MPC for Vehicle Lateral Stability Via
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Steering Considering Practical Aspects
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Abstract
This paper presents a control architecture that simultaneously utilizes active front steering (AFS) and differential braking
for vehicle lateral stability while minimizing longitudinal perturbations. This control scheme is based on the model
predictive control (MPC) using the extended bicycle model that captures the lagged characteristics of tire forces and
actuators. The nonlinearities of tire force are also reflected on the extended bicycle model by linearizing the tire forces
at the operating points. Instead of casting the MPC problem into a quadratic program with constraints that require
numerical solvers, the proposed method is designed to follow the reference states with desired inputs since the solutions
of MPC problems with affine models to track desired states can be easily obtained by matrix inversion. Simulation
results, obtained by the vehicle dynamics software CarSim, demonstrate that the suggested method is able to control
the vehicle to track the desired path while keeping the vehicle lateral stability on various road surfaces.
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Nomenclature

B Vehicle side slip angle

Os Average front steer angle

u Tire-road friction coefficient

Cq Tire lateral stiffness parameter

Cs Lumped cornering stiffness of front tires
C Lumped cornering stiffness of rear tires
Cx Tire longitudinal stiffness parameter
F Tire longitudinal force

F Tire normal force

Fyt Front axle lateral tire force

Fyr Rear axle lateral tire force

I, Vehicle yaw moment of inertia

F CG-front axle distance

Iy CG-rear axle distance

m Vehicle mass

M; Corrective yaw moment

N Prediction horizon

Ps Brake cylinder pressure of each wheel
r Vehicle yaw rate

Re Tire effective radius
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t Vehicle half track

Vi Vehicle longitudinal speed
Vy Vehicle lateral speed
Introduction

To correspond with the increased demand for vehicle safety,
various types of vehicle safety systems have penetrated into
the automotive market over the last two decades (1; 2; 5;
6; 7; 8; 9; 10; 11; 12; 13; 14). Among them, electronic
stability control (ESC) has proven itself as one of the
most effective systems that enhance vehicle safety (15).
Consequently, the U.S. government has recently obligated
all new passenger vehicles sold in the United States to be
equipped with the ESC. The ESCs stabilize the vehicle
yaw motions by actuating the differential brakings at the
cost of undesirable longitudinal perturbations. Active front
steering (AFS) systems, which are also promising vehicle
safety systems, have started to be adopted for some passenger
vehicles (16). AFS can modify the front tire road wheel angle
independent of the steering wheel angle to achieve improved
cornering performance and vehicle yaw stability. Although,
AFSs are less effective in stabilizing the vehicles at the limits
of handling comparing to ESCs, they have advantages in the
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fact that they do not perturb vehicle longitudinal dynamic Identification of | C.C.x
unlike ESCs. Tire Parameters supervisor
As a result, because of the potential characteristic | Vehicle Speeds 1 Generations of Desired Yaw Rates,
AFS that can assist ESC to minimize the longitudine jL__Estimator [foy )| Side Slip Andles, and Corrective
perturbation to stabilize the vehicles at the limits of handlin(;| Tire Forces 5 ro v
Estimator e Calculation of Required Corrective

a wide range of studies that coordinates AFS and ESC
secure the vehicle yaw stability has been introduced in t i| Vertical Loads

Moments using MPC

literature (16; 3; 4). Although the performances of thes Es:mam' b Coordnater
algorithms are satisfactory according to their simulations \—g = Amm'f'i‘g d"g't’::‘r‘jo"‘:lg'?;at';eg:;:f:l:’
experimental results, they do not appropriately account f 57w the Corrective Moment

the deteriorations of the performances caused by the lags |- Steering Wheel Angle — -

actuators of AFSs or ESCs. Since a vehicle in an unstal|. ‘évnh;ileSTp:rﬁse - ./‘ JP””’Mf

state region can rapidly deviate from its desired trajector | Brake Pressures - ———9 : Allavailable signals

even in a short time, small delays or lags of the vehicle safety _

systems can lead to fatal vehicle accidents. Model predictifgure 1. Flow structure of the entire control system.
control (MPC) can be a good candidate to deal with

these actuation lags because the predictive characteristics ]

of MPC enable earlier actuations to compensate for ti@verall Control Architecture

lags of the actuators. There have been several attemdﬂ—ltsthis section, the overall control architecture and its

to_apply MPC to ESC, AFS or coordinating ESC an trinsic modular structures to stabilize vehicle lateral motion
AFS (17; 18; 19; 20; 21; 22). However, these attempgr
focus only on minimizing required_ _"?p“‘s using predictiv?he proposed MPC-based controller which consists of the
characteristics of MPC or capabilities of MPC that CaEupervisor and the coordinator with the estimators and the

effectively process multiple input and output systems. T@eensor signals. By making full use of the readily available

vehicle models used for prediction of these MPC algorithn%sensor signals of commercial vehicles equipped with AFSs

do not appropriately reflect actuation lags. Therefore, in thé%d ESCs, including;s, the steer angle from the driver's

paper, a method to stabilize a vehicle that fully utilizes t I
predictive characteristics of MPC by employing the vehicrl]?pm' A9, the modified steer angle by AFS), the wheel

. eedsTe, the engine torqueR},;, the brake pressuresy,
model that captures the lags of tire forces and actuators ﬁ% longitudinal acceleratioay, the lateral acceleration, and
ESC and AFS is presented.

i r, yaw rate, the estimators are designed to obsevéhe
Furthermore, unlike MPC-based methods presented \JBhicle longitudinal speedy,, vehicle lateral speedk;,

(17; 18; 19; 20; 21; 22), the method to be presented ji§,qitdinal tire forceFyr, front axle lateral tire forcefyr,
designed not to cause a huge computational burden, whlcrpéar axle lateral tire force, arig;, vertical load wheré —

the primary issue that remains unsolved in commercializwlgz’ 3,4 which correspond to the left-front, right-front, left-

these MPC-based yaw stability algorithms. This comput@sa; and right-rear wheels, respectively. The tire parameter
tional burden mostly originates from the nonlinearities Qfientifier and the main controller simultaneously operate

the vehicle models and inequality constraints to limit thgyqi6ving these estimated values. In the tire parameter
states of the vehicle model in certain bounds in the Mpﬁentifier, the values of, which is the tire longitudinal

problem. To avoid these issues, the nonlinear characterisi¢sness parameteC,, which is the tire lateral stiffness
of tire forces, such as the friction ellipse effect or the tir ’

’ ) i o ﬁarameter, ang, which is the tire-road friction coefficient
force saturation, are taken into account by linearizing thg. jyentified by the linearized recursive least square method
tire forces about their operating points while designing thgii, the estimated values ok, Wy, Fxi, Fyt, Fyr, and Fy;.

extended bicycle, which is used as the prediction model fe gypervisor as an upper-level controller calculates the
MPC problem. _ . . corrective yaw momenM; to be exerted on the vehicle
To remove the inequality constraints for the state of thgter receiving information about the vehicle state and the
bicycle model, the MPC is designed to track the desirgfle parameters. Then, the coordinator optimally distributes
states instead of rest_raining them_by_ inequality constrair_1];‘<»:3quiredp&i andAd; to recreate the calculated, from the
Since the extended bicycle model is linear, the cost functigfpervisor. For more details about the above estimators and

for the MPC problem can be expressed as a quadraife tire parameter identifier, (23) and (24) can be referred to,
function with equality constraints. The optimal solution ofegpectively.

this MPC problem can be easily obtained by matrix inversion
without using complicated numeric solvers.

The computati_onal burden als_o grows exponentially RFehicle Models
the number of input variables increases. To reduce the
number of input variables, the upper controller based dtor the supervisor whose main algorithm relies on the MPC
the MPC problem calculates the required corrective yascheme, two linear vehicle models are required: the linear
moment only. The coordinator determines the values bicycle model for generating the desired yaw rate and the
the modified steer angle of AFS and brake pressures l€ycle model based on linearized tire forces for predicting
individual wheels to recreate the calculated corrective yaive future vehicle behavior. These two vehicle models that
moment from the supervisor based on a rule-based algoritlame integrated with the dynamic tire model (26) and the
and an optimization problem. actuator models expressed as first-order lag functions are

e demonstrated. Figure 1 shows the flow structure of
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C(;

the lag function oM, can be modeled as follows:

M |ag is the lagged corrective yaw momem. stands for

Ty, the time constant of the hydraulic brake model, when
differential braking is applied ors, the time constant of the
actuator model for AFS, when AFS is activated. By taking
Figure 2. Schematic of vehicle lateral dynamic model. Laplace transforms, the lagged tire forces and the corrective
moment in Laplace domain can be presented as follows:

developed to capture the lagged characteristics of tire forces Crai(s)
and actuators in the vehicle models. Fyf_lag(s) = ] (11)
. . , _ Car(s)
Bicycle Model with Lagged Dynamics Fyriag(s) = ] (12)
|
The bicycle model is a dynamic model which describes the M,
vehicle lateral dynamics as shown in Fig. 2. The equations Mz lag(S) = s+l (13)

for the vehicle lateral dynamics can be expressed as follows:
By replacingFys, Fyr, and M, with Fyt jag, Fyriag, and
M |ag respectively, (1) and (2) can be rewritten as follows:

(B +1) = Fyi +Fr (1) M(B +1) = Fyt tag+ Fyr lag (14)
l2f = Inyf a IrFyr +M, (2) Izf = Inyf,Iag —Ir Fyr,lag + MLIag- (15)
wherel; andmare the vehicle yaw moment of inertia and the By substituting (11)-(13), (14) and (15) can be reexpressed

mass, respectively. In (1) and (&s andFy, are simplified ;, Laplace domain as follows:
with the linear tire models as follows:

= 1
R = Cray (3) MK@SBESB+1) =Crar(s) +Crar(s (16)
Ry = Gt @ (TS + (T, + 1) Sr + s1) 17
= (T:5+ D)1Crat(s) + (T.5+ L) Crar () + (T1S+ 1)My(S).
where
| By taking the inverse Laplace transform and rearranging
ai = 0 — (5 + f -r) (5) the terms, (16) and (17) can be augmented in a state-space
Vx form:
Ip-r
o =—B+-—, ©)
' Vx X=AX+B 5 o +Bwm M, ) (18)
’ 5f MZ
with
5 —5 5 where
t = Ofs+A0f. .
x=[B B r i i (19)

In (3)and (4),as and a, are the slip angles of the front
and rear tires while&Cs andC; indicate the front and rear andA, B, 5, andBy are defined in (20).
cornering stiffnesses, respectively is assumed to be a '
constant for a short period of time. Tire Model

The dynamic tire model developed with first order la

function in (26) can be expressed as follows: g1‘he bicycle model with the lagged dynamics (18) is valid

only when the lateral tire forces show linear characteristics

T1Fyf 1ag + Fyfiag = Fyf (7) since the model is built based on the linear tire models

@) expressed in (3) and (4). However, AFS and ESCs are

most commonly activated when nonlinear characteristics of
whereFys_ag and Fy, a9 are the lagged lateral tire force oftire forces, such as the friction ellipse effect or tire force

the front and rear tires, respectivety.s the relaxation time Ssaturation, appear since vehicles tend to loose lateral stability

T Fyr,lag + Fyr,lag = Fyra

constant defined as when the tires generate lateral forces close to their frictional
limits.
T = Ca , 9) Therefore, the following longitudinal and lateral combined
KeVx brushed tire model (26; 27) that can adequately describe
whereKe is the equivalent tire lateral stiffness (26). the tires’ nonlinear characteristics is adopted to develop the

The actuators of ESC and AFS, which are hydraulic brak&/Pervisor controller.
system and electric motor, respectively, can also be simply _
expressed as a first-order lag function (26). Siktdan (2) Cx (ﬁ'Ki)
to be exerted to the vehicle is recreated by these actuators, P = fi':'

(21)
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increase. To extend the usage of the linear bicycle model
(18) to the case when tire forces grow nonlinearly along
with increasing slip angles, the linear tire models (3) and (4)
Fyo that are used to construct the bicycle model (18) are newly

Initial Slope defined as follows:
= Cornering Stiffness: Cf

0 1 0 0 0
Ci+Cr 1 Cily—Csl¢ 1
e (7T|m\/x2 . ?I) -1 0
A= 0 0 0 1 0
0 0 0 0 1
Cl—Cily  Crlr—Cily Crlf+Cil? GGz 4 T4T
.71 1l AR Tl T T Ly (20)
0 0 0 0
o 0
T 0 0
B|_’5 = O O s BM = O 0
0 0 0 0
Celt  Cilg _1 1
T, Tl Ty 7z
E, Region of ESC Activation . satL_lratio_ns_. When E_SC or AFS is activated to stabili_ze the
| e vehicle, it is most likely that tire forces show nonlinear
i L characteristics.
: However, the linear bicycle model (18) is valid only when
i Aocal siope the lateral tire forces show linearities as the slip angles
‘Ir// = Local Cornering Stiffness:(-jfO
|
|
|

Fyt = Croar + Fyfo (25)
I:yr = Croar + l:er- (26)
Figure 3. Linearization of tire force
These models are obtained by linearizing the longitudinal
and lateral combined brushed tire model (21) and (22) at
Ca (tf%') the currentF;, aj, andk;. In (25) and (26)Cso and Cig
Ri = _filzh (22)  denote the gradients of the lateral tire curves at the current
linearizing points whileFyto and Fyrg indicate the residual
where lateral forces,as depicted in Fig.3.
fo L f2, 1 43 if f; < 3uF,, Since the parameters of tire model (21) and (22), i.e.,
- { 3uFzi 1T 27u2RZ ==l Cx, Cq, and u are identified in real time using the method
UFzj else introduced in (24), the values @fo , Cro, Fyfo, andFyo are
updated at each time step to reflect the change of surface
f o \/ 2( Ki >2 ) <tanai )2 conditions and the nonlinear characteristics of tire forces
| — a

1+ K; 1+ K while operating the suggested controller.
Instead of (3) and (4), (25) and (26) are substituted into (7)
Ki = Reit — Vi (23) and (8). Due to the additional ternts,sg andFg in (25) and
Vixt,i (26), Eaqq is added to (18) and reexpressed as follows:

Vy+|fl‘

. o M

gl gf v ir X = Ax+B; { ('5: } +Bwm { NI ] + Eadd, (27)
2= —tan | (%, |, (24) i

as 0 Ykl

V,
as 0 vy her where

Vx

_ Fot +For It Fo —IrFor T
In (21) and (22)k; anda; respectively denote the slip ratio Fada = [ 0 Zmw 00 = } '
and the slip angle of thi¢h wheel as defined in (23) and (24)
w the wheel speed. the effective radius, ang ; the speed

of a vehicle at the tire position.

‘A andB; are obtained fromd andB, 5 after replacingCs
andC; in A andB, 5 by Ctp andC;o, respectively.

Bicycle Model with Linearized Tire Forces Development of Supervisor

As explained in the previous section, when vehicles loo$e the previous sections, the vehicle models that are required
their lateral stabilities at the limit of handling, adequat& form the MPC problem were developed. In this section,
lateral tire forces are not generated due to their tire foregilizing these vehicle models, the MPC problem that can
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generate the optimal corrective yaw moment to be appliddhe equality constraints in (30) can be explicitly rewritten
to the vehicle to track reference states is illustrated. Thdth all future statesxi,xp,...xy and the future inputs
methods of generating the reference states and coordinatiggu, ... Un—_1:

AFS and ESC which are dependent on a rule-based

algorithm, are also presented. X(0) |

X1 Ag

MPC Formulation ;
= | x0)-- (32)

A model predictive controller finds a set of optimal inputs,
that minimize the cost function while satisfying input :
constraints over a specified prediction time horizon, and xy AN

apply only the first input in the sequence of the optlmahxf—’ ‘ﬁf—’
inputs to the system at each time step. First, to form an MPC _

problem, the bicycle model with linearized tire forces (27) is o ... 0 Uo
discretized using a zero-order hold as follows: Bs 0.0
! + [AgB1+B]
k .
Xcr1 = AdX +Bm d |:Uk—uk1:| + Exs (28) : R !
ts _ —
| AfN2[AB 4By ... ... By | LNt
where M U
5t +ts-k- & i 0
Ex = Bsk 5 +EBaddd, Uk = Mgk E1
+ AdE1 +E2
The subscripd denotes that the correspond time-invariant :
matrices are discretized akdienotes that the corresponding ANE 4. +Ena

discretized matrices are at theh step in discrete time.

The terms inEy, including d;, are set to be constants for g
the prediction time span while developing (28). The cost \where
function of MPC with equality constraints in a quadratic 5
form is defined as follows: By = Buy+ th
S
N-1 Bmz
IXO)U) = 5 (% —Xek) T Qe — Xek) - (29) Bo=—
k=0

+ (U — Ur i) TR(U — Ur k) + (X —XeN) TP — X ) Bu.g = [ Bus Buz .

bi B 5 Uy E Since all future states are explicit functions of the present
SUDJ. 10 X1 = AdXc + Bu.d S Bk statex(0) and the future and current inputs, Uy, ... Un_1,
° (30) (32) can be expressed as follows:

where X =8%0)+SU +¢". (33)

U = [Uo,...un—1]' Using X as shown in (32), the cost function (31) can be

with Q, P, and R, which are the weighting matrices with"ewritten as follows:

corresponding dimensiong; andu, refer to the reference J(x(0),U) = X/(§X+U’§U+TX+TU, (34)
state and the reference corrective yaw moment, respectively.

The method of generating andu; are to be presented in thewhere

next subsections.

= blockdiadR,...,R}

Closed Form Solution for MPC blockdiagQ,...,Q,P}

Since the bicycle model (18) with the linearized tire model is _fo/(g
linear, inequality constraints in the quadratic cost function T = —2U/R
(29) are omitted, and the MPC controller is designed for,

the vehicle to follow the reference states with the referent\f\él

inputs, the closed form solution of the MPC problem can _ T

K . . . . X = [Xr,O,---Xr,N]

be acquired without using numerical solvers. The terms with

constant values, which do not affect the value of the optimal U = [uro,.. . Urn-1
solution, can be removed from (29) and it can be rewritten asBy substituting (33) into (34), the cost function (34) can

be rewritten as follows:

T —
J(x(0),U) = Z X Qe — 21T Q=X Qe ) J(X(0),U) = (SX(0) + U + $)TQ(SX(0) + SU + &)
+ukTRu< 2Urk"RUH XN T PXy — 2N T P ~+UTRUA+T(SX(0) +S'U +S°) + To.

- O 1
I

]T

(35)
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By dropping the terms with constant values and

rearranging, the cost function (35) can be modified: Algorithm 1 Operational principal for supervisor
J(x(0),U) = UT(SJTQ_SJH;\?)U - 36 if |at| <|at,pl and|ar| < |arp| then
X0 (STOY) + 25T Qs+ T+ Tyu. B0 o g

Since (36) has a form of positive definite quadratic @& P=G-diag0,0,1,0,0]
function of U , its minimum can easily be obtained by Calulation ofM;, using MPC withrgy
differentiating (36) with respect to and findingU* that if |Mz| > [My maxs| then
set it to zero. The optimal inputd* with the given and the
reference states are obtained as follows:

U*(x(0),T,Tu) = —3(STQY +R) 1[2¢(0)T (ST QYY) - - _
(X(0), T, Tu) 2 +25<)3T%SJ(+)T(S; +-|-U]T)_ (37) > AFS generatedl; mays While ESC createdl,

Mz = IV'z - MLmaxs
A5f =0afp—0asf

else
The MPC scheme finds the optimal solutidah* at
each time step. However, only the current step input is M, =0
utilized, and the remaining future inputs are discarded. The  Calculation ofAds corresponding wittM,
corrective yaw moment is applied to the vehicle by allocating > AFS solely generate, while ESC is deactivated
differential brake forces to the wheels and modifying the .
front steer angle with AFS. The method of allocating end if
differential brake forces and modifying the front steer anglelse
for the given corrective yaw moment is introduced inthe next  — ¢

section. Q& P =G-diag|5,0,1,0,0]
Generation of Reference Yaw Rates Calulation ofM; using MPC withr, B, andM, r

The generation of reference yaw rates that the vehicle is to if [0t > |at p| then
track is carefully carried out since the reference yaw rates AS; = arp— Qg
have to reflect the driver’s intention without exceeding the : '
. I . . end if
physical limits of the vehicle on a given surface. TRe .
the prediction horizon, number of reference yaw rates agad if
generated using the bicycle model (18) with the following
inputs:

Otk = 07 (0) +k-ts- 5f (0) and Fyr_max, respectivelyM; mays the maximum corrective
< - yaw moment that can be generated by AlESa constant
Stk = 61(0) gain whose value is.% x 108. As suggested in Alg. 1, before
Mz = 0. Fyf or Fy, are saturated,e. |af| < |at p| and|ar| < |ayp|, the
MPC problem is formulated to generaig with 7, = 15 and

However, since the bicycle model (18) does not reflect t’g& P = G-diag[0,0,1,0,0]. When|M,| < |M; maxs|, AFS
- 9 My ==y My . z z XS|»

physical limits of the tire forces, the absolute value_s of t olely operates to recreate the generadrom the MPC
reference yaw rates need to be truncated by appropriate u blem to control the vehicle to follow only as follows:
bounds. The absolute values of the reference yaw rates have

to satisfy the following inequality condition: Mz = It - ARy (ASy), (39)
Iren| < (Fyr-max+ Fyr.ma) 7 (38) whereARy(Adt) is the modified front lateral force, which is
Mk a function of AJ;, by the AFS. OncéM,| becomes larger

wherer,, denotes the reference yaw rate at tite time than [Mzmaxs|, AFS is controlled to generat®l; mays by
step andryt_max andFyr_max represent the maximum laterall€tting Ads = at p — ar while ESCis activated to generate
front and rear axle forces, respectivelys_max andFy max Mz~ Mzmaxs. WhenFy or By, is saturated,e. [at| > |dr,p|
can be obtained using the tire model (21) and (22). Sin€k [0 > [arp| , ESC and AFS cooperate to control the
Fyf_max and Fyr_max are dependent op andk;, ry, can be vehicle to follow not onlyr; but also the reference side slip

appropriately restrained based on the surface conditions &§t@!€.fr with reference corrective yaw momeM . Either

the friction ellipse effect. the vehicle oversteers or understeers when > |as |,
AFS always controlas not to exceedat p. The methods

Operational Principal for Supervisor of gene.raingBr and M ; are illustrated in the following
subsections.

The primary coordination of ESC and AFS is performed in
the supervisor bgsed ona ruI_e-based algorithm presente%‘@nerations of B and M,  for Understeering

Alg. 1. This algorithm determines the valuesmf, Q, and .

P and whethe3; has to be tracked or not in formulating theVehICIe

MPC problem to generatd,. In Alg. 1, as p anda, , are the  As seen in the first figure of Fig. 4a, whéy; is saturated
peak front and rear slip angles that correspond Wjihmax first, i.e. the vehicle understeers, ESC is activated to enlarge
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Figure 4. Procedures of coordinating ESC and AFS. (a)
Understeering. (b) Oversteering.

the absolute value @8 to increase the absolute valueamf where
which is followed by increasing,. To turn a vehicle at a E Cmwr —F
steady state, the sum of the front and rear lateral forces have yf.re = M&fr = Fyr_max:

to be equal to the centrifugal force that is exerted on the masdNVhen the vehicle oversteers, AFS starts to operate when
center of gravity of the vehicle. Since the centrifugal forces > ar p to keepas nearas p as follows:

can be expressed amsyr, the required rear lateral force,
Fyf_re, to turn the vehicle to track at a steady state can be
expressed as follows: Bd is generated to keem neara p as follows:

Aot = asp—as.

Fyrre = MWIr — Fyf_max- (40) Br=arp+ I v .

Vx

The value ofa, that corresponds withy, e is the value of
the desired rear side slip angi@,q. B4 can be obtained as Coordinator for Optimal Distribution of
follows: Brake Forces

The coordinator that optimally distributes the brake forces to
X recreate the corrective yaw momelit; from the supervisor

Since affects bothas and a, according to (5) and (6), is built based on the coordinator that is introduced in (25).
as moves toat e With By, as seen in the second figure of Fig. The values of corrective yaw moments when exerting
4a. Sincea; becomes unnecessarily large, AFS is activatdifake forces on the froniyl;+ and on the rearVl;; can be
to keepat nearas p as follows: expressed as follows:

A3t = arp— Q. Mzs = sinds - It - ARyf +C0S0s -t - ARy ¢

L . . . Mz = t'A':xr—lr'AFyr-
At the state indicated by the first figure of Fig. 4a, the
vehicle understeers at a steady state when the yaw mom@ht- andAFy. are the variations of the longitudinal force and
balance is maintained.e. , f = 0. Due to the activation of the lateral force, respectively, when applying brake forces on
ESC, R,r grows to Fyre. Consequently, the yaw momenithe front or on the rear wheehF, at the current; with
balance is not kept at the state indicated by the second figtfie varyingk; can be calculated using the tire model (21)
of Fig. 4a. To balance it again, reference corrective ya@nd (22). For optimal distribution of the brake forces, a cost
momentM; 4 is defined as follows: function is defined as follows:

SUbJ. tO Mz == sz + Mzr. (42)

Mz = —l¢ I:yf + IrFyr,re-

Gen_eratlons of Br and Mz For Oversteering Newton-Raphson method can obtain the optimal solution,
Vehicle AR * andAR,*, that minimizes the cost function (41) while
At the state seen in the first figure of Fig. 4b, the yawatisfying the equality constraint (42) at each time step. The
moment balance of the vehicle is kept with the satur&jed brake pressure, which can creAf&s* andAR, " at the given
When there is an additional steering input from the drives)ip angle and slip ratio are calculated using the following
instability of the vehicle can be caused due to the brok&guations:

moment balance aBys grows. ESC initiates to keep the AR

moment balance by generatily, althoughFy; continues P, = Ko, ' (43)

growing up toF_max. The reference corrective yaw moment ) .
in this case is defined as follows: where P, and Kg. denote the required cylinder brake

pressure and the brake gain of the corresponding wheel,
respectively.

Mz = —ltFytre +IrFyr,
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Steer Angle

5, [deg]

time [se%]
Longitudinal Speed
28 T T

v, [mi/s]

Lateral Acceleration

time [sec]

time [sec]

Figure 5. Vehicle maneuver on a high-u surface (i1 = 0.85)

Simulation Results and Discussion

The performance of the proposed MPC-based algorithm tt
coordinates ESC and AFS was evaluated by simulatio
using the front wheel driving D-class sedan model in Carsi
software.

Simulation on a high-u surface

In the first simulation, with the vehicle maneuver show
in Fig. 5, whose results are presented in Figs. 6-7, tl
verification of the proposed algorithm was carried out in
simulation environment on a high-surface withy = 0.85.

The open loop slalom test with a 4 [deg] maximum fron
steer angle was performed to recreate the harsh simulat
scenario. The proposed method successfully tracked 1
desired yaw rate while limiting the absolute valugBokithin

certain boundary, as presented in the first and third plots
Fig. 6. As indicated in the second plot of Fig. 6, the dotte
green line indicated, and the blue solid line represents
the value of the corrective moment recreated by differenti
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1] 3 -
o RR ! \p t
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braking. The values g, are generated at each time step .-
in th(? fourth plot of Fig. 6. When AFS and ESC COOperate'le}gure 6. Control inputs and vehicle states on a high-u surface
considerable amount &fl; can be recreated by AFS. When, _ g g

AFS cannot solely generatd,, the yaw moment from the

differential braking begins to be exerted. The fifth plot in Fig.
6 shows that the AFS successfully controls the front steer

angle so that the value of; was kept neaa , to generate
Fyt_max at the limit of handling. Sincg; is also tracked to
make full use of the physical capacity Bf;, the value ofo,

also closely approaches to the valueop},. The values of Fy, are bounded to have their maximum values. The steering
Ps from the coordinator are plotted in the last plot of Fig. Gnput from the driver and its sum with modified steer angle

time [sec]

As seen in the tire force curves presented in Figy¢,and from AFS is shown in Fig. 5.
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Figure 7. Tire force curves on a high-u surface (1 = 0.85)
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Figure 8. Vehicle maneuver on a low-u surface (4 = 0.3)

Simulation on a low-u surface

To validate the effectiveness of the proposed method
a low-u surface, the simulation with the maneuver show
in Fig. 8 was performed on a low- surface withy =
0.3. Although the majority of the require, is recreated
by differential braking on a lows surface, AFS can still
generate somdl; and control the front steer angle to keej

10

z

M_ [Nm]

ar nearas p at the limit of handling as seen in the secon..

and fifth plots of Fig. 9. The proposed method successful
follows the desired yaw rate while keeping the absolute val

third plots in Fig. 9. The values @@, are generated at each
time step, as in the fourth plot of Fig. 9. As seen in th
fifth plot of Fig. 9, when excessive front steer input from th
driver is detected, AFS works to compensate the steer inpBY accounting for the lagged model of the actuator as shown
The values oBs from the coordinator are plotted in the lasin (13) in the prediction model, the supervisor can initiate
plot of Fig. 9. As seen in Fig. 10, the lateral tire forces arearly actuations to compensate the lagged characteristic of
generated close to their saturated values to turn the vehiclgéhe actuator. It is worthwhile to compare this with a lead
compensator since a lead compensator also enables the

its limit.
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solvers and 4) it optimally allocates the modified front steer
angle and the brake forces considering the friction ellipse
effect with the current vehicle state and vertical loads. The
simulation results of the suggested algorithm show that
the suggested method can control the vehicle to track the
reference states with minimum control inputs both on a high-
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Figure 10. Tire force curves on a low-u surface (4 = 0.3)
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Figure 11. Comparison with a lead compensator.
[4]

early actuation to minimize the deterioration of the control
performance due to the late actuations. As seen in Fig. 11, tga
yaw rate from the vehicle controlled by the lead compensator
has a larger deviation from the desired trajectory than that of
the proposed method that initiate the early actuations bas
on models. The absolute value of the exerted moment
the vehicle from the lead compensator is also larger than
the proposed method. The exerted moment from the lead
compensator has some oscillations that even worsen t
ride and handling performances of the vehicle. To conclude,
by simply lead compensating the control input, the desired
performance that is achieved by using MPC scheme is n
guaranteed.

_ [0l
Conclusion
A novel method of coordinating ESC and AFS based on
MPC has been developed and investigated in Carsim sifh?
ulation environment. The proposed algorithm distinguishes
itself from the previously reported methods by the following!!]
features: 1) it can reflect the lagged characteristics of lateral
tire forces and actuators on the prediction model in the MA&2]
formulation to better predict the vehicle behaviour; 2) it
generates the desired values of side slip angle and correcfii&
yaw moment to maintain the vehicle yaw stability while
driving the vehicle as the driver intends; 3) a closed-form
solution for the MPC problem with a reference state arjd4]
inputs is obtained without requiring iterations of numeric

Prepared usingagej.cls

and low+u surfaces.
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