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Energy Efficient Control of Onboard Hydraulic Power
Unit for Hydraulic Bipedal Robots
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Abstract: This paper proposes a controller to regulate the supply pressure of the hydraulic power unit
(HPU) for driving a bipedal robot. We establish flow rate models for charging accumulator, actuating
joints and leaking from actuators and spool valves. This determines the pump driving motor speed to
satisfy the demanded flow rate for operating the bipedal robot without the energy loss caused by the
bypass through a pressure regulating valve. We apply proposed controller to an onboard HPU mounted
on top of bipedal robot platform with twelve degrees of freedom. We implement air-walking motion
and squat motion which require variable flow rate to the bipedal robot. Through this experiment, the
energy efficiency of proposed controller was verified by comparing the electric energy consumed when
the controller was applied and when the pump operated at constant speed. We also shows the
capability of the HPU’s control performance to regulate supply pressure.
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3

convection condition

[Table 1] Specification of the onboard HPU

a Actuator
s Xp) || Model H
d od
Leakage O
d

Model | a Width 192 [mm]

e : Height 264 [mm]
reve Dry Weight 8.7 [ke]

S '\f Maximum Operating Pressure (7, . ) 210 [bar]

[Fig. 1] Pump controller diagram: the controller determines Maximum Output Flow Rate (G, ...) 939 [LPM]

pump speed reference o] based on the feedforward flow rate Accumulator Volume (V, ) 0.5[L]
Q= QL.+ QL+ @, derived by models and the feedback Pre-charged Gas Pressure (7, ) 60 [bar]
flow rate be Tank Volume 4.1[L]
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Hydraulic Power Unit
(HPU) Pump Motor

Driver

Radiator and

Cooling Fan Communication

Interface

Valve driver for

Hip Yaw & Roll Joints Dotible Viiie

Rotary Actuator
IMU Sensor

Valve Driver for Linear Cylinder
Hip Pitch & Knee Joints

Double Parallel

Valve Driver for Linear Cylinder

Ankle Pitch & Roll Joints

[Fig. 3] Hydraulically actuated bipedal robot, LIGHT, is
developed in Humanoid Robot Research Center, KAIST. A
Hydraulic Power Unit (HPU) is embedded inside of LIGHT’s
upper body. LIGHT has 12 actuators in total

[Table 2] Specification of the bipedal robot, LIGHT

Degree of Freedom 12
Total Weight (without PC and Battery) 55.5 [kg]
Height 1.33 [m]
Leg Length 0.81 [m]
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[Fig. 4] A snapshot of bipedal robot’s air-walking motion: the
step period is 0.7 second and the step length is 0.35 m in forward
direction

Required Flowrate

——Total Q,
—— Actuator Qe

= ActuatorLeak Qeqr ===Feedback Q,,
Accumulator Q.

Flowrate (LPM)
l!,
) §§
| %
‘ 1Y

Time (sec)

[Fig. 5] Required flow rate for the air-walking motion. The
highest flow rate to perform the air-walking motion is about 6.3
LPM

Pump Pressure P; According to Constant Speed w),

g

Pressure (bar)

—wp = 1410 rpm —w, = 2110 rpm

——w, = 1760 rpm - - -Desired Pressure P?
20 T I T T I T L 1 ]
0 2 4 6 8 10 12 14 16 18 20

Time (sec)

[Fig. 6] Changes of the supply pressure for several pump speed
(1410 rpm, 1760 rpm and 2110 rpm) during air-walking motion.
‘When the pump speed is too slow, the pump output flow rate is
less than discharged flow rate by actuators and valves. As a
result, the supply pressure drop occurs

Ao w Wolgg gR1e 4= vk 35 whe] o Ak AA|
2 Ao A B A, 1l /g A stell 2 @GS mE & Qlrk

[Fig. 719 7 el 2= 242 A Al | &1 Ao 7] 9} 4
& TEIS wo] Wk 2o A4 Bl 35 2AHE UERH S0
o} 3 S5 A|o] 7] of A< A|of 7] o Zzbe) 914 © Ak=33
mm, 2.5 mm ©|5}-& LERATE o] wf, &5ehe] 9V [Fig. 8]
o] 125 AR e H]Segk ol A A E e wh,
[Fig. 8]9] Q&% 12f3r e} 3ho] o] F-5 £ ieof| 4] Eelgh

2po)7F RS & 5 Q)
[Fig. 9= 919 *1~8‘r°l~ e aEr SR PARSIE RS
tﬂﬂw UeRd Aotk A&o = FE3IS 499 Bt &
oUA| 7} 2F 1.39 kWell @8li= dlof] Wk, 2 =iol|A]
XW%F 21101712— 285192 745 Het 2H.07 kW= ol U =]
golst 4= 9t} [Fig. 512 EalA &l
6@ %Z}—% FeYsh= Hloll 875 & g A )

=] 2~ |
%L-r U, H



R FEA ol F

Foot Position (XZ-Plane) Tracking Error (XZ-Plane)

== Active Control — Constant Speed

[— Active Control — Constant Speed|

4
= 3
E.0m =
Y Ep
S -0.74 g l
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g 076 ‘g‘
0
-9
0.78 m
N -1
2

702 4015 01 005 _\7> 005 0.1 015 02 0 1 2 3 4 5 6

X Position (m) Time (sec)
[Fig. 7] Foot position trajectories with respect to sagittal plane
(left) and its tracking error (right). Blue line denotes the case of
the active control and red line denotes that of the constant speed
control with 2110 rpm. The maximum position error of the
active control and constant speed control show 3.3 mm and 2.7
mm, respectively

Pump Supply Pressure (P;) Pump Motor Speed (w))

- - Reference Pressure 25001 [— Active Control — Constant Speed]

2000

S

B3

3
S

1500

Speed (rpm)

Pressure (bar)

1000

0 0.5 1 Tlmel S(Sec)z 25 3 0 0.5 lTim(I:.S(SCC)Z 25 3
[Fig. 8] Supply pressure (left) and pump speed (right) when the
robot performs the air-walking motion. The blue line and the red
line correspond to the case of applying the active control and
constant speed control, respectively

Electric Power Consumption

1800 | Average of Active Control
""" Average of Constant Speed
Q 1600
1.39 kW

§ 1400

B 1 /\\4 ] /“v97ka
% 1000 \/ |4
S

600

0 3 6 9 12 15 18
Time (sec)

[Fig. 9] Consumed electric input power. The case applying the
designed controller shows about 1.07 kW, while the case
applying the constant speed controller shows about 1.39 kW for
the same air-walking motion
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[Fig. 10] A snapshot of bipedal robot’s squat motion: The center
of mass position of the robot moves vertically 0.25 m for 1.0
second

Required Flowrate
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SEn —— Actuator Qe - Accumulator Q e,
—
=
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2 2 P
59}
0 ] el
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[Fig. 11] Required flow rate for the squat motion. The highest
flow rate is about 6.6 LPM to perform the squat motion
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[Fig. 12] Supply pressure when the robot performs the squat
motion. The supply pressure maintained around the reference
pressure (100 bar). The maximum pressure error is about 3.5 bar
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Knee Angle for Squat Motion

Knee Torque for Squat Motion
Max : 104.7 Nm)

= Reference —Sensor Data
— Tracking Error

Angle (deg)
£
Error (deg)

Torque (Nm)

0 1 2 3 4 5 6 7 8 9 10 - 0 1 2 3 4 5 6 7 8 910
Time (sec) Time (sec)

[Fig. 13] Position tracking performance (left) and torque (right)
measured at the knee joint during the squat motion. The
maximum position error is 0.23% while the maximum measured
torque is about 104.7 Nm
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