�r� �t�h�e� �t�w�o� �s�i�m�u�l�a�t�i�o�n�s�.� �I�t� �i�s� �n�o�t�i�c�e�d� �t�h�a�t� �t�h�e�r�e� �i�s� �z�e�r�o� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� 

�s�i�m�u�l�a�t�i�o�n�s� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �s�i�m�u�l�a�t�i�o�n�.� �T�h�i�s� �s�i�m�p�l�y� �m�e�a�n�s� �t�h�a�t� �t�h�e� �n�o�n�l�i�n�e�a�r� �s�i�m�u�l�a�t�i�o�n� 

�k�e�e�p�s� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �w�i�t�h�i�n� �t�h�e� �e�l�a�s�t�i�c� �(�l�i�n�e�a�r�)� �r�e�g�i�o�n� �o�f� �t�h�e� �s�t�i�f�f�n�e�s�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� 
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�0� �2�0� �4�0� �6�0� �8�0� �1�0�0� 
�T�i�m�e�[�s�e�c�]� 

�F�i�g�.� �4�.�8� �D�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �a� �l�i�n�e�a�r� �a�n�d� �a� �n�o�n�l�i�n�e�a�r� �s�i�m�u�l�a�t�i�o�n� 

�G�a�i�n� �V�a�r�i�a�t�i�o�n� 

�T�h�e� �s�e�n�s�i�t�i�v�i�t�i�e�s� �o�f� �t�h�e� �m�a�x�i�m�u�m� �d�i�s�p�l�a�c�e�m�e�n�t�,� �c�o�n�t�r�o�l� �f�o�r�c�e�,� �a�n�d� �d�a�m�p�e�r� �s�t�r�o�k�e�-�l�e�n�g�t�h� 

�t�o� �v�a�r�i�a�t�i�o�n�s� �i�n� �g�a�i�n� �(�X�K�)� �a�r�e� �s�h�o�w�n� �i�n� �f�i�g�u�r�e�s� �4�.�9�,� �4�.�1�0�,� �a�n�d� �4�.�1�1�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �I�n�c�r�e�a�s�i�n�g� �t�h�e� �g�a�i�n� 

�a�b�o�v�e� �K� �=� �7� �d�o�e�s� �n�o�t� �p�r�o�d�u�c�e� �a�n�y� �s�i�g�n�i�f�i�c�a�n�t� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �m�a�x�i�m�u�m� �d�i�s�p�l�a�c�e�m�e�n�t�.� �T�h�u�s�,� �t�h�e� 

�l�a�r�g�e�r� �c�o�n�t�r�o�l� �f�o�r�c�e� �b�e�i�n�g� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �l�a�r�g�e�r� �g�a�i�n�s� �d�o�e�s� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �t�r�a�n�s�l�a�t�e� �t�o� �a� 

�p�r�o�p�o�r�t�i�o�n�a�l� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �p�e�a�k� �d�i�s�p�l�a�c�e�m�e�n�t�.� �I�n� �f�a�c�t�,� �t�h�e� �m�a�x�i�m�u�m� �d�i�s�p�l�a�c�e�m�e�n�t� �s�t�a�r�t�s� �t�o� 

�i�n�c�r�e�a�s�e� �a�f�t�e�r� �K� �=� �5�0�.� �L�o�o�k�i�n�g� �a�t� �t�h�e� �r�o�o�t� �l�o�c�u�s� �o�f� �t�h�e� �l�i�n�e�a�r� �s�y�s�t�e�m�,� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� 

�d�i�s�p�l�a�c�e�m�e�n�t� �p�e�a�k� �c�a�n� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �d�a�m�p�i�n�g� �r�a�t�i�o� �o�f� �t�w�o� �s�y�s�t�e�m� �p�o�l�e�s� 

�w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �K�.� �A�s� �e�x�p�e�c�t�e�d�,� �t�h�e� �m�a�x�i�m�u�m� �c�o�n�t�r�o�l� �f�o�r�c�e� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �t�h�e� �g�a�i�n�.� �T�h�e� �s�t�r�o�k�e�-� 

�l�e�n�g�t�h� �a�l�s�o� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �g�a�i�n� �t�o� �p�r�o�v�i�d�e� �t�h�e� �l�a�r�g�e�r� �c�o�n�t�r�o�l� �f�o�r�c�e�.� 
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�a�c�c�o�m�p�a�n�i�e�d� �b�y� �a� �8�2�0�%� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �p�e�a�k� �d�a�m�p�e�r� �s�t�r�o�k�e�.� �A�s� �e�x�p�e�c�t�e�d�,� �t�h�e� �e�i�g�h�t�h� �f�l�o�o�r� 

�e�x�p�e�r�i�e�n�c�e�s� �t�h�e� �l�a�r�g�e�s�t� �d�i�s�p�l�a�c�e�m�e�n�t� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �g�r�o�u�n�d�.� �T�h�i�s� �p�e�a�k� �d�i�s�p�l�a�c�e�m�e�n�t� �i�s� �r�e�d�u�c�e�d� 

�b�y� �3�6�%� �w�i�t�h� �p�r�o�p�o�r�t�i�o�n�a�l� �c�o�n�t�r�o�l� �a�p�p�l�i�e�d�.� 
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�T�A�B�L�E� �4�.�3� �C�o�m�p�a�r�i�s�o�n� �o�f� �R�e�s�p�o�n�s�e� �f�o�r� �P�a�s�s�i�v�e� �a�n�d� �P�r�o�p�o�r�t�i�o�n�a�l� �C�o�n�t�r�o�l� 
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�F�L�O�O�R� �Z�p�a�s� �Z�o� �R�n�a�s� �R�o�o� �Y�n�a�s� �o�r�a� 
�1� �1�.�9�0�6�7� �1�.�3�4�0�0� �0�.�7�1�0�0� �0�.�4�8�6�7� �1�.�9�0�6�7� �1�.�3�4�0�0� 

�2� �1�.�9�3�2�1� �1�.�3�5�2�0� �0�.�7�1�9�7� �0�.�4�9�2�6� �3�.�8�3�8�8� �2�.�6�9�2�0� 
�3� �2�.�0�8�0�3� �1�.�4�4�2�2� �0�.�7�7�5�5� �0�.�5�2�9�5� �5�.�9�1�9�1� �4�.�1�3�4�2� 
�4� �1�.�9�9�4�9� �1�.�3�6�0�3� �0�.�7�4�4�7� �0�.�5�0�8�2� �7�.�9�1�4�0� �5�.�4�9�4�5� 

�5� �1�.�8�9�9�5� �1�.�2�5�9�1� �0�.�7�1�0�7� �0�.�4�8�9�2� �9�.�8�1�3�4� �6�.�7�5�3�6� 

�6� �1�.�7�7�9�1� �1�.�1�2�0�7� �0�.�6�6�8�4� �0�.�4�7�9�6� �1�1�.�5�9�2�5� �7�.�8�7�3�0� 
�7� �1�.�5�2�3�1� �0�.�9�0�0�6� �0�.�5�7�7�3� �0�.�4�8�6�0� �1�3�.�1�1�5�6� �8�.�7�2�4�9� 

�8� �0�.�9�5�3�2� �1�.�0�2�3�5� �0�.�3�7�2�0� �0�.�5�5�3�7� �1�4�.�0�6�7�2� �9�.�0�4�8�4� 
�D�a�m�p�e�r� �2�4�.�4�8�8�1� �2�2�5�.�2�1�2�9� �9�.�9�1�7�6� �1�2�1�.�1�7�0�3� �2�1�.�3�2�5�0� �2�2�5�.�2�8�9�3� 
� � 

� � 
�w�h�e�r�e� �Z� �i�s� �t�h�e� �m�a�x�i�m�u�m� �i�n�t�e�r�s�t�o�r�y� �d�r�i�f�t� �(�c�m�)�,� �R� �i�s� �t�h�e� �R�M�S� �v�a�l�u�e� �o�f� �t�h�e� �i�n�t�e�r�s�t�o�r�y� �d�r�i�f�t� �(�c�m�)�,� �Y� 

�i�s� �t�h�e� �m�a�x�i�m�u�m� �d�i�s�p�l�a�c�e�m�e�n�t� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �g�r�o�u�n�d� �(�c�m�)�,� �p�a�s� �i�s� �a� �s�u�b�s�c�r�i�p�t� �d�e�n�o�t�i�n�g� �p�a�s�s�i�v�e� 

�c�o�n�t�r�o�l� �r�e�s�p�o�n�s�e�,� �a�n�d� �p�r�o� �i�s� �a� �s�u�b�s�c�r�i�p�t� �d�e�n�o�t�i�n�g� �p�r�o�p�o�r�t�i�o�n�a�l� �c�o�n�t�r�o�l� �r�e�s�p�o�n�s�e� 

�T�h�e� �a�c�t�u�a�t�o�r� �f�o�r�c�e�,� �p�o�w�e�r�,� �a�n�d� �e�n�e�r�g�y� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �4�.�2�5�.� �T�h�e� �p�e�a�k� �a�c�t�u�a�t�o�r� �f�o�r�c�e� �i�s� 

�9�0�5� �K�N�,� �w�h�i�c�h� �i�s� �2�9�%� �o�f� �t�h�e� �p�e�a�k� �d�i�s�t�u�r�b�a�n�c�e� �f�o�r�c�e� �(�3�1�2�8� �k�N�)� �a�p�p�l�i�e�d� �t�o� �t�h�e� �s�t�r�u�c�t�u�r�e�.� �A�g�a�i�n�,� 

�t�h�e�r�e� �a�r�e� �p�e�r�i�o�d�s� �w�h�e�r�e� �t�h�e� �r�e�g�e�n�e�r�a�t�i�v�e� �a�c�t�u�a�t�o�r�'�s� �p�o�w�e�r� �i�s� �n�e�g�a�t�i�v�e�.� �T�h�i�s� �m�e�a�n�s� �t�h�a�t� �t�h�e� 

�a�c�t�u�a�t�o�r� �i�s� �a�b�l�e� �t�o� �r�e�g�e�n�e�r�a�t�e� �a�n�d� �s�t�o�r�e� �t�h�i�s� �e�n�e�r�g�y�.� �T�h�e� �n�e�t� �e�n�e�r�g�y� �f�l�o�w� �i�s�,� �h�o�w�e�v�e�r�,� �f�r�o�m� �t�h�e� 

�s�o�u�r�c�e� �t�o� �t�h�e� �a�c�t�u�a�t�o�r�.� 
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�O�o� �1�0� 
�T�i�m�e� �[�s�e�c�]� 

�F�i�g�.� �4�.�2�5� �A�c�t�u�a�t�o�r� �f�o�r�c�e�,� �p�o�w�e�r�,� �a�n�d� �e�n�e�r�g�y� �f�o�r� �p�r�o�p�o�r�t�i�o�n�a�l� �c�o�n�t�r�o�l� 
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�T�h�e� �d�a�m�p�e�r� �s�t�r�o�k�e� �l�e�n�g�t�h� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �4�.�2�6�.� �W�h�e�n� �t�h�e� �s�t�r�o�k�e� �v�e�l�o�c�i�t�y� �i�s� �i�n� �t�h�e� �s�a�m�e� 

�d�i�r�e�c�t�i�o�n� �a�s� �t�h�e� �a�p�p�l�i�e�d� �c�o�n�t�r�o�l� �f�o�r�c�e�,� �t�h�e�n� �p�o�s�i�t�i�v�e� �p�o�w�e�r� �i�s� �d�r�a�w�n� �f�r�o�m� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �s�o�u�r�c�e�.� 

�M�o�t�o�r�i�n�g� �a�c�t�i�o�n� �o�c�c�u�r�s� �i�n� �t�h�e� �a�c�t�u�a�t�o�r�.� �W�h�e�n� �t�h�e� �s�t�r�o�k�e� �v�e�l�o�c�i�t�y� �a�n�d� �c�o�n�t�r�o�l� �f�o�r�c�e� �a�r�e� �i�n� 

�o�p�p�o�s�i�t�e� �d�i�r�e�c�t�i�o�n�,� �t�h�e�n� �g�e�n�e�r�a�t�o�r� �a�c�t�i�o�n� �o�c�c�u�r�s� �a�n�d� �e�n�e�r�g�y� �i�s� �r�e�c�o�v�e�r�e�d� �a�n�d� �s�t�o�r�e�d� �f�o�r� �l�a�t�e�r� �u�s�e�.� 
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�0� �5� �1�0� �1�5� �2�0� 

�T�i�m�e� �[�s�e�c�]� 

�F�i�g�.� �4�.�2�6� �D�a�m�p�e�r� �s�t�r�o�k�e� �l�e�n�g�t�h� �f�o�r� �p�r�o�p�o�r�t�i�o�n�a�l� �c�o�n�t�r�o�l� 

�T�h�e� �e�f�f�e�c�t� �o�f� �v�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� �g�a�i�n� �o�n� �t�h�e� �m�a�x�i�m�u�m� �i�n�t�e�r�s�t�o�r�y� �d�r�i�f�t�,� �t�h�e� �m�a�x�i�m�u�m� �d�a�m�p�e�r� �s�t�r�o�k�e�,� 

�t�h�e� �m�a�x�i�m�u�m� �d�i�s�p�l�a�c�e�m�e�n�t� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �g�r�o�u�n�d�,� �a�n�d� �t�h�e� �m�a�x�i�m�u�m� �c�o�n�t�r�o�l� �f�o�r�c�e� �i�s� �s�h�o�w�n� �i�n� 

�f�i�g�u�r�e�s� �4�.�2�7�,� �4�.�2�8�,� �4�.�2�9�,� �a�n�d� �4�.�3�0�.� �I�n�c�r�e�a�s�i�n�g� �t�h�e� �g�a�i�n� �r�e�d�u�c�e�s� �t�h�e� �i�n�t�e�r�s�t�o�r�y� �d�r�i�f�t�s�,� �b�u�t� �i�n�c�r�e�a�s�e�s� 

�t�h�e� �r�e�q�u�i�r�e�d� �c�o�n�t�r�o�l� �f�o�r�c�e�.� �T�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e� �c�a�u�s�e�s� �a� �c�o�r�r�e�s�p�o�n�d�i�n�g� �i�n�c�r�e�a�s�e� �i�n� 

�t�h�e� �d�a�m�p�e�r� �s�t�r�o�k�e�.� �B�e�c�a�u�s�e� �o�n�l�y� �o�n�e� �f�e�e�d�b�a�c�k� �v�a�r�i�a�b�l�e� �i�s� �u�s�e�d�,� �a� �v�e�r�y� �l�i�m�i�t�e�d� �a�m�o�u�n�t� �o�f� 

�a�d�j�u�s�t�m�e�n�t� �i�n� �t�h�e� �s�y�s�t�e�m� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �i�s� �a�t�t�a�i�n�a�b�l�e�.� �A�t� �a� �g�a�i�n� �o�f� �a�b�o�u�t� �1�0�0�0�,� �t�h�e� �i�n�t�e�r�s�t�o�r�y� 

�d�r�i�f�t�s� �s�t�a�r�t� �t�o� �d�e�c�r�e�a�s�e� �b�u�t�,� �a�t� �t�h�e� �s�a�m�e� �t�i�m�e�,� �t�h�e� �d�a�m�p�e�r� �s�t�r�o�k�e� �a�n�d� �c�o�n�t�r�o�l� �f�o�r�c�e� �s�h�o�w� �a� 

�s�i�g�n�i�f�i�c�a�n�t� �i�n�c�r�e�a�s�e�.� 
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�G�a�i�n� �(�K�N�/�m�]� �G�a�i�n� �[�k�K�N�/�m�]� 

�F�i�g�.� �4�.�2�7� �E�f�f�e�c�t� �o�f� �g�a�i�n� �v�a�r�i�a�t�i�o�n�o�n�t�h�e� �~�~� �F�i�g�.� �4�.�2�8� �E�f�f�e�c�t� �o�f� �g�a�i�n� �v�a�r�i�a�t�i�o�n� �o�n� �t�h�e� �m�a�x�i�m�u�m� 
�m�a�x�i�m�u�m� �i�n�t�e�r�s�t�o�r�y� �d�r�i�f�t� �d�a�m�p�e�r� �s�t�r�o�k�e� 
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�=� �8� 
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�D� �g�.� �=� �5�0�0�°� 
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�x� �i� 
�=� �«�|� �6� �0� 

�1�0�°� �1�0�°� �1�0�°� �1�0�°� 
�G�a�i�n� �[�k�K�N�/�m�]� �G�a�i�n� �[�k�K�N�/�m�]� 

�F�i�g�.� �4�.�2�9� �E�f�f�e�c�t� �o�f� �g�a�i�n� �v�a�r�i�a�t�i�o�n� �o�n� �t�h�e� �m�a�x�i�m�u�m� �F�i�g�.� �4�.�3�0� �E�f�f�e�c�t� �o�f� �g�a�i�n� �v�a�r�i�a�t�i�o�n� �o�n� �t�h�e� �m�a�x�i�m�u�m� 
�d�i�s�p�l�a�c�e�m�e�n�t� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �g�r�o�u�n�d� �c�o�n�t�r�o�l� �f�o�r�c�e� 

�E�x�a�m�p�l�e� �4�.�4� �L�i�n�e�a�r�,� �B�a�s�e�-�I�s�o�l�a�t�e�d�,� �8�-�S�t�o�r�y� �B�u�i�l�d�i�n�g� �w�i�t�h� �a� �M�a�s�s� �D�a�m�p�e�r� �o�n� �t�h�e� 

�B�a�s�e� �F�l�o�o�r� 

�F�i�g�.� �4�.�3�1� �s�h�o�w�s� �a� �l�i�n�e�a�r�,� �b�a�s�e�-�i�s�o�l�a�t�e�d�,� �8�-�s�t�o�r�y� �b�u�i�l�d�i�n�g� �w�i�t�h� �a� �m�a�s�s� �d�a�m�p�e�r� �o�n� �t�h�e� �b�a�s�e� 

�f�l�o�o�r�.� 
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�F�i�g�.� �4�.�3�1� �L�i�n�e�a�r�,� �b�a�s�e�-�i�s�o�l�a�t�e�d�,� �e�i�g�h�t�-�-�s�t�o�r�y� �s�t�r�u�c�t�u�r�e� 

�T�a�b�l�e� �4�.�4� �g�i�v�e�s� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�.� 
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�U�s�i�n�g� �a� �s�a�m�p�l�i�n�g� �t�i�m�e� �(�7�)� �o�f� �0�.�1�0� �s�e�c�,� �t�h�e� �s�y�s�t�e�m� �o�f� �E�x�a�m�p�l�e� �4�.�1� �i�s� �d�i�s�c�r�e�t�i�z�e�d� �u�s�i�n�g� 

�t�h�e� �z�e�r�o�-�o�r�d�e�r�-�h�o�l�d� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�.� �I�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �s�y�s�t�e�m� �i�s� �c�o�m�p�l�e�t�e�l�y� �l�i�n�e�a�r� �a�n�d� �i�s� �b�e�i�n�g� 
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�s�h�o�w�n� �i�n� �F�i�g�.� �4�.�5�6�.� �T�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �r�e�s�p�o�n�s�e� �g�i�v�e�n� �i�n� �F�i�g�.� �4�.�5�7� �i�s� �f�o�r� �t�h�e� �c�a�s�e� �w�h�e�n� �a� �f�e�e�d�b�a�c�k� 

�g�a�i�n� �o�f� �1�5� �k�i�p�s�/�i�n� �i�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �t�o� �g�e�n�e�r�a�t�e� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e� �u�.� �F�e�e�d�f�o�r�w�a�r�d� 

�c�o�n�t�r�o�l�,� �u�s�i�n�g� �a� �g�a�i�n� �o�f� �0�.�1�2� �k�i�p�s�/�k�i�p�s�,� �r�e�s�u�l�t�s� �i�n� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �r�e�s�p�o�n�s�e� �s�h�o�w�n� �i�n� �F�i�g�.� �4�.�5�8�.� 

�8�6



� � � � 

�O�
o� 

�w
�o

� 
�R�h� 

�D
�i�

s�
p�

l�a
�c

�e
�m

�e
�n

�t�
 

�[�i�n
�]� 

�T� 
�¥� 

�
°
�
 

�
=

�
 

�N
�y�

 
�w�o

� 
�h�f� 

 ��_
� 

�D
�i�

s�
p�

l�a
�c

�e
�m

�e
�n

�t�
 

�[�i�n
�]� 

�O�o� 

�
<

�
a
�
 

�
o
�
T

�
 

� � 

� � � � � � 
� � � � 

�-�2�-� �-�2� 

�-�3�-� �-�3�+� �!� 

�-�4� �,� �-�4� �,� �,� �;� 
�0� �2�0�0� �4�0�0� �6�0�0� �8�0�0� �1�0�0�0� �0� �2�0�0� �4�0�0� �6�0�0� �8�0�0� �1�0�0�0� 

�N�u�m�b�e�r� �o�f� �S�a�m�p�l�e�s� �N�u�m�b�e�r� �o�f� �S�a�m�p�i�e�s� 

�F�i�g�.� �4�.�5�6� �D�i�s�p�l�a�c�e�m�e�n�t� �w�i�t�h�o�u�t� �c�o�n�t�r�o�l� �F�i�g�.� �4�.�5�7� �D�i�s�p�l�a�c�e�m�e�n�t� �w�i�t�h� �d�i�s�p�l�a�c�e�m�e�n�t�:� 
�f�e�e�d�b�a�c�k� �c�o�n�t�r�o�l� 

�K� �=� �0�.�1�2� 
� � 

�=
� 

�N
�O

� 
�W�O�

 
�&

� 

�D
�i�

s�
p�

l�a
�c

�e
�m

�e
�n

�t�
 

�[�i�
n�]�

 
�~

� 
�o

� 
�'� �N
�O

� 
�'� �w
�o

� 

�1� � � 
� � 

 �� �&
� 

�2�0�0� �4�0�0� �6�0�0� �8�0�0� �4�1�0�0�0� 
�N�u�m�b�e�r� �o�f� �S�a�m�p�l�e�s� 

�o�S� 

�F�i�g�.� �4�.�5�8� �D�i�s�p�l�a�c�e�m�e�n�t� �w�i�t�h� �f�e�e�d�f�o�r�w�a�r�d� �c�o�n�t�r�o�l� 

�T�h�e�s�e� �r�e�s�u�l�t�s� �s�h�o�w� �t�h�a�t� �t�h�e�r�e� �i�s� �a� �n�e�g�l�i�g�i�b�l�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �u�s�i�n�g� �a� �c�o�n�t�i�n�u�o�u�s� �a�n�d� �a� 

�d�i�s�c�r�e�t�e�-�t�i�m�e� �m�o�d�e�l� �i�n� �t�h�e� �s�i�m�u�l�a�t�i�o�n�s�.� �B�o�t�h� �m�o�d�e�l�s� �y�i�e�l�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�h�e� �s�a�m�e� �r�e�s�u�l�t�s�.� 

�4�.�5� �S�U�M�M�A�R�Y� 

�T�h�i�s� �c�h�a�p�t�e�r� �d�o�e�s� �n�o�t� �p�r�e�s�e�n�t� �a�n�y� �o�r�i�g�i�n�a�l� �c�o�n�t�r�i�b�u�t�i�o�n�.� �I�t�s� �m�a�i�n� �p�u�r�p�o�s�e� �i�s� �t�o� �p�r�o�v�i�d�e� �a� 

�b�e�n�c�h�m�a�r�k� �a�g�a�i�n�s�t� �w�h�i�c�h� �c�o�n�t�r�o�l�l�e�r�s� �f�o�r� �t�h�e� �r�e�g�e�n�e�r�a�t�i�v�e� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r� �c�a�n� �b�e� �e�v�a�l�u�a�t�e�d� �a�n�d� 

�c�o�m�p�a�r�e�d�.� 

�F�o�r� �c�a�s�e�s� �i�n�v�o�l�v�i�n�g� �w�i�n�d� �e�x�c�i�t�a�t�i�o�n�,� �i�t� �i�s� �s�h�o�w�n� �t�h�a�t� �p�r�o�p�o�r�t�i�o�n�a�l� �f�e�e�d�b�a�c�k� �c�o�n�t�r�o�l� �c�a�n� 

�p�r�o�v�i�d�e� �e�f�f�e�c�t�i�v�e� �c�o�n�t�r�o�l�.� �T�h�e� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �s�t�r�u�c�t�u�r�e�'�s� �d�i�s�p�l�a�c�e�m�e�n�t� �i�s�,� �h�o�w�e�v�e�r�,� �a�c�c�o�m�p�a�n�i�e�d� 
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�b�y� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e� �a�n�d� �t�h�e� �s�t�r�o�k�e� �l�e�n�g�t�h�.� �T�h�e� �u�s�e� �o�f� �f�e�e�d�b�a�c�k� �c�o�n�t�r�o�l� �g�e�n�e�r�a�l�l�y� 

�r�e�d�u�c�e�s� �t�h�e� �d�a�m�p�i�n�g� �o�f� �t�h�e� �m�a�s�s� �d�a�m�p�e�r� �w�h�i�c�h�,� �i�n� �t�u�r�n�,� �i�n�c�r�e�a�s�e�s� �t�h�e� �s�t�r�o�k�e� �l�e�n�g�t�h�.� �A� �c�e�r�t�a�i�n� 

�a�m�o�u�n�t� �o�f� �g�a�i�n� �v�a�r�i�a�t�i�o�n� �i�s� �f�o�u�n�d� �t�o� �b�e� �t�o�l�e�r�a�b�l�e� �w�i�t�h�o�u�t� �d�e�g�r�a�d�i�n�g� �t�h�e� �r�e�s�p�o�n�s�e�.� �C�r�i�t�i�c�a�l� �v�a�l�u�e�s� 

�o�f� �a�c�t�u�a�t�o�r� �t�i�m�e� �d�e�l�a�y� �a�n�d� �m�e�a�s�u�r�e�m�e�n�t� �t�i�m�e� �d�e�l�a�y� �h�a�v�e� �t�o� �b�e� �d�e�t�e�r�m�i�n�e�d� �i�n� �o�r�d�e�r� �t�o� �s�e�t� �l�i�m�i�t�s� 

�o�n� �t�h�e�s�e� �q�u�a�n�t�i�t�i�e�s�.� �F�e�e�d�f�o�r�w�a�r�d� �c�o�n�t�r�o�l� �c�a�n� �a�l�s�o� �b�e� �u�s�e�d� �f�o�r� �w�i�n�d�-�e�x�c�i�t�e�d� �s�t�r�u�c�t�u�r�e�s�.� �C�r�i�t�i�c�a�l� 

�v�a�l�u�e�s� �f�o�r� �t�h�e� �g�a�i�n�,� �a�c�t�u�a�t�o�r� �t�i�m�e� �d�e�l�a�y�,� �a�n�d� �m�e�a�s�u�r�e�m�e�n�t� �t�i�m�e� �d�e�l�a�y� �d�e�t�e�r�m�i�n�e� �t�h�e� �l�i�m�i�t�s� �o�f� 

�e�f�f�e�c�t�i�v�e�n�e�s�s� �f�o�r� �t�h�i�s� �t�y�p�e� �o�f� �c�o�n�t�r�o�l�.� �S�i�m�u�l�a�t�i�o�n�s� �a�r�e� �c�o�n�d�u�c�t�e�d� �f�o�r� �a� �s�i�n�g�l�e�-�d�e�g�r�e�e�-�o�f�-�f�r�e�e�d�o�m� 

�s�y�s�t�e�m� �a�n�d� �a� �f�i�x�e�d�-�b�a�s�e� �m�u�l�t�i�s�t�o�r�y� �b�u�i�l�d�i�n�g�.� 

�F�e�e�d�b�a�c�k� �a�n�d� �f�e�e�d�f�o�r�w�a�r�d� �p�r�o�p�o�r�t�i�o�n�a�l� �c�o�n�t�r�o�l� �o�f� �t�h�e� �s�i�n�g�l�e�-�d�e�g�r�e�e�-�o�f�-�f�r�e�e�d�o�m� �s�y�s�t�e�m� 

�u�n�d�e�r� �e�a�r�t�h�q�u�a�k�e� �e�x�c�i�t�a�t�i�o�n� �i�s� �f�o�u�n�d� �t�o� �b�e� �i�n�e�f�f�e�c�t�i�v�e�.� �I�t� �i�s� �o�n�l�y� �s�l�i�g�h�t�l�y� �e�f�f�e�c�t�i�v�e� �f�o�r� �a� �b�a�s�e�-� 

�i�s�o�l�a�t�e�d� �m�u�l�t�i�s�t�o�r�y� �b�u�i�l�d�i�n�g�.� �R�e�g�e�n�e�r�a�t�i�o�n� �c�a�n� �b�e� �a�c�h�i�e�v�e�d� �w�h�i�l�e� �u�n�d�e�r� �p�r�o�p�o�r�t�i�o�n�a�l� �c�o�n�t�r�o�l�.� 
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�C�H�A�P�T�E�R� �5� 

�L�i�n�e�a�r� �Q�u�a�d�r�a�t�i�c� �C�o�n�t�r�o�l� 

�5�.�1� �I�N�T�R�O�D�U�C�T�I�O�N� 

�L�i�n�e�a�r� �q�u�a�d�r�a�t�i�c� �(�L�Q�)� �c�o�n�t�r�o�l�l�e�r�s� �c�o�n�s�t�i�t�u�t�e� �t�h�e� �m�o�s�t� �p�r�e�v�a�l�e�n�t� �t�y�p�e� �o�f� �s�t�r�u�c�t�u�r�a�l� �c�o�n�t�r�o�l�.� 

�M�o�s�t� �o�f� �t�h�e� �r�e�s�e�a�r�c�h� �e�f�f�o�r�t� �i�n� �p�a�s�t� �f�e�w� �y�e�a�r�s� �w�e�r�e� �g�e�a�r�e�d� �t�o�w�a�r�d�s� �t�h�i�s� �t�y�p�e� �o�f� �c�o�n�t�r�o�l� �f�o�r� �c�i�v�i�l� 

�s�t�r�u�c�t�u�r�e�s�.� �N�o� �o�r�i�g�i�n�a�l� �c�o�n�t�r�i�b�u�t�i�o�n�s� �a�r�e� �b�e�i�n�g� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�i�s� �c�h�a�p�t�e�r�.� �S�i�n�c�e� �m�o�s�t� �o�f� �t�h�e� 

�p�r�e�v�i�o�u�s� �w�o�r�k� �i�n� �a�c�t�i�v�e� �c�o�n�t�r�o�l� �o�f� �s�t�r�u�c�t�u�r�e�s� �u�s�e� �t�h�i�s� �m�e�t�h�o�d�,� �t�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� �c�h�a�p�t�e�r� �i�s� �t�o� 

�p�r�o�v�i�d�e� �a� �b�e�n�c�h�m�a�r�k� �a�g�a�i�n�s�t� �w�h�i�c�h� �c�o�n�t�r�o�l�l�e�r�s� �f�o�r� �t�h�e� �r�e�g�e�n�e�r�a�t�i�v�e� �e�l�e�c�t�r�i�c� �a�c�t�u�a�t�o�r� �a�r�e� 

�e�v�a�l�u�a�t�e�d�.� 

�S�i�n�c�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �d�i�s�t�u�r�b�a�n�c�e�s� �a�r�e� �s�e�l�d�o�m� �k�n�o�w�n� �a� �p�r�i�o�r�i�,� �t�h�e� �r�e�g�u�l�a�t�o�r� �s�o�l�u�t�i�o�n� 

�p�r�e�s�e�n�t�e�d� �i�n� �t�h�i�s� �c�h�a�p�t�e�r� �i�s� �u�s�e�d� �t�o� �s�e�a�r�c�h� �f�o�r� �t�h�e� �b�e�s�t� �c�l�o�s�e�d�-�l�o�o�p� �c�o�n�t�r�o�l� �l�a�w� �f�o�r� �s�t�r�u�c�t�u�r�e�s� 

�s�u�b�j�e�c�t�e�d� �t�o� �u�n�k�n�o�w�n� �d�i�s�t�u�r�b�a�n�c�e�s�.� �T�h�i�s� �i�s� �d�o�n�e� �b�y� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� �c�o�n�t�r�o�l�l�e�d� 

�s�t�r�u�c�t�u�r�e� �w�h�e�n� �s�u�b�j�e�c�t�e�d� �t�o� �s�o�m�e� �a�s�s�u�m�e�d� �d�i�s�t�u�r�b�a�n�c�e�s�.� �T�h�e� �b�e�s�t� �r�e�g�u�l�a�t�o�r� �i�s� �o�n�e� �w�h�i�c�h� 

�p�e�r�f�o�r�m�s� �w�e�l�l� �f�o�r� �m�o�s�t� �o�f� �t�h�e� �a�s�s�u�m�e�d� �e�x�c�i�t�a�t�i�o�n�s� �a�n�d� �e�x�c�i�t�a�t�i�o�n�s� �w�h�i�c�h� �c�l�o�s�e�l�y� �r�e�s�e�m�b�l�e� �t�h�e� 

�a�c�t�u�a�l� �d�i�s�t�u�r�b�a�n�c�e�s�.� 

�T�h�e� �L�Q� �c�o�n�t�r�o�l�l�e�r� �i�s� �t�e�s�t�e�d� �o�n� �a� �s�i�n�g�l�e�-�d�e�g�r�e�e�-�o�f�-�f�r�e�e�d�o�m� �s�y�s�t�e�m� �a�n�d� �o�n� �a� �f�i�x�e�d�-�b�a�s�e� 

�a�n�d� �b�a�s�e�-�i�s�o�l�a�t�e�d� �m�u�l�t�i�s�t�o�r�y� �b�u�i�l�d�i�n�g�.� �I�n�c�r�e�a�s�i�n�g� �t�h�e� �w�e�i�g�h�t� �o�n� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �p�r�o�d�u�c�e�s� �a� 

�r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �a�t� �t�h�e� �c�o�s�t� �o�f� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e� �a�n�d� �d�a�m�p�e�r� �s�t�r�o�k�e�.� �T�h�e� 

�L�Q� �c�o�n�t�r�o�l�l�e�r� �i�s� �s�h�o�w�n� �t�o� �b�e� �e�f�f�e�c�t�i�v�e� �f�o�r� �b�o�t�h� �w�i�n�d� �a�n�d� �e�a�r�t�h�q�u�a�k�e� �e�x�c�i�t�a�t�i�o�n�s�.� �H�o�w�e�v�e�r�,� �p�e�a�k� 

�r�e�d�u�c�t�i�o�n� �s�e�e�m�s� �t�o� �b�e� �a� �p�r�o�b�l�e�m� �i�n� �e�a�r�t�h�q�u�a�k�e�-�e�x�c�i�t�e�d� �c�a�s�e�s�.� �V�a�r�i�o�u�s� �c�r�i�t�e�r�i�a� �a�r�e� �s�u�g�g�e�s�t�e�d� �f�o�r� 

�c�h�o�o�s�i�n�g� �t�h�e� �w�e�i�g�h�t�i�n�g� �m�a�t�r�i�c�e�s�.� 

�T�o� �i�m�p�r�o�v�e� �c�o�n�t�r�o�l� �e�f�f�i�c�i�e�n�c�y�,� �l�i�m�i�t�s� �c�a�n� �b�e� �s�e�t� �o�n� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e� �t�o� �r�e�d�u�c�e� �s�t�r�o�k�e� 

�l�e�n�g�t�h� �w�i�t�h�o�u�t� �c�o�m�p�r�o�m�i�s�i�n�g� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �r�e�s�p�o�n�s�e�.� �T�h�i�s� �t�y�p�e� �o�f� �c�o�n�t�r�o�l�l�e�r� �p�r�o�v�i�d�e�s� 

�o�p�p�o�r�t�u�n�i�t�y� �f�o�r� �r�e�g�e�n�e�r�a�t�i�o�n�.� �I�n� �s�o�m�e� �c�a�s�e�s� �w�i�t�h� �s�u�f�f�i�c�i�e�n�t� �d�u�r�a�t�i�o�n� �o�f� �t�h�e� �e�x�c�i�t�a�t�i�o�n�,� �t�h�e�r�e� �i�s� 

�e�v�e�n� �a� �n�e�t� �g�a�i�n� �i�n� �t�h�e� �s�o�u�r�c�e� �e�n�e�r�g�y� 

�5�.�2� �F�O�R�M�U�L�A�T�I�O�N� �O�F� �T�H�E� �O�P�T�I�M�A�L� �C�O�N�T�R�O�L� �P�R�O�B�L�E�M� 

�T�h�e� �s�t�a�t�e� �e�q�u�a�t�i�o�n�s� �o�f� �a�n�y� �g�i�v�e�n� �s�y�s�t�e�m�,� �w�h�e�t�h�e�r� �i�t� �i�s� �l�i�n�e�a�r� �o�r� �n�o�n�l�i�n�e�a�r�,� �c�a�n� �b�e� �w�r�i�t�t�e�n� 

�i�n� �t�h�e� �f�o�r�m� 

�x�(�t�)� �=� �a�(�x�(�t�)�,� �u�(�t�)�,� �¢�)� �(�5�.�1�)� 
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�w�h�e�r�e� �a� �i�s� �a�n� �n�-�v�e�c�t�o�r� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �s�t�a�t�e� �x�(�f�)�,� �c�o�n�t�r�o�l� �u�( ��)�,� �a�n�d� �t�i�m�e� �¢�.� �T�o� �s�o�l�v�e� �t�h�e� �o�p�t�i�m�a�l� 

�c�o�n�t�r�o�l� �p�r�o�b�l�e�m� �[�1�]�,� �o�n�e� �m�u�s�t� �f�i�n�d� �a�n� �a�d�m�i�s�s�i�b�l�e� �c�o�n�t�r�o�l� �u�*�(�f�t�)� �w�h�i�c�h� �w�i�l�l� �f�o�r�c�e� �t�h�e� �s�y�s�t�e�m� �t�o� 

�f�o�l�l�o�w� �a�n� �a�d�m�i�s�s�i�b�l�e� �t�r�a�j�e�c�t�o�r�y� �x�*�(�t�)� �w�h�i�c�h� �m�i�n�i�m�i�z�e�s� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �i�n�d�e�x� 

�J�=�W�x�(�t�y�)�,�t� �p�+�]�?� �g�(�x�(�t�)�,�u�(�1�)�,�t�)�d�t� �(�5�.�2�)� 

�a�n�d�,� �a�t� �t�h�e� �s�a�m�e� �t�i�m�e�,� �s�a�t�i�s�f�y�i�n�g� �(�5�.�1�)�.� �I�n� �(�5�.�2�)�,� �A� �a�n�d� �g� �a�r�e� �s�c�a�l�a�r� �f�u�n�c�t�i�o�n�s� �w�h�i�l�e� �f�o� �a�n�d� �t�r�a�r�e� �t�h�e� 

�i�n�i�t�i�a�l� �a�n�d� �f�i�n�a�l� �t�i�m�e�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �c�o�n�t�r�o�l� �u�*�(�¢�)� �w�h�i�c�h� �i�s� �f�o�u�n�d� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� 

�p�e�r�f�o�r�m�a�n�c�e� �i�n�d�e�x� �J� �i�s� �c�a�l�l�e�d� �a�n� �o�p�t�i�m�a�l� �c�o�n�t�r�o�l�,� �w�h�i�l�e� �t�h�e� �r�e�s�u�l�t�i�n�g� �s�t�a�t�e� �t�r�a�j�e�c�t�o�r�y� �x�*�(�f�)� �_� �i�s� 

�c�a�l�l�e�d� �a�n� �o�p�t�i�m�a�l� �t�r�a�j�e�c�t�o�r�y� �[�1�]�.� 

�T�h�e� �n�e�c�e�s�s�a�r�y� �c�o�n�d�i�t�i�o�n�s� �f�o�r� �a�n� �o�p�t�i�m�a�l� �s�o�l�u�t�i�o�n� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �b�y� �f�i�r�s�t� �d�e�f�i�n�i�n�g� �t�h�e� 

�H�a�m�i�l�t�o�n�i�a�n� �a�s� 

�H�(�x�(�t�)�,� �u�(�t�)�,� �P�(�t�)�,�t�)� �=� �g�(�x�(�t�)�,�u�(�t�)�,�¢�)� �+� �p�?� �(�t�)�f�a�(�x�(�1�)�,� �u�(�2�)�,� �9�]� �(�5�.�3�)� 
�w�h�e�r�e� �p�(�/�)� �i�s� �a�n� �m�-�v�e�c�t�o�r� �o�f� �L�a�g�r�a�n�g�e� �m�u�l�t�i�p�l�i�e�r�s� �o�r� �c�o�s�t�a�t�e� �v�a�r�i�a�b�l�e�s�.� �A�s�s�u�m�i�n�g� �t�h�a�t� �t�h�e� 

�a�d�m�i�s�s�i�b�l�e� �c�o�n�t�r�o�l�s� �a�r�e� �b�o�u�n�d�e�d�,� �t�h�e� �n�e�c�e�s�s�a�r�y� �c�o�n�d�i�t�i�o�n�s� �f�o�r� �o�p�t�i�m�a�l� �c�o�n�t�r�o�l� �a�r�e� �g�i�v�e�n� �b�y� �[�1�]� 

� � 

� � 

�x�*�(�t�)�=� �e�e� �E�O� �t�g� �<�t�<�S�t�y� �(�5�.�4�)� 

�p�t�(�y�=�-� �S�O�N� �O�P�O�)� �t�o� �<�t�<�t�y� �(�5�.�5�)� 

�H�(�x� �*�(�t�)�,�u�*�(�t�)�,�p�*�(�t�)�,�t�)� �s� �X�(�x� �*�(�t�)�,� �u�(�t�)�,� �p�*�(�t�)�,�¢�)� �t�g� �S�t�s�t�f� �(�5�.�6�)� 

�f�o�r� �a�l�l� �a�d�m�i�s�s�i�b�l�e� �u�(�s�)� 

�O�h�(�x�*�(�t�y�)�,�t�¢�)� �r� 
�i�=� �p�r�(�t�e�)�]� �S�a�p� �+�[�M� �x�t� �y�u�r� �(�t�e� �P�H� �p� �s�t�p�)� 

�O�W�(�x� �*�(�t�p�)�,�t�f�)� �O�D�D� �b�y�,� �=�0� �(�5�.�7�)� 

�w�h�e�r�e� �O�x�¢� �a�n�d� �o�t�f� �a�r�e� �v�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� �f�i�n�a�l� �s�t�a�t�e� �a�n�d� �f�i�n�a�l� �t�i�m�e�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �N�o�t�e� �t�h�a�t� �(�5�.�4�)� �i�s� 

�s�i�m�p�l�y� �t�h�e� �s�t�a�t�e� �e�q�u�a�t�i�o�n�s� �a�s� �g�i�v�e�n� �i�n� �(�5�.�1�)�.� �T�h�u�s�,� �(�5�.�4�)� �r�e�q�u�i�r�e�s� �t�h�a�t� �t�h�e� �o�p�t�i�m�a�l� �t�r�a�j�e�c�t�o�r�y� �a�n�d� 

�o�p�t�i�m�a�l� �c�o�n�t�r�o�l� �s�a�t�i�s�f�y� �t�h�e� �s�t�a�t�e� �e�q�u�a�t�i�o�n�s�.� �E�q�u�a�t�i�o�n� �(�5�.�5�)� �r�e�s�u�l�t�s� �i�n� �w�h�a�t� �a�r�e� �k�n�o�w�n� �a�s� �t�h�e� 

�c�o�s�t�a�t�e� �e�q�u�a�t�i�o�n�s�.� �E�q�u�a�t�i�o�n� �(�5�.�6�)� �i�s� �a� �s�t�a�t�e�m�e�n�t� �o�f� �P�o�n�t�r�y�a�g�i�n�'�s� �m�i�n�i�m�u�m� �p�r�i�n�c�i�p�l�e�,� �i�.�e�.�,� �t�h�a�t� �t�h�e� 

�o�p�t�i�m�a�l� �c�o�n�t�r�o�l� �m�u�s�t� �m�i�n�i�m�i�z�e� �t�h�e� �H�a�m�i�l�t�o�n�i�a�n�.� �E�q�u�a�t�i�o�n� �(�5�.�7�)� �p�r�o�v�i�d�e�s� �a� �s�e�t� �o�f� �b�o�u�n�d�a�r�y� 

�c�o�n�d�i�t�i�o�n� �e�q�u�a�t�i�o�n�s�.� �I�f� �t�h�e� �a�d�m�i�s�s�i�b�l�e� �c�o�n�t�r�o�l�s� �a�r�e� �n�o�t� �b�o�u�n�d�e�d�,� �t�h�e�n� �a� �n�e�c�e�s�s�a�r�y� �c�o�n�d�i�t�i�o�n� �f�o�r� 

�u�*�(�f�)� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �H�a�m�i�l�t�o�n�i�a�n� �i�s� 
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�O�%�(�x� �*�(�t�)�,�u�*�(�t�)�,�p�*�(�t�)�,� �(�x� �*�(�Z�)� �v�p� �(�t�)�,�t�)� �_� �9� �I�n� �S�t�S�t�y� �(�5�.�8�)� 

�T�h�e� �s�o�l�u�t�i�o�n� �o�f� �t�h�e� �s�t�a�t�e� �a�n�d� �c�o�s�t�a�t�e� �e�q�u�a�t�i�o�n�s� �r�e�q�u�i�r�e�s� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �o�f� �2 �� �c�o�n�s�t�a�n�t�s� �o�f� 

�i�n�t�e�g�r�a�t�i�o�n�.� �T�o� �e�v�a�l�u�a�t�e� �t�h�e�s�e� �c�o�n�s�t�a�n�t�s�,� �t�h�e� �i�n�i�t�i�a�l� �c�o�n�d�i�t�i�o�n�s� �c�o�n�t�r�i�b�u�t�e� �m� �e�q�u�a�t�i�o�n�s� 

�x�(�1�9�)� �=�X� �(�5�.�9�)� 
�a�n�d� �a�n�o�t�h�e�r� �s�e�t� �o�f� �»� �o�r� �(�n�+�l�)� �e�q�u�a�t�i�o�n�s�,� �d�e�p�e�n�d�i�n�g� �o�n� �w�h�e�t�h�e�r� �o�r� �n�o�t� �t�f� �i�s� �s�p�e�c�i�f�i�e�d�,� �i�s� 

�c�o�n�t�r�i�b�u�t�e�d� �b�y� �(�5�.�7�)�.� 

�5�.�3� �T�H�E� �L�I�N�E�A�R� �R�E�G�U�L�A�T�O�R� �P�R�O�B�L�E�M� 

�T�h�e� �l�i�n�e�a�r� �r�e�g�u�l�a�t�o�r� �p�r�o�b�l�e�m� �i�s� �a� �s�u�b�s�e�t� �o�f� �t�h�e� �o�p�t�i�m�a�l� �c�o�n�t�r�o�l� �p�r�o�b�l�e�m� �w�h�e�r�e�i�n� �t�h�e� 

�o�p�t�i�m�a�l� �c�o�n�t�r�o�l� �i�s� �r�e�q�u�i�r�e�d� �t�o� �m�o�v�e� �t�h�e� �s�y�s�t�e�m� �f�r�o�m� �a�n� �i�n�i�t�i�a�l� �s�t�a�t�e� �t�o� �a� �d�e�s�i�r�e�d� �f�i�n�a�l� �s�t�a�t�e�.� �F�o�r� 

�s�t�r�u�c�t�u�r�a�l� �s�y�s�t�e�m�s�,� �t�h�e� �d�e�s�i�r�e�d� �f�i�n�a�l� �s�t�a�t�e� �i�s� �t�h�e� �z�e�r�o� �s�t�a�t�e�,� �i�1�.�e�.�,� �z�e�r�o� �d�i�s�p�l�a�c�e�m�e�n�t� �a�n�d� �z�e�r�o� 

�v�e�l�o�c�i�t�y�.� �T�h�e�r�e�f�o�r�e�,� �t�o� �o�b�t�a�i�n� �t�h�e� �o�p�t�i�m�a�l� �c�o�n�t�r�o�l� �f�o�r� �a� �s�t�r�u�c�t�u�r�a�l� �s�y�s�t�e�m� �o�n�e� �m�u�s�t� �b�a�s�i�c�a�l�l�y� �s�o�l�v�e� 

�a� �l�i�n�e�a�r� �r�e�g�u�l�a�t�o�r� �p�r�o�b�l�e�m�.� �T�h�e� �p�e�r�f�o�r�m�a�n�c�e� �i�n�d�e�x� �i�s� �c�h�o�s�e�n� �s�o� �t�h�a�t� �i�t� �m�a�k�e�s� �i�t� �d�e�s�i�r�a�b�l�e� �t�o� �k�e�e�p� 

�t�h�e� �s�t�a�t�e� �a�s� �c�l�o�s�e� �t�o� �z�e�r�o� �a�s� �p�o�s�s�i�b�l�e� �w�h�i�l�e� �u�s�i�n�g� �t�h�e� �l�e�a�s�t� �c�o�n�t�r�o�l� �e�f�f�o�r�t�.� 

�S�u�p�p�o�s�e� �t�h�a�t� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �s�y�s�t�e�m� �i�s� �d�e�s�c�r�i�b�e�d� �b�y� �l�i�n�e�a�r� �s�t�a�t�e� �e�q�u�a�t�i�o�n�s� �o�f� �t�h�e� �f�o�r�m� 

�x�(�t�)� �=� �A�x�(�t�)�+� �B�u�(�t�)�+� �H�w�(�t�)� �(�5�.�1�0�)� 

�T�h�e� �l�i�n�e�a�r� �r�e�g�u�l�a�t�o�r� �p�r�o�b�l�e�m� �i�s� �t�o� �f�i�n�d� �t�h�e� �c�o�n�t�r�o�l� �w�h�i�c�h� �w�i�l�l� �m�i�n�i�m�i�z�e� �t�h�e� �q�u�a�d�r�a�t�i�c� 

�p�e�r�f�o�r�m�a�n�c�e� �i�n�d�e�x� 

�J�=�i� �[ �� �i�x�?� �(�1�)�Q�x�(�t�)� �+� �u�!� �(�1�)�R�u�(�1�)�]�d�t� �(�5�.�1�1�)� 

�f�o�r� �a� �f�i�x�e�d� �f�i�n�a�l� �t�i�m�e� �t�y� �s�u�b�j�e�c�t� �t�o� �t�h�e� �c�o�n�s�t�r�a�i�n�t� �o�f� �t�h�e� �s�t�a�t�e� �e�q�u�a�t�i�o�n� �(�5�.�1�0�)�.� �H� �a�n�d� �Q� �a�r�e� �r�e�a�l� 

�s�y�m�m�e�t�r�i�c� �p�o�s�i�t�i�v�e� �s�e�m�i�-�d�e�f�i�n�i�t�e� �m�a�t�r�i�c�e�s�,� �w�h�i�l�e� �R� �i�s� �a� �r�e�a�l� �s�y�m�m�e�t�r�i�c� �p�o�s�i�t�i�v�e� �d�e�f�i�n�i�t�e� �m�a�t�r�i�x�.� �I�f� 

�t�h�e� �c�o�s�t�a�t�e� �i�s� �c�h�o�s�e�n� �t�o� �b�e� �a� �l�i�n�e�a�r� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �s�t�a�t�e�,� 

�p�*�(�t�)�=� �P�(�t�)�x�(�¢�)� �(�3�.�1�2�)� 

�t�h�e�n� �t�h�e� �m�a�t�r�i�x� �R�i�c�c�a�t�i� �e�q�u�a�t�i�o�n� �w�i�l�l� �b�e� �g�i�v�e�n� �b�y� 

�P�(�t�)�+�P�(�t�)�A� �-� �4� �P�(�)�B�R!"�'�B �� �P�(�t�)� �+� �A �� �P�(�t�)�+� �2�Q�x�(�1�)�+� �P�(�;�)�H�w�=�0� �(�5�.�1�3�)� 

�P�(�t�)� �=�0� �(�5�.�1�4�)� 

�T�h�e� �s�o�l�u�t�i�o�n� �o�f� �t�h�i�s� �f�o�r�m� �o�f� �t�h�e� �R�i�c�c�a�t�i� �e�q�u�a�t�i�o�n� �r�e�q�u�i�r�e�s� �a� �p�r�i�o�r�i� �k�n�o�w�l�e�d�g�e� �o�f� �t�h�e� �d�i�s�t�u�r�b�a�n�c�e� 

�w�.� �F�o�r� �m�o�s�t� �s�t�r�u�c�t�u�r�a�l� �c�o�n�t�r�o�l� �p�r�o�b�l�e�m�s�,� �t�h�e� �e�x�c�i�t�a�t�i�o�n� �w� �i�s� �g�e�n�e�r�a�l�l�y� �u�n�k�n�o�w�n� �a�n�d� �d�i�f�f�i�c�u�l�t� �t�o� 

�p�r�e�d�i�c�t�.� �F�o�r� �c�a�s�e�s� �w�h�e�r�e� �w� �=� �0� �o�r� �w� �i�s� �a� �w�h�i�t�e�-�n�o�i�s�e� �s�t�o�c�h�a�s�t�i�c� �p�r�o�c�e�s�s�,� �t�h�e�n� �t�h�e� �R�i�c�c�a�t�i� �e�q�u�a�t�i�o�n� 

�s�i�m�p�l�i�f�i�e�s� �t�o� 
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�P�A�+�A ��P�-� �P�B�R� �/�B�/�P�+�Q�=�0� �(�5�.�1�5�)� 
�a�n�d� �t�h�e� �c�o�n�t�r�o�l� �i�s� �g�i�v�e�n� �b�y� 

�u�*�(�t�)�= ��R�7�'�B�!� �P�x�(�t�)� �=�  ��K�x�(�t�)� �(�5�.�1�6�)� 
�I�f� �w� �i�s� �n�o�n�z�e�r�o� �o�r� �n�o�t� �w�h�i�t�e� �n�o�i�s�e�,� �t�h�e�n� �t�h�e� �r�e�g�u�l�a�t�o�r� �s�o�l�u�t�i�o�n� �g�i�v�e�n� �b�y� �(�5�.�1�6�)� �c�a�n� �s�t�i�l�l� �b�e� �u�s�e�d� �t�o� 

�l�o�o�k� �f�o�r� �t�h�e� �b�e�s�t� �c�l�o�s�e�d�-�l�o�o�p� �c�o�n�t�r�o�l� �l�a�w� �f�o�r� �s�t�r�u�c�t�u�r�e�s� �s�u�b�j�e�c�t�e�d� �t�o� �u�n�k�n�o�w�n� �d�i�s�t�u�r�b�a�n�c�e�s�,� �1�.�e�.�,� 

�i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� �c�o�n�t�r�o�l�l�e�d� �s�t�r�u�c�t�u�r�e� �d�u�e� �t�o� �s�o�m�e� �a�s�s�u�m�e�d� �d�i�s�t�u�r�b�a�n�c�e�s�.� �H�e�n�c�e�,� �t�h�e� 

�L�Q� �r�e�g�u�l�a�t�o�r� �i�s� �u�s�e�d� �a�s� �a� �s�i�m�u�l�a�t�i�o�n� �b�e�n�c�h�m�a�r�k�.� 

�A�s� �l�o�n�g� �a�s� �t�h�e� �d�i�s�t�u�r�b�a�n�c�e� �i�s� �p�r�e�s�e�n�t�,� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �i�n�d�e�x� �w�i�l�l� �n�o�t� �c�o�n�v�e�r�g�e� �t�o� �a� 

�s�t�e�a�d�y�-�s�t�a�t�e� �v�a�l�u�e� �b�e�c�a�u�s�e� �t�h�e� �r�e�g�u�l�a�t�o�r� �s�o�l�u�t�i�o�n� �d�o�e�s� �n�o�t� �t�a�k�e� �t�h�e� �d�i�s�t�u�r�b�a�n�c�e� �i�n�t�o� �a�c�c�o�u�n�t�.� �I�f� �t�h�e� 

�d�i�s�t�u�r�b�a�n�c�e� �i�s� �k�n�o�w�n� �f�o�r� �t�h�e� �e�n�t�i�r�e� �c�o�n�t�r�o�l� �i�n�t�e�r�v�a�l�,� �t�h�e�n� �(�5�.�1�3�)� �c�a�n� �b�e� �s�o�l�v�e�d� �a�n�d� �a� �c�o�n�v�e�r�g�e�n�t� 

�p�e�r�f�o�r�m�a�n�c�e� �i�n�d�e�x� �i�s� �o�b�t�a�i�n�e�d� �e�v�e�n� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �d�i�s�t�u�r�b�a�n�c�e�.� 

�E�x�a�m�p�l�e� �5�.�1� �W�i�n�d�-�E�x�c�i�t�e�d� �S�D�O�F� �S�t�r�u�c�t�u�r�e� �w�i�t�h� �M�a�s�s� �D�a�m�p�e�r� 

�C�o�n�s�i�d�e�r� �t�h�e� �s�i�n�g�l�e� �d�e�g�r�e�e�-�o�f�-�f�r�e�e�d�o�m� �s�t�r�u�c�t�u�r�e� �w�i�t�h� �m�a�s�s� �d�a�m�p�e�r� �d�e�s�c�r�i�b�e�d� �i�n� �E�x�a�m�p�l�e� 

�4�.�1�.� �A�s�s�u�m�e� �t�h�a�t� �i�t� �i�s� �e�x�c�i�t�e�d� �b�y� �a� �w�i�n�d� �f�o�r�c�e� �w�i�t�h� �p�a�r�a�m�e�t�e�r� �p� �=� �9�.�7�5� �k�i�p�s� �a�n�d� �@� �=� �1� �r�a�d�/�s�e�c�.� �A� 

�l�i�n�e�a�r� �q�u�a�d�r�a�t�i�c� �(�L�Q�)� �c�o�n�t�r�o�l�l�e�r� �i�s� �d�e�s�i�g�n�e�d� �u�s�i�n�g� �t�h�e� �w�e�i�g�h�t�i�n�g� �m�a�t�r�i�c�e�s� �Q� �=� �d�i�a�g�(�2�0�0�0�,�1�,�1�,�1�)� 

�a�n�d� �R� �=� �0�.�1�.� �T�h�e� �g�a�i�n� �m�a�t�r�i�x� �i�s� �o�b�t�a�i�n�e�d� �a�s� 

�K�=� �[�-�1�2�8�.�0�7�8�0� �1�.�8�7�4�6� �3�7�.�5�2�5�2� �5�.�8�8�6�6�]� 

�T�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �w�i�t�h� �L�Q� �c�o�n�t�r�o�l� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �5�.�1�.� 
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�T�i�m�e� �[�s�e�c�]� 
�F�i�g�.� �5�.�1� �D�i�s�p�l�a�c�e�m�e�n�t� �w�i�t�h� �L�Q� �c�o�n�t�r�o�l� 

� � 

�A� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�'�s� �r�e�s�p�o�n�s�e� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �L�Q� �c�o�n�t�r�o�l� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �5�.�1�.� 

�T�h�e�r�e� �i�s� �a� �8�0�%� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �p�e�a�k� �d�i�s�p�l�a�c�e�m�e�n�t� �w�i�t�h� �l�i�n�e�a�r� �q�u�a�d�r�a�t�i�c� �c�o�n�t�r�o�l� �a�p�p�l�i�e�d�.� �T�h�i�s� �i�s� 

�a�c�c�o�m�p�a�n�i�e�d� �b�y� �a� �3�5�%� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �m�a�x�i�m�u�m� �s�t�r�o�k�e�-�l�e�n�g�t�h�.� 
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�T�A�B�L�E� �5�.�1� �C�o�m�p�a�r�i�s�o�n� �o�f� �R�e�s�p�o�n�s�e� �f�o�r� �P�a�s�s�i�v�e� �a�n�d� �L�Q� �C�o�n�t�r�o�l� 

� � 

� � 

� � � � � � � � � � � � 
�C�O�N�T�R�O�L� �T�Y�P�E� �<�(�p�e�a�k�)� �y�,�(�r�m�s�)� �z�(�p�e�a�k�)� �z�(�r�m�s�)� 

�P�a�s�s�i�v�e� �4�.�6�2�7�5� �1�.�8�8�9�5� �1�5�.�4�8�3�9� �9�.�3�4�2�2� 

�L�Q� �C�o�n�t�r�o�l� �0�.�9�1�4�8� �0�.�4�8�0�1� �2�0�.�8�5�6�2� �1�0�.�0�2�7�3� 
� � 

�w�h�e�r�e� �y�,� �i�s� �t�h�e� �s�t�r�u�c�t�u�r�e�'�s� �d�i�s�p�l�a�c�e�m�e�n�t� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �g�r�o�u�n�d� �(�i�n�.�)� �a�n�d� �z� �i�s� �t�h�e� �r�e�l�a�t�i�v�e� 

�d�i�s�p�l�a�c�e�m�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �s�t�r�u�c�t�u�r�e� �a�n�d� �t�h�e� �d�a�m�p�e�r� �(�i�n�.�)�.� 

�T�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e� �a�n�d� �t�h�e� �i�n�s�t�a�n�t�a�n�e�o�u�s� �p�o�w�e�r� �a�n�d� �e�n�e�r�g�y� �s�u�p�p�l�i�e�d� �b�y� �t�h�e� �r�e�g�e�n�e�r�a�t�i�v�e� 

�a�c�t�u�a�t�o�r� �a�r�e� �g�i�v�e�n� �b�y� �F�i�g�.� �5�.�2�.� �A�l�m�o�s�t� �h�a�l�f� �o�f� �t�h�e� �t�i�m�e�,� �t�h�e� �a�c�t�u�a�t�o�r� �i�s� �c�o�n�s�u�m�i�n�g� �n�e�g�a�t�i�v�e� �p�o�w�e�r�.� 

�T�h�i�s� �m�e�a�n�s� �t�h�a�t� �t�h�e� �a�c�t�u�a�t�o�r� �i�s� �a�b�l�e� �t�o� �r�e�g�e�n�e�r�a�t�e� �w�h�i�l�e� �u�n�d�e�r� �L�Q� �c�o�n�t�r�o�l�.� �T�h�e� �p�l�o�t� �f�o�r� �t�h�e� �e�n�e�r�g�y� 

�s�h�o�w�s� �t�h�a�t� �t�h�e�r�e� �i�s� �a� �n�e�t� �e�n�e�r�g�y� �f�l�o�w� �d�i�r�e�c�t�e�d� �t�o�w�a�r�d�s� �t�h�e� �s�o�u�r�c�e� �a�f�t�e�r� �a�b�o�u�t� �2�0� �s�e�c�o�n�d�s� �o�f� �t�h�e� 

�e�x�c�i�t�a�t�i�o�n�.� 
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�0� �2�0� �4�0� �6�0� �8�0� �1�0�0� 
�T�i�m�e� �[�s�e�c�]� 

�F�i�g�.� �5�.�3�.� �D�a�m�p�e�r� �s�t�r�o�k�e� �l�e�n�g�t�h� �w�i�t�h� �l�i�n�e�a�r� �q�u�a�d�r�a�t�i�c� �c�o�n�t�r�o�l� 

�T�h�e� �d�a�m�p�e�r� �s�t�r�o�k�e� �l�e�n�g�t�h� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �5�.�3�.� �T�h�e� �p�e�a�k� �s�t�r�o�k�e� �l�e�n�g�t�h� �o�c�c�u�r�s� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� 

�h�a�l�f�-�c�y�c�l�e� �o�f� �t�h�e� �w�i�n�g� �d�i�s�t�u�r�b�a�n�c�e�.� �T�h�i�s� �c�o�i�n�c�i�d�e�s� �w�i�t�h� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �t�h�e� �p�e�a�k� �d�i�s�p�l�a�c�e�m�e�n�t�.� 

�W�h�e�n� �t�h�e� �s�t�r�o�k�e� �v�e�l�o�c�i�t�y� �a�n�d� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e� �a�r�e� �i�n� �t�h�e� �s�a�m�e� �d�i�r�e�c�t�i�o�n�,� �t�h�e�n� �m�o�t�o�r�i�n�g� �a�c�t�i�o�n� �i�s� 

�o�b�t�a�i�n�e�d�.� �O�p�p�o�s�i�n�g� �d�i�r�e�c�t�i�o�n�s� �f�o�r� �t�h�e� �s�t�r�o�k�e� �v�e�l�o�c�i�t�y� �a�n�d� �c�o�n�t�r�o�l� �f�o�r�c�e� �r�e�s�u�l�t� �i�n� �g�e�n�e�r�a�t�i�n�g� �a�c�t�i�o�n� 

�a�n�d� �e�n�e�r�g�y� �r�e�c�o�v�e�r�y�.� 

�T�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �r�e�s�u�l�t�s� �f�o�r� �a� �l�i�n�e�a�r� �a�n�d� �a� �n�o�n�l�i�n�e�a�r� �s�i�m�u�l�a�t�i�o�n� �i�s� �s�h�o�w�n� �i�n� 

�F�i�g�.� �5�.�4� �w�h�i�l�e� �u�s�i�n�g� �t�h�e� �L�Q� �c�o�n�t�r�o�l�l�e�r� �d�e�s�i�g�n�e�d� �f�o�r� �t�h�e� �l�i�n�e�a�r� �s�y�s�t�e�m�.� �I�t� �i�s� �s�e�e�n� �t�h�a�t� �t�h�e� �d�i�f�f�e�r�e�n�c�e� 

�b�e�t�w�e�e�n� �t�h�e� �t�w�o� �s�i�m�u�l�a�t�i�o�n�s� �i�s� �n�e�g�l�i�g�i�b�l�e�.� �A�t� �t�h�e� �s�t�a�r�t� �o�f� �t�h�e� �s�i�m�u�l�a�t�i�o�n�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�s� �z�e�r�o� 

�s�i�n�c�e� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �i�s� �s�t�i�l�l� �w�i�t�h�i�n� �t�h�e� �e�l�a�s�t�i�c� �l�i�m�i�t�.� �A�s� �l�o�n�g� �a�s� �c�o�n�t�r�o�l� �i�s� �i�m�m�e�d�i�a�t�e�l�y� �a�v�a�i�l�a�b�l�e� 

�a�t� �t�h�e� �o�n�s�e�t� �o�f� �t�h�e� �d�i�s�t�u�r�b�a�n�c�e�,� �t�h�e�n� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �i�s� �k�e�p�t� �w�i�t�h�i�n� �t�h�e� �e�l�a�s�t�i�c� �l�i�m�i�t�s� �a�n�d� �n�o� 

�s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �l�i�n�e�a�r� �a�n�d� �n�o�n�l�i�n�e�a�r� �r�e�s�p�o�n�s�e� �i�s� �o�b�t�a�i�n�e�d�.� 
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�F�i�g�.� �5�.�5� �s�h�o�w�s� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �i�f� �a� �l�i�m�i�t� �i�s� �s�e�t� �o�n� �t�h�e� �a�m�o�u�n�t� �o�f� �c�o�n�t�r�o�l� �f�o�r�c�e�,� 

�U�m�a�x� �e�q�u�a�l� �t�o� �0�,� �5�,� �1�5�,� �a�n�d� �3�7� �k�i�p�s�.� �T�h�e� �s�a�t�u�r�a�t�i�o�n� �o�f� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e� �v�i�o�l�a�t�e�s� �t�h�e� �o�p�t�i�m�a�l�i�t�y� �o�f� 

�t�h�e� �o�r�i�g�i�n�a�l� �s�y�s�t�e�m�.� �H�o�w�e�v�e�r�,� �t�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �a�n� �i�n�p�u�t� �n�o�n�l�i�n�e�a�r�i�t�y� �t�h�a�t� �i�s� �s�e�c�t�o�r�-�r�e�s�t�r�i�c�t�e�d� �o�n� 

�t�h�e� �c�o�n�t�r�o�l� �i�n�p�u�t�-�o�u�t�p�u�t� �p�l�a�n�e� �d�o�e�s� �n�o�t� �d�e�s�t�r�o�y� �t�h�e� �s�t�a�b�i�l�i�t�y� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �s�y�s�t�e�m� �[�3�]�.� 
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�F�i�g�.� �5�.�1�5� �S�e�n�s�i�t�i�v�i�t�y� �o�f� �t�h�e� �m�a�x�i�m�u�m� �s�t�r�o�k�e� �l�e�n�g�t�h� �t�o� �v�a�r�i�a�t�i�o�n�s� �i�n� �m�e�a�s�u�r�e�m�e�n�t� �t�i�m�e� �d�e�l�a�y� 

�T�h�e� �t�i�m�e� �d�e�l�a�y�s� �a�r�e� �n�o�t� �m�o�d�e�l�e�d� �f�o�r� �t�h�e� �c�o�n�t�r�o�l� �d�e�r�i�v�a�t�i�o�n�.� �T�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �t�i�m�e� �d�e�l�a�y� �w�i�l�l� 

�d�e�s�t�r�o�y� �t�h�e� �o�p�t�i�m�a�l�i�t�y� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �s�y�s�t�e�m�.� �T�h�e� �i�m�p�o�r�t�a�n�t� �t�h�i�n�g� �i�s� �t�h�a�t� �t�h�e� �o�p�t�i�m�a�l�i�t�y� �o�f� �t�h�e� 

�o�r�i�g�i�n�a�l� �s�y�s�t�e�m� �a�l�l�o�w�s� �t�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e�s�e� �m�o�d�i�f�i�c�a�t�i�o�n�s� �w�h�i�l�e� �m�a�i�n�t�a�i�n�i�n�g� �c�l�o�s�e�d�-�l�o�o�p� 

�s�t�a�b�i�l�i�t�y� �[�3�]�.� �H�o�w�e�v�e�r�,� �t�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �s�y�s�t�e�m� �c�a�n�n�o�t� �r�e�s�o�l�v�e� �a�l�l� �r�o�b�u�s�t�n�e�s�s� �a�n�d� 

�s�e�n�s�i�t�i�v�i�t�y� �i�s�s�u�e�s�.� �T�h�e� �s�y�s�t�e�m� �e�v�e�n�t�u�a�l�l�y� �b�e�c�o�m�e�s� �u�n�s�t�a�b�l�e� �o�n�c�e� �t�h�e� �c�r�i�t�i�c�a�l� �v�a�l�u�e�s� �a�r�e� �r�e�a�c�h�e�d�.� 
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�E�x�a�m�p�l�e� �5�.�2� �E�a�r�t�h�q�u�a�k�e�-�E�x�c�i�t�e�d� �S�D�O�F� �S�t�r�u�c�t�u�r�e� �w�i�t�h� �M�a�s�s� �D�a�m�p�e�r� 

�U�s�i�n�g� �t�h�e� �s�a�m�e� �L�Q� �c�o�n�t�r�o�l�l�e�r� �d�e�s�i�g�n�e�d� �i�n� �E�x�a�m�p�l�e� �5�.�1�,� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� �s�y�s�t�e�m� �i�n� 

�E�x�a�m�p�l�e� �5�.�1� �i�s� �o�b�t�a�i�n�e�d� �f�o�r� �a�n� �e�a�r�t�h�q�u�a�k�e� �e�x�c�i�t�a�t�i�o�n� �w�i�t�h� �a� �p�e�a�k� �a�c�c�e�l�e�r�a�t�i�o�n� �o�f� �1�7�.�5�3� �i�n�/�s�e�c�@� 

�a�n�d� �h�a�v�i�n�g� �t�h�e� �s�a�m�e� �s�h�a�p�e� �a�s� �F�i�g�.� �3�.�1�4�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �d�i�s�p�l�a�c�e�m�e�n�t� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �5�.�1�6�.� �T�h�e� 

�c�o�n�t�r�o�l�l�e�r� �i�s� �u�n�a�b�l�e� �t�o� �r�e�d�u�c�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �t�h�e� �p�o�s�i�t�i�v�e� �p�e�a�k� �i�n� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t�.� 
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�F�i�g�.� �5�.�1�6� �D�i�s�p�l�a�c�e�m�e�n�t� �w�i�t�h� �L�Q� �c�o�n�t�r�o�l� 

�A� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�'�s� �r�e�s�p�o�n�s�e� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �L�Q� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �5�.�2�.� �A� �3�9�%� 

�r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �p�e�a�k� �d�i�s�p�l�a�c�e�m�e�n�t� �i�s� �o�b�t�a�i�n�e�d�,� �w�h�i�l�e� �t�h�e� �s�t�r�o�k�e� �l�e�n�g�t�h� �i�n�c�r�e�a�s�e�s� �b�y� �4�2�1�%�.� �S�i�n�c�e� 

�t�h�e� �w�e�i�g�h�t� �o�n� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e� �i�s� �m�u�c�h� �s�m�a�l�l�e�r� �t�h�a�n� �t�h�e� �w�e�i�g�h�t� �o�n� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t�,� �a� �l�a�r�g�e�r� 
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�F�i�g�.� �5�.�1�8� �D�a�m�p�e�r� �s�t�r�o�k�e� �l�e�n�g�t�h� �w�i�t�h� �l�i�n�e�a�r� �q�u�a�d�r�a�t�i�c� �c�o�n�t�r�o�l� 

�T�h�e� �d�a�m�p�e�r� �s�t�r�o�k�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �5�.�1�8�.� �T�h�e� �p�e�a�k� �o�c�c�u�r�s� �i�n� �t�h�e� �p�o�s�i�t�i�v�e� �d�i�r�e�c�t�i�o�n�.� �M�o�t�o�r�i�n�g� 

�o�c�c�u�r�s� �w�h�e�n� �t�h�e� �s�t�r�o�k�e� �v�e�l�o�c�i�t�y� �a�n�d� �t�h�e� �c�o�n�t�r�o�l� �f�o�r�c�e� �h�a�v�e� �t�h�e� �s�a�m�e� �p�o�l�a�r�i�t�y�.� �R�e�g�e�n�e�r�a�t�i�o�n� 

�o�c�c�u�r�s� �w�h�e�n� �t�h�e� �s�t�r�o�k�e� �v�e�l�o�c�i�t�y� �a�n�d� �c�o�n�t�r�o�l� �f�o�r�c�e� �h�a�v�e� �o�p�p�o�s�i�t�e� �p�o�l�a�r�i�t�i�e�s�.� 

�F�i�g�.� �5�.�1�9� �s�h�o�w�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �r�e�s�u�l�t�s� �o�f� �a� �l�i�n�e�a�r� �a�n�d� �a� �n�o�n�l�i�n�e�a�r� �s�i�m�u�l�a�t�i�o�n�.� 

�T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�s� �n�o�t� �a�s� �n�e�g�l�i�g�i�b�l�e� �a�s� �i�n� �p�r�e�v�i�o�u�s� �c�a�s�e�s�.� �T�h�i�s� �c�l�e�a�r�l�y� �d�e�m�o�n�s�t�r�a�t�e�s� �t�h�a�t� �a� 

�n�o�n�l�i�n�e�a�r� �m�o�d�e�l� �h�a�s� �t�o� �b�e� �u�s�e�d� �t�o� �a�r�r�i�v�e� �a�t� �m�o�r�e� �a�c�c�u�r�a�t�e� �s�i�m�u�l�a�t�i�o�n� �r�e�s�u�l�t�s�.� �S�i�n�c�e� �t�h�e� �c�o�n�t�r�o�l�l�e�r� 

�i�s� �u�n�a�b�l�e� �t�o� �r�e�s�t�r�i�c�t� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �t�o� �w�i�t�h�i�n� �t�h�e� �e�l�a�s�t�i�c� �r�a�n�g�e�,� �t�h�e� �s�y�s�t�e�m� �r�e�s�p�o�n�s�e� �b�e�c�o�m�e�s� 

�n�o�n�l�i�n�e�a�r�.� �H�e�n�c�e�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �s�i�m�u�l�a�t�i�o�n�s� �a�r�e� �n�o�t� �q�u�i�t�e� �n�e�g�l�i�g�i�b�l�e�.� 
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�0� �5� �1�0� �1�5� �2�0� �2�5� 
�T�i�m�e� �[�s�e�c�]� 

�F�i�g�.� �5�.�1�9� �D�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �a� �l�i�n�e�a�r� �a�n�d� �a� �n�o�n�l�i�n�e�a�r� �s�i�m�u�l�a�t�i�o�n� 

�5�.�4� �S�E�L�E�C�T�I�O�N� �O�F� �T�H�E� �Q� �A�N�D� �R� �W�E�I�G�H�T�I�N�G� �M�A�T�R�I�C�E�S� 

�T�h�e� �c�h�o�i�c�e� �f�o�r� �t�h�e� �w�e�i�g�h�t�i�n�g� �m�a�t�r�i�c�e�s� �Q� �a�n�d� �R� �h�a�s� �a� �g�r�e�a�t� �i�m�p�a�c�t� �i�n� �s�h�a�p�i�n�g� �t�h�e� 

�r�e�s�p�o�n�s�e� �o�f� �a� �g�i�v�e�n� �s�t�r�u�c�t�u�r�e� �u�n�d�e�r� �o�p�t�i�m�a�l� �c�o�n�t�r�o�l�.� �I�n� �g�e�n�e�r�a�l�,� �t�h�e� �m�a�g�n�i�t�u�d�e�s� �o�f� �t�h�e� �e�l�e�m�e�n�t�s� �o�f� 

�Q� �a�n�d� �R� �r�e�f�l�e�c�t� �t�h�e� �r�e�l�a�t�i�v�e� �i�m�p�o�r�t�a�n�c�e� �b�e�i�n�g� �g�i�v�e�n� �t�o� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �r�e�s�p�o�n�s�e� �a�n�d� �t�h�e� �c�o�n�t�r�o�l� 

�f�o�r�c�e� �w�h�e�n� �m�i�n�i�m�i�z�i�n�g� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �i�n�d�e�x�.� �I�f� �r�e�s�p�o�n�s�e� �r�e�d�u�c�t�i�o�n� �i�s� �g�i�v�e�n� �a� �h�i�g�h�e�r� �p�r�i�o�r�i�t�y� 

�o�v�e�r� �t�h�e� �c�o�n�t�r�o�l� �e�f�f�o�r�t�,� �t�h�e�n� �t�h�e� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� �r�e�s�p�o�n�s�e� �w�e�i�g�h�t�i�n�g� �m�a�t�r�i�x� �Q� �a�r�e� �a�s�s�i�g�n�e�d� �l�a�r�g�e�r� 

�v�a�l�u�e�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�o�s�e� �o�f� �R�.� �T�h�i�s� �r�e�s�u�l�t�s� �i�n� �a� �f�a�s�t�e�r� �a�n�d� �g�r�e�a�t�e�r� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �r�e�s�p�o�n�s�e� �a�t� 

�t�h�e� �e�x�p�e�n�s�e� �o�f� �l�a�r�g�e�r� �c�o�n�t�r�o�l� �f�o�r�c�e�s�.� �O�n�e� �c�a�n� �a�l�s�o� �i�n�t�e�r�p�r�e�t� �t�h�i�s� �a�s� �a�s�s�i�g�n�i�n�g� �t�h�e� �s�t�r�u�c�t�u�r�e�'�s� �s�a�f�e�t�y� 

�m�u�c�h� �m�o�r�e� �i�m�p�o�r�t�a�n�c�e� �t�h�a�n� �s�y�s�t�e�m� �c�o�s�t� �[�3�]�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �i�f� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �c�o�n�t�r�o�l� 

�e�f�f�o�r�t� �i�s� �g�i�v�e�n� �a� �h�i�g�h�e�r� �p�r�i�o�r�i�t�y� �o�v�e�r� �r�e�s�p�o�n�s�e� �r�e�d�u�c�t�i�o�n� �t�h�e�n� �t�h�e� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� �c�o�n�t�r�o�l� 

�w�e�i�g�h�t�i�n�g� �m�a�t�r�i�x� �R� �a�r�e� �a�s�s�i�g�n�e�d� �l�a�r�g�e�r� �v�a�l�u�e�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�o�s�e� �o�f� �Q�.� �T�h�i�s� �r�e�s�u�l�t�s� �i�n� �a� �s�l�o�w�e�r� 

�a�n�d� �s�m�a�l�l�e�r� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �r�e�s�p�o�n�s�e� �d�u�e� �t�o� �s�m�a�l�l�e�r� �c�o�n�t�r�o�l� �f�o�r�c�e�s�.� �I�n� �t�h�i�s� �c�a�s�e� �e�n�e�r�g�y� 

�r�e�q�u�i�r�e�m�e�n�t�s� �a�r�e� �r�e�d�u�c�e�d� �a�n�d� �t�h�u�s� �g�i�v�e�s� �s�y�s�t�e�m� �c�o�s�t� �a� �h�i�g�h�e�r� �p�r�i�o�r�i�t�y� �o�v�e�r� �s�a�f�e�t�y�.� �U�l�t�i�m�a�t�e�l�y�,� �a� 

�c�o�m�p�r�o�m�i�s�e� �h�a�s� �t�o� �b�e� �m�a�d�e� �b�e�t�w�e�e�n� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �r�e�s�p�o�n�s�e� �a�n�d� �t�h�e� �r�e�q�u�i�r�e�d� �c�o�n�t�r�o�l� �f�o�r�c�e� �i�n� 

�o�r�d�e�r� �t�o� �c�h�o�o�s�e� �s�u�i�t�a�b�l�e� �Q� �a�n�d� �R� �m�a�t�r�i�c�e�s�.� �F�o�r� �m�o�s�t� �p�r�a�c�t�i�c�a�l� �c�a�s�e�s�,� �r�e�s�p�o�n�s�e� �r�e�d�u�c�t�i�o�n� �w�i�l�l� �h�a�v�e� 

�g�r�e�a�t�e�r� �p�r�i�o�r�i�t�y� �t�h�a�n� �c�o�n�t�r�o�l� �e�f�f�o�r�t�.� 

�F�i�n�d�i�n�g� �t�h�e� �"�b�e�s�t�"� �Q� �a�n�d� �R� �i�s� �o�n�e� �o�f� �t�h�e� �m�o�r�e� �d�i�f�f�i�c�u�l�t� �s�t�e�p�s� �i�n� �L�Q� �c�o�n�t�r�o�l� �d�e�s�i�g�n�.� �W�h�e�n� 

�t�h�e� �w�e�i�g�h�t�i�n�g� �m�a�t�r�i�c�e�s� �Q� �a�n�d� �R� �a�r�e� �b�o�t�h� �a�s�s�u�m�e�d� �t�o� �b�e� �d�i�a�g�o�n�a�l� �m�a�t�r�i�c�e�s�,� �i�t� �i�s� �f�o�u�n�d� �t�h�a�t� �i�t� �i�s� �t�h�e� 

�r�a�t�i�o� �o�f� �t�h�e� �e�l�e�m�e�n�t�s� �o�f� �t�h�e�s�e� �m�a�t�r�i�c�e�s� �(�a�n�d� �n�o�t� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �m�a�g�n�i�t�u�d�e�s�)� �w�h�i�c�h� �i�n�f�l�u�e�n�c�e�s� �t�h�e� 

�r�e�s�p�o�n�s�e� �[�4�]�.� �A� �t�r�i�a�l�-�a�n�d�-�e�r�r�o�r� �a�p�p�r�o�a�c�h� �i�s� �u�s�u�a�l�l�y� �e�m�p�l�o�y�e�d� �t�o� �f�i�n�d� �t�h�e� �w�e�i�g�h�t�i�n�g� �m�a�t�r�i�c�e�s� 

�w�h�i�c�h� �w�i�l�l� �g�i�v�e� �a�c�c�e�p�t�a�b�l�e� �l�e�v�e�l�s� �i�n� �t�h�e� �r�e�s�p�o�n�s�e�s� �a�n�d� �c�o�n�t�r�o�l� �f�o�r�c�e�s�.� 

�T�h�e� �e�q�u�a�t�i�o�n�s� �o�f� �m�o�t�i�o�n� �c�a�n� �b�e� �w�r�i�t�t�e�n� �a�s� 
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�M�z� �+� �C�z�+� �K�z�=� �G�u�+� �f�  ��-� �m�y�o� �(�5�.�2�5�)� 

�w�h�e�r�e� �G� �i�s� �t�h�e� �a�c�t�u�a�t�o�r� �i�n�f�l�u�e�n�c�e� �m�a�t�r�i�x� �a�n�d� �z� �i�s� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �g�r�o�u�n�d�.� �T�h�e� 

�o�t�h�e�r� �q�u�a�n�t�i�t�i�e�s� �a�r�e� �a�s� �d�e�f�i�n�e�d� �i�n� �C�h�a�p�t�e�r� �3�.� �I�f� �t�h�e� �n�u�m�b�e�r� �o�f� �a�c�t�u�a�t�o�r�s� �e�q�u�a�l� �t�h�e� �n�u�m�b�e�r� �o�f� 

�d�e�g�r�e�e�s�-�o�f�-�f�r�e�e�d�o�m�,� �t�h�e�n� �G� �w�i�l�l� �h�a�v�e� �f�u�l�l� �r�a�n�k�.� �B�a�s�e�d� �o�n� �p�h�y�s�i�c�a�l� �c�o�n�s�i�d�e�r�a�t�i�o�n�s�,� �a� �p�o�s�s�i�b�l�e� 

�c�h�o�i�c�e� �f�o�r� �t�h�e� �w�e�i�g�h�t�i�n�g� �m�a�t�r�i�c�e�s� �i�s� �o�n�e� �w�h�i�c�h� �w�o�u�l�d� �l�e�a�d� �t�o� �a� �m�i�n�i�m�i�z�a�t�i�o�n� �o�f� �b�o�t�h� �t�h�e� �e�n�e�r�g�y� 

�o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �a�n�d� �t�h�e� �q�u�a�s�i�s�t�a�t�i�c� �w�o�r�k� �d�o�n�e� �b�y� �t�h�e� �c�o�n�t�r�o�l�l�e�r�/�a�c�t�u�a�t�o�r� �[�5�]�.� �T�h�e�r�e�f�o�r�e�,� �i�f� �Q� �a�n�d� 

�R� �a�r�e� �c�h�o�s�e�n� �a�s� 

�a�K� �0� �5�.�2�6� �Q�=�1� �5� �o�m� �(�5�.�2�6�)� 
�R�=�G ��K�"�'�G� �(�5�.�2�7�)� 

�t�h�e�n� 

�d�x�7�Q�x�=�a�4�z�"�K�z�+� �p�h�i�!� �M�a� �(�5�.�2�8�)� 

�w�h�e�r�e� �o� �a�n�d� �f� �a�r�e� �p�o�s�i�t�i�v�e� �s�c�a�l�a�r� �w�e�i�g�h�t�s�.� �N�o�t�e� �t�h�a�t� �t�h�e� �r�i�g�h�t�-�h�a�n�d� �s�i�d�e� �o�f� �(�5�.�2�8�)� �i�s� �t�h�e� �w�e�i�g�h�t�e�d� 

�s�u�m� �o�f� �t�h�e� �p�o�t�e�n�t�i�a�l� �(�s�t�r�a�i�n�)� �e�n�e�r�g�y� �a�n�d� �k�i�n�e�t�i�c� �e�n�e�r�g�y� �o�f� �t�h�e� �s�y�s�t�e�m�.� �T�h�e� �w�o�r�k� �d�o�n�e� �b�y� �t�h�e� 

�c�o�n�t�r�o�l�l�e�r�/�a�c�t�u�a�t�o�r� �i�s� �i�n�d�i�r�e�c�t�l�y� �w�e�i�g�h�t�e�d� �b�y� �a� �a�n�d� �B�.� �M�i�n�i�m�i�z�a�t�i�o�n� �o�f� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �i�n�d�e�x� 

�w�o�u�l�d� �r�e�s�u�l�t� �i�n� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �t�o�t�a�l� �e�n�e�r�g�y� �o�f� �t�h�e� �s�y�s�t�e�m� �w�i�t�h� �t�h�e� �m�i�n�i�m�u�m� �c�o�n�t�r�o�l� �e�f�f�o�r�t�.� 

�T�h�i�s� �a�p�p�r�o�a�c�h� �h�a�s� �t�h�e� �a�d�v�a�n�t�a�g�e� �o�f� �r�e�d�u�c�i�n�g� �t�h�e� �n�u�m�b�e�r� �o�f� �d�e�s�i�g�n� �p�a�r�a�m�e�t�e�r�s�.� 

�O�t�h�e�r� �f�o�r�m�s� �o�f� �t�h�e� �Q� �m�a�t�r�i�x� �t�h�a�t� �h�a�v�e� �b�e�e�n� �s�u�g�g�e�s�t�e�d� �i�n�c�l�u�d�e� �[�6�]� 

�Q�=� �K� �0� �5�.�2�9� �1�0� �0� �©�.�2�9�)� 
�w�h�i�c�h� �w�i�l�l� �m�i�n�i�m�i�z�e� �t�h�e� �p�o�t�e�n�t�i�a�l� �e�n�e�r�g�y� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�;� �a�n�d� �[�7�]� 

�Q�=� �0�°� �5�.�3�0�  ��l�o� �1� �(�5�.�3�0�)� 

�E�x�a�m�p�l�e� �5�.�3� �W�i�n�d�-�E�x�c�i�t�e�d� �S�D�O�F� �S�t�r�u�c�t�u�r�e� �w�i�t�h� �M�a�s�s� �D�a�m�p�e�r� 

�T�h�e� �d�i�s�p�l�a�c�e�m�e�n�t�s� �g�i�v�e�n� �i�n� �F�i�g�.� �5�.�2�0� �s�h�o�w� �t�h�e� �e�f�f�e�c�t� �o�f� �v�a�r�y�i�n�g� �t�h�e� �f�i�r�s�t� �d�i�a�g�o�n�a�l� 

�e�l�e�m�e�n�t� �o�f� �t�h�e� �Q� �m�a�t�r�i�x� �f�o�r� �t�h�e� �s�y�s�t�e�m�,� �c�o�n�t�r�o�l�l�e�r�,� �a�n�d� �e�x�c�i�t�a�t�i�o�n� �d�e�s�c�r�i�b�e�d� �i�n� �E�x�a�m�p�l�e� �5�.�1�.� 

�O�t�h�e�r� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� �Q� �a�n�d� �R� �m�a�t�r�i�c�e�s� �a�r�e� �k�e�p�t� �c�o�n�s�t�a�n�t�.� �I�n�c�r�e�a�s�i�n�g� �t�h�e� �w�e�i�g�h�t� �o�n� �t�h�e� 

�d�i�s�p�l�a�c�e�m�e�n�t� �c�a�u�s�e�s� �a� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �a�t� �t�h�e� �e�x�p�e�n�s�e� �o�f� �l�a�r�g�e�r� �c�o�n�t�r�o�l� �f�o�r�c�e�s� �o�r� 

�i�n�c�r�e�a�s�e�s� �i�n� �t�h�e� �o�t�h�e�r� �s�t�a�t�e� �v�a�r�i�a�b�l�e�s�.� 
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