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Abstract: This paper presents implementation of
truck longitudinal control for short distance following,
which is a very difficult issue. The main difficulties are (a)
low power /mass ratio; (b) time delay caused by and inter-
nal engine control and actuators like air brake; (c) Promi-
nent disturbance during gear shifting, wind and slight
road grade; To overcome those difficulties, a complicated
nonlinear vehicle dynamics model has been adopted to
reduce the model mismatch on one hand. On the other
hand, robust stability margin is enhanced in control de-
sign phase. A reliable and precise distance measure-
ment is critically required for automated vehicle follow-
ing. This has been achieved by filtering and fusing both
Doppler radar and laser radar with Kalman filter. Exper-
imental work with two trucks shows that this approach
is effective. Two heavily loaded trucks are used for con-
stant inter-vehicle distance following test. The controller
performance is good even for 3[m] inter-vehicle distance.
Although, there are only two trucks tested, there is still
a string stability problem because the leader truck is fol-
lowing a reference speed trajectory. The practical string
stability study in previous work still apply. Experimental
work has been presented.

1 Introduction

Based on the hardware structure of heavy duty trucks
[2, 3, 4], previous work have considered in detail the mod-
eling and longitudinal control design for a single auto-
mated truck [5, 6]. A complicated model is adopted there,
which include: turbo-charged diesel engine, torque con-
verter, transmission, and braking system (engine brake,
transmission retarder and pneumatic brake). Engine
braking effect, which is caused by the mismatch between
engine speed and wheel speed when fuel is released and
drive-line is engaged, is natually unified with Jake (com-
pression) brake effect as a special case. The structure
of the controller can be divided into upper level control
and lower level control. Upper level control uses slid-
ing mode control to generate desired engine/brake torque
from desired vehicle acceleration. Lower level control is
divided into two branches: (a) Engine Control: From
positive desired torque to desired fuel rate (or Torque
Control Command). In the case of former, using a static
engine mapping is used, which captures the intrinsic dy-
namic performance of the turbo-charged diesel engine;
(b) Brake control is to generate, from negative desired
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torque, to Jake-Brake-on time period, applied pneumatic
brake pressure, and applied voltage of transmission re-
tarder. Such a complicated model has been validated by
using closed-loop control of a single vehicle to track a
pre-defined reference speed trajectory [6].

This paper is to report the research and experimen-
tal work in longitudinal control of two or more trucks,
which is basically short inter-vehicle distance following
with radar/lidar distance sensing and wireless communi-
cation.

The prominent difference between the controller of one
vehicle and that of multiple vehicle following is the string
stability. As discussed in [7], the biggest enemy for string
stability is time lag and pure time delay caused by sen-
sors and actuators. Truck hardware related to longitu-
dinal control is very complicated with large time delays
[6, 10]. For Freightliner Century trucks, time lag can be
as large as 0.3[s]. Pure time delay for engine input-to-
torque-production can be as large as 0.3[s]; For braking
system, transmission retarder: 0.5[s]; Air brake: 0.6[s];
Engine brake: 0.15[s]. The synthetic approach in [7] is
used to guarantee the practical string stability [7], and
the stability and performance the following vehicle.

Basic Notations

x;(t) or simply (x; ) — position of vehicle 4 in longi-
tudinal direction. All the vehicles are with respect to a
inertia frame.

v;(t), a;(t)— speed and acceleration of vehicle &
hpi1— time delay for obtaining front range

hpa— time delay for obtaining preceding vehicle’s speed
and acceleration

h;— time delay for on-car sensor measuring and for
communication system to pass the leader vehicle’s dis-
tance, speed and acceleration to other vehicles

L; is the desired inter-vehicle distance with vehicle
length accounted for

[— subscript for the leader vehicle

M — vehicle mass

0— road grade

T4es— desired torque from upper level control

Tj,_i— engine Jake brake torque when ¢ cylinder is on,
(i=0,2,4,6)

T%*) _ desired brake torque

d . .
Tr(t g *) _ desired transmission retarder torque

Due to page limit, other notations, if not listed, are
referred to [6].
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2 Control Actuation

Due to the internal control system structure of Century
Freightliner, brake (including Jake brake, transmission
retarder and air brake) control and engine control are
not directly accessible. Instead, it is necessary to send
the control command (properly scaled) from J-1939 Bus
to corresponding Control Modules.

2.1 Upper Level Control

Let
Te = Tpre—
Ve = TUpre—U
Qe = Gpre —0a

Suppose the desired inter-vehicle distance is L = const.
The sliding surface is chosen

§$=ve+ki(xe—L), k1 >0

From any sliding reachability condition s= —v(s) = —As

[6], the desired torque Tyes can be solved out as

T(As+k1vetapre) , (raTyia+Ty+Fohy+Frh.+Mgh, sin6)

Tdes: Targ TdTg
2.1)

which generates the torque control command.

2.2 Lower Level Control

Due to internal engine control, Tyes(> 0 ) is directly fed
into the ECM (Engine Control Module). Detailed brake
control design has been presented in [6]. The main logic
to coordinate the EBS (Electronic Braking System - air
brake), Jake brake and transmission retarder is to use en-
gine brake with the highest priority, then the transmis-
sion retarder. Leave the air brake only used in braking
to stop or in emergency cases. Suppose the total desired
braking torque on all wheels are Ty i_total-

A variable structure braking system control strategy
has been implemented as follows.

If Tyrk_totat < Tjk_o, no pneumatic brake nor jake brake
is necessary but throttle is released.

If Tjr_o < Tyrk_totat < Tjkr_2, No jake brake

Tb(des) T(des)

td Tork_total — Tjk_o

Tk o < Torktotal < Tjk_a, Jake brake with 2 cylinder
ON and

Tb(des) Tr(td;s) Tork_total — Tjr_2

If Tjk:_4 S Tbrk_total <
ON and

Tj1_¢, Jake brake with 4 cylinder

T(des) + T(des) Tork_total — Tjk_a
If Tjk_6 < Tork_total, Jake brake with 6 cylinder ON
and

T(des) + T(des) Tbrk_tOtlll - Tjjk-ﬁ

3 String Stability

3.1 String Stability in Longitudinal Con-
trol

Let the distance, speed and acceleration tracking error
are the following respectively,
€i(t) = .’El(t) — .’L’i_1(t) + Lz
éi (t) = Ui(t) — Ui_l(t)
51 (t) = al(t) — ai_l(t)
E;(s) is the Laplace transformation of €;(¢). ||.||; and
|||, are the Ly and H. norm respectively. G(s) is the

transfer function of the closed-loop dynamics g(t) of sub-
system ¢, which is the same for each vehicle. Then

Ez(s)
E;_1(s)

The string stability for a platoon of n vehicles requires
that

G(s) = (3.1)

e1]loo < lle2llog < - < llenll

From linear system theory

<||g<>u = [ lg(r)| dr
g il < lott Tuszu

G ( °3|| <lg@®]l,

Thus the inter-connected system is string stable if
lg(t)|][; < 1 and string unstable if ||G(s)||,, > 1. To
practically check it, one needs to evaluate |g(t)||;.
Because it is feedback linearizable, it is sufficient to use
the following simplified model for string stability analysis.

||51H
(3.2)

L= V;
bie s (3.3)
where u; is the synthetic force.

Longitudinal control design for achieving string stabil-
ity in truck following is extremely challenging. The key
issue is to achieve maximum string stability margin by
(a) Maximally reducing model mismatch; (b) Maximally
reducing time delay in sensor data filtering; (c) Maxi-
mizing string stability margin of the controller on each
individual vehicle by proper gain choice.

Let the sliding surface be defined as

Si = g tage;+(1—a)(v;—v) +

(1-a)q xi—xl—i-ZLj

Jj=2

where a € [0, 1] is the interpolation parameter. Two ex-
treme cases are: a = 1 which means that each vehicle
follows the preceding vehicle only and no lead vehicle in-
formation is used; v = 0 which implies that each vehicle
follows the leader vehicle only. However, the most inter-
esting cases correspond to 0 < a < 1.

If the following sliding reachability condition

Si= —AS;
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is used for vehicle 4, with A > 0, the controller (synthetic
force) is solved out as

(1-—a)(g+N)(v; —v)-Ag(1— ) (xz -+ Zj’:z Lj)

(3.4)

The design parameters (g, A, &) are to be chosen such
that

(a) The closed loop controller for each vehicle is stable;

(b) The overall system which is composed of finite num-
ber of inter-connected similar sub-systems is string stable.

3.2 String Stability and Time Delays

A first order filter is inserted to represent the effect of
time lag as

T Ui +Uj = Uig

With the pure time delay taken into consideration, the
error dynamics for the feedback linearized model is

SO
=—alg+ ) & —argg; — Mgl —a)e;
—(I—a)(g+A) (vi(t) —vi—1(t) + @ Zi_q (£ — hy2)
(g +A) (i1 (t— hpa)— Tia (t — hp2))

—|—)\aq (fL‘i_l(t - hpl) - J,‘i_z(t - hpl)) — .;E.i_g (t — hpQ)

Using Laplace transformation on both side to get

E;(s) Aage hes + ase™he2s (s 4 (g + N))
E;_1(s) 73+ 24+ (g+ ) s+ Mg
(3.5)

It has been shown that, if the leader vehicle informa-
tion is properly used for the following vehicle by properly
choosing « in controller synthesis, the string stability of
vehicle following can be achieved [7].

Theorem. In vehicle following, if the linear control
law (3.4) is used and if parameter Kp and K are chosen
such that the transfer function G(s) has simple and stable
poles, then there exists a, with 0 < a < 1 such that the
overall system is string stable irrespective of the time
delays.

Let G(s) = aGo(s). go(t) corresponds to Go(s) in time
domain.

Corollary Suppose that s; = —o; + jn; with o; >
0(i =1,2,3). Then M can be estimated as

G(s) =

lgo(8)] <

[«

o

e7the 4 ‘a(z)

eo2he1 | ‘a(3)

edzhp1:|

+

A=

eothez 4 ‘b@)

eo2hp2 | ‘b(?’)

603hp3}

which provides an upper bound for a < ﬁ

This paper will show how these results are used for the
control of the platooning of Heavy-Duty Trucks and how
to deal with mass dominant problem. Test results will be
reported.

4 Other Implementation Issues

4.1 Measurement and Data Fusion

To achieve an accurate and reliable distance measure is
critical for automated vehicle short distance following. As
redundant sensors, a Doppler radar, Eaton Vorad (EVT-
300) and Denso Lidar are used for this purpose. The
characteristics of those systems are listed in Table 1.

Table 1

NENSO Lidar EVT — 300
Meas. principle  Distance based Relative speed
No. of tracks 8 7

Ef fective range ~150[m] ~120[m]
View angle +20[deg] +6([deg]
Azimuth resol. 0.01[deg] 0.1[deg]
Longitude resol. 0.01[m) 0.272.0[m]
Weather ef fect Severe Small

The following algorithms are used for signal processing
and data fusion.

1. Target Association

The main problem for vehicle following using radar is
to detect and track the target vehicle in the front. The
controller requires to focus on distance measurement and
estimation. To track the main target, i.e. the front ve-
hicle, different laser beans may be used by lidar. Radar
tracking may also change the target ID during tracking.
Besides, radar distance will drop to zero when relative
speed is or nearly zero. These characteristics determines
that target association techniques are necessary. There is
a difference between lidar and radar for target association
which is based on their measurement principle.

Algorithm for radar target association: Let range[I],
rate[l], and az[I], I = 1,2,...7 denote radar distance,
relative speed and azimuth measurement. track_-ID de-
note the track number for the front vehicle.

Step 1. To choose initial track: For J = 1,2,...7, if
range[J] > 1.0 and range[J] < 100.0 then track_ID = J.
If there are more than one track number satisfy these
conditions, then using smallest one as the most likely
target tracking.

Step 2. Target association: For radar, start from
the initial track. At each step, let rate[track_-ID] and
az[track_ID] represent the detected front vehicle range
and azimuth respectively. For sufficiently small parame-
ter €1,e9 > 0, if

|rate[track-I D]—rate[J]| = min;{|rate[track-ID] — rateli]| }

laz[track-1D] — az[J]| = min;{|az[tack_ID] — az[i]|}
|rate[track-I1D] — rate[J]| < &1
lazltrack_I1D] — az[J]| < 9

then , rangelJ], rate[J] and az[J] are considered as the
new measure of the track of the front target.

For single target tracking, this algorithm is reasonable.
For multiple target tracking, the un-used measure should
be put into new tracks and the above process is to be
carried for each track established.

Step 8. Set track_ID = J and go to the Step 2. If at
least one of the last two conditions are violated, then a
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measurement error will be reported which may indicate
that the radar target tracking has a problem.

For lidar, the above algorithm still apply except that,
(a) the total number of track is 8; (b) The rate is changed
to longitudinal distance and az is changed to lateral dis-
tance. The choice of parameters depends on design re-
quirement.

2. Signal Processing

For both lidar and radar distance measurement in
the established tracking, digital filters [8] are used for
smoothing the distance measures. Particularly, the fol-
lowing filters are used:

(a) Recursive type:

Tp = A\l + (1 — )\)En—l

(b) Low pass filter:

z1(n) =0.4320x1 (n — 1)—0.3474z1 (n — 1)40.12107g,,,(n)
22(n)=0.347421 (n — 1)+0.9157z1 (n — 1)+0.02947rg,,(n)
y(n) =0.4984x1 (n — 1)+2.7482z2(n — 1)+0.04217g,, (n)

where z1(n),z2(n) are filter state variables, rgm(n) is
range measure at time n. y(n) is filtered range at time
n.
The following figure shows the radar raw data and fil-
tered data after using the above filter.

Fig.

Lower: raw range and range-rate; Upper: filtered range
and range rate

3. Data Fusion

The purpose for data fusion is to achieve a more reliable
and accurate measure by means of sensor redundancy.
Due to the characteristics of the two types of distance
sensors, their measurement are complementary in some
sense. The following three techniques are used in data
fusion of radar and lidar.

(a) Using lidar distance measure to compensate for
radar distance measure when relative vehicle speed is
zero. In this case, radar measure will drop to zero while
lidar still have a good measurement if the weather is rea-
sonable. It is simply to use the average of previous step
radar measure and current lidar measure to replace the
lost radar measure. (b) If one set report error status, the
measure naturally shift to the other. (c) A Kalman fil-
ter is used to fuse those two distance measures in normal
cases [1].

Let yr(n), and yr(n) denote the filtered lidar range
and radar range respectively at time step n; Let yrr(n)
denote the Kalman filter estimation of combined radar
and lidar signal at time step (n — 1). The Kalman fil-
ter is constructed as the following ”predictor-corrector”
structure:

o, (n)
T(n) = ——="5—uyr(n)
Tyr(n) T Tyr(n)
yrr(n) = T(n)+ K(n)[yL(n) —z(n)]
2
g
I
yr(n) yr(n)

vrelig); lid(m)

Figure 1: Filtering and fusion of radar and lidar distance
signals

her 2 2
whnere O'yL(n),O'yR(

tance measurement respectively.

The following figure shows the filtering and fusion of
radar, lidar distance measurement. The following no-
tations are sued in the figure: vrd_range: Eaton Vo-
rad radar rage; vrd_rt: Eaton Vorad radar rage rate;
lid_rg: Lidar range flt; filtered K-F: Fused distance us-
ing Kalman filter.

Explanation of the figure: Upper 1st plot: red is the
raw radar range data and green is filtered radar range;
2nd plot: red is the radar range rate and the green is
filtered radar range rate; 3rd plot: red is Lidar range
raw data and the green is filtered lidar range; The lower
plot: The green is filtered radar range (corresponding the
green in the 1st plot), the magenta is filtered lidar range
(corresponding the blue in the 3rd plot) and the blue is
the fused lidar and radar range by the Kalman filter. The
abrupt change of radar range as indicated in the last plot
does not affect the fused range.

n) are variance of lidar and radar dis-

4.2 Wireless Communication

802.11b wireless systems are used for inter-vehicle com-
munication. The update rate is 20[ms]. The information
passed from the leader vehicle to the following vehicles in-
volve: vehicle speed, acceleration, pedal deflection, brake
pressure, maneuver_des, maneuver-id, and fault mode;

maneuver_des: An integer to specify the desired ma-
neuver of the vehicle assigned by the coordination layer
manager;

maneuver-id: Practical maneuver the subject vehicle
is doing;

fault_mode; An integer to represent different faults in-
cluding: radar, lidar, communication, brake actuator, en-
gine speed, vehicle speed, etc. For each critical compo-
nent, there is a fault detect mechanism to report if they
are working properly.
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5 Experimental Work

In the test, the first truck is fully loaded (M = 31795[kg])
and the second truck is half loaded (M = 22226[kg]). A
nearly flat test track has total length  2250[m]. Speed
range tested is: 5 ~ 55[mph]. Inter-vehicle distance
tested is between: 3 ~ 10[m]

Combined braking system tested Air brake (EBS), Jake
brake and Transmission retarder. The second truck has
modified EBS Box with no minimal brake value, but the
first truck has a minimal brake torque which produces
deceleration of 0.25[m/s2}. This hardware constraint be-
haves as a prominent disturbance and affects the perfor-
mance somehow.
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Figure 4: High speed test: Max speed 55[mph], follwing
distance 6[m)]

a= 0.24[m/(32)] when v = 14.0[m/s]

a= 0.06[m/(52)} when v = 25.0[m/s]

Maximum deceleration range tested 0.45 ~
0.9[m/(32)]. For safety, the following distance is in-
creased when desired distance is 3[m] while the vehicle
is braking to stop.

6 Concluding Remarks

Based on the modeling and control design in previous
work [5, 6], this paper presents the implementation is-
sues of longitudinal control of automated trucks for short
distance following. Research results for practical string
stability discussed in [7] is used here, which takes into
consideration the time delays caused by sensors and ac-
tuators. The remaining issue for vehicle following are:
distance measurement and estimation, wireless commu-
nication. Linear filter and Kalman filter are used for fil-
tering and fusion of radar and lidar data in real-time. Al-
though, there are only two trucks tested, considering that
the first truck is following a reference trajectory, there is
still a string stability problem. Extensive test has been
done, which involves different following distance between
3 ~ 10[m], different acceleration and deceleration, and
different maximum speed. Results show that the perfor-
mance of the controller is good.

Work in this paper will be extended to three or more
trucks in the future.
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