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Abstract: A compact and flexible hydraulic double-cylinder actuation scheme is proposed for use in
applications, especially where power density is extremely demanding. In view of flexible amounting
requirements, long and thin hoses were utilized to connect two cylinders. Affecting the actuation
preciseness, volume variation of the hoses caused by pressurized oil and bubbles was the main
problem the system encountered. In this study, an active disturbance rejection control (ADRC)
strategy was adopted for the improvement of displacement control performance under uncertain
external load. After the experimental verification of the necessity of a hose model for the system,
a centralized-parameter hose model was constructed where the coefficients are determined on the basis
of the experimental data. Additionally, the system and the controller proposed were mathematically
modeled. Simulation results shows that the system using ADRC exhibited higher displacement
accuracy and better dynamic performance than that using PID (Proportion-Integral-Derivative) or
fuzzy PID. ADRC has a stronger disturbance rejection ability. ADRC is an effective solution to
nonlinear control of systems with uncertain parameters or various loads.

Keywords: hydraulic cylinder; active disturbance rejection control; displacement control;
nonlinear disturbance

1. Introduction

Due to small size, light weight, fast response and high accuracy, the electrohydraulic servo
system has been widely used in many fields such as aerospace, robot, construction industry, etc. [1,2].
At present, hydraulic actuation mainly includes valve-controlled and pump-controlled schemes.
The valve-controlled system has been widely used in engineering fields owing to its high response
frequency and power-to-weight ratio [3]. Pump-controlled EHA (Electrohydrostatic Actuator) provides
a sleeker and cleaner way to produce hydraulic power with higher energy efficiency [4,5]. However,
hydraulic actuators used in aerospace are inevitably strict in size and weight. They involve an oil
supply source, which is a weight burden. A hydraulic actuation system without an oil source is
obviously advantageous in aerospace application.

To break through the restriction, alternative methods have been investigated to affordably
improve system efficiency. Minava presented a direct-driven hydraulic system without conventional
oil source [6], which combined advantages of power density of hydraulic system and accuracy of
electric motor system, and studied the application of direct-driven hydraulic device in trackless
mobile machinery. A speed and position control system using double cylinders adopted a hydraulic
accumulator instead of conventional oil tank, and an electric motor was used to achieve closed-loop
control [7]. Effects of different parameters on dynamic characteristics of hose were examined.
The smaller the hose flow diameter is, the more sensitive the volume variation to the pressure is [8].
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Therefore, it is extremely necessary to model the hose in small-size and high-pressure displacement
control systems.

Many research studies on position control of the electrohydraulic actuator were conducted, some
of which reveal how external and internal nonlinear factors affect the control accuracy and system
robustness [9,10]. Due to simple structure and easy implementation, PID control has been commonly
used in hydraulic systems [9,10]. On this basis, some researchers developed accurate fuzzy PID and
PSO-PID controllers [11-14]. A robust fixed-gain linear output pressure controller was designed for a
double-rod electrohydrostatic actuator using quantitative feedback theory (QFT) to provide desired
transient responses, tracking bandwidth, robust stability, and disturbance rejection for the closed-loop
system [15]. Erik used model predictive control to eliminate the influence of feedback controller
performance and to integrate both actuator limitations and other necessary constraints on dynamic
wheel-load variation and suspension travel [16]. A nonlinear PI position controller was developed
for the EHA to achieve the accurate positioning requirement of position-based impedance control
(PBIC). The controller compensated for the adverse effect of stiction, and a high position accuracy
was attained [3]. A novel sliding mode control (SMC) design framework was devoted to providing
a favorable SMC design solution for the position tracking control of electrohydrostatic actuation
system (EHSAS). The chattering was effectively attenuated, and the mismatched disturbance was
satisfyingly compensated [17]. A novel discrete-valued model predictive control (DVMPC) algorithm
was proposed for position control of a pneumatic cylinder [18]. A linear extended state observer
(LESO) was adopted to achieve real-time estimation of the unmeasured system states and matched
disturbance, and a nonlinear disturbance observer (NDO) was used to estimate the largely unknown
mismatched disturbance at the same time [19]. All of the above concluded that a good control strategy
is critical to the stability and robustness of position control.

ADRC is not predicated on an accurate and detailed dynamic model of a plant, and is extremely
tolerant to uncertainties [20-22]. At present, ADRC has been applied in many fields, including artificial
blood pumps, air-fuel ratio control in gasoline engines, airship horizontal trajectory tracking control,
PV (Photovoltaic)-wind energy conversion system and aircraft electro-mechanical actuators [23-26].
The robotic system was represented as a linear perturbed system whose lumped disturbance input is
estimated and then compensated by an extended state observer-based control [20]. ADRC has attracted
attention and application in position control.

In this study, an electric motor was used as the original power component for hydraulic actuator
without an oil tank. The motor rotates the ball screw, which pushes the power cylinder to pressurize
the oil between the two cylinders and then moves the target cylinder. Considering installation and
maintenance for an extremely narrow space, the slender hose was employed to connect these two
cylinders for the flexibility required. Expansion of the hose induced nonlinear displacement of the
cylinder. This paper focuses on the active disturbance rejection control strategy for a hydrostatic
double-cylinder actuator, which was systematically analyzed and compared with the conventional
PID and fuzzy PID strategy. Then, advantages of ADRC are verified. ADRC consists of a tracking
differentiator (TD), extended state observer (ESO) and nonlinear state error feedback control law
(NLSEF). TD achieves smooth approximation to the generalized derivative of input signals. ESO
estimates the output and the total real-time perturbation. NLSEF uses the total perturbation observed
by the ESO to generate the control variables, so as to ensure the stability of the system. This can provide
a theoretical basis for ADRC application in double-cylinder hydraulic actuators. Section 2 describes
the principle and mathematical model of the system. An ADRC strategy was designed. In Section 3,
the results are revealed. Concluding remarks are presented in Section 4.
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2. System Principle and Mathematical Model

2.1. System Principle

Figure 1 is a schematic diagram of the double-cylinder actuator. The electric motor rotates
according to a pulse input and its angular displacement is transformed into linear displacement
by a ball screw. The power cylinder pressurizes the oil in one chamber to push the target cylinder
forward. A transducer is arranged to measure the displacement of the target cylinder. If these two
cylinders are identical, their motions are theoretically synchronous. Actually, due to the deformation
of the pressurized chamber, it is ineluctable for the cylinder leakage and the oil bulk modulus change
caused by pressure or air. Size of the target cylinder can be designed as small as possible to be
accommodated in designated space. In order to investigate the system performance under possible
loads, an electrohydraulic system was fabricated as external load simulator. It mainly consisted of oil
source, a proportional servo valve, a loading cylinder and a force transducer. A force closed-loop circuit
ensured production of the required load exerted on the target cylinder. The flexible hose connection
between two cylinders allows the system to be suitable for narrow space, and it can separate the target
cylinder from the driving and control part for flexible assembly and disassembly. Moreover, the oil
source was removed, simplifying the system structure greatly.

Py

Figure 1. Schematic diagram of the whole system. 1. Force transducer; 2. Load mass; 3. LVDT; 4.
Target cylinder; 5. Hose; 6. Accumulator; 7. On/off valve; 8. Power cylinder; 9. Ball screw; 10. Stepping
motor; 11. Loading system.

2.2. System Mathematical Model

The hose was one of primary factors affecting the actuator performance. It was modeled by the
centralized parameter method [27], and the pressure and the flow rate in the hose can be equivalent to
the voltage and current in electric circuit. The model based on this method is shown in Figure 2. Here
R and L stand for the resistance and the inertia of the oil, respectively, and C describes the characteristic
of the pressurized oil and the hose deformation.

Clp-p)=4q9-4 (1)

Figure 2. Hose model.
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Generally, the hose has much larger expansion than the pipe if filled with high pressure oil. When
modeling the hose, both the static and dynamic variation caused by the pressure and the viscoelasticity
of the hose material are considered. Thus, C cannot be reckoned as a constant. Figure 3 illustrates the
schematic considering the viscoelasticity of the hose.
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Figure 3. Viscoelastic model for hoses.
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2= kptkika/ (ki +Kk)

Here, p is the pressure inside the hose, y is the radius variation of the hose, ky, is the equivalent
coefficient of the oil compression converted into elastic deformation of the hose, k and k; are the elastic
coefficients of the hose and B, is the damping coefficient of the hose wall. a is the average radius of
the hose.

Increment of the flow rate Ag can be written as

Ag = (n(a+ Ay)? — ma®)l = (2mady + nAy?)] )

where [ is the length of the hose. Neglecting tAy?, Equation (7) is simplified as

p
Ag = 2malAyl =2
q = 2naAyl = 2mal el 8)
C can be expressed as
2mal
= 9
k-G(s) ©)

Here, effects of the cylinder mass, leakage and oil temperature on the system are not considered.

The pressure in two cylinders is assumed to be equal. Flow rate continuity for the actuation cylinder is
given by

Ap1Xpi — Ap1Xpo = CP (10)

AprXpo — AppXpi = CP, (11)

As shown in Figure 1, Ap; and Ap; are the effective area of the power cylinder, Ax; and Ax» are
the effective area of the target cylinder respectively. X,,; and Xy, are the displacements of the power
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cylinder and the target cylinder, respectively. V}; is the pressurized volume enclosed by the hose
connecting two rodless chambers and V},; is the one enclosed by the hose connecting two rod chambers.
The kinematic equation of the system is written as

mXpo = Ap1P1 — ApoP2 —F - f, (12)

where F; is the force as the external load, m is the load mass, P; and P, are the pressure of the rod
chamber and the rodless chamber of the target cylinder respectively, and fy is the friction in the target
cylinder as given by

Aa1P1 = ApsP2—F, Xpo=0
fv _ A1l'1 _A2 2 “po (13)
fs+ HviscXpo, Xpo #0
where f is the maximum static friction and piyig is the viscous friction coefficient.
Vhl and Vh2 are obtained by Equation (1) as
Vin = CPy (14)
Vip = CPs

Based on Equation (10) to Equation (14), the mathematical model of the actuator system is
established as )
mXpo = Aa1P1 —ApoP2 —F - fy
Ap1Xpi — Aa1Xpo = CPy (15)
AppXpo — APZXpi =CP,

In order to evaluate the effects of the hose model qualitatively, the open-loop simulation results
(taking input = 0.5 m/s and F = 200 N) of the system with and without hose model are shown in
Figure 4. It implies that the target cylinder displacement and the pressure in the rodless chamber with
hose exhibits longer response lag during the system starts up.

30 T T . ’ : 1.25
T A 1.00
T 20f -
' i B
‘é’ -4+~ Pressure Displagement 40.75 §
g 151 =
g 5
< {050 2
2 B O
'E 10 —— With hose &
—— Without hose lo2s
5 -
or 4 0.00
1 1 | | ) )
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time(s)
Figure 4. Displacement of the target cylinder and pressure in the rodless chamber.
2.3. Controller Design

The control principle of the system is shown in Figure 5. More specifically, the output u of the
controller is sent to the motor. Furthermore, the circular motion of the motor is converted to the linear
motion of the power cylinder by the ball screw to drive the target cylinder. The position signal of the
target cylinder is fed back to the controller by a LVDT.
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Figure 5. Schematic diagram based on active disturbance rejection control (ADRC).
2.3.1. Tracking Differentiator (TD)

In order to avoid noise amplification of traditional differential link, a TD achieves smooth
approximation to the differential input, much superior to the traditional differential method in noise
processing. The TD is mathematically defined by second-order equations as

{ v1(k+1) = v1(k+ 1) + hop (k) (16)

vp(k+1) = vy (k) + he fhan(vy (k) —v(k),va(k), 7, ho)

where fhan(vy (k) —v(k),va(k),r, ho) is the fastest control synthesis function of the system for building
a discrete tracking differentiator.

d= Th() (17)
do = hod (18)
y = v1(k) —v(k) — hova (k) (19)

a9 = /d2 + 8rly| (20)

o) vk + o Dsign(y), |y] > do 1)
= y
vy (k) + g’ y| <do
re, la| <d
__)7d
fhan = { rsign(a), la|>d @2)

where v and v; are the input and the output of the tracking differentiator, respectively, v; is the
differential output of vy, r is the adjustable tracking speed, and  and h are the simulation intervals
for the TD and fhan function, respectively. When h = hj, the high-frequency oscillation in v, can be
eliminated, and when k > h, the noise can be removed from v,.

2.3.2. Extended State Observer (ESO)

As the core of the ADRC, the ESO estimates the total real-time disturbance of the system and
transforms it into new state variables to compensate the controller output. Then, all the state variables
are observed by using the input and output of the system. As described in Equation (23), f(x1,x2,w(f),t)
is added to the original system to make it expand into a new state variable.

x| = X2

Xy = x3+ bu

X3 :f(xl,xz,a)(t), t)
y=x

(23)
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&1 = z1(k)=y(k)
z1(k+1) = z1 (k) + h[zz (k) = Bor&1]
Zn (k + 1) =2y (k) + h[Zg, (k) - ﬁozfﬂl(é’l,am, 6) + bou]
Z3(k + 1) = Z3(k) - hﬁogfal(el, 02, (5)
where z1, z; and by are the estimations of x1, xp and b, respectively. z3 is the total disturbance estimation

of the system. Bo1, fop and g3 are three constants in the ESO. fal(x,,0) is the nonlinear function of
the ESO.

(24)

x/60-2), x| <6
|x|*esign(x), |x|>0

fal(x,a,0) = { (25)

2.3.3. Nonlinear State Error Feedback (NLSEF)

Based on the TD and the ESO, the error of the transition process can be tracked. The feedback
control law is constructed by using nonlinear function fal(x,«,6), so that the steady-state error decreases
in the form of power function and the output response speeds up. The controller figures out its output
according to the nonlinear combination of the difference between the estimated state variables and the
real state variables as Equation (26)

e1(k) = vy (k) —z1 (k)
{ ez(k) = va (k) — z2(k) (26)
ug(k) = Bafal(er(k),a1,6) + Bafal(ex(k), az, 6) @)

where 81 and 8, are the gain factors. a1 and a; generally satisfy 0 < a1 <1 < ay.
The disturbance compensation in Equation (28) depends on the ESO zj3 to estimate the total
disturbance in real time.
u(k) = (uo(k) —z3(k))/bo (28)

Actually the output u(k) includes two parts: -z3(k)/bg is the compensation disturbance component
and u(k) is the integrator series component controlled by the nonlinear feedback.

3. Results

Some preliminary experiments were implemented to verify the necessity of modeling the hose in
this system. Figure 6 is the experimental system. Figure 7a shows the position of two cylinders for
5mm command. The power cylinder moves 2.5 mm longer than the target cylinder in experiments.
The simulated displacement of the power cylinder is smaller than the tested. It can be interpreted that
the bubble in the pressurized oil and the cylinder leakage were not considered in this system. As a
result of these two factors, the power cylinder moved longer to make the target cylinder close to the
command displacement. Accordingly, the hose model obtained was workable. Figure 7b depicts the
position and the pressure of the target cylinder, with a step load and a motionless power cylinder.

Both figures prove that the volume change of the hose cannot be neglected when modeling the
system and analyzing its behaviors.

To run a simulation, some parameters for the system and the designed controllers were summarized,
as listed in Tables 1 and 2, respectively:

The step and sinusoidal tracking were set to verify the performance of the TD, as illustrated in
Figure 8. It can be seen that the two output trajectories can track the input well.
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Figure 6. Experimental system.1. Stepping motor; 2. Ball screw; 3. Power cylinder; 4. Target cylinder;
5. Force transducer; 6. LVDT; 7. Pressure transducer; 8. Accumulator (oil compensation tank); 9. Hose.

50 T T LI T T T T
Target Cylinder Tested
Power Cylinder Tested
— — Target Cylinder Simulated
'E\ 40 - — =— Power Cylinder Simulated .
'(_'G)’ |
&z '
8 30f 4
20 1 1 1 1
21 22 23 24
Time(s)
(@)
48 T T T T T T
e 3.0
47 + /
o 4
—e— Displacement / " 25
fg 46 - —=— Pressure /. / _
420 £
g " =
2er z
§ 115 2
Sl . £
A / {10
st . /
/ 405
n| *f
1 " 1 n 1 L 1 " 1 n 1 1 0.0

Figure 7. (a). Displacement of two cylinders. (b). Displacement of the target cylinder and pressure in

the rodless chamber.
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Table 1. The servo system’s parameters.

9o0f17

Parameter Value Parameter Value Parameter Value
m 50 kg r 0.003 m o] 140
Ap1 3.77 x 1074 m?2 l 10 m Y1 0.5
Apy 491 x 1074 m? ki 6 x 10° c 120
Aqq 3.14 x 1074 m?2 kin 5000 V2 0.1
Az 2.01x1074 ko 1x10° ¢ [-1.0-050051]
fs 50 N Uoisc 200 N-s/m b 5
Table 2. The controller’s parameters.
Parameter Value Parameter Value Parameter Value
P 7 ‘302 100 [2%) 0.4
I 0.01 Bos 30 by 0.02
h 0.002 B1 50 b 5
ho 0.002 B2 0.1 r 0.005
Bo1 50 aq 0.5 o 0.001
T T T
50 | -
)
£
5 40
g |
S |
8 L
& |
a
30 -
I Command
: — — -Tracking Trajectory
20 1 1 1
0 4 6 8 10
Time(s)

Figure 8. Step and sinusoidal tracking displacement.

Comparison of the results with three controllers is demonstrated in Figure 9, with the step response
to 50 mm input command with a step load (800 N at 4 s and 400 N at 7 s). It was seen that the
displacement response with ADRC at the beginning was faster, achieving steady state in shorter time
(stabilizing the output nearly for 0.15 s by ADRC while 1 s by PID or fuzzy PID). As shown in Figure 10,
compared with the PID controller and the fuzzy PID controller, the target cylinder with ADRC had
smaller error because the ADRC produced a faster and higher-amplitude control signal when the
step load interfered with the system output to make the system respond more quickly and reduce the
influence of the disturbance on the system. The ADRC used an ESO to obtain the observation of the
state variables and disturbances. As shown in Figure 11, the observation results were consistent with
the actual items.
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Figure 9. Response to step load.
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Figure 10. Error and controller output.
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Figure 11. Observations made by extended state observer.
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Figure 12 illustrates that, when the displacement command stepped from 0 mm to 50 mm,
the system using PID control or fuzzy PID control exhibited slower adjustment and less smoothness.
The system with ADRC facilitated faster and smoother adjustment to the input. Figure 13 is the phase
path for the displacement error at4 s to 5 s. It implies that the ADRC controller enabled better synthetic
control performance than the PID controller or fuzzy PID controller.

1500 T T T T T T T T T T T

1000 - —— ADRC
—PID
Fuzzy-PID

500

de(mm/s)

-500

-1000

_1500 1 " 1 " 1 L 1 " 1 L 1

e(mm)

Figure 12. Phase path for the displacement error from Omm to 50 mm.

40 r —— ADRC
r —PID
Fuzzy-PID -

20

de(mm/s)

_80 1 L 1 " 1 L 1 L 1 L 1 L
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

e(mm)

Figure 13. Phase path for the displacement error from 4sto 5s.

Figure 14 depicts the step response under a sinusoidal load (Ft = 100sin(7tt + 500 N). The steady-state
error of the system using ADRC is smaller than that using the PID, indicating that ADRC has better
robustness. The output of the two controllers is illustrated in Figure 15. The output of the ADRC
is similar to the PID controller, The ADRC has similar output to the PID controller, but the control
performance of the system using the ADRC is better. Thus, it reflects the advantages of ADRC
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on robustness. Figure 16 shows the estimated speed, displacement and total disturbance of the
target cylinder via the ESO. Its observation value is basically qualified and can lay a foundation of
high-performance control to analogous uncertain systems.

60
50
g 40 .
g
= . e Command |
“E’ == = ADRC
g 30 - ;21 = <pD
= /
2 \ / |
A 20 50.._-‘:-..*..___'-* i
/ \
/
\~’ \,
10 -
¥ 4 5
0 1 1 1 1
0 2 4 6 8 10
Time(s)
Figure 14. Response to a sinusoidal load.
1.0 T T
T os] oo\, T ADRC o |
S .. 2 .
§ I 7 \ PID p \.\ ]
L% 0.0 - ./ ) / \ _
05 P N N
-1.0 ' - '
- I T T T T T I '
2 0.015 F .
=
@)
- ~—d —
%J 0.000 2 ~ oz >
=
S = ADRC
© -0.015 F — =PID .
1 L 1 L 1 L 1 L
4 5 6 7 8
Time(s)

Figure 15. Error and controller output.

In order to further study the tracking performance and robustness of the ADRC, simulation for
the sinusoidal tracking was carried out. Figure 17 shows the output at a sinusoidal input without
load. It reveals that the system using the ADRC tracked the input well, while that using PID had
a lag. Figure 18 depicts the sinusoidal response of the system under a constant load. The ADRC
facilitated the output tracking and the PID control tended to result in a considerable lag. In Figure 19,
the output of the PID controller was smoother, and it had advantages over the ADRC in engineering
implementation, so it could reduce the wastage of the motor. Figure 20 demonstrates that the estimated
state variables and total interference were also consistent with the actual results. Generally, the system
with ADRC had better tracking effects and robustness under constant force disturbance.
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Figure 16. Observations by the ESO.
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Figure 17. Sinusoidal response.
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Figure 18. Responses to constant load.
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Figure 19. Error and controller output.
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Figure 20. Observations by ESO to constant load.
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Figure 21 depicts the system output at a sinusoidal input under a random load. It reveals that
the system using PID and fuzzy PID had a certain lag than that using ADRC. As shown in Figure 22,
the system using ADRC also had better tracking effect and robustness under random load interference,
compared with that using PID controller or fuzzy PID controller. Figure 22 implies that the ADRC
produced high-amplitude output, but there was a certain oscillation in the controller output. Figure 23
shows the estimated states and total disturbance. The analysis above indicates that the ADRC enabled
faster response and higher accuracy for the actuation. Additionally, the disturbance and uncertain

parameters estimated by the ESO substantially enhanced the system robustness.
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Figure 23. Observations made by extended state observer.
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4. Conclusions

In this paper, an ADRC strategy is proposed for the double-cylinder hydrostatic actuator to
improve the dynamic and steady performance in the presence of uncertain model parameters and
external load. The mathematical modeling and simulations were executed to verify the effects of the
ADRC on the system. Considering elastic deformation, the hose used in the system was modeled by dint
of the centralized parameter method. Under a step and sinusoidal command without load, the system
which used ADRC had higher accuracy and better dynamic performance than that which used the
conventional PID or fuzzy PID. In terms of anti-interference, the system which used the ADRC was
superior to the other two systems. Although for a sinusoidal command, the output of the PID controller
was smoother, the disturbance rejection ability of the ADRC was better. In contrast, the ADRC had
stronger robustness and superior output, which can provide some guidance for engineering practice.
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