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Abstract

Hydraulic rotary actuator

Hydraulic actuated quadruped robots have bright application prospects and significant research values in unmanned
area investigation, disaster rescue and other scenarios, due to the advantages of high payload and high power

to weight ratio. Among these fields, inevitable collision of robots may occur when contact with unknown objects,
step on empty objects, or collapse, all of which have an impact on the working hydraulic system. To overcome

the unknown external disturbances, this paper proposes an active disturbance rejection control (ADRC) strat-

egy of double vane hydraulic rotary actuators for the hip joints of the quadruped robots. Considering the order

of the valve-controlled actuator model, a three-stage tracking differentiator, a four-stage extended state observer,
and a state error feedback controller are designed relatively, and the extended state observer is adopted to observe
and compensate the uncertainty of external load torque of the system. The effectiveness of the ADRC method

is verified in simulation environment and a single joint experimental platform. Moreover, the impact experiments
of the limb leg unit are carried out after introducing the proposed ADRC strategy into hip joint, the limb leg unit

of quadruped robots presents better impact resistance ability.

Keywords Quadruped robot, Active disturbance rejection control, Extended state observer, Impact resistance,

1 Introduction

Recently, legged robots have been a hot topic for domes-
tic and foreign researchers to carry out scientific research
work, such as imitating the galloping cheetahs for higher
motion speed [1], versatile climbing on the ferromag-
netic surfaces [2], multimodal locomotion ability [3].
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Compared to the wheeled or tracked robots, which rely
on continuous contact with the ground, legged robots
have the ability to traverse unknown and unstructured
terrains easily via dynamically adjusting their leg move-
ments and gaits. Along with the urgent demand for heavy
payload and high-speed locomotion, many hydraulic
driven quadruped robot prototypes have been developed
and applied in payload transportation and uN-manned
surveying, including BigDog [4] from Boston Dynamics,
HyQ [5] series from the Italian Institutes of Technology,
Baby elephant [6] from Shanghai Jiao Tong University.

As the most critical motion unit of quadruped robot,
limb leg units play an important role in the locomotion
ability of the robots [7]. When working in the complex
and rugged terrains [8, 9], the foot ends of limb leg units
inevitably contact with the objects in the enviroN-ment,
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and the expectant control of joint actuators would be
affected by the external force transferred from the foot
end. In addition, the collision between the foot end and
the ground occurs sometimes [10] due to the discontinu-
ous support characteristic although compliance control
strategies are employed. If no measures are taken when
collision happens, it may affect the position/force track-
ing performance of the limb leg units, furtherly, resulting
in more serious damage to the quadruped robots due to
excessive joint output torque. Therefore, it is necessary to
estimate and compensate the interference torque in real-
time. Furthermore, the joints directly determine the out-
put capacity and the dynamic performance of the legged
robots, so optimizing the control method for joints is a
key step in improving the impact resistance of the limb
leg unit and even quadruped robots.

The control methods of robot joints mainly include
adaptive control [11], sliding mode control [12], fuzzy
control [13], neural network-based control [14] and other
control strategies. Refs. [15-17] designed an adaptive
sliding mode controller, which combined the advantages
of adaptive backstepping control strategy and sliding
mode control strategy to enhance the tracking perfor-
mance of the whole system. Zhang et al. [18] proposed
a multimodal robust adaptive control theory, which
involved designing multiple identification models based
on the range of parameter uncertainty and adding non-
linear robust terms to the model to suppress the influ-
ence of uncertainty and nonlinear factors. Na et al. [19,
20] proposed a control method that need not require
backstepping schemes and function approximators, as
well as proposing another simple and effective estima-
tion method to handle unknown dynamics and external
disturbances in robot system motion control. However,
the aforementioned control strategies are often bur-
dened with complicated control laws that proved diffi-
cult to fine-tune. On the other hand, the computational
complexity associated with these approaches can hinder
their applicability in industrial settings. To address these
concerns, Han [21, 22] proposed the ADRC algorithm
based on in-depth analysis of PID and presented that
ADRC was capable of replacing PID strategy with obvi-
ous advantage in performance and providing solutions
for external disturbances.

The core concept of ADRC strategy revolves around
the assimilation of both internal and external uncer-
tainties into a unified disturbance, which is then
actively eliminated. This approach stands as a model-
free strategy, sparing it from the need for precise
knowledge of an accurate parameters and dynam-
ics. To assess the total disturbance, ADRC employs
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an extended state observer (ESO), the gain selection
of which would largely determine the performance of
the ADRC [23-25]. ADRC has been effectively applied
to hydraulic quadruped robots. Fan et al. [26] utilized
ADRC to improve the control performance and stabil-
ity of the hydraulic quadruped robot and presented
that ADRC controller can keep the robustness, secu-
rity, and invariability under the indeterminacy dynamic
enviroN-ment, which can greatly meet the requirement
of the hydraulic control system. Guo et al. [27] used
ADRC in valve-controlled cylinder servo system and
demonstrated that ADRC can effectively suppressed
the internal parameter changes and external parameter
changes of the hydraulic system, and had potential in
electrohydraulic systems for high-performance con-
trol. Notably, most cases concentrate on position con-
trol under unknown disturbances, and the force/torque
control of actuators with ADRC has not been reported,
especially the hydraulic rotary actuator. Besides, the
applications of ADRC in hydraulic quadruped robots
require more experimental verification, not just the
simulations.

In this paper, a three-stage active disturbance rejec-
tion controller is designed to the torque control of a
valve-controlled hydraulic rotary actuator, which is to
drive the hip joint of the quadruped robots. The input
signal is transited via the differential tracker, and a
four-stage ESO is expanded to observe the changes of
disturbances. Finally, the state error feedback control
law is adopted to compensate the error. Simulations
are carried out to prove the proposed ADRC strategy
is stable and correct. Experiments with the hydrau-
lic actuator are conducted and their results show that
the ADRC method has superior performance than that
of general PID strategy in overcoming the complicate
disturbances. Further experiments are performed in
the limb leg unit to show that ADRC can significantly
reduce the load torque when the collision occurs.

The main contribution of this paper is to develop a
three-stage active disturbance rejection control strat-
egy for a valve-controlled hydraulic rotary actuator
and apply it to the hip joint of a hydraulic quadruped
robot. This paper is constructed as follows. Section 2
gives the modeling process of the valve-controlled dou-
ble vane hydraulic rotary actuator. Section 3 describes
the design implementations of ADRC controller con-
sisting of three-stage tracking differentiator, four-stage
extended state observer, and state error feedback con-
trol law. Simulations in the stationary and moving
states for hydraulic rotary actuator are shown in Sec-
tion 4. Then, the experimental results in the level of
both hip joint and limb leg unit are expressed in Sec-
tion 5, followed by the conclusion in Section 6.
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3D model of quadruped robot Spurlos I
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Figure 1 Hydraulic quadruped robot Spurlos Il and its hip joint hydraulic rotary actuator

2 Mathematical Model of Valve-controlled
Hydraulic Rotary Actuator
2.1 System Overview
Spurlos II, a hydraulic actuated quadruped robot shown
in Figure 1, is designed to help humans perform highly
challenging tasks such as disaster relief, battlefield recon-
naissance, material transportation, and environmental
detection on rugged terrain. As the most critical motion
unit of quadruped robot, the two-degree-of-freedom
limb leg unit depicted in Figure 1, consists of hip and
knee joints. The hip joint is driven directly by the double
vane rotary actuator, the weight of which is 4.3 kg. The
knee joint is actuated by the embedded linear actuator,
and the rotational motion is transferred through a centric
slider-crank mechanism. The joints are driven by electro-
hydraulic servo system, consisting of two servo valves,
four pressure sensors, two angle encoders, and so on. The
limb leg unit weights about 7.8 kg while the shank seg-
ment weights about 2.3 kg.

2.2 Mathematical Model

The double vane rotary actuator in hip joint is a key com-
ponent for the anti-interference control of limb leg unit,
whose performance determines the buffering ability of
the limb leg unit to various terrains. This paper concen-
trates on the torque control of the hip joint to realize bet-
ter impact resistance ability of Spurlos II.

The composition of the valve controlled double-vane
rotary cylinder system is shown in Figure 2. The servo
valve is the control component, and the swing cylinder is
the execution component. According to the oil compress-
ibility and flow continuity, and ignoring internal external
leakage [28], the linearization equation of the servo valve
flow rate can be written as:

Cylinder block

Stationary vane

Rotary vane

Output Shaft

Figure 2 Principle of valve-controlled double vane hydraulic rotary
actuator for the hip joint

QL = KgXv — KcPr, (1)

where K, is the flow gain of the servo valve, K. is the
amplification coefficient of the flow and pressure of the
servo valve, Xy is the displacement of the servo valve
spool, and Py is the load pressure.

Due to the fact that the frequency bandwidth of the
servo valve spool is much greater than that of the double
vane hydraulic rotary actuator, the servo valve is simpli-
fied as a proportional link and expressed by the transfer
function:

Ga(s) = )Ii = KyKyy, (2)
sV
where I, is the input current of the servo valve, K, is the
no-load flow gain of the servo valve, and K, is the con-
troller gain.
The torque sensor and servo amplifier are represented
by the following formula:
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I=I(fxT, (3)

Iy = K, x I, (4)

where Ky is the conversion coefficient of the torque sen-
sor, T is the torque value feedback, I is the output current
of the torque sensor, and K, is the amplifier gain.

The continuity equation for the flow rate of the double-
vane rotary cylinder is as follows:

Vin
45 SPL’ (5)

e

QL = Djus0 + CyuPr +

where D,, is the theoretical displacement of the double-
vane rotary cylinder, 6 is the output angle, Cyy, is the
leakage coefficient, V;, is the total volume including the
connecting oil pipe, and S, is the elastic modulus of the
effective volume.

The load torque balance equation is as follows:

T = P.D,, = J;s*0 + Byus + G0 + T}, (6)

where J; is the moment of inertia of the load torque, By, is
the viscous damping coefficient, G,, is the torsional stift-
ness of the connecting shaft, and 7} is unknown external
interference.

The output torque expression of the valve-controlled
double vane hydraulic rotary actuator system can be
obtained from Egs. (1-6) and is shown as:

_ Q)M()Xy(s) = N(s)Ti(s))

o =""yeis2+Grp 1O

Q(s) =Jis> + Bis + Gy

M(s) = 5L,

N(s) = K¢ (4;3‘27@95 + 1),

P 7)
- 4.32D;%n,

B="5e 4 fue,

C =B 4 Doy 1,

D = Suye, !

m

where K., = K. + Cyy.

Consider x1 (¢) as the output torque of the double-vane
rotary cylinder, x2(¢) as the rate of change of x1(¢), and
x3(t) as the derivative of x3(¢). According to Eq. (7), a
three-stage dynamic system can be obtained as shown in
Eq. (8), and the control block diagram of the valve-con-
trolled hydraulic rotary actuator is shown in Figure 3.
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Figure 3 Control block diagram of the valve-controlled hydraulic
rotary actuator

xl(t) - xZ(t)r

x2(t) = x3(t),

x3(t) = aox1(t) + a1x2(t) + axxz(t) + bu(t) + d(2),

y(t) = xl(t): ( )
8

where ag, a1, a2, b is the system parameter, which deter-
mined via parameters tuning analysis. y(¢) is the system
output, and d(¢) is the interference term.

3 Active Disturbance Rejection Control Strategy
Design

For the ADRC strategy, the significance of the controller
order cannot be overstated. An improper order selec-
tion of controller can directly influence the handling of
internal disturbances within the overarching control
framework, resulting in the burden on the state observer.
Based on the mathematical model of the valve-controlled
rotary actuator established in Section 2, traditional two-
stage ADRC method needs to be further upgraded, and a
three-stage form of ADRC needs to be designed.

As shown in Figure 4, the three-stage ADRC comprises
three main sections. The tracking differentiator (Part A)
processes the reference input signal, providing smoother
and more accurate derivatives of the input. The Extended
State Observer (ESO) (Part B) is designed to estimate the
system’s state variables and the total disturbance, which
includes both internal dynamics and external distur-
bances acting on the system. Finally, the linear state error
feedback (Part C) generates the control input that drives
the system towards the desired state, based on the esti-
mated states and disturbances from the ESO.

3.1 Design of Three-Stage Tracking Differentiator

The function of tracking differentiator is to arrange the
transition process, reduce the jump of input signal, give
a reasonable control signal, and solve the contradiction
between response speed and overshoot. Considering the
order of the controlled object is three, and accordingly, a
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Figure 4 Framework of the proposed ADRC controller
third order tracking differentiator needs to be designed Delay
by connecting two tracking differentiators in series part A
shown in Figure 5. Y
The tracking differentiator unit is designed as:
th = fhan(v1 (t) - VO(t)7 VZ(t)t r, hO);
V1 (t) =" (t) + th(t)’ (9) Compensation
v (t) = va(t) + hth, & Control factor
L 5| function:/(k) ‘
signal

where / is the simulation step size, which is related to
the sampling frequency of the system. v (¢) is the system
input, v1(t) and v2(¢) are the system output derived from
tracking differentiator. A, is the filtering factor, which can
be equal to or slightly greater than / and reduce the ran-
dom noise interference. r is the speed factor, which deter-
mines the speed of tracking the expected torque signal.

th is a control synthesis function and is implemented
as:

d= rho,
do = hod,
y=v1i(t) —vo(t) + hova(2),

ag = \/d*> + 8rly|,

@)+ D
y (@ +d)
2 2

a =
J
t PR
va () + i

_ rsign(a), |a| > d,
fhan = ‘{ ra, lal <d.

Figure 5 Schematic diagram of tracking differentiator unit

3.2 Design of Four-Stage Extended State Observer
The ESO is adopted to observe the expanded state varia-
bles, estimate the unknown disturbance and the unmod-
eled part of the control object, realizing the feedback
linearization of the dynamic system.

The extended state observer of the system is established
by tracking and estimating the system state and interfer-
ence through the input and output of the system:

x3(t) = aox1(t) + arxa(t) + axx3(t) + bu(t) + d(1),
(11)
where ag, a1, as, b are the system parameters, y(t) are the
system output, d(¢) is the torque interference term.
Eq. (11) can be rewritten as

x3(t) = f (x1(£), %2(8), x3(8), d(2)) + bu(?). (12)
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The real-time effect of f(x1(£),x2(t),x3(t),d(t)) on the
system is extended to a new state x4, which is expressed
as x4(t) = f(x1(8),%2(2), x3(£),d(¢)) and x4(t) = w(?),
and the third-stage nonlinear system is further arranged
as

x1(8) = %2(1),
%2 (t) = x3(1),

x3(t) = xa(t) + bu(?), (13)
x4 (t) = w(t),
(&) = x1(0).

Finally, the linear state observer of the extended system
is established as follows and shown in Figure 6:

e(k) = z1(k) — y(k),

zi(k + 1) = z1(k) + h(z2(k) — Bore(k)),

za(k + 1) = z3(k) + h(z3(k) — Boze(k)),

z3(k + 1) = z3(k) + h(za(k) — Bose(k) + bou(k)),
za(k + 1) = z4(k) + h(z2(—Pose(k)),

(14)
where e is the torque output error, z, is the estimated
value of y, z, is the estimated value of the derivative of y,
zy is the estimated value of the second derivative of y, z,
is the estimated value of the nonlinear term and external
disturbance of the model B1, B2, B3, B4 and b, are gains.

3.3 Design of State Error Feedback Control Law

The error feedback controller provides the control strat-
egy for the controlled object and compensates for system
disturbances through state error feedback. In this sys-
tem, the design of the state error feedback controller is
as follows:

e1(t) = x1(t) — z1(8),
ex(t) = xa(t) — z2(8),
e3(t) = x3(t) — z3(8),
uo(t) = apjer(t) + azex(t) + azez(?),

(15)

where x; (i=1, 2, 3) is the output value of the track-
ing differentiator, z; (i=1, 2, 3) is the output value of the
extended state observer, o1;(i = 1,2, 3) is the gain coeffi-
cient of the controller, and ug is the control quantity of
the error feedback. Considering the external interfer-
ence of the system, the final output obtained by the linear
ADRC controller through compensation is:
z4(£)

u(t) = up(t) — ——.

bo (16)

4 Simulation Studies

To verify the effectiveness of the ADRC strategy, a sim-
ulation model is built through the SIMULINK module
of MATLAB, and the parameter settings are shown in
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Figure 6 Schematic diagram of the four-stage extended state
observer

Table 1. Three working conditions are defined based
on the steady states and impact torque value, and the
maximum error of output torque after interference,
the average error of output torque after interference,
and the time to recover stability after interference are
adopted as the quantitative performance indicators.
Another three working conditions in dynamic state are
carried out, and the maximum error and average error
of output torque serve as the quantitative performance
indicators. The anti-interference effects of ADRC
controller and PID controller under different work-
ing conditions are compared, further demonstrating
the anti-interference ability and adaptability of ADRC
controller.

The simulation results under steady state were depicted
in Figure 7. In Condition 1, a 65.0 N-m impact torque was
applied to the valve-controlled double-vane rotary actua-
tor system. After been disturbed, the maximum error of
the actuator output torque with ADRC controller was
18.1 N'-m, much less than 60.8 N-m with PID control-
ler. The average errors of the PID controller during the
disturbance period was 17.8 N-m, almost three times
than that of the ADRC controller. The maximum adjust-
ment time of the ADRC controller was 0.14 s, while the
PID controller was 0.21 s. Compared to PID controller,
the maximum error of ADRC controller was reduced by
70.2%, the average error was reduced by 69.1%, and the
maximum adjustment time was reduced by 33.3%.

When the interference torque increased to 160.0 N-m
in Condition 2, the maximum errors of the system out-
put torque under the control of PID and ADRC con-
trollers were 156.4 N-m and 51.8 N-m, with an average
error of 25.1 N-m and 12.0 N-m. In addition, the maxi-
mum adjustment times were 0.23 s and 0.18 s, respec-
tively. Compared with PID controller, the maximum
error, the average error, and the maximum adjustment
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Table 1 Parameters for simulation

Parameters Values
Theoretical discharge capacity Dy, (m*/rad) 6.12x107°
System flow pressure coefficient K., (m>/Ns) 2.5x107"
Effective volume V;, (M) 5.56x1074
Effective bulk modulus of elasticity B (N/m?) 6.9x108
Equivalent moment of inertia J; (kg-mz) 223x107°
Torsional stiffness Gy, (N-m/rad) 2.68x10°
Viscous damping coefficient B, (N-m-s/rad) 8.0

Servo valve gain K, (m/A) 1.25%1072
Torque sensor conversion coefficient K¢ (A/N-m) 0.24x107%
Controller gain K, (A/V) 3.0x1073
Servo valve flow gain K; (m?/s) 0.98

time of ADRC controller reduced by 66.9%, 52.2%, and
21.7%, respectively.

In Condition 3, the impact torque increased to
310.0 N-m, and better torque performance ability was
observed in the ADRC controller. Compared with PID
controller, the ADRC controller brought about signifi-
cant performance improvement: 66.1% reduction in the
maximum error of the system output, 45.4% reduction
in the average error, 44.4% reduction in the maximum
adjustment time.

The simulation results under dynamic state were
depicted in Figure 8. In working Condition 4, the actua-
tor was in motion, and a 45.0 N-m interference torque
was imposed. The maximum errors of the system out-
put torque under the control of ADRC controller and
PID controller were 18.9 N-m and 43.5 N-m, respec-
tively, representing a maximum error reduction of
56.6%. The average errors during the disturbance period
were 4.2 N-m and 8.5 N-m, with a reduction of 50.6%.
On the basis of Condition 4, Condition 5 and Condi-
tion 6 increased the impact torque to 75.0 N-m and 95.0

Page 7 of 14

N-m. In condition 5, Compared with PID controller, the
ADRC controller reduced the maximum error by 56.2%
and the average error by 54.1%. The maximum error in
Condition 6 decreased by 56.3%, and the average error
decreased by 57.7%.

In summary, whatever states the valve-controlled
double vane hydraulic rotary actuator system were in,
the proposed ADRC controller all showed significant
improvements in interference resistance.

5 Experimental Studies

To verify the improvement of the anti-interference ability
of the controlled object after applying the ADRC control-
ler, experiments were conducted on both the single joint
experimental platform and the limb leg unit experimental
platform.

5.1 Test Results in the Hip Joint

The framework of the single joint experimental platform
system is shown in Figure 9, which consists of a double
vane hydraulic rotary cylinder, a servo valve, the CytroPac
hydraulic station, a torque sensor, etc. A dynamic torque
sensor is used to detect the output torque of the actuator
and provide feedback to the ADRC controller to control
the opening of the servo valve. The impact experiments
were conducted on the single joint experimental platform
through sudden loading, and the working conditions
were divided by changing the weight of the load and the
height of free fall 1.

5.1.1 Steady State Performance

The interference experiments of the double vane rotary
cylinder in a stationary state can be divided into three
working conditions: Condition 1 (1.0 kg, 0.5 m), Condi-
tion 2 (2.5 kg, 0.5 m), Condition 3 (5.0 kg, 0.5 m), shown
in Figure 10. In Condition 1, 1.0 kg of load was released at

==+ADRC = PID - Reference line ——+-ADRC ——PID - Reference line = =+ADRC =———PID - Reference line
50 T T T T T T 120 T T T T T 200 T T T
25 - 60 [
El £ g
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] ] =
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g g &
250 4 “-120F
180 1
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49 5.0 5.1 5.2 5.3 49 5.0 5.1 52 5.3 49 5.0 5.1 5.2 5.3
Time (s) Time (s) Time (s)

Condition 1: 65.0 N-m

Figure 7 Simulation of actuator output torque curve under steady state

Condition 2: 160.0 N-m

Condition 3:310.0 N-m
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Figure 8 Simulation of actuator output torque curve under dynamic state
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Figure 9 Test platform and schematic diagram of valve-controlled hydraulic actuator system

a height of 0.5 m. According to the experimental curve in
Figure 11, the maximum output torque error of the sys-
tem controlled by the PID controller after interference
was 57.4 N-m, and the average error during the distur-
bance period was 15.9 N-m with a maximum adjustment

Figure 10 Test rig of imposing the interference torque

time of 0.25 s. The maximum output torque error of the
system under the control of ADRC controller after inter-
ference was 18.2 N-m, representing a reduction of 68.3%.
The average error during the disturbance period was 5.2
N-m, with a maximum adjustment time of 0.19 s.

Table 2 showed the performance comparison in three
different conditions. We can see that the ADRC method
had a good anti-interference effect, and brought about
the maximum torque error reduction of 68.9% in Condi-
tion 2 and 69.4% in Condition 3. In addition, the ADRC
method contributed to smaller average error, 9.7 N-m in
Condition 2 and 23.7 N-m in Condition 3, representing
a reduction of 56.1% and 51.65%. Compared with PID
method, the proposed ADRC can shorten the adjustment
time by 38.1% in Condition 2 and 31.6% in Condition 3.
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Figure 11 Steady state performance comparisons between PID and ADRC control strategy

5.1.2 Dynamic Performance

When the double vane rotary actuator was in dynamic
state that the torque changed from 0-20 N. The interfer-
ence torque was generated by free fall of an object, and
three working conditions were given: Condition 4 (1.0
kg, 0.2 m), Condition 5 (1.0 kg, 0.5 m), Condition 6 (2.0
kg, 0.2 m). The experiment results were depicted in Fig-
ure 12. In Condition 4, the maximum output torque in
interference direction of the system with ADRC method
was —8.5 N-m, contrast to —21.7 N-m with PID control-
ler. The maximum output torque error of the PID and
ADRC method were 33.4 N-m, 23.9 N-m, respectively.
The average error during the disturbance period reduced
by 16.9% from 8.9 N-m to 7.4 N-m by changing the PID
with ADRC, shown in Table 3.

The same significant performance improvements were
observed in Condition 5 and 6. By adopting the ADRC
method, the maximum torque in interference direction,
the maximum output torque error, and the average error
were reduced by 47.7%, 31.3%, and 21.7% (Condition 5);
55.7%, 30.4%, and 21.6% (Condition 6). Consequently, the
feasibility of the proposed ADRC strategy was verified
from the aspects of maximum output torque in the inter-
ference direction, maximum tracking error, and average
tracking error.

5.2 Test Results in the Hydraulic Quadruped Robot

After verifying the effectiveness of the ADRC controller
at the joint level, it is necessary to verify its effectiveness
at the limb leg unit level. An impact experiment based on
the limb leg unit is designed in this paper, as shown in
Figure 13. The limb leg unit is lifted by the vertical degree
of freedom of the limb leg unit experimental platform,
and then lifted to a certain height before releasing it at a
certain time. The pressure changes in the high and low oil
chambers of the joints are measured by installed pressure
sensors, and the torque change of the hip joint after the

foot touches the ground is recorded. The hydraulic sys-
tem pressure was set at 5 MPa, the expected torque is 0
N-m, and the foot lifting heights are 0.05 m, 0.10 m, 0.15
m, and 0.20 m, respectively.

As shown in Table 4 and Figure 14, when the foot fell
0.05 m off the ground and impacted the hip joint, the
difference in the maximum output torque of the system
under the control of the two controllers was small, rep-
resenting 41.5 N-m and 36.2 N-m, respectively. However,
the torque fluctuation of the ADRC was relatively minor,
and the system restored to the expected torque faster,
taking only 0.25 s. Similar results were observed when
the foot is 0.10 m off the ground. At a drop height of 0.15
m, the maximum output torque of the hip joint reached
90.0 N-m with PID control, whereas it was 55.3 N-m with
the ADRC controller, reducing by 38.6%. When the drop-
ping height reached to 0.20 m, the ADRC-controlled
system exhibited a smaller maximum output torque

Table 2 Performance improvement under steady state

Condition Performance index PID ADRC Improvement
(%)
Condition 1 Maximum tracking error 574 182 683
(N-m)
Average tracking error 159 52 673
(N-m)
Recovery time (s) 025 019 240
Condition 2 Maximum tracking error 1343 418 689
(N-m)
Average tracking error 22.1 9.7 561
(N-m)
Recovery time (s) 042 026 38.1
Condition 3 Maximum tracking error 2833 867 694
(N-m)
Average tracking error 490 237 516
(N'm)
Recovery time (s) 0.76 052 316
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Table 3 Dynamic performance improvement under dynamic
tracking experiments
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Table 4 Performance comparison in drop experiments

Falling height Performanceindex PID ADRC Improvement
(%)
0.05m Maximum torque 415 362 128
(N'm)
Average torque (N'm) 223 11.0 50.7
Recovery time (5) 034 025 265
0.10m Maximum torque 66.5 592 11.0
(N-m)
Average torque (Nm) 183 106 421
Recovery time (s) 0.57 046 193
0.15m Maximum torque 900 553 386
(N-m)
Average torgue (Nm) 170 93 453
Recovery time (s) 063 0.59 6.3
020m Maximum torque 1133 842 689
(N'm)
Average torque (N\m) 179 138  56.1
Recovery time (s) 069 065 58

Condition Performance index PID ADRC Improvement
(%)
Condition 4 Maximum output torque -217 -85 608
(N-m)
Maximum tracking error 334 239 284
(N-m)
Average tracking error 89 74 169
(N-m)
Condition 5 Maximum output torque —388 —203 477
(N-m)
Maximum tracking error 549 377 313
(N-m)
Average tracking error 138 108 21.7
(N-m)
Condition 6 Maximum output torque -680 —30.1 557
(N-m)
Maximum tracking error 858  59.7 304
(N-m)
Average tracking error 217 170 216

(N-m)

than the PID control group, demonstrating a more sig-
nificant effect in resisting external disturbances. The joint
maximum output torque reduced from 113.3 N-m to
84.2 N-m, highlighting the capability of the ADRC con-
troller in observing and compensating for interference.
Notably, as the drop height increased, the impact force
approached the hip actuator’s maximum output torque,
and the adjustable times for both controller were almost
the same.

It can be concluded that the maximum torque output
of the ADRC control group after being impacted was
smaller, which can provide better protection for the hip
joint. Moreover, the average torque output before sta-
bilization was diminished, accompanied by a quicker

——PID =="*ADRC
45 ——————1——T—1— —

reestablishment of stability post-fluctuation in output
torque. These observations collectively substantiate the
validity of the proposed ADRC controller in strengthen-
ing the hip joint against interferences.

6 Conclusions

This paper focused on the torque control of a valve-con-
trolled double vane hydraulic rotary actuator system, and
a three stage ADRC strategy was proposed. The effective-
ness of the ADRC method were then verified by simula-
tions, single actuator and limb leg unit experiments. The
main conclusions were summarized as follows.

1) A mathematical model of the double-vane rotary
actuator was established, which determines the order
of the ADRC controller. According to the separation

—PID = =-ADRC —PID = =-ADRC

Output torque (N-m)
Output torque (N-m)

90 E

Output torque (N-m)

_30 L 1 L 1 L 1 L 1 L 1 L L 1 L 1 L L 1 L 1 L 1 L L 1 L 1 L 1 L 1 L 1 J
5.0 52 5.4 5.6 5.8 6.0 6.2 4.8 5.0 52 5.4 5.6 5.8 6.0 4.8 5.0 5.3 5.5 5.8 6.0
Time (s) Time (s) Time (s)
Condition 4 Condition 5 Condition 6
Figure 12 Actuator output torque curve under dynamic state
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principle for each part, the model of hydraulic rotary
actuator and the ADRC controller were built.

2) Significant anti-interference ability was observed in
both the simulation and the actuator interference
test. Moreover, the effectiveness was verified in the
steady and dynamic state. Compared with the PID
method, the proposed ADRC method presented
smaller torque tracking error and shorter recovery
time.

3) The proposed ADRC controller showed a significant
improvement in the anti-interference ability of the
system at the joint level and limb leg unit level com-
pared to the PID controller. Furtherly, it can improve
the locomotion ability of quadruped robots.

Future work will focus on enhancing the performance
of the ADRC method, such as adding leakage compen-
sation for instance, introducing nonlinear control law.
Furthermore, realizing the application of ADRC to the
quadruped robot Spurlos II is worthy of further research.

Appendix

The detailed proof of four-stage ESO is given. Firstly,
according to the stability proof theorem, if Theorem 1
is satisfied, then the ESO is proven to be stable.

Theorem 1:

(1) For each normal number 4, lin}) |xi(t) — z;(t)] = Ois
£—>

always valid, when ¢ € [a, co);

(2) lim Jxi(8) — zi(8)] < O(e"27)

where x;, z; are the solutions of Eq. (13) and the ESO,
respectively, and i = 1,2,..,n+ 1, x,41 =f + w repre-
sents the expanded state of system (13).

Proof of Theorem 1:
Based on the designed ESO and the defined error, it is

known that
e (1) = x;(t) — zi(¢). (17)

Simultaneously, introducing the scaled estimation
error,

Biei(et)
ni(t) = o= 1,2,...

,n+ 1. (18)
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Given that the system is third-order with parameters,
and 1 = 11,12, 13, 74]T, Then the differential equation
for the system is

0
in(® = m® - @ m@),mo = 24
12(8) = — _ paea(0)
n2(£) = n3(t) — g2(n1(£)), n2(0) = 5
0
i (0) = m(®) — gm0, 1300) = P40,
Na(t) = —ga(mi () + eA(t), 14 (0) = ea(0).

To prove the convergence of the ESO, the following
two assumptions are further made:

Assumption 1: The solutions of system (13) and the
ESO are continuously differentiable with respect to
their variables, and

[w| + |x;(t)| < B, (20)

where B> 0and ¢ > 0.

Assumption 2: There exist constants 4;(i = 1,2,3,4),
o, B, a positive definite continuously differentiable
function V, and W: R"*1 — R, the following equations
also hold true:

Y17 < V) < Aalyl? Zslyl* < W) < allyll%,

(21)
n
Vv oV
Z B*(J’m —-gin) — 5y gnt (n) < =W,
i— i Vn+1
(22)
< Blxyl, 23
‘ayn+1 '8 4 ( )
where y = (¥1,92,-»¥u+1), || - || denotes the Euclidean
norm.

From the above assumptions, it can be inferred that
once the designed function is selected and determined,
it is necessary to prove the existence of a suitable Lyapu-
nov function V whose derivative along the system satis-
fies the convergence properties. Since the specific form is
not given in this paper, the general form of the Lyapunov
function cannot be provided. According to Assumption
2, it can be derived that

LRI L S LA LN
€ n = — o Ni+1 — &im 8n4g4 m 87748
A A
< —W(n) +eMBln| < —iwm + TllaMﬂ\/V(n).
(24)

Based on the relationship between /V(n(¢)) and
V (n(t)), it further follows that
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d ) i1eM
ZVV0@) = —;%\/V(n(t))+%ﬂ- (25)
2 1

Again, according to Assumption 2, it holds that

ol < YA [AV@O) e eMB [ oy
).1 ).1 2)vl
0

(26)
Finally, based on the relationship between 7 (¢) and e(t),
it is obtained that

e [t
ei(t)‘:84_l m() 584_’71()
& £

H

Jat yr
| | AVOO) e eMB[ gen

1 24

0

(27)

Given that &=1, it is evident that ¢ € [a,00),
le;(t)] — 0. The two conclusions of Theorem 1 can be
derived from the above equations. That completes the
proof of Theorem 1.
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