Model Predictive Control for Vehicle Yaw Stability
with Practical Concerns

Mooryong Choi and Seibum B. Chdilember, IEEE

Abstract—This paper presents a method for ESC based on O COPE with the increased demand for vehicle safety,
model predictive control (MPC) using the bicycle model with various vehicle dynamic control systems have been in-
lagged tire force to reflect the lagged characteristics of lateral troduced in the market over the past two decades [1]-[13].

tire forces on the prediction model of the MPC problem for the . I~
better description of the vehicle behaviour. In order to avoid the ~MONd these systems, the electronic stability control (ESC)

computational burden in finding the optimal solution of the MPC ~ Systems, which stabilize the vehicle yaw motion by actuating
problem using the constrained optimal control theory, the desired the differential braking, have proved themselves to be one of
states and inputs as references are generated since the solution othe most effective systems for enhancing vehicle safety [14].

the MPC problem can be obtained easily in a closed form without Although numerous types of ESCs have been developed by
using numeric solvers using these reference values. The suggested

method controls the vehicle to follow the generated reference Many researchers [15], [16], these ES_C algorithms are most
values to maintain the vehicle yaw stability while the vehicle commonly activated to exert the corrective yaw moment to the
turns as the driver intended. The superiority of the proposed vehicle when excessive differences in the actual and desired
method is verified through comparisons with an ESC method yaw rates or immoderate side slip angles are detected. How-
based on ordinary MPC in the simulation environments on both a\er \when excessive side slip angles or excessive differences
high-p and low-u surfaces using the vehicle dynamics software . - .
carSim. in the actual and desired yaw rates are observed, in many
cases, the vehicle has already entered an unstable vehicle state.
Since a vehicle in an unstable state tends to rapidly spin or
bounce out of its desired trajectory, even a short delay in ESC
actuation can result in fatal accidents. In order to overcome
NOMENCLATURE this drawback of the conventional ESCs, several papers in the
literature [17]-[20] have suggested the methods that stabilize

Index Terms—Electronic stability control (ESC), model pre-
dictive control (MPC), vehicle dynamics, vehicle yaw stability.

gz .Tr::g :g?eg;rgllj(ilt?f?r:esstgfr;?zsingztr;rneter the yaw motion of a vehiclg based on the model predictive
Ct Lumped cornering stiffness of front tires control (MPC) sche.me, which can predict the_ near future
C Lumped comering stifiness of rear tires using yehlcle dynamics models,. S0 that earI.y activations of the
} Tire-road friction coefficient corr_ectl\_/e yaw moments t_o stabilize the vehicle, even when the
F Tire normal force veh!cle isina stal_)Ie vehicle state, are enabled to prevent the
E Tire longitudinal force vehicle from entering an unstable state. . .

Fxf Eront axle lateral tire force Although, the performances of the algorithms in [17]-[20]
Fy Rear axle lateral tire force are reasonably satisfactory, according to the experimental or
gf’r Average front steer angle simulation results, severa'liissues that mu;t be considered for
) Vehicle yaw rate _the MPC-base_d yaw stability contr_ol algorlthms_ are not t_ak_en
B Vehicle side slip angle into acc_ount in these papers. First, the vehlcle_ predlcnpn
I CG-front axle distance models in MPC.m.ust reflect the lagged c_haractenstlcs of.t|re
I CG-rear axle distance forces. Th_e majority of rgsearches apply!ng MPC Fo vt_ahlcle
I Vehicle yaw moment of inertia yaw stability r'er on a bl'cycle modgl wh|ch. is a simplified
m Vehicle mass two-stgte vehicle _dynamlcs model m_predlctlng the future
Vi Vehicle longitudinal speed beha\(lor of a vehicle. Howev_er,_ the bicycle n_10de| does _not
v Vehicle lateral speed descrlbe_the Iagged characteristics of Iat_eral tire forpes. Since
R); Tire effective radius the prediction time of the MPC formulation for vehicle yaw
M, Corrective yaw moment gtablllty control is typically 0.1-0.3 s [17], [20] wh!Ie the

N Prediction horizon time constant for the Iaggeq Qynamlcs of lateral tire fo.rce
Ps Brake cylinder pressure of each wheel can be up_to 0.15 s, the prediction model for MPC for_ve_hlcle
i Vehicle half track yaw stability control must reflect the lagged characteristics of

the tire forces. Second, the MPC-based yaw stability control
|. INTRODUCTION algorithms cause a significant computational burden in finding
the optimal solutions of the MPC formulations which is
The authors are With the Depa_rtment of Mechanical Engine_ering, KAIShe biggest obstacle that prevents MPC-based vehicle yaw
(Korea Advanced Institute of Science and Technology), Daejeon 305-70]t, . . . .
Korea (e-mail: mucho@Kkaist.ac.kr; shchoi@kaist.ac.kr). Stability control algorithms from being applied to commer-

cial vehicles. This computational burden primarily originates



from the nonlinearities of the vehicle models and inequalit Identification of | C.C..x
constraints to restrain the state of the vehicle model with . maors | Tire Parameters |
certain bounds in the MPC problem. Considering these issu

Supervisor

in this manuscript, the bicycle model with lagged tire forces | Vehicle Speeds Determination of State Constraints
) - Estimator and Desired Yaw Rate
developed for use in the prediction model of MPC to reflect tt
Tire Forces l

lagged characteristics of tire forces for better description of tl
vehicle behavior. The nonlinear characteristics of tire force
such as the friction ellipse effect or the tire force saturatio

Estimator Calculation of Required Correction
Moment using MPC

Vertical Loads

. . e . Estimator l M, Coordinate
are taken into account by linearizing the tire forces about the A . oot
operating points in order to reduce the computational burd Sensor Signals Applying Minimum Brake Forces to

h : : : . Generate the Correction Moment
when processing the complicated nonlinear tire model. In orc |+ ep-mu

* Wheel Speeds

model, the MPC is designed to control the vehicle to follo\ |- Engine Torque — @i/ﬁ i&

the desired states instead of restraining them using inequa [_Brake Pressures
constraints. This paper is organised as follows: The overall

structure of the MPC-based ESC algorithm is illustrated frig- 1. Architecture of the ESC based on MPC
Section Il. The vehicle models used for the MPC formulation

are introduced in Section Ill. The method of generating desired y

to remove the inequality constraints for the state of the bicyc |: Steering Wheel Angle _ j/‘,“ J P

states and inputs is developed in Section IV. In Section V, the a, y v E,
supervisory controller that generates the required corrective S, ( ~( \ﬁx‘iL &FA(T
yaw moment to control the vehicle is presented with the MPC = \/) T !j
formulation and its closed form solution. In Section VI, the W

coordinator that minimizes the required absolute values of the

brake forces to recreate the corrective yaw moment from the l; | I,
supervisor to apply to the vehicle is developed. The suggested

algorithm is analyzed and verified using the vehicle dynamiEg- 2- Schematic of vehicle lateral dynamic model.
software CarSim in Section VII. Concluding remarks are given

in Section VIII.
Ill. VEHICLE MODELS

To operate the supervisor with the MPC scheme, two linear
[I. CONTROL ARCHITECTURE vehicle models are required: the linear bicycle model to
generate the desired yaw rate and the bicycle model based
In this section, the control structure and its intrinsic modulan linearized tire forces to predict the future vehicle behavior.
structure used to stabilize the vehicle lateral dynamics are pfihese two vehicle models that are integrated with the dynamic
sented. Figure 1 illustrates the main controller that consiststite model [23] are developed to take the lagged characteristics
the supervisor and coordinator, the required sensor signals, anghe tire forces into account.
the estimators. Utilizing the readily available sensor signals in
commercial vehicles includings, wheel speed$w ), engine ] ] .
torque (Te), brake pressuresh,;), longitudinal acceleration A- Bicycle Model with Lagged Tire Forces
(ax), lateral accelerationay), andr, the estimators calculate The bicycle model is a dynamic model based on the vehicle
the values ofw, v, Fxi, Fyt, Fyr, andF;j wherei =1,2,3,4  |ateral dynamics as shown in Fig. 2. The equations of motion
which correspond to the left-front, right-front, left-rear, andior the vehicle lateral dynamics are as follows:
right-rear wheels, respectively. The estimated values are sent
to the tire parameter identifier and the supervisor. In the tire )
parameter identifier, the values ©f, C,, andu are estimated mk(B+r) = FRi+Fr, (1)
using the estimated vehicle speeds and tire forces using the If LRyt — 1 Fyr + My, )
linearized recursive least squares method. The supervisor col-
lects the information about the vehicle state and tire parametifidere the lateral front and rear tire forces are simplified with
and then generates ti\é, to be exerted on the vehicle. Afterthe linear tire models as follows:
receiving M; from the supervisor, the coordinator calculates F. _ C 3
the minimum requiredd; to recreateM, and apply it to each i = i, (3)
wheel. The estimator far, andvy is based on the combination Fe = Goaor, 4)
of a bicycle model and a kinematic model which is a multiple-
. . Where
observer system that computes the weighted sum estimation.
The estimator foC,, C,, andu utilize the linearized recursive
least squares method to identify these values in real time. For
more details about the used estimators and the tire parameter lr-r
identifier, refer to [21] and [22], respectively. ar —B+ W (6)

as
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In (5) and (6),as anda; are the slip angles of the front and Ca (ﬂ‘ﬁ')
F.

rear tires, respectivelyy is assumed to be constant for a short Ri = A (15)
period time. '
The dynamic tire model developed in [23] can be describ&¢ere
as follows: e fi _ T%:ijiz—’— 27“12':2. fi3 if fi < 3“':27i
Tlaglfyf_lag +FRilag = Fi, (7) I UFzj ’ else

TlagFyr tlag+ Fyrlag = Fyr (8)
aghyr_lag ™ Fyr_lag yr (K 2 , ( tana; 2
where Ryt 15y and Fy, g are the lagged lateral tire force of fi = 1tk +Ca 11k
the front and rear tires, respectivety, is the relaxation time

constant defined as: K — re-,im_th-,i7 (16)
Ca 9 Vit i
Tag= ——
lag Ker ( ) |
\Yaufkis
where K¢ is the equivalent tire lateral stiffness. Using the oy 5 y\,ﬁf
lagged tire forces (7) and (8), (1) and (2) can be rewritten as 5 1 VyJ\: tr
as follows: as | = o | TR wde | 17
Vs
2 _ ag 0 v
mW(B"‘Q = Fy_jag+Frag (10) YT
lf = |nyf_Iag—|rFyr_Iag+Mz- (11)

In (14) and (15)k; anda; denote the slip ratio and slip angle
By augmenting (7)-(11), a vehicle model including the dyef ith wheel as defined in (16) and (17) respectivelyjs the
namic tire model can be obtained in a state-space form &Beel speed, ang;; is the speed of the vehicle at the tire
follows: position. In [22], the plots of the interactions Bf's andF,’'s
along with a’s at different fixedk’s and p’s with constant
F,'s using (14) and (15) are presented.

X = Ax+ Bsds + BuMz, (12)
where C. Bicycle Model with Linearized Tire Forces
: AT . .
x=[B B r i (13) Using the method presented in [22], the values Gyf
Cq, and u are identified and updated at every time step to
0 1 0 0 reflect the change in the surface conditions and the nonlinear
GG 1 (Cr|r—cf|2f _ A) 1 characteristics of the tires in operating the suggested controller.
A= T"E‘)gm“‘ (T)'ag TlagM®  Tiag 1| Once these values are determined, it is possible to plot a
e CZic lateral tire force curve along wittr by maintaining the other
% 0 —ﬁ —L variables, such aB, and k, constants. By differentiating the
9 9 9 lateral tire force curves with respect to the currentCso,
0 and C;o can be obtained. Usin@:o or C;o and the current
Ci 8 operating points, the first degree polynomials of this are
Bs = Tlagom\& By = 0 expressed as follows:
rcfllf #glz KRt = Croas + Fyro, (18)
lag'z
* Fr = Goar + Fyro. (19)
B. Tire Model In (18) and (19)Cso andC;o represent the local slopes of the

) } ) . lateral tire force curves at the curremts while Fyfg andFyro

The bicycle model with the lagged tire forces in (12) capygicate the residual tire forces that drgintercepts of the
accurately describe the vehicle lateral motion only when thec; degree polynomials as shown in Fig. 3b. Since the shapes
lateral tire forces exhibit linear characteristics as expressgine tire force curves from the tire model (14) and (15) vary
in (3) and (4). However, ESCs are often activated when th@sending on the values of not only the tire parameters but
generated tire forces exhibit the nonlinear characteristics, sugh, F, andk as shown in [22], the nonlinear characteristics
as the friction ellipse effect or the tire force saturation, sinGg the tire forces such as the tire force saturation and friction
vehicles tend to be unstable when the generated fire foregfse effect are taken into account by locally linearizing the
are close to their frictional limits. Therefore, the following,iera tire force curve at the currently operating point.
longitudinal and lateral combined brushed tire model [23], [24] |stead of (3) and (4), (18) and (19) are substituted into (7)
that can adequately describe the tires’ nonlinear characteristicg (8). Due to the additional termi, o andFo in (18) and
was adopted in the design of the supervisor controller. (19), the extra termEaqq is created in the following linear

CKi vehicle model in a state-space form:

CX 14K E

Fx,i = (14)

T i X = AX+ B0t + BuMz+ Egqq, (20)



not reflect the frictional limits of the tire forces, the absolute

Yy Region of ESC Activation . ;
/// values of the desired yaw rates need to be truncated using
// appropriate upper bounds. The absolute values of the desired
s yaw rates have to satisfy the following inequality condition:
R +F
Iran| < (Fyt_maxt Fyr_max) | (21)
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Fyt_max and Fyr_max represent the maximum lateral front and

rear axle forces, respectivelfss max and Fy_max can be

obtained using the tire model (14) and (15). Sif€@ max

F and Fyr_.max vary along withu andk;, rqn c_a_n be adequate_ly.
y0 constrained based on the surface condition and the friction

ellipse effect.

Initial Slope
= Cornering Stiffness: Cf

B. Generation of Desired Side Slip Angles

(04 The majority of ESCs is activated to restrain excesgive
(a) of a vehicle in a passive manner. Typically, ESCs are initiated
to restrict 3 when its value exceeds approximately A6].
However, to make full use of the tire forces to their frictional
limits while turning, an appropriate value @f is required to
F, feemimieien k. generate the lateral tire forces to turn the vehicle as the driver
F intended since;’s are functions of several variables including
B. When the ESCs work to merely decrease the valu@ of
when an immoderat@ is detected, significant deteriorations
of overall performances of ESCs are expected.

In order to avoid this problem, in this paper, the suggested
ESC algorithm is designed to control the vehicle to track not
only ryq but also the desired side slip anglBy to reflect

(b) © the driver's intention on the control of the vehicle, while
maintaining the stability of the vehicle in a turn. To illustrate
the procedure of generatingy, a vehicle in an understeered

Fig. 3. Lateral tirg force;: (a) Linearization for vehicle mo.deling..(b) Fronfyrn is taken as an example.

axle of Understeering vehicle. (c) Rear axle of Understeering vehicle. When a vehicle understeers, since the front lateral tire forces
saturate first, an additionals followed by a largerd; from

the driver does not provide any larger lateral tire forces than

where Fyr_max Consequently, at this state that is represented by the
0 1 0 0 dotted line in Fig. 3b, the absolute value of the yaw rate does
_Sotlo 1 (M _ %) 1 not increase since no additional corrective yaw moment, which
A= ""5’ \& C')ag T'agm‘&o 20 1 is a function of the additional lateral tire force, is created along
Coolr—Ciolt 0 Crol2+Crol?2 1 with the increasing st_eeri_ng input._ Howevey; is nqt yet f_uIIy
T Taglz T Tagit " Tag saturated as shown in Fig. 3c with the dotted line. Since the
0 0 0 sum of the front and rear lateral tire forces have to be equal
Cio For +For to the centrifugal force that is exerted on the turning vehicle
Bs= | "™ | By = 8 Eogq = Tlagbm\& . in the gteady ;tate with .given anq Vy, the maximumr of
COI 7 F. 1 Fy the turning vehicle at a givew, can increase by enlf_slrglng the
" Tiaglz o value of the unsaturatefd,. The unsaturate8,, can increase

as the absolute value af;, which is a function of3, grows.
IV. GENERATION OF DESIRED STATES AND INPUTS Accord!ngly, the value of the des[red. S|de_sl|p angf, is
determined to increasgy to Fyr_re Which is defined as follows:

A. Generation of Desired Yaw Rates

Fyr re =mwrq— R : 22
In order to control the vehicle as the driver intended, the yrre Wld = Fyf_max (22)

desired yaw rates that can be references for the vehiclewbere myry is assumed to be the centrifugal force that is
follow are required. TheN number of desired yaw rates areexerted on the vehicle in a turn witly and v.

generated using the bicycle model (12) by holding the currentUsing the tire model (14) and (15), the desired rear tire slip
driver's steering input and the longitudinal velocity for theangle,a,q which corresponds witl, . can be obtained3y
prediction time. However, since the bicycle model (12) doesin be easily acquired rearranging (6) with the giFgne.



Because botlos and a, grow simultaneously along with anwith Q, P, and R which are the weighting matrices with
increasingB as expressed in (5) and (@) also moves to the corresponding dimensiongy andug refer to the desired state
front desired tire slip anglegs g indicated by the solid red and corrective yaw moment, respectively.

lines in Fig. 3(b). The corrective yaw moment to be exerted

on the vehicle is calculated to tra@dg andry. As N number B. Closed Form Solution for MPC

of rq are calculated in the previous subsectibhnumber of

B4 are also generated. To obtdia, when a vehicle oversteers Since the bicycle model (12) with the linearized tire model
(2°'2) can begreplaced .by the foﬁbwing equation: 'is linear and the inequality constraints in the quadratic cost

function (25) are omitted, the closed form solution of the MPC
Fyt_re = MArg — Fyr_max. (23) problem can be acquired without using numerical solvers when
. the MPC controller is designed for the vehicle to follow the
After then, the same prqcedure to obtﬁn\_/vhen the vehicle desired states with the desired inputs. The terms with constant
understeers can be carried out by switching to ar,g. values, which do not affect the value of the optimal solution,
can be removed from (25) and it can be rewritten as follows:
C. Generation of Desired Corrective Yaw Moment N_1
In the procedure of determinin@y, although Fy. re is J(X(0),U) = 3 x/Qx— 2Xg k' QX -- 27)
obtained to balance the centrifugal forge an.d the lateral tire +uk’Ru<k—:gud RUCH XnPX — 2% NP
forces, the moment balance of the vehicle in a steady state ’ ’
turn is not maintained. In order to secure the moment balant@e equality constraints in (26) can be explicitly rewritten
of the vehicle, by letting = 0 in (2), the desired corrective With all future statesx;,xz,...xy and the future inputs,

yaw momentM;, q is acquired as follows: Uo, Uz, ... UN—1:
Understeering: My g= —ltFy +1rFyr re, x(0) |
Oversteering: M, g= —ItFyf re +IrFyr X1 Ak
= x(0)
V. MPC FOR SUPERVISOR )
In the previous sections, the bicycle models and the desire A.. N
states for the vehicle to follow are suggested. In this sectio N X
the MPC scheme that can provide the optimal corrective yaw X 53
moment to be applied to the vehicle to track the desired state 0 e 0 u
i i B 0o ... 0 0
is described. B_k _
+| AxBex - e '
A. MPC Formulation . ) ) . : (28)
N-1 ' UN-1
A model predictive controller finds a set of optimal inputs, Ak” Bek - - Bek T
that minimize the cost function while satisfying the input s
constraints over a specified prediction time horizon and it 0
applies only the first input in the sequence of the optimal Ex
inputs to the system at each time step. First, in order to form cee A kB + Ex
an MPC problem, the bicycle model with linearized tire forces :
(20) was discretized using zero-order hold as follows: A NIE L+ By
X1 = AXk + Bm kUk + Exk, (24) s
where Since all future states are explicit functions of the present
state(x(0)) and the future and current inputdo, Ui, ... Un—1),
B =BsxkOf +Eaddk, U =Mzk. (28) can be expressed as follows in a compact form:
The subscriptk denotes that the corresponding discretized X = S%(0) + U + . (29)

matrices are at thith step in discrete time. The terms ki,
including ¢, are set to be constants while developing (24ysing X as shown in (28), the cost function (27) can be
for the prediction time span. The cost function of MPC wittiewritten as follows:

equality constraints in quadratic form is defined as follows: J(x(0),U) = XIQ_X+UI§U+TX+T (30)
9 - u,
N-1
JX(0),U) = 3 (% —Xdk)' QX —Xak) - (25)Where
+ (U — Ug k) R(Uk — Ug k) + (XN — Xn k) P (XN — Xnk) I§ blockdiadR, ..., R},
Subjto X1 = AXk + Bm kUk + Ex, (26) Q = blockdiagQ,...,Q,P},
where T = —2XQ

U:[Uo,..‘UN,ﬂ/ Tu = —ZUéR,



with
Xg = [Xd0:---XdN]s
Ui = [Udo-. UdN-1]

;
By substituting (29) into (30), the cost function (30) can b¢ =
rewritten as follows:

/ —
9

J(X(0),U) = (SX(0) + S'U + S/ Q(SX(0) + S'U + )

5000 . 1000

o+ URU4T(S%(0) + SU + ) + T, G I O T P s O e
By dropping the terms with constant values and rearrangins g7 N
the cost function (31) can be modified: % i::/ N
J(X(0),U)=U"('Q8'+RU--- (32) S/ SH A
+[2X(0)(8'QY) +25QS' + TS + T JU e 200
0 5 00 i i i
Since (32) has the form of a positive definite quadrati © o e o e P me e em
function, its minimum can easily be obtained by differentiating @) b

(32) with respect tdJ and findingU* that sets it to zero. The
optimal inputsU* with the given desired states are obtainedrig. 4. Comparison of the resultant corrective yaw moment when applying

. 1 el = = 1w = brake forces: (a) on the front left wheel and (b) on the rear left wheel.
U*(x(0),T,Tu) = —3(S"QS'+R)~*[2X(0)(S'QS") ---
+257QS' + TS + Ty

The MPC scheme finds the optimal solutidd*) at each the amounts of changes in the longitudinal force and lateral
time step. However, only the current step input is utilized arffrce. respectively, caused by applying brake forces on the
the remaining future inputs are discarded. The corrective y4ignt or rear wheel, respectivelpFy. at the givenai with
moment is applied to the vehicle by allocating differentid® varyingi can be obtained using the tire model (14) and
brake forces to the wheels. The method of allocating diffef>). To optimally distribute the brake forces, the following
ential brake forces for the given corrective yaw moment fPSt function is defined:
introduced in the next section. Iu(AFxt, AF)

(33)

|AFxf| + |AFxr|7 (36)

V1. COORDINATOR FOROPTIMAL DISTRIBUTION OF subjto Mz = Mzt+Myr. @37)

BRAKE FORCES Newton-Raphson method finds the optimal solutidFy:*

The supervisor controller presented in the previous sectiandARy*) that minimizes the cost functiofdy ) in (36) while
generates the corrective yaw momeM,), to stabilize the satisfying the equality constraint (37) at every time step. The
vehicle at each time step. The corrective yaw moment can Vmues of brake pressure that can genefiiig* andAR,* at
exerted on the vehicle by applying the differential brake forces.given state are calculated using the following equations:
In this section, the coordinator that determines the minimum AR, *
required brake forces and which wheel should apply the brake P, = Ko
forces is developed. Fig. 4 shows the examples of two different B
cases exerting positive yaw moments on the vehicle in a righfereRs. andKg. denote the required cylinder brake pressure
turn by applying brake forces on the front left wheel and re@nd brake gain of the corresponding wheel, respectively.
left wheel. When applying a brake force on the front left
wheel as seen in Fig. 4a, the lateral force decreases along VII. SIMULATION RESULTS AND DISCUSSUION

with an increased longitudinal force due to the friction ellipse The performance of the proposed MPC-based ESC algo-
effect seen in [22]. The decreased lateral force multiplied B,m was evaluated by simulations using the D-class sedan
sindt - 11 is added to the resultant corrective yaw momengyade| in the CarSim software. In order to verify its ef-
In contrast, when applying the brake force on the rear l§fictiveness, the suggested algorithm was compared with a
wheel, the decreased lateral force multipliedlpylue to the gnventional ESC algorithm based on an ordinary MPC in
increased longitudinal force is subtracted from the the resultgpt simulation environments with low-and highy surfaces.
corrective yaw moment as shown in Fig. 4b. The plots Gfhe ordinary MPC based on the typical bicycle model (1)
th_e gmounts of the re_sultant corrective yaw moments aloggq (2), which do not consider lagged tire force dynamics,
with increasing slip ratios of the front and the rear wheels ajg,s formulated for the conventional algorithm to follow the
presented in Fig. 4. The values of the corrective yaw momeRigerence yaw rates without constraints for the side slip angle.
can be expressed as follows: Furthermore, simulations using only lagged tire forceg3er

Mgt = sindt-lt-AFyt 4 cosds -t- AFys, (34) Wwere also performed to independently verify th(_eir effgctive—

Mo — AR —I - AF (35) ness. The values of the parameters for the simulation are

o= X En presented in Table ts is the size of the time step for running

whereM_ s andM,, denote the corrective yaw moments appliethe controllerty is the size of the time step for the prediction
by the front and rear wheels respectivelyf,,. and AR, are model (24). The prediction time can lbg- N.

(38)
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Fig. 5. Vehicle maneuvers: (a) On a highsurface ¢ = 0.85) (b) On a lowg surface (t = 0.3).

pARAMETEFT?BFIE,E{SI,MULAﬂON enabled with the suggested method to trfigk
In order to validate the effectiveness of the suggested
[ Parameter[ Wlue [[ Rarameter] Hlue | method on a low surface, a simulation with the maneuver
N 8 Q diag{1,0,7,0} - 10° shown in Fig. 5b was performed on a lqw-surface with
ts [sec] Q02 R 1 : . . . .
t, [sec] | 003 3 Gag(1.0,7.0] - 10° u =0.3. As in the first simulation on a high-surface, the

brake was applied at approximately- 4 s during the slalom
maneuvering. As shown in Fig. 6b, when any control action
was not taken by the ESC system, the vehicle understeered
A. Simulation on a High+ Surface and an excessivf was observed. Although the understeer is

_ _ . corrected using the conventional method, still the deviation of
In the first simulation whose maneuvers and results arerom ry is detected with the excessiy@ In contrast, the

of the suggested MPC-based ESC algorithm was carried oukiintaining the value off near the value of3;. The better
the simulation environment on a highsurface withu =0.85.  performance of the suggested method was achieved even with

The brake was applied by the driver at approximately 4  the smaller absolute value ;.
s during turning to spin the vehicle out to recreate a harsh

simulation scenario. As shown in Fig. 6a, since the brake ) ) ]

was applied when the vehicle was at the limit of handlin% Analysis of the Effectiveness of Applyfigor Lagged Tire
the vehicle spins out when no control action was taken. Th8'C€S

conventional ESC algorithm based on ordinary MPC could The previous simulations were performed by applying both
keep the vehicle from bouncing out from. However, the B4 and lagged tire forces to demonstrate the superiority of
immoderate deviation of from rq was detected comparedthe suggested algorithm by maximizing the performance of
with that of the suggested algorithm. Despite the values tife MPC controller. In this subsection, two simulations were
the integrations oM,’s over the simulation time, which cor- conducted on a higl surface. The first simulation was
respond to the lost kinetic energy during the brake actuationadnducted with the bicycle model reflecting the lagged tire
the vehicle, for the conventional and suggested methods befogces but withouiBy. In contrast, the controller in the second
almost identical, the value g8 for the conventional method simulation was set to follow8y without including the lagged
was significantly lager compared with that of the suggestéide forces in the bicycle model. The vehicle maneuvers and
method since early actuation of the differential braking wagsults of the first simulation are presented in Fig. 7a and
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Fig. 6. Simulation results: (a) On a highsurface [ = 0.85) (b) On a lowy surface (1 = 0.3).

Fig. 7c, respectively. As shown in Fig. 7c, thanks to the more In the second simulation, whose maneuvers and results are
accurate prediction of the vehicle behavior from the bicycleresented in Fig. 7b and Fig. 7d, respectively, it was proven
model including the lagged tire forces, the earlier actuatighat setting the MPC controller to follow not onty but also
could be enabled. As a result, when applying the lagg#d is advantageous in stabilizing the vehicle lateral motion.
tire force in the prediction model, the MPC controller couldEven without reflecting the lagged tire forces in the prediction
stabilize the vehicle with a smaller value of the maximurmodel of the MPC controller, trackingy to generate appropri-
corrective yaw moment. It was also verified that applying aate lateral tire forces is beneficial in controlling the vehicle to
adequate corrective yaw moment at a proper time to follpw follow rq. At the same time, the maximum value @fduring
reduces the maximum value Bfduring the vehicle maneuver.the vehicle maneuver was also minimized compared with when
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Fig. 7. Simulation analysis: (a) Maneuver for verification of reflecting lags of tire forces. (b) Maneuver for verification of trBgkijayy Comparison of

with and without reflecting the lags of tire forces. (d) Comparison of with and without tragking

Steer Angle

the case thaBy was not applied. Furthermore, when applying
B4, the maximum value of the corrective yaw moment applied

VIII. CONCLUSION

A novel method of ESC based on MPC was developed

to the vehicle was slightly smaller. ! ) A JaSE : i
and investigated in the CarSim simulation environment. The
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proposed algorithm distinguishes itself from the previously4] J. Dang, “Preliminary results analyzing the effectiveness of electronic

reported methods by the following features: (1) it can reflect stability control (esc) systems,” tech. Rep. DOT-HS-809-790, U.S.
Department of Transportation, Washington, DC, 2004.

the lagged characteristics of lateral tire forces on the predictig|) p "kim, K. Kim, W. Lee, and I. Hwang, “Development of mando esp
model in the MPC formulation to better predict vehicle behav-  (electronic stability program),” irSAE 2003 Wor. Cong. and Exto.
ior; (2) it generates the desired values of side slip angle acd] 2003-01-0101, 2003.

. . . . -~ A. T. van Zanten, R. Erthadt, and G. Pfaff, “Vdc, the vehicle dynamics
corrective yaw moment to maintain the vehicle yaw stability = o101 of bosch” inSAE 1995 Int. Cong. and Expmo. SAE950759,

while driving the vehicle as the driver intended; (3) a closed 1995.

form solution for the MPC problem with the desired state ard?] G- Palmieri, O. Barbarisi, S. Scala, and L. Glielmo, “A preliminary study
to integrate ltv-mpc lateral vehicle dynamics control with a slip control,”

inputs was _Obtai_ned without requiring iterations of nu_me!’ic in Proc. 48th IEEE Conf. Descision and Contr8hanghai, China, 2009,
solvers; (4) it optimally allocates the brake forces considering pp. 4625-4630.

the friction ellipse effect with the current vehicle state an@8l D. Bemardini, S. D. Cairano, A. Bemporad, and H. Tseng, “Drive by-
ical loads. Th imulation r Its of th ted MPC wire vehicle stabilization and yaw regulation: A hybrid model predictive
vertical loads. € simulaton results o € suggeste " control design,” inProc. 48th IEEE Conf. Descision and Conirol

based ESC demonstrate that the suggested method can controlShanghai, China, 2009, p. 76217626.

the vehicle to track the desired states with minimum contrBi®] C. E. Beal and J. C. Gerdes, “Model predictive contro for vehicle
stabilization at the limits of handlinglEEE Trans. Contr. Syst. Technol.

inputs both on a high+ and low4 surfaces. 2012, dO1:10.1109/TCST.2012.2200826.
[20] P. Falcone, F. Borrelli, J. Asgari, H. E. Tseng, and D. Hrovat, “Predictive
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