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Abstract: Electrode roll-forming refers to rolling a battery electrode into a preset thickness through
the electro-hydraulic servo pump-controlled hydraulic roll gap thickness automatic control system
(known to as pump-controlled AGC). Compared with the motor servo system, the friction problem
of the electro-hydraulic servo system is more serious and the friction problem of the actuator itself
is very prominent. Moreover, low-speed performance is one of its core indicators, the friction
phenomenon is the most abundant during the low-speed stage and the impact on the servo system
is also the most obvious. Therefore, for high-performance electro-hydraulic servo control, friction
compensation is not only unavoidable, but also a very difficult problem. Aiming to influence the
friction on the position control of the pump-controlled system of a lithium battery pole strip mill, the
rolling mechanism and process procedure under micro-displacement position control based on the
friction model were studied and compared from the perspective of considering friction factors, and a
friction compensation controller based on the LuGre model was designed. The control precision of a
pump-controlled AGC system was improved through combination with an adaptive robust controller.
Because of the diversity of unmeasurable states of the system, a dual observer was designed, and
the known model of the system was added to the observer. In the final comparative experiment, the
steady-state accuracy of the friction adaptive robust compensation controller system based on the
LuGre model reached ±0.3 µm, which is superior to the fuzzy IMC compensation and traditional
PID control strategies.

Keywords: electro-hydraulic servo pump control; friction compensation; LuGre model; position control

1. Introduction

Lithium batteries are used as the energy storage power source of electric vehicles,
and the safety and driving range of vehicles are closely related to their performance. The
production of electrode plates is a crucial component of the lithium–ion battery production
process. The quality of the electrode plates directly determines the performance and life
of a battery cell. Meanwhile, lithium batteries are among the three core components of
electric vehicles [1], and their performance directly determines the vehicle’s safety and the
endurance mileage of the whole vehicle [2]. The manufacturing and molding of lithium
batteries consists of multiple steps, such as mixing, drying, roll compression, slitting, earing,
and encapsulation, as shown in Figure 1, and the roll molding of positive and negative
electrode plates is one of the key processes and has a great impact on the final performance
of the battery. At present, the roll-forming of the lithium battery electrode puts forward
high requirements for the control performance of the automatic control of the hydraulic roll
gap thickness (AGC) in the hydraulic electrode mill during rolling [3]. Electro-hydraulic
servo pump-controlled AGC technology (referred to as pump-controlled AGC) can effec-
tively solve the inherent problems of electro-hydraulic servo valve control technology [4,5],
with the advantages of high efficiency, energy savings, a high power/weight ratio, and
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environmental friendliness [6,7]. In terms of positioning accuracy, the traditional hydraulic
position control system can only guarantee a positioning error of 0.1 mm [8]. Hydraulic con-
trol systems are rarely used in micron-level position control systems [9,10]. The uncertainty
of the position control process parameters [11–13] and the uncertainty nonlinearity [14–17]
of the electro-hydraulic pump control system have become important factors limiting the
position control performance.
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A good high-performance control strategy is the key for pump-controlled AGC to
achieve high-precision rolling of polar sheets [18]. The process requirements of high
precision and high response in the rolling process of constant rolling force and constant roll
gap pose higher technical challenges to high-performance control. The pump-controlled
AGC hydraulic system has problems such as high nonlinearity and strong coupling [19,20],
which leads to the thickness deviation of the lithium battery pole sheet after the rolling,
which further affects the service performance and safety performance of the lithium battery.
In the rolling process, the flow dead zone characteristics, oil compressibility characteristics,
and oil leakage characteristics of hydraulic pumps will directly affect the high-precision
and high-performance rolling of pump-controlled pole plate mills [21].

Scholars have proposed many solutions to improve the tracking performance [22,23]
and position control accuracy [24,25] of nonlinear time-varying control systems. For ro-
bust model predictive controller (MPC) technology, Zad et al. [26] adopted a position
servo system model to predict the future control effect and improve the position track-
ing performance. Compared with PID control, this method has significantly improved
the control accuracy, robustness, and response speed of the position servo system. Ali
et al. [27] and Kim et al. [28] designed a continuous discrete time observer and a nonlinear
position-tracking controller with a disturbance observer (DOB) that achieved the goal of
improving the target position-tracking performance of EHA systems. For the servo motor
pump direct drive system, Bobo et al. [29] designed an ARC controller with backstepping,
which adopts an adaptive robust control (ARC) algorithm to accurately track the target
trajectory, and has better performance and tracking accuracy compared with the non-
linear flow mapping controller. For the micron-level accurate positioning problem, Peng
Xiongbin et al. [30] proposed replacing the servo valve hydraulic system with a servo motor
and a displacement amplification hydraulic cylinder, and the position deviation of each
hydraulic partition was controlled within 2 µm; the position deviation did not increase
with the increase in the rotation angle of the base. Wang Yunfei [31] modeled and analyzed
the multi-cylinder cooperative control system of the hydraulic support group and verified
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the control method of the pulling and pushing processes of the multi-cylinder cooperative
system using the co-simulation model, and the control accuracy was stable within 2 mm.

The above-outlined literature analyzed the position control of the electro-hydraulic
servo pump control system theoretically, conducted systematic research and test verification
on different controller designs, and expanded the position control and position tracking
of the system. However, the test conditions were quite different from the real operating
environment of the hydraulic cylinder, and the influence of friction on the position control
of the pump control system was not considered or simulated. Friction widely exists in
mechanical servo systems, which is one of the main sources of servo system damping
and has an important impact on system performance, especially low-speed servo perfor-
mance [32]. However, at present, there is no research in the literature that has considered
friction compensation and combined it with an adaptive, robust controller for an electro-
hydraulic servo pump control system. Therefore, this paper focuses on studying the rolling
mechanism and process procedure of a pump-controlled AGC system of lithium battery
pole plate mills under micro-displacement position control based on the friction model and
observes and compares the performance of its position control considering friction factors
achieved by different friction models and by designing different controllers. The paper is
organized as follows: Section 2 introduces the working principles of a pump-controlled
AGC. Section 3 explains the mathematical model of the pump-controlled cylinder system
and the friction model and provides details of the equations used in the study. In Section 4,
the design of a friction compensation controller based on the LuGre model is presented.
Section 5 draws on the performance of the controller. In Section 6, simulation experiments
are compared based on the above. In Section 7, on the basis of the above, the practical
application experiment of a pump-controlled AGC for lithium battery pole mills is verified.
The article is summarized in Section 8.

2. Pump-Controlled AGC Working Principles

As shown in Figures 2 and 3, this paper adopts the scheme of a servo motor with
the quantitative pump directly driving and controlling the hydraulic cylinder to form an
integrated AGC technology of electro-hydraulic servo pump control, which is composed of
the servo motor, quantitative pump, hydraulic cylinder, oil recharge accumulator, functional
valve block, etc. In the pump-controlled AGC, there is no key connection between the servo
motor and the quantitative pump, and the form of the servo motor’s coaxial direct-drive
quantitative pump is adopted. The suction and discharge ports of the quantitative pump
are directly connected to the two load oil ports of the hydraulic cylinder. The accumulator
and check valve are used to store and replenish the oil in the system. The controller outputs
control instructions to the servo motor, thereby changing the speed of the quantitative pump
to adjust the flow of the system, and thus the output and displacement of the hydraulic
cylinder, in order to achieve high-performance control of the system.
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Figure 2. Electrohydraulic servo pump control system working principles frame diagram. 
Figure 2. Electrohydraulic servo pump control system working principles frame diagram.
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3. Mathematical Model of the Pump-Controlled Cylinder System Based on the
Friction Model
3.1. Mathematical Model of the Pump-Controlled System

The flow continuity equation of the double-acting hydraulic cylinder is Laplace trans-
formed and simplified, expressed as:

QL = ApXps + CtcPL + VtPLs/4βe (1)

where, Xp is the load displacement; Ap is the piston area; Cic and Cec are the internal and
external leakage coefficients of the hydraulic cylinder, respectively; Ctc is the total leakage
coefficient of the hydraulic cylinder, Ctc = Cic + Cec/2 (m3/(s · Pa)); βe is the oil elastic
stiffness; QL is the system flow, QL = (Q1 + Q2)/2 (m3/s); and Q1 and Q2 are the flow
into and out of the left chamber of the hydraulic cylinder, respectively.

According to Newton’s second law, the balance equation between the output force and
the load force of the hydraulic cylinder, and thus the pull transformation, can be obtained
as follows:

ApPL = mtXps2 + BpXps + KsXp + FL (2)

where m is the load quality; Bp is the viscous damping coefficient of oil (N/(m/s)); Ks is
the spring stiffness; and FL includes the external load force, friction force, viscous resistance,
and another type of resistance that is difficult to model.

3.2. LuGre Friction Model

In order to obtain a linearized system model, the system friction term ignores the
nonlinear characteristics of friction during the modeling process. The existence of nonlinear
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friction not only creates dead zones but also seriously affects the low-speed performance of
the system. When low-speed control is required, the nonlinear characteristics of friction
will become a key factor affecting the servo’s performance. Therefore, the linear model
cannot meet the needs of low-speed servo performance.

The static model can well characterize the macroscopic characteristics of friction but
cannot manage the microscopic characteristics of friction, such as pre-slip, variable static
friction force, friction memory, etc. In order to describe the macro and micro behaviors of
friction more accurately, the LuGre model of dynamic friction was adopted in this paper,
describing the friction as:

fm = σ0z + σ1
dz
dt

+ σ2
.
x (3)

where, σ0, σ1, and σ2 represent the main stiffness, damping, and system viscous damping
coefficient, respectively. The function g(·), representing static friction behavior, often uses
an exponential model, that is:

g
( .
x
)
= α0 + α1e−(

.
x/

.
xs)

λ

(4)

where σ0α0 and σ0(α0 + α1) represent the macroscopic Coulomb friction fC and the max-
imum static friction fs, respectively.

.
x = v(t),

.
xs = vs, vs is the StriBeck speed; σ0 is the

stiffness coefficient; σ1 is the damping coefficient; and σ2 is the viscosity coefficient, namely:

σ0g
( .
x
)
= fC + ( fs − fC)e−(

.
x/

.
xs)

λ

(5)

fm = σ0z + σ1
dz
dt

+ σ2
.
x = σ0z + (σ1 + σ2)

.
x− σ1

∣∣ .
x
∣∣[

fC + ( fs − fC)e−(
.
x/

.
xs)

λ
]
/σ0

z (6)

The LuGre model can describe the main behavior of friction. In this paper, an adaptive
robust control friction compensation control strategy based on the LuGre friction model
was designed to improve the low-speed performance of an electro-hydraulic servo system.

4. Design of Position Controller Based on the LuGre Friction Model

Adaptive control is a control method that can modify its own characteristics to adapt
to changes in the dynamic characteristics of objects and loops. Robust control is a control
system that can maintain certain performance under certain parameter perturbations. The
advantages of the reverse-step method are as follows: (1) the design process of the control
function and controller is systematized and structured through reverse design; (2) nonlinear
systems with relative order n can be controlled, eliminating the restriction of relative order
1 in classical passive design. Therefore, this paper adopts adaptive robust control combined
with the reverse step design method, which combines the respective working mechanisms
of adaptive control and robust control and retains their respective advantages, so that the
system can still maintain its stability under the conditions of disturbance and unmodeled
influencing factors, that is, it has robustness, and at the same time, the control effect is
optimized in a certain sense.

Aiming at the existing position control problem of the system, the idea of friction
compensation adaptive robust control based on the LuGre model is adopted to design the
controller, as shown in Figure 4.
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4.1. System Model and Problem Description

Since the model described by Equation (4) contains nonlinear parameters, for the
model-based friction compensation control strategy, it is assumed that the LuGre friction
model does not contain unknown nonlinear parameters. Following that, all parameters in
friction model (3) are assumed to be linear parameters; hence, a suitable adaptive control
strategy can be designed to estimate these unknown friction parameters.

State variables are defined by the LuGre friction model x = [x1, x2, x3]
T =[

y,
.
y, A(P1 − P2)

]T.

(P1 − P2)A = m
..
xp + Ksxp + A f S f

( .
xp
)
+ f

(
xp,

.
xp, t

)
(7)

Formulas (6) and (7) are combined

m
.
x2 = x3 − Ksx1 − σ0z + σ1

|x2|
g(x2)

z− (σ1 + σ2)x2 − dn − d̃(x1, x2, t)

= x3 − Ksx1 − σ0z + σ1
| .x|[

fC+( fs− fC)e−(
.
x/

.
xs)

λ
]

/σ0

z− (σ1 + σ2)x2 − dn − d̃(x1, x2, t) (8)

The nonlinear equation of the hydraulic cylinder servo system can be written as:

.
z = x2 − |x2|

g(x2)
z

.
x1 = x2

m
.
x2 = x3 − Ksx1 − σ0z + σ1

|x2|
g(x2)

z− (σ1 + σ2)x2 − dn − d̃(x1, x2, t)
.
x3 =

4Anp
V1+V2

βeDpu− 4A2

V1+V2
βex2 − 4

V1+V2
βeCtx3

(9)

Combined with Equation (9), the standard form of the nonlinear system corresponding
to the state equation of the nonlinear mathematical model of the electro-hydraulic servo
system is: { .

x = gu− f
y = h(x) = x3

(10)

where, f and g are sufficiently smooth vector fields; y is the system output; and h(x) is the
system output function.
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The standard form of the nonlinear system corresponding to the nonlinear equation of
the hydraulic cylinder servo system can be rewritten as: .

x1.
x2.
x3

 = −

 f1
f2
f3

+

 0
0
g3

u (11)

where
.
z = x2 − z · |x2|/g(x2), f1 = −x2,
f2 = (−1/m)

[
x3 − Ksx1 − σ0z + σ1z · |x2|/g(x2)− (σ1 + σ2)x2 − dn − d̃(x1, x2, t)

]
,

f3(x) = 4βe(A2x2 + Ctx3)/(V1 + V2), g3(x) = 4AβeDpnp/(V1 + V2) > 0, ∀x.
Additionally, the unknown system parameters are defined as θ = [θ1, θ2, θ3, θ4]

T=

[σ0, σ1, σ1 + σ2, dn]
T. Subsequently, the nonlinear equation of the system can be reduced to:

.
z = x2 − z · |x2|/g(x2).
x1 = x2

m
.
x2 = x3 − Ksx1 − θ1z + θ2z · |x2|/g(x2)− θ3x2 − θ4 − d̃(x1, x2, t)

.
x3 = g3(x)u− f3(x)

(12)

Hypothesis θ ∈ Ωθdef{θ : θmin ≤ θ ≤ θmax},
∣∣∣d̃(x1, x2, t)

∣∣∣ ≤ δd(x1, x2, t), where θmax =

[θ1max, · · · , θ4max]
T and θmin = [θ1min, · · · , θ4min]

T are the upper and lower boundaries of
vector θ; δd is a known function.

Facing the difficulty of designing the friction compensation controller based on the
LuGre model, the design target of the system controller is given the system reference signal
yd(t) = x1d(t). A bounded control input u is designed for the system output tracks, with
the reference signal y = x1 as much as possible. The control input u is divided into two
parts, namely ua and us, and ua is the model compensation item, similar to an adaptive
controller based on a system model, and the parameter estimates are updated in real time
by an online adaptive process. us is also divided into two parts: us1 and us2, where us1
can be regarded as the linear, stable feedback of the system. The reference signal x1d(t) is
assumed to be third-order continuous, and the system expects position instructions, speed
instructions, acceleration instructions, and acceleration instructions to be bounded.

4.2. Design of the Adaptive Robust Friction Compensation Controller Based on the LuGre Model
4.2.1. Robust Controller Design

Since system equations have mismatched parameter uncertainties, the inverse design
method must be used.

Step 1: From system Equation (12), the following error variables are defined:

e1 = x1 − x1d
e2 =

.
e1 + k1e1 = x2 − x2eq, x2eqdef

.
x1d − k1e1 (13)

where k1 is the positive feedback gain.
The main design goal is to make e2 approach 0, the dual-observer structure is used

to estimate the different characteristics of the state z and the mapping function is used to
ensure that the estimation of the observer is controlled.

The upper and lower bounds of different estimates, z1 and z2, for each given state z
are z1max = z2max = zmax = α0 + α1, z1min = z2min = zmin = −(α0 + α1).

For the unknown parameter θ, the following parameter adaptive law is defined:

.
θ̂ = Projθ̂(Γτ) =


0, θ̂ = θmax and Γτ > 0
0, θ̂ = θmin and Γτ < 0
Γτ, else

, θmin ≤ θ̂(0) ≤ θmax (14)
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where θ̃ = θ̂ − θ, Γ > 0 represents the adaptive gain and τ is the parametric adaptive func-
tion.

From Equation (13), we can see that:

m
.
e2 = m

.
x2 −m

.
x2eq = x3 − θ1z + θ2

|x2|
g(x2)

z− θ3x2 − θ4 −m
.
x2eq − Ksx1 − d̃(x1, x2, t) (15)

k2s1 > 0 is the controller design parameter, and the integrated design feedback gain
k1 and k2s1 are large enough to make Λ2, as defined below a positive definite matrix. The
deviation between the control function α2 and the virtual control input x3 is defined as
e3 = x3 − α2.

Λ2 =
[
k3

1 −k3
1/2; −k3

1/2 k2s1
]

(16)

According to Formula (16), α2s2 can be designed to satisfy the following stabilization
conditions:

e2

{
α2s2 − ϕT

2 θ̃ + θ1z̃1 − θ2z̃2 · |x2|/g(x2)− Ksx1 − d̃(x1, x2, t)
}
≤ ε2 (17)

e2α2s2 ≤ 0 (18)

where ε2 is an arbitrarily small positive controller design parameter. As can be seen from
Equation (17), the designed α2s2 is a robust controller.

4.2.2. Design of the Adaptive Robust Controller

The Lyapunov function is defined as follows:

V2 = me2
2/2 + k2

1e2
1/2 (19)

Its time derivative is:
.

V2 = m
.
e2e2 + k2

1e1
.
e1

= e2e3 − k2
1e2

1 + k2
1e1e2 − k2s1e2

2

+e2

[
α2s2 − ϕT

2 θ̃ + θ1z̃1 − θ2z̃2 · |x2|/g(x2)− Ksx1 − d̃(x1, x2, t)
] (20)

Step 2: From the third equation of the system and according to the definition of e3, we
can see that:

.
e3 = g3u− f3 −

.
α2, where

.
α2 =

.
α2c −

.
α2u

.
α2c =

∂α2
∂t + ∂α2

∂x1
x2 +

∂α2
∂x2

.̂
x2 +

∂α2
∂θ̂

.
θ̂ + ∂α2

∂ẑ1

.
ẑ1 +

∂α2
∂ẑ2

.
ẑ2

.
α2u = ∂α2

∂x2

.̃
x2

(21)

where, with
.
α2c as the computable partial differential part, which is used for the design of

the actual controller u;
.
α2u is the incomputable part, and a robust controller is designed to

stabilize this uncertainty. The limits of the partial derivative of α2 at x2 = 0 are bounded.
The design of the adaptive robust controller u has the following structure, where

k3s1 > 0 is the design parameter of the controller:

u = ua + us
ua =

(
f3 +

.
α2c
)
/g3

us = (us1 + us2)/g3
us1 = −k3s1e3

(22)
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ϕT
3 def− 1

m
∂α2
∂x2

ϕT
2 is defined and controller (22) is substituted into

.
e3

.
e3 = −k3s1e3 + us2 − ϕT

3 θ̃ − 1
m

∂α2
∂x2

θ1z̃1

+ 1
m

∂α2
∂x2

θ2
|x2|

g(x2)
z̃2 +

1
m

∂α2
∂x2

Ksx1 +
1
m

∂α2
∂x2

d̃(x1, x2, t)
(23)

According to Formula (23), us2 can be designed to satisfy the following stabilization
conditions:

e3

{
us2 − ϕT

3 θ̃ − 1
m

∂α2

∂x2
θ1z̃1 +

1
m

∂α2

∂x2
θ2
|x2|

g(x2)
z̃2 +

1
m

∂α2

∂x2
Ksx1 +

1
m

∂α2

∂x2
d̃(x1, x2, t)

}
≤ ε3 (24)

e3us2 ≤ 0 (25)

where ε3 is a controller design parameter that can be arbitrarily small and positive, and us2
is a robust controller.

As can be seen from Formula (24), the designed us2 is a robust controller, which is
used to govern various uncertainties of the system model, namely, parameter uncertainties
θ̃ and d̃. Equation (25) shows that us2 is naturally dissipative, that is, as the control error e3
decreases, its control quantity also decreases, which minimizes the coupling between the
robust controller and the adaptive control law so that the functions between them do not
overlap as much as possible.

5. Performance of the Adaptive Robust Controller

In the controller design outlined in Section 4.2.1, dual observers are used to estimate
the different characteristics of state z, while mapping functions are used to ensure that the
estimation of the observers is controlled, and ιi is the adjustment function of the observer
zi, respectively.

.
ẑi = Projẑi

(ιi), zmin ≤ zi(0) ≤ zmax (26)

Theorem 1. Using the adaptive law of discontinuous mapping (14) and setting τ = ϕ2e2 + ϕ3e3,
γi > 0is the gain of the observer, and the adjustment function of the observer in Equation (26) is
defined as:

ιi = x2 −
|x2|

g(x2)
ẑi − γi

(
e2 −

1
m

∂α2

∂x2
e3

)
(27)

For any adaptive function τ, the adjustment function of the observer ιi, the discontinu-
ous mapping (14) has the following properties:

θ̃T
[

Γ−1
.
θ̂ − τ

]
≤ 0, ∀τ

z̃i

{ .
ẑi − ιi

}
≤ 0

(28)

5.1. Performance Conclusion of the Adaptive Robust Controller A

All signals in a closed-loop controller are bounded, and the Lyapunov function is
defined as follows:

V3 = V2 +
1
2

e2
3 ≤ exp(−µt)V3(0) +

ε

µ
[1− exp(−µt)] (29)

where µ = 2λmin(Λ3)min
{

1/k2
1, 1/m, 1

}
, λmin(Λ3) is the smallest eigenvalue of Λ3, ε =

ε2 + ε3.
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Matrix Λ3 is defined as a positive definite matrix (comprehensive design feedback
gain k1, k2s1, k3s1 is large enough):

Λ3 =
[
k3

1 −k3
1/2 0; −k3

1/2 k2s1 −1/2; 0 −1/2 k3s1
]

(30)

5.2. Conclusion of the Adaptive Robust Controller Performance B

Under certain times, t0, there is only parametric uncertainty in the system. In addition
to conclusion A, controller (29) can also obtain asymptotic tracking performance: that is,
when t→ ∞ , e→ 0 , where e is defined as e = [e1, e2, e3]

T.

5.3. Proof of Conclusion

The time derivative of V3 is:
.

V3 =
.

V2 + e3
.
e3 ≤ e2e3 − k2

1e2
1 + k2

1e1e2 − k2s1e2
2 − k3s1e2

3 + ε2 + ε3 (31)

This is known according to condition (30)

.
V3 ≤ −eTΛ3e + ε ≤ −λmin(Λ3)

(
e2

1 + e2
2 + e2

3

)
+ ε ≤ ε− µV3 (32)

According to the contrast principle V3 ≤ exp(−µt)V3(0) + (ε/µ)[1− exp(−µt)], V3 is
globally bounded, that is, e1, e2, and e3 are bounded by the position, speed, and acceleration
instructions of the system, and the estimation of unknown parameters and state z. Thus, it
can be easily deduced that all signals of the closed-loop system are bounded. Conclusion
A is then proven. When considering conclusion B below, since there is only parameter
uncertainty in the system at this time, the Lyapunov function is defined as follows:

Vs = V3 + θ̃TΓ−1θ̃/2 + γ−1
1 θ1z̃2

1/2 + γ−1
2 θ2z̃2

2/2 (33)

It is known from Equations (20) and (23) that its time differential is

.
Vs =

.
V3 + θ̃TΓ−1

.
θ̂ + γ−1

1 θ1z̃1
.
z̃1 + γ−1

2 θ2z̃2
.
z̃2

= e2e3 − k3
1e2

1 + k2
1e1e2 − k2s1e2

2 − k3s1e2
3 + e2

[
α2s2 − ϕT

2 θ̃ + θ1z̃1 − θ2
|x2|

g(x2)
z̃2 − Ksx1 − d̃(x1, x2, t)

]
+e3

[
−k3s1e3 + us2 +

1
m

∂α2
∂x2

ϕT
2 θ̃ − 1

m
∂α2
∂x2

θ1z̃1 +
1
m

∂α2
∂x2

θ2
|x2|

g(x2)
z̃2 +

1
m

∂α2
∂x2

Ksx1 +
1
m

∂α2
∂x2

d̃(x1, x2, t)
]

+θ̃TΓ−1
.
θ̂ + γ−1

1 θ1z̃1
.
z̃1 + γ−1

2 θ2z̃2
.
z̃2

(34)

Obtained by conditions (18) and (25)

.
Vs ≤ −λmin(Λ3)

(
e2

1 + e2
2 + e2

3
)
+ θ̃TΓ−1

.
θ̂ − ϕT

2 θ̃e2 − ϕT
3 θ̃e3

+θ1z̃1

{
γ−1

1

.
ẑ1 − γ−1

1

[
x2 − |x2|

g(x2)
(ẑ1 − z̃1)

]
+ e2 − e3

1
m

∂α2
∂x2

}
+θ2z̃2

{
γ−1

2

.
ẑ2 − γ−1

2

[
x2 − |x2|

g(x2)
(ẑ2 − z̃2)

]
− |x2|

g(x2)
e2 +

1
m

∂α2
∂x2

|x2|
g(x2)

e3

} (35)

From the definition of the adaptive law (14) and τ, the definition of the state observer
(26) and the definition of the regulating function ιi are known as:

.
Vs ≤ −λmin(Λ3)

(
e2

1 + e2
2 + e2

3
)
− γ−1

1
|x2|

g(x2)
θ1z̃2

1 − γ−1
2
|x2|

g(x2)
θ2z̃2

2 + θ̃T
[

Γ−1
.
θ̂ − τ

]
+θ1z̃1

{
γ−1

1

[ .
ẑ1 − ι1

]}
+ θ2z̃2

{
γ−1

2

[ .
ẑ2 − ι2

]} (36)

According to (28):

.
Vs ≤ −λmin(Λ3)

(
e2

1 + e2
2 + e2

3

)
− γ−1

1 θ1z̃2
1 · |x2|/g(x2)− γ−1

2 θ2z̃2
2 · |x2|/g(x2) (37)
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Therefore, Vs < Vs(0) and e, θ̃, z̃1, z̃2 ∈ L∞, e ∈ L2, and from Equations (13), (15) and
(23), we can see that

.
e ∈ L∞; therefore, e is uniformly continuous, and when t→ ∞ , e→ 0 ,

thus proving conclusion B.

6. Simulation Verification

This section examines the performance of the designed controller. For Stribeck speed
x2s = 0.01 m/s, as shown in Figure 5, the system low-speed instruction
x1d = 0.002 sin(2t)

[
1− exp

(
−0.01t3)] is provided. ARCm, a friction adaptive robust com-

pensation controller based on the LuGre model, is proposed in this section. The traditional
PID controller is based on a simple approximate friction model, which only compensates for
the viscous friction and part of the Coulomb friction. The ARCm control strategy proposed
in this paper accurately contains the structure information of the system friction, so the
tracking error, adaptive effect, friction identification, and parameter estimation are much
better than the PID control strategy, which only approximates part of the friction structure.
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According to the analysis in Figure 6, the friction adaptive robust compensation
controller based on the LuGre model designed and proposed in this paper shows relatively
good control performance in terms of system dynamic response and steady-state control,
has a good position-following process, a small system position overshoot, and a small
steady-state error, and the time to stabilize is about 2 s. However, at this time, other control
methods are still fluctuating up and down and have not become stable.
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The analysis in Figure 7 shows that the steady-state accuracy of the system can reach
±0.3 µm using the friction adaptive robust compensation controller based on the LuGre
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model, and become stable when the time is about 2 s, while the steady-state accuracy
can reach ±0.7 µm using the fuzzy IMC compensation control strategy. The steady-state
accuracy of the system using the traditional PID control strategy can only reach ±2.5 µm,
which has a large steady-state error. The results show that the friction adaptive robust
compensation control strategy based on the LuGre model can obviously improve the control
precision of the pump-controlled AGC system position control.
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7. Practical Application of Micro-Displacement Control in the Pump-Controlled AGC
System of a Lithium Battery Pole Strip Mill

In order to verify the precise performance of the micro-displacement control of the
lithium battery pole strip mill pump-controlled AGC system, control tests were carried out
on the pump-controlled AGC of the lithium battery pole strip mill. The equipment platform
is shown in Figure 8. The reliability of the friction adaptive robust compensation controller
based on the LuGre model was verified by comparing the traditional PID controller with
the roller-forming experiment of the negative electrode plates of the lithium battery.

Given the “S”-type slope track signals resulting from 100 µm from 82.06 mm to
82.16 mm, 50 µm from 82.06 mm to 82.11 mm, and 10 µm from 82.06 mm to 82.07 mm,
respectively, the system displacement and error curves are shown in Figures 9 and 10.

Through experimental research and comparative analysis, the following results were
obtained: the adjustment of traditional PID control under different working conditions has a
certain degree of gapping, and the steady-state accuracy of the system is poor, only reaching
±8 µm with 100 µm and 50 µm displacements and ±6 µm with a 10 µm displacement.
The friction adaptive robust compensation control based on the LuGre model has a small
overshoot before reaching a steady state; its steady-state control accuracy can reach ±2 µm,
and the time to reach the steady state is 1–2 s faster than that of a traditional PID control.
Therefore, according to the above experimental results, it can be determined that the
position control accuracy of a pump-controlled AGC control system can be significantly
improved by adopting the friction adaptive robust compensation control strategy based on
the LuGre model, as proposed in this paper.
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8. Conclusions

Friction is one of the main sources of servo system damping and has important
effects on system performance, especially low-speed servo performance. During the low-
speed stage of the electro-hydraulic servo system, the friction phenomenon is the most
abundant, and its influence on the servo system is also the most obvious. Therefore, for
high-performance electro-hydraulic servo control, friction compensation is an unavoidable
and very difficult problem. In order to improve the position control performance of the
system, an adaptive, robust controller with excellent performance was designed based
on the dynamic friction model. The adaptive robust controller was combined with the
friction model to solve the low-speed servo demands of the system. The friction adaptive
robust compensation controller, fuzzy IMC compensation controller, and traditional PID
controller based on the LuGre model were designed and built based on the pump control
system simulation platform. Comparing the simulation results of the three controllers,
it was proven that the friction adaptive robust compensation control strategy based on
the LuGre model has better steady-state accuracy and response speed. The experimental
results show that the friction adaptive robust compensation control strategy based on the
LuGre model proposed in this paper can effectively improve the position control accuracy
of the pump-controlled AGC system.

However, the LuGre model also contains discontinuous functions, which often make it
difficult to realize the final control law for systems such as electro-hydraulic servo systems
that need to deal with uncertainty by means of inversion design, because the solution of
the final control law must manage the derivation of the discontinuous function.
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