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ABSTRACT
The electrification of towing and trailing units creates new torque
allocation alternatives among different units of articulated heavy
vehicles. To increase the power and energy efficiency, control algo-
rithms can request propulsion or regenerative braking from a single
unit while keeping the other units unbraked or unpropelled. How-
ever, this may lead to safety problems, such as jackknifing or trailer
swing. This paper uses a high-fidelity simulation tool to formulate
safe operating envelopes for a tractor and semitrailer combination
for braking-in-turn cases. The effects of different vehicle and envi-
ronment parameters on the safe operating envelope are studied. The
safe operating envelope obtained is then validated using real vehicle
tests and can be usedwith any control algorithm to avoid requesting
unsafe unit force combinations.
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1. Introduction

In recent decades, there have been rapid developments in articulated heavy vehicles
(AHVs). These vehicles are attractive alternatives to single-unit trucks due to their sig-
nificant commercial and environmental benefits for transporting goods [1–3]. However,
their poor lateral stability at high speeds and risk of unstable motion modes on low fric-
tion surfaces, including jackknifing, trailer swing and rollovers, have raised serious safety
concerns regarding highway safety and fatal accidents [4–8]. For instance, according to
the Federal Motor Carrier Safety Administration’s (FMCSA) data, in 2020, 5.7% of all fatal
AHV accidents in the US involved jackknifing [9].

With the electrification of tractors and trailing units, modern AHVs can use both
towing units and trailing units for propulsion. Furthermore, due to power and energy effi-
ciency concerns, modern AHVs can achieve propulsion and regenerative braking with a
single unit. Applying propulsion or brakes to just one unit may result in a loss of trac-
tion and cause stability problems. Thus, focussing on the stability of the AHVs becomes
evenmore important, given the recent trend towards electrification. Furthermore, to avoid
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Figure 1. Illustrations of different yaw instabilities for a tractor (blue) and semitrailer (grey) [11]. (a) Jack-
knifing, (b) Trailer swing and (c) Combination spin-out.

the controllers requesting unsafe propulsion and braking forces for different units, a ‘safe
operating envelope (SOE)’ is needed for multi-unit vehicle control.

AHVs may experience two types of instability: static (divergent) instability or dynamic
instability. Static instability occurs when the states (such as yaw rate) of the AHV grow
exponentially with no oscillations. Dynamic instability, on the other hand, occurs if the
states have oscillations with increasing magnitude (like in trailer sway) [10]. This paper
focuses only on the static yaw instabilities of AHVs with a tractor and semitrailer: tractor
jackknifing, trailer swing, and combination spin-out.

Tractor jackknifing occurs when the rear wheels of the tractor lose traction; trailer swing
occurs when the trailer wheels lose traction. Loss of traction usually occurs due to poor slip
control during hard braking with too deep slip. However, it can also occur during propul-
sion and is especially common on slippery roads. If both towing and trailing units lose
traction and begin sliding, then combination spin-out occurs. These three unstable modes
of AHVs are shown in Figure 1 [11].

G-g diagrams, also known as ‘acceleration envelope’, are well-established tools that are
often used for illustrating themaximumachievable longitudinal and lateral accelerations of
a vehicle [12–14]. It is also common to use the vehicle velocity to create ‘g-g-v’ diagrams due
to the velocity-dependent nature of the accelerations. These diagrams are commonly used
to assess vehicle performance and study lap times. However, their application in defining
the safety limits of the AHVs has been relatively limited.

On the other hand, SOEs are widely used in various areas such as aircraft [15–18],
submarines [19] and nuclear plants [20]. In the automotive field, SOEs are used to avoid
yaw instabilities and usually limit the side-slip angles and yaw rates of single-unit vehicles
[21–25]. For instance in [26], an SOE is defined for a tractor and semitrailer combination,
primarily focussing on electric trailer propulsion.

In recent work [11], an SOE was defined for multi-unit vehicles, specifying upper and
lower limits for the actuator requests, typically related to propulsion and braking forces.
The SOE is determined as a function of vehicle states such as lateral acceleration or lon-
gitudinal speed, and as well as environmental parameters like road slope or road friction.
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Control algorithms using SOE enable the vehicle to operatemore safely, avoiding improper
actuator requests that could lead to yaw instabilities. In this study, a nonlinear single-track
model and a tyremodel (linearwithin the friction circle)were employed to simulate various
combinations of tractor and semitrailer braking and propulsion forces at different lateral
accelerations [11]. Each manoeuvre was classified as safe or unsafe based on the side-slip
angle deviations in each unit. Furthermore, the vehicle model was linearised and stability
analyses were performed for different yaw instability modes, and the impact of different
parameters on yaw stability was assessed. A single-track model is identified as a compu-
tationally efficient way to perform many simulations and obtain an SOE online on the
vehicles’ electronic control units.

High-fidelity models provide more precise representations of the AHVs but demand
significantly more computational time than simpler models. An alternative involves offline
simulations using high-fidelity vehiclemodels, exploring awide range of scenarious involv-
ing various parameters. These precomputed SOEs are then stored in the AHV’s memory
and are integrated with the control algorithm of the vehicle. The selected control algorithm
can be either a simple rule-based controller or a closed-loop controller [27]. In the latter
case, the SOE acts as an initial safety layer, and if it cannot ensure safety, a closed-loop
controller can take over.

In this paper, the SOE concept introduced in [11] will be studied in detail. Instead of
using a simpler model like the one in [11], a high-fidelity model will be used to obtain
the SOE. This newly obtained SOE then can be used to validate the SOEs obtained with
simpler models. Furthermore, the effects of different parameters on the SOE will be stud-
ied and corresponding SOEs will be shown. Finally, validation of the SOE obtained by
using a high-fidelity vehicle model will be presented, with real vehicle test results. Thus,
it will be shown that an SOE obtained by simulations is accurate and safe to be used in
real vehicles despite some significant modelling challenges and the stochastic real-world
conditions.

2. Simulation-based derivation of SOE

In this section, the SOEs for braking-in-turn scenarios are obtained through numerical
simulations performed on a high-fidelity vehicle model and the sensitivity of the SOE to
various parameters is investigated.

2.1. Manoeuvre description

To study the yaw stability of AHVs, all braking-in-turn manoeuvres presented in this
section are simulated according to the following steps:

(1) The vehicle starts moving in a straight line with an initial longitudinal velocity of 40%
of the considered speed limit Vlim

x . Unless otherwise stated, the friction coefficient of
the road, μ, is equal to 0.3.

(2) After 20m in a straight line and 10m of transition, the vehicle enters a circular track.
Unless otherwise stated, the turning radius is considered to be R=72m. A sim-
ple path-following algorithm based on the single-point preview method with a PID
control is used as the driver model.
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(3) Vehicle is accelerated up to Vlim
x by the propulsion torque applied at the drive axles of

the tractor using a simple PID speed controller with a maximum friction utilisation
of 40% and a maximum of 370 kW of power from the engine.

(4) When the longitudinal speed reaches Vlim
x , the speed controller is disabled and the

engine torque is set to zero.
(5) After 0.5 seconds, the path follower is also disabled and the steering wheel angle is

fixed for the rest of the manoeuvre.
(6) At the same time, the vehicle starts brakingwith forces of ctractor · μ · Ftractor,iz on the ith

drive-axle of the tractor (i ∈ {1, 2}) and ctrailer · μ · Ftrailer,jz on jth axle of the semitrailer
(j ∈ {1, 2}). Here, Ftractor,iz and Ftrailer,jz are the normal load on the tractor’s ith drive axle
and on the semitrailer’s jth axle. ctractor and ctrailer are the friction utilisations. These are
defined as negative for braking, and positive for propulsion. Unless otherwise stated,
both drive axles of the tractor and/or both axles of the semitrailer are used for braking.

(7) The simulation is stopped if the articulation angle reaches ±90◦ (meaning that either
severe jackknifing or trailer swing has occurred), or coming to a standstill.

2.2. Safety assessment criteria

A safe manoeuvre is defined according to the following criteria [11]:

max(�β1r) < 5◦ & max(�β2) < 3◦ (1)

where β1r and β2 are the respective axle side-slip angles for the centre of the drive axle
group of the tractor and the semitrailer axle group. �β1r and �β2, on the other hand,
refer to the deviations of β1r and β2 with respect to their values at the time of brake force
application (their quasi-steady-state values).

2.3. SOE derivation with VTM simulations

This section studies the yaw stability of a tractor-semitrailer combination vehicle. The spec-
ifications of the simulated vehicle are based on the real test vehicle specifications explained
in Section 3.1.Many different combinations of braking forces for the tractor and semitrailer
combination are simulated and associated SOEs are obtained.

All the simulations are performed by using a high-fidelity vehicle model (referred as
the Volvo Transport Model or VTM) developed by Volvo Group Trucks Technology. The
VTM library is a multi-body simulation tool used to simulate any combination of truck
and trailer plants (developed withMATLAB R©, Simulink R©, SimspaceTM MultibodyTM and
PAC2002 semi-empirical tyremodel [28]) [29]. It is used for truck controller development,
conceptual handling studies, driving simulators, crash reconstructions and functional
safety analysis. The VTM library is validated with real tests and has proved sufficiently
accurate for simulating the dynamical behaviour of any combination of truck and trailer
[30,31]. All simulations include a slip controller that tries to limit longitudinal wheel slips
to 10%during braking.However, this study does not use a stability controller.Mass, inertia,
and length properties of the vehicle model are given in Table 1.

Simulations with many different combinations of longitudinal and lateral tyre forces are
performed for a variety of tractor and semitrailer friction utilisations, ctractor and ctrailer, for
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Table 1. Vehicle parameters used in VTM simulations.

Parameter Description Value Unit

Mass of the tractor 12,500 kg
Mass of the semitrailer 13,500 kg
Yawmoment of inertia of the tractor 48,758 kg · m2

Yawmoment of inertia of the semitrailer 83,913 kg · m2

Tractor wheelbase 4.085 m
Distance between coupling to the front axle of tractor 3.7725 m
Distance between the coupling to the semitrailer axle 7.05 m
Distance between the CoG and the front axle of tractor 1.534 m
Distance between the CoG and the semitrailer axle 1.9315 m

a selected longitudinal velocity set. This is done by varying ctractor and ctrailer from 0 to −1
in steps of −0.1 (for braking), for various values of Vlim

x ∈ [30, 35, 40, 45] km/h. Hence, a
total of 484 simulations were conducted. A normalised lateral acceleration cy = ay

μ·g can
be defined, where ay represents the lateral acceleration, g is the gravitational acceleration
and μ is the friction coefficient [11]. In steady-state cornering, the lateral acceleration
is determined as alimy = Vlim

x
2 · R−1. For the turning radius of R=72m and the longi-

tudinal velocities of Vlim
x ∈ [30, 35, 40, 45] km/h, the lateral accelerations are determined

as follows: alimy ∈ [0.96, 1.31, 1.71, 2.17]m · s−2. The normalised lateral accelerations are
determined as cy ∈ [0.328, 0.446, 0.583, 0.737] for the selected set of longitudinal velocities
and the friction coefficient of μ = 0.3.

Figure 2 shows the maximum side-slip angle deviations for the tractor and semitrailer,
max(�β1r), max(�β2), and the maximum articulation angle deviation, max(�θ), for dif-
ferent tractor and semitrailer friction utilisations (ctractor and ctrailer) during braking at four
different speeds. These maximum angle deviations are determined by comparing the cor-
responding quantity to its quasi-steady-state value, which is calculated at the moment the
braking starts.

Although max(�θ) is also shown (in the third column) in Figure 2 as additional infor-
mation, it is not considered part of the safety criteria presented in (1). This is because the
articulation angle alone is not enough to capture the combination spin-out. The side-slip
angles of the tractor and semitrailer are enough for detecting the occurrence of jackknifing,
trailer swing and combination spin-out [11]. Articulation angle deviation could still serve
as a complementary criterion, but is not used in this study.

In Figure 2, the braking scenarios leading to max(�β1r) andmax(�θ) less than 5◦ and
max(�β2) less than 3◦ are shown with green representing safe manoeuvres. Braking sce-
narios that exceed these limits are shown in yellow formoderately unsafe and red for highly
unsafe scenarios.

At a velocity of 30 km/h (ay = 0.328 · μ · g), any combination of tractor and semitrailer
braking, up to 100% friction utilisation, is safe and does not result in high side-slip angles
or a high articulation angle. At 35 km/h (ay = 0.446 · μ · g), for full tractor braking with
no semitrailer braking (ctractor = −1, ctrailer = 0), jackknifing occurs. For full semitrailer
braking (ctrailer = −1), no matter how much the tractor is braked, the semitrailer swings
more than 3◦ and the manoeuvre becomes unsafe. The same observations are realised
for a velocity of 40 km/h (ay = 0.583 · μ · g) but the unsafe regions grow larger. Thus,
both full braking and braking with slightly less than full friction utilisation create similar
problems.
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Figure 2. Maximum side-slip angle and articulation angle deviations for the braking scenarioswith four
different speeds obtained from VTM simulations.

The maximum achievable velocity of the vehicle driving in a circle of radius 72m and a
friction coefficient of 0.3 is about 45 km/h (ay = 0.737 · μ · g). Above this speed, the vehi-
cle understeers and cannot keep its circular track. At this speed, trailer swing occurs due
to the high degree of semitrailer braking. This increased semitrailer braking also leads to
the tractor losing its lateral grip and swinging with the semitrailer. Trailer swing typically
occurs regardless of how much the tractor is braked. For high degrees of tractor brak-
ing, on the other hand, jackknifing occurs. There again, if the semitrailer and tractor are
braked together, jackknifing is more likely when there is a lower degree of semitrailer brak-
ing (for the same level of tractor braking). This shows that semitrailer braking can help
avoid jackknifing as it results in stretch-braking.
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Figure 3. SOE obtained from the VTM simulations shown with real test data points.

Figure 3(a) illustrates SOEs obtained fromVTM simulations for the braking of the trac-
tor and semitrailer at four different longitudinal velocities (resulting in four different lateral
accelerations). Safe combinations of the friction utilisations of the tractor and semitrailer
(ctractor and ctrailer) are shown in green and unsafe combinations are depicted in red. The
evaluation is based on the criteria provided in (1). The purple circles and blue crosses
indicate the real test results, which will be explained in detail later in Section 3.4.

Figure 3(b) shows a three-dimensional SOE, which was obtained by interpolating the
two-dimensional plots presented in Figure 3(a) for the intermediate values. Consequently,
four plots fromFigure 3(a) represent horizontal slices of the three-dimensional SOE shown
in Figure 3(b), corresponding to four different cy (which is the vertical axis). The ver-
tical green and red stems represent the real test results, which will be explained later in
Section 3.4.
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Figure 4. Four different form and size changes illustrated in a SOE.

All manoeuvres with combinations of lateral acceleration, tractor and semitrailer fric-
tion utilisations below the SOE shown in Figure 3(b) are safe manoeuvres, according to
criteria given in (1). Likewise, all the manoeuvres with combinations of lateral accelera-
tion, tractor and semitrailer friction utilisations above the SOE shown in Figure 3(b) are
unsafe manoeuvres that lead to jackknifing, trailer swing or combination spin-out.

2.4. Sensitivity of SOE to parameter changes

SOEs obtained in Section 2.3 are valid only for a specific manoeuvre. For using SOE in
a real application with AHVs, it is important to understand the sensitivity of SOE to
parameter changes (such as friction coefficient, road slope, load distribution, and so on).
In this section, the effects of different vehicle and environmental parameters on the SOEs
are investigated.

For ease of explanation, Figure 4 shows four main size changes on the SOE. The first
column of Figure 4 gives an instance of an SOE. Typically, SOE is below (in the absolute
sense) a certain semitrailer friction utilisation (ctrailer) and this limit does not change sig-
nificantly as a function of tractor utilisation (ctractor). Hence, the SOE is bounded by an
almost horizontal line (rather parallel to the x-axis, where the x-axis represents ctractor and
the y-axis represents ctrailer) from the top. The red area above this line is typically where
the trailer swing occurs. However, with respect to tractor friction utilisation ctractor, the
SOE is not limited by a perpendicular line (parallel to the y-axis) but rather by a positively
inclined line. Hence, the tractor can brake more without instability if the semitrailer is also
braking.

The triangular red area in the bottom right-hand corner typically corresponds to where
the jackknifing occurs. Finally, a combination spin-out occurs, typically as a continuation
of jackknifing or trailer swing or it may occur when both units lose lateral grip at the same
time. This is typical when the friction utilisations of both units are high (in the absolute
sense), where this situation is observed in upper right-hand corner of the SOE plots.
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Figure 5. SOEs for 4 different normalised lateral accelerations for the base case (a), different load
distributions (b,c), friction coefficient (d), turning radius (e), slopes (f,g), number of axles used for
braking (h).

Table 2. Axle loads for 3 different load cases.

Load Case Axle 1 [tons] Axle 2 [tons] Axle 3 [tons]

Tractor loadDistnrml 6.69 3.63 3.63
loadDistfront 7.15 6.43 6.43
loadDistrear 6.57 2.92 2.92

Semi trailer loadDistnrml 4.90 4.90 0
loadDistfront 4.37 4.37 0
loadDistrear 8.17 8.17 0

Contraction of the trailer swing area is designated A1 and expansion of the trailer swing
area is designated A2, as shown in the second column of Figure 4. Similarly, the contrac-
tion of the jackknifing area is designated B1 and the expansion of the jackknifing area is
designated B2, as shown in the second column of Figure 4. The new SOE instances after
the expansion or contraction are shown in the third column of Figure 4.

Figure 5 displays the SOEs of four different cy, for different vehicle and environmen-
tal parameters. Figure 5(a) shows the base case with a 72m turning radius, 0.3 friction
coefficient, 0 road slope, the base load distribution (load case loadDistnrml, explained
in Section 3.1), and braking with two tractor drive axles and/or two semitrailer axles.
Figure 5(b) depicts SOEs for the same vehicle with an additional five tons payload and
the payload centre of gravity shifted forwards by 3m (load case loadDistfront). Figure 5(c)
presents SOEs for the same vehicle, but with an extra five tons payload and the payload
centre of gravity shifted backwards by 3m (load case loadDistrear). Axle load distributions
for these three loading cases are provided in Table 2.
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The loadDistfront case has relatively similar semitrailer axle loads to loadDistnrml and
significantly higher tractor drive axle loads. loadDistrear case, on the other hand, has fairly
similar tractor axle loads to loadDistnrml and significantly higher semitrailer axle loads.
Hence, with these three load cases, it is possible to see the effects of increased axle loads
on the braking axles. According to the SOEs shown in Figure 5(b), increasing the drive
axle loads of the tractor changes the envelope in the B2 direction. Hence, the probability
of jackknifing increases for the same friction utilisation, yet the probability of trailer swing
doesn’t change significantly. According to the SOEs shown in Figure 5(c), increasing the
semitrailer axle loads changes the envelope in the A2 direction. Thus, the probability of
trailer swing increases for the same friction utilisation, but the probability of jackknifing
doesn’t change significantly.

Figure 5(d) displays the SOEs obtained with a friction coefficient that is 2.25 times
greater (μ = 0.675) and longitudinal speeds 1.5 times greater than the base case (resulting
in the same cy), while all other vehicle and environmental parameters are kept the same as
the base case. Because the simulated AHV was unable to reach the 67.5 km/h longitudi-
nal speed corresponding to cy = 0.737 in a quasi-steady state, it was not possible to obtain
the last plot for cy = 0.737 and so this is kept empty. A comparison of the plots given in
Figure 5(a,d) shows that if the same cy is obtained using a greater longitudinal speed and
higher friction coefficient, the SOE gets smaller due to a contraction in both A2 and B2
directions (see Figure 4).

Figure 5(e) illustrates SOEs obtained with a 2.25 times larger turning radius and 1.5
times greater longitudinal speeds than the base case (resulting in the same cy), while all
other vehicle and environmental parameters are kept the same as the base case. The com-
parison of plots in Figure 5(a,e) does not show a significant trend for the SOE size change
and exhibits none of the significant A1, A2, B1 and B2 changes shown in Figure 4. Indeed,
the SOEs presented in Figure 5(a,e) are somewhat similar (albeit with minor differences).
Hence, if the same normalised lateral acceleration is obtained with a greater longitudinal
speed and larger turning radius, the SOE stays almost the same.

Figure 5(f,g) illustrate SOEs for the uphill slope ofα = +0.05 and downhill slope of α =
−0.05 respectively, while all other vehicle and environmental parameters are kept the same
as the base case. It is important to note that for the uphill slope of α = +0.05, the simulated
AHV was unable to reach the 45 km/h longitudinal speed corresponding to cy = 0.737 in
a quasi-steady state manner. As a result, the last plot for cy = 0.737 in Figure 5(f) could not
be generated and is kept empty.

A comparison of the plots provided in Figures 5(a,f) shows that the SOE for the uphill
slope expands in both A1 and B1 directions, as illustrated in Figure 4. Similarly, comparing
the plots in Figure 5(a,g) reveals that the SOE for the downhill slope shrinks due to con-
tractions in both the A2 and B2 directions, as depicted in Figure 4. The contraction of the
SOE at the lower left corner of Figure 5(g), corresponding to low (in the absolute sense)
ctractor and ctrailer coefficients, on the other hand, is because the AHV has not been braked
sufficiently. Its longitudinal speed increases due to the downhill slope, eventually leading to
jackknifing or trailer swing. Hence, this contraction is trivial and irrelevant in this context.

Lastly, in Figure 5(h), SOEs are presented for scenarios when braking is performed using
only a single axle of theAHV,while keeping all other vehicle and environmental parameters
identical with the base case. A comparison of plots given in Figures 5(a,h) shows that the
SOE for single-axle braking expands in both A1 and B1 directions, as shown in Figure 4.
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Indeed, yaw instabilities only occur at very high cy, while no yaw instabilities are observed
at smaller lateral accelerations. This shows that, if only one axle is electrified out of two or
three tractor rear axles or semitrailer axles, AHVs can fully and safely utilise the friction
for regenerative braking, except in the case of very large cy.

At first glance, the red (indicating instability and jackknifing) area at (ctractor =
−0.6, ctrailer = 0) in the fourth plot seems to be an outlier. This point is where the inner
wheel starts to have slip controller activation. The outer wheel, on the other hand, does not
have slip controller activation because the load transfer makes the outer wheel experience
a larger normal load. Thus, the same amount of braking force corresponds to a smaller
friction utilisation at the outer wheel. For the two cases of (ctractor = −0.6, ctrailer = 0) and
(ctractor = −0.7, ctrailer = 0), although the inner wheels have a somewhat similar braking
force (due to brake force saturation caused by slip controller activation), the braking force
of the outer wheel is higher for the second case (ctractor = −0.7, ctrailer = 0). This means
that the AHV experiences large lateral acceleration for a shorter duration. The saturation
of the tyre forces is also shorter-lived due to a faster decrease in lateral tyre forces (caused
by a quicker drop in lateral acceleration). Hence, although the braking force is higher, jack-
knifing does not occur. This is unlike the first case (ctractor = −0.6, ctrailer = 0), in which
jackknifing does occur. In short, this exceptionally unstable point aligns with the overall
conclusion drawn so far and does not contradict them.

3. Validation of SOE with real tests

This section compares the SOE obtained from simulations (as discussed in Section 2.3)
with the test results obtained from a real vehicle.

3.1. Test vehicle specifications

The test vehicle, as depicted in Figure 6, consists of two vehicle units: a 6x4 Volvo FH16
and a semitrailer equipped with three liftable axles. The semitrailer is consistently tested
with the two frontmost axles lowered and the rearmost axle lifted. The reason for lifting
the third axle of the semitrailer is to create a fairer comparison of tractor and semitrailer
actuator forces, by applying forces on two axles per unit. The semitrailer is loaded with an
extra 5 tons payload. The static normal load on the front axle of the tractor is 6.7 tons and
the normal load on the drive axles is 3.6 tons per axle. For the semitrailer, the normal load
on the first two axles is 4.9 tons per axle, with the third axle lifted. Hence, the total weight
of the tractor and semitrailer is 23.7 tons.

Both tractor and semitrailer are equipped with highly accurate OxTS RT3000
GNSS/INS (Global Navigation Satellite System/Inertial Navigation System) [32] for mea-
suring the vehicle motion states such as acceleration, angular rates, side-slip angles, and
global position. Additionally, the semitrailer is equipped with an articulation angle sensor
and the fifth wheel of the tractor is equipped with a load cell formeasuring the longitudinal
coupling force.

All the signals are logged using the Dewesoft R© Sirius R© data acquisition system [33]
via CAN interface. Additionally, all the control commands are sent to the advanced
engineering interfaces of the tractor’s or semitrailer’s EBS modules via a dSPACE
MicroAutoBox II [34].
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The tractor frame is reinforced with sheet steel, and the semitrailer is connected to the
reinforced tractor frame using the steel cables depicted in Figure 7. These steel cables are
loose during normal driving conditions. However, when the articulation angle grows up
to ±60◦, the cables are stretched preventing a catastrophic jackknifing or trailer swing.
Throughout all tests, the electronic stability controller is turned off, while the anti-lock
braking system remains active.

3.2. Test track specifications

All the tests were performed on the circular ice tracks at the Hornavan lake (Colmis Test
Facility, Arjeplog, Sweden) shown in Figure 8. The inner radius of the track is 50m, and
the outer radius is 80m.

The surface friction coefficient at the test track was measured with two different tests:
full braking with all axles in a straight line, and driving the vehicle at the highest speed
possible in a circle. Although the average friction coefficient observed was 0.3 (typical for
packed snow), the friction on different parts of the track was heterogeneous. This means
that as more tests are performed on the same spot, the friction coefficient at that particular
point decreases due to the snowmelting because of the pressure applied by the vehicle and
then re-freezing.

Figure 6. Tractor and semitrailer test vehicle.

Figure 7. Jackknifing protection cables shown under the semitrailer.
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Figure 8. Circular track on the Hornavan lake, Colmis Test Facility, Arjeplog, Sweden [35].

3.3. Manoeuvre description

All the tests were performed with a human driver, as follows:

(1) The driver starts driving from a standstill on a path with a turning radius of 70 ± 5m,
depending on the test. Driving the vehicle on a path with a similar turning radius
for each test means that the lateral accelerations obtained, ay, are close to each
other (but not precisely equal) for the tests performed with the same longitudinal
speed.

(2) The driver accelerates the vehicle to a speed that is 1 or 2 km/hmore than the set speed
Vlim
x .

(3) The driver stops pressing the accelerator pedal and selects neutral gear.
(4) The vehicle starts to slow down due to resistive forces.
(5) Once the vehicle slows down to the set speed Vlim

x , an automatic braking request is
sent to the selected axles of the vehicle via MicroAutobox II.

(6) The vehicle begins to slow down. The driver is still responsible for keeping the steer-
ing wheel angle the same. However, the driver doesn’t try to save the vehicle by, say,
counter-steering during a jackknife. Three possible scenarios may arise:
(a) (a)The vehicle slows down to a standstill with no significant yaw instability, such

as jackknifing or trailer swing.
(b) (b)The vehicle slows down to a standstill while exhibiting jackknifing or trailer

swing. However, since the vehicle is unlikely to reach the limits of the track, the
driver doesn’t take control and just keeps the steering wheel angle the same. The
brake test continues until a standstill is reached.

(c) (c)The vehicle begins to slow down but exhibits a highly unsafe jackknifing or
trailer swing that causes the vehicle to reach the limits of the track and poten-
tially hit the snow piles at the sides. In this case, the automatic braking request is
stopped and the driver takes control of the vehicle and tries to save it. The driver
either saves the vehicle from hitting the snow piles at the side or the vehicle hits
them. In the case of aggressive jackknifing or trailer swing, the articulation angle
may reach±60◦, and the anti-jackknifing cablesmay prevent the cab from hitting
the semitrailer.
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Figure 9. Yaw stability test results for different braking scenarios performed on the real vehicle.

3.4. Test results

This section presents the results of real braking tests and compares them to the SOE
obtained in Section 2.3. Figure 9 displays 52 real tests performed at three different speeds
(35 km/h, 40 km/h, 45 km/h). Stable manoeuvres are indicated by green circles and unsta-
ble manoeuvres are marked by red crosses, based on the criteria provided in (1). Table 3
presents the maximum side-slip angle deviations and their corresponding normalised
lateral acceleration cy for each real test and VTM test. The maximum side-slip angle devi-
ations violating the safety criteria are highlighted in red, while the safe ones are indicated
in green.

Friction utilisations for the tractor and semitrailer, (ctractor and ctrailer), as tested with a
real test vehicle, are as follows: [0, −0.33, −0.66, −1.00, −1.33, −3.33]. Normally, −1.00
represents the largest friction utilisation (in the absolute sense) that can be reached during
braking. Hence, testing values like −1.33 and −3.33 may seem redundant. However, there
are three reasons to test friction coefficients greater than 1 (in the absolute sense) as listed
below:

(1) Although, the friction coefficient is found to be 0.3, the friction is also observably quite
heterogeneous. In particular, after performing many tests on the same spot, the fric-
tion coefficient is observed to be decreasing over time (down to, say, 0.1). Similarly,
untested areas with more fresh snowmay be observed to have a greater friction coeffi-
cient (such as 0.4). Requested friction utilisations (ctractor and ctrailer), [0,−0.33,−0.66,
−1.00, −1.33, −3.33] always assume the friction coefficient to be μ = 0.3, meaning
that the requested brake force is calculated by multiplying the requested friction util-
isation with normal load and a friction coefficient of 0.3. However, for μ = 0.4, for
example, the requested friction utilisations of −1.00 and −1.33 result in realised fric-
tion utilisations of −0.75 and −1.00, respectively. If the friction coefficient is, say,
0.45, the requested friction utilisation of −1.33 results in a realised friction utilisa-
tion of−0.89. So, for a friction coefficient greater than 0.4, even the requested friction
utilisation of −1.33 results in a realised friction utilisation of less than full friction
utilisation. To cover full friction utilisation for every heterogeneous friction area with
greater friction than μ = 0.3 at the test track, friction utilisations of −1.33 and −3.33
are also included in the test points.
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(2) All the ctractor and ctrailer values listed so far in this study are requested values but
not the real friction utilisation status. Slip controller performance (anti-lock braking
system, ABS, for braking) is a very important factor when it comes to yaw instabil-
ities. If the slip controller performs well and keeps the slips to a good level so that
there is enough lateral capability, even though full friction utilisation (ctractor = ±1
and/or ctrailer = ±1) is requested, the obtained friction utilisation would be less (in
the absolute sense) and no yaw instability may occur. However, if the slip controller
performance is bad, then yaw instability may occur. Hence, in real tests, friction util-
isations greater than 1 (in the absolute sense) are also tested to push the limits of the
slip controller. As the request is higher, the applied brake pressure until the slip con-
troller gets activated would be greater and a greater drop at the wheel speeds can be
observed, meaning that the slip rises to a higher value instantaneously, for −1.33 and
−3.33 friction utilisation requests, compared to −1.00. Thus, it is possible to test for
poorer slip control performance.

(3) Tested friction utilisations are calculated with static load distribution. However, there
may be significant lateral load transfer due to high lateral accelerations. For example,

Table 3. Side-slip angle deviations obtained at real tests, and VTMmodel.

(continued).
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a request of ctractor = −1 may become ctractor = −0.9 for the outer wheel due to an
increase in normal load, and ctractor = −1.1 for the inner wheel due to decrease in
normal load. Hence, to cover full friction utilisation for the outer wheel, something
greater (in the absolute sense) than ctractor = −1 should be tested.

Many of the test points shown in Figure 9 are tested multiple times. When the results
from different tests are not the same, then both a red cross and a green circle are shown
at the respective test point. The first reason for obtaining different results for the same test
point is due to the heterogeneous friction, as previously explained. So, even when the test
speeds and friction utilisations (ctractor and ctrailer) remain the same, the friction coefficient
may be different between the tests. Another contributing factor is the human driver; the
turning radii in the real tests are not consistently maintained at precisely 72m for each test.
Rather, the turning radii vary from 70 ± 5m depending on the test. This leads to different
normalised lateral accelerations cy for the same speeds, unlike the simulations which have
the same cy for the same speeds. However, it is important to note that the speeds at which
the braking starts (35 km/h, 40 km/h and 45 km/h) are precise for each test. This is because

Table 3. Continued.

(continued).
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Table 3. Continued.

the braking is done automatically at the set speeds and with similar brake force requests
(thus similar friction utilisation requests ctractor and ctrailer, but calculated with respect to
static axle loads). Another reason for obtaining different results at the same test point is
that the instantaneous distribution of axle loads may differ, as the electronically controlled
air suspension system may slightly change the axle loads over time.

The real test results presented in Figure 9 are generally in agreement with the VTM
simulation results discussed in Section 2.3. In Figure 3, both the real test results and VTM
results are presented within the same plots. Note that, as previously explained, the real test
results in each subplot have precisely matching set speeds (35 km/h, 40 km/h, 45 km/h),
although they may have slightly different cy values.

In the 35 km/h plot displayed in Figure 3(a), theVTMand real test results are generally a
goodmatch.When considering the test with ctractor = 0, ctrailer = −1, the VTM simulation
performs unstable manoeuvre, while the real test remains stable. However, when the semi-
trailer is braked more (ctractor = 0, ctrailer = −3.33), the real test also becomes unstable.
For both real tests, ctrailer = −1.00) and ctrailer = −3.33), the slip controller is activated,
but the latter one has poorer slip control performance, leading to the semitrailer swing-
ing. However, in the first one (ctrailer = −1.00) the slip controller is successful enough to
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leave enough lateral tyre force capability to avoid trailer swing. Therefore, this unmatch-
ing between the real and simulation test results can be attributed to variations in slip
control performance. Another unmatching result for 35 km/h is one of the (ctractor = −1,
ctrailer = 0) tests, which shows that, unlike the VTM results, it is a stable manoeuvre. How-
ever, the data from the two other real tests is in agreement with the VTM result. Checking
the corresponding cy values from Table 3 shows that the stable real manoeuvre actually has
cy = 0.41, which is less than the other two real tests (0.49 and 0.43) and the VTM simula-
tion (0.43), as explained above. For the real tests with higher cy values (0.49 and 0.43), the
results align with the VTM simulations for that specific point (ctractor = −1, ctrailer = 0).
Therefore, the unmatching results arise due to the lower lateral acceleration observed in
the real test.

For the 40 km/h plot shown in Figure 3(a), there is a general alignment between
the VTM and real test results. All the points, except those corresponding to full fric-
tion utilisations for the semitrailer, namely (ctractor = 0, ctrailer = −1) and (ctractor = −1,
ctrailer = −1), show agreement. For greater brake force requests, in other words for
(ctractor = 0, ctrailer = −3.33) and (ctractor = −3.33, ctrailer = −3.33), which result in poorer
slip control performance, real test manoeuvres also become unstable and match the VTM
results. Thus, the reason for the unmatching results (similar to those observed at 35 km/h)
is better slip control performance in the real tests, allowing for larger lateral force capability.

Lastly, in the 45 km/h plot depicted in Figure 3(a), the VTM and real test results are in
agreement, except for two tests, (ctractor = −0.33, ctrailer = −0.33) and (ctractor = −0.33,
ctrailer = 0.00). However, by checking Table 3, it is possible to see that both tests performed
for (ctractor = −0.33, ctrailer = 0.00) have a much higher cy (0.80 and 0.78) compared to cy
of the VTM simulation which is 0.68. Similarly, the unsafe manoeuvre in the real tests for
(ctractor = −0.33, ctrailer = −0.33) has much a higher cy (0.76) compared to cy of VTM
simulation which is 0.68. On the other hand, the other manoeuvre from the real tests,
which resulted in a safe manoeuvre for the same point (ctractor = −0.33, ctrailer = −0.33)
has cy = 0.68 which matches the cy value of the VTM simulation. Hence, the reason for
the discrepancy between the real and simulation results can be attributed to the higher
lateral acceleration observed in the real tests compared to VTM simulations. This shows
the need to introduce the lateral acceleration as an extra dimension in the SOE for a fairer
comparison.

In Figure 3(b), a three-dimensional SOE surface obtained from VTM simulations is
presented alongside with stem plots representing the real test data. Safe real test data points
are shown in green, while unsafe real data points are indicated in red. In this plot, real
test data is plotted with the corresponding normalised lateral acceleration cy values (in the
vertical axis). Consequently, due to previously mentioned factors, even for the same test
speeds the vertical coordinate of the test points (cy) may be different. The comparison of
the real test results and simulation results in the previous paragraphs was done by mainly
referring to plots in Figure 3(a). However, a comparison considering Figure 3(b) is fairer
since the previously mentioned lateral acceleration differences even in the same test speeds
can be truly reflected in the plot thanks to the vertical axis (cy).

As shown in Figure 3(b), all the real test points below the three-dimensional SOE
obtained from the VTM simulations are identified as safe, based on the criteria given in
(1). This validation indicates that no real tests within the SOE had a yaw stability problem.
However, there are some real test points above the SOE that are also identified as safe, but
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the majority of the real test points located outside the SOE are identified as unsafe. This
suggests that the SOEs obtained from the VTM simulations may be rather over-safe.

4. Conclusions

In this paper, first, safe operating envelopes (SOEs) for a tractor-semitrailer vehicle combi-
nation were obtained by using the Volvo Transport Model (VTM) multi-body simulation
tool. These SOEswere specifically focussed on braking-in-curve scenarios. Next, the effects
of various vehicle and environmental parameters on these SOEs were investigated. Lastly,
the SOEs derived from VTM simulations were validated by comparing them to real test
data.

As explained in the introduction, SOEs can be computed offline for various parame-
ters, such as different load distributions and friction levels. These precomputed SOEs can
then be stored in the vehicles’ memory. An alternative approach to simulating all possible
cases would be to simulate some base cases and expand or contract the SOE by a pre-
determined amount as needed to account for parameter changes. For instance, the base
case shown in Figure 3 can be simulated offline and saved in the AHV’s memory. Then,
online adjustments can bemade to accommodate changes in parameters such as road slope,
load distribution, allowing instantaneous expansion or contraction of the stored SOE. The
impact of those parameters on the SOE was explained in Section 2.4. More simulations
can be performed to explore the effects of combinations of parameter changes, such as
variations in friction and turning radii together.

As an alternative to considering the effects of changes in various parameters on the SOE,
the combination of parameters corresponding to the smallest SOE can be used. Hence, the
smallest possible SOE can be used for all cases to prioritise safety and deal with uncertain
parameters. Alternatively, the VTM model can be simplified (with, say, lumped axles or
a simpler tyre model) to decrease its computational cost and then run online in the real
AHV.

The SOE obtained from the VTM simulations can be shrunk by applying a safety factor,
for example, 30%, to account for model and parameter uncertainties. This safety factor can
be increased, say, by 50%, for scenarios involving higher lateral accelerations. The SOE cor-
responding to the instantaneous operating conditions, such as speed, and turning radius,
of the AHV should be instantaneously utilised. After changing the operating point, such
as increasing or decreasing speed or turning radius, an updated SOE corresponding to the
new operating conditions should be employed. Hence, the SOE is a function of multiple
operating parameters.

The SOE presented in this paper, which was obtained using a VTM model, was vali-
dated using real test data and proved to be safe. This means that all points tested within
the SOE using a real AHV were identified as safe. Indeed, the SOE derived from VTM is
over-safe and conservative, meaning that some real test points outside of the SOE were
also identified as safe. Achieving a highly accurate SOE from the simulations is challeng-
ing due to parameter and modelling inaccuracies. More specifically, modelling stochastic
real-world parameters like friction will always be a challenge [36] and that explains some
of the inconsistencies. Nevertheless, as long as it is shown that all points inside the SOE,
obtained through deterministic simulations, are safe in the real tests involving stochastic
parameters like friction, the SOE obtained from simulations remains a reliable reference
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for use in real vehicles. Additionally, stochastic parameter behaviours can be included in
the simulations to reflect the real world parameters in a more accurate way.

One of the biggest modelling challenges involves the slip controller, which can be
improved to better align with the real data. Additionally, cornering stiffness and other
parameters of the real tyres can be detected with some characterisation tests and more
accurate tyre data can be used. Improving the accuracy of hard-to-obtain parameters, such
as centre of gravity, can enhance the fidelity of simulations to match better with real vehi-
cle performance. For instance, the centre of gravity height is an important parameter that
significantly influences lateral load transfer, particularly under conditions of higher lateral
acceleration.

The SOEs obtained from the VTM simulations and validated with real tests can be used
to validate the SOEs obtained from the nonlinear single-track model presented in [11].
After validating the simpler model with VTM simulations, this simpler model (which is
computationally more efficient) can be used to obtain SOEs online in a real AHV. Alterna-
tively, weak and inaccurate points can be identified in the simpler models and the simpler
models can still be used whilst taking the weaknesses into consideration. As an example,
SOEs obtained from simpler models can be used with some safety factors (such as decreas-
ing the size of SOE by 30%), or the SOE can only be used under certain circumstances (such
as only for the lower lateral accelerations).

This study primarily focuses on analysing the yaw stability of AHVs. However, it is
important to note that rollover is another critical safety aspect for AHVs, and there is
potential to incorporate the rollover constraints into the SOE. The inclusion of the rollover
envelopewould result inmodifying the SOEby cutting along a surface to exclude the higher
lateral accelerations.

In future research, the integration of the SOEs obtained from the VTM simulations
into a control algorithm and testing with a broader range of manoeuvres, including those
beyond the scope of this paper (e.g. sine with dwell or lane change manoeuvres) could
be explored. These evaluations should be performed in both simulations and real vehicle
testing to evaluate potential benefits of the SOEs.

It is anticipated that the SOEs will contribute to improved safety and the mitigation of
yaw instabilities in AHVs. This study represents a promising direction for future research
aimed at enhancing AHVs safety and stability.
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