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Introduction

This report covers the activities of Task 2.7 of SYSWHEEL. In patrticular, the report presents
and analyses the energy-efficiency of a torque-vectoring (TV) control system for an electric
front-wheel-drive commercial vehicle with in-wheel powertrains, using a non-linear model
predictive control (NMPC). Moreover, four NMPC formulations, using hitch angle
measurement for the TV control of the rigid vehicle towing a trailer, to reduce the articulation
angle oscillation in emergency conditions, are presented. The NMPC is flexible and
configurable as it includes the slip control function, and the cost function can incorporate
various terms, e.g. related to the sideslip angle, to the longitudinal and lateral tyre slip power
losses.

More specifically this report is organized as follows. Section 1 discusses the energy
efficiency maps and the effect of direct yaw moment on powertrain power loss; section 2
describes the internal model of the rigid vehicle configuration and the optimal control problem
formulation. Section 3 contains the mathematical derivation of the internal articulated vehicle
model's equations and its optimal control problem definition. Moreover, the hitch angle
control approaches including the respective tuning routine are presented. These novel
formulations, due to the very promising results, will be included in a journal paper that is
going to be submitted very shortly after this deliverable report.
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1 Energy efficiency

The following section analyses whether the TV can be beneficial in terms of energy
consumption showing efficiency maps and the effect of direct yaw moment on the powertrain
power losses.

1.1 Efficiency maps
The figure below shows the efficiency maps for the inverter and the motor in traction and
regeneration.

400 600 80O 1000 1200 600 80O 1000 1200 0 600 800 1000 1200
Speed [rpm] Speed (rpm) Speed (rpm]

(a) (b) (c)

Figure 1. Experimentally measured (a) inverter efficiency, (b) motor efficiency in traction, (c)
motor efficiency in regeneration.

The experimental data are provided from the project participant Elaphe. The components
used are the motor M700 and the inverter H300.

1.2 Effect of direct yaw moment on powertrain power loss

In an EV with at least two EMs on the same axle, it is possible to generate either a
destabilising yaw moment to reduce understeer, or a stabilising yaw moment to increase
understeer. The direct yaw moment is provoked by the uneven torque distribution between
the two sides of the EV. The torque demands on each side are calculated in the following
equation from 7,4, 4 and M, ..,

Ry,
Tpr = O-STtot,d - Mz,refd_F (1)
TrL = O-STtot,d + Mz,ref d_‘: 2

The total motor power loss can be expressed as sum of the power losses in traction and
regeneration, where both these power losses are given by:

1
Pl?;_v,EM = Tmot W (nﬁ - 1) (3)
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P£§§EM - Tmotw(l - UREG) (4)

where t,,,; iS the torque on each motor, w is the angular speed of the wheel and 7R, nREC
are the efficiency in traction and regeneration of the motors respectively. Here Figure 2 there
are some examples of motor power loss with respect to the direct yaw moment.

| Total axle torque [Nm] ‘
| 0 229 457 686 914 1143 1371 . 1600 |

SOMotor power loss at 30 km/h EiOMcvlcnr power loss at 60 km/h BDMotor power loss at 90 km/h 6[I]\l‘lc:tor power loss at 120 km/h

ProssErt (kW]
5
(=]
.
ProssErt (kW]

(

0 0 0 0

-4000 -2000 0 2000 4000 -4000 -2000 0 2000 4000 -4000 -2000 0 2000 4000 -4000 -2000 0 2000 4000
M. [Nm] M. [Nm] M. [Nm] M. [Nm]
(a) (b) (c) (d)

Figure 2. EM power loss as function of direct yaw moment for different total torque demand
and vehicle speed of (a) 30 km/h, (b) 60 km/h, (c) 90 km/h and (d) 120 km/h.

The direct yaw moment for these cases is calculated as follows:

dp

M, (TpL = Ttot,ay Trr = 0) = 0-5Ttot,dR_ %)
w
dr

Mz(TFL =0,Tpr = Trota ) = —0.5T¢o1q R (6)
w

From Figure 2 it is possible to see that for low speed values of the vehicle, the optimal
solution is for zero yaw moment, whilst with the increasing of the speed it is possible to see
that for low axle torque there are two local minima at yaw moment different from zero but for
higher axle torque the minimum still remains at zero yaw moment.

e Inverter power loss

| Total axle torque [Nm] ]

0 229 457 686 914 1143 1371 . 1600 ‘
Inverter power loss at 30 km/h Inverter power loss at 60 km/h Inverter power loss at 90 km/h Inverter power loss at 120 km/h
4 4 4 4
= = . = =
243 . 24,3 .3 =3
Ez\ / 52 R 22 22
S
: 1 / :T 1 \v/ :: 1 :T 1
0 w 0 0 0
-4000 -2000 0 2000 4000 -4000 -2000 0 2000 4000 -4000 -2000 0 2000 4000 -4000 -2000 0 2000 4000
M. [Nm] M, [Nm] M. [Nm)] M. [Nm)]
(a) (b) (c) (d)

Figure 3. Inverter power losses at different vehicle speed (a) 30 km/h, (b) 60 km/h, (c) 90
km/h, (d) 120 km/h.
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The inverter power losses are calculated as follows:

TR in 1
Piossinv = Pmot W -1 (7)
Pl%EgINV =Pn.(1—n™") (8)

Where P .is the input power to the electric motor and ™V is the efficiency of the inverter.
From Figure 3 it is possible to see that the minimum power loss is achieved with zero yaw
moment for low speed values, whilst with the increasing of the speed it is possible to see that
for low axle torque there are two local minima at yaw moment different from zero but for
higher axle torque the minimum still remains at zero yaw moment.

o Powertrain power loss

‘ Total axle torque [Nm] ‘
[ 0 229 457 686 914 1143

1371 . 1600

F"soowerlrain power loss at 30 km/h %ouwertrain power loss at 60 km/h F:s%werlrain power loss at 90 km/h Ps%wertrain power loss at 120 km/h

0 0 0 0
-4000 -2000 0 2000 4000 -4000 -2000 0 2000 4000 -4000 -2000 0 2000 4000 -4000 -2000 0 2000 4000
M. [Nm| M. [Nm] M. [Nm] M. [Nm

.
o
Y
o
TS
o

N
=1
[~}
o
N
=1

Pioss.pvr [kW]
Prowspivr [KW]
Pross,pwr [KW]

(a) (b) (c) (d)

Figure 4. Powertrain power losses at different vehicle speed (a) 30 km/h, (b) 60 km/h, (c) 90
km/h, (d) 120 km/h.

The powertrain power loss is given from the sum of the motor power loss and the inverter
power loss. From Figure 4 it is possible to see that for low speed values of the vehicle, the
optimal solution is for zero yaw moment, whilst with the increasing of the speed (60 km/h) it
is possible to see that for low axle torque value, the minimum power loss is achieved with
zero yaw moment but for higher axle torque (about 1100 Nm) there are two local minima at
yaw moment different from zero but for higher torque the minimum still remains at zero yaw
moment. Then at higher speed (up to 120 km/h) the optimal solution is still at zero yaw
moment for almost all axle torque values, except for the low axle torque (about 220 Nm)
where there are two minima at yaw moment different from zero.
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1.3 Polynomial fitting — motor and inverter power losses

To calculate the power losses with the controller in the prediction horizon is not possible to
use a lookup table, thus a novel formulation to compute the power losses was used. A
polynomial of 7" grade for each torque value is created obtaining eight coefficients
(ag,ay, ...,a;) for each polynomial formula. After that, another 16" grade polynomial is
created to approximate each coefficient's grade of the previous polynomials. Thus, the
powertrain power loss is computed as follows:

n=16
Paosspwr(@,7) = D (") ©
k=0
where Cy, is expressed as follows:
m=7
Ce@ = ) (@at) (10
=0

where m and n are the grade of the polynomial, a,; are the coefficients of the second
polynomial which approximate the coefficients (ay, a4, ..., a;) of each polynomial generated
at each torque.

In this way the following results are obtained:

1 Bxperimental Data VS Polynamial fitting - REGENERATION 25 10*Experimental Data VS Polynomial fitting - TRACTION

e P é
4 & - é )?‘r -R\ %
s ot & | ;‘: |
? 1 . N ) g ? z:
Fos & e % g ‘ é
Torque [Nm] 1000 0 Speed [RPM] % e

: o (c)

Figure 5. Polynomial fitting powertrain power loss, (a) 3D view, (b) 2D regeneration, (c) 2D

traction.

From Figure 5 it is possible to see that now the powertrain power loss approximation is very
close to the experimental data.
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¢ Relationship between torgue demand and direct yaw moment
Figure 6 indicates the maximum yaw moment usable with the actual vehicle configuration.

Yaw moment with respect to total axle torque
4000 ; T : T T : T

3000 -

2000 -

1000 -

0

Yaw moment [Nm]

-1000

-2000

-3000

-4000 - ! : :
-2000 -1500 -1000  -500 0 500 1000 1500 2000

Total axle torque [Nm]

Figure 6. Yaw moment with respect to the total axle torque.

More specifically, from Figure 6 it is possible to see the behaviour of the yaw moment with
respect to the total axle torque. When the total axle torque is either the maximum or the
minimum value the only yaw moment possible is zero, whilst when the total axle torque is
equal to zero, the yaw moment can be either the maximum or the minimum value.
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2 Rigid vehicle configuration

A TV NMPC strategy needs the definition of an internal model to predict the future behaviour
of the system thus providing the best corrective control action to minimise the internal cost
function.

2.1 Internal model

In Figure 7 the four-wheel vehicle model that will be used as reference for the equations in
the following section are shown. A non-linear 7-degree-of-freedom (7DOF) vehicle dynamics
has been used in this internal model, which includes the longitudinal, lateral and yaw
dynamics, as well as the rotation of the four wheels. All symbols have been defined in List of
symbols section.

v

Figure 7. Four-wheel vehicle model.

The equations of motion (EOM) for the four-wheel vehicle model with front wheel steering
are:
e Force balance equation — Longitudinal direction

. 1 .
i, = |(Fep + Forr) c056) = (B + Fyr) 5in®) + (Fops + Fene) = 5 0V7SC| +mifp - (12)
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where on the left side there is m, which is the mass of the vehicle and V, which is the first
derivative of the vehicle longitudinal velocity at its CG and on the right side there are the
forces of each tyre projected on the longitudinal direction and the contribution due to the
aerodynamic force, where p is the density of the air V is the vehicle speed at its CG, S is the
vehicle frontal area, C, is the aerodynamic drag coefficient, and at last V, is the vehicle lateral
speed and y is the yaw rate.
e Force balance equation — Lateral direction

mVy = [(Fx,FL + Fx,FR) sin(8) + (Fy,FL + Fy,FR) cos(6) + (Fyp + Fy,RR)] LAY (12)

where on the left side there is V, which is the first derivative of the vehicle lateral velocity at
its CG and, on the right side of the equation there are the forces of each tyre projected on the
lateral direction, and then there is V, which is the longitudinal velocity of the vehicle at its CG
multiplied by v which is the first derivative of vehicle yaw angle (i.e. yaw rate) at its CG.
e Yaw moment balance equation

JoP = Le[(Fy L + Fypr) cos 8 + (Fepy + Frpr) Sin S| — Le(Fyp + Fyrr) +

13
dz_F ((Fy,FL _Fy,FR) sin(8) + (Fx,FR - Fx,FL)COS (5)) + de (Fx,RR - Fx,RL) (13)

where on the left side there is the vehicle moment of inertia J, multiplied by the second
derivative of the yaw angle i (i.e. yaw acceleration) of the vehicle at its CG and, on the right
side there are the moments generated by the forces on each tyre.

o Wheel moment balance equation
Lyw;j =T — FyijR — fF, R (14)

where indexes i defines the front or rear axle, and j the left or the right side of the vehicle;
then on the left side of the formula, there is the wheel moment of inertia I,,,; of each wheel
about its axis of rotation which it is different between front and rear wheels, multiplied by the
first derivative of the wheel angular velocity w;; and, on the right side there is 7;; which is the
torque on each wheel, f is the rolling resistance coefficient and F,;; is the vertical load on
each tyre. The total axle torque given by the sum of the torque on each front wheel is:

Ttot = Z TFj (15)
j=L,R

e Forces and slip
The F,;; and F, ;; tyre forces are calculated as function of the tyre slip with a simplified

Pacejka's Magic Formula. In particular, the resultant tyre force coefficient is obtained as a
function of the resultant slip at each tyre from the MF [1]:
ﬂi}'(si}') = MF(S,J) =D Sin(C tan_l(BSi}-)) (16)

where i is the index for the front or rear axle of the vehicle, j is the index for the left or right
side of the vehicle, D;; is the peak factor, C and B;; are respectively the shape and the
stiffness factor of the MF. Coefficient C is constant; whilst coefficient D;j can be written in
function of the vertical load for each tyre as follows [2]:
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Dij = alFZZIij + azFZ_ij (17)

where F,;; is the vertical load on each tyre and a4, a, are coefficients for tyre formula which
include the load influence. To calculate B;;, we define the parameter (BCD);; called stiffness,
which can be calculated as follows:

(BCD),; = as sin(a, tan™*(asF,;;)) (18)

where a3, a4, as are coefficients for tyre formula which include the load influence.
At last the stiffness factor B;; is found by dividing the stiffness BCD;; by the shape factor C
and the peak factor D;; [2]:

as sin(a4 tan™! (ast.ij))

B.. = 19
ij cD, (19)

Then there is s;; which is the resultant tyre slip calculated as follows:
Sij = S;U + 532/,1-1- (20)

where s, ;; and s, ;; are respectively the longitudinal and lateral slip in driving condition on

each tyre which can be calculated with the following formulas:

w;ijRe — Dy ;5 COS 5
Sxij = / / (21)
Vw,ij COS &jj

Syij = —tanay; (22)

where v,,;; is the wheel ground contact point velocity, w;; is the angular velocity of the
driven/braked wheel, R, is the effective wheel radius for free rolling at zero slip angle, and a;;
is the slip angle of each wheel. The wheel ground contact point velocity v, ;; for each wheel
is expressed as follows:

Vo =V — (dZ—F cos B — Ly sin 5) 23)
Vo rn =V + 1 (% cos B + Ly sin ﬁ) (24)
Vo =V = (dz—R cos B + Lg sin 5) (25)
Vrn =V + 9 (dZ—R cos f — Ly sin ,8) (26)

As shown in Figure 7, the slip angle is the angle between the direction in which a wheel is
pointing (steering direction) and the direction in which the wheel is moving v, ;;.

Thus, knowing the velocities at the wheel ground contact point, the four tyre slip angles can
be easily derived geometrically and are given by [2]:
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V, + YL
ap, = tan™?! y—l'?dF ) 27)
F
Vo=
V, + YL
apg = tan™! y—l’?dF ) (28)
F
Ve +t—
V, — YL
ag, = tan™! y—l'?d}; (29)
Vo=
V, — L
agg = tan™?! y—ll,)di (30)
Vetd—

where § is the steering wheel angle, V;, and V, are respectively the vehicle lateral velocity and

vehicle longitudinal velocity, then there is ¥ which is the first derivative of the yaw angle of
the vehicle at its CM, Lp and Ly are respectively the longitudinal distance of the front and
rear axle from the CM and dg, dr are the total distance between left and right wheel on the
rear and on the front axle respectively. Thus, the sideslip angle g of the vehicle at its CM is
defined as:

v
B = tan! (—y) (31)
Vs
Then using the friction circle equations:
S ..
Hxij = ﬂﬂij(sij) (32)
Sij
Syij
Hyij = . 1ij (Sij) (33)
ij

the tyre force coefficients p, ;; and u,,;; are expressed in the longitudinal and lateral direction.
Some assumptions must be done before explicating the vertical forces:
1. The static load is evenly distributed between the right and the left side of the vehicle;
2. The values of wheels acceleration are approximated to the vehicle acceleration;
3. Front and rear roll centres are at the same height.
Under these assumptions, it is possible to explicate F,;; on each of the four wheels which
can be calculated by the load distribution formulas:

mglL ma,h ma, (LrRCH k H 1 h
Fz,FL — 9Lr _ x"t y < R roll,F''roll ) _ —pVZSCx (34)
2Lror  2Lror  dp \ Lror krowr + Krour 2 2L7or
mglL ma,h ma, (LpRCH k H, 1
R = 9Lr _ X y< R roll,F ' roll ) _ —pVZSCx (35)
2Lror  2Lror  drp \ Lror  Krowr * Krowr 2 2Lror
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mglL ma,h ma, (LzRCH k H 1
ZRL = gor = - y< - rollR_voll ) + - pV2SC, (36)
2Lror  2Lror  dr \ Lror  krour *+ Krour 2 2L7or
mgl ma,h ma, (LrRCH k H 1
Fz,RR — 9Lr X y< F roll,R"'roll )+—pVZSCx (37)
2Lror  2Lgor dg Lror krour + Krour 2 2Lror

the first term of each equation is the static load of the vehicle where m is the vehicle mass, g
is the gravitational acceleration, Lpand L, are respectively the distance of the CM from the
rear and the front axle, Lo is the distance between the rear and the front axle; the second
term is the longitudinal load distribution term where a, is the longitudinal acceleration of the
vehicle, defined as follows:

ay =V, =V (38)

where V, is the first derivative of the vehicle longitudinal velocity and V, is the vehicle lateral
velocity of the vehicle at its CG multiplied by the yaw rate of the vehicle.
Then in (34),(35),(36) and (37) , h is the height of CG from the road surface next term is the
lateral load transfer where dr,r is the width of the vehicle as represented in Figure 7, and a,,
is the lateral acceleration of the vehicle which can be calculated as follows:

ay =V, + Vit (39)

where V,, is the first derivative of the vehicle lateral velocity at its CG, V, is the longitudinal
vehicle The third term of the vertical load is composed by two terms: the first one is related to
the load transfers through the rigid links of the suspensions whilst the second one is related
to the load transfers through the suspension springs and anti-roll bars. RCH is the height of
the roll centre from the road surface which, for assumption, is the same for the front and the
rear and H,,; is the distance between CG and the roll centre. The last term is the vertical
load transfer due to the aerodynamic forces.

Therefore, the longitudinal and lateral tyre forces are then given by the following formulas:

Frij = MxijFyij (40)
Fyii = Uy iiFyij (41)

e Power losses
Once the forces are defined, it is possible to calculate the tyre slip power loss of each wheel,
in the longitudinal and lateral directions, with the following formulas:

Pross,xstip,ij = FxijVstip,x,ij (42)
Ploss,yslip,ij = I'yijVslip,y,ij (43)

where vy, ».i; is the longitudinal slip speed, which is given by:
Vsiipaij = WijRe = Vi ij COS Qj; (44)

Vstipy,ij = Vw,ij COS Qjj Sy ij (45)
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where , the term v,,;; cosq;; is the longitudinal velocity of each wheel, w;; is the angular

velocity of the driven/braked wheel R, is the effective wheel radius for free rolling at zero slip
angle and vy, ,,;; is the lateral slip velocity which can be computed with Eq. (45).
The vehicle resultant velocity which can be computed as follows:

V= |vz+vp (46)

the total tyre slip power loss in both directions, are defined as follows:

P ztoosts,xslip = E P loss,xslip,ij (47)
ij
Pioss ysip = E Pioss ystip,ij (48)
ij
2.2 Driveability controller

The developments include the implementation of a regenerative braking controller based on
the following scheme:

b
et

7 i

Position 0-100%
- D

Vehicle speed
—_

o e
(Full throttla) torq !
demand

Tandem master
cylinder pressure &
-

Vehicle speed  *
—_—

Figure 8. Regenerative braking system scheme

In SYS2WHEEL, the vehicle demonstrator will be characterised by a conventional friction
braking system layout, with standard brake booster, tandem master cylinder and stability
control unit. Therefore, the regenerative braking controller will have to work around the
constraints of the physically available braking system, without using seamless brake blending
algorithms, typical of electrified vehicles including brake-by-wire systems, e.g., electro-
hydraulic or electro-mechanical braking systems.
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Using the driveability map based on the accelerator pedal position and on the vehicle speed
it is possible to calculate the accelerator-pedal-related part of the total regenerative braking
torque demand. More specifically, for low accelerator pedal positions (e.g., in the range 0-
20%), the electric vehicle has the regenerative braking system active, thus a negative torque
is provided. Nevertheless, for very low speed values the regenerative braking torque value in
the map is set to zero, considered the very low values of energy that can be regenerated in
these conditions, and in order to prevent the vehicle from moving backwards. Moreover, for
flexibility of implementation, the specific regenerative braking controller includes an additional
map that considers the tandem master cylinder pressure and the vehicle speed. The
pressure value is measured by a sensor and it is proportional to the driver's force on the
brake pedal and, therefore, on the basis of the pressure measured in the master cylinder it is
possible to add more regenerative braking torque, and modulate it according to the driver’s
input on the brake pedal.

Lastly, the two regenerative braking torque contributions are added together in order to find
the total torque demand to be applied to the vehicle through the electric powertrains in
braking conditions.

Regarding the interactions between the NMPC controlling the electric powertrains and the
friction brakes present on the demonstrator vehicles, the idea is to use the flag variable from
the conventional production ABS unit of the SYS2WHEEL vehicle in order to reduce the
regenerative braking contribution specified by the SYS2WHEEL NMPC, if interventions of the
conventional ABS occur. The literature already includes a multitude of patents (e.g., see
FR2972411A, Renault; WO12108001A1, Toyota; JP2011031698A, Hitachi;
KR20110139836A, Mando; US6231134B, Advics, Aisin Seiki, Toyota; US5318355A, Honda)
proposing similar solutions for the management of the regenerative braking contribution
during the interventions of the ABS actuated through the friction brakes.

Obviously, such limitation will be much less of a concern during the interventions of the
wheel slip control limitation function in traction, despite the conventional stability control unit
installed on the vehicle could still give origin to some form of interference, by actuating
interventions of the friction brakes to limit wheel slip in traction. In SYS2WHEEL, the
constraint on the individual wheel slip incorporated within the NMPC will work as main
traction control function.
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2.3 Nonlinear model predictive control - optimal control problem
formulation

NMPC

7]

TFL, TFR

ESTIMATED
B, Fx,ij. Fy,ij

MEASURED
in Vy; wij: axl ayt ¢

Figure 9. Schematic diagram for NMPC and plant — vehicle configuration.

The Nonlinear Model Predictive Control (NMPC) approach is employed in this study to
develop the integrated control structure. The controller is intended to track the desired yaw
rate for handling improvement [3] and ensure the energy efficiency by minimizing both lateral
and longitudinal tyre slip power losses and the powertrain power losses. To implement
controller ACADO Toolkit was used. ACADO Toolkit is a software environment and algorithm
collection written in C++ for automatic control and dynamic optimization [5] which has been
used to solve the constrained nonlinear optimization problem in the NMPC. ACADO Toolkit
generates a C-code, which is then usable in Simulink.

A vehicle model in state-space form is developed by combining the vehicle dynamics
equations (11), (12),(13) and the wheel dynamics equation (14) and the full vehicle model in
standard state-space form is expressed as:

X=fX@®wm,U®) (49)

where X is the state vector defined as follows :
X =V, Vy' 1»[" Wry, WER, WRL, wRR]T (50)

and its elements are defined in the section above.

W is the parameters vector defined as follows :

— [+min _max pmin max T
W= [ij yTrj Pearrery, P, BATTERY ) (51)
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where r},’}in,r}ﬂja" are the minimum and the maximum value of torque respectively on both

front sides of the vehicle and PF % ry, PRS-y are the minimum and the maximum value of
the battery power respectively. All these parameters will be used in the computation of the
optimal control input.
U is the controlled input vector defined as follows :

U= [tp, Trr]" (52)

The discrete-time state-space form of the vehicle model can be derived by discretization of
(24) and thus can be written as follows:
Xkt = £ (Xk, Wk, Uk) (53)

Some assumptions must be done before developing the NMPC controller: the driver inputs
such as steer angles, torques on wheels, vehicle speed and the load transfer are constant
during prediction horizon N which is a common approach in developing the NMPC for vehicle
stability control.

Chosen parameters for the vehicle dynamic are the yaw rate and total traction torque
(1[’=Ttot,tr)-

Chosen parameters for the vehicle power efficiency are the tyre slip power loss in lateral and
longitudinal direction, and the power l0sses P ysiin: Ploss xsiip» Pross,ems Prossinv -

Therefore, to find the optimal control input a constrained quadratic optimization problem has
to be solved by using the following cost function [5]:

N-1
1 2 1 2
I =lzy -zl + ZZ (12t = zbll;, +lUkiiz) (54)

where Zy, is the output vector defined as:

— / tot tot T
ZV - [Ttotr 1/), S Plogg_xglipl Ploss,yslip' PlOSS,PWT] (55)

where the firsts two elements are defined in the previous section, s, is the slack variable
used in the rear sideslip angle constraint, and Py, pyr is defined by Eq. (9) .
Then there is Z, swhich is the output vector with the desirable values defined as:

Zyg = [Ttot,D:lj’d:O :O'O'O]T (56)

where the first element is t;,.p Which is the driver torque demand, the second one is the
desirable yaw rate which is computed using a look-up table.
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This look-up table is generated by simulating the passive vehicle configuration while
cornering at constant speed. Hence, several simulations were made with varying steering
angle and constant speed and in the end, the following map is created:

Yaw rate map

50 T T
Vehicle speed [km/h]
45 10 7]
30
40 60 P
— 90 /.//
7] ~
35 120 n
o 30 7 ]
® ;
L /’/ |
z 25 -
> e
© -
o 20 e ]
@ <o ]
] d
Y— A
(1) /,/ -
K 15 - -
/'/ ,,/'/
10 e '// .
//7
5 - s
—
0 | 1
5 10 15

Steering angle [deg]

Figure 10. Yaw rate map.

The others are all zero because it is the desirable value of either the slack variable for the
rear slip angle and the power losses.Q,, and R are positive semi-definite the weight matrices.
Then the aim is to minimize the cost function and model predictive control offers a method for
incorporating both an objective as well as constraints. Taken into the context of the
stabilization problem, the objective can be leveraged to express the driver’s intended vehicle
behaviour while the constraints represent the physical limitations of the vehicle. [4] The first
constraint is on 7¥; and considers the limitation of the maximum torque and the maximum
tyre force capacity according to the friction between tyres and the road. [3] The other two
constraints limit the value of the rear sideslip angle and of battery power level.
The first constraint can be written as follows:

—min(FJ{%*R, /%™ < 7F; < min(F9* R, Tfi™) (57)

x,ij x,tj

where r}"ji”and Tpi are the minimum and the maximum torque available at each front wheel
respectively and defined as positives values, and F$* is the maximum value of the
longitudinal force expressed as follows:

Fyi(0) \°
FMme* =y iF,i(0) [1— L) B
i Hx,ij Z,lJ( )\/ <Hy.i}'FZ'ij(0)
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where F,,;;(0) and F,;;(0) are the lateral tyre force and the vertical tyre force at the beginning

of the horizon, respectively.
Therefore, the NMPC problem can be formulated as follows:

argymin] (ZK, U*) (59)

s.t.r ZKFL = £ (XK, Uk, wk) (60)

— min(Fﬂ‘}xR,T;T}m) < T!;(j < min(F,f_E‘}xR, T}"jax) (61)
Sq¢ =0 (62)

—aP (1 + 5q) < af; < af* (1 +5,) (63)

(64)

min k max
PBATTERY < PBATTERY < PBATTERY

Further developments will include the tuning of energy efficiency functions and tuning of
wheel slip control functions of the controller.

2.4 Selection of results
To assess the controller behaviour a single step steer manoeuvre with different vehicle
speed was performed.

2.4.1 Manoeuvre

e Step steer at 80 km/h with maximum steering angle of 10 deg
e Step steer at 120 km/h with maximum steering angle of 10 deg

Rear sideslip angle Yaw rate trend

—— 40
'@' 5F Lower and upper bound 1 E

T € 20

s 0 1 = VT

C: "’\"_— _________ S

St v I L ] 0

0 2 4 6 0 2 4 6
a) t [s] b) t [s]

Figure 11. Step steer manoeuvre rear sideslip angle soft constrained at 80 km/h.

In Figure 11 it is shown the behaviour of the controlled rigid vehicle when both yaw rate
tracking term and slack variable are taken into account in the cost function. As it is clearly
visible at

~ 1 s the rear sideslip angle exceeds the boundary fixed and the controller intervention acts
to correct this undesirable behaviour. At the same time a good yaw rate tracking is shown.
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Rear sideslip angle Yaw rate trend
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Figure 12. Step steer manoeuvre yaw rate tracking in emergency conditions at 120 km/h.

In Figure 12 it is shown the behaviour of the controlled rigid vehicle in emergency conditions
with a step steer at 120 km/h. More in detail the yaw rate oscillation is highly damped and the

rear sideslip angle is constrained between the thresholds.
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3 Articulated vehicle configuration

3.1 Internal model mathematical derivation

In Figure 13 the articulated vehicle model that will be used as reference for the equations in
section 3.1 is shown. A non-linear 8-degree-of-freedom (8DOF) articulated vehicle dynamics
has been used in this internal model, which includes the longitudinal, lateral, vehicle yaw and
trailer yaw, as well as the rotation of the four wheels of the vehicle. All symbols have been
defined in the list of symbols.

>y

Figure 13. Articulated vehicle model.

3.1.1 Trailer lateral and longitudinal acceleration
The first step to calculate the acceleration of the trailer is to express the velocity in the centre
of mass of the towing vehicle to the velocity in the hitch joint.
By considering:
VCG = V (65)

V; is the velocity in the hitch joint of the articulated vehicle is expressed as follows:
Vy = Ve + 9 x (J, — CG) (66)
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where V,; is the velocity in the centre of mass of the towing vehicle, i is the yaw rate of the
towing vehicle and (J, — CG) is the distance between the hitch joint and the centre of mass of

the towing vehicle.

2 2
(J, — CG) = J (Xeo—x;,) +(Yea—,) (67)
The coordinates of the hitch joint in the inertial frame which origins are in J,,, are:
X, =08&Y, =0 (68)

While the coordinates, in the same reference frame, of the centre of gravity of the towing
vehicle in the inertial frame are:
Xcg =ccos () &Yy =csin(y) (69)

By performing the vector product:

i h k
Y x (J, — CG) = det 0 0 ¥| = (Yesin ()i — (Y cos @))f (70)
—ccos () —csin(yp) O

Vee = (Vi cos(@) — Bsin ()1 + (V; sin(¥) + Kcos ()] (71)
The result of the summation of the two relative velocities provides us the velocity in the hitch
joint:
V]p = (I/;C cos(y) =V, sin(y) + Y sin (w))i + (I/;c sin(y) + V,cos () — 1/)0 cos (¢))j (72)

The velocity in the centre of gravity of the trailer is obtained as follows:

(CGT - J,,) = (=Lgrcos ( — 0))i + (—Lgrsin ( — 0))f (73)
Vegr = V), + ¥ — 6) x (CGT —I») (74)
£ h k
(¥ —6) x (CGT —J,) = det 0 0 W—0
—Lprcos(Pp —60) —Lpypsin(y —0) 0 (75)

= (( = 0)(Lersin@ — 0))) 1+ (~Lrrcos i — )@ — 6))]

By resolving the previous steps, we are finally able to find the velocity in the centre of mass
of the trailer:
Veer = (Vi cos(@) =V, sin() + e sin@) + (f — 6)Lpr sin( — ) )i

] . C (76)
+ (V, sin() + 1}, cos() — ypc cos() — Ly cos(p — ) (v — 6) ) ]

To find the lateral and longitudinal acceleration of the trailer in the inertial reference frame XY
system the time derivatives of the lateral and longitudinal components of the velocity in the
centre of gravity of the trailer have been computed:

Vicar = Ve cos@@) =V, sin() + e sin() + (4 — )Ly sin(® — 6) (77)
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Vy cor = Vo sin(y) + V, cos(yp) — P cos(®) — Lprcos(y —0) (¢ - 9) (78)

By performing the time derivates to find the lateral and the longitudinal acceleration in the
inertial reference frame:

QAxT XY,CGT = V;c cos(y) — V; sin(¥)) Eb - Vy sin(y) — v, cos(y) 1/1 + l]jcsin(l,b) + 1/)26 cos(y)

L . 79
+ (4 — 6)Lpr sin@p — 0) + (4 — 6)" Ly cos() — 6) (79)

ayrxy.cor = Ve sSin(y) + V, cos(¥) Y + V, cos(yh)
— ¥, sin()y) — e cos(@) + P?csin@) + Lersin(p — 0) (3 — é)z (80)
— Lprcos (Y — ) — 6)

By pre multiplying the previous expressions of the accelerations of the trailer by the rotation
matrix Ry the expressions of the trailer’s accelerations in its reference frame are obtained.
R, = | €os (Y—06) sin(y—-20)

7= |=sin (@ —0) cos (i) — ) (81)
Axrcer = €0S(Y — 0) ayr xycor + sin (P — 0)ayr xy,cer (82)
Ayr.ceTr = — sin(y — 6) Ayt xy,cor + €OS (Y — 0) QAyT XY,CGT (83)

3.1.2 Kinetic energy derivation

The coordinates of the CGT of the trailer are defined with the generalized coordinates and
then by deriving the velocity on the CGT is obtained. Then writing the kinematic energy of the
system and by deriving opportunely it is possible to write the left side of the EOM.
The Kinetic energy of the system is:

T= lmVCZG + 1mTVCZGT + l]zl,[’z + EIT(II‘) - 6)? (84)

2 2 2 2
where m,my,J,, Jr,Vee @nd Vyor are respectively the masses, the barycentric moments of
inertia about an axis perpendicular to the road and the velocities of the towing vehicle in its
CG and the trailer in its CGT in inertial frame which are expressed respectively as in (71) and
(76).
The velocity in the centre of mass of both towing vehicle and the trailer are:
Vég = V& + W (85)

Vé&r = V2 +VE+9P2ct+ (P — é)ngT =2V, (¢ — 0)Lp 1 sin(0) — 2V, 3¢ — 2V, yc

P coL T (86)
- ZVy(l/’ — 0) Ly cos() + 2ypc(yp — @)Ly rcos (6)
By inserting the velocities in kinetic energy expression, it follows:
1 1. 1. . ' o
T= EM(V;‘Z + W)+ 51/’2]1(9) + 592]3 —P0J,(0) — mrV, (¢ + Lpr (3 — 6) cos(6)) 87)

- mTVx(lp - é)LF,TSin @)
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where J;(8) , J,(8) and J; are mass moment of inertia defined as follows:

M=m+m; (88)
J10) = Jz + Jr + mp(Lyr + ¢ + 2L rc cos(6)) (89)
J2(6) = Jr + my(Lyr + Ly rc cos(6)) (90)
Js=Jr +mrlir (91)

where J, and J; are the baricentric moment of inertia about an axis perpendicular to the road
of the vehicle and of the trailer, respectively.

3.1.3 Equations of motion

The equations of motion for the articulated vehicle model are obtained through Lagrange
equations, in order to proceed with this approach, four generalized coordinates are chosen:
X and Y which are the inertial coordinates of the CG of the vehicle , ¥ which is the yaw angle
of the vehicle and the last one is the hitch angle 6.
i(a_T)_a_T+a_F=Q. 92)
dt\dq,/ dq; 04, '
where T is the kinetic energy of the system, gq; are the generalized coordinates, F is the
Rayleight dissipation function with the damping coefficient T' that is associated to the hinge
between tractor and trailer and the Q; that are the generalized forces.
The equations of motion are obtained as in [7]-[9] :

gz (o) + Al - fad - 5 - &

gi )+ (4~ [TAT(si)D{ - {aqk} ATQ, (99

where w is the vector containing the generalized velocities V,, V,, 4 and 6
w= [V, v, 6] (95)
The vector g instead is the vector containing the derivatives of the generalized coordinates.
g=[xvy6] (96)

Matrix A is the rotation matrix which is used to make the passage from inertial frame to the
towing vehicle reference frame.
cos(¥) —sin(y)
4= [sin®)  cos()
0 0

0 0

(97)

SO R O O
_ o O O

The transposed of matrix 4 is AT and the time derivative of A4 is A.
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The state equations are written with the reference to generalized velocities that are not
simply the derivatives of the generalized coordinates. Often it is expedient to use as
generalized velocities suitable combination of the derivatives of the coordinates.
The velocities Vx,Vy,z[) and @ are linked to the derivatives of generalized coordinates X,Y,
and 6 by the relationship below:

w=ATq (98)

The matrix form of the previous relationship is:

Vx cos(y) sin(y) 0 O[X
Vy _ |=sin(¥) cos(¥) O 0‘ [Y (99)
Y 0 0 1 of|¥
0 0 o o 1llp

where we consider the generalized coordinates X,Y, and 8 and Q; are the corresponding
generalized forces Fy, Fy and the moments related to rotation i and 6. F is the Rayleigh
dissipation function that is associated to the hinge between the towing vehicle and trailer. I si
the damping coefficient.

The Rayleight dissipation function is:
1 .
F =262 (100)
By solving Eq. (94), the equations of motions in the towing vehicle reference frame are
obtained:
e 1°EOM
M(V, —9V,) —myLp (P — ) sin(8) — 2myLgr cos(0) 6y + myLg r cos(0) 62

+ mTlﬁZ(c + Lpp cos(6)) = Qy (101)

e 2°EOM
MV, + Vip) — me(c + Lpr cos(6)) + mpLp 16 cos(8) — myLgr sin() (y — 9)2 (102)

= Qy
¢ 30 EOM . .. . .« . . .
J1(0)Y —J,(6)0 + myLprc sin(0) (92 - 291/)) —myLlpr sin(6) (V;c - Viﬂl’) (103)
—mp(V, +Vop)(c + Lz cos(8)) = Qy

e 4°EOM

Js0 — 1, ()Y + mrLgr cos(6) (Vy + V;cll)) + mrLg 7 sin(8) (Vx - l/’(VSz - Clp)) (104)

=Qp—T6
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e Generalized forces derivation
Generalized forces rigid vehicle
The first step is to write the velocity of the centre P;;of the contact area of the i,j =

(Front, Rear; Left, Right) wheel, located in a point whose coordinates are x; ; and y; ; in the
reference frame of the vehicle. Thus, V,,, ;is defined as follows:
Vpij = Veg + 9 X (P — CG) (105)

The velocity of the centre of mass of the towing vehicle is expressed in (71):

i ]k
Ypx(P;=C6)=[0 0 w|=-y,pi+x,;yj (106)
xXij Yij O
Voij = (Ve — yi,jll.})i + W, + xi,j‘,b )y (107)

By pre multiplying the components of the previous velocity by 8t the virtual displacement of
each wheel in the reference frame of the vehicle is obtained:
{5pi,jx =6x — }/i,j&:b

108
6pi,jy = 6}/ + xi‘jé'l/J ( )

By considering a steering angle only on front wheels § the forces that the i, j-th wheel exerts
in the reference frame of the towing vehicle are:

{va = (Fx,FL + Fx,FR) cos(6) — (Fy,FL + Fy,FR) sin(6) + (Fx,RL + Fx,RR)

] (109)
Fy = (Fx,FL + Fx,FR) sin(6) + (Fy,FL + Fy,FR) cos(8) + (Fyr, + Fyrr)

By executing the scalar product between the forces exerted by the wheels and the
corresponding virtual displacements we can obtain the virtual work of the rigid vehicle:

oL, = ((Fx,FL + Fx,FR) cos(6) — (Fy,FL + Fy,FR) sin(8) + (Fx,RL + Fx,RR)) 6x
+ ((Fuo + Forr) sin(8) + (Fy,py + Fyg) 05(8) + (Fys + Fyr) ) 6

+ (LF[(Fy_FL + Fypr) cos 8 + (Fypy + Fypr) sin S| — Lg(Fy py + Fy rr) (110)

d
+ %((Fy,FL —F, pr) sin(6) + (Fx,FR - x,FL)COS (5))

d
+ 7R (Ferr — Fx,RL)> 5y
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Generalized forces and virtual work trailer
The coordinates of point P; 7, centre of the contact zone of the j = (Left, Right) wheel of the
trailer, in the inertial frame are:

{Xp,j,T =X —ccos(¥) — Lrorr cos(yp — 0) — Yjrsin W-0)

. . 111
Yy jr =Y —csin(¥) — Lrorrsin(y — 0) + y;rcos (i — 6) (111)

The previous terms are the coordinates of the centre of the contact zone of each wheel in
inertial frame, where y; 1 is the y-coordinate of the wheel in the trailer not-inertial frame.
The velocity is obtained by performing the time derivative:

Xp,j,T =X+c sin(y) w + Lrorr sin(y — 6) (w - 9) — Yj,rcos W - 9)(1:0 - 9) (112)

Yp,j,T =Y-c cos(¥) Eb — Lyorr cos(yp — 0) (Eb - 9) — Yjrsin - 9)(1/) - 9) (113)

To express the velocity of the point P; r in the reference frame of the trailer the rotation matrix
is used:

Xpjrr| _[cos(—0) sin(y—6) Xy ir
[ y ] B [—sin ®—6) cos(— 9)] [ Yp] ] (114)

Ypirr T

By explaining the calculations:
X, jrr = X(cos(¥) cos(6) + sin(y) sin()) + ¥ (sin(y) cos(8) — sin(8) cos(¥h)) + cy sin(6)

R 115
- yj,T(ll’ - 0) ( )

Yy irg = —Xsin(® — ) + Y cos(® — 6) — cy(sin(yp — 6) sin(y) + cos(yp — 6) cos(¥)))

o (116)
- LTOT,T(II} - 6)

By using the components of velocity on the centre of mass of the towing vehicle in (71) it is
possible to obtain:
Vip,jrr = Vi cos(8) —V, sin(8) + cz/) sin(0) — y]-‘T(ll') - 9) (117)

Vypjrr = Vesin(@) +V, cos() — c1/) cos(0) — LTOT_T(I,[J - 9) (118)

The virtual displacements, to determinate the virtual work, are:
{65} = {6x, 8y, 6, 66}" (119)

where the firsts two are virtual linear displacements and lasts two are virtual angular

displacements. By multiplying both sides of velocities equations by the time 6t we

automatically obtain the expressions of virtual displacement in the reference frame of trailer:
6xTP]. = 6xcos(0) — Sysin(0) + c6¢ sin(8) — y; r (6Y — 60) (120)

SyTP]. = xsin(0) + ycos(8) — ¢y cos(8) — Lrorr (61 — 66) (121)

The forces of j-th wheel in the reference frame x;yrz; without considering the steering angle
of the wheel of the trailer are : }.j_, r) Fyjr and Xj—r) Fy jr- Where j indicates the left and
right wheel of the trailer.
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By doing the scalar product between the forces defined previously and the virtual
displacement in the not-inertial frame of the trailer it is possible to obtain the virtual work of
the trailer:

6Ly = ( Z [FXJ-,T cos(0) + F ;r sin(@)]) ox + ( Z [—Fx‘j_T sin(0) + F,, jr cos(9)]> oy
j=(L,R) j=(L,R)
+ (Z —u R){Fx'j’T [csin(@) - yj‘T] + E, jr[—ccos(8) — Lrorr ]}) oY (122)
j=(L,
+ ( Z {Fx,j,Tyj,T + Fy,j,TLTOT,T}> 66
j=(L,R)

e Articulated vehicle virtual work

i=x,y j=y.0

where F; are the resultant forces acting at the road-wheel interface on the towing vehicle not-
inertial frame on the x and y direction. M; is the resultant moment about, the centre of mass
of the towing vehicle for the yaw angle i and the total moment about, the hitch joint for the
hitch angle 6. F; and M; have been obtained with the scalar product between the forces exert
by the wheels of the articulated vehicle and the respective virtual displacements.
The last step is to determinate the total virtual work by summing the virtual work of insulated
vehicle and the virtual work of the trailer:

8L = 6L, + 6Ly (124)
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The complete expression of the virtual work is:

oL = (Fx,FL + Fx,FR) cos(8) — (Fyp, + Fy pr) sin(8) + (Fx,RL + Fx,RR)

+ Z [Fyjrcos(8) + F, jrsin(8)]| 6x
j=(L,R)

+ | (Fyps + Fupr) sin(8) + (Fyp + Fy pr) c0s(8) + (Fypi + Fy rr)

+ [—Fx‘j_Tsin(G)+Fy‘j_Tcos(9)]‘6y (125)
j=(L.R)

+ [LF [(Fyp + Fypr) cos 8 + (Fep, + Fypg) sin 8] — Lg (Fy,RL + Fyrr)
d
+ 717 ((Fy,FL _Fy,FR) sin(6) + (Fx,FR xFL)COS (5)) + (Fx RR — x,RL)

+ Z “ R){Fx'j'T [csin(@) - yj‘T] +E, jr[—ccos(8) — Lrorr ]} oY
j=(,

+ Z {Fx,j,Tyj,T+Fy,j,TLTOT,T} 66
j=(L,R)

By differentiating the virtual work with respect to the different virtual displacements it is
possible to obtain the total generalized forces due to the i-th wheel of the articulated vehicle.
d6L
Qx = 6% = (Feps + Fypr) c05(8) — (Fyp, + Fy pr) sin(8) + (Fypy + Fyrr)
1 (126)
+ Z [Fx,j,T cos(0) + Fy ;1 sin(B)] - EpVZSCx
j=W.R)

In the previous generalized force, we are also considering the influence of the aerodynamic

drag term.
951 _
Q, = @ = (Fx,FL + Fx,FR) sin(6) + (Fy,FL + Fy,FR) cos(6) + (Fypy + Fyrr)
(127)
+ Z [—Fx’j‘T sin(@) + Fy jr cos(@)]

j=L.R)
déL ;
Qw = m = LF[(Fy,FL + Fy,FR) coS 6 + (FX,FL + FX,FR) sin 6] - LR(Fy,RL + Fy RR)

d
+ _F ((Fy,pL =Fyrr) sin(8) + (Fyrr — Fyr)cos (8)) + (FxRR Fep,) (128)

+Z {Fx]T[csm(H) y]T]+ yirl ccos(G)—LTOT‘T]}
=
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dSL
=360 Z {Fx,j,Tyj,T + Fy,j,TLTOT,T} (129)
j=(L,R)

Qs

Then on the right side of the EOM there are the forces and moments, which are the
composition of the vehicle contribution and the trailer contribution.

Therefore, the EOM are written by neglecting the aerodynamical forces and assuming ar,
which is the road grade of inclination, equals to zero.

e Final expression of the equation of motion
e Force balance equation — Longitudinal direction of the vehicle
MV, — yV,) = mrLer (P — 6) sin(8) — 2myLp 10 cos(0) + mrLe 02 cos(6) + mrp?(c +
Ly cos(0)) = (Fypy + Fepr) c05(8) — (Fypy + Fy pr) sin(8) + (Fyr + Frgr) + (130)
Y j=@r|Frjr 0S(8) + F, ;7 sin(0)] — > pV2SC,y

where M = (m + my) is the total mass of the vehicle and trailer , m; is the mass of the trailer,
V, is the time derivative of the x-component of the vehicle velocity at its CM, 8 is the hitch
angle which is the angle between the longitudinal direction of the vehicle and the longitudinal
direction of the trailer, § and @ are its first and second time derivative, 1 and i are the first
derivative and second derivative of the yaw angle which is the angle between the longitudinal
direction of the vehicle and the X-axis absolute frame, L r is the distance between the hinge
and the CM of the trailer, c is the distance between the hinge and the CM of the tractor and §
is the steering wheel angle of the vehicle. On the right side of the equation there are the
summation of forces of the vehicle and the trailer respectively, projected on the longitudinal
direction and the contribution of the aerodynamic force on the vehicle.
e Force balance equation — Lateral direction of the vehicle
MV, + V) — mp(c + Lgr cos(8)) + myLp 16 cos(0) — myLpr sin(®) (P — 9)2
= (Fx,FL + Fx,FR) sin(6) + (Fy,FL + Fy,FR) cos(6) + (Fyre + Fyrr)
£ ) [<Feyrsin(@) + By i cos(0)]
j=@R)

(131)

where V;, is the time derivative of the y-component of the vehicle velocity at its CM and the

rest of the symbols used in this equation are the same described for Eq. (102). The forces on
the right side are projected on the lateral direction.
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¢ Yaw moment balance equation of the vehicle
J1(0)Y) — J(6)8 + mrLgrcsin(8) (6% — 264)) — mrLgrsin(6) (V, — Vylli)
- mT( Vy + V}Cl,b)(c +Lpr cos(9))
= Lp[(Fyp + Fyr) cos 8 + (Fypy + Fopp) sin 8| — Le(Fyps + Fyrp)

d, d (132)
+ > ((Fy,FL —F, pg) sin(8) + (Fx,FR - Fx,FL)COS (5)) + > (Fx,RR - Fx,RL)
+ Z . {Fxlij [csin(e) - yj‘T] + Fyir[—ccos(8) — Lrory ]}
J=L,
¢ Yaw moment balance equation of the trailer about the hinge
J36 — J,(0)Y + myLg 1 cos(6) (Vy + Vxlp) + myLp 7 sin(8) (Vx - 1//(Vy - Cl//))
. 133
= Z {Fx,j,Tyj,T + Fy,j,TLTOT,T} —-Tre ( )
j=R)
¢ Wheel moment balance equation
[W(bij = Tij - Fx'in - fFZ,in (134)

where I, is the wheel moment of inertia &;; is the angular acceleration of each wheel, 7;jis
the torque on each wheel ,(—F,;;R) is the torque due to the longitudinal force on each wheel
of the vehicle and fF, ;R is the rolling resistance term.

e Forces and slip

The Fy;j, Fyij, Fxijr. Fyir tyre forces are calculated as function of the tyre slip with
Pacejka‘'s Magic Formula as seen for the rigid vehicle model. Also, for the slip it is possible to
use the formulation seen for the rigid vehicle.

The sideslip angles of the wheels of the vehicle are the same as for the vehicle model Eq.
(27)-(30) and in a similar way it is possible to write the sideslip angles of the wheels of the
trailer as follows:

V. .
ajr = tan™! [7”"” (135)
Vx,p,j,T,R
By substituting the velocity of the centre of contact area, it follows:
V,sin@ + V, cos@ — cipcos6 — L ) — 6
ajr = tan~! [X y 14 T0T,T(1/J ) (136)

V., cos @ — Vysin9+01[)sin9— yj_T(I/}—é)

where j is the index for the left and right side of the trailer and all the other factors are
defined in the above equations.
In the calculation of F,;; for the nonlinear model, some assumptions must be done before
explicating the vertical forces:
1. The static load of the vehicle is evenly distributed between the right and the left side;
2. The values of wheels acceleration are approximated to the vehicle acceleration;
3. Front and rear roll centres are at the same height.
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Therefore, the generic vertical load transfer can be expressed as:

AF, ..
" + kz z,a;ro,l},k (137)

F _ Fz,ij,static Fz,ij,longit.
Zijk = +

2 2

+k1AF, 4,
where i = F,R is the index for the front, rear axle of the vehicle, j = R, L is the index of the
right and left side of the vehicle, k = T is the index used to identify the trailer factors, k, is a
coefficient and can be -1 if we are referring to the left side of the vehicle or 1 if we are
referring to the right side of the vehicle and k, is a coefficient and can be -1 if we are
referring to the front of the vehicle, +1 if we are referring to the rear of the vehicle and is
equal to 0 if we are referring to the trailer (k = T).

3.1.4 Vertical loads of the articulated vehicle
e Vertical Loads — Static balance

Towing Vehicle

o' o
FZ,static,F FZ,static,R

LF
< >« i >

LTOT

Figure 14. Static balance - free body diagram towing vehicle

The first analysis to do is about the towing vehicle. To solve its static balance, the moment
balance about point 0 on the rear of the vehicle must be executed:
FzsraricrLror = mgLg + Rzr(c — Lg) (138)

mgLg + Rzr(c — Lg)

(139)

F, Z,STATIC,F = L
TOT
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By performing the moment balance about the point 0’ it is possible to find the F; sraricr :
FzsraricrLror = mgLr — Rzr(c + Lg) (140)

mgLg — Rzr(c + Lg)

FZ,STATIC,R = (141)

LTOT

Trailer

EE;T

LTOT,T

Figure 15. Static balance- free body diagram trailer.

The value of R,y is obtainable by performing the moment balance about point O of the trailer:

RyrLrory = —mrgLlpyr (142)
—mrgLpr
Ry = B (143)
TOT,T

From the moment balance about the point / we can find F; srarc 1

FzstaricrLrorr = mrgLer (144)
mrgLpr
F, Z,STATIC,T = L (145)
TOT,T

Articulated vehicle
It is now possible to write down the expressions of vertical loads due to the static
contribution:

mglg  mrglpr (c—Lg)

LTOT LTOT,TLTOT

FZ,STATIC,F = (146)

mgLy  mpgLgr(Lg + )

LTOT LTOT,TLTOT

FZ,STATIC,R = (147)
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megler

148
Lrorr (148)

FZ,STATIC,T =

e Vertical load - Longitudinal load transfer
The second fundamental component of the verticals loads are due to the longitudinal load

transfer during traction and braking.

Towing vehicle

As in the case of the static components of the vertical load we start to carry out the balances
of the moments and of the forces in the towing vehicle.

LR
- L »< >

LToT

<4 >
Figure 16. Longitudinal load transfer - free body diagram towing vehicle.

By performing the moment balance about the point O it is possible to obtain the AF, ;, ¢:
AFz gy pLror + Rzr(c — Lg) = mayHCG + Fryguerhuiren (149)

We are considering a front-wheel drive vehicle so the Firqction t€rm is only on the front axle.
Moreover, we have inserted a friction term only for completeness reason. This term is almost
null.

The term HCG and hy;rcy are the height of the centre of mass of the towing vehicle and the

height of the hitch joint, respectively.

ma,HCG + Fr gijorh —Ryp(c—1L
AFz,ax,F — X Trailer "*HITCH ZT( R) (150)

LTOT

By doing the vertical forces balance we obtain:
RZT + AFZ,ax,R = AFz,ax,F (151)

The moment about the point 0’ is:

AFygnr = ma,yHCG + FrrgjerPuren — Rzr(c + Lp) (152)

LTOT

In the same way AFz 4, r iS:
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ma,HCG + Fryqiierhuiren — Rzr(c — Lg)

AFyapp = (153)

LTOT

Trailer
In the trailer we are considering two forces on the hitch joint, the inertial force in the centre of
gravity, the vertical AF;,,r term and the rolling resistance that is almost null. We can

proceed with the balances:

CGT
mTaxT

-

J

ey N
A x
hHITCH RZT
Yy v
LF,T
2
LToT,T

4 4

Figure 17. Longitudinal load transfer - free body diagram trailer.

By performing the moment balance about the contact point O between the wheel and the

road it follows:
RzrLrorr + FrraiterMuiren = Mrayr HCGT (154)

While the moment balance about the point J is:
AF; axrLlrorr + Frwhuiren = Mpayr (HCGT — hyrrey) (155)

The vertical forces balance of the trailer is:
Rzr = AFzaxr (156)

The longitudinal forces balance of the trailer is:
Frraiter = mraxT + Fry, (157)

The expression of longitudinal load transfer in the trailer is then:

_ Mylyr (HCGT — hyrren) — Frwhuren

AFz,ax,T - (158)

L TOT,T

By performing the opportune substitutions the front and rear component of longitudinal load
transfer in the towing vehicle are obtained:

AF, ;= ma,HCG n (mrayr + Fry)hyiren _ <mTaxT (HCGT — hyiren) — FTWhHITCH) (
' Lror Lror LrorLrorr (159)
—Lg)
AF,, p = ma,HCG n (mrayr + Frw)hyiren _ <mTaxT(HCGT — hyiren) — FTWhHITCH> (Ly
' Lror Lror Lror,rLror (160)
+0)
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Remembering that the friction resistance is:
Frw = fFy (161)

where f is the friction coefficient.

e Vertical load- Lateral load transfer

The roll centre represents the centre of the instantaneous rotation of the vehicle body relative
to the ground and that the suspensions give a roll stiffness K,,; we can write the follow

expression:
AIVIantiroll

Krou = T (162)
where A¢ is the roll angle variation and AM,,;ir0; 1S the anti-roll moment.

To calculate the load transfer, a free vehicle body diagram where is simulated the roll motion
of the vehicle body is defined. The points CG’' and J' are the centre of gravity of the towing
vehicle and the hitch joint after a roll motion of the body. As hypothesis the front and rear roll
centres are at the same height.

The free body diagram below shows the towing vehicle cornering around a right-hand turn. In

this free body diagram it is also considered the lateral contribution of the hitch joint.

AMroll
ma
Y CG | .
CG'.
RyVy ) HCG
A
J'. ,—J ’—]
u‘; .. hHl}CH
N i RCH
. Yyy
AFy,RC,L AD AFy,RC,R
AFz,ay AFz,ay

AMantiroll

Figure 18. Lateral load transfer - free body diagram towing vehicle rear view.
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G
¢ A
— CG'
] Hroll
mg ®
RyVy _ N
- hHITCH-
v o Fy,RC,F+Fy,RC,R YRC” v
RC
(1)

Mantiroll,F+Mantiroll,R

Figure 19. Lateral load transfer - towing vehicle.

By performing the moment balance about RC axis it follows:
Mantirou,r + Mantirou r
= mgH, oy sin(¢) + may,H,oy cos(¢) + Ryyy (hyrey — RCH) cos(¢) (163)
+ Ryv (hairen — RCH)sin (¢)

where R,y is the lateral force contribution of the hitch joint on the towing vehicle, R,y is the
vertical force contribution of the hitch joint on the towing vehicle, H,;; is the roll centre height
and RCH is the height of the roll centre from the road.
The lateral force balance is:

may, + Ryyy = Fyrer + Fyrer (164)

By considering two different roll stiffness for the front and for the rear, it follows:
Mantiroll,F + Mantiroll,R = (Kroll,F + Kroll,R)d) (165)

By performing the substitution with (163) and by considering roll angles, in first
approximation, not significantly larges it follows:
_ mayHyon + Ryyy(hyiren — RCH)

= 166
¢ Kroll,F + Kroll,R ( )

Page 48 | 63



824244 — SYS2WHEEL Deliverable D2.7

By knowing the relationship between the antiroll moment, the roll angle and the roll stiffness
expressions of Mgy ironr @aNd Mgntiron g Are:

Mantiroll,F = Kroll,F¢ (167)
Mantiroll,R = Kroll,R¢ (168)
may Hroy + Ryyy (hyirey — RCH)
Mantirall,F = Kroll,F( L K ”y :/-K B (169)
roll,F roll,R
mayHyoy + Ryyy (hyiren — RCH)
Mantirall,R = Kroll,R< y K ”y :]-K 1 (170)
roll,F roll,R

To determinate the load transfer on the frontal axle a free-body diagram of the towing vehicle
front axle is used:

FL FR
Mantiroll,F
o )
FRRCF =2 A
RCH
v
Fy,FL ’ 0 Fy,FR ’
AFz,F.ay dF AFz,F,ay
-

Figure 20. Lateral load transfer - free body diagram front axle towing vehicle.

The lateral force balance of the front axle is:
Fyrer = Fyre + Fypr (171)

The balance of the moments in the front axle about the contact point right wheel/road is:
F, ,RC,FRCH + Mantiroll,F

AFgpqy =2 (172)
Pl dF
By performing the opportune substitutions:
AF. _ Fy pcrRCH N Krour® _ Fy rcerRCH n Kroll,F(mayHroll + RyVy(hHITCH — RCH)) (173)
ahay dp dp dp dr (Krowr + Krou,r)
In the same way it is possible to find the lateral load transfer on the rear axle as:
AF _ Fy, rerRCH + Kyour(mayHeoy + Ryyy (Ryircn — RCH)) (174)
ahay dp dr (Krour + Krowr)
AF. _ Fy,RC,RRCH n Krour (mayHrou + RyVy(hHITCH — RCH)) (175)
ZRay —

dR dR (Kroll,F + Kroll,R)
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Trailer

Lateral Load transfer considering suspension properties of the trailer can be calculate in the
same way of the towing vehicle. The roll stiffness and, consequently, the roll angle are
different because we are considering a different kind of suspensions.

AMroll, T
mTayT l
CGT
- A
CGT' i
RyT HCGT
Je ® > A
L _ | hHITCH
re—L— *
AT RCHT
L) L YyYYyYy
FY,RC,LT AD AFy,RC,RT
AFz,ay,T AFz,ay, T
AMantiroll, T

Figure 21. Lateral load transfer - free body diagram trailer rear view.

CGT
A
mTayT cG
RzV HrollT
A
hHITCH-
RCHT
Fy.RC T
aAd
Mantiroll, T

Figure 22. Lateral load transfer — trailer.
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By performing the moment balance about RC point it follows:
Mantirour = MrGHrour sSin($) + meayrHyoy r c0s(¢) — Ry (hyirey — RCHT) sin(¢)

176
- RyT(hHITCH — RCHT) cos(¢) ( )
The balance of the lateral forces is:
TI‘LTayT = Fy,RC,T + RyT (177)
By remembering the expression of My,;irour:
Mantiroll,T = Kroll,T(»b (178)

By performing the substitution with (176) and by considering roll angles, in first

approximation, not significantly larges it follows:
¢ = mrayrHronr — Ryr(Ruren — RCHT)

179
Kroll,T ( )
where R, is the lateral force exchanged between the trailer and the hitch joint.
The Mantiroll,T iS:
Mantirour = mTayTHroll,T - RyT (hyircn — RCHT) (180)

After determining the antiroll moment, the lateral load transfer on the trailer axle can be
calculated. The free body diagram of the axle of the trailer is:

Mantiroll, T

Y

Rt “hc A

RCHT
0
A J
Fy,LT > Fy,RT >
AFz,T,ayT 4 AFz,T,ayT
-
<

Figure 23. Lateral load transfer - free body diagram trailer axle.

The balance of the lateral forces is:
Fyrer = Fyor + Fyrr (181)
The moment balance about the contact point O is:
Fy,RC,TRCHT Kroll,T(:b

AFzrayr = dr + d; (182)

By substituting the expression of the roll angle of the trailer (180) the total lateral load

transfer on the axle of the trailer is:

F. RCHT mgya,rH, —R,r(h — RCHT
AFZ,T,ayT — y,RC,; + TYyT ! roll,T ZT( HITCH ) (183)
T T
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Thus, the lateral forces on the left and right wheels are:

_ FyresRCHT  meayrHypour — RyT(hHITCH — RCHT)
FZ,T,L - d + dT
T

_ Fy reTRCHT  mpayrHeoyr — Ryr (hyircn — RCHT)
FZTR - = d + dT
T

The free body trailer diagram below is used to find F), g and Ry 7.

)
¢ » A A

RyT
LF,T
mTayT |CGT
Damm— 1 LTOT,T
LR,T
. S
Fy,RC,T

Figure 24. Lateral load transfer - free body diagram trailer top view.

The moment balance about CGT point is:

RyTLF,T = Fy,RC,TLR,T

Moment balance about J point:

F _ MyQyrLpr
Y,RCT — L
TOT,T

Whilst the moment balance about centre of the wheel of the trailer is:
Ryr = mlayTLR,T
TOT, T

The expression of the lateral load transfer on the axle of the trailer is then:

mTayT LF‘TRCHT LR,T(h'HITCH - RCHT)
AFZ,T,ayT = d roll,T —
T

L TOT,T L TOT,T

(184)

(185)

(186)

(187)

(188)

(189)
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The free body of the towing vehicle diagram below is used to find F gc r , Fy re,r @Nd Ryyy,

A
Fy,RC,F
LF
P may é)CG v
« A
LR
R Fy,RC,R v

L

RyVy J

A
LTOT
A
C
v
v

Figure 25. Lateral load transfer - free body diagram towing vehicle top view.

By resolving the hitch joint static reactions distribution, it is possible to obtain the expression
of the lateral reaction on the towing vehicle due to the hitch joint RyVy :

. mrayrLlpr
RyVy = (mTaxT + FTW) Sln(@) + y—
TOT,T

cos (6) (190)

By solving the moment balance of the towing vehicle in R and F the following expressions

are obtained:

Balance in R:
F _ mayLR _ RyVy(C —_ LR)
,RC,F —
Y LTOT LTOT
Balance in F:
F _mayLg  Ryyy(c+Lg)
V,RC,R —

LTOT LTOT

By substituting (190) in (191), it follows:

may L . m
Fyrer = ——— — | (mrayr + Fry) sin(6) +

LTOT LTOT,T

1yrLlpr

(191)
(192)
cos (9)> (CL_*LR) (193)
TOT
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By solving with opportune substitutions in (174) it is possible to find AF ¢ 4, €xpression:

AFZ,F,ay
ma, L a c—L RCH
= ( YR (mrayr + Fry) sin(0) +—T AU os (0) ( R)>
Lror Lrorr Lror dr
(194)
. L
Kroll,F (mayHroll + <(mTaxT + FTW) sm(Q) + %COS (9)) (hHITCH — RCH))
+
dF (Kroll,F + Kroll,R)
By substituting (190) in (192), it follows:
ma,L a c+1L
Fyrer = A (mrayr + Fry) sin(6) + M os () ( ) (195)
Lror Lror,r LTOT

In the same way for the rear axle of the towing vehicle by substituting in (175) it is possible to
find AFy g 4, €Xxpression:

AF; g ay
ma, Ly ] mrayrLlpr (¢c+ Lg)\RCH
= ( I AL ((mTaxT + Fry) sin(6) + Lyi s (0) I F P
TOT TOT,T TOT R

(196)
. L
Krour (mayHroll + <(mTaxT + Fry) sin(0) + %COS (9)) (hyrren — RCH))

+
dR (Kroll,F + Kroll,R)

Thus, the vertical loads of the articulated vehicle F,;;, are defined using the (137) in this
way:

FZ,FL
_ l(mgLR _ mrgLgr(c — LR))
2\ Lror LrorLrorr
_ 1 (maxHCG n (mrayr + Frw)huircn _ (mrayr (HCGT — hyjren) — Frwhyren) (€ — LR))
2 Lror Lror LrorLrorr
_ (mayLR - ((mTaxT + Fpy) sin(0) + mrdyrler o (9)) G LR)) ke (197)
Lror Lrorr Lror dr

. L
Krour (mayH‘roll + ((mTaxT + Fry) sin(0) + %COS (9)) (hurren — RCH))

dF (Kroll,F + Kroll,R)

+

L ovesc
2PV g
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FZ,FR
_ 1<m9LR _ mrgLgr(c — LR))
2\ Lror LrorLrorr
_1<maxHCG N (mrayxr + Frw)huren _ (mra,r (HCGT — hyjren) — Frwhpren) (€ — LR)>
2 Lror Lror LrorLrorr
+ (mayLR _ ((mTaxT + Fy) sin(9) + 2r%rler (9)) c - LR)) RCH (198)
Lror Lrorr Lror dr

. L
Kroll,F (mayHroll + ((mTaxT + FTW) Sln(e) + %COS (9)) (hHITCH — RCH))

+
dF (Kroll,F + Kroll,R)
! V2sc
2P 2 ror
Fz,RL
_ 1<mgLF mrgLgr(c+ LF))
2\ Lror LrorLror,r
l(maxHCG n (mrayr + Frw)hyren _ (mrayr (HCGT — hyiren) — Frwhuren) (¢ + LF))
2\ Lror Lror LrorLror,r
ma, L mra,rL c+Lg)\RCH
- ( YL 4| (mpagr + Fry) sin(8) + —2"L cos (6) ( F)) (199)
Lror Lrorr Lror dg
: L
Kroll,R (mayHroll + ((mTaxT + FTW) sm(H) + %COS (9)) (hHITCH - RCH))
+
dR (Kroll,F + Kroll,R)
+ ! Visc "
27" 2 2Lrer
Fz,RR
_ 1<mgLF mrgLepr(c+ LF))
2\ Lror LrorLrorr
l(maxHCG n (mrayr + Fry)hyren _ (mrayr (HCGT — hyiren) — Frwhuren) (¢ + LF))
2\ Lror Lror LrorLror,r
ma, L mqya,rL ¢+ Lg)\RCH
+ ( 2 1 ((agr + Fry) sin(@) + T2 o5 (g | €2 ) (200)
Lror Lrorr Lror dg

. L
Krour (mayHroll + ((mTaxT + Fry) sin(9) + %COS (9)) (hurren — RCH))

dR (Kroll,F + Kroll,R)

+

+ ! V2sc
2PV g
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F =
abT 2L7or 2
_ Mrayr Lr7RCHT

dr

megLler 1 (mTaxT (HCGT — hyiren) — Frwhuiren )

LTOT,T

L (201)
Hrour — T (hurren — RCHT))

L TOT,T L TOT,T

F =
Z,RT 2 LTOT 2
mrayr <LF,TRCHT

_meglpr 1 (mTaxT (HCGT = hyrren) — Frwhuiren )

LTOT,T

LR,T
L Hroll,T - L— (hHITCH - RCHT)
TOT,T TOT,T

(202)
i’ )

3.2 Nonlinear model predictive control - optimal control problem
NMPC

ESTIMATED MEASURED
I/:\'.‘J Vyr lii’; g wij' Qs ﬂ.y

Figure 26. Schematic diagram for NMPC and plant — articulated vehicle configuration.

Similar to the rigid vehicle configuration, an articulated vehicle configuration in state-space
form is developed by combining the articulated vehicle dynamics equations
(130),(131),(132),(233) and the wheel dynamics equations (134) and the full articulated
vehicle configuration in standard state-space form is expressed as (49) where X is the state
vector defined as follows:

X=1[V.W,0, 0,9, Wpy, Wpg, WRy) wgg]” (203)

where V, is the vehicle longitudinal velocity at its CM, V,, is the vehicle lateral velocity at its

CM, 6 is the hitch angle, 6 is the hitch rate, y) is the yaw rate of the vehicle and
WrL, WER, WrL, Wrr are the wheel velocity of the vehicle. Then, W is the parameters vector
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defined as in (51) and U is the controlled input vector defined as in (52).The discrete-time
state-space form of the articulated vehicle model written as in (53).

Some assumptions must be done before developing the NMPC controller: the driver inputs
such as steer angles, torques on wheels, vehicle speed and the load transfer are constant
during prediction horizon N which is a common approach in developing the NMPC for vehicle
stability control.

Therefore, to determine the control input that should be applied to the plant at the next time
instant a constrained quadratic optimization problem has to be solved by using the cost
function as in (54).

3.3 Hitch angle controller approaches

3.3.1 First approach

This approach includes the hitch angle error in the cost function which is taken in account
only if the hitch angle actual value overcomes a pre-determined thresholds thus, the
controller acts only if there is an important instability of the articulated vehicle.

From Figure 27 it is possible to see the shape of the function with the respect to the actual
hitch angle error computed by considering different A6, that are the thresholds values
beyond which the function is different from zero.

A#f function
T

15 T T T T
Abfy= 3 [deg]

10+ Afy,= 6 [deg]
Afy,= 9 [deg]

_15 1 1 1 1 1
-5 -10 -5 0 5 10 15

Al [deg]
Figure 27. 46, computed with different 40,

Where A, is the novel function used inside the cost function which changes based on the
hitch angle error A6,.;. In this approach the constraints are the same as for the rigid vehicle
configuration (60), (61), (62), (63) and (64). The articulated vehicle configuration, as internal
model, is considered.
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3.3.2 Second approach

The second approach considers a soft constraint on the hitch angle error and a slack
variable sq is added in the cost function, which is linked to the constraint on the hitch angle
inside ACADO. The main aim is to activate the controller only when the thresholds are
overcome. As the previous approach the articulated vehicle configuration is used as internal
model. In this approach the soft constraint on the hitch angle, with respect to the rigid vehicle
configuration constraints (60), (61), (62), (63) and (64), is added. Thus, the hitch angle is
limited between two thresholds as function of the slack variable.

3.3.3 Third approach

This approach is based on the modification of the yaw rate error formulation, by substituting it
with a weighted linear combination of the yaw rate error and the hitch angle error where the
latter has an influence only when it exceeds pre-determined thresholds, as shown in [8].

The controller blends the yaw rate and hitch angle contributions only when the trailer
dynamics are deemed critical. More specifically, three different cases are considered: in the
first case the controller tracks only the reference yaw rate of the car, in the second case the
controller blends the contribution of yaw rate error and hitch angle error and in the third case,
during extreme oscillation of the trailer, the controller is almost completely focused on the
hitch angle control but, on the other hand, a little influence to control the vehicle trajectory is
left to the driver or to the automated driving controller. The articulated vehicle configuration is
used as internal model as in the previous approaches. Also with this approach the
constraints are the same as for the rigid vehicle configuration (60), (61), (62), (63) and (64).

3.3.4 Fourth approach

This approach is based on the modification of the reference yaw rate formulation similar to
the previous one, by substituting it with a weighted linear combination of the yaw rate and the
hitch angle error where the latter has an influence only when it exceeds pre-determined
thresholds. In this case the yaw rate inside the linear combination is the desired yaw rate for
the rigid vehicle configuration defined using a look-up table. The internal model is the rigid
vehicle configuration and the controller blends the contributions of the yaw rate and the hitch
angle error only when the trailer dynamics are deemed critical. As in the previous
approaches the constraints are the same as for the rigid vehicle configuration (60), (61), (62),
(63) and (64).
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3.3.5 Selection of results

3.3.5.1 Controllers tuning routine

For a fair comparison of the proposed hitch angle controllers, the following key performance
indicators were used:
e The root-mean-square error of the yaw rate error:

o/ . 2
Jﬁftif(wd(t)—w(t)) dt (208)

MA{p

RMSE 4, =

where ¢; is 1 s and t; represents the end of the manoeuvre, Y, is the desired yaw rate of the
rigid vehicle, i is the actual yaw rate and M 4p 18 @ normalisation factor expressed as the
maximum expected value of RMSE ;..

e The root-mean-square error of the hitch angle error:

1 l‘f 12
\/_tf_t,. [ (a0y2dt

_ (205)
RMSE g+ = T
A6* = {ledes(t) - H(t)l - Agbound lf |9des(t) - B(t)l > Aebound (206)
0 lf |9des (t) - B(t)l < Aebound

where M, 4+ is @ normalisation factor expressed as the maximum expected value of RMSE ;g+
and 460y,yna is the limit value from which the RMSE 4+ is calculated.

e The integral of the absolute value of the control action, IACA, which evaluates the control
effort:

1 t
t _t.ft.fl‘[FL(t) - TFR(t)ldt
fTht

MIACA

IACA = (207)

where M, 4.4 is @ normalisation factor expressed as the maximum expected value of IACA.

e The maximum rear sideslip angle:

max|a
aax = maxjag| (208)

M max
ag

where M max is @ normalisation factor expressed as the maximum value of ag'**.

e The maximum hitch angle:
gmax - mxl6] (209)
Mgmax
where Mgymax is @ normalisation factor expressed as the maximum value of §™%*,
Thus, a cost function Jp;, which combines in a weighted sum all the previous performance
indicators is used:
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Jipi = WiRMSE yj, + W,RMSEpg- + W5IACA + Wyall™ + Ws0™ (210)

where W, _¢ are the weights for the individual performance indicator in the cost function Jgp,,
and each term is non-dimensional.

The optimization problem is described by:

* . t
Jkpr = AT GPope mln]KPIltf (211)
S.t.PLB < Popt < PUB (212)

where Jgp; is the cost function described in (210), Jrp; is the optimal value of the cost
function; P g and Pyg are the lower and upper bounds on P,,;; and t; and t; are the initial
and the final times of the test. In order to minimize the cost function, that is indicated above
in (210), a design of experiment simulation campaign was performed to select the optimal
value of the tuning parameters for each controllers. This simulation campaign was carried out
under some constraints that are specified in (212).

3.3.5.2 Manoeuvre
e Sweep steering test with a sinusoidal steering wheel input at a progressively
increasing frequency and 50 deg amplitude, starting at V = 70 km/h frequency from 0
to 0.25 Hz.

3.3.5.3 First approach

Hitch angle error Yaw rate
10 T T T T 7l|r| T T T

of— e ANV

-10f i .

-20f ! 4
N EELEELE Passive

Al [deg]

¥ [deg/s|

-30F “ Controlled 4 < v
' 200 e Passive
-40r | 7 Controlled
* ) . . ) . . =mmememmnie Desired
500 5 10 15 20 -400 5 10 15 20
a) t[s] b) t[s]

Figure 28. Hitch angle error (a) and yaw rate (b).

Figure 28 shows the time histories of hitch angle error and yaw rate simulated during sweep
steering test which significantly excite the trailer dynamics. The passive configuration
reaches a maximum hitch angle error of ~45 deg, after which the simulation is interrupted.
With this approach the controller aggressively intervenes only when a threshold value is
exceeded. It is interesting to see the important damping effect on the hitch angle error
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oscillation, due to the controller intervention. More specifically, the TV system dampens the
hitch error oscillation which is kept bounded to a low amplitude of ~ 8 deg. Moreover, a good

performance in terms of yaw rate tracking is achieved.

3.3.5.4 Second approach

Hitch angle error Yaw rate
10 T T T T ST T T T
N AL
_-10F N R et Passive b —
w0 ; Controlled L
g o0
i -20F - 2
< : e
-30F ' . - ’ X
l‘l A | o [ —— Passive ]
a0k ' - Controlled
* =emememmesems Dgsired
.50 I I 1 L -40 ! 1
0 5 10 15 20 0 5 10 15 20
a_) i [s] b) ¢ [s]

Figure 29. Hitch angle error (a) and yaw rate (b).

In Figure 29, it is clearly visible that the results of the second approach are similar to the first
one. The overall articulated vehicle is operating in less critical condition with respect to the
passive vehicle. More in detail, the hitch angle error is bounded between ~ - 8 deg and ~ 8
deg and the controlled yaw rate follows quite well the desired.

3.3.5.5 Third approach

Hitch angle error Yaw rate
10 T T T T T T T T
0 w/\/\/\/\/\/\/\/\ﬂ :
__-10F ' . —
3 20F | 1 éﬁ
= . =
q [ Passive —
-30F ' Controlled | e g Y
2% [ Passive ]
-401 | T Controlled
* . . . ) =w=emmemememe Dgsired
-50 40 1 1
0 5 10 15 20 0 5 10 15 20
a) t [s] b) t[s]

Figure 30. Hitch angle error (a) and yaw rate (b).

In Figure 30 the time histories of the hitch angle error and yaw rate, of the third approach, are
reported. Also in this case it is shown a reduced hitch angle error and a good yaw rate
tracking performance. More specifically, the hitch angle error is kept bounded between ~ - 8

deg and ~ 8 deg.
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3.3.5.6 Fourth approach

Hitch angle error
T T

Yaw rate
T

10 . .
0
-10fF

-20f

) [deg/s|

Al |deg|

-30F

200 [oaeiaas Passive
a0k ll 4 Controlled
* =r=s=eme==e== Desired

50 L L L . .40 L L
5 10 15 20 Q 5 10 15 20

a) ’ bl b) ()

Figure 31. Hitch angle error (a) and yaw rate (b).

Figure 31 shows the behaviour of the fourth controller approach. Also in this case, an overall
damping effect of the hitch angle error oscillation is displayed. With this approach a slightly
higher hitch angle error value is shown. This difference can be attributed to the use of the
rigid vehicle configuration as internal model.

To assess the controllers behaviour during the manoeuvre, the key performance indicators
reported in Table 1 are used:
Table 1.: Key performance indicators
Passive* 15t approach 2" approach 3 approach 4" approach?®

RMSE,; [deg/s] 597  3.06 3.15 3.07 3.29
RMSE,g- [deg] 8.22  0.00 0.00 0.00 0.00
IACA  [Nm] - 308 289 331 312
lamax|  [deg] 6.07  2.15 2.16 2.13 2.14
|omax|  [deg] 45.00 5.73 6.17 6.17 6.41
. [-] / 1.14 1.15 1.21 1.21

1: rigid vehicle used as internal model

*: hitch angle reaches a threshold value. In this case the simulation is aborted early
: hon-calculable value

[: simulation interrupted; value not calculated

To evaluate the performances of the different controller formulations, both values of the cost
function defined in Eqg. (211) and key performance indicators are considered. As it is clearly
visible from Table 1 the first approach provides the best response because its key
performance indicators are lower than the other controller formulations, e.g. |6™%*| = 5.73
deg and Jip; = 1.14. The second approach achieves good results in terms of maximum hitch
angle, || = 6.17 deg, and in terms of control effort requested to restrain trailer oscillation
IACA = 289 Nm ; however, its RMSEM, value, which indicates the yaw rate tracking

performance during the manoeuvre, is quite high. The third approach, in terms of
performances, is ranked after the previous two formulations, showing the same value of
maximum hitch angle of the second approach but a higher value of the cost function Jip; =
1.21. Lastly the fourth approach seems to be the less performant hitch angle controller
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because it shows a higher value of maximum hitch angle, |6™%*| = 6.41 deg. This can be
attributed, as said before, to the use of the rigid vehicle configuration as internal model.
Anyway, all the proposed controllers show a null value of RMSE 44+, which means that the
hitch angle error is lower than 46,,,,4 as defined in Eq. (206).

The simulation analysis, based on the vehicle simulation model, shows that: i) the vehicle
dynamics performance in emergency conditions is consistently enhanced by the four
proposed NMPC formulations and ii) the NMPC formulations that directly constrain the hitch
angle error, or carry out continuous hitch angle tracking, outperform the formulations that
modify the reference yaw rate or the yaw rate error to compensate the hitch angle
oscillations.
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