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Abstract: Aiming at the difficulty of debugging the exoskeleton control system driven by a hydraulic
cylinder, a research method of a nonlinear control strategy for the hydraulic exoskeleton system with
1 degree of freedom (DOF) joint is proposed. Based on a hardware-in-the-loop (HIL) simulation, this
method establishes the dynamic model of the 1-DOF joint system of the hydraulic driven exoskeleton,
constructs the HIL simulation test platform based on the Linux real-time kernel patch, and studies
the nonlinear control strategy of the 1-DOF joint system on this platform system. The control effects
of the PID control algorithm and the backstepping method on nonlinear control are compared,
and the controller parameters are tested on the HIL simulation platform. From the experimental
results of the HIL simulation, the research method has the advantages of low cost, high efficiency of
system development, safety, and reliability. It has important reference value for the development and
debugging of a hydraulic exoskeleton control system.

Keywords: hydraulic exoskeleton; hydraulic servo control; Lyapunov function

1. Introduction

In recent years, a wearable robot that can improve human capacity in heavy load car-
rying applications has attracted great interest from researchers. The lower limb exoskeleton
system is a representative of this kind of robot. It possesses a better adaptability to complex
terrain such as stairs and slopes than wheeled machinery.

The actuator is the key component of an exoskeleton system which can complete
most actions. Common actuators of the exoskeleton system include the motor, pneumatic
artificial muscle and hydraulic servo cylinder. Different actuators used in an exoskeleton
system will have different requirements for its control strategy. In the past few years, many
kinds of exoskeletons have been developed and evaluated for research purposes.

The electric motor is the most commonly used as the exoskeleton actuator. Zhu [1]
introduced a lower limb exoskeleton, which can realize the complementarity and interaction
between human intelligence and robot mechanical strength. Wang [2] proposed a control
method that can provide gait assistance in the lateral and sagittal planes. Brahmi [3–7]
described the application of a relatively new control technique called virtual decomposition
control (VDC) to a 7-DOF exoskeleton robot arm.

The exoskeleton system driven by pneumatic artificial muscle is lighter than that
driven by an electric motor. Tscheersky [8] showed a pneumatic bending actuator for an
upper limb-assisted wearable robot that uses thin McKibben muscles and bending strips.
Xie [9] proposed a new type of flexible exoskeleton with variable stiffness based on wire
driving and clamping. Di [10] presented a bionic design of a soft and modular lower limb-
assisted exoskeleton based on pneumatic quasi passive actuation. The method proposed
by Henderson [11] involves a combined dynamic model of a lower body musculoskeletal
system and pneumatic actuator dynamics. The disadvantage of a pneumatic manual muscle
actuator is that the output force is relatively small.
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Due to the high power to weight ratio, hydraulic actuators are widely used in the
development of such exoskeleton systems that need small sizes and provide a large force at
the same time. Zhang [12] proposed an adaptive cascade control scheme based on hierar-
chical Lyapunov for the lower limb exoskeleton with control saturation. Liu [13] promoted
an adaptive backstepping sliding mode control (BSMC) scheme to resolve the nonlinear
problem of the system dynamics. Chen [14] addressed the dynamics and interactive force
control of a 1-DOF articular exoskeleton and proposed a backstepping control method
based on full dynamics in order to overcome the bandwidth restriction of common cascade
control. GLOWINSKI [15] aimed to use inertial measurement devices to detect the angle
of lower limb joints during walking and running. Yang [16–18] presented a new control
scheme for the trajectory tracking of an electro-hydraulic valve-controlled actuator in lower
limb load exoskeleton. GLOWINSKI [19] described a mathematical model of a hydraulic
lower limb exoskeleton. Chen [20] promoted an adaptive robust cascade force controller
for 3-DOF hydraulic leg exoskeleton to achieve the accurate tracking of human motion.

The study of nonlinear control is very important to obtain better control effects because
the hydraulic driven lower limb exoskeleton system has a strong nonlinearity. In order to
save operating space, a single piston rod hydraulic cylinder is usually used as the actuator
to the hydraulic-driven exoskeleton system. Special attention should be paid to the design
of the control algorithm due to the nonlinear characteristics of the forward and reverse
motion of a single piston rod hydraulic cylinder. Liu [21] proposed a dually extended
state observer (ESO) with full state to estimate matched and unmatched disturbances
and designed a robust controller to compensate for unmatched disturbances. Guo [22]
presented a nonlinear backstepping control method based on high gain observer suitable
for single rod electro-hydraulic actuator, which is not a strict feedback nonlinear system.
Tian [23] proposed a sliding mode control method to track the desired position of the
electro-hydraulic single rod actuator of the projectile transfer arm.

One of the commonly used nonlinear control algorithms is the backstepping method.
Wang [24] proposed an adaptive backstepping controller (ABC) for a lower limb exoskele-
ton driven by a DC motor. However, the above control algorithm is not combined with
mechanical system dynamics. Khamar [25] proposed a nonlinear disturbance observer
(NDO) to reduce the influence of uncertainty and external disturbances in the whole system
modelling. Sun [26] proposed a new model-free fractional-order adaptive backstepping
control scheme with the function of restraining joint angle tracking errors for a wearable ex-
oskeleton. Yang [18] proposed a model-free backstepping sliding mode control strategy for
a wearable exoskeleton through a second-order ultra-local model and time delay estimation
technique. Chen [27] introduced a humanoid prototype of a lower limb exoskeleton with
2 DOF to evaluate the comfortable wearing effect between a human and the exoskeleton.
Zhang [13] proposed an adaptive cascade control scheme based on hierarchical Lyapunov
for the lower limb exoskeleton with control saturation.

The hydraulic servo driven exoskeleton system has the characteristics of strong nonlin-
earity, which will lead to the problem of difficult debugging for its control algorithm. The
HIL simulation is a system-level testing technique for embedded systems in a comprehen-
sive, cost-effective and repeatable way so that its application can solve the above problems.
Zaev [28] introduced a program of developing a HIL simulator for servo valve-driven
systems and MISMO hydraulic systems. Yong [29] proposed a new type of electric booster
(E-booster), which exhibited superior performance advantages over the traditional vacuum
boosters. Lim [30] proposed the basic concept of HIL simulation and AMESim model of
hydraulic components. Karpenko [31] introduced a design method of a robust force control
system for an electro-hydraulic load emulator utilized as a part of a HIL flight simulation
experiment. Chen [32] proposed a new pressure-difference-limiting control method for
hydraulic pressure modulation based on the on-off solenoid valve and carried out the HIL
simulation test on the algorithm under typical braking procedures. The research contents
of the above literature did not realize the joint simulation of a mechanical system and a
hydraulic system.
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The purpose of this paper was to replace the hydraulic and mechanical parts and
sensors of the hydraulic servo-driven exoskeleton system with a simulation model. This
method not only solves the problems of deriving the dynamic equations without combining
mechanical system with hydraulic system, but also solves the difficulty of debugging the
control algorithm of the electro-mechanical–hydraulic system. Combined with the Newton
Euler equations of a mechanical system and the dynamic equations of a valve-controlled
single piston rod hydraulic servo system, this paper derives the overall dynamic equations
of a valve-controlled hydraulic servo system with a 1-DOF joint and develops a HIL
simulation system based on Linux real-time kernel patch, which makes the debugging of
the control algorithm more convenient.

2. HIL Platform of Hydraulic Exoskeleton
2.1. Mechanical Structure of the Exoskeleton System

The mechanical structure of the exoskeleton developed is shown in Figure 1. The
joints of the exoskeleton are designed with simplified joints according to the human body
structure, as shown in Figure 2.

Each hip joint consists of three rotation DOF, each knee joint consists of one rotation
DOF and each ankle joint consists of two rotation DOF. The flexion\extension DOF in the
sagittal plane is designed to enable the wearer to walk forward, in which the DOF of the
knee and hip is actively controlled by the hydraulic cylinders, the DOF of the ankle is
passively controlled by a spring steel sheet, and the rest of the DOFs are free.

2.2. Joint Dynamic Modelling

For easy illustration, only one joint is considered below, and all other joints can be
considered similarly. Taking the hip joint as an example, the schematic diagram of the
1-DOF joint system is shown in Figure 3.
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Figure 3. Schematic diagram of the 1-DOF joint system.

The 1-DOF joint system consists of a mechanical system and an electro-hydraulic servo
system. The mechanical system is composed of a fixed base and a swinging mechanical
arm, and the electro-hydraulic servo system contains a hydraulic cylinder and a servo valve.
Deriving the dynamic model of the mechanical-electro-hydraulic system is the fundamental
work of the controller design.

2.2.1. Dynamic Model of the Electro-Hydraulic Servo System

As shown in Figure 3, the rotary motion of the arm is performed by the hydraulic
cylinder controlled by the servo valve. According to Newton’s second law, the force balance
equation of the cylinder piston rod can be described as

m
..
xp = p1 A1 − p2 A2 − FL − Ff (1)

where m is the mass of the system, xp is the displacement of the piston, p1 and p2 are the
pressures in each chamber of the cylinder, A1 and A2 are the areas of the piston and rob
chamber, B is the viscous friction coefficient, FL is the external load force generated by the
arm’s motion, and Ff is coulomb plus viscous friction.
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According to [33], the flow continuity equation of rod and piston chambers are
V1(xp)

βe

.
p1 = −A1

.
xp + Q1 − cli(p1 − p2)

V2(xp)
βe

.
p2 = A2

.
xp −Q2 + cli(p1 − p2)

(2)

where V1 and V2 are the total control volumes of two chambers, Q1 and Q2 are the flows
into the forward and return chambers, βe is the effective bulk modulus, and cli is the
internal leakage coefficient.

Note that {
V1 = Vh1 + A1xp
V2 = Vh2 − A2xp

(3)

where Vh1 and Vh2 are the chamber volumes when xp = 0.
Since Q1 and Q2 are related to the spool valve displacement of the servo valve [34], then

Q1 = kqxv
√

∆p1, ∆p1 =

{
ps − p1 xv > 0
p1 − pt xv ≤ 0

Q2 = kqxv
√

∆p2, ∆p2 =

{
p2 − pt xv > 0
ps − p2 xv ≤ 0

(4)

where kq1 and kq2 are the flow gain coefficients of the servo valve, kq = Cdw
√

2/ρ, (Cd
is the orifice discharge coefficient,w is the spool valve area gradient; ρ is the density of
hydraulic oil), xv is the displacement of servo valve spool; pt is the return pressure, ps is
the supply pressure.

The relationship between the input signal of the servo valve and the spool displace-
ment is considered a second-order oscillation segment. Therefore, the dynamic equation of
the servo valve can be described as

..
xv = −2ζvωv

.
xv −ω2

vxv + kvu (5)

where ωv is the inherent frequency of the servo valve, ζv is the damping ratio of the
servo valve, kv is the proportional gain of the servo valve, and u is the control input
electric current.

Setting the scale coefficient α = A2/A1, and defining

pL = FL/A1 = (A1 p1 − A2 p2)/A1 = p1 − αp2 (6)

At the steady state of the hydraulic cylinder, according to the force balance Equation (1)
and the flow continuity Equation (2):

p1 A1 − p2 A2 = FL (7)

Q1

A1
=

Q2

A2
(8)

Defining the load flow as

QL =
Q1 + αQ2

1 + α2 (9)

When
.
xp > 0, xv > 0, from Equation (3)

Q1

Q2
=

√
ps − p1

p2
=

A1v
A2v

=
1
α

(10)

Then obtaining

ps = p1 +
1
α2 p2 (11)



Machines 2022, 10, 607 6 of 23

Combining Equation (6):

p1 =
pL + α3 ps

1 + α3 (12)

p2 =
α2(ps − pL)

1 + α3 (13)

QL = kqxv

√
ps − pL

1 + α3 (14)

According to Equation (2)

QL = A1
.
xp +

V0

βe(1 + α2)

.
pL +

A1
(
1− α3)

βe(1 + α2)(1 + α3)

.
pLxp +

cli(1 + α)

1 + α3 pL +
cliα

2(α2 − 1
)

(1 + α2)(1 + α3)
ps (15)

Usually, A1xp � Vh1, αA1xp � Vh2, then the term containing xp in the above equation
can be ignored, and the final practical expression is simplified as

QL = A1
.
xp +

V0

βe(1 + α2)

.
pL +

cli(1 + α)

1 + α3 pL +
cliα

2(α2 − 1
)

(1 + α2)(1 + α3)
ps (16)

When
.
xp < 0, xv < 0, according to Equation (4)

Q1

Q2
=

√
p1

ps − p2
=

A1v
A2v

=
1
α

(17)

Then
ps = α2 p1 + p2 (18)

Combining Equation (11)

p1 =
αps + pL

1 + α3 (19)

p2 =
ps − α2 pL

1 + α3 (20)

QL = kqxv

√
αps + pL

1 + α3 (21)

Then obtaining

QL = A1
.
xp +

V0

βe(1 + α2)

.
pL +

cli(1 + α)

1 + α3 pL +
cli
(
α2 − 1

)
(1 + α2)(1 + α3)

ps (22)

2.2.2. Dynamic Model of the Mechanical System

This section addresses the dynamic modelling of the 1 DOF pendulum joint system
proposed above. The theory of the dynamic modelling of the mechanical system is based
on the Newton–Euler equation. The link (i) and its vectorial kinematic characteristics are
shown in Figure 4.

According to [35], the Newton–Euler equations of motion for link (i) in the global
coordinate frame are

0Fi−1 − 0Fi + ∑ 0Fei = mi
0α i (23)

0Mi−1 − 0Mi + ∑ 0Mei +
(

0di−1 − 0ri

)
× 0Fi−1 −

(
0di − 0ri

)
× 0Fi =

0Ii0αi (24)

where 0Fi−1, 0Fi are the driving and driven force of link (i), ∑ 0Fei are the external forces
acting on link (i), mi is the mass of link (i), 0a i is the linear acceleration of link (i), 0Mi−1, 0Mi
are the driving and driven moment acting on the link (i); ∑ 0Mei are the external moments
acting on the link (i); 0ri is the global position of the mass center of link (i), 0di−1, 0di are the
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global positions of the origin of body frames Bi and Bi−1, respectively, 0Ii is the rotational
inertia around the mass center of link (i), 0α i is the angular acceleration of link (i).
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The relative position vectors of the one-link manipulator are

0di−1 − 0ri =

l cos θ/2
l sin θ/2

0

, 0di − 0ri =

−l cos θ/2
−l sin θ/2

0

 (25)

where l is the length of the link and θ is the rotary joint included angle with the Z axis.
The torque acting on the joint can be derived using the following equations:

0r1 = −0n1

0ω1 =
.
θ
→
k

0α1 = 0
.

ω1 =
..
θ
→
k

g = −g
→
j

0aC = 0α1 × 0r1 − 0ω1 ×
(

0ω1 × 0r1
)

=

−l
..
θ sin θ/2 + l

.
θ

2
(cos θ)/2

l
..
θ cos θ/2 + l

.
θ

2
(cos θ)/2

0


(26)

RZ,θ =

cos θ − sin θ 0
sin θ cos θ 0

0 0 1

 (27)

0I1 = RZ,θ
1I1RT

Z,θ = RZ,θ

 Ix 0 0
0 Iy 0
0 0 Iz

RT
Z,θ

=

 Ix cos2 θ + Iy sin2 θ
(

Ix − Iy
)

cos θ sin θ 0(
Ix − Iy

)
cos θ sin θ Iy cos2 θ + Ix sin2 θ 0
0 0 Iz

 (28)
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τX
τY
τZ

 =

 0
0(

Iz +
m1l2

4

) ..
θ + 1

2 m1gl cos θ

 (29)

where Iz is the rotational inertia with Z axis, g is the gravitational acceleration.
Therefore, the torque acting on the Z axis is

τz =

(
Iz +

ml2

4

)
..
θ +

1
2

mgl cos θ + τf (30)

where τf is the coulomb plus viscous friction torque.
Referring to the Figure 3, set the origin angle between the arm and the Z axis to 90◦, then

θarm = 90◦ − θ (31)

Applying the trigonometric cosine theorem in Figure 3, the functional relationship
between the displacement of the hydraulic cylinder xp and the swing angle of the robot
arm θ can be expressed as

θ = 90◦ − arccos
l2
1 + l2

2 −
(
x0 + xp

)2

2l1l2
(32)

and

θ2 = arccos

[
l2
1 +

(
x0 + xp

)2 − l2
2

2l1
(
x0 + xp

) ]
(33)

The length of the force arm d can be derived from (34)

h = l1 sin(θ2) (34)

Ignoring the dynamic characteristics of the hydraulic cylinder, the torque generated
by the hydraulic cylinder is calculated by the following formula:

τZ = h · FL = h(A1 p1 − A2 p2) (35)

2.2.3. Overall System Dynamic Equation

Combining the above derivation process, the dynamic characteristic equation of the
system can be described as

h · A1 pL =
(

IZ + m1l12

4

) ..
θ + 1

2 m1gl1 cos θ + τf

.
pL =

 −
A1βe(1+α2)

V0

.
xp +

kq βe(1+α2)
V0

√
ps−pL
1+α3 xv, xv > 0

− A1βe(1+α2)
V0

.
xp +

kq βe(1+α2)
V0

√
αps+pL

1+α3 xv, xv ≤ 0
..
xv = −2ζvωv

.
xv −ω2

vxv + kvω2
vu

(36)

Defining the system states as

x = [x1, x2, x3, x4, x5] =
[
θ,

.
θ, pL, xv,

.
xv

]
(37)



.
x1 = x2.
x2 = −ϕ2 f2(x1) + g2(h)x3
.
x3 =

{
−ϕ3 f3

( .
xp
)
+ φ3g3(x3)x4, x4 > 0

−ϕ3 f3
( .
xp
)
+ φ3g3

′(x3)x4, x4 ≤ 0
.
x4 = x5.
x5 = − f5(x4, x5) + φ5u

(38)
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where
ϕ2 = 1(

IZ+
m1 l1

2
4

)
g2(h) =

A1(
IZ+

m1 l1
2

4

)h

ϕ3 =
A1βe(1+α2)

V0

φ3 =
kq βe(1+α2)

V0

f2(x1, x2) =
1
2 m1gl1 cos x1 + τf

τf = FN [µvtanh(kx2) + µcx2]
f3
( .

xp
)
=

.
xp

g3(x3) =
√

ps−x3
1+α3

g3
′(x3) =

√
αps+x3
1+α3

f5(x4, x5) = 2ζvωvx5 + ω2
vx4, φ5 = kvω2

v

(39)

where τf is the coulomb plus viscous friction torque, FN is the normal force, µv is the
viscous friction coefficient, µc is the coulomb friction coefficient, and k is the steepness of
the coulomb friction curve [36].

2.3. Nonlinear Control Strategies

To find the correct angle command of the mechanical-electro-hydraulic system, a
backstepping controller was developed for the state space in (39). The procedure of
designing the controller is presented in this section as follows.

Step 1: The system angle tracking error is defined as

e1 = x1 − x1,d

Then, the time derivative term of tracking error is calculated as

.
e1 =

.
x1 −

.
x1,d = x2 −

.
x1,d

The Lyapunov function and its derivative are defined as

V1 = 1
2 e2

1.
V1 = e1

.
e1 = e1

(
x2 −

.
x1,d
)

The virtual control signal of the system above is defined as

x2 = x2,d = −k1e1 +
.
x1,d

Then .
V1 = e1

.
e1 = e1

(
x2 −

.
x1,d
)
= −k1e2

1 < 0

Step 2: The system angle velocity tracking error is defined as

e2 = x2 − x2,d

Taking the time derivative of the above equation:

.
e2 =

.
x2 −

.
x2,d = −ϕ2 f2(x1) + φ2x3 −

.
x2,d

Consider a Lyapunov function and its derivative function:

V2 = V1 +
1
2 e2

2.
V2 =

.
V1 + e2

.
e2 =

.
V1 + e2

[
−ϕ2 f2(x1) + g2(h)x3 −

.
x2,d
]
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The virtual control signal of the 2nd step is defined as

x3 = x3,d =
−k2e2 +

.
x2,d + ϕ2 f2(x1)

g2(h)

Then .
V2 =

.
V1 + e2

.
e2 = −k1e2

1 − k2e2
2 < 0

Step 3: The system load pressure tracking error and its derivative are defined as

e3 = x3 − x3,d.
e3 =

.
x3 −

.
x3,d = −ϕ3 f3

( .
xp
)
+ φ3g3(x3)x4 −

.
x3,d

Consider a Lyapunov function and its derivative function:

V3 = V2 +
1
2 e2

3.
V3 =

.
V2 + e3

.
e3 =

.
V2 + e3

[
−ϕ3 f3

( .
xp
)
+ φ3g3(x3)x4 −

.
x3,d
]

If we define

x4 = x4,d =
−k3e3 +

.
x3,d + ϕ3 f3

( .
xp
)

φ3g3(x3)

Then .
V3 =

.
V2 + e3

.
e3 = −k1e2

1 − k2e2
2 − k3e2

3 < 0

Step 4: The system valve displacement tracking error and its derivative are de-
fined as

e4 = x4 − x4,d.
e4 =

.
x4 −

.
x4,d = x5 −

.
x4,d

Consider a Lyapunov function and its derivative function:

V4 = V3 +
1
2 e2

4.
V4 =

.
V3 + e4

.
e4 =

.
V3 + e4

[
x5 −

.
x4,d
]

If we define
x5 = x5d = −k4e4 +

.
x4,d

Then .
V4 =

.
V3 + e4

.
e4 = −k1e2

1 − k2e2
2 − k3e2

3 − k4e2
4 < 0

Step 5: The system valve velocity tracking error and its derivative are defined as

e5 = x5 − x5,d.
e5 =

.
x5 −

.
x5,d = − f5(x4, x5) + φ5u− .

x5,d

Consider a Lyapunov function and its derivative function:

V5 = V4 +
1
2 e2

5.
V5 =

.
V4 + e5

.
e5 =

.
V4 + e5

[
− f5(x4, x5) + φ5u− .

x5,d
]

If we define

u =
−k5e5 +

.
x5,d + f5(x4, x5)

φ5

Then .
V5 =

.
V4 + e5

.
e5 = −k1e2

1 − k2e2
2 − k3e2

3 − k4e2
4 − k5e2

5 < 0

System stability is guaranteed.
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2.4. Development of the HIL Platform

From the above theoretical analyses, it can be seen that the dynamic equations and
nonlinear control algorithms of the 1-DOF joint of the exoskeleton system are complex.
There are certain risks if the development and debugging of the control algorithm are
carried out directly on the physical exoskeleton system. For example, if there is an error
in the control algorithm, mechanical system misoperation and stroke overrun may occur,
which will lead to mechanical structure damage and even personal injury. In addition,
the nonlinear control algorithm developed in this paper requires an accurate mastery of
the key parameters of the controlled system, such as the damping ratio, in order to obtain
good control effects. However, for the physical control system, it is usually tedious to
obtain these key parameters through testing. The above two problems can be solved
by introducing the HIL simulation system in the process of system development and
debugging. Replacing the controlled object entity with the HIL simulation system can
avoid dangerous situations. At the same time, the key parameters of the mathematical
model can be arbitrarily set to simulate any working state, even the state that is difficult
to reproduce in reality. Therefore, the development of control algorithms for exoskeleton
systems with the help of HIL simulation technology is a better solution.

Simulation is classified according to the model used: mathematical simulation and HIL
simulation. For an electro-mechanical–hydraulic control system, mathematical simulation
is used to describe the controlled object and control algorithm by a mathematical model.
The disadvantage is that the control algorithm needs to be ported to the physical controller
again when the simulation is completed. However, in a HIL simulation, the side of the
controlled object or the control algorithm is assumed by the physical object. If the controlled
object is a physical object, it is generally called a rapid prototype simulation and if the
controller and control algorithm are physical objects, it is called a HIL simulation. The
purpose of using a HIL simulation in this paper was to facilitate the debugging of the
control algorithm while the dynamic model of the system was derived. Therefore, the
HIL simulation system was selected as the experimental platform to develop a successful
control algorithm, which can be directly transplanted to the physical exoskeleton system for
attitude control, to improve the development efficiency, and to avoid dangerous situations.

2.4.1. Overall System Architecture

Since the common HIL simulation platforms are expensive, this paper adopted the
method of the independent development on the HIL simulation platform to debug the
control algorithms. The HIL simulation platform developed in this paper was divided
into a hardware part and a software part. The hardware part consists of the simulator
interface and the controller. The simulator interface is used to output the dynamic system
state variables calculated by the software to simulate the sensor part of the physical system
and the physical controller is used as the carrier of the control algorithm operation. The
software part is divided into the dynamic solution part and the nonlinear control algorithm
part. The dynamic solution part uses the Runge Kutta method to solve the differential
equations in real-time to simulate the operation of the physical system. The nonlinear
control algorithm part reads the state variables of the dynamic solver part under the action
of a real-time timer and performs nonlinear control. The structure schematic of the HIL
simulation system is shown in Figure 5.

2.4.2. Hardware

The hardware environment of the HIL simulation system was built on the Mini-ITX
(Shenzhen R&S Core Control Electronic Technology Co., China) industrial PC with an
Insein Intel/NUC control board. Advantech (Advantech Technology (China) Co., Beijing,
China) USB-5820, 5817, and 4704 were selected as the data acquisition cards [37]. The
reason for adopting these data acquisition cards is that they have a high precision (16 bits)
and USB3.0 bus, while simultaneously guaranteeing portability, hot-swap ability, scalability,
and an appropriate acquisition rate of the HIL simulation system.
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There are three reasons to choose an Advantech data acquisition card: reasonable
price, the inclusion of Linux drivers and biodaq library wrapped in C++ for low-level
I/O operations. All these advantages guarantee the economy and feasibility of the HIL
simulation system based on the Linux real-time kernel described in this paper.

The USB-5817 provides four single-ended analog input channels with a maximum
allowable voltage of ±10 V and a current of 20 mA. The USB-5820 provides two analog
output channels with a maximum allowable voltage of ±10 V and a current of 20 mA.
The USB-4704 data acquisition card provides two 12-bit analog output channels, four
11-bit analog input channels, and eight isolated digital input and output channels with a
TTL level.

Level mismatches (both analog and digital) may occur between the data acquisition
card and the physical controller. In this case, the optical coupling can be added between
the digital I/O port of the data acquisition card and the digital I/O port of the physical
controller for level conversion. If the analog voltage values between the data acquisition
card and the physical controller do not match, an amplifier can be added between the two.

The key of the HIL simulation is to replace the controlled object with the simula-
tion model.

The replacement of a hydraulic servo system with HIL hardware is shown in Figure 6.
A joint degree of freedom in the exoskeleton system was taken as the control object,

while a system of differential equations was used to describe the dynamic model of the
valve-controlled 1-DOF joint. The system of the differential equations was transplanted into
the HIL simulation platform developed in this paper as shown by the dash line in Figure 6.
The hardware connection between the controller and the HIL simulation system was
achieved by connecting the I/O card between the two as shown by the red line in Figure 6.
Using this method, the controller could be directly ported to the physical exoskeleton
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system after successful debugging, which improves the development efficiency and avoids
dangerous situations.
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2.4.3. Software

The simulation model of the HIL system was written in C language. As mentioned
above, the simulation model of the dynamic system is a system of first-order differential
equations. The algorithm of solving these equations is realized by using C language to call
an open-source scientific numerical algorithm library (GSL).

It should be mentioned that the performance of the timer will affect the HIL simulation
system. With the help of the Linux RT Preempt wizard [9], the implementation of a high-
precision timer in the Linux Preempt_RT environment should follow the following rules:

• Real-time scheduling and priority;
• Memory lock. Lock all pages mapped to the address space of the calling process to

prevent this memory from being paged to the swap area;
• Limit the power-saving state and state conversion of the processor. To prevent the

system from going into the power-saving state and to provide the fastest idle state
time, the kernel boots with the processor. Select max_cstate = 1 and idle = poll;

• Disable the X window server and network interfaces.

If the above rules are followed, the real-time performance and accuracy of the HIL
simulation system can be guaranteed.

The flow chart of the dynamic model solution is shown in Figure 7.
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The flow chart of the controller nonlinear control algorithm is shown in Figure 8.
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Combining the above hardware and software, a physical prototype of the HIL simula-
tion system was built and is shown in Figure 9.
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3. HIL Simulation and Experimental Results
3.1. Real-time Performance Test

To verify the performance of HIL simulation system developed in this paper, a real-
time performance test under a high load was conducted.

Two types of experiments were designed. The first type was a real-time performance
verification, which simply tests the accuracy of the real-time system timer. The second
type was a full-model performance verification. A six-order nonlinear model of the valve-
controlled hydraulic servo cylinder system was taken as the HIL simulation object to verify
the real-time performance of the platform under computational load.

Square and sine wave tests were used to evaluate the real-time performance of the
HIL simulation system. The tests were carried out in both Linux real-time system and
Windows 10 (non-real-time) system. An oscilloscope was adopted to observe whether the
generated waveform periods were accurate. To compare the real-time performances of the
two operating systems, the test results are summarized in Tables 1 and 2.

The tables show that the timer precision of a multithreaded program was better than
that of the single-thread delay timer in both Windows and Linux with the real-time kernel.

An oscilloscope screenshot of the last experiment in Table 2 is shown in Figure 10.

Table 1. Real-time test of the Windows system.

Thread Type Waveform Timer
Period (ms)

Generated
Function

Period (ms)

Average Value
(ms)

Maximum
Value (ms)

Minimum
Value (ms)

Single thread Square wave
(sleep function) 1 2 2.645 4.701 2.505

Multithread Square wave
(high-resolution timer) 1 2 2.007 2.195 1.820

Multithread Square wave
(calculated load) 1 2 2.010 2.495 1.945



Machines 2022, 10, 607 16 of 23

Table 2. Real-time test of the Linux system with the real-time kernel.

Thread Type Waveform Timer Period
(ms)

Generated
Function

Period(ms)

Average Value
(ms)

Maximum
Value (ms)

Minimum
Value (ms)

Multithread Square 1 2 2.003 2.075 1.930

Multithread Square wave
(calculated load) 1 2 2.000 2.035 1.940

Single thread Sine wave
(sleep function) 1 5.6 5.226 7.520 3.750

Multithread Sine wave 1 56 56.18 56.20 54.80
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In the same circumstances, the timing accuracy of the Linux real-time kernel was
much better than that of Windows (see the last line of data in Table 2). In the case of the
Linux real-time kernel, the error was within the order of tens to hundreds of microseconds
(depending on the total period of the generating function), and the relative timing error
was less than 2%. It was proved that the Linux real-time kernel scheme proposed in this
paper was enough to meet the timer requirements of the HIL simulations.

3.2. A 1-DOF Joint HIL Simulation Test

In this section, the HIL simulations were performed to illustrate the effectiveness
of the proposed control scheme. To verify the correctness of the HIL simulations, the
parameters used by the simulations must be consistent. The key parameters of the full
model simulation are listed in Table 3.

Table 3. Key parameters of the whole model verification.

Parameter Value Unit Specification

D 0.02 m Piston diameter
d 0.01 m Rod diameter
α 0.75 Area ratio

Cd 0.625 Orifice flow coefficient
dv 0.01 m Valve spool diameter
w 0.0314 m Valve area gradient

Vh1 2.20 × 104 m3 Initial volume of piston chamber
Vh2 1.65 × 104 m3 Initial volume of rod chamber
ωv 628 rad/s Natural frequency of valve
ζv 0.7 Damper of valve
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Table 3. Cont.

Parameter Value Unit Specification

kq 0.2 m/s Flow gain of valve
S 0.14 m Cylinder stroke
ρ 870 kg/m3 Oil density
ps 21 MPa Supply pressure
pt 0 MPa Return pressure
βe 7 × 108 Pa Elastic modulus of oil
kv 3.33 × 10−2 m3/s/A Servo valve gain
m 6.4 kg Mass of robot arm
l1 0.322 m Fixed end length 1
l2 0.06 m Fixed end length 2
θ0 90 deg. Initial angle of robot arm
g 9.81 kg m/s2 Gravitational acceleration
L 0.466 m Length of robot arm
Iz 3.02 kg m2 Rotational inertia of robot arm
FN 10 N Normal force
µv 0.5 s/m Viscous friction coefficient
µc 1 Coulomb friction coefficient

k 1 × 103 s/m Steepness of coulomb friction
curve

The desired trajectory of θ is given as θd = 10 sin(2πt). As such, by (33), the desired
displacement of the piston xpd can be obtained accordingly. For illustration, θ and xp are
shown in Figure 3. In addition, the setting parameters of the PID controller is shown
in Table 4.

Table 4. Parameters of the PID controller.

Symbol Value

kP 25
kI 265
kD 2

The tracking performance of the electro-hydraulic actuator system is demonstrated in
Figures 11 and 12.

From Figure 11, it can be observed that the PID control algorithm could not guarantee
that the swing angle of the robot arm followed the changes of the input signal, and the load
pressure fluctuated obviously in the initial stage of the operation.

As shown in Figure 12, there were large tracking errors in the system, which indicates
again that the output of the system could not follow the input signal.

When the control parameters of the backstepping algorithm shown in Table 5 were
used, the output and error curves of each state variable of the dynamic system are shown
in Figures 13 and 14.

Table 5. The first set of backstepping control parameters.

Symbol Value

k1 200
k2 80
k3 100
k4 280
k5 80
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It can be observed from Figure 13 that when the control parameters of the backstepping
algorithm were taken as the data in Table 5, it was still unable to guarantee that the
swing angle of the robot arm output followed the changes of the input signal. However,
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compared with Figure 11, the changes in the load pressure of the system did not show more
obvious fluctuation.

As shown in Figure 14, there were still large tracking errors in the system. This
indicates that this method did not achieve good control effects under the control parameters
in Table 5.

When the control parameters of the nonlinear backstepping algorithm took the values
of the data shown in Table 6, the HIL simulation results of the system are shown in
Figures 15 and 16.

Table 6. The second set of backstepping control parameters.

Symbol Value

k1 200
k2 200
k3 400
k4 400
k5 40
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It can be seen from Figure 16 that the command and angle values matched more
perfectly when the backstepping control parameters were taken as the data in Table 6. The
angle error was maintained at about ±0.2◦ when the system entered the steady state. The
results show that the backstepping algorithm realized the trajectory tracking control of the
1-DOF robot joint more perfectly.

From the above HIL simulation experimental process, in the experimental environment
of the control algorithm development, the parameters of the control system can be adjusted
arbitrarily, and there is no need to worry about the emergence of failure and damage to
the physical test equipment (physical experimental object is a virtual simulation model).
After the debugging is finished, the control system (with debugged control parameters)
can be directly transplanted to the controlled physical equipment, so as to improve the
development efficiency and reduce the cost and risk of control system development.

4. Conclusions

In this paper, the dynamic characteristics of the linkage mechanical system and the
hydraulic servo system were integrated for consideration and the dynamic characteristic
equations of the electro-mechanical–hydraulic integrated system were derived. The back-
stepping method in nonlinear control theory was applied to control the system, and the
feasibility of the developed control system was proved by conducting HIL simulation tests
on the self-developed HIL simulation platform.

In order to verify the effectiveness of the control algorithm, a hardware in the loop
simulation platform was developed. The simulation platform took into account the econ-
omy and effectiveness. The differential equations of the electro-hydraulic system were
numerically solved on the real-time Linux operating system, which completely simulated
and replaced the physical system. Finally, the control algorithm was verified on the hard-
ware in the loop simulation platform. By comparing the PID control algorithm with the
non-linear control algorithm, it was concluded that the non-linear control algorithm was
better than the PID control algorithm. In addition, on the hardware in the loop simulation
platform developed in this paper, the controller parameters can be easily adjusted without
worrying about any form of damage to the physical system. After the controller parame-
ters were adjusted, the controller could be directly transplanted to the physical system to
improve the development efficiency and reliability of the control algorithm. The research
results of this paper have certain reference significance for the development of the similar
control algorithms.

Through the hardware in the loop simulation experiment in this paper, it was proved
that the developed hardware in the loop simulation platform was feasible. Comparing the
research contents of reference [38], we introduced the Linux real-time hardware in the loop
simulation platform, which reduced the cost. At the same time, on the hardware in the
loop simulation platform, we developed a nonlinear control algorithm, which made up for
the lack of research in reference [38].

The future research work of this paper will mainly focus on the following aspects:
expanding the degree of freedom of the system to 2 to 3 degrees of freedom to better
simulate the physical exoskeleton system; introducing the adaptive nonlinear control
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algorithm to make up for the problem that some system parameters are unknown to further
improve the adaptability of the controller; and improving the robustness of the control
algorithm to maintain the stability and control accuracy when the exoskeleton system is
subjected to external forces.
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