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Abstract The combination of different desirable characteristiaksituation-depen-
dent behavior cause the design of adaptive cruise cont@Csystems to be time
consuming and tedious. This chapter presents a systenpatioach for the design
and tuning of an ACC, based on model predictive control (MPQ)nique feature

of the synthesized ACC is its parameterization in terms efkby characteristics
safety, comfort and fuel economy. This makes it easy andtivéuto tune, even

for nonexperts in (MPC) control, such as the driver. Theaifeness of the design
approach is demonstrated using simulations for some naliénadfic scenarios.

1 Introduction

Adaptive cruise control (ACC) is an extension of the classigise control (CC),
which is a widespread functionality in modern vehiclesri8ig in the late 1990s
with luxury passenger cars, ACC functionality is now aMaléein a number of com-
mercial passenger cars as well as trucks. The objective a @:ontrol the longi-
tudinal vehicle velocity by tracking a desired velocityetehined by the driver. Only
the throttle is used as an actuator. ACC extends CC fundtipiiy automatically
adapting the velocity if there is a preceding vehicle, usiregthrottle as well as the
brake system. Commonly, a radar is used to detect preceeimglgs, measuring
the distance; and the relative velocity, between the vehicles. Hence, besides CC
functionality, ACC enables also automatic following of @gecessor. In Figufé 1,
a schematic representation of the working principle of AGGhown.
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Fig. 1 The ACC-equipped
host vehicle, driving with
velocity v, and acceleration
an, automatically follows

a preceding target vehicle, q’
driving with velocityv;.

radar target
beam vehicle

equipped
host vehicle

Considering the automatic-following functionality, AC@ssems typically con-
sist of two parts: a vehicle-independent part and a veldelgendent parf [13]. In
Figurd2, a schematic representation of the ACC control isshown. The vehicle-
independent part determines a desired accelerationf&tatieh profile for the ve-
hicle. The vehicle-dependent part ensures tracking ofgfosile via actuation of
the throttle and the brake system throughanduy,, respectively. The latter part
can thus be regarded as a controller for the longitudinalcletacceleration. As
every vehicle has different dynamics, this part is vehiepehdent. The distange
and relative velocity; = v; — v,, with respect to the preceding vehicle are measured
using a radar.

Fig. 2 Schematic represen-
tation of an ACC control
loop.

Focusing on the vehicle-independent part, the primaryrobabjective is to en-
sure following of a preceding vehicle. Considering the esponding driving be-
havior, ACC systems are generally designed to have spedficckaracteristics,
such as safety, comfort, fuel economy, traffic-flow efficieaod minimizing emis-
sions [18]. In general, however, these characteristidsajly impose contradictory
control objectives and constraints, complicating the ailgr design. For instance,
to ensure safe following, the system should be agile, reguinigh acceleration
and deceleration levels, which is not desirable considecmmfort or fuel econ-
omy [10]. To account for different characteristics, a waeghoptimization can be
employed. For example, a model predictive control (MPCYyapph can be adopted,
which also facilitates constraint satisfactioh([3, 9].

Besides the contradictory desirable characteristicegdecceptance of the sys-
tem requires ACC behavior to mimic human driving behaviosdme extent [4].
Apart from the fact that human driving behavior is driverdfie and time varying,
it is also situation dependent]10,]19] 20]. The desiredatitn dependency of the
designs give rise to many tuning variables, which makes ¢isgd and tuning time
consuming and error prone.

In this chapter, the design of an ACC is presented, accayfdinthe contradic-
tory characteristics and the many tuning variables. Thadaog on the design of the
vehicle-independent part of the automatic-following ftimcality. The contribution
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is the design of an ACC, which is parameterized by the keyadtaristics safety,
comfort and fuel economy, with at most one tuning variabtesfach characteristic.
The setting of the ACC can then easily be changed, possilely by the driver.
The organization of this chapter is as follows. The problenmiulation and the
setup are presented in Sectignhs 2 @hd 3. The parametenmizatibresults are dis-
cussed in Sectidd 4. Finally, conclusions and an outlookutur& work are given.

2 Problem Formulation

The problem formulation involves parameterization of tHeéG\ based on the cho-
sen key characteristics.

2.1 Quantification Measures

In this research, safety, comfort and fuel economy are ¢hasehe key character-
istics of the desired behavior of an ACC. Considering safetyever, we note that
the ACC is not a safety system such as an emergency brakingallision avoid-
ance system. ACC is primarily a comfort system that incoaifes safety in the sense
that appropriate driving actions within surrounding tiaéfre guaranteed. To enable
quantification of the key characteristics, desirable privgeof these characteristics,
so-called quantification measures, have to be defined.

Typically, the safety of a traffic situation increases foergmsing inter-vehicle
distance and decreasing relative velocity. Hence, reggrshfety, the inter-vehicle
distance and the relative velocity will be used as quantiica measures[11]. Re-
garding comfort, the (peak) acceleration and (peak) jargewill be used as quan-
tification measures [8, 16]. Concerning fuel consumpti@peeially the average
velocity and the deceleration time are important measi(fi¢$s]. Both measures
are influenced by the acceleration and deceleration leldgace, regarding fuel
economy, these levels will be used as quantification measure

2.2 Parameterization

This research presents the design of a parameterized AGIKS,iwthe end, only a
few design parameters, that are directly related to the kayacteristics of the be-
havior of the ACC. The limited number of intuitive tuning ieles enables quick
and easy adaptation of the ACC to different desirable dgiti@ehavior. Importantly,

these variables can also be used by nonexperts in (MPC)atolike the average
driver, to change the behavior of the ACC system to the dswawn wishes. En-

abling the driver to set these variables, really makes th€ A&sily adjustable.
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Correspondingly, the design parametBsP. and P are defined, indicating to
what extent the driving behavior of an ACC-controlled véhis either safe, com-
fortable or fuel economic, witRs € [0, 1], P. € [0,1] andP € [0, 1]. Incorporatind®,
P. andP in the controller design yields a parameterized ACC, i.€C%, P, ),
with Ps, P and P as tuning variables directly related to the behavior of ti@&CA
The systematic approach presented here, makes it possil@edsign the system
relatively easy, and reduces the amount of time-consumiwigearor-prone trial-
and-error techniques in the design. Although, focus lige be safety, comfort and
fuel economy, the approach is general and can be adoptedyarheracteristics,
e.g., traffic flow efficiency or minimizing emissions.

3 Mode Predictive Control Problem Setup

In this section, the control problem formulation is dis@ds

3.1 Modeling

A model predictive control (MPC) synthesis is adopted toigleshe ACC. The
MPC synthesis requires a model of the relevant dynamics ¢oassa prediction
model. Consider again the control structure as presenteayime[2. Focusing on
the design of the vehicle-independent control part, theehsiibuld cover the longi-
tudinal host vehicle dynamics, the vehicle-dependentrobpart and the longitudi-
nal relative dynamics, which are measured by the radar.mAsgpthat the vehicle-
dependent control part ensures perfect tracking of theetksicceleratiomn q(t),
the internal vehicle dynamics and the vehicle-dependemirabpart together can
be modeled by a single integrator, relating the host vehielecity vy(t) and the
(desired) acceleratiom(t) = an q(t). The continuous-time equations, modeling the
dynamics, are given by:

Vir(t) = v (0) + Jpar(T)dT 1)

{ X (t) = xr(0)+févr(r)dr
Vh(t) = Vh(0) + Joan(T)dT

wherex(t) the relative positiony,(t) = w(t) — vn(t) the relative velocitya,(t) =
ar(t) — an(t) the relative accelerationy(t) the host vehicle velocity, anah(t) the
host vehicle acceleration at tinhee R™. The values ok (t) andv,(t) are measured
by the radar and measurementwg(ft) andap(t) are available. As the acceleration
of the target vehicley(t) is unknown, it is, for now as a nominal case, assumed to
be zero in the MPC prediction model, yieldiagt) = —an(t). In the enda(t) acts

as a disturbance on the closed loop system.
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MPC is commonly designed and implemented in the discrete-tdomain.
Therefore, the continuous-time equatiofs (1) are congarto a discrete-time
model via exact discretization with sample tifi¢ and using a zero-order-hold as-
sumption orep(t). The signals are considered at the sampling time&Ts where
k € N represents the discrete time steps:

x(k+ 1) = Ax(k) + Ban(k) ke N @)

wherex(k) = (x(k), vr(k),vh(k))T, with some slight abuse of notation, and

1T:0 —3T12
001 Ts

Considering the control structure as presented in FigutteeZhost vehicle acceler-
ationan(k) = an 4(k) can be regarded as the control input. Furthermore, as tdbsta
of x(k) are measured, the output equation becoytkes= x(k), k € N, yielding:
x(k+1) = Ax(k) + Bu(k)

M ke N 4
UG T @

with u(k) = ap(k) andA andB as defined in{3).
Finally, the input-output model# (@) is converted into an increment input-

output (110) model [[7]. This enforces integral behavior, i.e., enabling a reynz

control outputu(k) for zero errore(k), thus providing the possibility to prevent

steady state errors in, for example, the following distafi¢es IO model is given

by:

. Xe(kJr 1) = AeXe(k) + BeéU(k)

Me { Ve(k) = xe(K) keN (5a)

wherexg(k) = (X" (k),u(k—1))T is the new state vectodu(k) = u(k) — u(k— 1)
the new control input, and

Ae= (5b)

= O OO

are the new model matrices. The mogél () will be used as the MPC prediction
model for the vehicle-independent control part in the remdar of this chapter.

3.2 Control Objectives and Constraints

Typically, the primary control objective of an ACC amountsfbllowing a target
vehicle at a desired distangg;(k). Often, a so-called desired time headvigyy is
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used to define this desired distance, yielding

Xr.d(K) = Xr.0 + Vn(K) thwd (6)

with X o @ constant representing the desired distance at standsiillthe desired
time headwayhy ¢ @ measure for the time it takes to reach the current position o
the preceding vehicle if the host vehicle continues to diité its current velocity,
i.e., for constanty (k). Correspondingly, the tracking error at discrete tkreN is
defined ase(k) = X 4(k) — % (k). Hence, the primary control objective, denoted as
01, comes down to minimizing the absolute tracking efefk)|, k € N.

Besides the primary control objectivg,, several secondary objectives as well
as constraints, related to the key characteristics safetgfort and fuel economy,
have to be included. These secondary objectives and comsteae based on the
guantification measures discussed in Sedfioh 2.1: the @tiesadlue of the relative
velocity |vy(k)| and the peak values of the host vehicle accelerdtg(k)| and the
jerk, which will be denoted byj,(K)|, should be kept small. Furthermore, the rel-
ative position should always be positive, i.g:.(k) > 0, and the absolute values
of the acceleration of the host vehidi, (k)| and the absolute value of the jerk
|in(k)| are constrained. The constraints on the acceleration arjdrkare given by
anmin = —3.0Ms 2 [17], anmax(Vn(k)) = ano— ava(K), and| jn(k)| < jnmax Where
jn.max 8ho anda are appropriately chosen positive constants. The paramet
allow to decreasen max for increasingvy(k). The 110 model accommodates the
constraint on jn(k)|, using the variation in the control outpdti(k) as a measure
for the jerk ju(k). Correspondingly, the constraint on the jerk is transfatrimto
[ou(k)| < Jh,max-

Summarizing, the constraints are given by:

0 <x(k)
% < ahmin S U(K) < anmax(Va(K)) keN (7)
|5U(k)| < jh,max

whereu(k) = an 4(K) = an(k).

3.3 Control Problem / Cost Criterion Formulation

As we use MPC, a cost criteriofy which is minimized over a prediction hori-
zon Ny, has to be defined. The future system states are predicteg ths& model
e [B) and the current states(k|k) := xe(k) at discrete time stej as initial
condition. This yields the predicted states(k+ n|k) and the predicted track-
ing errore(k+nlk), n=0,1,...,Ny for a selected input sequenddJ(kk) =
(Su(klK),...,ou(k+Ny — 1|k))T, starting at discrete time stépBased on the pre-
diction of the future system states, the minimization peafbyields an optimal con-
trol sequence, subject to constraiififls (7) on the inputs atylits.
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The cost criterion is typically formulated as a linear or aguadratic criterion.
To solve the corresponding optimization problem resulta Imear program (LP)
or a quadratic program (QP). Finding the solution of an LRe&slcomputation-
ally demanding than the corresponding solution of a QPpalgh this can also be
done efficiently. The tuning of linear formulations, howgwiffers from practical
drawbacks, which explains why MPC is often formulated usinguadratic crite-
rion [7,[14]. We will use the quadratic criterion:

J(3U(K|K),xe(k Z ET k+n|k)QE(k+n|k]
+Z " (k+n)RSu(k+n)] (8)

with & (k+n|k) £ (e(k+n|k),vi(k+n|Kk),an(k+n|k))T a column vector incorporat-
ing the primary and secondary control objectives, vétiik + n|k) = u(k+ n|k),
and Q = diagQe,Qy,,Qa,) and R = Qj, the weights on the tracking error and
the secondary control objectives. Furthermadyg,and Ny denote the output and
the control horizon, respectively, whelg < Ny. Moreover, forN, < n < Ny the
control signal is kept constant, i.edu(k+ nlk) = 0 for Ny < n < Ny. Finally,
u(k+nlk) = u(k+n—1|k) 4+ ou(k+ n|k), for n > 0.

Given a full measurement of the statg(k) of the model#, (@) at the current
timek, the MPC optimization problem at tinteis formulated as

mgnl(wl)ze\](éu(wk) ,Xe(K)) 9)

subject to the dynamicgze (B)
the constraint’ (7))

The controller will be implemented in a receding horizon mam meaning that at
every time stef, an optimal future input sequend®&* (k|k) = (du*(k|K),..., du* (k+
Ny —1|k))T is computed in the sense of the minimization problem (9).fireecom-
ponent of this vectordu* (k|k), is used to compute the new optimal control output
u*(k) = u(k— 1) + ou*(k|k). Thisu*(k) is applied to the system, i.ei(k) = u*(k),
after which the optimizatiori{9) is performed again for tipelated measured state
Xe(k+1) = (x" (k+1),u(k))T.

4 Controller Design

The final controller design, the implementation, and simaiteresults are presented
in this section.
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4.1 Parameterization

The MPC controller design incorporates all quantificaticasures regarding safety
and comfort. This yields a significant number of MPC tuningapaeters, given by
the desired time headwaiy, 4, the constraints on the acceleration and jegkuin,
an max and jh max, respectively, the weigh® = diag(Qe, Qy,, Qa,) andR= Q;,, and
the control and prediction horizoiNg andNy.

Using affine relationships between the MPC tuning pararaeteithe one hand
and the ACC design parameters for saf€ty,for comfort, R, and for fuel econ-
omy, B, on the other hand, the MPC tuning parameters are expligthted to the
key characteristics safety, comfort, and fuel economyhigway, the MPC tuning
parameters are all determined as a function of these theemta design param-
eters. The setting of these design parameters indicatefiab extent the driving
behavior is either safe, comfortable or fuel economic, Witk [0, 1], P. € [0,1] and
P € [0,1]. Due to space limitations, we will not discuss in detail htvege affine
relationships are actually constructed, $ee [12].

In this specific case in which we considered comfort, safet/fael economy as
key characteristics, it can be assumed that the key chasditi® are complemen-
tary: the design of the relationships between the MPC tupm@meters and the
ACC design parameters indicates a decrease in comfort afrthi@g for increas-
ing safety, and vice versa. For example, small accelerai@hjerk peak values,
indicating a high level of comfort, induce a long time to steatate, which is not
desirable regarding safety. Furthermore, the quantifinatieasures chosen to in-
dicate comfort, are similar to those indicating fuel ecogo@onsequently, in this
case, a single parametek [0, 1] results:

P=F, R=1-P R=P Pc[0]] (10)

If other characteristics would be considered in the dedigmically more design
parameters would remain in the end.

Parameterization of the ACC with safety, comfort and fueremmy amounts to
incorporating in the original optimization problefd (9) tretationships between the
MPC tuning parametertyy,d, @ min, 8h,max jhmax Q. R, Ny andNy, and the design
parameters?s;, P, andP;, accounting for[(10). This yields

inimize J(P, 8U(K|K), Xe(k 11
minimize J(P. SU(KK), xe(K) (11)

subject to the dynamicgze (B)
the constraint¥’ (7))

where@ = €' (P) as a result of the parameterization. Changing the behaf/iibeo
ACC system comes down to adjustiRgAllowing the driver to chang® < [0, 1],
enables him to influence the behavior of the controller fowusn either safe, or
comfortable and fuel economic driving, depending on theetis own desire.
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4.2 Implementation Issues

The total controller design is implemented via the Multi d&aetric Toolbox[[5].
Online solving of the optimization proble] (9) at each tinepsyields an implicit
solution. Solving[(P) as a multi-parametric quadratic peog (MpQP) with param-
eter vectoxe enables an explicit form of the solution by offline optimipat The
resulting explicit controller inherits all stability anc&egormance properties of the
implicit controller and has the form of a piecewise affine @\Vétate feedback
law [1,[2]. Solving the mpQP, provides a s&f C R"™, with n, the dimension oXe,
of states for which the constrained optimization problgig$easible. Since the
control law is given by a PWA state feedback law, the feasbleZ; is partitioned
into R polyhedral regionsz;, i = 1,...,R, such that

R
2= )% (12)
i=1

where inZ Nint%Z; =0, fori=1,...,R j=1,...,Randi # j. At time stepk, the
optimal inputdu* (k|K) is then given by

ou*(klk) = Fixe(k) + fi, for xe(k) € %, i=1,...,R (13)

To compute the control input at discrete time stepN, (I3) has to be evaluated.
Regarding the explicit solution, the most time-consumiag [ determination
of the regionZ, that contains<e(k). However, online tuning is prohibited by the
offline optimization. As a solution, one might store vari@xgplicit controllers for
a finite number of valueB € n/N forn=0,1,2,...,N. For implementation of the
implicit controller, solving an optimization in every tingtep is required. Hence,
the computational demand depends on the available solchvis not desirable
targeting industrial acceptance. Howeveigan be changed online in a continuous
manner. Depending on the system requirements, one may eitogt solution.

4.3 Results

To illustrate the influence of varying € [0, 1], simulations are performed for some
relevant traffic scenarios using an explicit controller Rdinite number of values
N = 10 for P, the number of regions in the explicit ACC laws ranges fro id
120. In Figure§13 anld 4 the resultsthé approach of a vehicle at standstill anda
negative cut-in scenario for different setting® € {0.2,0.5,0.8} are shown, showing
the proper working of the parameterization. By changingsiting of the design
parameteP € [0,1], the behavior of the ACC system changes, with respect to the
comfort, the safety and the fuel economy of the resultingidgi action.

In Figure[3, the results dhe approach of a vehicle at standstill are shown. At
13s, the vehicle at standstill is detected by the radar, lwhéas a range of 180 m.
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Before that, no vehicle is detected. The following behawviothe ACC system be-
comes more comfortable as well as more fuel economic foeasingP. Firstly, the
deceleration peaks decrease, and secondly, the totakdatieh time increases. As
aresult, the average velocity decreases, which is benefgarding fuel economy.

A negative cut in scenario involves the cut in of a vehicle driving with a velocity
vi(k) < va(k) at an inter-vehicle distance (k) < X 4(k), see Figurél4: at 20s, a
vehicle cuts in 30m in front of the host vehicle with a velgaf 50km b1, while
the host vehicle is driving at 80 knth. Before that, no preceding vehicle is detected
and, hence, no distance is measured. From a safety poinewf direct reaction
and substantial braking are required, disregarding thagetf P, i.e., comfort or
fuel-economy-related measures. The results in Figure deidghow this behavior,
indicating that safe behavior is guaranteed for any valu®.dfurthermore, the
results show that for decreasiRghe desired steady state distance increases, which
is a result of the parameterizatity, g = thw,d(P), and is desirable regarding safety.

5 Conclusions and Future Work

In this chapter, a systematic procedure to design an ACCesgpnted, which is di-
rectly parameterized by the key characteristics safetyfod and fuel economy of
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the ACC behavior. The goal of the parameterization of the A6 reduce the time
it takes to tune the system and to enable the tuning for narexim (MPC) control,
such as the driver. This requires that the tuning shouldrelsiand intuitive with
only a few design parameters that are directly related tdkéyecharacteristics of
the ACC. To this end, the corresponding design paramBielfs andP are defined.
Due to the generality of the approach, other charactesistia be straightforwardly
incorporated in the design, using the same systematicripsigedure.

The approach is based on (explicit) MPC. The parameterize@ /& obtained
by carefully mapping the many tuning parameters of the MPQpst the three
design parametef’;, P. andP only, which, in this specific case, could be united
in one design parameté&: Simulations have shown the proper functioning of the
parameterized ACC for some relevant traffic scenarios. @ingrthe behavior of
the system by changing the setting of the design pararRetexs proven to work in
a desired manner.

Future research will focus on experiments, and on extentfiagwo-vehicle
model to multiple vehicles. Taking vehicle-to-vehicle aommication into account
too, allows for the design of so-called cooperative ACC (€CAGystems. The com-
munication provides additional information concerning gurrounding traffic in
addition to the radar data, which can be very beneficial tayis¢em behavior.
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