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Abstract -
On-site sandwich-panel assembly demands safe, precise

manipulation by heavy-duty equipment operating under dy-
namic, partially known constraints. We present motion-
control design and validation for a retrofitted rotating tele-
handler. A ROS2-compatible Unity digital twin is used for
safe, repeatable tuning. The twin embeds joint-level non-
linearities (backlash, friction, compliance, saturation) to re-
duce sim-to-real mismatch. On top of this simulator, we
implement two joint-space controllers: a baseline PID and
a fractional-order PID with a light predictive term, here
denoted as FOPID-P. Controllers are tuned in simulation
and evaluated on step and frequency response, followed by
a zero-shot transfer of the controller to the real telehandler.
Results indicate that twin-first tuning supports faster, safer
commissioning and reproducible controller comparison in
a construction-relevant setting. This workflow aligns with
sustainable, smart, and lean construction by reducing risky
on-site iterations and unnecessary machine idling.

Keywords -
Construction robotics; Robotic telehandler; ROS; Digital

twin; Unity; Fractional-order control; predictive controller;
PID; Sandwich panel assembly; Sim-to-real.

1 Introduction
On-site assembly of prefabricated envelopes, such as

sandwich panels, increasingly relies on heavy-duty equip-
ment operating in close proximity to humans and un-
der changing, partially known constraints. This context
concentrates several enduring challenges of construction
robotics, including the need for safe human-machine col-
laboration in unstructured environments, the difficulty of
achieving precise manipulation with high-inertia actua-
tion, and the persistent gap between laboratory validation
and field deployment [1]. Recent initiatives have shown
the feasibility and benefits of introducing robotic capabili-
ties into construction workflows, including our previously
introduced pilot that positions a rotating telehandler as
the main manipulator for façade panel assembly [2]. Yet,
moving from proof-of-concept to reliable on-site opera-

tion demands control strategies that explicitly account for
the non-linearities of heavy machinery, such as backlash,
joint flexibility, friction, and saturation.
While construction robotics has progressed rapidly in per-
ception and task planning [3], reliable low-level control
for heavy machines remains under-explored. We there-
fore compare a standard PID baseline against a fractional
controller [4, 5] in a high-fidelity ROS2 digital twin, and
validate zero-shot transfer to a real telehandler. The paper
addresses the specific and industrially relevant problem
of controlling a retrofitted rotating telehandler (Manitou
MRT 2260) for the precise, safe handling of sandwich
panels. Rather than attempting the entire human-robot
collaboration (HRC) assembly pipeline (task allocation,
perception-driven grasping, human-robot interaction pro-
tocols), we focus on the motion-control layer as a pre-
requisite for any trustworthy deployment. Concretely, we
(i) introduce a ROS2-compatible digital twin developed
in Unity that emphasises joint-level realism by modelling
backlash, hysteresis, flexibility, friction, and saturation;
(ii) implement two joint-space controllers as MoveIt2 con-
trollers, a baseline PID and a fractional-order predictive
PID (FOPID-P), tuned in simulation via trial-and-error;
and (iii) evaluate both in several experiments using stan-
dard metrics, followed by zero-shot transfer to the real
machine with the same tuned parameters. The proposed
approach shifts the most hazardous and wasteful parts of
commissioning into a high-fidelity digital twin, reducing
on-site iterations (lean), enabling data-driven supervision
and controller selection (smart), and lowering unnecessary
machine idling and rework (sustainable).

2 Related Work

Broad surveys of construction robotics document a shift
toward HRC and on-site autonomy, while also noting that
field results emphasise perception and task-level planning
rather than low-level control [6]. Heavy equipment, such
as telehandlers, concentrate the core control challenges:
hydraulic actuation with strong non-linearities, long kine-
matic chains, and coupled dynamics that degrade tracking
and amplify risks near humans. Most validation of control
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architectures within these machines remains in standard-
ised cycles or simplified testbeds [7].
Parallel advances in ”robotising” machinery show that
retrofitting is a practical route to research translation [3].
Beyond platform enablement, surveys of emerging tech-
nologies for heavy-duty machines emphasise perception
stacks, connectivity, and digital twinning; they also recog-
nise the difficulty of closing the loop from high-level in-
formation to low-level motion, where actuator physics and
structural compliance dominate error budgets [8].
On the control side, PID remains the de facto baseline due
to transparency and ease of commissioning. However,
fractional-order control has repeatedly shown improved
robustness to modelling errors and joint non-idealities
[5]. In hydraulic settings, impedance/time-delay strategies
have also been explored to mitigate unmodelled dynamics
and oscillations, but their adoption hinges on reliable plant
models and repeatable commissioning procedures [7].
Reducing the sim-to-real gap is therefore central to safe
deployment. Surveys emphasise the need for high-fidelity
structured modelling, domain randomisation and distur-
bance injection to expose controllers to variability dur-
ing tuning before field trials [9]. In construction, several
works emphasise layout/progress monitoring rather than
joint-level dynamics fidelity critical for controller trans-
ferability [10]. This is a key limitation for heavy-duty
robots, where gear trains, long booms, and hydraulic ef-
fects dominate error and safety margins.
In summary, the literature establishes (i) the importance
of retrofitting heavy equipment for on-site robotics, (ii)
the promise of robust controllers, and (iii) the need for
high-fidelity digital twins to support safe commissioning
and transfer. To the best of our knowledge, a telehandler-
centric study that combines an explicit modelling of joint-
level non-linearities, a ROS2-compatible digital twin, and
a MoveIt2-integrated comparison of PID vs. fractional-
order PID, has not yet been reported.

3 Problem Statement
Modern façade assembly with prefabricated sandwich

panels requires heavy-duty machines to manipulate long
loads in proximity to humans and partially known con-
straints. Reliable joint-space tracking must remain safe
under non-linearities, variable inertias, and delays. At
the same time, commissioning must be de-risked through
credible simulation so that controller parameters tuned off-
site transfer with minimal effort to the field. This paper
therefore asks whether a fractional-order controller, tuned
in a high-fidelity digital twin that explicitly embeds joint-
level non-idealities, can deliver robust, zero-shot motion
control for a retrofitted rotating telehandler, thereby laying
a dependable foundation for subsequent perception, HRI,
and task-level automation.

3.1 The CRIARTE R&D Project

The CRIARTE project1 is a 36-month industry-
academia R&D initiative focused on Construction 5.0,
uniting a construction company, a construction collabora-
tive laboratory, a robotics SME, and two higher-education
institutes to push on-site human-robot collaboration from
proof-of-concept towards operational relevance. CRI-
ARTE targets perception, safe co-manipulation, mixed-
reality interaction, scan-to-BIM updating, and a ROS2-
based digital-twin/fleet stack for on-site HRC. The project
builds upon European pilots and testbeds, including
FORTIS2, but goes beyond them by explicitly address-
ing construction-specific challenges, technologies, and
pipelines - this includes joint-level dynamics, integrating
high-fidelity simulation into the development loop.

3.2 Use Case: Sandwich Panel Assembly

The use case concerns on-site façade assembly with
sandwich panels using a robotic telehandler. A ground
worker attaches a vacuum cup to the panel and the tele-
handler, positioned and stabilised with outriggers, hands
over to an autonomous mode. The control-critical phases
addressed in this paper are controller responses where the
robot regulates the panel’s joint-space motion under un-
certain inertial properties and non-linear actuation. Inter-
action channels and higher-level task planning are outside
scope; here we assume reference trajectories and basic
panel properties are available under controlled conditions.

3.3 Robot: Retrofitted Rotating Telehandler

The telehandler was retrofitted to operate as a ROS2-
enabled robotic platform, following a proven pathway
for heavy-duty machines [3]. An embedded gateway
bridges the electro-hydraulic controller over the J1939
CAN bus to ROS2 nodes, enabling joint-space commands
and streaming of time-synchronised telemetry. Two in-
dustrial CANopen encoders were added on previously
uninstrumented joints, the basket (single-turn) and winch
(multi-turn), and integrated via custom firmware into the
machine CAN stack (Fig. 1). A modular sensing and com-
pute payload (3D LiDAR and stereo vision) is installed for
artificial perception but is not exercised in the present
study; here, the critical signals are joint positions, with ac-
tuation routed through the OEM hydraulics under ROS2
control. This configuration yields full joint observabil-
ity and a deterministic actuation/measurement path for the
controllers evaluated later, while keeping the perception
stack available for future HRC and planning layers.

1https://www.p2030criarte.com/
2https://fortis-project.eu/

2

https://www.p2030criarte.com/
https://fortis-project.eu/


2 x CANOpen Encoders

1 x LS LiDAR C16

2 x LS LiDAR CH64W

1 x SL Camera ZED-X

1 x JT AGX Orin

1 x MT Computer MX1

Figure 1. Robotic telehandler retrofitted into a
ROS2-enabled robot with multimodal sensing.
Other sensors shown besides the additionally added
encoders are not exercised in this control study.

4 Digital Twin
High-fidelity digital twins are central to commissioning

heavy-duty, highly non-linear machines without incurring
site risk. For telehandlers with long, compliant kinematic
chains and hydraulic actuation, a simulator that resolves
joint-level effects enables safe tuning, repeatable regres-
sion tests, and credible zero-shot transfer to the field.

4.1 Unity-ROS2 Framework

We implement the digital twin in Unity, lever-
aging the PhysX engine (ArticulationBody joints)
for stable, constraint-consistent multibody dynam-
ics [11]. Unity exchanges messages with ROS2
through the ROS-TCP Connector, which instanti-
ates a lightweight TCP server and auto-generates C#
bindings for ROS2 messages [12]. To mirror the
machine’s ROS2–CAN interface, Unity subscribes to
joint command topics (e.g., telehandlerjoint cmds
as std msgsmsgInt8MultiArray) and publishes
encoder feedback on telehandlerjoint states

(sensor msgsmsgJointState). This 1:1
topic/messaging parity allows controllers integrated
in MoveIt2 to be exercised against the twin or the
real telehandler without code changes, and facilitates
deterministic logging and repeatable closed-loop tests.

4.2 Telehandler Digital Model

The telehandler is represented in URDF as a 9-
joint articulated mechanism anchored at base link:
two proximal revolutes (base to cylinder joint,
cylinder to arm1 joint); three pris-
matic sections forming the tele-
scopic boom (arm link1 to arm2 joint,
arm link2 to arm3 joint,
arm link3 to arm4 joint); two distal revolutes at the
fork/basket interface (arm link4 to armFork joint,

basket link to armFork joint); and a bas-
ket assembly with one revolute and one pris-
matic axis (basket crane link to basket link,
winch link to basket crane link) (Fig. 2). In the
retrofitted machine, the three prismatic boom joints are
driven by the native hydraulic controller as a single exten-
sion axis; consequently, the ROS2 control layer exposes
one virtual boom extension DoF. This yields 6 commanded
DoF overall (excl. base link). The same joint names
and frames are used in MoveIt2 (kinematics/planning)
and in Unity (via ArticulationBody), ensuring that the
same ROS2 controllers operate seamlessly in simulation
and on the physical platform.

base_link cylinder_link arm_link1

arm_link2

arm_link3

arm_link4

armFork_joint

basket_winch_link

basket_crane_link

Figure 2. Digital model of telehandler and construc-
tion testbed designed in Unity with overlaid joint
parent-child relationship.

4.3 Non-linearities

Heavy-duty manipulators exhibit non-idealities that ma-
terially affect closed-loop performance and safety. In the
digital twin we embed the dominant joint-level effects to
reduce the sim-to-real gap and enable controller tuning.
Backlash and hysteresis: Gear trains present directional
deadbands and impact-like transients at reversals [13]. We
use a backlash operator with a gap 𝛿𝑏 and re-engagement
via a Newtonian restitution coefficient 𝜀 ∈ [0, 1]. Around
a contact event, the post-impact velocities of link ( ¤𝑞) and
motor ( ¤𝑞𝑚) are updated as

¤𝑞+ = ¤𝑞 (𝐽ℓ − 𝜀𝐽𝑚) + ¤𝑞𝑚 𝐽𝑚 (1 + 𝜀)
𝐽ℓ + 𝐽𝑚

,

¤𝑞+𝑚 =
¤𝑞 𝐽ℓ (1 + 𝜀) + ¤𝑞𝑚 (𝐽𝑚 − 𝜀𝐽ℓ)

𝐽ℓ + 𝐽𝑚
,

(1)

with ¤𝑞+, ¤𝑞+𝑚 denoting post-impact velocities and 𝐽ℓ , 𝐽𝑚 the
link/motor inertias. Within the backlash gap (|𝑞𝑚 − 𝑞 | <
𝛿𝑏) we latch ¤𝑞 = 0 until re-engagement; (1) captures the
observable ”clunk” and energy loss on tooth re-contact.
Joint flexibility / structural compliance: Long booms
are elastic; transmissions add torsional compliance [14].
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A standard two-inertia spring-damper coupling (motor-
link) reproduces load-dependent deflection and ringing:

𝜏𝑚 = 𝐽𝑚 ¥𝑞𝑚 + 𝐵𝑚 ¤𝑞𝑚 + 𝐾𝑚 (𝑞𝑚 − 𝑞),
𝐾𝑚 (𝑞𝑚 − 𝑞) = 𝐽ℓ ¥𝑞 + 𝐵ℓ ¤𝑞 + 𝜏ext,

(2)

where𝐾𝑚 is the equivalent stiffness, 𝐵𝑚, 𝐵ℓ viscous losses
on the motor, and 𝜏ext aggregates gravity/contact effects.
Non-linear friction: To avoid bias and chatter at low
speeds, we employ a composite law with a set-valued stic-
tion region and smooth Stribeck decay [15]:

𝜏 𝑓 ( ¤𝑞) =
{
𝜏 ∈ [−𝜏𝑠 ,+𝜏𝑠], ¤𝑞 = 0,(
𝜏𝑐 + (𝜏𝑠 − 𝜏𝑐)𝑒−( | ¤𝑞 |/𝑣𝑠 )

𝛾 ) sgn( ¤𝑞) + 𝐵 ¤𝑞, ¤𝑞 ≠ 0,
(3)

with 𝜏𝑠 (stiction), 𝜏𝑐 (Coulomb), 𝐵 (viscous), and (𝑣𝑠 , 𝛾)
shaping the Stribeck transition. A gate around ¤𝑞=0 repro-
duces stick-slip observed on sliding sections and bearings.
Actuator saturation and rate limits: The commanded
effort is clamped to the physical envelope and, optionally,
slew-rate limited to emulate hydraulic dynamics [16]:

𝜏 = sat(𝜏cmd;−𝜏max, 𝜏max) =

−𝜏max, 𝜏cmd ≤ −𝜏max,

𝜏cmd, |𝜏cmd | < 𝜏max,

𝜏max, 𝜏cmd ≥ 𝜏max.
(4a)

¤𝜏 = sat( ¤𝜏cmd;−𝑟max, 𝑟max). (4b)

which aligns the simulation with the real machine and
supports anti-windup logic in the controllers.

The numerical parameters in (1)-(4) were empirically
calibrated through an iterative sim-to-real procedure.
Starting from physically plausible values, we executed
representative motion primitives in both the digital twin
and the real telehandler under different controller gains
and compared salient response features (e.g., overshoot,
settling time, etc). The parameters were then progres-
sively adjusted until the simulated responses reproduced
the observed real-machine trends with consistent qualita-
tive agreement. A formal parameter identification method
will be addressed in future work through data-driven opti-
misation over logged telemetry.
Configuration- and load-dependent effects: Gravity and
payload torques grow with boom elevation and extension,
shifting equilibria and effectively amplifying frictional
losses along prismatic sections. We include configuration-
dependent bias and extension-scaled friction to emulate
these couplings, aligning with observations from heavy-
equipment studies where geometry and load profoundly
shape closed-loop behaviour [14, 7].
With these non-linearities embedded and I/O parity to the
machine established, we now detail the controller designs.

5 Control Architecture
The telehandler is controlled as a set of joint loops

driven by a motion pipeline: high-level commands (way-
points or joint trajectories) are converted by MoveIt2 into
joint-space references, which are then tracked by per-joint
position controllers running at a fixed sampling rate 𝑓𝑠 .
Each controlled joint 𝑗 receives a reference 𝑞∗

𝑗
[𝑛] and

publishes a measured position 𝑞 𝑗 [𝑛]; the loop error is
𝑒 𝑗 [𝑛] ≜ 𝑞∗

𝑗
[𝑛] − 𝑞 𝑗 [𝑛]. The closed-loop control prob-

lem decomposes into the 6 channels/joints introduced in
the previous section, with one controller per channel. In
revolute joints the controller regulates angular position; in
prismatic joints it regulates linear displacement. Gains are
first identified in the digital twin and then transferred as-is
to the retrofitted machine for zero-shot validation.

5.1 MoveIt2 Framework

Controllers are implemented as a MoveIt2 ROS2 plugin
that consumes trajectory msgs/JointTrajectory
and sensor msgs/JointState and advances point-by-
point within a given tolerance. For each waypoint, the
node computes per-joint position errors 𝑒 𝑗 [𝑛], wrapping
angles for revolute joints via the shortest angular distance
and using direct differences for prismatic joints. A generic
controller core then maps {𝑒 𝑗 [𝑛]} to control commands
{𝑢 𝑗 [𝑛]}. Around it, the stack applies non-linearities (Sec-
tion 4.3) and collision checks. Joint feedback is read
from /telehandler/joint states and velocity com-
mands are converted to the telehandler’s low-level inter-
face through the compact /telehandler/joint cmds
drive vector. Emergency stop, pause/resume, and cancel
are handled consistently via a ROS2 action server. Re-
plans, when triggered, replace the active trajectory seam-
lessly. This arrangement yields a reproducible joint-space
follower in which controllers differ only in how 𝑢 𝑗 [𝑛] is
computed from 𝑒 𝑗 [𝑛].

5.2 Baseline: PID Controller

We adopt a standard parallel PID as the reference
controller, with a first-order filtered derivative and anti-
windup around the actuator limits. In the Laplace domain
the law reads

𝑈 (𝑠) =

(
𝐾𝑝 +

𝐾𝑖

𝑠
+ 𝐾𝑑

𝑠

1 + 𝜏 𝑓 𝑠

)
𝐸 (𝑠), (5)

where𝐾𝑝 ,𝐾𝑖 ,𝐾𝑑 are the proportional, integral and deriva-
tive gains, and 𝜏 𝑓 > 0 is the derivative filter time con-
stant (a standard practice to mitigate noise amplification
and high-frequency spillover in real actuators [16]). For
real-time execution within the MoveIt2/ROS2 controller
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plugin, we use a simple, numerically robust discrete real-
isation with sampling period ℎ and 𝑒𝑛≜ 𝑒(𝑛ℎ):

(Integrator) 𝐼𝑛 = 𝐼𝑛−1 + 𝐾𝑖

ℎ

2
(
𝑒𝑛 + 𝑒𝑛−1

)
, (6)

(Filtered derivative) 𝑣𝑛 = 𝛼 𝑣𝑛−1 + (1 − 𝛼)
𝑒𝑛 − 𝑒𝑛−1

ℎ
,

𝛼 =
𝜏 𝑓

𝜏 𝑓 + ℎ
,

(7)
(Unsaturated output) 𝑢𝑛 = 𝐾𝑝 𝑒𝑛 + 𝐼𝑛 + 𝐾𝑑 𝑣𝑛, (8)

(Saturation) 𝑢sat
𝑛 = sat

(
𝑢𝑛; 𝑢min, 𝑢max

)
, (9)

(Back-calculation) 𝐼𝑛 ← 𝐼𝑛 + 𝐾𝑎𝑤 ℎ
(
𝑢sat
𝑛 − 𝑢𝑛

)
,

(10)
where 𝑒𝑛 is the current tracking error, 𝑣𝑛 is the filtered
discrete derivative, 𝑢min, 𝑢max are the joint-level limits,
and 𝐾𝑎𝑤 ≥ 0 is the anti-windup gain. The trapezoidal
integral in (6) improves bias rejection without excessive
phase lag; the first-order derivative filter (7) is the discrete
counterpart of 𝑠/(1 + 𝜏 𝑓 𝑠) in (5).

This means that we expose three per-joint free parame-
ters {𝐾𝑝 , 𝐾𝑖 , 𝐾𝑑}, yielding a 6×3 parameter state (18 pa-
rameters). The first-order derivative filter constant 𝜏 𝑓 and
the anti-windup gain 𝐾𝑎𝑤 are treated as global implemen-
tation settings to minimise the tuning burden. This base-
line is implemented as a MoveIt2 controller and interfaces
the telehandler throughsensor msgs/JointState, driv-
ing joint commands at 𝑓𝑠 = 1/ℎ. At this stage, the gains
were obtained through a staged manual tuning in the digital
twin. Starting from conservative gains, 𝐾𝑝 was first in-
creased to obtain a responsive closed-loop behaviour with-
out excessive oscillation; 𝐾𝑑 was then adjusted to reduce
overshoot; finally, 𝐾𝑖 was introduced gradually to compen-
sate steady-state offsets. This process was repeated across
representative motion primitives and operating configura-
tions until a stable compromise was reached between rise
time, overshoot, settling, and residual oscillation.

5.3 Fractional-Order PID Controller

To improve robustness against the non-linearities of
heavy-duty actuation previously introduced, we adopt a
fractional-order PID (PI𝜆D𝜇), which enables non-integer
integration and differentiation orders 𝜆, 𝜇∈ (0, 1] [17, 18].
Fractional controllers have shown favourable phase mar-
gins and disturbance rejection under model uncertainty
[5, 19]. In our design, we further include a light pre-
dictive term that extrapolates the near-future error to at-
tenuate small effective delays in the loop (e.g., sens-
ing/communication latency), yielding an FOPID-P law:

𝑢(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖 𝐼
𝜆
𝑡 {𝑒}(𝑡) + 𝐾𝑑𝐷

𝜇
𝑡 {𝑒}(𝑡)

+ 𝐾pred
(
𝑒(𝑡 + Δ) − 𝑒(𝑡)

)
,

(11)

where 𝐼𝜆𝑡 and 𝐷𝜇
𝑡 denote the fractional integral and deriva-

tive of orders 𝜆 and 𝜇, 𝑒(𝑡 + Δ) is a short-horizon pre-
diction of the error, and 𝐾𝑝 , 𝐾𝑖 , 𝐾𝑑 , 𝐾pred ≥ 0 are gains.
For real-time execution inside MoveIt2/ROS2, we use a
Grünwald-Letnikov (GL) discrete approximation, which
realises fractional operators as finite-memory convolu-
tions with binomial weights [20], leading to

𝐼𝜆𝑡 {𝑒}(𝑡𝑛) ≈ ℎ𝜆
𝑁∑︁
𝑘=0

𝑤
(𝜆)
𝑘
𝑒𝑛−𝑘 ,

𝐷
𝜇
𝑡 {𝑒}(𝑡𝑛) ≈ ℎ−𝜇

𝑁∑︁
𝑘=0
(−1)𝑘𝑤 (𝜇)

𝑘
𝑒𝑛−𝑘 ,

(12)

with 𝑒𝑛 = 𝑒(𝑡𝑛), sampling period ℎ, 𝑡𝑛 = 𝑛ℎ, truncation
(memory length) 𝑁 , and recursively computed weights
𝑤
(𝛼)
0 = 1, 𝑤 (𝛼)

𝑘
= 𝑤

(𝛼)
𝑘−1

𝛼−(𝑘−1)
𝑘

for 𝛼 ∈ {𝜆, 𝜇}, which
avoids repeated Gamma-function evaluations and is nu-
merically stable for online use [20]. The predictive term
uses a one-step linear extrapolation,

𝑒𝑛 = 𝑒𝑛 + Δ
𝑒𝑛 − 𝑒𝑛−1

ℎ
, (13)

with small horizon Δ to remain conservative. The discrete
control update becomes

𝑢𝑛 = 𝐾𝑝𝑒𝑛 + 𝐾𝑖ℎ
𝜆

𝑁∑︁
𝑘=0

𝑤
(𝜆)
𝑘
𝑒𝑛−𝑘

+ 𝐾𝑑ℎ
−𝜇

𝑁∑︁
𝑘=0
(−1)𝑘𝑤 (𝜇)

𝑘
𝑒𝑛−𝑘 + 𝐾pred (𝑒𝑛 − 𝑒𝑛).

(14)
It is noteworthy that the additional degrees of freedom

𝜆 and 𝜇 shape memory and phase lag, i.e., choosing 𝜆 < 1
mitigates integral wind-up and improves low-frequency
robustness; 𝜇 < 1 filters high-frequency noise [18, 19].
We adopt a simulation-guided tuning: (i) start from the
classical PID (𝜆 = 𝜇 = 1) introduced before to obtain a
baseline; (ii) reduce 𝜆, 𝜇 in [0.6, 1.0] while re-balancing
𝐾𝑖 , 𝐾𝑑 to meet time-domain targets; (iii) introduce a small
predictive gain 𝐾pred with Δ≪ ℎ to compensate mild de-
lays. Anti-windup and actuator saturation are enforced
around equation (14). Considering the presented control
architecture, this means that, for the fractional-order con-
troller each joint carries {𝐾𝑝 , 𝐾𝑖 , 𝐾𝑑 , 𝜆, 𝜇, 𝐾pred}, i.e., a
6×6 parameter state (36 parameters), while the prediction
horizon Δ, discretisation step ℎ, GL memory length 𝑁 ,
and any safety clamping are shared.
We next quantify, in the twin and on hardware, how the
baseline PID and the proposed FOPID-P behave under a
series of experiments.

5



6 Experimental Results
We evaluate the two joint-space controllers, baseline

PID and the proposed FOPID-P, first in the Unity-ROS2
digital twin and then on the real retrofitted telehandler
without re-tuning. The study is organised to isolate effects
and quantify transferability.

6.1 Setup

We harmonise simulation and field protocols to enable
like-for-like comparisons. Controller parameters are ob-
tained by trial-and-error in simulation as depicted in the
Table 1. Data logs contain time-stamped joint states, con-
troller internals (error, control effort), and event flags (sat-
uration/stall), from which the metrics are computed offline.

Table 1. Controller tuning parameters
Controller 𝐾𝑝 𝐾𝑖 𝐾𝑑 𝜆 𝜇

PID 1.0 3.0 0.0737 – –
FOPID-P 5.98 4.38 0.088 1.03 1.47

6.2 Step and Frequency Response

To characterise joint behaviour and controller robust-
ness, each controlled joint is excited with bounded, sym-
metric position steps sized to a moderate fraction of its
travel, with randomised initial configurations to vary grav-
ity/payload bias. For each step, we record the response un-
der PID and FOPID-P. Figure 3 shows the step response of
the two controllers, where it can be seen that the FOPID-P
reaches the desired set point faster.

Figure 3. Step response.

To assess the robustness of the controllers in the face of
disturbances, an impulse disturbance was simulated and
introduced into the system. Figure 4 shows the behaviour
of both controllers, with FOPID-P standing out as it has a
lower stabilisation time due to its higher damping compo-
nent than PID, which exhibits more oscillations.

Figure 5 shows the behaviour of the controllers when
following a given trajectory. Due to the smooth response
of the FOPID-P, it once again stands out when compared

Figure 4. Controller behaviour under disturbance.

to the baseline PID. This is complemented with a quanti-
tative analysis to assess the robustness of each controller,
as depicted in Table 2. The table shows that FOPID-P
outperforms the PID in all metrics.

Figure 5. Response to a given trajectory.

Table 2. Non-linear system results.
Test PID FOPID-P Imp. (%)
Step response 0.795 0.573 27.9
Disturbance rejection 0.945 0.679 28.1
Variable set point 1.000 0.763 23.7

6.3 Zero-shot Real-World Assessment

Finally, we deploy both controllers on the real tele-
handler, using the same parameters obtained in simula-
tion. The platform executes a construction-relevant mo-
tion sequence: picking a sandwich panel from the pile,
transporting it towards the façade, and returning it to
the pile. Figure 6 reports the MoveIt2 reference along
with the measured joint responses for both controllers.
It is noteworthy that there was no need to control the
basket crane link to basket link (therefore omit-
ted from the plot), since the winch joint provides sufficient
distal flexibility to complete the task while respecting the
imposed kinematic and safety constraints.

The results show that FOPID-P achieves tighter tracking
and a more prompt transient than the baseline PID, which
exhibits a pronounced lag and residual error during phases
with stronger coupling. This becomes particularly evident
after the payload is engaged (from the second vertical grey
line around the 300 s mark), where the PID tracking slows
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Figure 6. Joint-space response to a full pick-and-place assembly trajectory executed by the real robotic telehandler.

down and deviates more from the reference. To comple-
ment the qualitative comparison in Fig. 6, we computed
the normalised root mean squared error (NRMSE) and the
normalised mean absolute error (NMAE) from the real-
world trajectories. FOPID-P reduces the mean NRMSE
from 22.0% to 4.3% and the mean NMAE from 13.6%
to 2.5%, corresponding to improvements of 80.5% and
81.9%, respectively. At joint level, the NRMSE reduction
ranges from 67.1% to 90.2%, indicating that the tighter
tracking achieved by FOPID-P is not limited to a single
axis. Since these results are based on one representative
execution per controller, they should be interpreted as de-
scriptive case-study evidence rather than as a statistical
comparison, which is foreseen as future work.

7 Conclusions and Future Work

This paper presented a motion-control workflow for a
retrofitted rotating telehandler targeting sandwich panel
handling in construction. A ROS2-Unity digital twin was
developed and enriched with joint-level non-linearities to
reduce sim-to-real mismatch and de-risk commissioning.
On this foundation, we implemented and evaluated two
MoveIt2-integrated joint-space controllers: a baseline PID
and a fractional-order PID with a light predictive term
(FOPID-P). Both simulated an real-world experiments de-
picted the superiority of the FOPID-P, particularly after
payload engagement. These findings indicate that high-
fidelity digital twins with explicit joint-level effects can
make controller tuning more repeatable and transferable
for construction robots. Future work will automate the tun-
ing process and expand the evaluation to longer assembly
routines.
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