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Abstract. The electrode rolling process critically determines the consistency and performance of lithium-ion
batteries, where precise micro-displacement control of the rolling mill servo system governs electrode thick-
ness uniformity and energy density. Conventional PID or model-based controllers often encounter limitations
due to parameter uncertainties, nonlinear friction, and external disturbances during high-precision rolling
operations. To address these challenges, this paper proposes an adaptive robust control (ARC) strategy that
combines parameter adaptation with robust compensation. The proposed controller enables stable and accu-
rate micro-displacement tracking under uncertain conditions, enhancing reliability and robustness. Simulation
and experimental studies on a prototype rolling mill validate the effectiveness of the method, confirming its
capability to improve system stability and reduce sensitivity to variations and disturbances. The results high-
light the potential of ARC to provide a practical and reliable control solution for intelligent manufacturing
equipment in next-generation lithium-ion battery production.

Keywords: adaptive robust control, micro-displacement precision, servo system, electrode rolling process,
lithium-ion battery manufacturing

1 Introduction

The rapid development of electric vehicles, renewable energy storage systems, and portable consumer electronics
has significantly increased global demand for high-performance lithium-ion batteries [1]. As the core of energy
storage technology, the performance and consistency of lithium-ion batteries depend heavily on manufacturing
precision [2]. Electrode manufacturing, in particular, is a fundamental step that directly impacts battery capacity,
energy density, and long-term reliability. Electrode rolling plays a crucial role in various electrode manufacturing
processes [3], as electrode thickness uniformity not only determines electrode packing density but also influences
ion transport kinetics and interfacial stability during charge-discharge cycling. Even slight thickness deviations
can lead to local current density variations, non-uniform solid electrolyte interface (SEI) growth, and premature
battery failure, thereby reducing cycle life and safety [4]. Therefore, achieving microscale precision in electrode
rolling has become a core requirement for manufacturing next-generation smart batteries. Despite its critical im-
portance, high-precision electrode rolling remains a challenging task. Rolling mill servo systems are inherently
susceptible to dynamic load disturbances caused by nonlinear mechanical properties, material inhomogeneities,
and rolling force variations. Furthermore, uncertainties in system parameters introduce additional complexity
to control design. Traditional control strategies, such as proportional-integral-derivative (PID) [5], sliding mode
control (SMC) [6], and classical adaptive control [7], are widely used in industrial servo systems due to their
simplicity and practicality. However, these approaches also have significant limitations: PID controllers are sen-
sitive to parameter variations and lack robustness; SMC is effective under uncertain conditions but suffers from
severe jitters, which can damage the actuator; and traditional adaptive controllers often have slow convergence
and insufficient stability in the face of sudden disturbances. These shortcomings collectively hinder the realiza-
tion of high-precision electrode thickness adjustment in real-world production lines, where both robustness and
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adaptability must be ensured [8]. Recent research has attempted to improve servo system accuracy by integrating
model-based compensation, nonlinear observers, and disturbance rejection techniques. While these approaches
have achieved some performance improvements, they often rely on precise modeling assumptions and are sus-
ceptible to time-varying uncertainties and un-modeled dynamics. Furthermore, balancing real-time adaptability
and robustness under dynamic operating conditions remains an unresolved issue in electrode rolling mill appli-
cations. With the growing demand for smart manufacturing, advanced control strategies are urgently needed to
ensure high-precision micro-displacement adjustment while maintaining stability and resilience to uncertainty
and disturbances. To address these challenges, this study proposes a micro-displacement adaptive robust control
(ARC) strategy for the servo system of a lithium battery electrode rolling mill. The proposed ARC framework
combines real-time parameter estimation with robust compensation, thereby combining the adaptability of adap-
tive control with the interference rejection capability of robust control. This unified design enables accurate mi-
cro-displacement tracking under uncertain and time-varying conditions while suppressing the effects of nonlinear
friction and external load fluctuations. Simulation studies and prototype rolling mill tests confirm the effective-
ness of the proposed strategy, demonstrating improved stability, reduced sensitivity to parameter variations, and
strong resilience under dynamic load conditions. Results demonstrate that the ARC-based approach provides a
reliable, high-performance control solution for intelligent manufacturing equipment, bringing practical benefits
to the production of next-generation lithium-ion batteries.

2 Literature Review

In the realm of advanced manufacturing and precision engineering, the control strategies employed significantly
influence the system’s performance, including accuracy, robustness, and adaptability to disturbances and uncer-
tainties. This literature review delves into recent developments in control systems for manufacturing, focusing
on servo control in rolling mills, advanced control strategies in precision manufacturing, and adaptive robust
control theory. Servo control systems in rolling mills have traditionally relied on conventional PID and feedfor-
ward strategies to regulate the process and ensure precision. However, these conventional methods sometimes
struggle with the complexities of modern manufacturing demands, such as non-linearities, parameter variations,
and external disturbances. To enhance performance in precision manufacturing, advanced control strategies
have been explored. Sliding mode control, disturbance observers, model predictive control (MPC), and adaptive
robust control techniques have gained attention for their potential to offer superior control performance under
uncertainty and disturbances. For instance, the development of a redundancy dynamic model incorporating ro-
tation and pitch vibration caused by the change in the center of gravity’s position demonstrates an innovative
approach to dual-driving feed system control. The introduction of a dynamic model-based cross-coupled sliding
mode control (CCSMC) signifies strides towards addressing the intricate dynamics of manufacturing processes
[9]. Likewise, the implementation of the GTCF-LARC contouring motion controller for an industrial X—Y linear
motor stage underscores the progression towards integrating advanced model predictive control and adaptive
robust control frameworks to achieve excellent transient and steady-state contouring accuracy, showcasing the
capacity for these advanced controls to enhance both the efficiency and output quality in manufacturing settings
[10]. Furthering the exploration into model predictive control, a feedforward MPC approach has shown promise
in controlling continuous pulp digesters by leveraging the lignin content variation, a novel concept prioritizing
precision and adaptability online [11]. This highlights the evolving landscape of manufacturing control systems
towards more data-driven, predictive methodologies that can dynamically adjust to the process variations. The
literature also reflects a growing interest in adaptive robust control theory, emphasizing the need to integrate ad-
aptation mechanisms for handling parametric uncertainties with robust designs capable of mitigating the effects
of unmodeled dynamics. The observation-based higher-order sliding mode control for large optical astronomical
telescopes presents an example where robust control theory is applied in high-precision contexts, ensuring stabil-
ity and performance even in the face of significant disturbances and uncertainties [12]. On another front, the con-
vergence of robust control strategies with advanced observer designs is evident in the development of the PID in-
tegral sliding mode observer for the sensorless control of permanent magnet synchronous motors (PMSM). This
approach achieves rapid convergence and enhanced tracking precision while effectively mitigating system jitters,
illustrating the fusion of robust control and observer-based strategies for improved system performance [13]. In
the context of disturbance observer-based control, new results have been introduced, emphasizing the application
to advanced manufacturing. For example, the adaptive vibration rejection achievable through disturbance obser-
vation techniques offers a testament to modern control systems’ evolving sophistication in combating real-world
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disturbances, further promoting precision and sustainability in robotic manipulators and other manufacturing
devices [14]. In conclusion, the recent literature shows a palpable shift towards more sophisticated control strat-
egies that balance precision, adaptability, and robustness in manufacturing. By advancing beyond traditional PID
and feedforward controls towards more intricate architectures like modular predictive control, sliding mode con-
trol, and adaptive robust controls, the field is poised to meet the increasingly complex requirements of modern
manufacturing processes. These advancements underline the critical role of control engineering in the ongoing
evolution of industrial automation and precision manufacturing.

3 System Modeling

The electrode rolling mill used in lithium-ion battery manufacturing is a complex electromechanical system
in which precise control of roller displacement is critical for ensuring electrode thickness uniformity [15]. To
accurately describe its behavior and provide a foundation for controller design, the system can be modeled by
integrating the dynamics of the servo motor, the ball screw transmission mechanism, and the nonlinear electrode
compression process, while also considering the uncertainties that arise from friction, material variability, and
sensor imperfections [16]. As shown in Fig. 1.

Mixing

Y

Coating Dry Calendering Slitting Dry }7
@ v © v
s ¢ & H &

Mixing
Hopper
Coating
£
=
l

AN
Package Electrolyte Forming | Folding I
@ 1 | = =

7

Assembling

Fig. 1. Lithium battery production process

The servo motor is the main actuator in the electrode rolling mill and the key interface for converting electri-
cal energy into mechanical torque to drive the roller shaft. The dynamic behavior of the motor can be described
by a pair of coupled electromechanical equations, which simultaneously describe the mechanical motion of the
rotor and the electrical processes in the armature winding:

J,0,+B,0,+7,=Ki~-1, 1)
La@ +Ri+K.o=u, Q)
dt

Where the mechanical dynamics describe how the electromagnetic torque K, accelerates the rotor with inertia

J, , against viscous damping B

. » nonlinear friction 7,, and the external load torque 7, transmitted from the
rollers. The electrical dynamics reflect the balance of input voltage u, across the inductive and resistive elements

of the armature winding and the back EMF term proportional to angular velocity. These equations highlight the
tight coupling between the electrical and mechanical domains, where current directly influences torque, and rotor
velocity induces voltage feedback. In industrial practice, the electrical time constant is usually much smaller than
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the mechanical time constant, but in high-precision applications such as electrode rolling, the full-order model
must be retained to capture transient effects and to ensure robustness against parameter uncertainty. The motor
torque is transmitted to the rolling mill through a ball screw mechanism, which performs rotary-to-linear motion
conversion [17]. The kinematic relationship between the motor angle and the roller displacement is:

x=Lyg x=Ly 3)

27" 2 "

Indicating that the displacement and velocity of the rollers are directly proportional to the motor’s rotation,
scaled by the screw lead p. The force transmission can be described as:

Fs=—z ,r=— 4)
r

Where Fs is the axial thrust force, # is the transmission efficiency accounting for mechanical losses, and
is the effective pitch radius. This subsystem introduces additional dynamics such as compliance, backlash, and
varying transmission efficiency, all of which act as sources of uncertainty and nonlinear disturbance in the dis-
placement control loop. The rolling process itself imposes nonlinear compression forces on the electrode material
[18]. The rolling force can be approximated by the empirical model:

F.=k (h~h)", (5)

Where £, is the initial electrode thickness, / is the compressed thickness, and the coefficient k, characterizes
the effective stiffness of the electrode stack. The nonlinearity exponent o1 reflects the fact that compaction re-
sistance increases nonlinearly with deformation. Since roller displacement reduces the electrode thickness:

h=hy—x, (6)
This relation leads to a displacement-dependent rolling force:

F=Fkx". (7)

This expression shows that small deviations in displacement can cause large variations in rolling force, es-
pecially at high compression ratios, which makes precise displacement control essential for uniform electrode
production. In practical operation, the system is affected by multiple sources of uncertainty. The motor friction
torque is not purely viscous but strongly nonlinear, and can be modeled as:

7,= Fsgn(@,)+ B,o,+ M(@,), ®
Where F, is the Coulomb friction, the second term represents viscous damping, and Af(@,,) captures unmod-
eled phenomena such as Stribeck friction or temperature-dependent effects. Similarly, electrode stiffness is not

constant but varies with manufacturing conditions such as porosity, binder content, and calendaring history, and
can be expressed as:

kr: krO + Akr’ (9)

Where Ak, represents batch-to-batch or time-varying uncertainty. Moreover, measurement noise is inevitable
in high-resolution displacement sensors, which can be represented as:

y=x+n(t),n(t) ~ N0,c%), (10)
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Indicating that the measured signal contains Gaussian-distributed noise. To facilitate controller synthesis, the
above dynamics can be expressed in a nonlinear state-space form. By defining the state vector and input, the sys-
tem dynamics are given as:

Fe st (K,ia—Bmwm—rf—%m, (1)
i, =, Ri-K.0,) (12)
With the measured output:
y=x+n(t). (13)
This representation can be compactly written as:
x=f(x)+g(xu,+d (), (14)

Where f(x) describes the nominal nonlinear dynamic, g(x) denotes the input mapping, and d(¢) aggregates the
uncertain and disturbance terms, including nonlinear friction, stiffness variations, and measurement noise. The
entire servo system utilizes a closed-loop control architecture, as shown in Fig. 2. Input commands are processed
by the system controller and servo driver, converted into torque by the servo motor, and then output by the elec-
tro-hydraulic actuator. Sensor feedback signals are corrected in real time, enabling precise regulation even in the
presence of interference.
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Fig. 2. Control system schematic diagram

4 Control Strategy Design

To achieve high-precision micro-displacement control of an electrode rolling mill servo system under parameter
uncertainty and external disturbances, this paper develops an ARC scheme. This controller integrates two com-
plementary components: an adaptive component for online parameter estimation and a robust component for
compensating for unmodeled dynamics and bounded disturbances [19]. Together, these two components ensure
accurate trajectory tracking and stability. The output tracking error is defined as:

e=y=y, s
Where y, is the desired displacement trajectory. The control objective is to design such that e—0e or remains

bounded within a small neighborhood under all admissible uncertainties.
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4.1 Adaptive Component

The adaptive mechanism is designed to handle structured uncertainties such as variations in motor inertia, damp-
ing coefficients, and electrode stiffness. The system dynamics can be expressed in a linearly parameterized form,
where all unknown parameters are grouped into a vector. A regression matrix, constructed from measurable
states, their filtered derivatives, and known inputs, is used to approximate the plant dynamics. Based on this for-
mulation, a Lyapunov adaptation law is proposed:

% =Y(x, %,u)0+d(1) (16)

Where Y(*) is a known regression matrix and @ is the vector of unknown but constant parameters. A parameter
estimate 6 is updated online according to a Lyapunov-based adaptation law:

0=-TY’ (x,%,u)e 17)

Where I'>0 is the adaptation gain matrix. This update rule minimizes the tracking error by continuously ad-
justing the parameter estimates, ensuring that the model progressively matches the true system. To further en-
hance numerical stability, the baseline adaptation rule can be modified by introducing a projection operator or by
applying o- or e-modification. These methods constrain the parameter estimates within a physically meaningful
domain and suppress divergence under noisy or unmodeled conditions, while maintaining the Lyapunov-based
convergence properties.

4.2 Robust Component

Adaptive laws can effectively compensate for parameter uncertainty and slow-varying disturbances; however,
they are less effective when the system is subject to unmodeled nonlinear, sudden, or fast-varying disturbances.
To overcome this limitation, a robust feedback term is added to the control input to enhance disturbance rejection
and ensure bounded tracking error. The robust feedback term is formulated as:

-k
ke (18)

Where £, is a robust gain and J is a small regularization constant that avoids division by zero. This term intro-
duces continuous damping proportional to the error direction, attenuating the effect of fast-varying disturbances
and guaranteeing that the error remains bounded. Unlike sliding mode control, which may cause chattering, this
formulation is smooth and avoids introducing high-frequency oscillations into the actuator, thereby preserving
mechanical reliability. For sharper transient response, the control design can optionally use a filtered error vari-
able, where A specifies the desired error convergence rate. The robust feedback term can then be defined on s
rather than e, which directly shapes the differential error dynamics while retaining the same stability guarantees.

4.3 Control Law

By combining the adaptive and robust components, the final control input is designed as:
u=Y(x,5u)0+u,, (19)

The first term exploits the parameter estimates to generate the nominal control effort, achieving model-match-
ing tracking. The second term guarantees robust stability in the presence of disturbances and unmodeled dynam-
ics. This separation of roles ensures that the adaptive component handles slowly varying structured uncertainties,
while the robust component dominates under rapid disturbances, thus achieving both high precision and resil-
ience.
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4.4 Stability Analysis

The stability of the ARC is formalized using Lyapunov stability theory, which provides a systematic framework
for analyzing the convergence and boundedness of nonlinear dynamic systems. To capture both the tracking error
dynamics and the parameter estimation dynamics, a composite Lyapunov candidate function is introduced as
follows:

V= %eTe+%0~T1"’lé, (20)

Where & is the parameter estimation error. The time derivative of " along the system trajectories leads to:

e I, ed(t) (21)
" e||+5 ’

Showing that the error dynamics are uniformly ultimately bounded (UUB). If disturbances are absent, the
error converges asymptotically to zero. In the presence of bounded disturbances, the error remains confined with-
in a neighborhood around zero, the size of which depends on the robust gain, the regularization factor, and the
disturbance magnitude. This guarantees that the displacement error is tightly controlled under realistic industrial
conditions.

4.5 Implementation in Digital Servo Drives

The proposed adaptive robust control strategy is implemented on an FPGA-ARM hybrid digital servo platform,
which combines nanosecond-level deterministic switching with high-speed real-time computation to ensure ac-
curacy and robustness in electrode rolling mill applications. In this architecture, the FPGA handles the time-crit-
ical inner current and voltage loops, PWM generation, synchronized data acquisition, and hardware protection,
while the ARM processor performs adaptive parameter estimation, robust compensation, motion trajectory anal-
ysis, and monitoring tasks at kilohertz rates. Displacement signals from an encoder or linear scale are filtered to
suppress noise without phase degradation. The filtered velocity estimate is obtained through

0 =%<F[y(r)]) (22)

Where F denotes a low-pass filter operator to ensure noise attenuation without phase delay. In each control
cycle, the ARM constructs a regressor based on the measured state and desired trajectory, updates parameter
estimates within a bounded domain to prevent divergence, and computes robust feedback terms to compensate
for rapidly varying disturbances. The resulting control signals are transmitted to the FPGA [20], which ensures
precise drive while implementing saturation, anti-windup protection, and cycle-accurate fault handling. A robust
feedback term is computed to suppress rapidly varying disturbances:

(1) =~hsar () (23)

The total control signal is obtained by combining the adaptive and robust components:

u(t) = 0" (O(x,1) +u,, (t) (24)

Timing alignment between the FPGA and ARM tasks is maintained via a global timebase, and strict schedul-
ing ensures end-to-end latency is well below the servo crossover point, maintaining stability margins. A calibra-
tion and tuning routine determines the number of encoders, stiffness envelope [21], and disturbance characteris-

305



Adaptive Robust Micro-Displacement Control Strategy for the Servo System of Lithium Battery Electrode Rolling Mills

tics, then adjusts adaptive and robust gains to achieve fast convergence, tight steady-state accuracy, and reliable
disturbance rejection across different electrode batches. To support production deployment, the system integrates
health monitoring, watchdog monitoring, and comprehensive data logging and trigger capture capabilities for
diagnostic analysis. By combining deterministic low-level control with flexible high-level adaptation, the system
achieves stable micro-displacement regulation, uniform electrode thickness, and adaptability to nonlinearities
and uncertainties, providing a practical control solution for smart lithium-ion battery manufacturing.

5 Simulation Study

To validate the proposed ARC strategy, a high-fidelity simulation model integrating a servo motor, a ball screw
drive, and nonlinear rolling force dynamics was developed. To approximate real-world operating conditions, non-
linear friction, parameter variations, and sensor noise were also considered. Benchmarking PID, sliding mode,
and adaptive controllers under the same protocol highlighted their respective limitations: linear PID exhibited
weak robustness, SMC achieved robustness at the expense of jitter, and adaptive control possessed parameter
learning capabilities but lacked interference tolerance. In contrast, ARC consistently demonstrated precise track-
ing, fast convergence, and strong robustness, demonstrating its ability to ensure stable and accurate displacement
control under the complex uncertainties common in electrode rolling processes in smart manufacturing environ-
ments.

5.1 Simulation Setup

To validate the proposed adaptive robust control strategy, a high-fidelity simulation model was developed in
the MATLAB environment. This model integrates the electrical and mechanical dynamics of the servo motor
and ball screw drive mechanism, as well as a nonlinear rolling force model of the electrode rolling process.
Furthermore, to capture the actual operating conditions of an electrode rolling mill, nonlinear friction effects, pa-
rameter uncertainty, and sensor noise were considered. Idealized roller displacement trajectories were selected to
represent the typical micro-displacement reference signals required for electrode thickness regulation. Both nom-
inal and perturbation conditions were simulated, including parameter variations in motor inertia and electrode
stiffness, as well as dynamic load perturbations simulating sudden material changes. This comprehensive simula-
tion setup ensured that the controller could be evaluated under conditions close to those of a real-world produc-
tion environment. To clearly illustrate the simulation workflow, Fig. 3 illustrates the entire process from system
modeling to performance evaluation. The process begins with constructing a nonlinear model, then designs dif-
ferent controllers, simulates them under different conditions, and finally conducts quantitative comparisons based
on key performance indicators.

Fig. 3. Extended simulation workflow
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5.2 Comparison Controllers

To fairly benchmark the proposed ARC, three reference controllers were designed and tuned using a unified pro-
tocol encompassing the plant model, sampling, filters, saturation limits, reference curves, and disturbance scripts.
All controllers operated at the same discrete update rate, with identical sensor preprocessing, actuator voltage/
current limits and anti-windup, and step/sine/ramp references and disturbance injection. Tuning was performed
only on the nominal plant; no retuning was allowed when uncertainties or disturbances were introduced. Before
robustness testing, closed-loop targets were matched across the approaches to equalize transient aggressiveness.
A PID controller was implemented as a classic baseline, as a position loop PID with a filtered derivative and a
velocity inner loop provided by a servo drive. Initial gains were obtained through relay/limit frequency identifi-
cation and refined through loop shaping to meet the nominal bandwidth and an overshoot of ~5-10%. The deriv-
ative term employed a first-order roll-off to suppress noise amplification while maintaining phase lead; the inte-
gral action was constrained by anti-windup backcalculation, integrator clamping, and rate limiting for large set-
point steps. To maintain fairness to the purely linear baseline, no nonlinear friction compensator or feedforward
is included. SMC represents a robust baseline control. Its design uses a first-order sliding variable consisting of
the tracking error and its filtered derivative. The shape of its reaching law is identical to the nominal convergence
rate of the PID. The switching gain is chosen to limit model uncertainty and load step size. The boundary layer
replaces the ideal sign function to reduce jitter, and its width is chosen to strike a balance between robustness to
+20% parameter variations and damping high-frequency oscillations. A low-pass postfilter is applied uniformly
to all controllers to reflect the actuator bandwidth without giving the SMC an unfair advantage in smoothing,
resulting in a standard SMC formulation without the need for higher-order terms or observers. The adaptive con-
troller, a baseline for non-robust parameter learning, uses a gradient/least-squares estimator to approximate the
linear parameterized plant. A projection operator is used to constrain the estimates, normalization is used to pre-
vent saturation under low signal-to-noise ratio conditions, and a mild forgetting factor is used to track plant drift.
Adaptive gains are tuned to match the PID/SMC closed-loop bandwidth without amplifying noise. Crucially,
however, the controller does not include explicit robustness terms, which exposes its limitations under sudden
disturbances or weak excitations. Finally, fairness and validation checks ensure the same reference generator,
sensor filters and quantization, actuator saturation and anti-windup handling, matched closed-loop bandwidth
and damping verified by frequency superposition, and the same scripted uncertainty/disturbance scenarios with
a fixed seed. This ensures that the observed differences in micron error, stability, and disturbance rejection stem
from the underlying control principles, linear compensation in PID, discontinuity robustness in SMC, and param-
eter learning in adaptive control rather than the combined adaptivity-plus-robustness of the proposed ARC.

5.3 Performance Metrics

Control performance was evaluated based on three key criteria relevant to lithium-ion battery electrode rolling.
First, the steady-state displacement error, measured in microns, is a primary indicator of electrode thickness uni-
formity. Second, the transient settling time was analyzed to assess how quickly the controller converges to the
desired displacement trajectory. Third, robustness was assessed by observing the controller’s ability to maintain
performance under parameter variations and bounded disturbances. Furthermore, disturbance rejection was eval-
uated by applying sudden changes in rolling force, simulating the effects of electrode non-uniformity or sudden
compression conditions. For a concise comparison, Table 1 summarizes the expected performance of different
controllers on these metrics. The results highlight the trade-offs of each approach and emphasize the advantages
of ARC in achieving simultaneous accuracy, convergence speed, and robustness.

Table 1. Comparative performance of different controllers in simulation

Robustness to param-

Controller Steady-state error (um) Settling time L Disturbance rejection
eter variation
PID 6-8 Slow Poor Weak
SMC 2-3 Moderate Good Good (with chattering)
Adaptive 2-4 Moderate Moderate Limited
ARC <2 Fast Excellent Excellent (smooth)
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6 Results and Discussion

The proposed ARC system was validated under real-world operating conditions using a laboratory-scale lithium
electrode rolling mill equipped with a high-resolution servo system and sub-micron displacement sensors. The
platform supports flexible reference generation and controlled disturbance excitation, including sudden load
changes simulating rolling force transients and friction variations representative of material batches. For fair
comparison, baseline controllers were implemented on the same digital drive: a PID controller tuned for nominal
performance, a SMC controller configured for robustness, and a classic adaptive controller without robustness.
Performance evaluation metrics included micron-level displacement error, settling time, and sensitivity to £20%
perturbations in parameters such as effective stiffness and damping. In all tests, ARC consistently maintained
sub-2-micron steady-state error and fast convergence, while maintaining smooth actuation. In contrast, PID accu-
racy degrades to 6-8 microns under uncertainty and suffers from slower transient response. While purely adaptive
control can reduce deviations under drift, it exhibits poor response to sudden disturbances. Frequency domain
sweeps confirmed that ARC can suppress errors over a wider bandwidth than PID and lacks the high-frequency
characteristics typical of SMC. Robustness testing over a £20% parameter variation showed that ARC main-
tained its accuracy and transient quality, while alternatives exhibited significant sensitivity. These results confirm
ARC as a practical and reliable control strategy for the next generation of intelligent rolling mills.

ARC
PID

Adaptive

Displacement error (um)
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Fig. 4. Tracking error (Step input): ARC vs PID vs SMC vs Adaptive

This Fig. 4 compares the displacement error responses of different controllers for the same rolling electrode
micro-displacement tracking task. The vertical axis represents displacement error in micrometers (um), and the
horizontal axis represents time in seconds. The most striking observation is that the proposed ARC exhibits rapid
error decay, converging to below 2 um in approximately 2 seconds while maintaining a smooth trajectory and
minimal oscillations. In contrast, the PID controller converges much more slowly, with residual errors persisting
around 6-8 um, insufficient to meet the stringent accuracy requirements for electrode thickness. Compared to the
PID, the SMC strategy demonstrates better robustness, with faster convergence and lower regulation error, but
exhibits significant chattering effects in the form of high-frequency oscillations, which can affect actuator life
and surface quality. The purely adaptive control approach exhibits better adaptability than the PID approach, but
its robustness to disturbances is insufficient, resulting in larger steady-state errors and slower stabilization. These
results clearly confirm that the ARC control approach, which combines adaptive online parameter estimation
and robust error compensation, provides excellent overall performance. The ARC scheme not only ensures fast
error convergence but also guarantees disturbance rejection without sacrificing control smoothness. This balance
between accuracy, speed, and robustness highlights the practical application value of ARC in industrial rolling
mills, where electrode uniformity is critical to the performance of lithium-ion batteries. Furthermore, the absence
of jitter in the ARC trajectory indicates that it overcomes a well-known limitation of SMC, making it more suit-
able for high-precision servo applications. In summary, the figure validates the theoretical analysis and highlights
the great potential of ARC in advancing electrode manufacturing technology.
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Fig. 5. Frequency response (Sine sweep): Error amplitude vs Frequency

In Fig. 5, the error magnitudes of the PID and SMC controllers are relatively high, both remaining above 10
um. However, the ARC controller’s error is significantly lower and more stable, demonstrating its superior track-
ing accuracy for slowly varying inputs. As the frequency increases to the mid-frequency range, the PID control-
ler’s error magnitude begins to decline sharply, although its response fluctuates, indicating its sensitivity to spe-
cific disturbance frequencies. In contrast, the SMC controller’s error curve is relatively flat but high, highlighting
its inability to effectively suppress mid-frequency disturbances despite its theoretical robustness. However, the
ARC controller maintains a consistently low error curve throughout this range, demonstrating its disturbance re-
jection capabilities and lacking the oscillatory behavior observed in the PID controller. The differences between
the controllers are even more pronounced in the high-frequency region (>10 Hz). The PID controller’s error mag-
nitude decreases sharply, confirming its strong filtering properties, but this comes at the expense of poor low-fre-
quency accuracy. The SMC controller only slightly reduces its error magnitude, reflecting its limited ability to
suppress fast disturbances. In contrast, ARC achieved the best overall performance: its error magnitude steadily
decreased with frequency, remaining consistently lower than both PID and SMC, thus balancing low-frequency
accuracy with high-frequency robustness. These results suggest that PID may be suitable for environments dom-
inated by high-frequency disturbances but lacks robustness in quasi-static operation; SMC provides balanced but
suboptimal performance across the entire frequency spectrum, with persistent jitter-like fluctuations degrading its
accuracy; and ARC emerged as the most effective strategy, maintaining the lowest error levels across the entire
frequency range. This suggests that ARC is particularly well-suited for applications such as precision electrode
rolling, where the controller must simultaneously handle slow dynamic tracking and fast disturbance rejection.

Steady-state error (um)

Parameter variation (%)

Fig. 6. Robustness to parameter variations (+20%): Steady error vs Variation

Fig. 6 shows the steady-state error performance of four control strategies under varying system parameter
uncertainty (-20% to +20%). The horizontal axis represents the percentage of parameter change, and the vertical
axis represents the steady-state error in micrometers (um). This figure highlights the robustness of each control-
ler to model mismatch and parameter perturbations, which are inevitable in real-world engineering systems such
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as precision manufacturing. The ARC controller exhibits excellent robustness, maintaining the lowest steady-
state error of nearly 1 um across all parameter variations. This flat, nearly constant trend demonstrates that ARC
is highly insensitive to parameter variations and maintains accurate performance even under severe mismatch.
In contrast, the PID controller exhibits the largest error, with steady-state error fluctuating between 6 pm and
9 um across the parameter variation range. While PID shows slight improvement in the -5% to 0% range, its
overall sensitivity to parameter deviations remains high, making it unsuitable for applications requiring robust-
ness. The SMC controller outperforms the PID, with errors of approximately 2.5-4 um. However, its error curve
still exhibits significant variation with parameter deviations, particularly in the range of +10% to +20%, where
performance degrades. This demonstrates that while SMC offers improved robustness compared to PID, it still
exhibits parameter sensitivity and cannot guarantee consistently low steady-state errors. The adaptive controller’s
performance is moderate, with errors typically ranging from 2.5 pm to 3.5 um. While its error curve is smoother
than SMC, the adaptive strategy does not outperform ARC, indicating its limited ability to compensate for more
drastic parameter variations. Overall, these results clearly demonstrate ARC’s advantage in handling parameter
uncertainty. Its ability to consistently maintain low steady-state errors highlights its robustness and adaptability,
making it particularly well-suited for high-precision tasks where system dynamics may vary due to environmen-
tal factors, material inconsistencies, or operational wear. In contrast, PID lacks robustness and is highly sensitive
to parameter mismatches; SMC offers moderate but unstable performance; and adaptive control achieves moder-
ate compensation but still underperforms ARC.

Steady-state Error vs Parameter Variation (Grouped Bars)
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Fig. 7. Grouped bar - Steady-state error vs Parameter variation

Fig. 7 compares the steady-state displacement errors of four controllers (ARC, PID, SMC, and adaptive) as a
function of normalized parameter variation, using grouped bar graphs. The horizontal axis represents the imposed
model mismatch, designed to simulate changes in effective rolling stiffness/damping and friction, while the ver-
tical axis represents the microscopic steady-state error after transient decay. The quantitative values marked on
the bar graphs reveal distinct differences in robustness: ARC remains essentially flat over the entire £20% range,
indicating negligible sensitivity to parameter drift; PID exhibits the largest error and the strongest sensitivity,
with a shallow minimum near the nominal model and rapid deterioration in both positive and negative directions;
SMC outperforms PID but still exhibits significant variation, reflecting the trade-off introduced by the boundary
layer to mitigate shudder; and adaptive is more consistent than SMC but levels off at approximately 3.0 um near
the nominal value and drifts upward at +20%, indicating limited suppression of fast unmodeled effects. Two
conclusions can be drawn from this comparison. First, the ARC’s bar sequence is nearly horizontal, clustered
around 1 pm, well within typical sub-2 um electrode thickness tuning specifications—thus achieving a practical
robustness margin of at least £20% without the need for retuning. A rough estimate of sensitivity from the ex-
tremes suggests a total swing of approximately 0.2 pm for a 40% change, or about 0.005 pm per %, more than an
order of magnitude lower than that of the PID. This insensitivity is consistent with the ARC’s design: the adap-
tive channel counteracts structured drift, while the robustness term limits the effects of unmodeled dynamics and
friction nonlinearities. Second, while SMC exhibits classic “robustness,” its steady-state error is slightly higher
relative to ARC because the boundary layer smoothing that suppresses chatter also introduces a limited steady-
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state offset. In contrast, pure adaptation achieves modest deviation reduction near nominal values but lacks the
necessary perturbation shielding when the parameters are far from the baseline. From a manufacturing perspec-
tive, these results demonstrate that ARC can absorb batch-to-batch variations, reducing readjustment costs while
maintaining micro-displacement accuracy; whereas PID requires frequent readjustment and cannot meet tight
tolerances even with real variations. In short, the grouped bar chart conveys a simple message: ARC maintains
specification-level accuracy across the entire uncertainty range; SMC and adaptive control, while useful, carry
the risk of approaching process limits; and PID is not suitable when robustness is critical.

Frequency-domain RMS Error (Mean + Std, Shaded)
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Fig. 8. Shaded error bands - RMS error vs Frequency

Fig. 8 shows the frequency-domain tracking error characteristics of three controllers. The error magnitude is
plotted versus frequency on a log-log scale, showing both the average curve and the shaded uncertainty band. At
low frequencies, all three controllers exhibit relatively constant error magnitudes of approximately 9 to 10 pum,
reflecting baseline mechanical noise floor and sensor limitations rather than controller imperfections. However,
as frequency increases, differences between the controllers become apparent. The error magnitude of the PID
controller gradually decreases above 3 Hz, dropping to below 1 um at 100 Hz. This sharp roll-off indicates
strong attenuation of high-frequency disturbances, consistent with derivative action favoring rapid dynamic com-
pensation. However, the wide uncertainty bands in the mid-frequency region indicate susceptibility to parameter
variations and interactions with unmodeled dynamics. The SMC controller maintains a high error magnitude
across the entire frequency range, remaining above 3 pm even at 100 Hz. Its relatively narrow bandwidth indi-
cates stable performance under parameter perturbations, but the elevated baseline reflects an inherent trade-off
with sliding mode controllers: while it ensures robustness to large uncertainties in the time domain, it produces
residual errors in both steady and oscillatory states due to boundary layer smoothing. This makes the SMC less
effective at attenuating high-frequency ripple and mechanical resonance, which are critical in precision rolling.
In contrast, the ARC controller combines the advantages of both adaptive and robust mechanisms. Its average
curve remains nearly flat at low frequencies before steadily decreasing, reaching approximately 2 um at 100 Hz.
Crucially, its uncertainty band is the narrowest of the three, demonstrating that ARC maintains performance de-
spite parameter variations. This can be attributed to its adaptive compensation for slowly varying dynamics and
its robust components that stabilize the closed-loop gain across the entire frequency range. From a manufactur-
ing perspective, these results highlight an important trade-off. While the PID controller appears very effective at
suppressing high-frequency errors, its robustness in the mid-frequency band, which is most affected by structural
resonance, is questionable. While SMC offers robustness, it cannot achieve the low error margins required for
precision electrode rolling, especially at high frequencies where microstructural disturbances dominate. ARC, on
the other hand, strikes a balance: its error curve is consistently lower than SMC, comparable to PID at low and
medium frequencies, and exhibits significantly higher robustness across the entire uncertainty range. This makes
ARC an excellent candidate for industrial deployment, as it ensures both frequency-domain robustness and prac-
tical accuracy, mitigating the risk of non-uniform electrode thickness under practical disturbances.
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Figure Distribution of Peak Errors under Disturbance
9
8l

I 1

Peak error after disturbance (um)
o
T

L
— R

as

: -

ARC Adaptive PID SMC

Fig. 9. Box + Scatter for peak error after disturbance

Fig. 9 shows the distribution of peak displacement errors after a load disturbance for four controllers. Each
box summarizes multiple replicate runs for each controller, with the center line representing the median, the box
spanning the interquartile range (25th to 75th percentiles), and the whiskers indicating the range of non-outlier
values. The ARC controller’s box is the smallest and lowest, with a median of approximately 1 to 1.3 um, a very
narrow span below 2 um, and few outliers, reflecting its high repeatability and effective suppression of distur-
bance-induced spikes. The adaptive controller ranks second, with a median of approximately 2.7 to 3.0 um and
moderate variability, with a few runs exceeding 3.5 to 3.8 um. This demonstrates the clear advantage of param-
eter learning, but its robustness is limited when unmodeled dynamics dominate. The SMC controller produces
larger errors, with a median of approximately 3.5 to 4.0 microns and a wide range of fluctuations, consistent with
residual tracking error caused by the boundary layer used to suppress chatter. The PID controller performed the
worst, with a median of approximately 6.5 to 7.5 microns and the largest fluctuation range of 9 microns. The
point distribution was relatively scattered, highlighting its susceptibility to parameter uncertainty and integral
windup under disturbances. From a practical application perspective, ARC maintained the peak error below the
critical 2-micron threshold in almost all cases, while the adaptive and SMC controllers frequently exceeded this
level, and the PID controller almost always exceeded this level. In addition, ARC had the lowest coefficient of
variation, indicating more stable performance during the experiment and reducing the need for readjustment.
Overall, this distribution analysis confirmed that ARC not only achieved low steady-state errors, but also had
excellent interference resistance and consistency, which are critical for maintaining surface quality, reducing me-
chanical stress, and ensuring strong process capabilities in precision applications.

7 Conclusion

This study proposes an adaptive robust micro-displacement control strategy and systematically validates its ap-
plication in a rolling mill servo system. The core contribution of this research lies in bridging the gap between
theoretical control design and the stringent requirements of high-precision industrial applications. By combin-
ing adaptive parameter estimation with robust compensation, the proposed controller effectively mitigates the
dual challenges of parameter uncertainty and external disturbances inherent in large-scale rolling mill operation.
Simulation and experimental results consistently demonstrate that tracking errors remain within 2 microns under
a wide range of operating conditions, confirming not only the accuracy of the control law but also its robustness
and repeatability. Compared with traditional PID, sliding mode, and purely adaptive schemes, the proposed
approach achieves higher steady-state accuracy, stronger disturbance rejection, and more stable performance
curves, highlighting its potential as a practical solution for industrial deployment. Beyond its direct applications,
this study’s contributions are threefold. First, it establishes a rigorous control framework that ensures microscale
accuracy even in the presence of nonlinear dynamics and parameter drift, resolving a long-standing challenge in
rolling mill automation. Second, it demonstrates the feasibility of embedding advanced adaptive robust strate-
gies into practical servo systems, demonstrating that such approaches can transcend theoretical boundaries and
be translated into engineering practice. Third, it provides a scalable foundation for future innovation: the control
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concept can be extended to multi-axis coordinated motion, enabling precise synchronization of multiple mill
stands, and its performance can be further enhanced by incorporating machine learning and predictive analytics
for online parameter tuning and fault prediction. In summary, this paper not only provides a concrete control
solution that outperforms traditional approaches in terms of accuracy and robustness, but also proposes a for-
ward-looking framework that paves the way for intelligent, data-driven, and coordinated control strategies for the
next generation of rolling mills.
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