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Abstract— Heavy commercial road vehicles (HCRVs) can
loss directional stability during combined steering and
emergency braking (CSB) on low- and split-friction roads,
where pneumatic brake delays and strong lateral-roll coupling
limit corrective yaw-moment capacity. To bridge this safety
gap, this paper proposes a lightweight, deep-learning (DL)
-assisted reference yaw-rate generator by fusing a steady-state
bicycle prior with a parameter-efficient neural residual trained
on synthesized data from IPG TruckMaker® which can ensure
runtime safety and out-of-distribution gating. The reference
yaw rate is evaluated in closed loop as the tracking target
of a dual-mode framework based nonlinear model predictive
control (D-NMPC) based unified electronic stability control
(ESC) system that realises corrective direct yaw moment
through differential braking, by intelligently switching
regimes: executing pressure overlays during non-braking
phases and utilizing slip modification during active braking.
This approach allows seamless coordination with an Optimal
Reference Slip Algorithm (ORSA) and a three-phase previously
developed ABS algorithm (SWATA). This is Evaluated on an
IPG TruckMaker® pneumatic-brake hardware-in-the-loop
(HiL) platform. Compared to an ABS-only baseline, the
proposed ESC robustly bounds sideslip and lateral load
transfer ratio margins, delivering a 30—40% improvement in
yaw tracking and directional stability during critical medium
friction-road maneuvers.

Keywords—Electronic stability control, neural residual
model, nonlinear model predictive control, roll-yaw control,
reference yaw-rate generation.

I. INTRODUCTION
A. Motivation
Road traffic injuries remain a major public-health concern,
with HCRVs contributing a disproportionate share of severe
outcomes despite representing a smaller fraction of the
vehicle fleet [1], [2]. From a vehicle-dynamics perspective,
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HCRVs are challenging platforms for ESC because yaw
stability and roll stability are coupled through load transfer,
the center-of-gravity height varies substantially with pay-
load, and the available corrective dynamic yaw moment is
often limited by brake actuator bandwidth [3]-[5]. These
limitations are amplified in CSB on low- and split-friction
pavements, where ABS can preserve wheel slip but may still
permit excessive yaw response and sideslip angle growth that
degrades directional performance [5].

B. Related Work

CSB maneuvers induce severe directional and roll in-
stabilities, further complicated by substantial load transfer
and pneumatic actuation delays [4], [5]. Consequently, re-
cent research integrates wheel slip regulation with DYC to
actively manage these heavy-vehicle-specific actuator lim-
its during critical interventions [6], [7]. NMPC effectively
handles these multi-objective requirements and operational
constraints [8], [9]. Simultaneously, hybrid physics-informed
neural networks demonstrate superior accuracy in captur-
ing highly nonlinear lateral vehicle dynamics [10], [11].
Evaluating these control architectures requires HiL testing,
as physical pneumatic pressure regulation strictly limits the
achievable transient yaw response [12], [13].

C. Research Gap

Existing HCRV stability literature predominantly uses
simplified, physics-based reference models with conventional
sliding-mode control (Table I). This reveals a few critical re-
search gaps for vehicles operating under the variable surface.

First, while hybrid networks improve lateral dynamics
prediction [10], their empirical evaluation as real-time,
parameter-efficient reference yaw-rate generators for HCRVs
under severe lateral-roll coupling remains unexplored.

Second, there is a distinct lack of this dual-mode frame-
work and integrated architectures combining DL-assisted ref-
erence generation with a constrained D-NMPC framework,
evaluated within a pneumatic-brake HiLL setup.

D. Contributions

To address the identified gaps, this paper presents three in-
terconnected contributions for HCRV stability control. First,
it proposes a DL-assisted reference yaw-rate generator that
uses a parameter-efficient neural residual relying solely on
steering angle and longitudinal speed. Second, this reference
is tracked by a roll-aware D-NMPC that explicitly man-
ages pneumatic actuator saturation and lateral load transfer
constraints. Finally, the complete architecture is evaluated
on an IPG TruckMaker® HiL platform, demonstrating the



TABLE I: Literature survey on yaw stability and ESC
strategies for heavy vehicles

S.R.  Author(s) Variable Control Method? Reference  Vehicle Tire HiL /
No. Required' Model Type' Model for  VT®
(DYC)? Control
Design
ABS DYC
1 Mirzaeinejad 1Y Nonlinear Tmplicit Nonlinear PC Magic No
& Mirzaei ABS DYC via Single-Corner Formula
(2014) [14] Torque Model
. Opt.
2 Morrison & v, 3,112, A SMC RBA SS, lateral HCRV  Fancher No
‘ebon dyn. with roll tire model
(2017) [4] . coupling
3 Wang et al. (NP SMC SMC SS, 2-DoF PC Magic VT
(2018) [6] bicycle Formula
) Model
4 Li et al. ¥, B, A SMC PID 2 DoF model HCRV Dugoff tire  HiL
(2019) [15] for three-axle model
. vehicle
5 Patil et al. A SMC SMC SS, 3-DoF  HCRV Magic HiL
(2022) [5] Lateral dyn. Formula
with roll 6.1
coupling
6 Proposed P, B, A, ORSA-  D-NMPC Bicycle HCRV  Pacejka HiL
‘Work LTR Adapted Model + (Truck,
SWATA Deep Comb.
ABS Residual NN Slip)

Notes: ' yaw rate; 3: sideslip; 12: art. yaw rate; A: wheel slip. 2ABS: anti-lock
braking; DYC: direct yaw-moment control; SMC: sliding mode; RBA: rule-based. 38s:
steady-state; DoF: degree of freedom. *PC: passenger car; HCRV: heavy commercial
road vehicle. HiL: hardware-in-the-loop; VT: vehicle testing.
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Fig. 1: Free-body diagram of the HCRV in roll plane.

integration of the DL-based reference and D-NMPC with an
ORSA and SWATA ABS under realistic pneumatic delays.

II. VEHICLE MODELING AND EXPERIMENTAL PLATFORM

A. Vehicle Configuration and Assumptions

The target vehicle is a rigid, single-unit 4 x 2 HCRV.
To formulate a computationally efficient control-oriented
prediction model, the following standard assumptions are
applied [5]: 1) pitch dynamics are neglected, allowing longi-
tudinal load transfer to be treated quasi-statically; 2) steering
angles are assumed small; and 3) the sprung mass rolls about
a fixed horizontal ground-parallel axis.
B. Lateral, Yaw, and Roll Dynamics

Using a body-fixed frame, the non-linear 3-Degrees of
Freedom chassis dynamics capturing the vehicle’s lateral
velocity, v,(t), yaw rate, r(t), and roll angle, ¢(¢), are
established. The associated governing differential equations,
which balance the inertial forces and moments with the
lateral tire forces, corrective direct yaw moment, and sus-
pension roll characteristics, have been comprehensively for-
mulated and experimentally evaluated in previous studies [5].

The vehicle sideslip angle is 8(t) = tan™" (v, (t)/v4(t)),
and the respective axle slip angles are derived using standard
kinematic relations [5].

C. Normal Loads and Rollover Indicator
To retain critical pitch and lateral load transfer effects

without expanding the differential state vector, the instan-
taneous wheel normal loads, Fz,ij(t), are computed alge-
braically from the longitudinal and lateral accelerations,
as formulated in [5]. The rollover propensity is actively
monitored via the lateral Load Transfer Ratio:

(Feie(t) + Foe () = (Fon(t) + Fen(t))
Zij F.i5(t) .

A conservative intervention band limits the operational state,
triggering rollover-preventive action when |LTR(¢)| > 0.8
and releasing it when |LTR(¢)| < 0.7. These specific activa-
tion and hysteresis thresholds are adopted from established
heavy vehicle stability research to guarantee timely interven-
tion prior to irreversible wheel lift-off while simultaneously
mitigating detrimental control chattering [16].
D. Tire Model and Pneumatic Brake Actuation

The HiL plant employs a combined-slip Magic Formula
tire model [17] within IPG TruckMaker®. The braking slip
ratio A;;(t) is defined conventionally as the normalized
difference between the wheel-center longitudinal speed and
the tire’s tangential speed [5].

To capture the essential physical delays that limit control
bandwidth, each electro-pneumatic regulator is modeled as a
first-order system, as experimentally evaluated in [5], [18].

LTR(t) =

€y

III. ESC-ABS ARCHITECTURE AND HIL PLATFORM
Figure 2 illustrates the proposed integrated control archi-

tecture, which systematically coordinates reference genera-
tion, predictive yaw stabilization, and physical wheel-slip
regulation. An estimator first estimates longitudinal speed
v (t), sideslip angle ((t), and wheel-slip ratios A;;(t) using
filtered sensor data. These states feed the DL generator to
produce a bounded yaw-rate target r..¢(¢) and the ORSA
to determine the friction-adaptive optimal slip Aqpe(t) [13].
Tracking these targets, the D-NMPC computes a corrective
direct yaw moment while explicitly managing pneumatic
actuator constraints. To ensure compatibility with active
braking, the D-NMPC dynamically switches its differential
braking execution from direct pressure overlays during pure
cornering to slip-target shaping during CSB maneuvers. A
supervisory command blender resolves these stability inter-
ventions with driver demands, passing the final targets to a
three-phase SWATA ABS [19]. The complete framework is
evaluated on a HiL platform that couples IPG TruckMaker®
and MATLAB/Simulink® with physical electro-pneumatic
brake hardware, subjecting commanded pressures Pies i;(t)
to actual pneumatic delays before realization as wheel torque.

IV. DL-ASSISTED REFERENCE YAW-RATE GENERATOR
HCRVs operating on variable-friction surfaces experience

severe lateral-roll coupling during CSB maneuvers that stan-
dard bicycle models inherently fail to capture. To establish
an accurate yet interpretable yaw-rate reference, this paper
proposes a hybrid framework that augments a steady-state
prior with a parameter-efficient neural residual. While the bi-
cycle model provides a baseline, the neural residual explicitly
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Fig. 2: Proposed integrated control architecture combining DL-assisted reference generation, D-NMPC, and ABS.
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captures the complex yaw-roll dynamics and tire saturation
effects learned directly from high-fidelity TruckMaker® data,
combined explicit runtime safety guards.

A. Bicycle Prior and Hybrid Reference Definition
Let 0y0aq(t) denote the effective front-axle road-wheel

steering angle (after steering-system mapping), v, (t) the
longitudinal speed, and L the wheelbase. The neutral-steer
yaw-rate prior is

2 (T
ro(t) = “L( ) Srona(t). ©
The DL-assisted reference yaw rate is defined as
Tref (t) =To (t) +7rAa (t), (3)

where 7a(t) is a bounded, filtered residual correction pro-
duced by the neural residual block and the runtime safety
guards detailed in Section IV-C.

B. Residual Network, Filtering, and Normalisation
The residual uses only the measured pair (vg(t), droad (t))

to avoid parameter-heavy dependence on uncertain tire and
load states. Using training-set statistics p, and o, the
normalised feature vector §(¢) is computed element-wise as
. t) —
s(t) = S, )
o

A 2-hidden-layer (16-16) structure was selected by
validation-based architecture screening under a parameter-
budget constraint, which showed no consistent improvement
from larger networks. A hyperbolic tangent activation was

chosen for its smooth, bounded, signed nonlinearity, which
is appropriate for residual yaw-rate correction:

h (1) = tanh(W(l)é(t) + b(l)), )
h® (¢) = tanh (W(2>h<1>(t) + b<2>), ©6)
Are(3(t)) = WP (1) + 5. (7

Here, W) and W(2) are the hidden layer weight matrices,

W®) is the output weight vector, h) and h® are the
hidden state vectors, b(}) and b(® are bias vectors, and b(3)
is the scalar output bias.

C. Runtime Safety Guards

To ensure conservative operation when the operating point
is weakly represented by the training distribution, an out-of-
distribution distance is computed from the normalised inputs

8(t) = [a1(t) wa(t)]

d(t) = max(|:c1(t)|, |a:2(t)|) (8)

Let 240t and zparq denote soft and hard thresholds derived
from training percentiles. The blending factor is

17 d(t) S Zsoft
Zhara — d(t)
= - SO d(t ard,
Oé(t) Zhard — Z'soft7 Feolt < ( ) < Zhard (9)
07 d(t) > Zhard-
Thus the gated instantaneous residual is
Arinst (t) = a(t) Are(8(1)). (10)

For discrete-time implementation at sampling instants ¢ =
kT, a first-order residual low-pass filter is applied. Then the

filtered residual is bounded as

an

!fA (tk)| < Telip,

and the final output is rate-limited to remain compatible
with pneumatic pressure dynamics:

|Tref(tk) - Tref(tk—l)’ S T:max Ts- (12)
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D. Dataset Construction and Training Objective
The residual label is constructed from synthesised data of

yaw-rate r(t) taken from IPG TruckMaker® as

Ar™(t) = r(t) —ro(t), (13)

using manoeuvres spanning ramp-steer, sine-with-dwell, and
CSB over multiple friction levels and speeds.

After preprocessing, the supervised dataset used for train-
ing contained Ny, = 17,070 samples (with a held-out
validation set of Ny, = 5,690 samples and test set of
Niest = 1,980 samples), with early stopping based on
validation loss.

The network parameters @ are learned offline by minimis-
ing a regularised Huber objective:

Nirain
£0) = Fomr 2 pa( Ara((tr)) = A1 (1)) + Ares 113,
(14)
where A;qg is the £y regularisation weight and
S o] < 4.
psle) = (15)

1
blel = 50, lel > .

V. DUAL-MODE FRAMEWORK BASED NONLINEAR

MODEL PREDICTIVE ELECTRONIC STABILITY CONTROL
The primary rationale for employing a NMPC framework

is its inherent capability to systematically optimize dynamic
reference tracking while actively anticipating and enforcing

strict operational constraints. For HCRVs, generating a cor-
rective direct yaw moment M. (t) to track the target ¢ (%)
requires simultaneous management of strongly coupled yaw—
roll dynamics, pneumatic actuator saturation, and absolute
boundaries on sideslip and lateral load transfer. Concurrently,
the D-NMPC layer solves for the required differential brak-
ing interventions, computing an optimal yaw moment that
enforces directional stability without violating the critical
rollover or sideslip thresholds.

A. Prediction Model
The D-NMPC uses the continuous-time state vector

a(t) = [0,(t) (1) o) o),

where v, (t) is lateral velocity, r(t) is yaw rate, and ¢(¢)
and ¢(t) are sprung-mass roll angle and roll rate. The
longitudinal speed v, (t) is treated as a measured scheduling
signal and a normalised control input us(t) € [—1, 1] mapped
to yaw moment as

(16)

M. (t) = knmr, us(t), (17

where kpr, > 0 is selected from achievable differential-
braking capacity.

Let £(t) collect measured scheduling variables, including
v, (t) and dy0a4(t), and any stiffness estimates used by
the reduced model. The prediction dynamics are written
compactly as

w(t) = f(@(t), us(t), €1)).

where f(-) implements the lateral-yaw-roll model of Sec-
tion II, including slip-angle computation, and load transfer.

(18)

B. Nonlinear Model Predictive Control Problem
Over a horizon of IV steps, the optimiser computes U =

{uo,...,un—1} and slack variables S = {sg 1,5k} p g
by solving
Illjliél J(X,U,S) 19)

s.t. a:k+1:fd(mk,uk,§k), k=0,...,N—1,
k=0,...,N—1,

— Bmax — 8g,k < B(tr) < Pmax + 5p,k;

— LTRmax — SL.k < LTR(tk) < LTRmax + SL.k,
857k20, SLykZO, kZO,...,N—l,

Umin S Uk S Umax s

where 3(tx) and LTR(t;) are computed using Section II.
The bounds S« and LTR,,.x enforce directional stability
and rollover margin, while the slacks ensure feasibility under
severe transients and actuator limits.

C. Cost Function for Safety Constrained Reference Tracking
Let 7,ef(t)) be the DL-assisted reference from (3), and let

Bret(tx) denote the sideslip reference. The stage cost is

Utk) = gr (r(tr) — Tret (t1))° + g5 (B(tk) — Bret (i)
+ o B(t)” + a5 S(te)” + Tl + su(ur — up 1)

+ P8 SBx + PL STk (20)
and the total horizon cost is
N—-1
J(X,U,S) = E(tk)—f—f(t]v) (21)

ol
Il

0



In (20), g, penalises yaw-rate tracking error relative to the
learned reference; qg penalises sideslip deviation; g4 and ¢ b
penalise roll motion; 7, penalises yaw-moment effort; s,,
penalises yaw-moment rate change for brake smoothness;
and pg and py, penalise violations of the sideslip and lateral
load transfer ratio constraints.

D. Dual-Mode Realisation of the Yaw-Moment Command

The optimiser outputs M, (t) through (17), but its real-
isation must remain compatible with wheel-slip regulation.
Accordingly, two regimes are used:

1) Low-Braking Regime: Incremental Pressure Overlay:
When driver braking is low and ABS intervention is inactive,
the desired yaw moment is realised by a bounded incremental
pressure overlay AP, ;;(t) on selected wheels. The com-
manded pressure is enforced to be non-decreasing relative to
the driver request:

Poremaij(t) = max(Pb,dw(tL Poare(t) + APb,ij(t)) (22)

where the wheel-selection sign pattern for AP, ;;(t) is cho-
sen to generate the required yaw moment using differential
braking.

2) Braking Regime: Slip-Target Shaping Around the
Friction-Optimal Slip: When braking is significant, direct
pressure overlays can conflict with wheel-slip regulation. In
this regime, the yaw-moment request is mapped to per-wheel
desired slips Ages,;j(t) around the optimal slip Aop (¢):

Ndesis (t) = max (0, hap (6) + ANis (1)),

where A);;(t) encodes the stabilising left—right slip dif-

ferential consistent with the sign of M, (¢) and the steering
direction, and Ay}, is an upper bound for slip tracking.

The ABS then modulates the pressure to track Aqes i;(t):

Pocmais () = SWATA( Poary (), Maesis (1)), (24)
where SWATA(-) denotes the Slip- and Wheel-

Acceleration-Threshold ABS algorithm with dynamic slip-
target capability as described in [19].

(23)

VI. HIL EXPERIMENTS AND RESULTS
This section reports the HiL evaluation of the proposed

reference-yaw generation and dual-mode ESC-ABS archi-
tecture on a 4x2 HCRV with pneumatic brakes.

A. Test Matrix and Baselines
To robustly evaluate the coupled lateral-yaw—roll dynam-

ics near the friction limit (x = 0.5), the testing matrix
employs a standard Double Lane Change (DLC) and a J-
turn maneuver. The J-turn trajectory strictly conforms to the
U.S. FMVSS No. 136 testing protocol for heavy vehicle
electronic stability control [20]. A constant steering input
is used in all experiments to avoid driver adaptation. The
following controller configurations are compared:

Open-loop (OL): ESC and ABS disabled.

ABS-only: Only ORSA + SWATA ABS active.

Proposed D-NMPC ESC: D-NMPC ESC tracking the
DL-assisted reference yaw rate 7.¢(t); in non-braking it
applies pressure overlays, and in braking it shapes wheel-
slip targets around ORSA.
B. Results: Double Lane Change

In Fig. 7(a)-(c), the open-loop truck suffers a severe loss
of directional and roll stability during the high-speed DLC,
characterized by divergent yaw rates, LTR saturation, and
excessive roll angles. Conversely, the proposed D-NMPC
ESC utilizes differential braking to induce a corrective yaw
moment. This actively enforces tight r.¢(¢) tracking and
reliably confines both the LTR and roll dynamics within safe,
recoverable margins throughout the maneuver.
C. Results: Braking-and-Cornering with ESC-ABS Co-
ordination

The CSB case (Fig. 8) stresses HCRV stability because
the brake-induced longitudinal slip reduces lateral force ca-
pacity while pneumatic delays limit fast yaw-moment build-
up. After the marked braking onset, open-loop operation
understeers and the vehicle departs the road (Fig. 8(a)) with
a pronounced yaw-rate drop (Fig. 8(b)). ABS-only maintains

_ =l
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Fig. 7: Double lane change, 1 = 0.5, v,,(0) = 85 km/h: stability using differential braking and reference-yaw tracking.
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TABLE II: Summary of ESC performance metrics.

Road  Initial  Radi rmanc i
St. No. Loading condition e ::;:1 pra Maneuver Algorithm Performance metrics
coefficient  (kmy/h) ~ curvatur Braking Max sideslip Max roll Air
" (m) distance angle YTI MNAE angle Max  Consumed
(m) (deg) (deg/s) (%) (deg) LTR w
1 Laden . Open-loop’ N/A N/A N/A N/A N/A N/A N/A
2 (16200kg) 03 5 100 Only Cornering D-NMPC N/A 115 0.83 18.44 3.02 0.44 10
3 Laden Braking + Open-loop” N/A N/A N/A N/A N/A N/A N/A
4 (16200 kg) 05 52 457 comonn ABS 40.15 6.76 3.07 56.31 3.58 049 50
5 g D-NMPC 34.75 5.59 239 54.02 3.01 0.41 50
6 Laden Braking + Open-loop’ N/A N/A N/A N/A N/A N/A N/A
7 (16200kg) 05 65 100 — ABS 56.76 756 122 62.94 259 042 60
8 e D-NMPC 54.23 628 112 55.27 240 038 60
9 Laden Braking + Open-loop’ N/A N/A N/A N/A N/A N/A N/A
10 05 70 100 . ABS' N/A N/A N/A N/A N/A N/A N/A
(16200 kg) cornering <
11 D-NMPC 60.75 577 1.06 96.29 278 0.4 60

Abbreviations & Metrics: N/A — not applicable. T Vehicle departed road. YTI: YTI =

are measured and reference yaw rates over window [T, T5]. MNAE: MNAE = maXye[Ty,Ts]

wheel rotation but exhibits larger yaw excursions around the
reference, whereas the proposed D-NMPC maintains tighter
yaw-rate tracking while staying in road center-line and a
smaller sideslip envelope.
D. Quantitative Performance Evaluation

Table II gives the dynamic benefits of the proposed frame-
work. The D-NMPC shortens the stopping distance by 5.4 m
and lowers the peak sideslip by 17.3% compared to the ABS-
only baseline during the FMVSS-aligned 52 km/h combined
maneuver (R = 45.7 m). At 65 km/h (R = 100 m), it
cuts the braking distance by 2.53 m and reduces the sideslip
by 16.9%. Most importantly, the ABS-only car physically
leaves the track when it enters at a speed of 70 km/h. In
direct contrast, the D-NMPC maintains full directional and
roll stability (with a peak LTR of only 0.44) and safely
completes the maneuver. Additionally, these simultaneous
improvements in yaw tracking and deceleration are made
efficiently, without going over the baseline pneumatic air
consumption in any test case.

VII. CONCLUSION
This paper presented a DL-assisted reference yaw-rate

generator and a dual-mode ESC framework for HCRVs
with pneumatic brakes, evaluated in TruckMaker® HiL. The
safeguarded residual-learning reference provides a bounded
target yaw response across steering and speed, enabling the
D-NMPC to enforce directional stability objectives while
respecting sideslip and rollover margins. HiL results on
low-p constant-radius maneuvers show that the proposed
D-NMPC improves yaw-tracking consistency and reduces
sideslip excursions relative to ABS-only operation, while
preserving competitive braking distances. While Hil. simu-
lations validate real-time capability, future work will system-
atically quantify the computational load upon deployment in
a real vehicle.
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