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Joint Position Control using ZMP-Based Gain Switching
Algorithm for a Hydraulic Biped Humanoid Robot

2l M ¥ Jessica K. Hodgins
(Jung-Yup Kim and Jessica K. Hodgins)

Abstract: This paper proposes a gain switching algorithm for joint position control of a hydraulic humanoid robot. Accurate position
control of the lower body is one of the basic requirements for robust balance and walking control. Joint position control is more
difficult for hydraulic robots than it is for electric robots because of an absence of reduction gear and better back-drivability of
hydraulic joints. Backdrivability causes external forces and torques to have a large effect on the position of the joints. External
ground reaction forces therefore prevent a simple proportional-derivative (PD) controller from realizing accurate and fast joint
position control. We propose a state feedback controller for joint position control of the lower body, define three modes of state
feedback gains, and switch the gains according to the Zero Moment Point (ZMP) and linear interpolation. Dynamic equations of
hydraulic actuators were experimentaily derived and applied to a robot simulator. Finally, the performance of the algorithm is

evaluated with dynamic simulations.

Keywords: gain switching, hydraulic humanoid, joint position control, ZMP, dynamic simulation
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Fig. 1. Sarcos humanoid robot and simulator [13].
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Table 1. Specification of the Sarcos humanoid robot.
Eye 2 Neck 3
Mouth 1 Shoulder 3
Elbow 1 Wrist 3
DOF Hand 6 Waist 3
Hip 3 Knee 1
Ankle 3
Weight 91 kg including hydraulic lines
Control rate |1 kHz main control rate, 5 kHz joint control rate]
Hydraulic Max 3000 psi , flow control servovalve
actuator
Dimensions {m)
Upperleg | 0.38174 | Shoulder to shoulder | 0.39145
Lower leg [ 0.38075 Upper arm 0.25771
Footsize | 0.3x0.1 Lower arm 0.24082
Hip to hip | 0.17780 Eye to eye 0.07188
Hip to neck [ 0.59365 Neck to eye 0.13622
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Fig. 2. Joint structure of Tower body of Sarcos humanoid robot.
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Fig. 3. Two types of mass-damper models.
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Fig. 4. Schematics of a hydraulic actuator.
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Table 2. Three gain modes for right ankle pitch joint.

High Gain Mode [Middle Gain Mode| Low Gain Mode
ks 945422.80 630281.87 315140.93

k, 1971.27 1182.76 1182.76
ks 162.73 271.21 271.21
ky 940695.69 627130.46 318292.34
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Fig. 11. Simulation results of joint position control in low gain
mode.
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Table 3, Maximum and average tracking errors during walking
motion in the low gain mode.

Joint Max. Tracking | Avg. Tracking
Error Error
Left Hip Roll (LHR) 0.0064 rad 0.0032 rad
Left Hip Pitch (LHP) 0.0157 rad 0.0045 rad
Left Hip Yaw (LHY) 0.0024 rad 0.0007 rad
Left Knee Pitch (LKP) 0.0152 rad 0.0040 rad
Left Ankle Yaw (LAY) 0.0010 rad 0.0004 rad
Left Ankle Pitch (LAP) 0.0142 rad 0.0052 rad
Left Ankle Roll (LAR) 0.0052 rad 0.0028 rad
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Fig. 12. Simulation result of joint position control during up-down
motion in the middle gain mode.
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Table 4. Maximum and average tracking errors during up/down
motion in the middle gain mode.

7] 284 A

Joint

Max. Tracking
Error

Avg. Tracking
Error

Left Hip Pitch (LHP)

0.0056 rad

0.0032 rad

Left Knee Pitch (LKP)

0.0059 rad

0.0038 rad

Left Ankle Pitch (LAP)

0.0060 rad

0.0027 rad
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Table 5. Maximum and average tracking errors during side to side
motion with ot without online gain switching(GS).

294 7l

Max. Tracking { Avg. Tracking
Joint Error (rad) Error (rad)
w/o GS [with GS| w/o GS |with GS

Left Hip Roll (LHR) | 0.0084 | 0.0030 | 0.0033 | 0.0010
Left Hip Pitch (LHP) | 0.0036 | 0.0007 | 0.0009 | 0.0004
Left Hip Yaw (LHY) | 0.0206 | 0.0036 | 0.0067 | 0.0014

Left Knee Pitch (LKP) | 0.0128 | 0.0015 | 0.0054 | 0.0002
Left Ankle Yaw (LAY) | 0.0162 | 0.0018 | 0.0030 | 0.0006
Left Ankle Pitch (LAP)| 0.0370 | 0.0024 | 0.0072 | 0.0013
Left Ankle Roll (LAR) | 0.0491 | 0.0057 | 0.0131 { 0.0012
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Fig. 13. Comparison of simulation results of joint position control

during side to side motion with or without online gain

switching,
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Fig. 14. Photographs of biped walking simulation and experiment of

hydraulic Sarcos humanoid robot using online gain
switching algorithm.
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