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Page 2
                        

Previous controllers (Farris et al., 2007):
 Proportional-Derivative (PD) feedback control of hips and knees
 Phase-based control of gait ▪ Finite phase-state estimation ▪ Discrete gain switching
 Our goal: optimal feedback control
 Continuous control operation across gait cycle ▪ Smooth modulation of feedback gains
 Full-state feedback control ▪ Minimize cost function across entire system
 2

Page 3
                        

Design and evaluate a full-state Linear Quadratic Regulator (LQR) control of walking in simulation
 Resistance to Falling (~stability)
 Reduced Effort (~efficiency)
 Compare LQR performance to PD-joint control
 3

Page 4
                        

4
 Gait Dynamics: 𝑥 = 𝑓(𝑥, 𝑢)
 ▪ STATES (18 total): 𝑥 2-D hip position, torso tilt, and joint angles
 ▪ CONTROLS (6 total):
 iiiii𝑢 joint torques
 Find a walking cycle, 𝑥𝑜(𝑡), 𝑢𝑜(t), from trajectory optimization (van den Bogert et al., 2010)
 9 DOF

Page 5
                        

9 DOF
 5
 Linear Quadratic Regulator (LQR):
 1 Linearize about desired trajectories and transform llll into linear time-varying system
 ▪ State-space form: 𝑦 = 𝐴(𝑡)𝑦 + 𝐵(𝑡)𝑣
 2 Minimize: 𝐽 = (𝑦𝑘𝑇𝑄(𝑡)𝑦𝑘 + 𝑣𝑘
 𝑇𝑅(𝑡)𝑣𝑘)∞𝑘=0
 ▪ Single controller design parameter
 ratio of Q to R
 3 Obtain unique, optimal control law:
 𝑣 = −𝐾(𝑡)𝑦
 ▪ Found by solving discrete-time periodic Riccati Equation
 (e.g., Hench et al., 1994, Varga, 2005)

Page 6
                        

Perturbations: External linear forces at hip
 Piecewise constant force with random magnitude change every 100 ms
 TYPE#1 Perturbation:
 Apply “growing” perturbation (max +10N/sec)
 Longer walk-time more stable
 TYPE#2 Perturbation:
 Apply “bounded” perturbation within +/- 5N
 Lower torque more efficient 6
 Perturbation Type#1:
 Perturbation Type#2:

Page 7
                        

7
 18 states onto 6 controls 108 feedback gains (K)
 Distinct features across gait phases
 Gain values can be positive or negative
 KNEE position feedback gain to KNEE torque
 KNEE velocity feedback gain to KNEE torque
 DS SS DS SW
 % of gait cycle

Page 8
                        

8
 Perturbation Type#1: “growing” random perturbation
 Perturbation Type#2: “bounded” random perturbation
 FO
 RC
 E (
 N)
 FO
 RC
 E (
 N)
 TIME (S)
 TIME (S)
 No perturbation
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9
 Time-to-Fall against Pert Type#1
 Torque RMS against Pert Type#2
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10
 Means and standard deviations of 20 simulations for each controller

Page 11
                        

11
 STATE FEEDBACK Hip Torque
 RMS Knee Torque
 RMS Ankle Torque
 RMS % All Torques
 Hip Position 19.78 22.26 27.30 33.56
 Global Torso Angle 15.41 14.04 12.00 20.06
 Leg Joint Angles 33.61 31.85 30.35 46.37
 Observations:
 Hip angle errors smallest among joints
 Hip angle produces highest torque contribution
 Hip position may be critical for stable walking

Page 12
                        

LQR controllers generally outperform PD controllers against perturbation in terms of time-to-fall + closed-loop effort
 Hip-position and Torso feedback may be
 needed for improved gait control Inherent limitations of LQR: Unable to address larger deviations
 Many complex feedback gain profiles
 12

Page 13
                        

Further address limitations of exoskeletons State estimation using sensors Integrate LQR with other controllers (ANN, MPC, fuzzy, etc...) Create model for walker or cane-assisted gait
 13
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