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Abstract: In this paper, we present a method to identify paramaters for controlling electro-hydraulic
servo systems in a real-time environment. With the aim of addressing the problem that it is difficult
to accurately obtain the state space equation parameters of the physical entity of the electro-hydraulic
servo system, we introduce an online identification theory (recursive least squares method) for
identifying said parameters of the state space model in a valve-controlled symmetrical cylinder
system. After accurately obtaining the parameters of the system, nonlinear control of the valve-
controlled symmetrical cylinder system is carried out using a backstepping algorithm. In order
to verify the actual effect of the online identification algorithm and backstepping algorithm, a
hardware-in-the-loop (HIL) simulation platform for the valve-controlled symmetrical cylinder system
is built in a Linux real-time system, and the real-time performance of the system is evaluated,
which demonstrates that the platform can be reliably applied for subsequent system identification
and backstepping verification. The results of the HIL simulation test demonstrate that the online
identification algorithm and backstepping control method developed in this paper are effective
and reliable.

Keywords: electro-hydraulic servo system; system identification; backstepping control; hardware-in-
the-loop simulation

1. Introduction

Electro-hydraulic servo (EHS) systems and EHS actuators form one of the fundamental
drive systems applied in industrial processes and engineering practices. Compared with
electrical servo systems, EHS systems typically have higher power to weight ratios, fast
and smooth start-up characteristics, and higher power storage capabilities [1,2]

The ability of EHS actuators to perform their powerful control functions is heavily
dependent on the control algorithms. Typically, EHS systems, or the mechanisms they
drive, exhibit strong nonlinearity [3–6]. Thus, nonlinear control algorithms are particularly
suitable for EHS actuators [7–14], of which the performance of the backstepping method
is the most prominent [15–19]. However, the backstepping method is highly dependent
on the dynamic model of the controlled system and its parameters, which are usually
difficult to obtain accurately and requires the use of adaptive control algorithms [20–28] or
identification methods to obtain the exact parameters of the system [14].

In the past few decades, numerous scholars have carried out research work focused on
parameter identification and nonlinear control algorithms for EHS systems. In [29], some
practical issues concerning the identification of EHS actuators are discussed, with the use
of discrete time linear models. Hydraulic wind power transfer systems exhibit a highly
nonlinear dynamic influenced by system actuator hysteresis and disturbances from wind
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speed and load torque. A system identification approach to approximate such a nonlinear
dynamic is presented in [30]. Wos [31] presents selected issues of position force control
of EHS system using adaptive methods. This kind of measure extends the capabilities
of control systems that only use position measurements. In [32], experimental work is
presented on nonrecursive identification of an EHS actuator system that is represented by a
discrete time model in open-loop configuration. A least squares method is used to estimate
the unknown parameters of the system based on autoregression with an exogenous input
(ARX) model. Jin [33] proposes a novel double-layered network scheme for accurate and
efficient identification of hydraulic cylinder. Paper [34,35] presents experimental online
identification of an electro-hydraulic system represented by a discrete time model. A
recursive least squares (RLS) method is used to estimate the unknown parameters of
the system based on autoregression using an exogenous input (ARX) model. Paper [36]
presents the system identification process conducted on an industrial EHS actuator system.
Ghazali [37] presents system identification of EHS actuator system using a nonrecursive or
offline technique, where the mathematical model is determined first by considering fixed
supply pressure and load. Lee [38] proposed a system identification algorithm of an EHS
for a feedforward position control method. Cologni [39] proposed a global parametric
identification procedure that has been performed to identify all unknown parameters.

The common point of the above studies is that, on the one hand, the model parameters
of the electro-hydraulic servo system are obtained by means of the system identification
algorithm; on the other hand, the parameters obtained by the system identification are
applied to the control algorithm in order to obtain improved performance.

However, since both the system identification algorithm and the backstepping con-
trol method are complex, debugging the algorithm directly on the physical entity of the
controlled object is risky and inefficient. Therefore, this paper makes use of hardware-in-
the-loop (HIL) simulation technology to debug the system identification algorithm and
the backstepping control algorithm in order to remedy the problem of the difficult de-
velopment and debugging of control algorithms. Past studies on HIL simulation of EHS
have focused on electro-hydraulic braking systems [40–46]. In addition, there are examples
in the literature of HIL simulation for testing of electro-hydraulic fuel control unit in a
jet engine application [47]. However, none of the aforementioned articles describes the
method of building a HIL simulation platform in a Linux real-time environment, nor do
they describe the debugging of system identification and control algorithms with the help
of a HIL simulation platform. In this paper, HIL simulation technology is applied to the
development and debugging of an online identification algorithm and backstepping control
algorithm, which reduces the difficulty and risk associated with programs development
and improves the efficiency.

The paper then introduces the basic principle of system identification and the control
algorithm combined with nonlinear backstepping control and the method for its implemen-
tation; then, the nonlinear backstepping control algorithm for valve-controlled symmetric
cylinder (VCSC) is derived; finally, the method of building the HIL simulation platform
based on a Linux real-time system is introduced, and the identification and backstepping
control method is carried out using this method. Finally, the HIL simulation platform based
on Linux real-time system is presented and used to conduct identification and backstepping
control experiments.

2. Electro-Hydraulic Servo System

The HIL simulation technique is reliant on the accurate mathematical description of
the system dynamic characteristics model. The object of HIL simulation in this paper is an
EHS system. Therefore, we first introduce the method for derivation of the mathematical
model of the EHS system.

The typical actuator of the EHS system is the servo hydraulic cylinder or motor, where
the former mainly executes the linear motion, and the latter mainly executes the rotary
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servo motion. Compared with a linear electrical motor, the former has higher power density
ratio and faster response speed, so it is irreplaceable in some instances.

From a representative point of view, a valve-controlled double piston rod hydraulic
cylinder is selected as a typical model for introduction, and the dynamic model of the
valve-controlled hydraulic motor and cylinder is similar. In this study, it is assumed that
the EHS cylinder is vertically mounted with the inertial load placed at one end of the piston
rod, and a schematic diagram is shown in Figure 1. This EHS system mainly consists of
a servo valve and a hydraulic cylinder and also includes pressure sensors for measuring
displacement, external load, and two chambers of the hydraulic cylinder. The data obtained
from these sensors will be used in the system identification and backstepping control
algorithm presented in this paper.
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Figure 1. Schematic diagram of electro-hydraulic servo system for VCSC.

2.1. Servo Valve

A servo valve is the most important control element in the EHS system, which amplifies
the electrical signal and converts it into high power density hydraulic energy to drive the
actuator to externally perform the work. The dynamic characteristics of the servo valve
largely affect the overall performance of the EHS system, for which it is usually difficult to
build a detailed mathematical model. For simplicity, the model of servo valve in this study
is considered as first-order system, that is, the spool valve displacement xv is related to the
voltage input u by a first-order system given by

ẋv = − 1
τv

xv +
kv

τv
u (1)

where τv and kv are the time constant and gain of the servo valve respectively.

2.2. Load Model

In this paper, it is assumed that the EHS cylinder drives the inertial load to complete
the motion, and the EHS cylinder and its load are vertically arranged. This way, the
system will always be subjected to an external force in the vertical direction equal to the
gravitational force applied to the inertial load, so it is necessary to establish the differential
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equation of the dynamic characteristics of the inertial load. According to Newton’s second
law, the dynamics of the inertia load can be described by [48]

mẍ = pL Ac − bc ẋ− kcx− FL (2)

where x and m represent the displacement and the mass of the load, respectively. pL =
p1− p2 is the load pressure of the cylinder, p1 and p2 are the left and right chamber pressure,
respectively, Ac is the active area of the cylinder, and bc represents the combined coefficient
of the modeled damping and viscous friction forces on the load and the cylinder rod. kc
is the spring stiffness of the external load, which in this case is mainly determined by the
elastic deformation of the tension pressure sensor and the spring stiffness of the attached
mechanical components. FL is the external load force. In this paper, since the hydraulic
cylinder is assumed to be vertically arranged, the external load force is gravity, that is,
FL = mg, where g is the acceleration due to gravity.

2.3. Actuator

Not ignoring the effect of leakage flows in the cylinder and servo valve, the actuator
(or the cylinder) dynamics can be written as [48,49]

Vt

4βe
ṗL = −Ac ẋ− Cl pL + QL (3)

where Vt is the total volume of the two-chamber cylinder and hoses between it and the
servo valve, βe is the effective bulk modulus, Cl is the coefficient of the total internal leakage
of the cylinder due to pressure, and QL is the load flow. QL is related to the spool valve
displacement of the servo valve by

QL = Cdwxv

√
ps − sgn(xv)pL

ρ
(4)

where Cd is the discharge coefficient, w is the spool valve area gradient for cylindrical slide
valves, w = πdv, dv is the spool diameter, and ps is the supply pressure of the system.

In the load flow formula, the function sgn(∗) is used to distinguish the positive and
negative directions of the hydraulic cylinder movement sign function. Its value is

sgn(∗) =
{

1, ∗ ≥ 0
−1, ∗ < 0

(5)

However, the existence of this function causes the load flow formula to be discontinu-
ous, which will cause the mathematical problem of derivative discontinuity, whether for
system identification or nonlinear control. Therefore, without loss of generality, the above
discontinuous function is replaced by the hyperbolic tangent [49], which is defined as

sgn(∗) = tanh(ka∗) (6)

where ka is a proportional coefficient, which absolutely determines the slope of the hyper-
bolic tangent function.

Define the state variables x = [x1, x2, x3, x4]
T , [x, ẋ, pL, xv]

T . The system can be
expressed in state space form as

ẋ1 = x2

ẋ2 = − kc

m
x1 −

bc

m
x2 +

Ac

m
x3 −

1
m

FL

ẋ3 = −4βe Ac

Vt
x2 −

4βeCl
Vt

x3 +
4βe

Vt
Cdw

√
1
ρ

√
|ps − tanh(kax4)x3|x4

ẋ4 = − 1
τv

+
kv

τv
u

y = x1

(7)
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The above mathematical model is characterized by the use of function tanh instead
of function sgn such that the discontinuous mathematical model is transformed into a
continuous model. The physical characteristics of the valve-controlled cylinder system are
correctly simulated, which provides the precondition for subsequent development of the
HIL simulation system.

3. System Identification

To obtain increased performance of EHS systems, it is usually necessary to accurately
obtain the model system parameters. Due to the common EHS actuator operating mainly
through the throttle action of the servo valve to achieve servo control, the mathematical
relationship between the pressure difference before and after the throttle orifice of the servo
valve and the flow through the servo valve is nonlinear (square root). At the same time, the
EHS system parameters, such as the elastic modulus of the oil and the flow coefficient of the
throttle port, are easily affected by external factors and time-varying, which makes the dynamic
model of the system and its key parameters difficult to obtain under normal circumstances.

For some control algorithms, such as PID control, it is not necessary to obtain accurate
parameters of the system; for other algorithms, such as the nonlinear backstepping method,
accurate parameters of the system are usually required to obtain better control results than
with the PID control effect. More importantly, for the ordinary PID algorithm, when the
parameters of the controlled system change due to some reason, the control algorithm has
no ability to adapt to this change. If the parameters of system can be obtained online in
real time, even if some parameters change, the control algorithm can adapt to this and then
achieve the best control effect.

Therefore, the EHS system is dependent on the following two factors to obtain a good
control effect:

• To be able to obtain accurate mathematical model and parameters of the system;
• if there is a change in parameters over time, it is necessary to obtain the changing

parameter values in real time to modify the control algorithm.

Successfully addressing the above two factors depends on the system identification
technology.

The purpose of system identification is to calculate the unknown parameters of the
system by measuring the input and output data of the dynamic characteristics of the
model with the help of mathematical algorithms. System identification is usually divided
into offline and online. The advantage of the former is that the algorithm is simple. The
disadvantage of the latter is the need to acquire a sufficient set of experiment test data of the
system, which may require a long time and large storage space. More importantly,to achieve
a better control effect, the parameter values obtained by offline identification can only be
applied to the control algorithm after the identification work is completed. The online
identification technology can obtain the key parameters of the system online and in real
time such that the control algorithm relying on the dynamic characteristics of the system
parameters can achieve better control results, such as in the case of the nonlinear method.
Online identification saves time in data collection and improves the model accuracy and
reliability. Moreover, any changes in the system structure and components will be taken
into consideration in the model without the need for data collection.

Online identification can be defined as an algorithm that estimates dynamic mathemat-
ical model parameters using data measured in a real-time environment. In this paper, the
dynamic model is the estimated state space function of the electro-hydraulic servo system.

The most basic method of system identification is the least squares method. The
problem to be solved by least squares is to find θi, i = 1, . . . , n according a series of data for
known xi, i = 1, . . . , n and y , i.e.,

y = [x1, . . . , xn]

 θ1
...

θn





Electronics 2022, 11, 3850 6 of 23

written as a matrix of the form  y1
...

yk

 =

 φT
1
...

φT
k

θ (8)

where
φT

i =
[

xi
1 · · · xi

n
]
∈ R1×n

θ =

 θ1
...

θn

 ∈ Rn×1

The right-hand side of the Equation (8) represents input observations for the ith set of
data, and the left-hand side represents the output observations for the ith set of data, where
k represents the data with k sets of observations.

If we define

Φk =

 φT
1
...

φT
k

 ∈ Rk×n, Yk =

 y1
...

yk

 ∈ Rk×1

then the algorithm of least squares is

θ̂k =
(

ΦT
k Φk

)−1
ΦT

k Yk (9)

If the data are continuously transferred online, it is quite resource and memory con-
suming to keep using least squares for solving, so a recursive form is needed to ensure the
online updating of θ̂k. The formula for θ̂k is provided in the literature [34]

εk = yk − φT
k θ̂k−1

θ̂k = θ̂k−1 + Kkεk

Kk = Pkφk

Pk = Pk−1 −
Pk−1φkφT

k Pk−1

1 + φT
k Pk−1φk

(10)

In this paper, Equation (10) is used for online system identification. The state space
expression for VCSC was derived in the previous section. For online system identification,
the state space equation of the system is rewritten as

ẋ1 = x2
ẋ2 = −θ21x1 − θ22x2 − θ23FL + θ24x3
ẋ3 = −θ31x2 − θ32x3 + θ33

√
|ps − tanh(kax4)x3|x4

ẋ4 = −θ41x4 + θ42u

(11)

where
θ21 = kc

m , θ22 = bc
m , θ23 = 1

m , θ24 = Ac
m

θ31 = 4βe Ac
Vt

, θ32 = 4βeCl
Vt

, θ33 = 4βe
Vt

Cdw
√

1
ρ

θ41 = 1
τv

, θ42 = kv
τv

(12)

We assume that we do not know the parameters of the dynamic characteristics of the
servo valve; therefore, parameter identification is conducted for the whole system, and the
matrix form of the state space equations of the system that has to be identified is
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 ẋ2
ẋ3
ẋ4

 =

 −x1 −x2 −FL x3 0 0 0 0 0
0 0 0 0 −x2 −x3

√
|ps − tanh(kax4)x3|x4 0 0

0 0 0 0 0 0 0 −x4 u





θ21
θ22
θ23
θ24
θ31
θ32
θ33
θ41
θ42


The above dynamic characteristic equation is rewritten as

y = ΨTΘ (13)

where

y =
[

ẋ2 ẋ3 ẋ4
]T

ΨT =

 −x1 −x2 −FL x3 0 0 0 0 0
0 0 0 0 −x2 −x3

√
|ps − tanh(kax4)x3|x4 0 0

0 0 0 0 0 0 0 −x4 u


Θ =

[
θ21 θ22 θ23 θ24 θ31 θ32 θ33 θ41 θ42

]
The corresponding online identification algorithm can be developed based on

Equations (10) and (13).

4. Nonlinear Backstepping Control Method

As can be seen from Equation (7), the state space expression is a nonlinear system, and
the backstepping method is needed to obtain a better control effect. The basic principle
of the backstepping method is to construct a virtual control quantity equal to the order
according to the order of the state space equation, that is, to construct feedback linearization
for each subequation of the state space equation such that the nonlinear equation becomes
linear and closed-loop control is performed. If more accurate parameter values of system
state space expression can be obtained, the control effect of backstepping method is better
than that of a traditional control strategy, such as PID.

When the servo valve is considered as the first inertia link, the state space expression
of the SCSC system is the fourth order, so the backstepping control algorithm should be
carried out in four steps.

The first step of backstepping. Set i = 1, define

e1 = x1 − x1,d

Take the derivative of the above equation, then

ė1 = ẋ1 − ẋ1,d
= x2 − ẋ1,d

Define a Lyapunov function as

V1 = e2
1/2

and the derivative of the Lyapunov function is

V̇1 = e1 ė1 = e1(x2 − ẋ1,d)

when
x2 = x2,d = ẋ1,d − k1e1



Electronics 2022, 11, 3850 8 of 23

The derivative of the Lyapunov function is less than 0, i.e.,

V̇1 = e1 ė1 = e1(x2 − ẋ1,d) = −k1e2
1 < 0

The first equation of state space is stable.
The second step of backstepping. Set i = 2, define

e2 = x2 − x2,d

Take the derivative of the above equation, then

ė2 = ẋ2 − ẋ2,d
= −θ1x2 − θ2FL + θ3x3 − ẋ2,d

Define Lyapunov function as

V2 = V1 + e2
2/2

The derivative of the above Lyapunov function is

V̇2 = V̇1 + e2 ė2
= V̇1 + e2[−θ1x2 − θ2FL + θ3x3 − ẋ2,d]

if

x3 = x3,d =
−k2e2 + ẋ2,d + θ1x2 + θ2FL

θ3

then
V̇2 = V̇1 + e2 ė2

= V̇1 + e2[−θ1x2 − θ2FL + θ3x3 − ẋ2,d]

= −k1e2
1 − k2e2

2 < 0

The first and second equation of state space are stable.
The third step of backstepping. Set i = 3, define

e3 = x3 − x3,d

The derivative of the above equation is

ė3 = ẋ3 − ẋ3,d
= −θ4x2 − θ5x3 + θ6

√
|ps − tanh(kax4)x3|x4 − ẋ3,d

Define the third Lyapunov function as

V3 = V2 + e2
3/2

The derivative of above Lyapunov function is

V̇3 = V̇2 + e3 ė3

= V̇2 + e3

[
−θ4x2 − θ5x3 + θ6

√
|ps − sgn(x4)x3|x4 − ẋ3,d

]
if

x4 = x4,d =
−k3e3 + ẋ3,d + θ4x2 + θ5x3

θ6
√
|ps − sgn(x4)x3|
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then
V̇3 = V̇2 + e3 ė3

= V̇2 + e3

[
−θ4x2 − θ5x3 + θ6

√
|ps − sgn(x4)x3|x4 − ẋ3,d

]
= −k1e2

1 − k2e2
2 − k3e2

3 < 0

Then, the closed-loop control of the first three equations in the state space equation is
stable.

In the fourth step, define
e4 = x4 − x4d

The derivative of equation is

ė4 = ẋ4 − ẋ4d
= −θ6x4 + θ7u− ẋ4d

Define the forth Lyapunov function as

V4 = V3 +
1
2

e2
4

The derivative equation of the above function is

V̇4 = V̇3 + e4 ė4
= V̇3 + e4(−θ7x4 + θ8u− ẋ4d)

If the input signal of the servo valve is defined as

u =
−k4e4 + ẋ4d + θ7x4

θ8

then
V̇4 = V̇3 + e4 ė4

= V̇3 + e4(−θ7x4 + θ8u− ẋ4d)
= −k1e2

1 − k2e2
2 − k3e2

3 − k4e2
4 < 0

The closed-loop state space equation of the whole system is stable.

5. Hardware-In-the-Loop Simulation Verification

In order to verify the correctness of the above online identification algorithm and the
backstepping method, the corresponding program needs to be written and ported to the
physical controller for verification. However, if the physical controller is directly connected
to the entity of the controlled object, the direct control of the physical object is likely to cause
unpredictable results, since the control algorithm is still in the debugging stage, which may
result in damage to the controlled object or even cause personal injury in serious cases.
The traditional solution is to simulate and verify the identification or control algorithm in
a simulation environment and then, after this is successfully carried out, to transfer it to
the controller to control the physical entity. The simulation environment is nonetheless
different from the physical entity, and the algorithm, though successfully debugged in the
simulation, may cause various unpredictable problems when transplanted to the physical
controller. It would be very advantageous for control system engineers to be able directly
debug the algorithm program of the physical controller in a relatively safe environment.
HIL simulation technology is created to solve the above problems.

In this paper, the correctness of the online identification and the nonlinear control
algorithm is verified using the HIL simulation technique. The HIL simulation technique
replaces the physical entity of the controlled object with a mathematical model and operates
together with a physical controller in a real-time environment. The physical controller is
connected to the real-time solution of the controlled object through the I/O interface of
the data acquisition card as if the controller were directly connected to the sensors of the
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physical system. Using the above method, it is not aware of the existence of the simulation
model, as if it were running together with the physical entity of the controlled object in a
real environment. More importantly, in this environment, the HIL simulation algorithm
and the backstepping algorithm can be fully debugged because the controlled object is not
a physical entity, and there is no need to worry about possible physical damage or personal
injury caused by algorithm errors. At the same time, the successfully debugged physical
controller can be directly connected to the physical entity of the controlled object, and the
control of the physical entity of the controlled object can be basically and immediately
successful based on HIL simulation in the early stage, thus improving the development
efficiency and reducing the cost.

To improve the reliability of HIL simulation, two aspects need to be addressed.

1. The mathematical model of the physical entity that replaces the controlled object
should be as accurate as possible.

2. The operating environment of the HIL simulation should be as real time as possible.

Point 1 guarantees the credibility of HIL simulation. If the mathematical model of the
controlled object cannot accurately simulate the dynamic performance of the real physical
entity, it deviates from the original intention of using HIL simulation. Point 2 ensures
the reliability of HIL simulation, because only in a strongly real-time environment can
the dynamic characteristics of the controlled physical entity be accurately reproduced,
the real-time performance of the control algorithm guaranteed, and the reliability of con-
troller verified.

Regarding point 1, the dynamic equation of the VCSC, as shown in (7), has been
described in the previous section. Using this form, the requirements of the system dynamic
characteristic equations for both online identification and backstepping simulation can be
satisfied. The system parameters obtained from the identification can be directly adopted
by the backstepping control algorithm, which ensures the coordination of the online
identification algorithm and the backstepping control algorithm. Meanwhile, the equation
of (7) takes into account the load spring stiffness, the internal leakage of the hydraulic
cylinder, etc., and can reproduce all the dynamic characteristics of the controlled physical
entity, and this characteristic equation is accurate.

Regarding point 2, considering the economy and feasibility, the solution adopted in
this paper is to install the Preemp_RT patch to the kernel of Linux operating system to
ensure the Linux is a hard real-time operating system. The most important feature of the
hard real-time kernel is its preempt ability, where ready high-priority tasks are able to
preempt low-priority tasks. This ensures the accuracy in timing of the real-time system.
After actual testing, the timing accuracy of the Linux system with the Preempt_RT kernel
installed can reach 1 ms and is very stable, thus fully meeting the requirements of this
paper for system identification and backstepping control algorithm verification.

The validation of the HIL simulation consists of three main groups of experiments.
The first group of experiments verifies the performance of the HIL simulation envi-

ronment, and the scheme used is the test comparison of 1 ms timer timing accuracy under
a Windows environment and 1 ms timer timing accuracy after the Linux+Preempt_RT
real-time kernel patch.

In the second group of experiments, the accuracy and reliability of system identification
are verified under the HIL simulation environment.

In the third set of experiments, the accuracy and reliability of the backstepping algo-
rithm are verified under the HIL simulation environment.

5.1. HIL Simulation Platform Hardware and Software

In order to verify the system identification and backstepping control method in a
HIL simulation environment, this paper modifies the Ubuntu 18.04 system into a hard
real-time by installing the Preempt_RT patch with the help of Ubuntu 18.04. A low-cost
HIL simulation software and hardware platform is established through C language and
development of the related software.
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The physical hardware of the platform includes an industrial control computer with
Ubuntu 18.04 system installed. There is one Advantech USB-5820 analog output data
acquisition card and two USB-5817 input data cards. As the Linux operating system and
its real-time kernel patch Preempt_RT are open source software, the procurement costs
of Advantech data acquisition cards are relatively low under the premise of ensuring
16-bit acquisition accuracy, so the cost of entire HIL simulation platform is relatively low is
comparison to commercial products.

The operation principle of the HIL simulation platform is that, with the help of the
open source numerical algorithm library GSL [50], the system of differential equations
described by the state space is numerically solved using the Runge–Kutta algorithm under
the Linux+Preempt_RT real-time environment, and the results of solution operation are
outputted by the USB-5820 data acquisition card for analog output (usually ±10 V or
4–20 mA signal). In this way, the physical object under control and its sensor output are
simulated, providing a real-time input signal for the controller. At the same time, the
HIL simulation platform, with the help of the USB-5817 analog input data acquisition
card, reads the control signal of the physical controller (usually ±10 V or 4–20 mA signal)
with a period of 1 ms, which is applied to the input of the state space equation, and the
differential equation is solved and calculated based on the new control input to obtain the
new state variable, which is then outputted with the help of USB-5820 data acquisition card.
Outputting continues, so on and so forth, and the basic function of the HIL simulation
platform is completed.

The hardware architecture of the HIL simulation platform developed in this paper is
shown in Figure 2.
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Figure 2. Hardware architecture schematic of the hardware-in-the-loop simulation platform.

The HIL simulation platform on which the experiments in this paper are conducted is
shown in Figure 3.
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Figure 3. Photo of the HIL simulation platform as a physical entity.

The development of software for this HIL simulation platform is realized using C lan-
guage and calling library functions of Advantech data acquisition cards. Since Advantech
data acquisition cards provide drivers for the Linux environment, it ensures the reading of
high-precision control signals and the output of numerical calculation results in a real-time
environment.

The software operation flow chart of the HIL simulation platform is shown in Figure 4.
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To complete the HIL simulation experiment, cooperation of the physical controller
is also required. In the latter, the cycle of data acquisition, operation, and output control
signal is also executed with a timing cycle of 1 ms. The program flow chart is similar to
Figure 4, except that the numerical solution part of the differential equation is replaced
with either the system identification or the backstepping algorithm, depending on the
content of control experiment. The former is used to estimate the key parameters of the
system, and the latter is used to perform nonlinear control of the system. The execution
process of the algorithm in the physical controller is divided into four main steps.

Step 1: Online identification, calculate the nonlinear coefficients of the electro-hydraulic
cylinder system;

Step 2: Update the control parameters of the nonlinear backstepping algorithm;
Step 3: Calculate the next output u(k + 1) of the controller;
Step 4: Return to Step 2 and continue the loop.
The schematic diagram of the VCSC model injected by this hardware in the ring

HIL simulation platform is shown in Figure 1. The key parameters of the whole model
simulation are listed in Table 1.

Table 1. Key parameters of the electro-hydraulic servo system of the valve-controlled symmetrical
cylinder.

Parameter Value Unit Specification

kc 1× 105 N/m Load spring stiffness
bc 10 N/(m/s) Viscous damping coefficient
D 0.032 m Piston diameter
d 0.020 m Rod diameter
g 9.81 m/s2 Gravity of acceleration
m 100 kg Load mass
FL 1000 N External load force
βe 1.7× 109 Pa Elastic modulus of oil
Cd 0.62 Orifice flow coefficient
dv 0.01 m Servo valve spool diameter
w dvπ = 0.0314 m Valve area gradient
ps 2.1× 107 Pa Supply pressure
ka 1000 Gain of hyperbolic tangent function
ρ 890 kg/m3 Oil density
τv 0.05 s Servo valve time constant
kv 0.015× 10−3 m/mA Flow gain of valve
b dπ = 0.0628 m Width of internal leakage gap
δ 1× 10−4 m Height of internal leakage gap
µ 0.051 Pa s Dynamic viscosity of oil
l 0.06 m Length of internal leakage

Cl bδ3/(12µL) Internal leakage coefficient

5.2. Verification of the HIL Simulation Platform Performance in Real Time

In order to verify the real-time performance of the Ubuntu system after installing
the Preempt_RT patch, a test is designed for comparing the performance between the
Ubuntu18.04 and Windows 10 system in real time. The basic principle of the experiment is
that in Ubuntu18.04 system with the Preempt_RT patch installed, the pulse voltage signal
is sent out by the data acquisition card USB-5820 of Advantech at a time interval of 1 ms;
under the same conditions in the Windows 10 system, using the high-precision multimedia
timer and data acquisition card USB-5820 of Advantech, the pulse voltage signal with a
period of 1 ms is also sent out. The periodic pulse voltage signals sent by two groups of
software timers are collected by the logic analyzer, which is LA1010 produced by Kingst
Company in Qingdao, China.

The logic analyzer sampling results for a 1 ms period pulse signal in the Windows 10
environment are shown in Figure 5.
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Figure 5. Timing accuracy test of high-precision timer under Windows 10 operating system.

It can be observed from the Figure 5 that when the pulse signal is sent at an interval
of 1 ms, the period of the pulse signal should have been 2 ms. From the figure, it can be
observed that although the vast majority of timing periods are close to 2 ms, there are
individual cases of timing periods as long as 4 ms. That is to say, since Windows 10 is not a
real-time system, it is not completely reliable to use it for high-precision timing.

In Ubuntu 18.04 with the Preempt_RT patch installed, the voltage signal is sent at 1 ms
intervals, and the sampling results obtained with the help of the logic analyzer are shown in
Figure 6.
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Figure 6. Timing accuracy test of high-precision timer under real-time Linux operating system.

From Figure 6, it can be observed that the periodic pulse signal issued under the
real-time Linux system is uniform and stable. A timing period is selected for measurement
at the maximum in the figure, and the obtained timing period is 2.05 ms, i.e., the maximum
timing error is 50 µs.

Comparing Figures 5 and 6, it can be seen that the timing accuracy of the HIL simula-
tion system based on the Linux real-time kernel patch developed in this paper can meet
the requirements for real-time sampling and control. The results obtained from the HIL
simulation experiments conducted using this platform are therefore credible.

The following paper will use this HIL simulation system to conduct identification and
backstepping control experiments.

5.3. System Identification Experiments in HIL Simulation Environment

The system identification HIL simulation experiments were conducted on the HIL
platform developed in the previous section. The process of system identification is as
follows. The HIL simulation platform writes the differential equation of the identified
system (valve-controlled symmetric cylinder) in C language on the HIL simulation platform,
and the timer time interval is 1 ms. This solution is the output of the identified system, and
the output signal is offered to the controller through the USB-5820 data acquisition card.
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The controller is another industrial control computer that reads the output of the
HIL simulation platform through the analog input function of USB-4704 and outputs a
sinusoidal signal to the HIL simulation platform through the analog output function of USB-
4704. The timing interval is also 1 ms, and so on and so forth. Between each timing cycle,
the system identification algorithm, Equation (10), is invoked to generate the recursive
identification results. The identification result is saved to provide the relevant parameters
for the next backstepping control algorithm.

In this experiment, the input current signal is u = 10 sin(2πt)mA . The input and the
displacement signal of the hydraulic cylinder output for the HIL simulation are shown
in Figure 7, where the solid line indicates the input current signal and the dashed line
indicates the hydraulic cylinder output displacement curve.
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Figure 7. Input signal and output displacement curve in the system identification experiment.

Sampling plots of the main state variables and the derivatives of the acceleration
and load pressure of the system during identification are shown in Figure 8. The three
state variables, velocity, acceleration, and derivative of load pressure, correspond to y in
Equation (13), and the values of each element of ΨT in the equation can be calculated from
the state variables. Then, according to Equation (10), the value Θ of each parameter to be
identified can be calculated.
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Figure 8. Curve diagram of key state variables in system identification experiment.

The iterative approximation curves of the system to identify each parameter are shown
in Figure 9. Here, the dashed line is the real value of the identified parameter, which can be
obtained according to the HIL simulation model equation. The solid line is the variation
curve of the estimated value of the online identification parameter. It can be seen from
Figure 9 that, with the accumulation of the number of online recognition iterations, the
value of parameter rapidly approaches the true value.
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Figure 9. Iterative approximation curve of parameters in the system identification experiment.

To further test the correctness of system identification algorithm, a time-varying load
is applied to the system with the help of the load simulation function of the platform,
i.e., FL = [FL0 + 1000 sin(πt)]. Under this time-varying load, the identification results of
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the system parameters are still close to the real values, as shown in Figure 10, and the
identification results of the parameters are shown in column 5 of Table 2. Therefore, the
system identification algorithm developed in this paper is demonstrated to be correct,
and the effectiveness of using the semi-physical simulation platform to verify the online
identification algorithm is also shown.
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Figure 10. Iterative approximation curve of parameters in system identification experiment with
time-varying load.

A comparison of the estimated and true values of the stability parameters obtained
from system identification is shown in Table 2.

Table 2. Comparison between actual and estimated values in system identification of experimental
parameters.

Parameters Expression Set Value of Hardware-in-the-Loop Simulation Estimated Value
Estimated

Value of Vary
Load

θ21 kc/m 1000 1.0040× 103 1.002× 103

θ22 bc/m 0.1 0.0846 0.0801
θ23 1/m 0.01 0.01 0.0100
θ24 Ac/m 0.4901× 10−5 0.4921× 10−5 0.4902× 10−4

θ31 4βe Ac/Vt 6.6652× 1010 6.2156× 1010 6.8303× 1010

θ32 4βeCl/Vt 372.3369 347.2963 381.5358
θ33 4βeCdw/

(
Vt
√

ρ
)

8.8794× 1010 8.2822× 1010 9.0988× 1010

θ41 1/τv 20 20.0821 19.6383
θ42 kv/τv 0.3× 10−3 0.3014× 10−3 0.2953× 10−3

As can be seen from Table 2, the values of the parameters obtained from the system
identification basically match the set values of the parameters in the HIL simulation
environment. This demonstrates the correctness of the online identification algorithm and
illustrates the effectiveness of its use in HIL simulation technology.

The parameter values obtained from the system identification are saved and prepared
for the performance of backstepping control in the following.
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5.4. Experiment of Backstepping Control Method in HIL Simulation Environment

Since all the parameters of the state space equation have been obtained based on
system identification in the previous section, it is possible to develop the backstepping
control program and perform HIL simulation verification of the backstepping control
method for the valve-controlled symmetric cylinder system based on the basic principles
of Section 3.

The difference from the previous section is that, instead of executing the system
identification algorithm in each timing loop of the controller, the backstepping algorithm
introduced in Section 3 is executed. The HIL simulation system, however, still uses 1 ms
as the timing cycle to complete the fixed cycle of reading the data acquisition card signal,
numerically solving the state equation of the VCSC system and outputting the solved state
variables through the data acquisition card.

In order to illustrate the effectiveness of the nonlinear control algorithm, HIL simula-
tion of the PID was also performed to verify the effectiveness of the PID control algorithm.
The effect of the PID is compared with that of the nonlinear backstepping method.

The HIL simulation model of the VCSC system constructed with the data in Table 1
as key parameters is carried out for the PID and the backstepping control experiment as
appropriate. The parameters of the conducted PID experiments are shown in Table 3.

Table 3. PID control parameters.

Control Parameter Value

kp 1000
ki 0.01
kd 10

The graph of simulation results for PID control is shown in Figure 11. The upper part
of Figure 11 shows the graph for comparison between the command curve and the actual
displacement curve, and the lower part shows the error values of the command curve and
the actual output curve.
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Figure 11. HIL simulation curve of PID control.

It can be observed from Figure 11 that the error of the system reaches a maximum of
about 0.015 m with the current PID control parameters and then stabilizes at about 0.005 m.
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The HIL simulation model of the valve-controlled symmetric cylinder system con-
structed with the key parameters in Tables 4 and 5 was subjected to two sets of nonlinear
backstepping method control HIL simulation experiments. The control parameters of the
first group of backstepping method are shown in Table 4.

Table 4. The first set of control parameters of the backstepping control method.

Control Parameter Value

k1 80
k2 80
k3 160
k4 160

The first set of hardware-in-the-loop semi-physical simulation experiments for the
backstepping method is shown in Figure 12. The command and output curves and the
error between them are shown in this figure under the control of backstepping method. As
can be seen in the lower part of Figure 12, the system error finally stabilizes within 0.02 m
under the action of the control parameters in Table 4, which is approximately the same as
the error under PID control.
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Figure 12. HIL simulation curve under the first set of control parameters of backstepping method.

The control parameters for the second set of backstepping methods are shown in
Table 5 and have increased compared with the values in Table 4.

Table 5. The second set of control parameters of the backstepping control method.

Control Parameter Value

k1 160
k2 160
k3 320
k4 320

The input–output and error curves of the nonlinear backstepping semi-physical simu-
lation of the valve-controlled symmetric cylinder are shown in Figure 13.
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Figure 13. Hardware-in-the-loop simulation curve under the second set of control parameters of the
backstepping method.

It can be seen from the Figure 13 that, when the values of the control parameters are
appropriately increased, the maximum tracking error of the input and output signals is
0.007 m in the initial stage, and as the system operation tends to a steady state, the error
rapidly decreases and stabilizes to less than 0.0005 m, which shows that the backstepping
method has higher control accuracy compared with the PID control algorithm when the
appropriate parameters are set.

6. Conclusions

A HIL simulation debugging method based on a Linux real-time kernel patch is pro-
posed to address the problem of difficulty in debugging a EHS system online identification
algorithm and nonlinear backstepping control method in practical applications. This de-
veloped HIL simulation experiment platform is developed based on Linux+Preempt_RT.
Taking the VCSC EHS system as the control object, the online identification algorithm is
developed, and the backstepping control algorithm is derived. Using the developed HIL
simulation platform, the timer accuracy test is conducted, and the results show that the
HIL simulation platform developed in this paper can achieve the required timing accuracy
in hard real time. Furthermore, the HIL simulation platform was used to carry out the sim-
ulation of system identification and nonlinear backstepping method for VCSC. Using the
HIL simulation for system identification, all the key parameters were accurately obtained
and assigned to the simulation model of the VCSC in advance; at the same time, using
the nonlinear backstepping control implemented by the parameters obtained from system
identification, a better control effect was achieved than with the common PID control
algorithm.

The above experiments demonstrate that the HIL simulation platform developed in
this paper has reliable real-time performance, and the experimental results obtained from
the system identification experiments and the nonlinear backstepping control algorithm
conducted on this platform are credible. Since the HIL experiments used are simulations,
the verification of physical controllers with system identification and control algorithms
can be directly applied in engineering the physical entities of VCSCs.

Future research work will focus on building an experimental platform for the physical
entity of the VCSC, transplanting the controller verified by the HIL simulation environment
to the physical entity experimental platform and completing the system identification and
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nonlinear backstepping control experiments for the physical entity to further verify the
effectiveness of the system identification and nonlinear backstepping control algorithm.
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