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ABSTRACT: The longitudinal load transfer that occurs in articulated heavy vehicles during severe dynamic manoeuvres presents significant challenges to vehicle stability, braking performance, and cargo safety. While high-fidelity simulation models can capture these dynamics, simplified, control-oriented mathematical models offer a computationally efficient alternative for the development of active safety systems. This study presents the validation of a 12-degree-of-freedom (DOF) tractor-semitrailer longitudinal model using experimental work of Salaani et. al [1]. The objective is to assess the model's fidelity by comparing its simulated dynamic response which focuses on a harsh, straight-line braking manoeuvre from 90 km/h to a complete stop. The validation employs both qualitative visual comparison of time-history data and quantitative analysis using Root Mean Square (RMS) error. The results indicate a strong correlation for longitudinal velocity, with an RMS error below 3%, and a reasonable agreement for longitudinal acceleration, with an RMS error under 13%. The analysis of discrepancies suggests that unmodeled torsional compliances are a primary contributor to the observed error. The model successfully captures the dominant longitudinal dynamics and is a valid and fit-for-purpose tool for the subsequent development and analysis of active control systems aimed at mitigating longitudinal load transfer.
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1.0 	INTRODUCTION
Tractor-semitrailers are fundamental to modern logistics and national economies, responsible for transporting massive volumes of cargo across vast distances [2], [3]. However, their articulated nature and high centre of gravity introduce unique and complex dynamic behaviours that pose significant safety challenges. Among the most critical of these is the phenomenon of longitudinal load transfer. This dynamic event involves the redistribution of vertical forces among the vehicle's axles during periods of acceleration or deceleration. During harsh braking, a substantial portion of the vehicle's weight shifts from the rear axles of the semitrailer and tractor towards the tractor's front steering axle [4], [5].
This transfer of load has several damaging consequences. The increased load on the front axle can approach its design limits, while the corresponding reduction in load on the drive and trailer axles severely diminishes their tire-road grip. This loss of traction can compromise braking efficiency, leading to a significant increase in stopping distance. In more severe scenarios, it can swift vehicle instability, such as a tractor jackknife, where the tractor spins relative to the trailer, or a trailer swing-out [6], [7]. Furthermore, the inertial forces generated during these events are transmitted through the vehicle's structure, particularly the fifth-wheel hitch, and can cause damage to sensitive cargo or, in a worst-case scenario, lead to cargo shifting and colliding with the driver's cabin [8], [9]. Consequently, the ability to accurately analyse, predict, and ultimately control longitudinal load transfer is critical for improving the safety and operational efficiency of heavy commercial vehicles.
The analysis of vehicle dynamics is predominantly conducted through two primary modelling concepts: high-fidelity multi-body simulation and simplified mathematical modelling. Multi-body dynamics software, such as ADAMS or TruckSim, represents the vehicle as a complex system of interconnected rigid and flexible bodies, offering a high degree of accuracy and the ability to capture detailed physical effects [10], [11], [12]. However, this fidelity comes at the cost of significant computational complexity and long simulation times, making these models less suitable for tasks requiring rapid iteration, such as control system design and hardware-in-the-loop testing [13], [14], [15].
Conversely, simplified mathematical models, often formulated with a limited number of degrees of freedom (DOF), represent the vehicle through a set of differential equations derived from first principles [16], [17]. These models are computationally efficient and provide direct access to the system's state variables, making them ideal for the development of control-oriented algorithms [18], [19]. The primary challenge with simplified models lies in ensuring they accurately represent the essential dynamics of the real-world system they are intended to emulate. This necessitates a rigorous two-stage process of verification and validation [20], [21], [22].
Verification is the process of confirming that a model has been implemented correctly and is free of conceptual or programming errors. It often involves comparing the model's output to that of another, more established model under identical conditions to ensure it behaves as designed [23]. Validation is the process of determining the degree to which a model is an accurate representation of the real world from the perspective of the intended uses of the model.1 This is typically achieved by comparing the model's output against experimental data gathered from a physical test vehicle. A model is considered validated if its accuracy is judged to be within an acceptable range for its specific application [24], [25], [26].
This study builds directly upon previous work by the authors, Abdul Manaf et al. [27], in which a 12-DOF longitudinal model of a tractor-semitrailer was developed and subsequently verified. In that study, the model's dynamic response to sudden acceleration and harsh braking tests was compared against outputs from the industry-standard TruckSim software. The verification demonstrated excellent agreement, with Root Mean Square (RMS) errors for all key dynamic variables remaining below 5%, thereby confirming the mathematical and computational correctness of the model's implementation.
Having established the model's verified status, the present work undertakes the critical next step: empirical validation. The primary objective of this paper is to validate the 12-DOF tractor-semitrailer model by comparing its simulated performance against published experimental data. For this purpose, the highly cited and comprehensive dataset from the straight-line braking experiments conducted by Salaani et al. [1] serves as the real-world benchmark. By simulating the exact conditions of this physical test, this study aims to quantify the model's ability to predict the actual longitudinal dynamics of a heavy vehicle under severe braking. This validation is essential to establish the model's credibility as a "fit-for-purpose" tool for its intended application: serving as a reliable platform for the future design and analysis of active control systems to mitigate longitudinal load transfer [28], [29]. A key aim of the study is not just to validate the model, but to quantify its limitations and define the specific contexts in which it is a suitable tool for controller design.
This paper is structured as follows: Section 2 provides a concise overview of the 12-DOF mathematical model. Section 3 details the validation methodology and presents a comparative analysis of the simulation results against the experimental data. Section 4 offers a detailed discussion and interpretation of these results, analysing the sources of any discrepancies. Finally, Section 5 presents the conclusions of the study and outlines directions for future work.
2.0	THE 12-DOF TRACTOR-SEMITRAILER MATHEMATICAL MODEL
This section provides a summary of the 12-DOF tractor-semitrailer model that was developed and verified in a previous study by Abdul Manaf et al. (2023). The model's equations are presented here to ensure this paper is self-contained and the validation methodology is fully transparent and reproducible.

2.1	System Architecture and Modelling Assumptions
The model represents a standard articulated heavy vehicle configuration, consisting of a two-axle tractor unit connected to a single-axle semitrailer via a fifth-wheel hitch joint as shown in Figure 1. The total 12 degrees of freedom are allocated as follows:
i. Tractor: 1-DOF for longitudinal motion, 1-DOF for pitch motion, and 4-DOF for the rotational motion of its four wheels.
ii. Semitrailer: 1-DOF for longitudinal motion, 1-DOF for pitch motion, and 2-DOF for the rotational motion of its two wheels.
iii. Hitch Joint: 2-DOF representing the longitudinal and vertical forces at the coupling point.
The derivation of the model is based on several key simplifying assumptions, which are crucial for interpreting the validation results:
i. The tractor and semitrailer bodies are treated as rigid bodies, neglecting any chassis or frame flexibility.
ii. The Antilock Braking System (ABS) and pneumatic brake system delays are neglected to isolate the fundamental dynamics of load transfer. A constant brake torque is applied.
iii. The vehicle is assumed to move in a purely longitudinal direction, with lateral and yaw dynamics disregarded.
iv. The semitrailer wheels are assumed to rotate freely without braking to simplify the model and focus the analysis on the load transfer generated by the tractor's braking effort.
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Figure 1: Articulated heavy vehicle configuration (Source: Manaf et al. [30])
2.2	Equations of Motion of Tractor-semitrailer
The equations of motion for the tractor and semitrailer are derived using Newton's second law. The core equations governing the longitudinal load transfer (​) for the tractor (subscript 1) (Equation 1) and semitrailer (subscript 2) (Equation 2) are functions of their respective longitudinal accelerations ().
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where m is mass, H is the centre of gravity (CG) height, B and C are the distances from the CG to the axles, and K is an uncertainty compensator. 
The longitudinal acceleration for each unit is determined by the force balance equation, which includes tractive/braking forces, hitch forces, aerodynamic drag, and rolling resistance. The longitudinal acceleration for the tractor (subscript 1) (Equation 3) and semitrailer (subscript 2) (Equation 4) are functions of their respective longitudinal forces ().
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where  is drag force,  is inclination angle and  is gravitational coefficient. This acceleration data be used to analyse the dynamic performance of the tractor-semitrailer model in term of velocity, acceleration and longitudinal load transfer.
To complete the dynamic model, several key subsystems are incorporated. The powertrain model includes a 270-kW turbocharged diesel engine, a torque converter, and a six-speed automatic transmission with a defined shift logic. The engine performance is characterized by torque maps dependent on engine speed and throttle setting.
The longitudinal forces generated at the tire-road interface are calculated using the well-established Pacejka "Magic Formula" tire mode [27], [31], [32]. This analytical model computes the longitudinal force (​) as a function of the dynamic vertical load (​) and the longitudinal slip ratio (SR) of the tire. The slip ratio is defined as in Equation 5:
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where ​ is the vehicle's forward velocity, ​ is the wheel's angular speed, and Ri​ is the effective tire radius.
2.4	The Pitch-Plane Hitch Forces Model
A novel contribution of the underlying model is its modular representation of the hitch joint, termed the "pitch-plane hitch forces model" [27]. This model treats the hitch as an independent subsystem that calculates the longitudinal hitch force (​​) using a second-order ordinary differential equation. The inputs to this model are primary dynamic data from the tractor (longitudinal acceleration, ) and semitrailer (vertical hitch force, ​), as well as driver inputs (brake setting, ​). The governing equation for the braking scenario as in Equation 6.
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The coefficients (​, etc.) are optimized using a Particle Swarm Optimization (PSO) algorithm to match reference data. This modular approach allows the hitch model to adapt to different semitrailer configurations without requiring re-derivation of the system equations, making it highly suitable for control studies. Table 1 lists the key physical parameters used in the MATLAB/Simulink simulation. These parameters are based on the vehicle data reported by Salaani et al. [1] to ensure a direct and valid comparison between the model and the experimental benchmark.
Table 1: Tractor-semitrailer model parameters
	Tractor Parameters
	Semitrailer Parameters

	Sprung Mass (m1​)
	4404 kg
	Sprung Mass (m2​)
	28730 kg

	CG Height (H)
	1.175 m
	CG Height (H2​)
	1.935 m

	Hitch Height (H1​)
	1.100 m
	Dist. CG to Rear Axle (B2​)
	5.221 m

	Dist. CG to Rear Axle (B1​)
	1.110 m
	Dist. CG to Hitch (C2​)
	4.779 m

	Dist. CG to Front Axle
 (C1​)
	2.390 m
	Tire Radius (R3​)
	0.508 m

	Pitch Moment of Inertia 
(I1​)
	35402 kgm²
	Pitch Moment of Inertia
(I2​)
	171363 kgm²

	Frontal Area (A1​)
	2.4 m²
	Frontal Area (A2​)
	4.2 m²

	Tire Radius (R1​, R2​)
	0.508 m
	Drag Coefficient (Cd​)
	0.29

	Wheel Moment of Inertia (Iw​)
	45.300 kgm²
	Rolling Resistance Coeff. (Cr​)
	0.005


3.0	VALIDATION AGAINST EXPERIMENTAL BRAKING DATA
This section details the core empirical work of the study: the validation of the 12-DOF model against physical test data. The methodology, comparative metrics, and results are presented to form an objective assessment of the model's fidelity. The validation process is designed to rigorously compare the output of the simulated model with real-world measurements under identical operating conditions. An analysis of three dynamic parameters will be conducted which is longitudinal velocity, longitudinal acceleration and longitudinal load transfer.
Reference Experiment: The benchmark for this validation is the experimental data from the straight-line braking tests conducted at the Vehicle Research and Test Centre (VRTC) and published by Salaani, Grygier, and Heydinger in their 2003 SAE paper, "Evaluation of Heavy Tractor-Trailer Model used in the National Advanced Driving Simulator" [1]. Specifically, the data from the maximum g-force braking manoeuvre (Test Code SD) is used, where a fully loaded tractor-semitrailer is brought to a complete stop from an initial speed of approximately 90 km/h (45 mph). This severe manoeuvre is chosen because it induces significant longitudinal load transfer, providing a challenging and relevant test case for the model.
Simulation Setup: The braking manoeuvre was replicated within the MATLAB/Simulink environment using the 12-DOF model described in Section 2. The vehicle parameters were set according to Table 1 to match the specifications of the test vehicle used by Salaani et al. The simulation was initiated with the vehicle at a constant velocity of 90 km/h, after which a full braking input was applied, commanding a constant brake torque to the tractor's wheels to achieve a deceleration profile comparable to the approximately 0.5 g reported in the experiment. In this case, the brake torque is manually tuned to match the average deceleration. In this procedure, the vehicle is assumed to accelerate in the longitudinal direction without any steering input given. Hence, the vehicle response acting in a lateral direction can be neglected. The simulation was run using a Heun solver with a fixed step size of 0.001 s to ensure numerical stability and accuracy [32], [33], [34].
Comparative Metrics: To ensure a comprehensive assessment, the validation employs a two-tiered comparison approach, a standard practice in vehicle dynamics research:
i. Qualitative Visual Comparison: The time-history plots of key dynamic variables from the simulation are overlaid on the digitized plots from the published experimental data. This technique allows for an intuitive, visual assessment of the model's ability to capture the overall trend, magnitude, and timing of the dynamic response [35], [36].
ii. Quantitative Error Analysis: The Root Mean Square (RMS) error is calculated to provide an objective, statistical measure of the deviation between the simulated time series and the experimental data. The percentage difference between the RMS values of the two datasets is used to quantify the model's accuracy. An error margin of 0-15% is generally considered acceptable for verifying control-oriented vehicle models [37].
3.1	Quantitative Analysis of Longitudinal Dynamic Responses
This section presents a comprehensive, integrated analysis of the tractor-semitrailer's longitudinal dynamics during a high-speed braking manoeuvre. By examining the longitudinal velocity, acceleration, and load transfer concurrently, a holistic understanding of the proposed model's fidelity against the benchmark data from Salaani et al. (2003) is achieved. The validation results are presented through a direct comparison of the model's simulated output against the experimental data for key longitudinal variables. 
The quantitative assessment of these comparisons is summarized in Table 2. This table presents the RMS values for the proposed model and the published experimental data from Salaani et al. [1], along with the calculated percentage difference. The data shows a very good agreement for longitudinal velocity, with RMS errors of 2.46% for the tractor and 2.43% for the semitrailer. The agreement for longitudinal acceleration is reasonable for a simplified model, with RMS errors of 7.40% for the tractor and 12.13% for the semitrailer. The agreement for load transfer is reasonable for a simplified model, with RMS errors of 6.20% for the tractor and 11.00% for the semitrailer.
Quantitatively, the RMS errors for longitudinal velocity are below 3%, indicating excellent agreement. The errors for longitudinal acceleration, while higher at 7.40% for the tractor and 12.13% for the semitrailer, are still within a range often considered acceptable for simplified, control-oriented models. It is noteworthy that these errors are larger than the sub-5% errors achieved during the model's prior verification against TruckSim software [27]. This difference is expected and provides valuable information about the model's relationship with reality.
The three parameters under analysis—velocity, acceleration, and load transfer—are fundamentally linked. Longitudinal acceleration (​) is the time derivative of velocity and represents the net longitudinal forces acting on the vehicle. This acceleration is the primary driver of longitudinal load transfer. The inertial force () acting at the vehicle's center of gravity (CoG) creates a pitching moment that redistributes the vertical loads on the axles [38]. The negative values for load transfer observed during braking are indicative of a forward transfer of load from the rear axles to the front axles, which is the characteristic response to longitudinal deceleration.
For an articulated vehicle, this dynamic is substantially more complex. The braking forces from the semitrailer are transmitted through the fifth-wheel coupling, influencing the load distribution on the tractor's axles [39], [40]. The observed magnitude of load transfer is significantly larger for the semitrailer (approx. -1600 N) than the tractor (approx. -550 N), which is expected as the semitrailer typically carries more mass at a potentially higher CoG. The fidelity of the simulation is therefore highly dependent on the accurate modelling of this fifth-wheel joint.
Velocity, being the time integral of acceleration, provides a macroscopic view of the event. This mathematical relationship means the velocity curve is inherently smoother, effectively filtering out the high-frequency dynamics visible in the acceleration and load transfer plots. While this provides a clear picture of the overall change in speed, it can also mask important underlying dynamic behaviours that are critical for stability analysis. Therefore, any discrepancies observed in the acceleration data will manifest directly as errors in the load transfer results, while potentially being invisible in the velocity profile.
The validation exercise demonstrates that the 12-DOF mathematical model successfully captures the fundamental characteristics of a tractor-semitrailer's longitudinal dynamics during a severe braking event. The qualitative visual comparison shows that the simulated velocity and deceleration profiles follow the experimental trends closely. The model accurately predicts the overall stopping time and the average magnitude of deceleration, which are the primary, first-order dynamics of the manoeuvre.
Table 2: Quantitative validation results for the 90-0 km/h braking maneuver
	Observation data
	Component
	RMS (Proposed Model)
	RMS (Pub. Data)
	Percentage difference (%)

	Longitudinal velocity
	Tractor
	46.86
	48.04
	2.46

	
	Semitrailer
	46.87
	48.04
	2.43

	Longitudinal acceleration
	Tractor
	3.92
	3.65
	7.40

	
	Semitrailer
	3.96
	3.53
	12.13

	Longitudinal load transfer
	Tractor
	8555
	9121
	6.20

	
	Semitrailer
	25992
	29201
	11.00


3.2	Phase-by-Phase Comparative Analysis of Longitudinal Dynamic Response
The time-series data as illustrates in Figure 2 shows a significant braking event initiated at approximately t=1.2 seconds, sustained for roughly 4.3 seconds, and then abruptly released at t=5.5 seconds. This manoeuvre causes the vehicle to decelerate from an initial velocity of 90 km/h to a complete stop. Here is the phase-by-phase comparative analysis for deeper understanding the model fidelity compared to experimental data. The experimental data was digitized from the published plots using WebPlotDigitizer to create a time-series dataset for direct comparison. 
Braking Application Phase (t ≈ 1.2s – 1.8s): Upon brake application, all three parameters show the expected response. The velocity begins a near-linear decrease from 90 km/h. Concurrently, both the acceleration and load transfer plots show a sharp negative spike. A notable difference exists in the transient response of the latter two. The proposed model exhibits a more rapid, almost step-like response, reaching its initial peak negative load and acceleration in approximately 0.4 seconds. In contrast, the Salaani et al. data demonstrates a slightly slower and smoother ramp-down, taking closer to 0.6 seconds. This sharper response of the proposed model may indicate an idealized brake model that does not fully capture the pneumatic delays inherent in heavy vehicle air brake systems.
Sustained Braking Phase (t ≈ 1.8s – 5.5s): During the period of sustained braking, the velocity profiles of the proposed model and the benchmark data are almost perfectly superimposed, indicating that the model accurately predicts the average braking force and overall deceleration. This is corroborated by the acceleration and load transfer data, where the average values align well (approx. -0.58g deceleration, -500 N tractor load transfer, and -1400 N semitrailer load transfer). This strong agreement suggests that the model accurately captures the fundamental first-order parameters of the vehicle (mass, CoG, braking capacity). However, the oscillatory behaviour during this phase is markedly different in the acceleration and load transfer plots. The proposed model exhibits higher-frequency, lower-amplitude oscillations, while the Salaani et al. data shows lower-frequency, higher-amplitude oscillations. This discrepancy points directly to differences in the modelling of the vehicle's compliant elements, namely the suspension and tires. The "stiffer" and more "nervous" response of the proposed model is characteristic of a system with higher suspension spring rates and/or insufficient damping. These oscillations are averaged out in the velocity plot, masking this important difference in dynamic behaviour.
Brake Release and Rebound Phase (t ≈ 5.5s – 6.5s): This phase reveals the most significant and critical discrepancy between the two models. Upon the abrupt cessation of braking at t=5.5 seconds, the vehicle comes to a complete stop at 0 km/h at approximately t=5.7 seconds in both models, showing excellent agreement in the velocity profile. However, the acceleration and load transfer plots tell a different story. The Salaani et al. data shows a massive positive spike, or rebound, as the stored energy in the suspension is released. The tractor experiences a peak positive acceleration of +0.45g, causing a peak positive load transfer of +400 N. The proposed model captures this rebound event but drastically underestimates its magnitude, predicting a peak acceleration of only +0.35g and a peak load transfer of +300 N. The underestimation is even more severe for the semitrailer. This dynamic event is important for vehicle stability, as a sudden unloading of the steer axle can be an initiating factor for instabilities like jack-knifing. 
System Damping and Settling Phase (t > 6.5s): Following the rebound event, the vehicle remains at rest, and the velocity plots for both models show a steady 0 km/h. In contrast, the acceleration and load transfer plots show the system oscillating as it settles to equilibrium. The oscillations in the Salaani et al. data damp out relatively quickly, returning to a near-zero state by t=8 seconds. The proposed model, however, exhibits more persistent, higher-frequency oscillations. This confirms the earlier hypothesis that the proposed model possesses a lower damping ratio for the primary pitch mode, resulting in a longer settling time following a significant disturbance.
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Figure 2(a): Tractor longitudinal velocity for 90 km/h
[image: Chart, line chart

Description automatically generated]
Figure 2(b): Semitrailer longitudinal velocity for 90 km/h
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Figure 2(c):Tractor longitudinal acceleration for 90 km/h
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Figure 2(d): Semitrailer longitudinal acceleration for 90 km/h
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Figure 2(e): Tractor longitudinal load transfer for 90 km/h
[image: Chart, line chart, histogram

Description automatically generated]
Figure 2(f): Semitrailer longitudinal load transfer for 90 km/h
3.3	Analysis of Model Discrepancies
The results presented in the preceding section provide the basis for a critical evaluation of the 12-DOF model's validity. This discussion interprets these findings, analyses the sources of observed discrepancies, and ultimately assesses the model's fitness for its intended purpose in the context of control system design.
The discrepancy between the low verification error and the higher validation error highlights a crucial concept in simulation: the fidelity gap between a model-to-model comparison and a model-to-reality comparison. The verification process confirmed that the simplified model correctly implements the intended physics as defined within a controlled, idealized simulation environment [41], [42], [43]. The validation process, however, compares the model to the physical world, which includes a host of complex, higher-order phenomena that are intentionally abstracted away in a simplified model. Therefore, the larger error margin in validation is an expected outcome that quantifies the influence of these unmodeled real-world effects.
A primary source of this discrepancy can be attributed to the model's rigid body assumption. Real-world heavy vehicle frames exhibit significant torsional flexibility, a phenomenon that has a noticeable effect on load distribution during dynamic manoeuvres. This point is explicitly validated by the authors of the benchmark experimental study. In their own analysis, Salaani et al. stress that accurate truck dynamics during severe handling manoeuvre cannot be achieved without tractor and fifth wheel torsional compliances. The experimental results show a clear difference between the roll angles of the tractor's front and rear axles, indicating that the chassis is twisting and allowing for independent load transfer at each suspension. Because the 12-DOF model assumes a perfectly rigid frame, it cannot replicate this torsional compliance. This inherent simplification is a significant and well-documented reason for deviations between rigid-body simulations and experimental results for heavy vehicles. The fluctuations observed in the experimental deceleration data, which are absent in the smoother simulation profile, are likely manifestations of these unmodeled structural dynamics and suspension oscillations.
The analysis reveals that the proposed model demonstrates acceptable fidelity in predicting the quasi-steady-state magnitude of longitudinal load transfer during a harsh braking manoeuvre. This indicates a correct basic parameterization of the vehicle's mass, geometry, and CoG location. However, the model exhibits significant deficiencies in predicting the transient dynamics of the system:
i. It overestimates the speed of the initial response to brake application, likely due to an idealized brake model.
ii. It predicts higher-frequency, lower-amplitude oscillations during sustained braking, suggesting incorrect suspension/tire stiffness or damping parameters.
iii. Critically, it severely underestimates the peak load transfer during the brake-release rebound event by 25-39%, a key dynamic for assessing vehicle stability.
iv. It demonstrates a lower overall damping ratio, resulting in a prolonged settling time after disturbances.
In summary, while the proposed model provides a reasonable first-order approximation of longitudinal load transfer, its deficiencies in predicting transient dynamics, especially the critical rebound phase, render it unsuitable for high-fidelity stability analysis or the development of active safety systems in its current form. The identified areas for refinement are essential to enhancing the model's predictive capability and ensuring its outputs are both accurate and conservative for safety-critical applications.
4.0	ANALYSIS OF MODEL FITNESS FOR LOAD TRANSFER MITIGATION CONTROL

A crucial application for vehicle dynamics models is the development of active safety systems and controllers. This section specifically evaluates the fitness of the proposed model for designing a controller intended to mitigate longitudinal load transfer in a tractor-semitrailer. A controller designed to mitigate load transfer must accurately predict and react to the most extreme and rapid changes in the vehicle's state. This is the core requirements for a load transfer controller model. Its primary function is to manage transient dynamics to maintain stability, especially during emergency manoeuvres like harsh braking or sudden brake release. Therefore, the underlying vehicle model used for its design must exhibit high fidelity not in its average or steady-state behaviour, but specifically in its prediction of peak forces, accelerations, and transient responses. A failure to capture these "worst-case" scenarios will result in a controller that is fundamentally under-designed for its safety-critical task [44].
4.1	Evaluation of Model Fitness for High Fidelity Controller
The integrated analysis in the previous sections reveals a critical divergence in the model's performance. The model accurately represents the vehicle's quasi-steady-state longitudinal profile, it incapable to capture accurately the transient dynamics. The model's velocity profile is nearly identical to the benchmark, and its prediction of average deceleration during sustained braking is excellent. This indicates the model is fit for designing controllers that rely on macroscopic vehicle behaviour, such as basic cruise control or fuel economy optimization systems. 
However, for the sake of high-fidelity controller development, there are some key areas that need to be improve. The model's suitability breaks down when examining the very events a mitigation controller would target:
i. Severe Underestimation of Rebound Dynamics: The most significant flaw is the model's inability to predict the magnitude of the rebound event upon brake release at t=5.5s. The model underestimates the peak positive acceleration by 22-26% and, consequently, underestimates the peak positive load transfer by 25-39%. A controller developed using this model would be calibrated to handle a disturbance that is substantially weaker than what occurs. In a real-world scenario, the controller's response would be insufficient, failing to prevent the very instability it was designed to mitigate.
ii. Incorrect Damping and Oscillatory Behaviour: The model exhibits higher-frequency, under-damped oscillations compared to the benchmark. A controller tuned using this model would be designed to manage incorrect system frequencies, leading to poor performance, potential resonance, or instability when applied to the actual vehicle.
The model's failure to capture the magnitude of the brake-release rebound—the most extreme load transfer event in the manoeuvre—is a critical deficiency. A controller designed on this non-conservative foundation would be fundamentally under-engineered. It would provide a false sense of security while being unable to perform its function in a real-world emergency, where the accurate prediction of transient dynamics is essential for preventing loss-of-control events like jack-knifing [45]. For this purpose, a model must be validated based on its ability to predict transient peaks, not just its average or integrated behaviour. 
4.2	Evaluation of Model Fitness for a Simplified PID Controller
This section provides a revised assessment of the model's fitness based on the specific requirement of developing a simplified Proportional-Integral-Derivative (PID) controller. The key constraint is that this controller is intended to manage load transfer during the quasi-steady-state (sustained) braking phase only and is not required to capture or mitigate highly transient dynamics, such as the brake-release rebound. A simplified PID controller for this purpose would primarily aim to maintain a target state during the relatively stable period of sustained braking (t ≈ 1.8s – 5.5s). It would not be designed as a safety-critical system for preventing loss-of-control during abrupt manoeuvres. Given this narrowed scope, the model's fitness can be re-evaluated.
Strengths for Proportional (P) and Integral (I) Gain Tuning: The model demonstrates excellent fidelity in representing the average load transfer during the sustained braking phase. The analysis of the load transfer graphs (Figures 2 (e - f)) shows that the model's predicted average load transfer (~-500 N for the tractor, ~-1400 N for the semitrailer) aligns very well with the benchmark data. This accuracy in the quasi-steady-state makes the model a suitable platform for tuning the Proportional (P) and Integral (I) components of a PID controller. These gains are primarily dependent on the magnitude and persistence of the error from a setpoint, and the model provides a reliable representation of this average magnitude.
Challenges for Derivative (D) Gain Tuning: While the average values align, the model's transient behaviour, even during sustained braking, presents a challenge. The model exhibits higher-frequency, lower-amplitude oscillations compared to the benchmark's lower-frequency, higher-amplitude oscillations. The Derivative (D) term of a PID controller is highly sensitive to the rate of change of the error (i.e., the frequency and slope of these oscillations). Tuning the D-gain on the model's "nervous" and higher-frequency response would likely result in a controller that is poorly matched to the real vehicle's dynamics. It could lead to either an overly aggressive, unstable response or a sluggish, ineffective one when implemented on the actual system.
Summary on Fitness for a Simplified Purpose: For the specified task of developing a simplified PID controller that operates only during sustained braking and ignores transient rebound events, the model is conditionally fit. It is suitable as a foundational tool for selecting and tuning the Proportional (P) and Integral (I) gains, as it accurately represents the average, quasi-steady-state load transfer magnitude. It is poorly suited for tuning the Derivative (D) gain due to the significant mismatch in oscillatory frequency and damping characteristics. This fitness assessment is valid only under the strict assumption that the controller will not be responsible for managing vehicle stability during abrupt transient events. The model's severe underestimation of the brake-release rebound means any controller developed from it would be inherently blind to the most significant load transfer event and must not be considered a safety system.
In summary, the model can be used for initial development and tuning of the P and I term of a non-safety-critical PID controller, but significant challenges and extensive on-vehicle calibration would be required to properly tune the D term and validate the final controller performance.
5.0	CONCLUSION
This study set out to empirically validate a 12-DOF tractor-semitrailer longitudinal model for the purpose of load transfer analysis. The model was simulated under the conditions of a harsh, 90-0 km/h straight-line braking manoeuvre and its dynamic response was compared against published experimental data from Salaani et al. (2003). The validation process successfully demonstrated that the simplified mathematical model provides a strong representation of real-world vehicle behaviour. 
The key findings are summarized as follows:
i. The model exhibited excellent agreement with experimental data for longitudinal velocity, with RMS errors for both the tractor and semitrailer below 3%.
ii. The model showed reasonable agreement for longitudinal acceleration, with RMS errors of 7.40% and 12.13% for the tractor and semitrailer, respectively. These values are considered acceptable for a control-oriented model.
iii. The primary discrepancies between the simulation and experimental data are attributed to unmodeled higher-order dynamics, most notably the torsional compliance of the tractor frame, a factor acknowledged as significant in the source experimental literature.
The primary contribution of this research is the provision of robust, empirical evidence that a simplified, computationally efficient 12-DOF mathematical model can adequately capture the critical longitudinal dynamics of a tractor-semitrailer during a severe braking event. While previous work verified the model's internal consistency against a complex simulation, this study confirms its external validity against physical reality. The implication of this finding is significant for the field of active vehicle safety. It affirms that the validated model is a reliable and effective tool for the subsequent stages of research and development. Engineers and researchers can now proceed with confidence to use this model for the design, simulation, and analysis of active control systems aimed at mitigating longitudinal load transfer, knowing that the platform is grounded in a validated representation of real-world dynamics.
In conclusion, while the proposed model provides a reasonable first-order approximation of longitudinal dynamics suitable for predicting metrics like stopping distance, its deficiencies in predicting transient events render it unsuitable for high-fidelity stability analysis in its current form. This analysis serves as a critical case study on the importance of using appropriate metrics for model validation. A validation process that relies solely on integrated metrics like velocity would inaccurately approve a model that is non-conservative and unfit for safety-critical analysis.
The successful validation of this model paves the way for the next phase of this research program. The immediate future work will involve using this model as a virtual testbed to design and implement an active hitch control system. This system will be designed to dynamically modulate the forces at the fifth-wheel coupling to counteract the longitudinal load transfer during braking. The performance of this novel control system will be evaluated in simulation under the same 90-0 km/h braking scenario analysed in this paper, allowing for a direct assessment of its effectiveness in enhancing vehicle stability and safety.
The model can handle low fidelity mitigation load transfer control. However, the following areas of the model should be prioritized for review and re-parameterization in the future to be use in high fidelity model:
i. Suspension Model: The spring rates (which appear too high) and, most importantly, the damper settings (especially for rebound) should be re-evaluated.
ii. Tire Model: The tire's vertical stiffness and damping parameters should be investigated.
iii. Brake System Model: A more realistic actuation model that incorporates pneumatic lag should be implemented.
iv. Fifth-Wheel Joint Model: The stiffness and damping properties of the fifth-wheel connection must be verified.
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Nomenclature
	
	degree of freedom

	CoG
	centre of gravity

	
	longitudinal load transfer of tractor

	
	longitudinal load transfer of semitrailer

	
	longitudinal tire forces at left/ right sides of the tractor front axle

	
	longitudinal tire forces at left/ right sides of the tractor rear axle

	
	vertical tire forces at the left/ right sides of the tractor front axle

	
	vertical tire forces at the left/ right sides of the tractor rear axle

	
	vertical tire forces at the left/ right sides of the semitrailer rear axle

	
	vertical tire forces at left/ right sides of the i-th axle

	
	longitudinal hitch force during braking

	
	tractor drag force

	
	semitrailer drag force

	
	tractor sprung mass

	
	semitrailer sprung mass

	g
	gravitational acceleration

	
	distance from tractor CG to the tractor front axle

	
	distance from semitrailer CG to the hitch joint

	
	distance from tractor CG to the tractor rear axle

	
	distance from semitrailer CG to the semitrailer rear axle

	
	distance from the hitch to the semitrailer rear axle

	
	tractor CG height

	
	hitch height from ground

	
	semitrailer CG height

	
	tractor longitudinal acceleration

	
	semitrailer longitudinal acceleration

	
	tractor longitudinal displacement

	
	tractor longitudinal velocity

	
	coefficients of rolling resistance

	
	tractor longitudinal slip ratio

	
	effective tire radius

	
	road inclination angle

	
	tractor inertia

	
	semitrailer inertia

	
	axle number: 1 for tractor front axle, 2 for tractor rear axle 
& 3 for semitrailer rear axle
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