
actuators

Article

Backstepping Sliding-Mode Control of Piezoelectric
Single-Piston Pump-Controlled Actuator

Bin Wang 1,* , Pengda Ren 2 and Xinhao Huang 2

����������
�������

Citation: Wang, B.; Ren, P.; Huang, X.

Backstepping Sliding-Mode Control

of Piezoelectric Single-Piston

Pump-Controlled Actuator. Actuators

2021, 10, 154. https://doi.org/

10.3390/act10070154

Academic Editor: Kenji Uchino

Received: 1 June 2021

Accepted: 5 July 2021

Published: 7 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Jiangsu Province Key Laboratory of Aerospace Power System, Nanjing University of Aeronautics and
Astronautics, Nanjing 210016, China

2 College of Energy and Power Engineering, Nanjing University of Aeronautics and Astronautics,
Nanjing 210016, China; rpdwjr@nuaa.edu.cn (P.R.); huangxinhao@nuaa.edu.cn (X.H.)

* Correspondence: binwang@nuaa.edu.cn; Tel.: +86-13611588063

Abstract: A piston piezoelectric (PZT) pump has many advantages for the use of light actuators.
How to deal with the contradiction between the intermittent oil supplying and position control
precision is essential when designing the controller. In order to accurately control the output of the
actuator, a backstepping sliding-mode control method based on the Lyapunov function is introduced,
and the controller is designed on the basis of establishing the mathematical model of the system.
The simulation results show that, compared with fuzzy PID and ordinary sliding-mode control,
backstepping sliding-mode control has a stronger anti-jamming ability and tracking performance,
and improves the control accuracy and stability of the piezoelectric pump-controlled actuator system.

Keywords: PZT pump; actuator; backstepping sliding-mode; Lyapunov function

1. Introduction

Micro and miniature hydraulic pumps powered by smart structures are becoming
an immerging technology in light actuators [1–3], wherein a piezoelectric (PZT) pump
is an instance. Compared with a traditional motor-driven pump, the PZT pump has an
advantageous structure, low weight, high efficiency, low noise, high reliability and so
on [4,5]. In some situations which have harsh requirements on power-to-weight ratio and
noise, such as aerospace and movable robotics, a piezoelectric pump-controlled actuator
is an alternative to a light, reliable actuation scheme [6,7]. As for a pump in a hydraulic
actuator, fine delivery properties are of great concern [8]. Smooth and steady oil feeding
to a hydraulic cylinder is the common requirement. Both piston and gear pumps can
give rise to inherent flow ripple, which easily induces actuator creeping or buffeting.
Moreover, ferroelectric hysteresis of the PZT material and leakage in the pump are the
factors influencing the oil delivery performance. To severely restrict volume and weight
of an airborne actuator, the piston number of a PZT pump should be arranged as low as
possible. However, the less the piston number is, the worse the flow delivery property
of the pump is. Therefore, it is crucial to find a balance between them at the same time,
as the PZT pump is particularly prone to strong nonlinearity, affecting motion control
performance of the actuator using the pump.

Sliding-mode control (SMC) is a conventional variable structure robust control method [9].
By selecting the appropriate sliding-mode surface and reaching a balance, good tracking
performance and anti-jamming ability of the system can be guaranteed [10,11]. SMC is
extensively adopted in aerospace, medicine and other applications [12–15]. For the fuel
quantity actuator system, there exist nonlinear and multi-source disturbances. A continu-
ous sliding-mode control based on a multi-source disturbance observer is proposed, which
can effectively depress the steady-state fluctuation [16]. A SMC volume control scheme for
a servo pump-hydraulic cylinder system is discussed, which constitutes a pump-controlled
servo motor for a steam control valve [17]. Aiming at an electric fuel pump system for
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a more electric aero-engine, a linear quadratic integral sliding surface is adopted, which
improves the robustness of the system [18]. A nonlinear sliding-mode controller is applied
to the force tracking of a PZT hydraulic pump-driven system [19]. Similarly, a self-tuning
fuzzy sliding-mode compensation-adaptive fuzzy controller is introduced for force control
by a variable speed pump control system. Experimental results show that the proposed
control method allows good control performance and robustness to parameter changes
and external disturbances [20,21]. In order to improve the liquid level control perfor-
mance of a two-axis pump-controlled folding machine, a coupled adaptive self-organizing
sliding-mode fuzzy controller is constructed [22]. An output-based digital integral ter-
minal sliding-mode predictive control scheme is designed, which is especially suitable
for precise motion control of a piezoelectrically-actuated positioning system [23]. In the
presence of unknown disturbances and model uncertainties, a nonlinear backstepping
sliding-mode controller (BSMC) incorporated with a disturbance observer is fabricated
for stratospheric airship trajectory tracking [24]. A two-degree-of-freedom piezoelectric
micro-operating system with a robust backstepping sliding-mode controller also exhibits
satisfying performance, especially in chattering elimination [25].

Different from a traditional hydraulic pump driven by an electric motor, the piezo-
electric piston pump with a hydraulic amplifier has the advantages of fast response, large
output, and excellent anti-electromagnetic interference. An electro-hydrostatic actuator
with a piezoelectric pump as the power and control element is presented as an alternative
solution to light actuation. The structure and working principle of the piezoelectric pump
are introduced, and the pump-controlled hydraulic cylinder system is mathematically
modeled and simulated. A backstepping sliding-mode control based on the Lyapunov
function is proposed and the controller is designed on the basis of the mathematical model
of the system. In order to improve the problem that conventional sliding-mode control
easily gives rise to the system chattering, the backstepping sliding-mode control utilizes
the saturation function sat(z) to optimize the controller. The control method proposed
in this paper provides an effective solution to good input tracking of the piezoelectric
pump-driven actuator. This paper has the following structure: Section 2.1 is about the
principle and configuration of the pump. Then, the mathematical model is described in
Section 2.2. Section 2.3 details the backstepping sliding-mode control design and Section 3
is about the results. Finally, Section 4 outlines the conclusions.

2. Principle and Methods
2.1. Principle and Configuration

In Figure 1a, the electro-hydrostatic actuator comprises a piezoelectric pump, a hy-
draulic cylinder with a displacement transducer and a directional valve. Figure 1b shows
the schematic diagram of the piezoelectric pump. The hydraulic displacement amplifier
consists of two pistons with different diameters and the fluid enclosed by the two pistons
and the housing. When the piezoelectric stack moves the large piston the squeezed fluid
inside builds up enough pressure to push the small piston with amplified displacement.
The hydraulic displacement amplifier adopted in the pump can magnify the stack stroke
dozens of times, which allows the pump to deliver an average flow much more than that
without the amplifier. The opening and closing of the suction valve and the discharge
valve depend on the pressure difference across the valve plates, which is called a passive
flow distribution process. When a sinusoidal voltage is applied, the piezoelectric stack
moves the large piston in sinusoidal mode [26]. With the action by the amplifier, the small
piston transmits the amplified displacement to the piston of the pump cavity. During the
reciprocating motion following the piezoelectric stack, changing pressure in the pump
cavity makes the suction and discharge valve open or close alternately in a pumping cycle.
The delivery flow rate of the pump can be adjusted by changing the voltage amplitude and
frequency applied to the PZT stack, which achieves the speed modulation of the cylinder.
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Figure 1. System principle and design: (a) Principle of the actuator; (b) Schematic diagram of the PZT pump.

Flow distribution of the PZT pump involves four stages: compression, discharge,
expansion, and intake. The working principle of the single-piston pump determines an
intermittent output, which exacerbates the delivery flow of the pump and then induces the
jitter of the actuator. The control algorithm proposed in this paper has reference significance
in the response buffeting reduction of the actuator.

2.2. Mathematical Model

According to the piezoelectric equation, the strain tensor of piezoelectric material can
be obtained as the following:

S = sET + dE (1)

where sE is the elastic compliance constant of the piezoelectric material, T is the stress
tension of the piezoelectric material, d is the piezoelectric constant matrix, E is the electric
field strength applied on the piezoelectric material. Then, the strain characteristics of
single-layer piezoelectric ceramics can be obtained.

∆x
x

=

(
sEFx

Ax
+ dE

)
(2)

where the longitudinal thickness of the single piezoelectric ceramic is x, the deformation
of the single piezoelectric ceramic is ∆x, the external force acting on the stack is Fx, the
cross-sectional area of the ceramic chip is Ax. The piezoelectric stack is composed of
multiple ceramic chips in parallel on the circuit, which means the working voltage on each
piezoelectric ceramic is the same. Assuming that the number of piezoelectric stacks is N
and the voltage applied on the ceramic chip is U, the total elongation of the stack ∆h is
computed as:

∆h = N∆x = Nx
(

sEFx

Ax
+ dE

)
=

NxsEFx

Ax
+ NdU (3)

The fluid continuity equation of the pump cavity can be obtained by defining elastic
bulk modulus.

dPv

dt
=

Ey

V0 + πD2y/A

(
Qin −Qout −

πD2

4
·dy

dt

)
(4)

where Qin and Qout are the inlet and outlet flow rate of the pump, respectively. D is the
piston diameter, and y is the piston displacement of the pump chamber. Dynamic equations
of two distributing valves are expressed as:

(Pin − Pv)πd1

4
− K1(x1 + xa) = m1

d2x1

dt2 , x1 > 0 (5)
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(Pv − Pout)πd2

4
− K2(x2 + xb) = m2

d2x2

dt2 , x2 > 0 (6)

where Pin and Pout are the inlet pressure and outlet pressure of the pump, respectively. d1
and d2 are the port diameters of suction and discharge valves, respectively. K1 and K2 are
the stiffness of the tightening springs for the suction and discharge valves, respectively.
x1 and x2 are the openings of the valves, respectively. xa and xb are the pre-compression
amounts of the springs, respectively. m1 and m2 are the mass of the corresponding valve
plates, respectively. Flow continuity equations for two valves are:

Qin = sgn(Pin − Pv)Cdπd1x1

√
2|Pin − Pv|

ρ
(7)

Qout = sgn(Pv − Pout)Cdπd2x2

√
2|Pv − Pout|

ρ
(8)

where Cd is the flow coefficient of the valves, and ρ is the fluid density. The deformation of
the valve plates in the opening and closing process is very small. Accordingly, in order to
simplify the calculation, the motion assembly of the valve is assumed as a rigid body. The
motion of the valve plate satisfies the following equation:

ma = Ff − Fs − F0 = Ff − Ks·xv − F0 (9)

where Ff is the fluid force on the plate; Fs is the spring force on the plate; F0 is the initial
force; Ks is the spring stiffness; xv is the displacement of the valve plate; a is the acceleration
of the valve plate at any time and m is the mass of the valve plate. The output displacement,
speed and load pressure of the hydraulic cylinder are defined as state variables, and the
state space equation of the system can be obtained:[

x1 x2 x3
]T

=
[

xcp
.

xcp pL
]

(10)

.
x1 = x2

.
x2 = −

ccp

mcp
x2 +

Acp

mcp
x3 −

Ff + Fl

mcp

.
x3 = −

4βe Acp

Vt
x2 +

4βe f Apλ

Vt
u (11)

where xcp is the output displacement; pL is the load pressure; ccp is the damping coefficient
of the hydraulic cylinder; mcp and Acp are the equivalent mass and effective cross-sectional
area, respectively. Ff and Fl are the friction and external load, respectively. Vt is the initial
volume of the hydraulic cylinder; Ap is the piston cross-sectional area of the pump chamber;
f is the driving frequency and λ is the proportional relationship between the amplitude
of piezoelectric output voltage and the piston displacement of the pump chamber. βe is
the elastic bulk modulus of oil. The hydraulic magnification ratio is linearized without
considering the effect of piezoelectric hysteresis.

2.3. Backstepping Sliding-Mode Control Design

The basic idea of the backstepping control method is to decompose the complex
nonlinear system into subsystems that do not exceed the system order, and then design
Lyapunov functions and intermediate virtual control variables for each subsystem, push
the subsystem back to the whole system, and integrate them to complete the design of the
whole control law. However, the separate backstepping control needs accurate modeling
information of the controlled object, and it is not robust to the disturbance of the model.
A backstepping method can effectively compensate for the unmatched interference in the
system, but it relies on the accurate mathematical model of the system. By contrast, the
sliding-mode control is insensitive to the accuracy of the mathematical model, and can
completely eliminate the influence of matching interference on the system. although it is
difficult to deal with the mismatched interference.
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By introducing the sliding-mode term into the backstepping method, the design
conflict between accurate model and mismatched interference can be solved by combining
the two characteristics. The following is the design process of the backstepping sliding-
mode controller.

Applying the backstepping control to make the output x1 of the system track the given
x1d, suppose x1d is a third-order variable. Defining tracking error z1 as a reference signal:{

z1 = x1 − x1d.
z1 = x2 −

.
x1d

(12)

In the z1 subsystem, derive the Lyapunov function:

V1 =
1
2

z2
1 ≥ 0 (13)

.
V1 = z1·

.
z1 = z1

(
x2 −

.
x1d
)

(14)

In order to make
.

V1 less than 0, take the virtual control of x2 as:

x2d = −k1z1 +
.

x1d, k1 > 0 (15)

where k1 is the coefficient. The z2 subsystem is defined as follows:{
z2 = x2 − x2d.
z2 =

.
x2 −

.
x2d

(16)

In z2 subsystem, derive the Lyapunov function:

V2 = V1 +
1
2

z2
2 (17)

.
V2 = z1·

.
z1 + z2·

.
z2 = z1

(
x2 −

.
x1d
)
+ z2

( .
x2 −

.
x2d
)

= −k1z2
1 +

Acp
mcp

z2

(
x3 −

ccp
mcp

x2 − Fd
Acp

+
mcp
Acp

k1
.

z1 −
mcp
Acp

..
x1d

)
Fd = Ff + FlS

(18)

where Fd = Ff + FlS. In order to make V2 < 0, take the virtual control of x3 as:

x3d = −k2z2 +
ccp

Acp
x2 +

Fd
Acp
−

mcp

Acp
k1

.
z1 +

mcp

Acp

..
x1d (19)

where k2 is the coefficient. z3 subsystem is defined as follows:{
z3 = x3 − x3d.
z3 =

.
x3 −

.
x3d

(20)

z3 subsystem yields the Lyapunov function:

V3 = V2 +
1
2

z2
3 (21)

.
V3 = −k1z2

1 − k2
Acp

mcp
z2

2 + z3
( .
x3 −

.
x3d
)

(22)

In order to make
.

V3 < 0, take the virtual control of u as:

.
x3 −

.
x3d = −

4βe Acp

Vt
x2 +

4βe f Apλ

Vt
u + k2

.
z2 −

ccp

Acp

.
x2 +

mcp

Acp
k1

..
z1 −

mcp

Acp

...
x1d = −k3z3 (23)

u =
Acp

f Apλ
x2 −

Vt

4βe f Apλ

(
k3z3 + k2

.
z2 +

mcp

Acp
k1

..
z1 −

ccp

Acp

.
x2 −

mcp

Acp

...
x1d + ηsat(z3)

)
(24)
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In order to weaken the effect of buffeting, the sat(z3) is used to replace the symbolic
function sgn(z) in the ideal sliding-mode:

sat(z3) =


1,

z3/∆,
−1,

z3 > ∆
|z3| < ∆
z3 < −∆

(25)

where ∆ is the boundary layer. Outside the layer, switching control is adopted; inside the
boundary layer, linearized feedback control is adopted.

So far, the design of the sliding-mode backstepping controller and the theoretical proof
of the convergence of the tracking error have been completed. The block diagram of the
control system is shown in Figure 2. The green line stands for a state control signal to
switch the flow direction of the pump. The directional valve is a two-position two-way
valve. The deviation signal e is the input to the valve, with a positive or negative value,
changing the flow direction to and from the cylinder chamber, which switches the motion
direction of the cylinder. In experiments, the input signal of the directional valve can be
obtained by amplifying and rounding the error signal based on algorithms.
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3. Results

Due to good practicability, fuzzy PID control has been widely used in engineering.
Based on the fuzzy PID method, common sliding-mode control strategy and backstepping
sliding-mode control strategy, the output characteristics of the piezoelectric piston pump
controlled hydraulic cylinder system under constant load and random load are analyzed.
By adjusting the appropriate controller parameters, the response of the hydraulic cylinder
under the three control strategies reaches a better level. The simulation results are as
follows. Table 1 shows the main simulation parameters.

Table 1. Model parameters of the simulation.

Parameters Value

f 120 Hz
β 1700 MPa

mcp 1 kg
ccp 20 N/(m/s)
Vt 20 cm3

k1 50
k2 150
k3 800
η 0.4

Figure 3 shows the comparison of the input voltage of the piezoelectric stack under
fuzzy PID and backstepping sliding-mode control. The output of the fuzzy PID controller
varies sinusoidally with the instruction signal, and the maximum amplitude is less than
the rated voltage of the piezoelectric stack. The output of the backstepping sliding-mode
controller is similar to the dense square wave signal and oscillates in the range of 0–1000 V.
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Figure 3. Input voltage of the piezoelectric stack.

Figure 4 shows the variation law of the pump outlet flow rate with time under the
sinusoidal displacement instruction, and the difference between the two control strategies
can be seen from the instantaneous flow rate change law. Under the fuzzy PID control,
the outlet flow fluctuates in a wide range due to the sinusoidal variation of the controller
input voltage amplitude. Furthermore, the sinusoidal motion of the pump cavity piston
driven by the stack leads to flow instability and large pulsation rate, which are the main
reason for the large tracking error of the hydraulic cylinder. Moreover, the overall trend
of flow amplitude is sinusoidal, and the maximum instantaneous flow reaches 1.5 L/min
and there exists a reflux phenomenon. Under the common sliding-mode control, the outlet
flow fluctuation of the pump is very small, and the flow pulsation rate is even smaller.
Under the sliding-mode control, the input of the controller is a sinusoidal voltage with
little amplitude fluctuation, which leads to a good regularity of the reciprocating motion of
the pump cavity piston, so the outlet flow fluctuation is much smaller and the response of
the hydraulic cylinder is more stable.
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By applying different amplitudes of load force (100 N, 200 N, 500 N) to the hydraulic
cylinder, the variation law of the sinusoidal response of the system is obtained. The
sinusoidal instruction signal is set to be xd = 5 sin πt + 5 mm. As shown in Figure 5,
when external load exists in the system, there will be a lag in the response of the hydraulic
cylinder under the fuzzy PID control, and this lag becomes more obvious with the increase
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in the load. When the load reaches 500 N, the output displacement of the hydraulic cylinder
under the fuzzy PID control has a serious chattering phenomenon, while the displacement
of the hydraulic cylinder under ordinary sliding-mode control and backstepping sliding-
mode control has good anti-interference ability. Because of the inherent intermittent fuel
supply characteristics of the single-piston piezoelectric pump, and the position control is
determined by constantly switching the two-chamber oil path of the hydraulic cylinder, the
fuzzy PID control does not have the saturation function of suppressing chattering compared
with the backstepping sliding-mode control, so the fuzzy PID control will have greater zero
fluctuation in the case of external load disturbance. Under three load conditions, the output
displacement oscillation range under the backstepping sliding-mode control is smaller and
the stability is higher compared with the ordinary sliding-mode control. The robustness of
the backstepping sliding-mode is better than that of the ordinary sliding-mode.
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Figure 6 shows the displacement response of the hydraulic cylinder under the step
displacement instruction 10 mm by applying 100 N, 200 N and 500 N load to the system
at 5 s, 10 s and 15 s, respectively. It can be seen that under the fuzzy PID control, the
displacement of the hydraulic cylinder fluctuates differently at 5 s, 10 s and 15 s. Compared
with the previous 5 s no-load condition, applying load force can restrain the steady-state
chattering phenomenon of the hydraulic cylinder under fuzzy PID control, but a certain
steady-state error appears in the hydraulic cylinder. The greater the load force is, the
larger the fluctuation is. Ordinary sliding-mode and backstepping sliding-mode control
are not disturbed by random load under sinusoidal displacement instruction. The output
displacement under SMC and that under BSMC have chattering both, but the chattering
range of BSMC is smaller due to the saturation function optimization to the control strategy.
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Figure 10 shows the tracking error of the sinusoidal response of the hydraulic cylin-
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trol can reach 1.5 mm and the load fluctuation range is large. The error fluctuation range 
under backstepping sliding-mode control is small, which indicates the good tracking per-
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Given sinusoidal instruction displacement, the displacement response of the hydraulic
cylinder by applying the random load force is shown in Figures 7–9. In the random load
range of 0–500 N, the output displacement of the hydraulic cylinder with backstepping
sliding-mode control has the best anti-interference ability, the displacement tracking effect
is very ideal, and the fuzzy PID has the worst robustness.
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Figure 11 shows the velocity change of the hydraulic cylinder under sinusoidal in-
structions with a random load. It can be seen that the fluctuation range of the cylinder 
speed with conventional sliding-mode control is smaller than that with fuzzy-PID, alt-
hough both are larger than that with backstepping sliding-mode control. The cylinder 
speed with the three control algorithms is illustrated in Figure 11. The system adopting the 
fuzzy PID has the largest fluctuation amplitude of the tracking error, Comparatively, the 
backstepping sliding-mode control allows the system with the lowest fluctuation ampli-
tude of the tracking error. 
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Figure 11 shows the velocity change of the hydraulic cylinder under sinusoidal in-
structions with a random load. It can be seen that the fluctuation range of the cylinder 
speed with conventional sliding-mode control is smaller than that with fuzzy-PID, alt-
hough both are larger than that with backstepping sliding-mode control. The cylinder 
speed with the three control algorithms is illustrated in Figure 11. The system adopting the 
fuzzy PID has the largest fluctuation amplitude of the tracking error, Comparatively, the 
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Figure 9. Sine response of the cylinder under random sinusoidal load.

Figure 10 shows the tracking error of the sinusoidal response of the hydraulic cylinder
under random load. The maximum tracking error of the system under fuzzy PID control
can reach 1.5 mm and the load fluctuation range is large. The error fluctuation range under
backstepping sliding-mode control is small, which indicates the good tracking performance
of the hydraulic cylinder.
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Figure 11 shows the velocity change of the hydraulic cylinder under sinusoidal in-
structions with a random load. It can be seen that the fluctuation range of the cylinder 
speed with conventional sliding-mode control is smaller than that with fuzzy-PID, alt-
hough both are larger than that with backstepping sliding-mode control. The cylinder 
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Figure 10. Tracking error of sinusoidal response of the cylinder under random load.

Figure 11 shows the velocity change of the hydraulic cylinder under sinusoidal instruc-
tions with a random load. It can be seen that the fluctuation range of the cylinder speed
with conventional sliding-mode control is smaller than that with fuzzy-PID, although both
are larger than that with backstepping sliding-mode control. The cylinder speed with the
three control algorithms is illustrated in Figure 11. The system adopting the fuzzy PID
has the largest fluctuation amplitude of the tracking error, Comparatively, the backstep-
ping sliding-mode control allows the system with the lowest fluctuation amplitude of the
tracking error.
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When no external load disturbance is applied to the system, the fuzzy PID control 
has a certain advantage in response time. When there is external load disturbance in the 
system, the hydraulic cylinder under the fuzzy PID control has response lag and large 
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4. Conclusions

In this paper, the hydraulic cylinder position control system driven by a PZT piston
pump is built, and BSMC is designed to realize the servo control of the hydraulic cylinder
output displacement. Comparing the output characteristics of the actuator under BSMC,
SMC and Fuzzy PID, the main conclusions are as follows:

When no external load disturbance is applied to the system, the fuzzy PID control
has a certain advantage in response time. When there is external load disturbance in the
system, the hydraulic cylinder under the fuzzy PID control has response lag and large
steady-state error. Especially in the simulated sinusoidal response of the cylinder exerted
by a random load, the maximum tracking error of the system adopting fuzzy PID control
is up to 1.5 mm, several times that of the BSMC proposed in this paper. Ordinary sliding-
mode control and backstepping sliding-mode control have better anti-interference ability
than the fuzzy PID. Compared with SMC, BSMC shows better stability and robustness. For
the hydraulic cylinder system, the tracking performance of the system response of BSMC
is better than that of SMC and fuzzy PID control, and has the stronger anti-interference
ability and better robustness. BSMC based on weakening the chattering phenomenon of a
pump-controlled hydraulic cylinder combines the advantages of the sliding-mode control
and the backstepping control and shows a better control effect.
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