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Abstract: This paper focuses on the system design and control strategies of a hydraulic hexapod
robot (HHR) ZJUHEX01 with a two-stage supply pressure hydraulic system (TSS). Firstly, a brief
introduction is given, including the mechanical structure, the onboard hydraulic system, and the
control system architecture. Secondly, the kinematics model and hydraulic system model are built
in preparation for the controller design. Then a sliding mode repetitive controller (SMRC) for the
separate meter in and separate meter out (SMISMO) hydraulic system is proposed, as well as the valve
configuration, to help HHR get better control performance and smaller tracking errors. Furthermore,
a high order sliding mode differentiator (HOSMD) is developed to obtain the joint angular velocity
and acceleration. Finally, the ADAMS and MATLAB/Simulink co-simulation model is established
to verify the effectiveness of the control strategy. Also, the energy consumption of TSS is compared
with that of one-stage supply pressure hydraulic system (OSS) to show a great energy-saving effect
of 51.94%.

Keywords: hydraulic hexapod robot; sliding mode repetitive control; high-order sliding mode
differentiator; energy-saving

1. Introduction

Multilegged robots possess superior mobility in challenging environments and uneven
terrain where wheeled and tracked vehicles cannot reach [1]. Compared with quadruped
robots, hexapod robots are able to own high stability and capacity at the expense of certain
dynamic performance owing to their tripod gaits [2]. With the help of hydraulic actuation,
hydraulic hexapod robots (HHR) can provide large force output, as well as high power
density and strong robustness, which is suitable for heavy load occasions and disaster-
rescue tasks. However, higher complexity and cost, as well as the low energy efficiency, are
the critical issues restricting the widespread use of hydraulic legged robots [3].

Since Boston Dynamics created a hydraulic quadruped BigDog in 2005 [4], various
research centers, universities, and industries have proposed their hydraulic quadruped
robot, such as HyQ series [5–7], JINPOONG [8], SCalf series [9–11], Baby-elephant [12],
MBBOT [13], NUDT quadruped robot [14], BIT quadruped robot [15], etc. In terms of
HHR, COMET series [16,17], HexaTerra [18], LSHDSL-robot [19], etc. Dynamic motion is
the fundament for hydraulic walking robots performing different tasks; therefore, various
control strategies have been proposed. Cunha et al. [20] combined the gain scheduling
algorithm with PID controller in the HyQ leg prototype. Focchi et al. [21] compared
the control performance of the conventional PID, the linear quadratic regulator (LQR)
controller, and the feedback linearization (FL) controller in the HyQ leg prototype. Bin
et al. [22] applied self-tuning fuzzy-PID in the hydraulic quadruped robot leg prototype.
Ke et al. [23] designed a feed-forward paralleled Active Disturbance Rejection Controller
(ADRC) for foot-end-force control of the support leg of NUDT quadruped robot. Barai
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et al. [24] proposed a robust adaptive fuzzy controller with self-tuned adaptation gain
in the hydraulic hexapod robot COMET-III. Irawan et al. [17] designed a position-based
impedance controller for the leg and a center of mass-based impedance controller for the
hydraulic hexapod robot COMET-IV. Wei et al. [25] designed a robust adaptive dynamic
surface controller in the hydraulic quadruped robot hip joint. Wang et al. [26] adopted
a fuzzy sliding mode controller in the hydraulic quadruped robot. Quan et al. [27] used
a decoupling control strategy based on the diagonal matrix method in the hydraulic
drive unit of a quadruped robot. Gao et al. [28] designed a neural network (NN) model
reference decoupling controller to reduce the influence of the coupling of the hydraulically
driven quadruped robot. Liu et al. [29] proposed a PID compound controller with velocity
feedforward compensation (VFC) in the hydraulic wheeled-legged robot WLBOT. Apart
from that, much research has also been done on force control and compliance control.

Though hydraulic legged robots have unparalleled advantages in high power density
and robustness, their energy efficiency is still worse than animals with similar masses [30].
Nowadays, methods of reducing the energy consumption of hydraulic legged robots are as
follows: (1) Optimization of mechanical and hydraulic system structure; (2) Optimization of
motion planning; (3) Energy-saving and energy-recovery control strategies of the hydraulic
system. Zhai et al. [31] proposed an archive-based micro genetic algorithm (AMGA) to opti-
mize the mechanical structure and gait parameters, which shows a 40% energy-consumption
decrease compared with the original structure. Barasuol et al. [32] designed a hydraulic
integrated smart actuator (ISA) V5 to realize a power saving of approximately 112 W per
actuator. Hua et al. [33] designed a hydraulic servo actuator with passive compliance (HPCA)
in the hydraulic quadruped robot, which can help save more than 80 J energy in two gait
cycles. Dong et al. [34] proposed a centroid fluctuation gait that can save more than 10% en-
ergy. Yang et al. [35] studied a foot trajectory based on the Fourier series to reduce about
7.55% joint energy consumption. Deng et al. [36] proposed a low energy cost foot trajectory
planning method to realize a constant velocity of the body of a hydraulic hexapod robot
which could reduce about 39% peak power. Tani et al. [37] proposed a method of taking the
characteristics of the limited powered pump into consideration when designing the walking
trajectory of a hydraulic legged robot, which could improve the energy efficiency and achieve
power matching. Guglielmino et al. [38] established a hydraulic equivalent of the DC-DC
switching Buck converter for the HyQ leg prototype to save about 75% energy. Xue et al. [39]
designed a double-stage energy supply system using small accumulators to meet the instant
high-pressure demands of hydraulic legged robots.

On the above issues of hydraulic legged robots, this paper concentrates on the design
and control strategies of a hydraulic hexapod robot (HHR) with a two-stage supply pressure
hydraulic system (TSS), especially on joint sliding mode repetitive control (SMRC) and
energy-saving efficiency. In summary, the main contributions made are as follows:

1. A SMRC controller is designed to improve the joint trajectory tracking performance;
2. The high order sliding mode differentiator (HOSMD) is designed to help get the

angular velocity and acceleration of HHR;
3. A two-stage supply pressure hydraulic system (TSS) is utilized in HHR to save the

energy of legs in the swing phase.

The remainder of this paper is structured as follows:
Section 2 gives an overview of the HHR system, including its mechanical structure,

hydraulic system, and control system. Section 3 establishes the kinematics model and
hydraulic model of HHR. Section 4 introduces the configuration of different valves in TSS
and SMRC joint controllers. Section 5 describes the effectiveness of the control algorithm
and energy-saving in ADAMS and MATLAB/Simulink co-simulation. A conclusion is
offered in Section 6.
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2. HHR System Overview
2.1. Mechanical Structure

HHR ZJUHEX01 can walk in different gaits to overcome irregular terrains and gain
better environmental adaptability. Compared with the quadruped robot, HHR has higher
stability and a larger load capacity for three grounded legs can always be obtained in
tripod gaits ideally. As Figure 1 shows from the right side of HHR, it has a size of about
1.65 m (L) × 1.1 m (W) × 1.5 m (H) at the standard standing position and a total of about
1100 kg weight with an extra load capability of about 200 kg. The robot consists of a trunk
and six legs, while all of them adopt the same mechanism, which consists of three DOFs
(degree of freedom), including root abduction/adduction (RAA), hip flexion/extension
(HFE), and knee flexion/extension (KFE). Additionally, each leg contains a spring damping
foot, which can attenuate the shock and vibration and thus improve the energy utilization
during locomotion.
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Figure 1. The hydraulic hexapod robot ZJUHEX01.

2.2. Onboard Hydraulic System

HHR usually walks in tripod gait, which means three legs work in the stance phase
while others are in the swing phase. Legs in the stance phase need to provide enough output
force to support the whole HHR and meet locomotion requirements, while other legs in the
swing phase are only supposed to overcome their gravity and dynamic force. Traditionally,
a hydraulic walking robot consists of a one-stage supply pressure hydraulic system (OSS)
which will cause extremely huge energy waste. As a result, a two-stage supply pressure
hydraulic system (TSS) is proposed in Figure 2 to improve energy efficiency.

As is shown in Figure 2, TSS consists of a high-pressure pump (18 MPa) and a low-
pressure pump (6 MPa), which will help HHR adapt to different load requirements in
either the stance phase or swing phase. Each robot leg comprises three joint units including
the knee, hip, and root. Both the knee and the hip adopt the same structure, where three
directional control valves combine with an actuator to form a separate meter in and separate
meter out (SMISMO) control system. As for the little movement and energy consumption
of the root actuator in straight gait, only one directional control valve is configured for
high-pressure supply.
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Figure 2. Schematic of the two-stage supply pressure hydraulic system (TSS).

2.3. Control System Architecture

According to the characteristics of HHR, such as a large number of sensors, high real-
time requirements, and complex complicated control strategy calculation, a hierarchical
control system is established as Figure 3 depicts. Firstly, a remote personal computer (PC)
works as an upper layer, which can provide an interactive interface and Wi-Fi communica-
tion. Secondly, an industrial personal computer PXIe-8861 behaves as the lower layer to
complete gait planning, trajectory planning, control algorithm, and communication in the
Wi-Fi module. Also, signal sampling and output can be implemented by the multifunction
I/O module PXIe-6375 and output module PXIe-6739. Angle encoders are mounted in
the joints to measure the joint angles, while force sensors and pressure gauges are used to
measure the load force and hydraulic cylinders’ pressure. In addition, foot force sensors
are mounted on the feet of HHR to measure the ground contact force to compensate for
the model and distinguish whether the stance phase or swing phase. Finally, an inertial
measurement unit (IMU) is fixed on the robot trunk to measure the attitude of the robot.
The specifications of different sensors are shown in Table 1.

Table 1. List of specifications of different sensors.

Sensor Model Input Range Output Range Resolution

Angular encoder R22H 270◦ 0–5 V 0.0659◦

Pressure MIK-P300 0–25 MPa 0–5 V -
Force BSLM-3 0–20 kN 0–5 V -

Foot force CHHBM-1 0–500 kg 0–5 V -

IMU LPMS-RS232AL2
Roll: ±180◦,
Pitch: ±90◦;
Yaw: ±180◦

- -
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3. System Modelling
3.1. Kinematics Modelling

Each leg of HHR adopts the same structure as the front left leg as Figure 4 shows. X1,
X2, X3, X4 are the four hinge points connected to two hydraulic cylinders of the knee and
hip joint. c0, c1, c2 are the length of three hydraulic cylinders, respectively. a0, b0, a1, b1, a2,
b2 are the mounting position of three hydraulic cylinders, respectively. θ0, θ1, θ2 are the
joint angles of RAA, HFE, and KFE, respectively. L0, L1, L2 are the length of the leg links,
respectively, which will be used in kinematics models. e11, e12, e21, e22, ϕ are the auxiliary
angles in the calculation.

The relationship between the length of hydraulic cylinders and the joint angles can be
written as 

c0 =
√

a02 + b02 + 2a0b0 cos(θ0 − e01 − e02) = c00 + xpr

c1 =
√

a1
2 + b1

2 + 2a1b1 cos(θ1 − e11 + e12) = c10 + xph
c2 =

√
a22 + b22 + 2a2b2 cos(θ2 − e21 + e22 + ϕ) = c20 + xpk

(1)


l0 = − a0b0 sin(θ0−e01−e02)

c0

l1 = − a1b1 sin(θ1−e11+e12)
c1

l2 = − a2b2 sin(θ2−e21+e22+ϕ)
c2

(2)

where θ0, θ1 and θ2 are the root, hip, and knee joint angles, respectively; l0, l1 and l2 are the
arms of output force of hydraulic cylinders, respectively; c00, c10 and c20 are the root, hip,
and knee joint initial hydraulic cylinders’ length, respectively; xpr, xph and xpk are the root,
hip, and knee joint hydraulic cylinders’ displacement, respectively.
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The forward kinematics and inverse kinematics models are developed below:

P(θ) =

 −L1 sin θ1 − L2 sin(θ1 + θ2)
(L0 + L1 cos θ1 + L2 cos(θ1 + θ2)) sin θ0
−(L0 + L1 cos θ1 + L2 cos(θ1 + θ2)) cos θ0

 =

 Px
Py
Pz

 (3)


θ0 = −arctan

(
Py
Pz

)
θ1 = −arccos

(
L1

2−L2
2+L2+Px

2

2L1

√
L2+Px2

)
− arctan

(
Px
L

)
θ2 = π − arccos

(
L1

2+L2
2−L2−Px

2

2L1L2

) (4)

where P(θ) is the foot position in the root coordinate system; L =
√

Py2 + Pz2 − L0.

3.2. Hydraulic System Modelling

Compared with the traditional valve-controlled cylinder system, the SMISMO control
system can separate the controls of meter-in and meter-out orifices, which will increase the
flexibility of the valve and the energy efficiency of the system. To simplify the hydraulic
system, the hip joint can be taken as an example in Figure 5 and the following controller
design is based on it. Figure 5 describes how the SMISMO control system works. Qs1 and
Qs2 are the flow rate leaving from the low-pressure pump and the high-pressure pump,
respectively. Qa1 and Qa2 are the flow rate leaving from the low-pressure accumulator and
the high-pressure accumulator, respectively. In this SMISMO control system, valve V1 can
provide high-pressure oil, while the valve V2 and V3 can offer low-pressure oil. When the
legs of HHR are in the stance phase or the swing phase, different valve configurations are
proposed in Section 4.1 in detail.
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Neglecting the leakage, the pressure dynamics of the cylinder chambers can be derived by

Vh1
βe

.
Ph1 = Qh1 − A1

.
xph (5)

Vh2
βe

.
Ph2 = −Qh2 + A2

.
xph (6)

where Vh1 = Vh10 + A1xph, Vh2 = Vh20 − A2xph, Vh1 and Vh2 are the hydraulic cylinder
volume without the rod and with the rod; Vh10 is the volume of the cavity between the
valves and the hydraulic cylinder without the rod in the initial position, Vh20 is the volume
of the cavity between the valves and the hydraulic cylinder with the rod; Ph1 and Ph2 are
the hydraulic cylinder pressure without rod and with the rod; xph is the hydraulic cylinder
displacement; Qh1 is the flow entering into the cylinder chamber without the rod; Qh2 is
the flow leaving the cylinder chamber with the rod; A1 and A2 are the hydraulic cylinder
areas without the rod and with the rod; βe is the bulk modulus of hydraulic oil.

The dynamics equation of SMISMO control valves can be written as below:

xvi(s)
ui(s)

=
ωv

2

s2 + 2ζωvs + ωv2 (7)

where xvi is the displacement of the spool in SMISMO control valve; ui is the control voltage;
ωv is the natural frequency of the valve; ζ is the damping coefficient.

Ignoring the dynamics of the valves, the flow rate of SMISMO control valves can be
depicted as below:

Qhv1 =

{
Kqh · u1 ·

√
Ps2 − Ph1 u1 ≥ 0

Kqh · u1 ·
√

Ph1 − Pr u1 < 0
(8)

Qhv2 =

{
Kqh · u2 ·

√
Ps1 − Ph1 u2 ≥ 0

Kqh · u2 ·
√

Ph1 − Pr u2 < 0
(9)

Qhv3 =

{
−Kqh · u3 ·

√
Ps1 − Ph2 u3 ≥ 0

−Kqh · u3 ·
√

Ph2 − Pr u3 < 0
(10)
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{
Qh1 = Qhv1 + Qhv2
Qh2 = Qhv3

(11)

where Qhv1, Qhv2 and Qhv3 are the flow rate of three directional control valves V1, V2 and
V3; u1, u2 and u3 are the input voltage of valves V1, V2 and V3; Ps1 is the low supply
pressure; Ps2 is the high supply pressure; Pr is oil tank pressure; Kqh is the valve’s flow
gain coefficient.

The dynamics model of hydraulic cylinder can be written as

Fcyl = A1Ph1 − A2Ph2 = Mh ·
..
xph + Bp ·

.
xph + d (12)

where Fcyl is hydraulic cylinder output force; Mh is mass load; d = Fh + Ff , Fh is load force,
Ff is cylinder friction force; Bp is the viscous coefficient.

4. Controller Design

In the HHR control system, the onboard industrial personal computer PXIe-8861 can
obtain signals of joint angle, load force, hydraulic cylinder pressure, and foot force from
different sensors, thus implementing the control algorithm to achieve the high-precision
and steady locomotion of the robot. Combined with the SMISMO system as Figure 5
shows, all the valves need to be appropriately configured, not only to get better control
performance but to save energy as well.

4.1. Valve Configuration in TSS

Three valves are configured as Table 2 to deal with different load forces in the stance
phase and swing phase. Owing to the foot force sensors installed on the robot feet, the foot
force will be gained to easily distinguish which leg is in the stance phase. When the contact
detection identifies that the leg is in the stance phase, the control voltage of V2 will be set to
zero, which will turn off V2. In this case, V1 and V3 can independently control the flow rate
of the chamber without the rod and with the rod, respectively, which will form a SMISMO
control system automatically. V1 is connected to the high-pressure resource Ps2, oil tank,
and the chamber without the rod, while V3 is connected to the low-pressure resource Ps1, oil
tank, and the chamber with the rod. Through the control algorithm designed, the hydraulic
cylinder can implement the exact trajectory tracking and periodic reciprocating motion.
When the leg is in the swing phase, the control voltage of V1 will be set to zero, which will
turn off V1. Thus, V2 and V3 will control the movement of the hydraulic cylinder. Because
V2 is connected to the low-pressure resource Ps1 instead of Ps2, energy in the hydraulic
cylinder extension can be saved.

Table 2. Valve configuration in different phases.

Phase V1 V2 V3 Flow Rate

Stance phase On Off On
Qh1 = Qhv1
Qh2 = Qhv3

Swing phase Off On On
Qh1 = Qhv2
Qh2 = Qhv3

4.2. Sliding Mode Repetitive Control

Firstly, a sliding mode control (SMC) is proposed to realize joint angle control of
HHR. Assuming the leg is in the stance phase, only V1 and V3 are, thus, working. From
Equations (5), (6) and (12), we can easily get

Vh1
βe

.
Ph1 = Qh1 − A1

.
xph

Vh2
βe

.
Ph2 = −Qh2 + A2

.
xph

Fcyl = Mh ·
..
xph + Bp ·

.
xph + d

(13)
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where {
Qh1 = Kqh · u1 ·

√
∆P1

Qh2 = −Kqh · u3 ·
√

∆P2
(14)

∆P1 =

{
Ps2 − Ph1 u1 > 0
Ph1 − Pt u1 < 0

∆P2 =

{
Ps1 − Ph2 u3 > 0
Ph2 − Pt u3 < 0

(15)

Define a set of new parameters as
f1 = − Bp

Mh

.
xph

g1 = 1
Mh

f2 = −
(

A1
2

Vh1
+ A2

2

Vh2

)
βe

.
xph = f21 + f22

g2 =
(

A1
Vh1

√
∆P1 +

A2
Vh2

√
∆P2

)
βeKq = g21 + g22

(16)

where 
f21 = − A1

2

Vh1
βe

.
xph

f22 = − A2
2

Vh2
βe

.
xph

g21 = A1
Vh1

√
∆P1βeKqh

g22 = A2
Vh2

√
∆P2βeKqh

(17)

The control voltage u1 of V1 can be calculated. Define state variables and establish
state-space equations as 

x1 = xph
x2 =

.
xph

x3 =
..
xph

x4 = Fcyl

(18)


.
x1 = x2.
x2 = g1x4 + f1 − g1d
.
x3 = g1(g21u1 + f21 − A2

.
Ph2) +

.
f 1 − g1

.
d + ∆

.
x4 = g21u + f21 − A2

.
Ph2

(19)

For simplicity, the following practical assumption is made.

Assumption 1. The extent of parametric uncertainties and uncertain nonlinearities are known, i.e.,

∆ ∈ Ω∆ ≡ {∆ : |∆(x, t)| ≤ δ(x, t)} (20)

where ∆ ∈ Ω∆ is uncertain nonlinearity and other disturbance from environments, δ(x, t) is known.

Let 
e0 =

∫
(xph − xd)dt

e1 = xph − xd
e2 =

.
xph −

.
xd

e3 =
..
xph −

..
xd

(21)

where xd is the desired hydraulic cylinder displacement.
The sliding surface can be designed as

s = k0e0 + k1e1 + k2e2 + e3 (22)

where k0, k1, k2, k3 can be chosen such that s3 + k2s2 + k1s + k0 is Hurwitz.
A positive semi-definite Lyapunov function can be written as

V1 =
1
2

s2 (23)
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The derivative V1 can be expressed as

.
V1 = s[k0e1 + k1e2 + k2e3 + g1(g21u1 + f21 − Ah2

.
Ph2) +

.
f 1 − g1

.
d + ∆− ...

x d] (24)

The control input u1 of valve V1 can be designed as

u1 = usmc1 = ueq1 + v1 (25)

where ueq1 is feedback linearization compensation component, v1 is a sliding mode switch-
ing component.

ueq1 = − 1
g1g21

(k0e1 + k1e2 + k2e3 + g1 f21 − g1 A2
.
P2 +

.
f 1 − g1

.
d− ...

x d) (26)

v1 = − 1
g1g21

[ks1s + ρ1sat(
s
ε
)] (27)

where ks1 > 0 determines the exponential convergence speed of the error on the sliding
surface; ρ1 ≥ ρ01 = δ(x,t)

g1g21
> 0; sat(·) is a high-slope saturation function which can replace

the signum function to eliminate chattering, ε is the thickness of the boundary layer.

sat(
s
ε
) =


1 s > ε
s
ε |s| ≤ ε
−1 s < −ε

(28)

Thus, when |s| > ε

.
V1 = −ks1s2 − ρ1|s|+ ∆ · s ≤ −kss2 ≤ 0 (29)

The closed-loop system is stable according to Lasalle’s invariant principle.
Similarly, the control u3 of valve V3 can be designed as

u3 = usmc3 = ueq3 + v3 (30)

where
ueq3 =

1
g1g22

(k0e1 + k1e2 + k2e3 + g1 f22 + g1 A1
.
P1 +

.
f 1 − g1

.
d− ...

x d) (31)

v3 =
1

g1g22
[ks3s + ρ3sat(

s
ε
)], ρ3 ≥ ρ03 =

δ(x, t)
g1g22

> 0 (32)

Secondly, the repetitive control (RC) will be combined with SMC to form SMRC to
improve tracking accuracy. RC, based on the internal model principle, is regarded as a
simple learning control because the control input is calculated using the information of the
error signal in the preceding periods. RC is often utilized to track periodic signals, which
can effectively suppress periodic load interference. The schematic of SMRC is illustrated in
Figure 6.

usmrc = usmc + urc (33)

where usmc is SMC output; urc is RC output.

Grc(s) =
Q(s)e−LsGPID(s)C(s)

1−Q(s)e−Ls (34)

where Grc(s) is the transfer function from position error e to RC output urc; Q(s) is the
compensation term to ensure system stability, which is always chosen as a constant near 1
or a low-pass filter; e−Ls is time delay element, L is the delay time; GPID(s) is the transfer
function of a proportional-integral-derivative (PID) controller; C(s) is the stabilization
compensation term for amplitude and phase correction of the controller.
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As a comparison, a conventional proportional-integral-derivative (PID) controller is
designed as follows:

u1 = kpe(t) + ki

∫
e(t)dt + kd

de(t)
dt

(35)

where e(t) is the tracking error; kp, ki, kd are the proportional gain, integral gain, and
derivative gain, respectively.

4.3. High-Order Sliding Mode Differentiator

Although the joint angle can be obtained easily through the angle encoders, it is
difficult to get the joint angular velocity, and acceleration for the direct differential will
bring in and amplify noise. Thus, a high-order sliding mode differentiator (HOSMD) is
proposed to gain accurate joint angular velocity and acceleration.

The HOSMD can be expressed as

.
z0 = v = z1 − kd0|z0 − f (t)|2/3sign(z0 − f (t))
.
z1 = a = z2 − kd1|z1 − v|1/2sign(z1 − v)
.
z2 = −kd2|z2 − a|

(36)

where f (t) can be the joint angle θ; v is the calculated joint angular velocity; a is the
calculated joint angular acceleration; kd0, kd1, kd2 are the designed parameters, respectively.

In order to prove the stability of HOSMD, the new parameters can be defined as
σi = (zi − f (i)(t))/L, kdi = λiL1/(3−i) (i = 0 ∼ 2); thus, Equation (36) can be rewritten as

.
σ0 = −λ0|σ0|2/3sign(σ0) + σ1
.
σ1 = −λ1

∣∣σ1 −
.
σ0
∣∣1/2sign(σ1 −

.
σ0) + σ2.

σ2 = −λ2sign(σ1 −
.
σ0)− ε

(37)

where ε = f (3)(t)
L ∈ [−1, 1], L >

∣∣∣ f (3)(t)∣∣∣ is a designed known Lipschitz constant; λ0, λ1, λ2

are the designed parameters, respectively.
A positive semi-definite Lyapunov function can be written as

V =
1
2

σ0
2 +

1
2
(σ1 −

.
σ0)

2
+

1
2
(σ2 −

.
σ1)

2 (38)

The derivative V can be expressed as

.
V = −λ0|σ0|5/3 − λ1

∣∣σ1 −
.
σ0
∣∣3/2 − λ2

∣∣σ2 −
.
σ1
∣∣+ σ0σ1

+(σ1 −
.
σ0)(σ2 −

..
σ0) + (σ2 −

.
σ1)(−ε− ..

σ1)
(39)
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when the parameters are chosen as

λ0 > |σ0|2/3
max|σ0|max

λ1 >
∣∣σ1 −

.
σ0
∣∣−1/2
max

∣∣σ2 −
..
σ0
∣∣
max

λ2 >
∣∣ε + ..

σ1
∣∣
max

(40)

Thus .
V < 0 (41)

HOSMD can be stable. Through HOSMD and mechanical structure Equation (1),
the joint angle, angular velocity, and acceleration can be straightforwardly calculated
and transferred into the hydraulic cylinder’s displacement, which can be utilized in the
SMRC algorithm.

5. Simulation and Analysis
5.1. Joint Trajectory Tracking

The co-simulation model of HHR is built in both ADAMS and MATLAB/Simulink, as
Figure 7 shows. The mechanical structure is established in ADAMS, while the hydraulic
system and control system are established in MATLAB/Simulink. The interactive interface
of ADAMS and MATLAB/Simulink can be packaged into an Adams_sub module, which
can take the hydraulic cylinders’ force as inputs. Through the ground contact model
established, ADAMS will return the dynamics parameters of HHR to MATLAB/Simulink,
which will act as feedback in the control algorithm. The ground contact parameters set in
the ADAMS are shown in Table 3, which are vital to the co-simulation.
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Table 3. Ground contact parameters in ADAMS.

Parameters Value Unit

Stiffness 2.855× 106 N/m
Force exponent 2.2 -

Damping 1× 106 N/(m/s)
Penetration depth 1× 10−4 m
Static coefficient 0.7 -

Dynamic coefficient 0.55 -
Stiction transition velocity 0.1 m/s
Friction transition velocity 10 m/s

The foot trajectory with a duty factor β = 0.5 (the fraction of a cycle time when the leg
is in the stance phase) can be described as follows, and the curve is shown in Figure 8.

Px,sw(t) =
(
a6t6 + a5t5 + a4t4 + a3t3 + a2t2 + a1t + a0

)
S + si

Pz,sw(t) =
(
b6t6 + b5t5 + b4t4 + b3t3 + b2t2 + b1t + b0

)
w− H0

Px,st(t) =
( 3

2 −
2t
T
)
S + si

Pz,st(t) = −H0

(42)

where Px,sw(t), Pz,sw(t), Px,st(t) and Pz,st(t) are foot position in the swing phase and stance
phase, respectively; S, si, w, H0 and T are the step length, offset, step height, and the
cycle of the gait, respectively; ai and bi (i = 1 ∼ 6) are the designed six-order polynomial
parameters through the constraints in Table 4.
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Table 4. Position, velocity, and acceleration constraints in foot trajectory.

Constraints X Direction Z Direction

Px/z(0) −S/2 + si −H0
Px/z(T/4) si −H0 + w
Px/z(T/2) S/2 + si −H0.

Px/z(0) −S/T 0
.
Px/z(T/2) −S/T 0

..
Px/z(0) 0 0

..
Px/z(T/2) 0 0

HHR can walk in a tripod gait at 0.75 m/s, whose cycle is 1 s. The main parameters
of the system and controllers in the hip joint implemented in the simulation are shown
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in Tables 5 and 6. As for the SMRC, there’re two procedures to implement the controller
tuning. Firstly, the SMC controller is established according to the joint hydraulic model.
The SMC controller is similar to a PD controller with other feedback linearization model
compensation terms. Then, when the parameters of SMC controller are tuned, an RC
controller is added to form a SRMC controller and improve the performance of joint
trajectory tracking. Figure 9 shows the different control performances in joint angles
through PID, SMC, and SMRC controllers while velocity and acceleration of the knee and
hip can be obtained through HOSMD, as Figure 10 shows. The tracking error analysis is
illustrated in detail in Table 7. It’s obvious that with the control of SMRC, the absolute
maximum tracking error of hip and knee decreases to 0.057 rad and 0.043 rad compared
with PID, which are reduced by 59.58% and 63.53%, respectively. Furthermore, the root
mean square (RMS) tracking error can also be reduced by 65.64% and 74.74%, respectively,
which brings about great improvement.

Table 5. System parameters in the simulation.

Parameters Value Unit

Vh10 2.8061× 10−5 m3

Vh20 5.1819× 10−5 m3

A1 0.0013 m2

A2 7.6577× 10−4 m2

βe 7× 108 N/m2

Mh 50 kg
Bp 2000 N/(m/s)
Kqh 3.5635× 10−7 m3/(s /Pa

1
2 )

ωv 439.823 rad/s
ζ 0.707 -

Table 6. Main parameters of controllers in the hip joint.

Controller Gain Value

PID kp 50
ki 1
kd 0.001

SMRC k0 50
k1 0.3
k2 0.001
ks1 0.01
ρ1 0.1
ε 10

Q(s) 0.95

Table 7. Tracking error analysis.

Control
Strategy

|emax| (rad) eRMS (rad)

θ1 (rad) θ2 (rad) θ1 (rad) θ2 (rad)

PID 0.141 0.118 0.043 0.046
SMC 0.092 0.054 0.027 0.022

SMRC 0.057 0.043 0.015 0.012
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5.2. Energy Consumption Analysis 

HHR usually implements a tripod gait, which means there’re always three legs in the 
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Figure 9. Comparison of PID, SMC, and SMRC in joint trajectory tracking and error: (a) Knee
trajectory; (b) Knee tracking error; (c) Hip trajectory; (d) Hip tracking error.
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5.2. Energy Consumption Analysis

HHR usually implements a tripod gait, which means there’re always three legs in the
stance phase to support the robot trunk ideally. The hydraulic cylinder output force is shown
in Figure 11. Taking a gait cycle (2–3 s) as an example, legs in the stance phase (2–2.5 s) need a
rather large force to support the robot trunk and provide dynamic movement. However, in
the swing phase (2.5–3 s), a small driving force is required because the hydraulic cylinders
only need to provide output force to drive the legs to complete the swing motion, whose
mass is rather small. On the contrary, from Figure 8, legs in the swing phase have a longer
movement distance compared with those in the stance phase, which means more flow
rate is required. As a result, a TSS system is designed with a high-pressure pump and a
low-pressure pump, which provide a hydraulic resource for legs in the swing phase and
stance phase, respectively.

Machines 2022, 9, x 18 of 21 
 

 

 
Figure 11. Hydraulic cylinder output force. 

The system energy consumption of OSS and TSS can be calculated, respectively, as 
follows: 

0 0

T T

OSS OSS s sE P dt P Q dt= =   (43)

1 2

1 1 2 20 0 0

T T T

TSS TSS s s s sE P dt P Q dt P Q dt= = +    (44)

1 2T T T= +  (45)

100%OSS TSS

OSS

E E
E

η −
= ×  (46)

where O SSP  and TSSQ  are the instantaneous system output power in OSS, respectively; 

sP and sQ  are the system pressure and flow rate in OSS, respectively; 1sP  and 2sP  are 
the pressure of the low supply pressure and the high supply pressure in TSS, respectively; 

1sQ  and 2sQ  are the flow rates which are supplied by the low-pressure and high-pressure 
source in TSS, respectively; 1T  and 2T  are the energy supply time by the low-pressure 
and high-pressure source during a gait cycle T ; η is the energy-saving efficiency. 

The pressure and flow rate of OSS and TSS are shown in Figure 12. OSS provides a 
high system pressure of 18 MPa, while TSS supplies a high pressure of 18 MPa as well as 
a low pressure of 6 MPa. The average flow rate of sQ  is 30.0012 m /s , while the average 
flow rate of 1sQ  and 2sQ  are 349.9154 10  m /s−×  and 342.1583 10  m /s−× , respectively. 
Owing to the utilization of TSS, energy consumption can be greatly reduced. Figure 13 
depicts the comparison of the instantaneous output power and energy consumption of 
OSS and TSS in a gait cycle of 1 s. With the configuration of valves in Table 2, the energy 
of legs in the swing phase can be saved. The simulation result shows that the energy 
consumption of OSS and TSS in a gait cycle (1 s) are 26.15 kJ and 12.57 kJ, respectively, 
which means TSS can achieve an energy-saving of 51.94% in HRR. 

2 3 4 5 6
-2x104

-1x104

0

1x104

2x104

3x104

−

−

O
ut

pu
t f

or
ce

 (N
)

t (s)

 Knee
 Hip

Figure 11. Hydraulic cylinder output force.

The system energy consumption of OSS and TSS can be calculated, respectively,
as follows:

EOSS =
∫ T

0
POSSdt =

∫ T

0
PsQsdt (43)

ETSS =
∫ T

0
PTSSdt =

∫ T1

0
Ps1Qs1dt +

∫ T2

0
Ps2Qs2dt (44)

T = T1 + T2 (45)

η =
EOSS − ETSS

EOSS
× 100% (46)

where POSS and QTSS are the instantaneous system output power in OSS, respectively;
Ps and Qs are the system pressure and flow rate in OSS, respectively; Ps1 and Ps2 are the
pressure of the low supply pressure and the high supply pressure in TSS, respectively;
Qs1 and Qs2 are the flow rates which are supplied by the low-pressure and high-pressure
source in TSS, respectively; T1 and T2 are the energy supply time by the low-pressure and
high-pressure source during a gait cycle T; η is the energy-saving efficiency.

The pressure and flow rate of OSS and TSS are shown in Figure 12. OSS provides a
high system pressure of 18 MPa, while TSS supplies a high pressure of 18 MPa as well as a
low pressure of 6 MPa. The average flow rate of Qs is 0.0012 m3/s, while the average flow
rate of Qs1 and Qs2 are 9.9154× 10−4 m3/s and 2.1583× 10−4 m3/s, respectively. Owing
to the utilization of TSS, energy consumption can be greatly reduced. Figure 13 depicts the
comparison of the instantaneous output power and energy consumption of OSS and TSS
in a gait cycle of 1 s. With the configuration of valves in Table 2, the energy of legs in the
swing phase can be saved. The simulation result shows that the energy consumption of
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OSS and TSS in a gait cycle (1 s) are 26.15 kJ and 12.57 kJ, respectively, which means TSS
can achieve an energy-saving of 51.94% in HRR.
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Figure 12. Pressure and flow rate of OSS and TSS: (a) Pressure of OSS and TSS; (b) Flow rate of OSS
and TSS.
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Figure 13. The instantaneous output power and energy consumption of OSS and TSS in a gait cycle:
(a) The instantaneous output power of OSS and TSS; (b) Energy consumption of OSS and TSS.

6. Conclusions

In this paper, the system design and control strategies of a HHR ZJUHEX01 with
a two-stage supply pressure system (TSS) are introduced in detail. An overview of the
mechanical system, hydraulic system, and control system is given, as well as the kinematics
model and hydraulic system model. A SMRC controller for SMISMO hydraulic TSS system
is proposed to help HHR get better control performance compared with the conventional
PID, and the absolute maximum tracking error of hip and knee can be reduced by 59.58%
and 63.53%, respectively. Also, the RMS tracking error of the hip and knee can be reduced
by 65.64% and 74.74%, respectively, which brings about great improvement. Apart from
that, a HOSMD is designed to get the joint angular velocity and acceleration for the use
of the control algorithm. In the co-simulation model of ADAMS and MATLAB/Simulink,
HHR can walk at a speed of 0.75 m/s in a tripod gait, where the effectiveness of the control
strategy is also verified. Additionally, the energy consumption of TSS is compared with
that of OSS to show a great energy-saving effect of 51.94%.

Although SRMC has a better performance in joint trajectory tracking than the conven-
tional PID controller, it does not consider compliance when the feet are in contact with the
ground. Thus, active compliance control, such as impedance control and virtual model
control (VMC), is the research focus. Furthermore, based on the proposed SMISMO hy-
draulic TSS system, other energy-saving strategies can also be implemented. Future work
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will concentrate on the experiments of the active compliance control and energy-saving
strategies in the HHR.
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