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Abstract

A predictive control strategy for vehicle platoons is prese in this paper, accommodating both string stability and
constraints (e.g., physical and safety) satisfactionhégroposed design procedure, the two objectives are athiev
by matching a Model Predictive Controller (MPC), enforcaumstraints satisfaction, with a linear controller desigin

to guarantee string stability. The proposed approachyeathbines the straightforward design of a string stable
controller in the frequency domain, where a considerablabrr of approaches have been proposed in literature,
with the capability of an MPC-based controller enforcirgfstand input constraints.

A controller obtained with the proposed design procedunalglated both in simulations and in the field test,
showing how string stability and constraints satisfactian be simultaneously achieved with a single controllee Th
operating region that the MPC controller is string stableharacterized by the interior of feasible set of the MPC
controller.

Keywords: Model Predictive Control, vehicle platooning, string sty control matching

1. Introduction »  relying on measurements from on board sensors, e.g.
] . ) ] radar and camera. However, to enable a short inter-
Automated highways, in particular vehicle platoon- \ehicles distance between vehicles and to guarantee the
ing, is considered as an appealing technology to con- g calledstring stabilityproperty, wireless communica-
tribute alleviating tréic flow problem like congestions.  tjon may be required as well [7],/[8].
A vehicle platoon consists of a chain of automated Vg-  The main challenges in the design of a longitudinal
hicles following each other led by a specific vehicle, gynamics controller for vehicle platooning applications
i.e., the leader. The primary objective of a platoon is arei) satisfying safety and performance requirements
that vehicles should follow each other by maintaining thin the actuators limitations (hereafter refer to as
a desired gaplistance to their preceding vehicles. The {ime domain requirements) guaranteeing string sta-
idea of platooning dates back to the eighties when Cali- pijity. As it is shown in previous works, [9, 10,111], con-
fornia Partner for Advanced Transportation Technology | specifications and requirements, including safety,
(PATH) was established to study and develop intelli- performance and actuators limitations can be formu-
gent vehicle-highway cooperation and communication |ated as inequality constraints in a model predictive con-
systems,|[1]. Since then, several studies on the poten-ro| formulation. Alternatively, constraints satisfamtis
tial impact of vehicle platooning on fierent aspect of ,  and safety can be verified a posteriori for any linear con-
transportation and tfic flow have been conducted, [2].  {roller by using the set based approaches as in, £.4., [12]
Potential benefit of vehicle platooning in reducing the gnq [13].
fuel consumption is studied inl[3]. The impact of vehi-  The focus of this paper is the design of a controller ac-
cle platooning on the tféic flow is studied in €.g.L[4],  commodating both time domain requirements and string
[5] and [6]. Regardless of the business model, to n- stapility. String stability is defined as the ability of a ve-
able vehicle platooning, controllers must be developed pjcle platoon to attenuate théfect of disturbances in-
to maintain a desired distanftiene gap between vehi-  roquced by the leader (or any other vehicles) as it prop-

cles. _ o _ agates down stream in the platoon. However, slightly
In platooning, the longitudinal dynamics are controlled
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different definitions for string stability can be found in
the literature, e.g., string stability w.r.t. fiBrent dis-
turbance signals andftierent norm sense [14]. In this
work, string stability is defined as the capability of a
vehicle platoon in attenuating the energy of the acceler-
ation signals as moving toward the tail of the platoon,
as proposed by [15]. However, it should be noted that
string stability cannot guarantee safety. This motivates
the fact that controllers should be equipped with a tool
such that they can handle constraints (e.g., safety) ex-
plicitly.

Alternative designs of string stable vehicle platoons Figure 1: Two adjacent vehicles in the platoon.
in the frequency domain are given in, e.@.,/[16],/[17],
[1€] and [19].

Combining string stability and constraints satisfac-
tion requirements in a single controller is not trivial.
In general, guaranteeing constraints satisfaction, is not
trivial in frequency domain designs. On the other hand
translating the frequency domain definition of string sta- 2. Vehicle Modeling
bility into time domain settings as MPC, is not trivial
either . In [20] and[[21], the string stability require- ~ Consider two adjacent vehicles, as shown in Elg. 1.
ment is translated into inequality constraints in an MPC Let pi-1, Vi1 anda_; denote the position, velocity and
controller. However, the proposed methods require that acceleration of the vehicle preceding théh vehicle
each vehicle broadcasts an intended trajectory to its fol- (€go vehicle) in a platoon angl, v anda; denote the
lowers which might be impractical withouldn't read ~ PoOsition, velocity and acceleration of tieh vehicle.
your commenwireless communication techn0|ogy_ Denote b)Bp the pOSition error w.r.t. a desired distance

In this work, we propose a predictive control design fromthe preceding vehicle, i.e,; = pi-1—pi—do-Vihi,
procedure for vehicle platoons, accommodating both Wheredo andh; are a constant safety distance and the
string stability and constraints (e.g., physical and safet constant headway time, respectively. The headway time
satisfaction. This is a two-step procedure. In the first is the time necessary to the ego vehicle to travel the dis-
step, a linear controller is designed in order to guaran- tance to the preceding vehicle, at its current speed. The
tee string stability. It is important to point out that the €rror dynamics are then described by the following set
design can be based on any string stability definition and of equations
by resorting to any design procedure leading to a linear .
control structure. In this paper, as an example, a con- i = ei-ah; (1)
troller based of../2 is designed to guarantee string sta- &i &1~ &,
bility. The choice of arH,, controller is well motivated
considering theL, string stability criterion adopted in
this work. However, any other linear controller which
can result in a string stable vehicle platoon can be suit- Ki  _gs.des
able as well. Then, in the second step, the control prob- a = Tis+1 & 2)
lem is formulated in an MPC framework with the ability
of handling the time domain constraints. Furthermore, a WhereK;, 7 andé; are the steady state gain, the time
controller matching approach is used to tune the weight- constant of the actuator (engine and brake) and the ac-
ing matrices of the MPC controller such thatits behavior tuator delay, respectively araf*is the demanded ac-
matches the string stable controller while the constraints celeration,[[23]. The mode[{(1}4(2) can then be written
are not active,[ [42]. In particular, the physical, safety in a state-space form as
and design constraints are embedded in an MPC con- .
troller. Then a convex optimization problem is solved X(t) = AX() + Buu(t - 0) + Buw(t), (3)
to find the weighting matrices of MPC controller such
that the same behavior as the string stable controller
achieved by MPC controller. Accomplishing the afore-

2

mentioned two steps results in a string stable MPC con-
troller with the capability of fulfilling constraints, e.g.
safety and actuator limitation.

wheree,; is the relative velocity. The longitudinal ac-
celeration dynamics can be described by,
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where

(01 -hy; O
00 -1 0
A=100 -1 0 @
10 O 1 0
0 0
0 1
BU = Kii1 bl Bw = 0 l’ (5)
Tis1 125
0
and
T
X = [ep,i e a Vi ] , (6)
b= e (7)
w = g1, (8)
are the state, control and disturbance vectors, respec-

tively. Notice that the acceleration of the preceding ve-
hicle is considered as a measured disturbance.

3. Constraints and time domain requirements

Control objective is to minimize the position and ve-
locity errors while satisfying a number of requirements
described next. The requirements are written for a vehi-
clei.

3.1. Safety:

The safety requirement is introduced to guarantee

that a safeminimumdistance is maintained from the
preceding vehicle in order to prevent rear-end collisions.

3.3. Acceleration requirement

To ensure that all vehicles belonging to a platoon
deliver the same amount of accelerataeceleration,
based on the platoon requirement, the following con-
straint can be used

amin < &(t) < @max, V20, (11)
whereanmin, andamax, are the minimum and maximum
allowed acceleration, respectively.

3.4. Actuator limitations:

Due to the physical limitation of actuator (engine
and brake), acceleration commanded by the controller
is limited by the the following constraints:

Umin < ui (t) < Umax, Vt > 0 (12)

3.5. Desired velocity range:

According to the platoon requirements, the vehicles
should be able to operate within a desired velocity range
which can be set through the following constraint:

wherevmax is the maximum allowed velocity.
Constraints[(9)E(DI3) can be compactly rewrittenin the

following form,

| Ha Hu][ﬂshx. (14)

Based on the notation introduced in Secfibn 2, the safety Where [14) is a polytope in the input and state space.

requirement can be written as

vt >0, 9)
whereep max is the maximum allowed distance from the
preceding vehicle. We observe thajmax can be se-
lected according to performance criteria (e.g., to not al-
135

low increasing the platoon length), the choice of lower
bound in [9)epmin is based on safety requirement.

€pmin < €p;i ® < €p,max

3.2. Performance:

Since the primary objective of the automated driving
system is to regulate the vehicle velocity to the platoon

velocity, the relative speed between the two adjacent ve-

hicles is constrained as,

e.min < ei(t) < e max vVt >0, (20)
wheree, min ande, max can be chosen based on the per-

formance requirement.

1w The projections of{{14) onto the state space and input

space are represented Xyand U, respectively.

3.6. String stability:

String stability is an important property of a vehicle
platoon which should be considered in controller de-
sign. Among alternative definitions of string stability,
we adopt a predecessor-follower string stability crite-
rion based on th&, induced norm w.r.t. to acceleration
signals,|[24]. Denote bg_; anda; the acceleration sig-
nals of two adjacent vehicles. Then string stability is
defined as,

Definition 1 (String stability). A vehicle platoon is
predecessor-follower string stable w.r.t. a acceleration
disturbance if the following holds,

T (o = <1

supo(i(jw)) (15)

weR
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where I'i(s) and o are the transfer function from
ai-1(s) — a(s) and the singular value, respectively.
This condition can be written in terms df,; induced
norm of input output,

170

llai (B)ll,

ITi(9leo = [EROIS

sup
a0

(16)

Condition [I5) states that the total energy of output sig-
nal is less than than the total energy of input signal over
intervalt € [0, ).

Remark 1. The presented predecessor-follower string
stability criterion is more stringent than the leader-
follower string stability, [20].

Remark 2. An alternative definition for string stabil-
ity can be defined using.,, which can guarantee no
overshoot w.r.t. to desired signals while the signal prop-
agates in the platoon [16].

4. Control problem formulation

In this work a control matching MPC strategy is
adopted which simultaneously can fulfill specifications,
requirements and string stability condition presented in

and denote by = Cr (sl - AC')_1 ES + Dy, the transfer

function fromw to & and byH = Cy (sl - AC')fl ES +
Dy, the transfer function frorw to [ep; Ussi]T-

Naturally, we want to choose the gdi¥sin (I7) to
stabilize position errogp;. In addition we would like
to keep the controlféort and acceleration as small as
possible. In the frequency domain we thus want to chose
KSSsuch that, the 2-nornfiH||, is minimized.

We also want to find®s such that acceleration sig-
nals are attenuated as much as possible along the tail
of the platoon. We thus want to optimiz€®® such
that||[|. is minimized. In particular the conditiop_(115)
should be satisfied in order to ensure string stability. We
calculateK>*as,

K*® = argmin
KSS

subjto

a|llleo + BlIHIl2, (20a)

Ml < 1, (20D)

wherea andg are non-negative tuning parameters that
can be chosen to trad€f ®etween the dierent control
objectives. The optimization probleii {20) can be for-
mulated as an LMI which can be solved using convex
optimization solverg [25].

Sectior3. In this section, we present the two necessary4.2. Model Predictive controller

steps to design the controller. First, a mixdd,, is
synthesized to guarantee string stability conditfod (16).
Then control problem is formulated in an MPC frame-
work to fulfill constraints[(®){{(1R2). The weighting ma-
trices in the objective function of MPC controller are

chosen according to the control matching technique pro-

posed in|[22]. Details on the control design are pre-
sented in the sequel.

185

4.1. String stable controller
Consider the feedbagfkedforward control policy,

X X
Ussi = KSS[ w } - [KEE KEE][ w

whereKgzs andKZ; are static state feedback and feed-
forward gains, respectively. Utilizing the control policy
(@I7) and settingl = ugg; in (J), yields the closed loop
system,

. @7

X(t) = Ax(t) + ESw(t), (18)

whereA® = A+ BKSS andEY = BUKSE + E,. We
consider the following output signals,

g

) _ Cr Dr X
ep,l - |: CH DH :||: w :|’ (19)
Uss;i

In order to stabilize the error dynamics with a reced-
ing horizon framework, the system dynamics (3) are dis-
cretized using the Euler method with sampling titge

X(t + 1) = Fix(t) + GLiu() + Gaiw(t).  (21)

We recall that the control objective of each vehicle is
to regulate the position and velocity err@sande, to
zero, respectively, while satisfying the constraints de-
scribed in Sectionl3.

We assume that the state and the disturbance vectors
can be measured every sampling time instanend
solve the following quadratic programming (QP) opti-
mization problem in receding horizon,
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I w(B) =min  IPXNIDI2 (22a)

N-1

+ Y IQXt+Kllz + IRUt + KOl (22b)
k=0

Subj. t0Xek+1t = FiXeakt + Griltrkr + G2iWrekts

(22¢c)
X
[ He Hy ][ u:ti }s hy, (22d)
XNt € X5 = R" (22e)
Wikt = Wyt (22f)
k=[0,...,N-1],

Wit = w(t), (229)
Xt = X(t), (22h)

whereU; = [u(t),...,u(t + N — 1)] € RN is the vector
of input signal over the horizon, i.e., the vector of opti-
mization variablesN is the prediction horizon length,
Q>0,R > 0andP = 0 are weighting matrices

of appropriate dimensions on state, control signal and
final state, respectively. Constrainfs (22d) include the

safety performance requirementsnd actuators limi-

tations Note that to reject the measured disturbance

w, the prediction model[{22c) can be written in the

whereS" andS* are,

F o .. 0 F
FG1  Gl1 - 0 F?
S = , 8% = , (25)
FN-IG1 FN-2G1 Gl FN
andQ, Rare block diagonal matrices,
Q 0 O 0
0 Q O 0
Q=|: : , (26)
0 © Qw1 O
0O O 0 P
Ry O 0
_ |0 R 0
R = . b (27)
0 O Rn-1

The solution to the unconstrained optimization problem
(23a), that is, when the constrairis (P3b) are not active,
i.e., MU(K) < W(k)+Ex(k) can be obtained by using the
necessary and flicient optimality condition, Hence the
vector of optimal control sequentg (k) can be calcu-
lated as follows,

U*(K) = —H FTx(K). (28)

augmented form where the augmented state vector is

X = [%w]", while the dynamic ofu; is described

by (221).

4.2.1. Control Matching Problem

As shown in[[2R), every time instant a Quadratic Pro-
gramming problem (QP) is solved. Given the initial
conditions x(k) andw(k), the QP-problem can be writ-
ten as follows,

I(X(K), w(k), U(K)) = r&LI;U(k)THU(k)

+ 2x(K) TFU(K) + x(K) Y x(K)
subj. to
MU (K) < W(K) + Ex(K),

(23a)

(23b)

the weighting matrices in the objective functién (R3a),
H, F,Y and polyhedral constraift (23b) with € R™N,
E € R™™andW € R" are defined as follows,

(SYQS"+R), F=8¥QsY,
S Q8"

H
Y =

(24)

The first element of) * (k) can be extracted as following
and is applied to the plant at tinke

u*(K) = u(0k) = —~AH1FTx(K), (29)
whereA=[1 O 0]
The control matching problem can be seen as the prob-
lem of calculating the weighting matrices of the opti-
mization problem[(22), i.eQ > 0,P > 0 andR > 0
such that the control action calculated by the MPC con-
troller, u*(k) in ([29) is equal to the control action cal-
culated by the string stable controllaggin (204). This
amounts to solving the following,

Uss(K) = [KegKee]X(k) = —AH'FT%(k)  (30)
wherexX(k) = [x(K), w(K)]" is the augmented state vec-
tor. The variable to be found if_(B0) af@ P andR
according to[(ZW)E(27). Solvind(B0) fd®, P andR
requires inverting the singular matrix. To removeA
from (30), we enforce the solution to the unconstrained
MPC problem be the same as the favourite controller
over an N-step prediction horizon instead,

[ ko, ki, -, knoa JTX(k) = -HIFTR(K). (31)
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To enforce that the first control action of MPC con- 5. Feasibility and Stability

troller matches the string stabte,, > controller, we set o .

ko = [KesKgg], which the gaink fori € [1,N — 1] In general feasibility and global stgbll|ty of an MPC
can be chosen freely. Equatidn31) can be cast as ancontroller is not gugrantegq. In_ partlcular_for the con-
optimization (or feasibility) problem where the weights trol r_natchlng teic.h.mque utilized in th? previous section,
ing matricesQ, P, R and free matrix gaing; are the persistent feaS|b_|I|ty and global stab|I_|ty can be guaran-
optimization variables. However, considerikgas free teed. by introducing terminal constraint and penalty on
variables results in an optimization problem subject to the final states.

bilinear matrix inequalities (BMI). Even though, nowa- L

days, there are available solvers to tackle such problem,-1- Preliminaries

BMI problems are still considered as NP hard problem  First, a few definitions are introduced which are used
due to their non-convex nature. Assuming that the ma- later to guarantee persistent feasibility and global stabi
trix gainsk; are fixed (pre-specified[, {B1) can be cast as ity of MPC controller [Z2).

a semi definite programming (SDP), i.e. linear objective

function subject to LMI,[[22]. Definition 2 (Robust backward reachable set).

_ _ o Denote by7 as a desired target set, the robust back-
Lemma 1. Consider the following convex optimization ward reachable set with polytopic uncertainty for

problem system[(6) subject to the constrainfi(14)defines as,
V= minlI(R+S"QS")K + S¥ QS 32a
Qi.P.R-”( QS Q3 (322) Pre(7, W) = {x(t) e R" : Yow(t) € W,
subj.to P>0, Rx>ol, i=0,---,N-1 Jut)U|AXE) + Ew(t) € T}, (35)
Q>0 i=1---,N-1 (32b)

_ _ -~ _ the set of states which by using a feasible control signal
where is the matrix of pre-specified gains over the ¢ ¢/ can evolve to the target s&t for all Yo € W.

N-step prediction horizon, For the closed loop systerfll (3,129) subject to the con-
K straint (I4) the robust backward reachable set is defined
K(A + BK) as,
= . . (33)
: Pre(7, W) =
K(A + BK)N-1 ) )

{X(t) e R": Yo(t) € W, |AX(t) + Ew(t) € T}, (36)
Clearly, if the objective functiol (3Pa) becomes zero at
the optimum, i.esV* = 0, then the solution to the op-  the set of states which can evolve to the targefsédr
timization problem, i.e. Q P and R are also the ex- Yow e W.
act solution to the[{31). Hence, #F#* = 0, the MPC
controller (22) will behave the same as the string sta- Definition 3 (Positive invariant set). A setO c X is
ble controller presented in Sectim_l, as |0ng as the said to be positive invariant set for the closed |00p Sys-
constraint [23b) are not active. tem [3[29) subject to the constraini(14), if

Note that the MPC controller proposed in Section 4.2 X0)eO=x(t)e O Vo(t) e W,¥t>0, (37)
can enforce string stability as long as the constraints are

not active, i.e. when the following holds, the set0,, ¢ X'is said to be the maximal positive in-
variant set, if it is positive invariant set and contains all
MU (k) < W(K) + EX(K) (34) . positive invariant set contained iX.

This corresponds to the interior of feasible (admissible)
set of the MPC controller. Once the constraints are ac-
tive, the behavior of MPC controller would befidirent
than the string stable controller in general. However,
this is not restrictive since when the constraints are ac- Xt)eC=Aut)e U st

t|ve,. e.g. either the safety is endangerpr the control sig- AX®) + BU(t) + Ew(t) € C, Yo(t) € W, ¥t > 0, (38)
nal is saturated. Clearly, if the safety is endanger, then

string stability is not the priority of the controller,arfdi  the setC., c X is said to be the maximal control in-
the control signal is saturated the string stability cannet variant set, if it is control invariant set and contains all
be guaranteed with string stable controller neither. control invariant set contained iX.

Definition 4 (Control invariant set). A setC c X is
said to be control invariant set for the systdmh (6) subject
to the constraint{(14), if
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5.2. Persistent feasibility

Denote byX; the terminal constraint for the MPC
controller [22). To obtain persistent feasibility, i.eeaf
sibility for all future time, the terminal constraini (22e)
in MPC problem[(ZR) can be set as a control invariant
set. The details are given in the following lemma.

Lemma 2. Consider the MPC controllef{22) with M
1. If Xt is a control invariant set for systeifnl (6) then the
MPC controller is persistently feasible.

Details of proof can be found in [].

The recursive algorithm for calculating the positive
and control invariant set is given in AlgoritHth 1. Essen-
tially, calculating both positive and control invariant se
requires the same steps. However, for the control and
positive invariant set the robust backward reachable set
is calculated based on (37) and](38), respectively.

Algorithm 1 Maximal positivgcontrol invariant set
Let Q =1{0,C}
i =0,
Qi =X,
repeat
i=i+1
Qiy1 = Pre(Qi, W) N Q;
until Qi1 ==Q;
Q. =Q;

305

In Fig.[d, the maximal control invariant set of system
(6) subject to the constrairi{l14) is depicted in yellow.
The constraints on position errep ande, are set to
be-3 < e, < 3 and-4 < e, < 4, respectively. The
positive invariant set for the systefd (3) stabilized with
u(k) = Kegx(k) subject to the constrairf{lL4) is shown
in dark yellow.

310

Remark 3. As discussed earlier, introduction of termi-
nal constraints can result in a persistently feasible MPC
controller. However, it should be noted that this is true
as long as the disturbance is within the pre-assumed set
W. In case of an unmodelled disturbance or a model
mismatch infeasibility still may occur. To overcome this
problem the constrains are soften by introducing a slack
variable e > 0 which is quadratically penalized in the
objective function(22).

5.3. Global stability "
Apparently, stability of MPC controller is guaranteed

Projection on (e,, €,)
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Figure 2: Maximal control invariant s€l., and maximal positive in-
variant seO., are in light and dark yellow, respectively.

constraint on the terminal statés (R2e) and and also pe-
nalizing the to final states in the objective functibnl(22).

Lemma 3. Consider the MPC controlled(22), intro-
ducing the terminal constrainks = O. where O

is the positive invariant set for the closed loop system
X(k + 1) = (A + BKgg)x(K) with Kgg a stabilizing con-
troller for the system[{3). By introducing the following
LMI constraint to the optimization problem(32a)

(A+BKgg) P(A+BKeg) + KigRKeg +Q—P < 0, (39)

the weighting matrices Q, P and R are found such that
the resulting closed loop MPC dynamics are asymptoti-
cally stable.

For details on the proof of stability of the control match-
ing technique, we refer to [22].

6. Simulations and Experimental Results

In this study a platoon of three vehicles is consid-
ered to evaluate the performance artkeiveness of
the proposed method in simulations and experiments,
respectively. Simulations and experiments are used to
demonstrate the capability of the controller proposed in
Sectior[ 4. In particular, three scenarios are considered
to evaluate the ability of platoon i following preced-
ing vehicle with constant time gap maintaining string
stability (I8) andii) fulfilling constraints[[14). Experi-

as long as the constraints are not active due to the sta-ments are performed in a straight track of almostm00

bility of string stable controller. However, to guarantee
the global stability of MPC controller we can impose

7

length. Simulation and experiments scenarios are de-
tailed in the sequel.
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e the same communication box as the lead vehicle,

Micro AutoBox

e a dSpace MicroAutoBox II, a rapid prototyping
system based on an IBM PowerPC processor run-
ning at 900 MHz,

! DCto DC Con\'el{er “om = A : e an ethernet switch.

——— ~\¢AN P — Communication is established among the three vehicles
e Eille - ~ through the protocol IEEE 802.11p, implemented in a
Rt wviw v OpenWrt environment. This is a Linux distribution for
embedded systems. Follower 1 andi, fuse the in-

.Communic%es formation from their onboard sensors and GPSs with
the information shared via V2V communication through

standard Kalman filters outlined in_[11], to obtain their

relative positions and velocities within the platoon

Figure 3: The truck of one the following vehicles.

6.1.1. Vehicle model identification
6.1. Description of the Experimental Set-up w0 To identify the parameters in the modEl (2) experi-

The experiments were performed at Chalmers Uni- ments are performed. In such experiments a step com-
versity in a three vehicle platoon, with a leader and two mand is sentto the vehicle and the acceleration response
followers. The lead vehicle is a Volvo S80, equipped of the vehicle is measured. The experiment is done for
with acceleration and deceleration maneuver. The step re-
. . s Sponses can be seenin F ( (b)). The step com-
* a Ublox EVK-5H GPS eyaluatlon kit, baseq oNa  mandis plotted in dashed%?tr?(?%q(?celeration measure-

Ubk.)?( LEA'5H GPS receiver module, “pd?“”g the ments and the simulated output of estimated model are

position with an accuracy of.2m at a maximum shown in dashed dotted black and solid blue, respec-

frequency of 4Hz, tively. Using these experiments the parameters, i.e.,
e a communication box based on a PC Engin@s static gairKi, time constant; and the actuator time de-

Alix3d2 board, a Mikrotik 802.1/4/g wireless  lay 6 in longitudinal vehicle dynamic§Y2) can be esti-

MiniPCI card with an Atheros AR5414 chipsetand Mated according to the Fid. (4(a)),(4(b)).

an output power up to 35MmW and a 6dBi radio

antenna, 6.2. Scenario 1 (vehicle following)

The primary objective of a vehicle platoon is that
each vehicle should be able to adjust its velocity to the
velocity of the leader while following its preceding ve-

e a notebook forwarding signals, sent by the GPS hicle with a desired distance. To demonstrate the capa-

e an ethernet gateway, forwarding signals from the
vehicle CAN bus to a Local Area Network,

through a USB interface, to the LAN, pility of_ a platoon equipped wi.th controllers propgsed
_ in Section[(%) an experiment with three aforementioned
e an ethernet switch. w0 prototype vehicles is conducted. The experiment start

at a very low speed and the the lead vehicle start ac-
celerating to reach a speed of aboutr{8. The lead
vehicle keeps the speed constant for abowtatl then
start braking to almost standstill. As can be seen from
Fig.[d, the vehicles in the platoon are capable of fol-
lowing each other at the desired speed with almost no
position errors at the steady state. The control com-
mand calculated by MPC controller presented in Sec-
tion (4.21) is presented in Figl. 6. As can be seen except
e a Trimble GPS receiver SPS85, updating the posi- at the timet = 15s where the upper constraint on the
tion with a maximum frequency of 2Bz and an control command become active, there is a very good
accuracy ok 1 mand interfaced to the rest of the match between the MPC controller and the string stable
system through an ethernet port, controller presented in Sectidn (4.1).

The signals from the CAN bus that are broadcast, to-
gether with the vehicle global position and the corre-
sponding timestamp, are the vehicle longitudinal speed
and acceleration and the yaw rate. The vehicle is driven
manually. |.e., a driver is instructed to follow a givefi
speed profile.

The two followers are Volvo S60 and, as shown in
Figurel3, are identically equipped with
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6.3. Scenario 2 (string stability)

The capability of the proposed approach to guaran-

tee string stability[(16) is evaluated both in simulations

and experiments. The scenario considered in the simu-

lation is based on the velocity profile introduced.in [26].
Such scenario mimics a real fiig@ situation in moder-
ately congested tfhc, where acceleration and deceler-
ation are inevitable.

425

6.3.1. simulations

2
10 20 30 40 50 60

Figure 5: (a) Velocity profile of three vehicles, i.e. leachide in
dashed blue, first follower— 1 controlled by an MPC in solid black
and the last follower controlled by MPC dashed dotted red (b) Ac-
celeration profile of leader, first and second follower colfed by an
MPC in dashed blue, solid black and dashed dotted red, riasglgc
dotted green represent the control command of followed (c) Po-
sition error between follower— 1 and leader and between followier
andi — 1 in solid black and dashed dotted red, respectively.

T [s]

Figure 6: Control signal of MPC controller and String stabén-
troller for the followeri in dashed dotted red and solid blue, respec-
tively. Dashed black represents the constraints.

by MPC controllers[{Z2). The results indicate a good
velocity tracking without introducing any overshoot. To
evaluate string stability, the lead vehicle introduces a
speed variation disturbance, Flg. 7. In the middle plot
of Fig. [4 the acceleration signals of three followers are
depicted. The acceleration is damped out in the pla-
toon which confirms string stability. The position er-
rors of the three mentioned vehicles are also presented
to the bottom in Fig.[J7. The simulation results also
indicate a very satisfactory response in terms of damp-

'In simulation areference velocity profile according to ing the position error in the platoon. The scenario is
Fig.[1 is considered for the leader. In the upper plot of gjmylated using both controllers introduced in Section

Fig. [4, the velocity profile of the leader and the three
followers are shown. The two followers are controlled

9

@), i.e., the string stablel.,;» and the MPC controller
which is tuned according to the control matching tech-
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Figure 7: (a) Reference velocity in dashed blue and velqmitfile of three vehicles, i.e. lead vehicle in solid blackstffollower controlled by
an MPC in dashed green and the last follower controlled by MBghed dotted red (b) Acceleration profile of leader, first second follower
controlled by an MPC in solid black, dashed green and dasb#ddired, respectively (c) Position error between followe 1 and leader and
between followei andi — 1 in dashed green and dashed dotted red, respectively

nique presented in Section (4.2.1). The control signals the speed variation starts after cruising to‘%,Othen

of the two controllers for previously described scenarios the driver braked to almost ?19 This sequence is re-
are presented in Fig] 8. As we expected the control sig- peated two times and at the end of the track a slightly
nal of the two controllers are identical, hence the string harsher brake is applied for approaching to standstill.
stability of vehicle platoon with MPC controlleris guar-  Followersi — 1 andi are controlled by MPC controllers

anteed as well. which are developed according to the method presented
in Section’4.Z11 to guarantee string stability. In addi-
6.3.2. experiments «5 tion to the MPC controller the string stable state feed-

The dfectiveness of proposed method is also evalu- backfeedforward controller introduced in Sectibh 4 is
ated in the experiment with a platoon of three vehicles. also implemented on the real time platform. The con-
We should note that, preferably one would like to re- trol action of the string stable controller is logged for the
peat similar experiment as the one described in the sim- sake of comparison between the two controllers. The
ulation to evaluate the capability of vehicle platoon.dn results from the experiments are presented in Elg. 9.
maintaining string stability in practice as well. How- The measured velocity of the lead vehicle, followed
ever, due to the lack of appropriately long test track, the andi are presented to the top. The acceleration signals
scenario considered here is restricted by the length of are shown in the middle. As can be seen the three ve-
available test track. hicles platoon shows a string stable behavior in terms

The lead vehicle is driven manually by a driver and of attenuation of the acceleration signals according to

10
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Figure 8: (a) Control command by MPC controlles)((b) control

command byH..,2 (Uss)) Figure 9: (a) Velocity profile of three vehicles, i.e., leaghicle in

dashed blue, first follower— 1 controlled by an MPC in solid black
and the last follower controlled by MPC dashed dotted red (b) Ac-
. ) ) celeration profile of leader, first and second follower coli¢d by an
(18). The position errors between vehicles are depicted MPC in dashed blue, solid black and dashed dotted red, réagigc

to the bottom. As can be seen the position error is al- dotted green represent the control command of followed (c) Po-

most kept below t during the maneuver. The control sition error between follower— 1 and leader and between followier

signals of MPC controller together with the the control andi — 1 in solid black and dashed dotted red, respectively.

signal generated by the string stablg,, controller are

presented in Figl_10 with dashed dotted red, and solid 6.4. Scenario 3 (constraint satisfaction)

:Jr:ue, restpegtltvely. Th'ts flgtl_Jre [')ncl'ﬁatestthﬁ‘t as _Iongﬂa:s Constraint satisfaction is also evaluated in the exper-
€ constraints are not active both controliers, 1.€., f€ jments with three prototype vehicles. Contrary to the

MPC controller andH.,> controller show identical be- re\ious scenario where the constraints never became

haviors. _ o o active. In this case, the capability of MPC controllers in
Furthermore, string stability is also verified in the fre- o qjing the constraint is evaluated. In particular, two
quency domain. Hence, the magnitudédf) in (16) cases with a platoon of two and three vehicles are con-

is estimated using a parametric system identification ap- gigered. The aim of such experiments is to push the ve-
proach. In particular, an ARX model with three poles piqja tg the limit that is defined by the constraints intro-
and two zeros is considered. The choice of such model duced in Sectior({3) and subsequently verify the capa-

is motivated by considering the fact that fromi(18), the yjiry, of proposed method in handling such constraints.
transfer function betweea_; anda; can be modelled

as a third order with two zeros. The magnitude of the
estimated transfer function together with the magnitude
of theoretical transfer function calculated basedom (18)
are presented in Fif. 11. The results indicate that the
consistency between experimental results and theory.

We should note that the MPC controllers are imple-
mented using fast QP solver generated by CVXGEN,
[27]. The sampling time of controllers t§ = 0.05sec
and a prediction horizoN = 4 is considered.

Remark 4. In this experiment as can be seen from the
middle part of Fig.[®, in addition to the acceleration
a1, the control command, i.e.; 4 is also sent to the Figure 10: Control signal of MPC controller and String séabbn-
follower i. Hence, the commanded contrgluis used troller for the vehiclei in dashed dotted red and solid blue, respec-
by the controller to calculate the feedforward action. In tively.

general this can result in a quicker feedforward action.

T [s]

11
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A velocity profile according to Figi_12 is consid- T4

ered. Hence, the safety constraint, i.e., constraint on
the negative position error is set by the MPC controller, Figure 12: (a) Velocity profile of three vehicles, i.e. leaghicle in
A b f the fi fit traint solid green, first follower controlled by an MPC in dashedeband

S ¢an be seen from the Igure a Solt cons ra_m. 0N ihe second follower controlled by MPC dashed dotted red ¢l)tion
€pmin = —0.6m. The soft constraint is used to avoid in-  error, i.e. first follower and second follower for MPC akd,/» con-
feasibility and a maximum relaxation &f,,x = —0.5m trollers are shown in solid blue and dashed dotted red, ctisply.
is used as hard constraint. In this scenario the vehicle The soft and hard constraints are shown in dashed green aged bl
. hed to th trai t | ticul by looki respectively (c) Dference between control signal of MPC controller
IS pl.,IS ed 1o the constraints. In par ICU. ar, by 100KING  4pq String stable controller for the first follower.
at Fig.[T2, we can see that the constraints become ac-
tive att = 35sandt = 44s. As we expected when 2
the constraints are active the behaviors of the two con-
trollers are not matched anymore. The control signals of
the two controllers are shown in the Higl 13. When the -
safety constraint become active, MPC controller com- §
manded the maximum braking capabilitytat 35se¢ .
and also a harsh brake at= 44sec to avoid violat-
ing the constraint. While this is the case for the MPC
controller, the string stablel.,,> controller cannot han-
dle the situation. Commanding the brake by MPC con- 10
troller results in a deceleration by vehicle which e.g.,
can be noticed dt= 35se¢ see Figl I . Cc-)nseq.ue.ntly, Figure 13: Control signal of MPC controller and String stéabbn-
the MPC controller managed to keep vehicle within the yolier for the vehiclei in dashed dotted red and solid blue, respec-
constraints. tively.

Remark 5. The scenario considered here is an exam-
ple to show that with an MPC controller is possible to Furthermore, we also consider a faulty scenario where
satisfy constraints arising from our specifications and the followeri cannot receive the control command of
requirements introduced in Sectidd (3). first follower u;_;. This can result in a slower response
by followeri. As can be seen from Fig. 114 at= 33s
. . ss0o andt = 50s the position error constraint become ac-
6.4.2. Three vehicles experiment tive. Hence, as we expected the controller apply a harsh
We repeat similar scenario as previous case with a prake to avoid further violation of the constraint, see
platoon of three vehicles. Similar to previous case soft Fig.[15.
and hard constraint on the position error and control
command are set, respectively. In order to evaluate the
effectiveness of proposed method in handling the con-
straint the second follower is pushed such that the the
constraint on the position error become active. This'is
done by applying a harsh braketat 29s by the leader.

12

7. Conclusion

In this work a control matching approach is used to
combine the benefits of frequency domain controller de-
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Figure 15: Control signal of MPC controller and String séabbn-
troller for the vehiclei in dashed dotted red and solid blue, respec-
tively.

sign, i.e., string stability and benefits of MPC, i.e., con-
straint satisfaction for a vehicle following applicatio:
We showed that by using this approach, the MPC con-
troller can be tuned such that it behaves similar to a
string stableH.,2. Therefore, string stability is guar-

anteed as long as the constraints are not active. Then it
is demonstrated that when the constraints are active the

MPC controller is superior. The set that both controllers

have identical behavior is the interior of feasible set of

MPC controller. This can be characterized by a con¥éx
polytope. Proposed method is implemented on the three
prototype vehicles and is evaluated in three scenarios,
i.e., vehicle following, string stability and constraints

13

satisfaction. The simulation results together with the
experimental results indicate that a single MPC con-
troller can guarantee string stability while respecting th
constraints arising from our requirements and specifica-
tions.

References
(1]
[2]

PATH, California partners for advanced transportatiechnol-
ogy (PATH),http://www.path.berkeley.edu|(1986).

R. Bishop, A survey of intelligent vehicle applicatiomgorld-
wide, in: Intelligent Vehicles Symposium, 2000. IV 20000Pr
ceedings of the IEEE, 2000, pp. 25-30.

[3] A. Alam, A. Gattami, K. Johansson, An experimental study
on the fuel reduction potential of heavy duty vehicle pla-
tooning, in: Intelligent Transportation Systems (ITSC)1@
13th International IEEE Conference on, 2010, pp. 306—311.
d0i:10.1109/ITSC.2010.5625054.

S. E. Shladover, D. Su, X.-Y. Lu, Impacts of cooperativiap:

tive cruise control on freeway ftiféc flow, Journal of the Trans-
portation Research Board 2324.

B. Van Arem, C. van Driel, R. Visser, The impact of cooper-
ative adaptive cruise control on ffia-flow characteristics, In-
telligent Transportation Systems, |IEEE Transactions od)7 (
(2006) 429-436d0i:10.1109/TITS.2006.884615.

G. Arnaout, S. Bowling, Industrial Engineering and Mgea
ment.

R. Rajamani, C. Zhu, Semi-autonomous adaptive cruisgrab
systems, Vehicular Technology, IEEE Transactions on 51 (5)
(2002) 1186-1192doi:10.1109/TVT.2002.800617.

G. Naus, R. P. . Vugts, J. Ploeg, J. de Molengraft, M. Stein
buch, String-stable CACC design and experimental vabdati

A frequency-domain approach, |IEEE Transaction on vehicula
technology 59 (9) (2010) 4268-4279.

F. Bu, H.-S. Tan, J. Huang, Design and field testing of a co-
operative adaptive cruise control system, in: Americantf@bn
Conference (ACC), 2010, 2010, pp. 4616-4621.

S. Li, K. Li, R. Rajamani, J. Wang, Model predictive miult
objective vehicular adaptive cruise control, Control 8yst
Technology, IEEE Transactions on 19 (3) (2011) 556-566.

R. Kianfar, B. Augusto, A. Ebadighajari, U. Hakeem, JIsN
son, A. Raza, R. S. Tabar, N. V. Irukulapati, C. Englund, R Fa
cone, S. Papanastasiou, L. Svensson, H. Wymeersch, Design
and experimental validation of a cooperative driving syste

the grand cooperative driving challenge, Intelligent Fraorta-
tion Systems, IEEE Transactions on 13 (3) (2012) 994 —-1007.
A. Al Alam, A. Gattami, K. H. Johansson, C. J. Tomlin, &st
lishing safety for heavy duty vehicle platooning: A gamecthe
retical approach, in: IFAC World Congress, Milan, Italy,120

13] R. Kianfar, P. Falcone, J. Fredriksson, Safety verifi-
cation of automated driving systems, Intelligent Trans-
portation Systems Magazine, IEEE 5 (4) (2013) 73-86.
do0i:10.1109/MITS.2013.2278405.

J. Ploeg, N. van de Wouw, H. Nijmeijer, Lp string statyilof
cascaded systems: Application to vehicle platooning, @bnt
Systems Technology, IEEE Transactions on 22 (2) (2014) 786—
793..d01:10.1109/TCST.2013.2258346.
Grand Cooperative Driving Challenge
http://www.gcdc.net/\

J. Eyre, D. Yanakiev, |. Kanellakopoulos, A simplifiecarfne-
work for string stability analysis of automated vehicleshi¢le
System Dynamics 30 (5) (1998) 375-405.

(4

(5]

6]

(7]

8

[

[10]

[11]

[12]

[14]

[15] (GCDC),

[16]


http://www.path.berkeley.edu
http://dx.doi.org/10.1109/ITSC.2010.5625054
http://dx.doi.org/10.1109/TITS.2006.884615
http://dx.doi.org/10.1109/TVT.2002.800617
http://dx.doi.org/10.1109/MITS.2013.2278405
http://dx.doi.org/10.1109/TCST.2013.2258346
http://www.gcdc.net/

630

635

640

645

650

655

660

665

[17]

(18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

P. Seiler, A. Pant, K. Hedrick, Disturbance propagaiiovehi-

cle strings, IEEE TRANSACTIONS ON AUTOMATIC CON-
TROL 49 (10) (2004) 1835-1841.

I. Papadimitriou, M. Tomizuka, Lateral control of piains of
vehicles on highways: the autonomous following based ap-
proach, Int. J. Vehicle Design 36 (1) (2004) 24 —-37.

E. Shaw, J. K. Hedrick, Controller design for stringtdéahet-
erogeneous vehicle strings, 2007 46th IEEE Conference en De
cision and Control (2007) 2868-2875.

W. Dunbar, D. Caveney, Distributed receding horizontoal of
vehicle platoons: Stability and string stability, Autoneaton-
trol, IEEE Transactions on 57 (3) (2012) 620 —633.

R. Kianfar, P. Falcone, J. Fredriksson, A distributeddel pre-
dictive control approach to active steering control ofrersta-

ble cooperative vehicle platoon, in: Advances in Autonm®tiv
Control, Vol. 7, 2013.

S. Di Cairano, A. Bemporad, Model predictive contrating by
controller matching, Automatic Control, IEEE Transactan

55 (1) (2010) 185-190.

R. Rajamani, Vehicle Dynamics and Control, Spring&0%

G. J. L. Naus, R. P. A. Vugts, J. Ploeg, M. J. G. van de Molen
graft and M. Steinbuch, String-Stable CACC Design and Ex-
perimental Validation: A Frequency-Domain Approach, IEEE
Transactions on Vehicular Technology 59 (9) (2010) 4268-
4279.

J. P. Maschuw, G. C. KeRler, D. Abel, LMI-based contrél o
vehicle platoons for robust longitudinal guidance, in:hlIRAC
World Congress, Seoul, Korea, 2008.

V. Milanes, S. Shladover, J. Spring, C. Nowakowski,
H. Kawazoe, M. Nakamura, Cooperative adaptive cruise
control in real tréfic situations, Intelligent Transportation
Systems, |IEEE Transactions on 15 (1) (2014) 296-305.
doi:10.1109/TITS.2013.2278494.

J. Mattingley, S. Boyd, Cvxgen: a code generator for edib
ded convex optimization, Optimization and Engineering 13 (
(2012) 1-27.

14


http://dx.doi.org/10.1109/TITS.2013.2278494

	Introduction
	Vehicle Modeling
	Constraints and time domain requirements
	Safety:
	Performance:
	Acceleration requirement
	Actuator limitations:
	Desired velocity range:
	String stability:

	Control problem formulation
	String stable controller
	Model Predictive controller
	Control Matching Problem


	Feasibility and Stability
	Preliminaries
	Persistent feasibility
	Global stability

	Simulations and Experimental Results
	Description of the Experimental Set-up
	Vehicle model identification

	Scenario 1 (vehicle following)
	Scenario 2 (string stability)
	simulations
	experiments

	Scenario 3 (constraint satisfaction)
	Two vehicles experiment
	Three vehicles experiment


	Conclusion

