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Abstract

In order to improve the servo accuracy of hydraulic quadruped robot electro-hydraulic
servo actuators during operation, the load characteristic of equivalent model of electro-
hydraulic servo actuators with swing phase and support phase was analyzed,
respectively, the compound control strategy including flow compensator, velocity
compensator, internal model controller, and improved internal model controller was
proposed, the dynamic performance of system was guaranteed by internal model
controller, the accuracy was further improvement by improved internal model controller.
The composite control strategy was verified by robot single leg test platform, the
experiment results show that the deviation and phase lag of response curve with flow
compensation, velocity compensation and internal model controller was less than 5%
and 18°, respectively, the value of phase lag can be further reduced to 7°by the improved
internal model controller, and the efficiency of the proposed control strategy was verified.

Keywords: hydraulic quadruped robot, electro-hydraulic force servo, flow
compensation, velocity compensation, internal model control, minimal control synthesis

1. Introduction

Hydraulic Quadruped Robot uses the electro-hydraulic servo actuator as the driving
element, indirectly through the piston rod out or in to drive the each joint rotation.
Accurate control of actuators is the basis and prerequisite of the stable operation of the
robots, especially in support of joint force control, the controller directly affect the
precision of robot operation stability. However, in view of the electro-hydraulic servo
actuator force control research has a lot of achievements, such as nonlinear robust force
control [1] , quantitative feedback step[2], nonlinear adaptive inverse control[3], neural
network[4], genetic algorithm [5], the adaptive fuzzy control [6], the iterative learning
method and force control based on state observer [7-8]. But the above research objects are
all on the same model of the structure of the fixed parameter or variable parameter model,
the force control model structure and the system operating mode of the hydraulic
actuators robot are time-varying model parameters. The multiple model method is the
better way to solve the model structure is different, but it can't guarantee controller system
stability in the process of switching [9].

Therefore, aiming at the shortcomings of the above research, based on the hydraulic
characteristics of quadruped robot, this paper first analyze the equivalent model of
hydraulic robot electro-hydraulic servo actuator in the swing phase, rigid support and
elastic support phase. Secondly, based on the model characteristics, this paper proposes a
compound control strategy of the servo valve flow compensation, compensation system
speed, and internal model controller and improve the internal model controller applying
the inner ring internal model controller to improve the dynamic characteristics of system.
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Finally, this paper uses a single robot leg to test the compound control strategy for rigid
support and elastic support in order to illustrate the effectiveness of the proposed control

strategy.

2. Mode of the Electro-Hydraulic Servo Actuator

The one leg structure of the hydraulic driving quadruped robot is shown in figure 1.
The actuator equivalent models of the legs in the swing phase, rigid support phase and
elastic support phase, which are deduced in [10], are shown in figure 2 a), b) and c).

1) frame, 2) horizontal pendulum actuator, 3) link, 4) knee joint actuator, 5) link 11,6) hip joint
actuator, 7) link III, 8) link IV

Figure 1. Single Structure Of Quadruped Robot
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Figure 2. Actuator Equivalent Model

The force balance equations of the hydraulic cylinder and the load in the swing phase,
rigid support phase and the elastic support phase are shown as below respectively

Ap =mX,+B X, +F, (1)
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A is the area of hydraulic cylinder rodless cavity, p, is the load pressure, pL.=p:-p., P:
is the pressure of the hydraulic cylinder rodless cavity, p. is the pressure of the hydraulic
cylinder rod cavity, n is the area ratio of the rod cavity and rodless cavity, B, is the
friction coefficient.

{A P, =mX, +B, (X, - %)+ Kix, +F,

2
AP, =M%, + B, (, ~%)+F. ?
Ap =mx, +B, (X — %)+ KL (x,—x )+F,
KL (X, =X ) =m.X +B X +Kix +F ®)

Ap. =—-mX + Bp(>'<p -X.)+F,

In the support phase, due to the displacement sensor can only test relative displacement
of the piston rod and cylinder, X,- X;, suppose X = Xp-Xc,

AA(s) =mm, s*+(m+m)B s*+m K[ s*+B K|s,
(m, s* +B s+ KK

BB(s) =ms’® + :
©) m s’ +B s+ K +K?

CC(s)=(m+m)s’+K;

Due to the servo valve frequency is higher, it can be simplified as proportion link,
the simplified transfer function of servo valve can be expressed as

LS )
Al

Xv is the displacement of servo valve core, K,y is the gain of servo valve, Al is
the incoming current of servo valve.

By the literatures [11-12], the actuator force control block diagrams are shown in
figure 3 a), b) and c), which are obtained from the equation (1), (2), (3) and (4)
respectively in the swing phase and the rigid support and elastic support phase.
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Figure 3. Diagram of electro-hydraulic Force Servo System

When Xy > 0,

1+n®

x 1 2
Kq =de\g VP - P

Cyq is the flow coefficient of servo valve, w is the area gradient of servo valve,
p is the density of hydraulic oil, ps is the oil supply pressure.

. /1 f 2
Ky =CyW ; 1Jrn3../nPS+PL

K, is the pressure coefficient of the servo valve.,

When Xy > 0,
K:=CdWXV ii 2 5 !
5 2\Ten &5
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When Xy < 0,
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3. Design of Controller

Figure 4 is a block diagram of compound control strategy. G is dotted box in
figure 3, FLC is the flow compensator, VC is the speed compensator, IMC is the
internal model controller, G_; is the internal model controller introducing the

inverse model of the filter, « is the adjustable coefficient between 0 ~ 1, G;. PG
and « compose the improved internal model control structure.
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Figure 4. Principle Diagram of Compound Controller

3.1 Flow Speed Compensator

Equivalent gain of servo valve is

K A
in a ps3 (5)
l,AP, V1+n
The structure of the speed compensator is
Voo As (6)
inK ;L ps
I,JAP, V1+1®

After the flow compensation and speed compensation, the equivalent force control
block diagram is shown in figure 5.
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Figure 5. Equivalent Diagram of Force Control

Suppose K Q T AP, i:v—o
YK1JAP, Vi+n® o,  BA+n?)K’

The open loop transfer function of the system is
KK, / 3 s+1 (7
a)l’

After the flow compensation and speed compensation, the system eliminates the
guality equivalent load and equivalent spring stiffness influencing the performance of the
system and the model structure is the first order inertia link.
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3.2 Internal Model Control

Internal model control principle diagram is shown in figure 6, d is the jamming signal,
Q (s) is the internal model controller, M (s) is the mathematical model of controlled
object, C (s)is the feedback controller, P (s) is the actual controlled object, D (s) shows

the effect of interference on the output.
:

r,. o +
oo Q(s) | P(s) F
- |+ | +
| I
M
lc(s) () J

Figure 6. Principle Diagram of Internal Model Control

From figure 6, the system output is shown in equation (8).

__ QEPEFr [-Q()M(s)ID(s)d ®)
1+Q()[P(s)-M(s)] 1+Q(s)[P(s)-M(s)]
In equation (8), when the relation between internal model controller and the system
model meets the equation (9), it can realize zero phase tracking and interference
suppression of the system.

Q(s)=M(s)™ 9)

In order to obtain the real-time parameters of the controlled object model, it usually use
the online identification method, but from the online identification models can’t guarantee
a certain for non-minimum phase system and be easy to cause the system unstable. The
identification methods in this paper adapt the least square method according to reference
[13].

Introducing the filer,

1/os+1 (10)
o is the filter time constant in the equation 10.

Supposing the identification model is M (s), the relation between the actual controlled
object P (s) and the model M (s) is

P(s) =M (s)(1+ AP(s)) (11)
AP () is the un-modeled item.
The closed loop transfer function of the system can be expressed as

1+AP(s) 1 14 oSAP(S)
0S+1+AP(s) os+1  oS+1+AP(s)

PG(s) =

(12)

3.3 improved the Internal Model Control

The principle diagram of the improved internal model can be shown in figure 7[14-15].
G.:(s) is the inverse model of equation 10. Due to the model is known, the G_X(s) can be

identified by using the offline methods.
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Figure 7. Improved Internal Model Control

4. Research Study

For the test platform can only realize the vertical motion, the yawing actuators in the
experiment keep stationary. Figure 8 is the leg mechanism of the robot.

Considering the robot actuator executes the force control in the support phase, this
paper carried out the actuator tracking experiments in the rigid support and elastic support
phase respectively. Figure 9 is the leg experiment condition, a) for the rigid support
phase, b) for the elastic support phase. In the figure b, 1 is the foot end, 2 is the
elastomeric, used to simulate the elastic ground.

I

Figure 8. Leg Picture of Robot
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o

Figure 9. Condition of Experiment

In the experiment, this paper carries out the force control of hip only, through testing
the output value of knee joint displacement sensor to control the knee joint angel, to
ensure that the body only in the vertical direction.

Figure 10 is the force tracking curve of the hip joint in the rigid support and elastic
support, the controller is PID, R is the command signal, Rp, EP are rigid support and
elastic support phase force tracking curve respectively.

The figure shows that the hip joint force tracking curve response characteristics in the
rigid support and elastic support are basically the same, the phase lags 36°, the amplitude
deviation is within the plus or minus 5%, for the reason that the stiffness of the
elastomeric is bigger than the damping spring, so it has less effect the system
performance. The following paper will only study the effect of the rigid support force
tracking curve.

Figure 11 is the force tracking curve introducing the internal model controller and the
improved internal model controller. The figure shows that the system with the compound
control strategy of the PID controller, the internal model controller and the improved
internal model controller responses the deviation within =+ 5%, but the phase lag
characteristics are different. The PID controller lags 36 ° phase, the internal model
controller lags 18 ° phase, the compound controller lags 7° phase. This illustrates the
effectiveness of the hybrid control strategy.
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Figure 10. Force Curve of Hip Joint

248 Copyright © 2016 SERSC



International Journal of Control and Automation
Vol.9, No.1 (2016)

-—R

=IMC+IIMC
IMC

=—PID

9001

300

40 40.2 40.4 40.6 40.8 41
time/s

Figure 11. Force Curve with Compound Control Strategy

5. Conclusion

1) For the characteristics of electro-hydraulic servo actuator in the rigid support and
elastic support phase, this paper proposed a compound control strategy of robot joint force
control composed by the servo valve flow compensator, speed compensator internal
model controller, inner ring and outer ring to improve internal model controller.

2) The two levels of internal model controller avoided directly calculate the inverse
model of controlled object. By adjusting the improvement the adjustment coefficient of
internal model controller can adjust the force the tracking error of the system.

3) The one leg testing platform shows that the hybrid control strategy can make the
system amplitude deviation within the plus or minus 5%, phase lag is less than 7°,
verified the effectiveness of the proposed control strategy.
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