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Abstract: For an electro-hydrostatic actuator (EHA), the position, speed, and current cascade three-
loop control architecture are dominant in existing active disturbance rejection control (ADRC).
However, this architecture suffers from many problems, such as severe noise sensitivity of the
extended state observer (ESO), excessive complexity of control structure, and too many tuned
parameters, which makes the controller not easy to implement in practice. Aiming at the above
drawbacks, a novel cascade double-loop ADRC strategy that is automatic current-constrained is
proposed, which makes the whole ADRC architecture simplified to the position and the integrated
speed–current double-loop architecture. Firstly, for the position control loop, the singular perturbation
theory is used to reasonably reduce the order of the model for the position subsystem of EHA. A
reduced order ADRC controller (ROADRC) is synthesized, which not only effectively reduces the
noise sensitivity of ESO, but also circumvents use of the actuation acceleration information in the
controller design process. Secondly, the integrated speed–current ADRC controller is designed
by taking the speed and current subsystems of EHA into synthesis, which avoids the problem of
excessive current loop bandwidth in conventional three-loop control architecture, and the number of
tuned parameters is significantly reduced. Additionally, an uncomplicated and effective automatic
current-constrained ADRC controller (CACADRC) is designed to solve the problem in the integrated
speed–current ADRC that the current cannot be automatically constrained. Finally, by comparing
the three-loop PI controller with the traditional three-loop ADRC, a detailed simulation analysis is
carried out to verify the effectiveness and merits of the proposed controller. The simulation results
show that the proposed controller not only inherits the advantages of high precision and strong
disturbance rejection performance of the conventional ADRC, but can also efficiently decrease the
noise sensitivity of ESO and effectively achieve the current-constrained control.

Keywords: electro-hydrostatic actuator; active disturbance rejection control; singular perturbation
theory; noise sensitivity; automatic current-constrained control

1. Introduction

Electro-hydrostatic actuator (EHA) is a typical self-contained pump-controlled servo
system, which has the preponderances of high integration, sizeable power-to-weight ratio,
high reliability, high efficiency, and convenient installation and maintenance. It has been
popular in many fields, such as main flight rudder control systems of more-electric aircraft,
robots, vehicle active suspension devices, and injection molding machines [1–7]. However,
EHA is a high-order complex nonlinear system with strong coupling to mechanical, elec-
trical, and hydraulic. Moreover, there are a lot of parameter uncertainties and external
disturbances in the system, which will degenerate the control performance of EHA. There-
fore, a control strategy with high dynamic performance and strong robustness is urgently
needed.

Currently, many advanced control methods have been extensively studied to improve
the control performance of EHA. In [8], an adaptive backstepping control method was put
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forward, which combines a special adaptive law with an improved backstepping algorithm
to handle all uncertainties and nonlinearities in the EHA system. In [9], an asymptotically
stable controller was presented based on a two-degree-of-freedom (2DOF) disturbance
observer to compensate for the adverse effects of friction and internal leakage. A new adap-
tive damping variable sliding mode controller for EHA was developed to improve position
step performance [10]. In [11], a composite adaptive control method based on a robust
integral of the sign of error (RISE) was proposed, in which the parameter adaptive law was
utilized to deal with unknown parameters, and RISE was adopted to repress the effects
of the lumped disturbance on the system. To improve the position tracking performance
of a novel EHA with a constant-torque variant-displacement pump, an adaptive control
method combining backstepping and nonlinear projection was proposed in [12].

Recently, active disturbance rejection control (ADRC) has attracted more attention
thanks to its strong robustness to uncertainties in the system [13,14]. ADRC is a 2DOF con-
trol method that does not completely lean upon the system model, which regards all kinds
of uncertainties (parameter uncertainty, structural uncertainty, and external disturbance)
in the system as a total disturbance, and the unique extended state observer (ESO) was
utilized to real-time observe and compensate the total disturbance. At present, ADRC has
been widely studied and applied in many fields, such as motor control, valve-controlled
electro-hydraulic servo system, aircraft control, and robot control [15–21]. However, there
is still very little ADRC research literature on EHA. A position and pressure cascade double-
loop ADRC control architecture for single-rod EHA was proposed in [22], whereas this
controller requires the pressure information of the hydraulic cylinder, and the dynamics of
the motor’s speed and current were neglected. The position, speed, and current cascade
three-loop ADRC control structure were employed in [23]. Unfortunately, this method
needs acceleration information in the design process of ADRC, which will lead to the
oscillation of the control signal and even the system’s instability due to the severe noise
amplification effect of the acceleration signal. In [24], the position, pressure, speed, and
current cascade four-loop control architecture was proposed, and ADRC was adopted for
each control loop to improve the disturbance rejection ability, whereas this method requires
the pressure information of the hydraulic cylinder two chambers and too many parameters
need to be tuned. In addition, speed and current double-loop control architecture were
adopted in [23,24]. Due to the excessive requirement on the bandwidth of the current loop,
which results in employing power electronic devices with high operation frequency, then
the hardware cost of the controller and the power consumption of power electronics were
both increased.

For EHA, the existing ADRC control architecture often adopts the position, speed, and
current cascaded three-loop ADRC control architecture, but this ADRC control architecture
has the following defects: (1) the order of position loop ESO is 4 order, so ESO is very
sensitive to noise, which makes it difficult for ESO to accurately estimate the disturbance;
(2) in the design process of position loop ADRC, the acceleration information is required,
and the acceleration information has an amplification effect on noise, which leads to control
output oscillation and even system instability; (3) the speed and current are controlled by
a cascaded double loop. As the current loop is the inner loop, the control bandwidth of
the current loop required by the current loop is larger than that of the speed loop, which
results in a larger switching frequency of the power electronic devices; (4) the position,
speed, and current cascaded three-loop ADRC control structure is more complicated, and
so many parameters need to be tuned, so it is not conducive to practical application in
engineering. To solve these problems, this paper proposes a novel cascade double-loop
ADRC method composed of the position loop and integrated speed–current loop based on
singular perturbation theory. The main outstanding works of this paper are summarized as
follows:

1. A novel cascade double-loop ADRC control architecture, including a reduced order
position control loop and an integrated speed–current control loop, is presented,
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which has a simpler structure and fewer tuning parameters compared with the existing
architecture.

2. For the position control loop, a reduced-order ADRC controller (ROADRC) is synthe-
sized based on singular perturbation theory. ROADRC does not need the acceleration
information. Moreover, the noise sensitivity of ESO is significantly weakened. Hence,
the control output signal of ROADRC is smoother, and the practical application
difficulty of ROADRC is easier.

3. An effectively integrated speed–current ADRC with automatic current-constrained
(CACADRC) is designed based on the barrier function. CACADRC not only solves
the problem of excessive bandwidth of the current loop but also effectively solves
the problem that the current cannot be constrained automatically after the integrated
design. Furthermore, the detailed stability proof of CACADRC is given according to
the Lyapunov theory.

2. System Description
2.1. Basic Principle

The basic schematic diagram of EHA is illustrated in Figure 1. It is primarily composed
of a permanent magnet synchronous motor (PMSM), reversible plunger pump, check valves,
relief valves, accumulator, mode switching valve, cylinder, sensors and drive controller,
etc. Among them, the current sensor, resolver, and displacement sensor are responsible for
measuring the current, speed of PMSM, and displacement of the piston rod, respectively.
According to the desired position signal, the drive controller executes the corresponding
control algorithm to generate the drive control signal to control the speed and direction
of PMSM, and then control the output flow and pressure of the reversible piston pump
to make the piston of the hydraulic cylinder perform telescopic movement, and finally
realizes the control of the position, speed, and direction of the load. The accumulator fills the
system with oil through check valve 1 or 2 to prevent the system from damaging the hydraulic
components due to the “cavitation” phenomenon caused by the low oil pressure, and relief
valve 1 or 2 is used to prevent the excessive high oil pressure of the system for safety.
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2.2. Mathematical Modelling
2.2.1. Equations for Voltage and Motion of PMSM

Assuming the PMSM’s rotor is surface-mounted, then the voltage equations of the
q-axis and d-axis in the q, d rotor reference frame are mathematically depicted as:{

uq = Rhiq + Lq
.
iq + pωm(Ldid + ψ f )

ud = Rhid + Ld
.
id − pωmLqiq

(1)

where uq and ud are q, d axis voltage components; Rh is the stator resistance; iq and id are
q, d axial current components; Lq and Ld are the equivalent inductance of q, d axis; ωm is



Actuators 2022, 11, 381 4 of 21

the mechanical angular speed of PMSM; p is the number of pole pairs; and ψf is the flux
linkage of the rotor permanent magnet.

The motion equation of the PMSM can be given by:

Jp
.

ωm = 1.5 · pψ f iq − Bpωm − Dp(pa − pb) (2)

where Jp is the rotor inertia of PMSM; Bp is the viscous friction coefficient of the reversible
plunger pump; Dp is the displacement of the reversible plunger pump; and pa and pb are
the oil outlet and inlet pressures of the pump, respectively.

2.2.2. Flow Equation of Reversible Plunger Pump

Regarding the reversible plunger pump, the flow equation can be described as follows:{
Qa = Dpωm −Qip −Vaβe

−1 .
pa −Qopa

Qb = Dpωm −Qip + Vbβe
−1 .

pb + Qopb
(3)

where Qa and Qb are the oil outlet and inlet flow of the pump, respectively; Qip, Qopa, and
Qopb are the internal and external leakage flow of the pump, respectively; βe is the effective
oil bulk modulus; and Va and Vb are respectively the volumes of oil outlet chamber and oil
return chamber of the pump.

2.2.3. Flow Equation of Hydraulic Cylinder

Ignoring the external leakage flow of the hydraulic cylinder, the flow equation in two
chambers of the hydraulic cylinder can be written as:{

Q1 = A
.
x + βe

−1(V10 + Ax)
.
p1 + Qic

Q2 = A
.
x− βe

−1(V20 − Ax)
.
p2 + Qic

(4)

where Q1 and Q2 are, respectively, the inflow and outflow flow of the two chambers of the
hydraulic cylinder; A is the effective working area of the hydraulic cylinder piston; x is
the displacement of the piston rod of the hydraulic cylinder; p1 and p2 are respectively the
pressure of the two chambers of the hydraulic cylinder; Qic is the internal leakage flow in
the hydraulic cylinder; and V10 and V20 are the volumes of the closed chamber on both
sides of the hydraulic cylinder, respectively.

2.2.4. Motion Equation of the Hydraulic Cylinder

The balance equation that denotes the connection between the load and the output
force of the hydraulic cylinder can obtain the following:

mt
..
x = A(p1 − p2)− Bt

.
x− FL (5)

where mt is the total mass of the piston, piston rod, and load; Bt is the total viscous friction
coefficient of the hydraulic cylinder and the load; and FL is the external load force applied
to the piston rod.

2.2.5. Equation of Pressure Dynamics

According to the flow continuity characteristics, the flow equation can be written as
follows: {

Qa = Q1 + Qc1 −Qr1
Qb = Q2 + Qc2 −Qr2

(6)

where Qc1, Qc2, Qr1, and Qr2 are the flow through the check valve and the relief valve,
respectively.

Assuming that the pressure loss from the pump to the hydraulic cylinder line is zero
because the flow channel in the valve block is very short, then pa = p1, pb = p2. In addition,
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Va = V10 + Ax, Vb = V20−Ax, considering Equations (3), (4), and (6), we can obtain the
following:{ .

p1 = (βe/2) · (V10 + Ax)−1(Dpωm − A
.
x−Qip −Qic −Qopa + Qv1).

p2 = (βe/2) · (V20 + Ax)−1(−Dpωm + A
.
x + Qip + Qic −Qopb −Qv2)

(7)

where Qv1 = −Qc1 + Qr1; Qv2 = −Qc2 + Qr2.
Assuming that the piston is in the middle position of the hydraulic cylinder at the initial

stage, namely V10 ≈ V20 = V0, and considering that the hydraulic cylinder is symmetric, it
is approximately

.
p1 = − .

p2. Equation (7) is taken into consideration to obtain:

.
pL =

.
p1 −

.
p2 = βeV0

−1[Dpωm − A
.
x−Qip −Qic + Qun] = βeV0

−1[Dpωm − A
.
x− Ct pL + Qun] (8)

where pL = p1−p2 is the load pressure; Ct is the total leakage coefficient of the pump and
the hydraulic cylinder; and Qun = −(Qopa−Qopb)/2 + (Qv1 + Qv2)/2.

Defining state variables as X = (x1, x2, x3, x4, x5, x6)T= (x,
.
x, pL, ωm, iq, id)T, the state

equation of EHA can be depicted as follows:

.
x1 = x2.
x2 = m−1

t (Ax3 − Btx2 + dLm).
x3 = βeV−1

0
(

Dpx4 − Ax2 − Ctx3 + Qun
)

.
x4 = J−1

p

(
1.5 · pψ f x5 − Bpx4 + dLp

)
.
x5 = L−1

q

[
−Rhx5 − px4(Ldx6 + ψ f ) + uq

]
.
x6 = L−1

d
[
−Rhx6 + px4Lqx5 + ud

]
(9)

where dLm = −FL; dLp = −DppL.
With ud, uq as the direct control quantity, EHA is a 5-order, 2-input single-output

system. For the purpose of simplifying the controller design process, the whole system is
divided into three subsystems; namely, the position subsystem composed of state variables
x,

.
x, pL, the speed subsystem composed of state variable ωm, and the current subsystem

composed of state variables id, iq.

2.3. Reduced Order Model of EHA Based on Singular Perturbation Theory

Because the design order of position loop ESO in the conventional three-loop ADRC
architecture of EHA is 4 order and the acceleration information in the controller has an
amplification effect on noise, ESO is very sensitive to noise. Therefore, if the position loop
ESO can be reduced-order processed, the practicability of the position loop ADRC controller
will be significantly increased. Based on the above idea, the singular perturbation theory
is utilized to reduce the order of the position subsystem. First, the position subsystem is
written into the singular perturbation form, and then the order of the position subsystem
model is reduced [25].

It is noted that the effective oil bulk modulus βe is a numerically sizeable physical
quantity in Equation (8); usually, its value is (7~15) × 108 Pa, so εs = βe

−1V0 is chosen as
the singular perturbation parameter. Defining the state variables Xs= (x,

.
x)T and Zs = pL,

Equations (5) and (8) can be written in the singularly perturbed standard form:{ ..
x = m−1

t ApL −m−1
t FL −m−1

t Bt
.
x

εs
.
pL = Dpωm − A

.
x− Ct pL + Qun

(10)

Let εs = 0, the following formula of Equation (10) can degenerate into an algebraic
equation:

0 = Dpωm − A
.
x− Ct pL + Qun (11)
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The quasi-steady state quantity pL of pL can be obtained as follows:

pL = C−1
t (Dpωm − A

.
x + Qun) (12)

Define yτ = pL − pL, then:

εs
.
yτ = εs

.
pL − εs

.
pL

= Dpωm − A
.
x− Ct pL − εs

.
pL

= Ct pL − Ct pL − εs
.
pL

= −Ctyτ − εs
.
pL

(13)

Set εs = 0, τs = t/εs, then Equation (13) can be converted into the new timescale τs
framework, then the boundary layer model equation can obtain the following:

dyτ

dτs
= −Ctyτ (14)

It is clear that the boundary layer model is asymptotically stable concerning the
equilibrium point yτ = 0. According to Tikhonov theorem, it can be known that:

∀εs
∗, εs

∗∗ ∈ R+, when εs satisfies εs<εs
∗∗<εs

∗, we have x− x = O(εs),
.
x− .

x = O(εs)
for t ∈ [t0, ∞], and we have pL − pL = O(εs) for t ∈ [tb, ∞].

The quasi-steady state quantity pL is substituted into the upper formula of Equation (10),
and the reduced order model can be obtained as follows:

..
x = m−1

t ApL −m−1
t Bt

.
x−m−1

t FL
= ADp(mtCt)−1ωm − A2(mtCt)−1 .

x + A(mtCt)−1Qun −m−1
t Bt

.
x−m−1

t FL
(15)

Define the state variables X = (x1, x2)T = (x,
.
x)T, then Equation (15) can be written as

the following state space form: { .
x1 = x2.
x2 = gx0ωm + dx

(16)

where gx0 is the nominal value of gx = ADp/(mtCt); dx = ∆gxωm−[A2(mtCt)−1 + mt
−1Bt]·

.
x

+ A(mtCt)−1Qun−mt
−1FL; and ∆gx is the perturbation value of parameter gx.

3. Design of Novel ADRC for EHA

If the two-position two-way mode switching valve in Figure 1 is closed, then the
system is in position control mode. The EHA control architecture diagram of the proposed
method is shown in Figure 2.
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Figure 2. The control architecture diagram of the EHA.

While the two-position two-way mode switching valve is switched on, the system is
in speed control mode. The position loop in Figure 2 is removed to obtain the EHA control
architecture diagram of the CACADRC.
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3.1. ROADRC Design

By designing ESO to accurately estimate dx, converting it into a corresponding control
quantity to cancel the disturbance, and then considering it as a nominal model without any
disturbance to design the controller, the difficulty of controller design will be significantly
reduced.

Assuming that ωmc represents the disturbance compensation control quantity and
ωm0 represents the nominal control quantity, then the output of the ROADRC controller is
ωm

* = ωm0 + ωmc.
In the following, ESO is designed to estimate dx, and the total disturbance dx is

expanded into an additional state denoted by x3, and its derivative satisfies this condition:
.
dx = hx. Then, the ESO can be constructed as:

.
x̂1 = x̂2 + lx1(x1 − x̂1).
x̂2 = gx0ωm + x̂3 + lx2(x1 − x̂1).
x̂3 = lx3(x1 − x̂1)

(17)

where lx1, lx2 and lx3 > 0 are satisfying the Hurwitz condition, and x̂1, x̂2 and x̂3 are the
estimated values of x1, x2, and x3, respectively.

Then, ωm
* can be designed as:

ω∗m = g−1
x0 [

..
xd + kx1(xd − x̂1) + kx2(

.
xd − x̂2)− x̂3] (18)

where xd is the position reference, and kx1 and kx2 are the control parameters of ROADRC.
It can be seen from Equation (17) that three parameters lx1 ~ lx3 need to be tuned, and

the characteristic equation s3 + lx1s2 + lx2s + lx3 of ESO can be integrated into the mode of
multiple poles, namely (s + ωox)3. In this way, lx1 ~ lx3 is only related to the ESO bandwidth
ωox, so ESO only needs to set one parameter ωox. Then, lx1 ~ lx3 can be easily calculated
as [26]:

lx1 = 3ωox, lx2 = 3ω2
ox, lx3 = ω3

ox (19)

Similarly, the control system is of order 2, and the characteristic equation s2 + kx2s
+ kx1 is integrated into the mode of multiple poles, namely (s + ωcx)2. ωcx is the control
bandwidth, so one only needs to adjust the ωcx parameter. In this case, kx1 ~ kx2 can be
easily calculated as:

kx2 = 2ωcx, kx1 = ω2
cx (20)

3.2. CACADRC Design

In conventional three-loop control architecture, the bandwidth of the current loop is
usually required to be larger than that of the speed loop, so it requires a higher operating
frequency of power electronic devices, which leads to the increase in the hardware cost of
the controller and the power consumption of power electronics. Moreover, this architecture
needs to set more parameters. To deal with these problems, the speed loop, and current
loop can be regarded as a whole to design the controller.

Rewrite motor motion Equation (2) as follows:

.
ωm = gωiq − Jp

−1Bpωm − Jp
−1Dp pL

= gωiq + aω
(21)

where aω = −Jp
−1Bpωm−Jp

−1DpPL.
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By taking the derivative of both sides of Equation (21) and considering Equation (1), it
can be obtained:

..
ωm = gω

.
iq +

.
aω

= gω [Lq
−1uq − Lq

−1Rhiq − Lq
−1 pωm(Lqid + ψ f )] +

.
aω

= gωquq + gω [−Lq
−1Rhiq − Lq

−1 pωm(Ldid + ψ f )] +
.
aω

= gωq0uq +4gωquq + gω [−Lq
−1Rhiq − Lq

−1 pωm(Ldid + ψ f )] +
.
aω

= gωq0uq + dωq

(22)

where gωq0 is the nominal value of gωq = 3/2·pψfJp
−1Lq

−1; dωq = ∆gωquq + gω[−Lq
−1Rhiq−Lq

−1

pωm(Ldid + ψf)] +
.
aω, and ∆gωq is the perturbation value of parameter gωq.

Defining the state variables ωm = (ωm1, ωm2)T = (ωm,
.

ωm)T and rewriting Equation (22)
as the following state space form:{ .

ωm1 = ωm2.
ωm2 = gωq0uq + dωq

(23)

Assuming that uqc represents the disturbance compensation control quantity and uq0
represents the nominal control quantity, the output of the integrated speed–current control
is uqi

* = uq0 + uqc.
In the following, ESO is designed to estimate dωq, and the total disturbance dωq is

expanded into a state, namely ωm3 = dωq, denoted as
.
dωq = hωq, ESO needs to be designed

as order 3, and the ESO is constructed as:
.

ω̂m1 = ω̂m2 + lωq1(ωm1 − ω̂m1).
ω̂m2 = gωq0uq + ω̂m3 + lωq2(ωm1 − ω̂m1).
ω̂m3 = lωq3(ωm1 − ω̂m1)

(24)

where lωq1, lωq2, and lωq3 > 0 are satisfying Hurwitz condition, and ω̂m1, ω̂m2 and ω̂m3 are
the estimated values of ωm1, ωm2, and ωm3, respectively.

Defining the speed tracking error is as eωq1 = ωmd −ω̂m1, eωq2=
.

ωmd− ω̂m2, then uqi
* is

designed as:
u∗qi = g−1

ωq0(
..
ωmd + kωq1eωq1 + kωq2eωq2 − ω̂m3) (25)

where ωmd is the speed reference, and kωq1 and kωq2 are the control parameters of the
integrated speed–current loop controller.

However, it should be noted that after the integration of ωm and iq is processed, iq is in
an uncontrollable state, which means the amplitude of iq cannot be limited as the traditional
ADRC architecture; namely, iq may be larger than iqmax. To deal with this problem, a
CACADRC controller that can automatically constrain iq is developed here. Therefore,
Equation (25) is amended as follows:

u∗q = g−1
ωq0[

..
ωmd + kωq1eωq1 +

(
kωq2 + fbr

)
eωq2 − ω̂m3] (26)

where fbr = l
tan−1(i2qmax−i2q)

is the barrier function; l is the current penalty coefficient; and

iqmax is the limiting value of iq.

Remark 1: The differential term eωq2 of speed tracking error eωq1 characterizes the damping or
angular acceleration of the system to some extent. The larger the damping is, the slower the tracking
speed of the rotating speed is, but the more stable the tracking transient is. As can be seen from
Figure 3, when iq approaches iqmax, the nonlinear current penalty term increases, the damping of the
system increases, and the angular acceleration decreases. It is noted that the angular acceleration
is proportional to the current, so iq decreases. As iq moves away from iqmax, the nonlinear current
penalty term decreases, the damping of the system decreases, the angular acceleration increases, and
iq begins to increase again. Finally, iq fluctuates around iqmax.
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The ESO bandwidth of CACADRC is represented by ωoωq. At the same time, since the
ESO of CACADRC is also of order 3, similar to the ESO’s parameter tuning process of the
position loop, lωq1 ~ lωq3 can be easily calculated as:

lωq1 = 3ωoωq, lωq2 = 3ω2
oωq, lωq3 = ω3

oωq (27)

The control system is of order 2, and the control bandwidth of CACADRC is ωcωq. In
this case, it is easy to calculate kωq1 ~ kωq2 as:

kωq2 = 2ωcωq, kωq1 = ω2
cωq (28)

4. Stability Proof of the System
4.1. Stability Proof of ROADRC
4.1.1. Proof of Convergence of ESO

Considering Equation (17), then the characteristic polynomial of ROADRC’s ESO is
denoted by:

λ(s) = s3 + lx1s2 + lx2s + lx3 = (s + ωox)
3 (29)

where ωox > 0, according to the binomial theorem:

lxi =
(n + 1)!

i!(n + 1− i)!
ωi

ox = αiω
i
ox, i = 1, 2, 3. (30)

Let ei = xi−x̂i,i = 1, 2, 3, subtract Equation (17) from Equation (16), and we have:
.
e1 = e2 − lx1e1.
e2 = e3 − lx2e1.
e3 = hx − lx3e1

(31)

Substituting Equation (30) into Equation (31), we can obtain:
.
e1 = e2 − α1ωoxe1.
e2 = e3 − α2ω2

oxe1.
e3 = hx − α3ω3

oxe1

(32)

Make εi = ei/ωox
i−1, i = 1, 2, 3, then:

.
ε1 = ωoxε2 − α1ωoxε1.
ε2 = ωoxε3 − α2ωoxε1.
ε3 = hx/ω2

ox − α3ωoxε1

(33)

Writing the above equation in matrix form:

.
ε = ωoxAε+

Bhx

ω2
ox

(34)

where A =

 −α1
−α2
−α3

1
0
0

0
1
0

, ε = ( ε1 ε2 ε3 )
T ,B = ( 0 0 1 )

T .
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Since A satisfies Hurwitz’s condition, there exists a positive definite matrix P, such
that ATP + PA =−I. Defining the Lyapunov function V(ε) = εTPε, and taking the derivative
about time:

.
V(ε) =

.
ε

TPε+ εTP
.
ε

= (εTATωT
ox + BThx/ω2

ox)Pε+ εTP(ωoxAε+ Bhx/ω2
ox)

= εT(ATωT
oxP + PωoxA)ε+ 2BThx/ω2

oxPε
= −‖ε‖2 + 2‖PB‖(hx/ω2

ox)‖ε‖
≤ −‖ε‖(‖ε‖ − 2‖PB‖hx/ω2

ox)

(35)

If hx is bounded, i.e., |hx| < M, when ‖ε‖ > 2‖PB‖hx/ω2
ox,

.
V(ε) < 0 is always

satisfied, then ‖ε‖ will converge to the range ‖ε‖ ≤ 2‖PB‖hx/ω2
ox, so ‖ε‖ is bounded.

Considering εi = ei/ωox
i−1, i = 1, 2, 3, and inequality (35), we can obtain the following:

‖ei‖ ≤ 2‖PB‖hx/ω3−i
ox , i = 1, 2, 3 (36)

Thus, ‖e‖ is bounded. In particular, when hx = 0, e is asymptotically stable, namely
lim
t→∞

e = 0.

4.1.2. Stability Proof of Controller

Substituting Equation (18) into Equation (16), we can obtain:

..
x1 = gx0ωm + dx =

..
xd + kx1(xd − x̂1) + kx2(

.
xd − x̂2) + (dx − x̂3)

=
..
xd + kx1[xd − (x1 − x1)] + kx2

[ .
xd − (x2 − x2)

]
+ dx

=
..
xd + kx1e + kx2

.
e + kx1x1 + kx2x2 + dx

(37)

Rearranging Equation (37), we have:

..
e + kx2

.
e + kx1e = −kx2x2 − kx1x1 − dx (38)

Writing the above equation in matrix form:

.
E=AxE−Kx

¯
X (39)

where E=
(
e,

.
e
)T , Ax =

(
0 1
−kx1 −kx2

)
, Kx = (kx1, kx2, 1),

¯
X =

(
x1, x2, dx

)T
.

Since kx1 and kx2 satisfy Hurwitz’s condition, there exists a positive definite matrix
Px, such that AT

x Px + PxAx = −I. Defining the Lyapunov function V = ETPxE, taking the
derivative of V about time:

.
V =

.
E

T
PxE + ETPx

.
E

=

(
ETAT

x −
¯
X

T

KT
x

)
PxE + ETPx

(
AxE−Kx

¯
X
)

= ETAT
x PxE + ETPxAxE−

¯
X

T

KT
x PxE− ETPxKx

¯
X

= ET
(

AT
x Px + PxAx

)
E− 2ETPxKx

¯
X

= −‖E‖2 − 2ETPxKx
¯
X

(40)

≤ −‖E‖2 + 2˘max(Px)‖E‖‖Kx‖
∥∥∥∥¯

X
∥∥∥∥

= −‖E‖
(
‖E‖ − 2˘max(Px)‖Kx‖

∥∥∥∥¯
X
∥∥∥∥) (41)

where λmax (Px) is the largest eigenvalue of Px.
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When ‖E‖ > 2˘max(Px)‖Kx‖
∥∥∥∥¯

X
∥∥∥∥,

.
V < 0 is always satisfied, then ‖E‖must converge

to the range ‖E‖ ≤ 2˘max(Px)‖Kx‖
∥∥∥∥¯

X
∥∥∥∥, i.e., ‖E‖ is bounded. Especially when the ESO

estimation error is
∥∥∥∥¯

X
∥∥∥∥→ 0 ,

.
V ≤ −‖E‖2 < 0, then ‖E‖ → 0 .

4.2. Stability Proof of CACADRC
4.2.1. Proof of Convergence of ESO

The proof process of ESO convergence is similar to that of position loop ESO.

4.2.2. Stability Proof of Controller

Combined with Equations (23) and (26), the closed-loop system can be given as:{ .
ωm1 = ωm2.
ωm2 =

..
ωmd + kωq1eωq1 + kωq2eωq2 + l/ tan−1(i2qmax − i2q)eωq2 + dωq

(42)

Therefore, the control system can be written as follows:{ .
eωq1 = eωq2
.
eωq2 = −kωq1eωq1 − kωq2eωq2 − l/ tan−1(i2qmax − i2q)eωq2 − dωq

(43)

Theorem 1. If the initial value iq(0) ε (-iqmax, iqmax), (ewq1, ewq2) asymptotically converges to

a bounded closed set ΩE =
{

eωq

∣∣∣βkωqV(eωq) ≤ 1
2 d

2
ωq

}
, where βkωq is indicated below. In the

meantime, iq(t) ε (-iqmax, iqmax) always hold.

Proof: The Lyapunov function is defined as:

V(eωq) =
1
2

e2
ωq1 +

1
2

e2
ωq2 (44)

According to the system (42), to find the differentiation of V(eωq):

.
V(eωq) = eωq1

.
eωq1 + eωq2

.
eωq2

= eωq1eωq2 + eωq2[−kωq1eωq1 − kωq2eωq2 − l
tan−1(i2qmax−i2q)

eωq2 − dωq]

= −
(
kωq1 − 1

)
eωq1eωq2 − [kωq2 +

l
tan−1(i2qmax−i2q)

]e2
ωq2 − eωq2dωq

≤ − 1
2
(
kωq1 − 1

)(
e2

ωq1 + e2
ωq2

)
− [kωq2 +

l
tan−1(i2qmax−i2q)

]e2
ωq2 +

1
2

(
e2

ωq2 + d
2
ωq

)
≤ − 1

2
(
kωq1 − 1

)
e2

ωq1 − [
kωq1

2 + kωq2 − 1 + l
tan−1(i2qmax−i2q)

]e2
ωq2 +

1
2 d

2
ωq

(45)

If the controller parameters kωq1 > 1 and kωq2 > 1− kωq1
2 , then:

.
V(eωq) ≤ −βkωqV(eωq) +

1
2

d
2
ωq (46)

where βkωq = min {kωq1−1, kωq1 + 2kωq2−2 + 2l/tan−1(iqmax
2−iq2)} is a positive number.

At the moment, according to Lyapunov’s theorem, (ewq1, ewq2) asymptotically con-
verges ΩE.

Next, according to Equation (42):

eωq2
.
eωq2 = −kωq1eωq1eωq2 − kωq2e2

ωq2 −
l

tan−1(i2qmax−i2q)
e2

ωq2 − eωq2dωq = F(eωq1, eωq2) (47)
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F(eωq1,eωq2) is a continuous function when (−iqmax, iqmax). If iq approaches ±iqmax,
F(eωq1, eωq2)→ −∞ . There is a constant iqmax ∈ (0, iqmax), such that there must be
eωq2

.
eωq2 < 0 when iq ∈ [iqmax, iqmax) ∪ (−iqmax, −iqmax], which means

∣∣iq
∣∣ < iqmax always

hold. Thus, the inequality (45) is always true for any time.
Especially when dωq = 0, the closed loop system (41) is asymptotically stable at the

equilibrium point. Meanwhile, iq(t) ε (−iqmax, iqmax) always hold. �

5. Simulation Results

For the purpose of verifying the control performance and the effectiveness of the
proposed method, a detailed simulation analysis was conducted by comparing it with
different methods, which was performed by using MATLAB/Simulink. For the convenience
of analysis, these methods are abbreviated as follows:

• 2PI: the conventional PI controller is employed in the speed and current double-loop.
• 2ADRC: the conventional ADRC is employed in the speed and current double-loop.
• 3PI: the conventional PI controller is employed in the position, speed, and current

three-loop.
• 3ADRC: the conventional ADRC is employed in the position, speed, and current

three-loop.
• 3ADRC1: the position loop ADRC of 3ADRC.
• Proposed method: ROADRC is employed in the position loop, and CACADRC is

adopted for the integrated speed–current loop.

The EHA system parameters are detailed in Table 1 below.

Table 1. The EHA system parameters.

Parameters Value

piston diameter of hydraulic cylinder (m) 0.066
piston rod diameter of hydraulic cylinder (m) 0.045

the piston stroke (m) 0.2
total leakage coefficient of hydraulic pump and cylinder(m3/s·Pa−1) 2 × 10−11

effective oil bulk modulus (Pa) 6.86 × 108

the total volume of the hydraulic cylinder (m3) 3 × 10−4

the initial one-sided total volume of the hydraulic cylinder(m3) 1.5 × 10−4

the total viscous friction coefficient of the hydraulic cylinder and the
load (N/m·s−1) 100

the total mass of the piston, piston rod, and load (kg) 60
displacement of the reversible plunger pump (m3/rad) 1.5 × 10−6

the viscous friction coefficient of the reversible piston pump
(N·m/rad·s−1) 0.002

PMSM-rated voltage (V) 380
PMSM-rated current (A) 7.6

PMSM-rated torque (N·m) 8
rotor flux linkage (Wb) 0.25

rotor inertia (kg·m2) 0.0012
the number of pole pairs 2

stator resistance (Ω) 1.1
the equivalent inductance (H) 0.0817

PMSM-rated rotating speed (rad/s) 550

5.1. Performance Simulation Analysis of CACADRC

In this simulation study, the speed tracking performance, disturbance rejection per-
formance, and automatic current-constraint effectiveness of CACADRC are demonstrated.
The current constraint is 16A, and the speed reference ωmd is 500 rad/s.

The simulation is divided into two cases. The first case is used to illustrate the current
limiting effect of the current penalty coefficient l and provide guidance for choosing l.
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The second case is used to compare the tracking performance and disturbance rejection
performance of 2PI, 2ADRC, and CACADRC.

CACADRC parameters:
ωcωq = 85 rad/s, ωoωq = 5ωcωq; the control bandwidth of the current loop in d-axis is

ωcd = 1257 rad/s; and the ESO bandwidth is ωod = 10ωcd.
Case 1: Figure 4a–c shows ωm, iq and uq response curves under the action of different

current penalty coefficients l, respectively. It can be seen that iq is constrained within the
amplitude limit of 16A when l = 0.1kωq2, kωq2, and 2kωq2, which means that the CACADRC
can effectively realize automatic current-constraint control, and by adjusting the current
penalty coefficient l in the barrier function, the current limiting intensity can be effectively
adjusted. When l increases, the current iq will decrease, resulting in a decrease in the
response speed of ωm. It should be noted that if the value of l is too large, the transient
performance of the system will suffer a certain loss. On the contrary, if the value of l is
too small, the current iq will exceed the amplitude limit, which makes the circuit safety
threatened. Therefore, a compromise should be considered in practical applications.

Figure 5a–c, respectively, shows ωm, iq and uq response curves. To quantitatively
analyze the performance of the different methods, the performance evaluation indices are
employed, which are listed in Table 2, including overshoot (OS), settling time (ST), peak
current (PC), speed drop (SD), recovery time (RT) and the number of parameters (PN).

2PI parameters:
Speed loop: KPω = 0.05, KIω = 0.3; q-axis current loop: KPq = 2.2, KIq = 564.8; d-axis

current loop: KPd = 20, KId = 2011.
2ADRC parameters:
The control bandwidth of the speed loop is ωcω = 21.4 rad/s, and the ESO band-

width is ωoω = 10ωcω ; the control bandwidth of the current loop in the d-axis, q-axis is
ωcd = 1257 rad/s, ωcq = 1257 rad/s, respectively; and the ESO bandwidth is ωod = ωcd,
ωoq = ωcq, respectively.

CACADRC parameters:
Take l = 0.01 kωq2, ωcωq = 72 rad/s, ωoωq = 10 ωcωq; ωcd = 1257 rad/s, ωod = 10 ωcd.
Case 2: In the startup phase, it is observed in Figure 5a and Table 2 that, when

compared with 2PI and 2ADRC, both CACADRC and 2ADRC can realize tracking without
overshoot, while 2PI has a large overshoot. CACADRC and 2ADRC have the similar OS
and ST, i.e., comparable tracking performance, which indicates that CACADRC does not
need an excessive inner loop control bandwidth and requires fewer tuning parameters
to have a similar dynamic performance as 2ADRC. In addition, in accordance with the
requirement of iq < 16A, it can be seen from Figure 5b and Table 2 that the iq of 2PI, 2ADRC,
and CACADRC are all kept within the current restricted range. The reason is that 2PI
and 2ADRC constrain the current by limiting the control output iq*, while CACADRC
constrains the current by adding the barrier function to the controller, which has the same
current limiting effect as well as 2ADRC and 2PI.

An external load of 2000 N·m is suddenly applied at t = 1s. It can be seen from
Figure 5a and Table 2 that CACADRC has a slightly better disturbance rejection ability
than 2ADRC. While the 2PI has a larger SD and longer RT, that is, the disturbance rejection
ability is poor. The reason is, on the one hand, the PI controller does not explicitly consider
the speed regulation performance and disturbance rejection performance, it is to choose
appropriate parameters to meet these performances in a compromise, while ADRC is a
2DOF controller, which can separately consider the speed regulation performance and
disturbance rejection performance. On the other hand, the disturbance rejection effect
of the PI controller is mainly realized by the integration effect, and the integration has a
cumulative effect, so the disturbance compensation will inevitably be delayed. Although the
delay effect can be alleviated by increasing the integral gain of the controller, a large integral
gain will lead to a larger overshoot of the step response when there is no external load.
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Figure 4. Performance comparisons under CACADRC with different current penalty coefficients l.
(a) Speed response curves; (b) q-axis current response curves; and (c) q-axis voltage response curves.

Table 2. Performance evaluation indices.

Performance OS (%) ST (s) PC (A) SD (rad/s) RT (s) PN

2PI 9 0.78 16 32 0.64 6
2ADRC 0 0.45 16 11 0.27 6

CACADRC 0 0.4 16 5.5 0.13 5
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Figure 5. Speed step response comparison curves with ωmd = 500 rad/s. (a) Speed response curves;
(b) q-axis current response curves; and (c) q-axis voltage response curves.

5.2. Performance Simulation Analysis of ROADRC

In this simulation study, the position tracking performance, disturbance rejection
performance, and ESO noise reduction effect of ROADRC are demonstrated.

The simulation is divided into two cases. The first case is the position tracking
performance, disturbance rejection performance, and sensitivity to noise of 3PI, 3ADRC,
and the proposed method when the position reference is a step signal. The second case is the
position tracking performance, disturbance rejection performance, and sensitivity to noise
of 3PI, 3ADRC, and the proposed method when the position reference is a time-varying
signal.

3PI parameters: Position loop: KPx = 12661.58, KIx = 48091.89. KPω = 0.05, KIω = 0.3;
KPq = 2.2, KIq = 564.8; KPd = 20, KId = 2011.

3ADRC parameters:
The control bandwidth of 3ADRC1 is ωcx = 94 rad/s, and the ESO bandwidth is ωox = 10

ωcx. ωcω = 628 rad/s, ωoω = 5 ωcω; ωcd = 1257 rad/s, ωcq = 1257 rad/s; ωod = ωcd, ωoq = ωcq.
The proposed method parameters:
Take l = 19 kωq2 , ωcx = 94 rad/s, ωox = 10 ωcx ; ωcωq = 628 rad/s, ωoωq = 5 ωcωq ;

ωcd = 1257 rad/s, ωod = ωcd.
Case 1: The position reference xd is 0.1m, and a uniformly distributed noise signal

with an amplitude of 1 × 10−5 is added to the position signal x. The comparison curves
of position step performance are shown in Figure 6. As shown in Figure 6a, it is seen
that although 3PI has the fastest response speed, it produces a 10% overshoot, while the
proposed method and 3ADRC achieve almost the same tracking performance without
overshoot.



Actuators 2022, 11, 381 16 of 21
Actuators 2022, 11, 381  18  of  23 
 

 

   
(a)  (b) 

   
(c)  (d) 

Figure 6. Position step response comparison curves with xd = 0.1m. (a) Comparison curves of posi‐

tion  tracking  errors  of  3ADRC,  the proposed method  and  3PI;  (b)  control  output ωm*  response 

curves; (c) disturbance estimation error by ESO of ROADRC; and (d) disturbance estimation error 

by ESO of 3ADRC1. 

Case 2: The position reference xd  is 0.001 sin  (4πt) m, and a uniformly distributed 

noise signal with an amplitude of 1 × 10−5  is added to the position signal x. In order to 

verify the influence of interference force and parameter mutation on system performance, 

it is assumed that external load FL = 500 sin (2πt) N is applied at t = 0 s, while total mass of 

the piston, piston rod and load mt and total leakage coefficient of the pump and the hy‐

draulic cylinder Ct become twice the original value, respectively. 

The comparison curves of position tracking performance are manifested in Figure 7. 

It can be seen from Figure 7a that 3PI has the largest tracking error, and the tracking error 

of ROADRC is slightly smaller than that of 3ADRC, which indicates that the disturbance 

rejection ability of the proposed method is slightly better than that of 3ADRC and signif‐

icantly better than that of 3PI. As can be seen from Figure 7c,d, the disturbance estimation 

error curve of ROADRC’s ESO is smoother than that of 3ADRC1, since the ESO order of 

ROADRC is lower than that of 3ADRC1. In addition, it can be indicated from Figure 7b 

that  the control output ωm* of 3ADRC1  is more seriously polluted by noise  than  that of 

ROADRC. 

0 1 2 3 4 5 6

Time(s)

‐100

0

100

200

300

400

500

600

d
x1
 e
st
im
at
io
n
 e
rr
o
r 
b
y
 E
S
O
 o
f 
 3
A
D
R
C
1

Figure 6. Position step response comparison curves with xd = 0.1m. (a) Comparison curves of position
tracking errors of 3ADRC, the proposed method and 3PI; (b) control output ωm

* response curves;
(c) disturbance estimation error by ESO of ROADRC; and (d) disturbance estimation error by ESO of
3ADRC1.

The external load force of 1000 N is suddenly applied at t = 3 s. It can be seen from
Figure 6a that the 3PI produces a position error of about 0.0062 m, and the position recovery
time is about 0.84 s. Although 3PI can recover to its original position eventually, the
recovery time is very long, while 3ADRC produces a position error of about 0.0012 m with
a position recovery time of about 0.35 s, and the proposed method produces a position
error of about 0.001 m with a position recovery time of about 0.35 s. It can be seen that
the proposed method and 3ADRC have similar disturbance rejection capabilities, because
both of them estimate and compensate for the disturbance in real-time through ESO, while
the disturbance rejection ability of 3PI is significantly worse than that of 3ADRC and
the proposed method because PI controller is used to suppress the disturbance through
integration.

Moreover, it can be calculated:
The disturbance quantity dx of ROADRC:

dx = FL/mt = −16.7 (48)

The disturbance quantity dx1 of 3ADRC1:

dx1 = βeCt(mtV0)
−1FL = −1.5× 104 (49)

Figure 6c,d shows that the ESO to disturbance estimation curve of ROADRC is
smoother than that of 3ADRC1 because the ESO order of ROADRC is lower than that
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of 3ADRC1, in other words, the disturbance estimation of ROADRC is more accurate than
that of 3ADRC1.

In addition, it can be seen from Figure 6b that the control output ωm
* of 3ADRC1

is more seriously polluted by noise than that of ROADRC. The reason is the ESO order
of 3ADRC1 is one order higher than that of ROADRC, so it is sensitive to noise, and the
3ADRC1 introduces the actuation acceleration information, which has an amplification
effect on noise. However, the control output curve ωm

* of the position loop PI is the
smoothest, because only the proportional term of the position loop PI introduces noise, and
the integral term can suppress the noise to a certain extent.

Case 2: The position reference xd is 0.001 sin (4πt) m, and a uniformly distributed
noise signal with an amplitude of 1 × 10−5 is added to the position signal x. In order to
verify the influence of interference force and parameter mutation on system performance,
it is assumed that external load FL = 500 sin (2πt) N is applied at t = 0 s, while total mass
of the piston, piston rod and load mt and total leakage coefficient of the pump and the
hydraulic cylinder Ct become twice the original value, respectively.

The comparison curves of position tracking performance are manifested in Figure 7. It
can be seen from Figure 7a that 3PI has the largest tracking error, and the tracking error
of ROADRC is slightly smaller than that of 3ADRC, which indicates that the disturbance
rejection ability of the proposed method is slightly better than that of 3ADRC and signifi-
cantly better than that of 3PI. As can be seen from Figure 7c,d, the disturbance estimation
error curve of ROADRC’s ESO is smoother than that of 3ADRC1, since the ESO order of
ROADRC is lower than that of 3ADRC1. In addition, it can be indicated from Figure 7b
that the control output ωm

* of 3ADRC1 is more seriously polluted by noise than that of
ROADRC.
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method and 3PI; (b) control output ωm
* response curves; (c) disturbance estimation error by ESO of

ROADRC; and (d) disturbance estimation error by ESO of 3ADRC1.

6. Conclusions

In this paper, a novel cascade double-loop ADRC control architecture, including the
reduced order position control loop and an integrated speed–current control loop, was
proposed to improve the control performance of EHA. By comparing with traditional
three-loop PI controller and traditional three-loop ADRC, the following conclusions can be
given:

1. The barrier function introduced in CACADRC can effectively achieve automatic
current-constraint control, and by adjusting the current penalty coefficient l in the
barrier function, the current limiting intensity can be effectively adjusted. Compared
with 2PI and 2ADRC, both CACADRC and 2ADRC can realize tracking without
overshoot, while 2PI has a large overshoot. In terms of anti-disturbance ability,
CACADRC and 2ADRC have a more excellent anti-disturbance performance than 2PI,
and CACADRC has a slightly better anti-disturbance ability than 2ADRC.

2. When the position reference is a step signal, both the proposed method and 3ADRC
can achieve tracking without overshoot, while 3PI has a large overshoot. Moreover, the
disturbance rejection performance of the proposed method is similar to that of 3ADRC
and superior to that of 3PI when subjected to step disturbance. In addition, when the
position reference is a sinusoidal time-varying signal, the disturbance rejection ability
of the proposed method is slightly better than that of 3ADRC and significantly better
than that of 3PI.

3. Due to the reduced order processing of the position subsystem, the order of the ESO
of ROADRC is lower than that of the ESO of 3ADRC1, and the noise sensitivity is
effectively weakened, which makes the disturbance estimation of the ROADRC’s ESO
smoother than that of 3ADRC1. Moreover, in the process of ROADRC design, the use
of acceleration information is avoided, so the control output signal ωm

* of ROADRC
is smoother than that of 3ADRC1.

4. The proposed novel cascaded double-loop ADRC control architecture is simpler than
the traditional cascaded three-loop ADRC control architecture and requires fewer
parameters to be tuned, which is more conducive to the application in practical
engineering.
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Nomenclature

Symbol Comment
EHA electro-hydrostatic actuator
ADRC active disturbance rejection control
ESO extended state observer
ROADRC reduced-order ADRC controller
CACADRC automatic current-constrained ADRC controller
PI proportional integral controller
2DOF two-degree-of-freedom
RISE the robust integral of the sign of error
PMSM permanent magnet synchronous motor
uq, ud q, d axis voltage components
Rh stator resistance
ig, id q, d axial current components
Lq, Ld the equivalent inductance of q, d axis
ωm the mechanical angular speed of PMSM
p the number of pole pairs
ψf flux linkage of the rotor permanent magnet
Jp rotor inertia
Bp the coefficient of viscous friction of the reversible plunger pump
Dp displacement of the reversible plunger pump
pa, pb oil outlet and inlet pressures of the pump
Qa, Qb oil outlet and inlet flow of the pump
Qip, Qopa, Qopb internal and external leakage flow of the pump
βe effective oil bulk modulus
Va, Vb volumes of the oil outlet chamber and oil return chamber of the pump
Q1, Q2 inflow and outflow flow of the two chambers of the hydraulic cylinder
A the effective working area of the hydraulic cylinder piston
x displacement of the piston rod of the hydraulic cylinder
p1, p2 the pressure of the two chambers of the hydraulic cylinder
Qic internal leakage flow in the hydraulic cylinder
V10, V20 volumes of the closed chamber on both sides of the hydraulic cylinder
mt the total mass of the piston, piston rod, and load
Bt the total viscous friction coefficient of the hydraulic cylinder and the load
FL the external load force applied to the piston rod
Qc1, Qc2 flow through the check valve
Qr1, Qr2 flow through the relief valve
pL load pressure
Ct total leakage coefficient of the pump and the hydraulic cylinder
pL quasi-steady state quantity
ωmc disturbance compensation control quantity of ROADRC
ωm0 nominal control quantity of ROADRC
ωm* control output of ROADRC
lx1, lx2, lx3 ESO gains of ROADRC
Xd position reference
kx1, kx2 control parameters of ROADRC
ωox ESO bandwidth of the position loop
ωcx control bandwidth of the position loop
uqc disturbance compensation control quantity of the integrated speed–current control
uq0 nominal control quantity of the integrated speed–current control
uqi* the output of the integrated speed–current control
lωq1, lωq2, lωq3 ESO gains of the integrated speed–current control
ωmd speed reference
kωq1, kωq2 control parameters of the integrated speed–current controller
uq* control output of CACADRC
fbr barrier function
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l current penalty coefficient
iqmax limiting value of iq
ωoωq ESO bandwidth of CACADRC
ωcωq control bandwidth of CACADRC

2PI
the conventional PI controller is employed in the speed and current
double-loop

2ADRC the conventional ADRC is employed in the speed and current double-loop

3PI
the conventional PI controller is employed in the position, speed, and
current three-loop

3ADRC
the conventional ADRC is employed in the position, speed, and current
three-loop

3ADRC1 the position loop ADRC of 3ADRC

Proposed method
ROADRC is employed in the position loop, and CACADRC is adopted
for the integrated speed–current loop

ωcd control bandwidth of the current loop in the d-axis
ωod ESO bandwidth of the current loop in the d-axis
D piston diameter of the hydraulic cylinder
d piston rod diameter of hydraulic cylinder
L piston stroke
V the total volume of the hydraulic cylinder
V0 the initial one-sided volume of the hydraulic cylinder
uN PMSM-rated voltage
IN PMSM-rated current
TN PMSM-rated torque
ωmN PMSM-rated rotating speed
OS overshoot
ST settling time
PC peak current
SD speed drop
RT recovery time
PN number of parameters
KPω , KIω proportion and integral gains of speed loop of 2PI
KPq, KIq proportion and integral gains of the q-axis current loop of 2PI
KPd, KId proportion and integral gains of the d-axis current loop
ωcω control bandwidth of the speed loop of 2ADRC
ωoω ESO bandwidth of the speed loop of 2ADRC
ωcq control bandwidth of the current loop in the q-axis of 2ADRC
ωoq ESO bandwidth of the current loop in the q-axis of 2ADRC
KPx, KIx proportion and integral gains of the position loop of 3PI
ωcx control bandwidth of the position loop
ωox ESO bandwidth of the position loop
dx disturbance quantity of ROADRC
dx1 disturbance quantity of 3ADRC1
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