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1 Abstract: This paper presents control algorithms enabling autonomous heterogeneous trucks to
2 drive in platoons. Heterogeneous trucks imply that the hardware information (e.g., truck length,
s break, accelerator, or engine) of a truck may be distinct from that of another truck. We define a
«  platoon as a collection of trucks where a manually driven truck (leader truck) is followed by several
s automatically controlled following trucks. The proposed approach is to make every autonomous truck
s  keep following the leader’s trajectory while maintaining a designated distance from its predecessor
»  truck. As far as we know, this paper is unique in developing both lateral maneuver and speed control
s  considering a platoon of heterogeneous trucks. The efficiency of the proposed approach is verified
s  using simulations.

1o Keywords: platoon of heterogeneous trucks; lateral maneuvers; longitudinal maneuvers; truck
1 platoon; multi-agent systems; autonomous trucks;

> 1. Introduction

-

13 This paper is on developing technology that enables autonomous heterogeneous trucks to drive in
12 platoons. We define a platoon as a collection of trucks where a manually driven truck (leader truck) is
s followed by several automatically controlled following trucks. It is well known that a truck platooning
1e can reduce fuel consumption of a following truck considerably [1-3].

17 In the literature on autonomous cars, many works have been done on tracking a curve (lane for
1= autonomous cars) while avoiding collision assisted by various sensors [4-9]. Specifically, [4] proposed
1o alane detection algorithm based on Support Vector Machines (SVM) classifier, and splines based lane
20 model combined with Kalman filters was used for the tracking algorithm. [5] presented a method of
zn  detecting and tracking the boundaries of drivable regions in a road without road-markings. Using
22 Vision sensors, an autonomous truck can follow a lane. However, vision sensors may not work in the
23 case where a lane is not clearly visible. Moreover, there may be a case where a vision sensor on an
24 autonomous car is disabled.

25 This paper considers the scenario where the leader truck is driven by a trained truck driver. A
26 trained driver has the ability to perform reliable driving in unstructured environments. For instance,
2z a human driver can control a truck even in environments where there is no lane. Thus, this paper
2s  considers the scenario where the leader truck is driven by a trained truck driver. Then, all autonomous
20 trucks follow the leader’s trajectory.

30 In summary, driving in truck platoons has the following benefits: 1. fuel consumption decreases
a1 compared to the case where the trucks do not form a platoon. 2. the trained truck driver can lead the
sz Pplatoon even in unstructured environments.

33 There are many papers on control of truck platoon [1-3,10-15]. [16] showed that limiting truck
sa  platoons on the special lane can higher the average speed of traffic flow and reduce the lane changing
s frequency.
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36 An autonomous truck must change its speed to maintain a designated distance with its
sz predecessor truck. Controlling the speed of a truck is called the longitudinal control of the truck.
s Many papers handled longitudinal control of truck platoon [1,11-15,17,18]. Longitudinal control
3 was developed based on a distributed controller known as Cooperative Adaptive Cruise Control
a0 (CACC) [19]. [20] considered both communication and parasitic delays in the design of longitudinal
a1 control of truck platoon. Considering longitudinal control, the authors of [10,21] analyzed the string
«2 stability of platoons of Adaptive Cruise Control (ACC) trucks. [22] used consensus control strategy
«s  for longitudinal control of truck platoons. The consensus control is used to make the speed of every
4 vehicle converge to the speed of the leader.

45 In [23], the problem of longitudinal control of networked intelligent vehicles with external
« disturbance and network-induced disturbance was studied. [24] present a two-layered hierarchical
a7 framework for truck platoon speed control: a speed planning layer for en route speed profile calculation
s and a control layer for vehicle speed tracking. [25] handled the adaptive longitudinal control of 1-D
4 platoon of non-identical (heterogeneous) vehicles.

50 In practice, truck platoon must perform lateral maneuver as well as speed control. Suppose that
s1 the leader finds an obstacle ahead of it. In this case, the leader avoids the obstacle by changing its lane.
s2 Then, the following autonomous trucks need to change their lanes to avoid the obstacle. This implies
ss that both lateral maneuver and speed control are crucial for truck platoon control. Thus, this paper
sa integrate both lateral maneuver and speed control of truck platoon.

55 In this paper, the following trucks follow waypoints along the trajectory of the leader. The yaw of
ss an autonomous truck is controlled to make it visit the leader’s waypoints sequentially. As the leader
s» changes its lane to avoid collision with an obstacle in front of it, every following truck changes its
s lane by following waypoints of the leader. Also, we control the speed of each truck so that every
so autonomous truck keeps following the waypoints while maintaining a designated distance from its
e predecessor truck.

o1 As far as we know, this paper is unique in handling both lateral maneuver and speed control
ez considering heterogeneous trucks. Heterogeneous trucks imply that the hardware information (e.g.,
es truck length, break, accelerator, or engine) of a truck may be distinct from that of another truck. This
e« is a feasible scenario, since the functionality of a truck’s hardware system (e.g., break, accelerator, or
es engine) gets worse as time goes on. Thus, we argue that no two trucks are identical in practice. Also,
es there may be a practical scenario where we need to use various trucks with distinct size.

o7 This paper presents both lateral maneuver and speed control considering heterogeneous trucks.
es The efficiency of the proposed approach is verified using simulations.
69 This paper is organized as follows. Section 2 presents definitions and assumptions used in the

70 paper. Section 3 presents the multi-vehicle control proposed in this paper. Section 4 presents MATLAB
= simulations to verify the effectiveness of our control laws. Section 5 provides Conclusions.

72 2. Definitions and Assumptions

73 Suppose that there are N heterogeneous trucks. p' denotes the i-th truck (i € {1,2,..., N}). The
7 predecessor of pit1is p'. p! is the leader truck driven by a trained truck driver.

75 We consider discrete-time systems. Let T denote the sampling interval. The subscript k denotes
76 the time step k. P}; denotes the position of the i-th truck at time step k.

77 We consider the global coordinate system to present the motion model of a truck. The global

7s coordinate of a truck p' is given by P}; = [xi,y1]T, while its orientation in the global frame is represented
7 by 1/Jli<. In the body frame of p/, (5,i is the steering angle of the truck at time step k.

80 The truck’s speed at time step k is s} in the truck’s x-direction (body frame), and zero in the
s1 y-direction (body frame), since this paper assumes that the wheels cannot slip sideways [1].
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If the front wheel is located at distance L’ from the rear wheel along the orientation of the truck pi,
then the Ackermann Steering model[26] is

X1 = x + T sp xsin(yp}),

y}{H =y, +Tx s}(_* cos (i), (1)
. . s7 .

Vg =+ T* tan (¢ ).

e2 In Ackermann steering model, each wheel has its own pivot point and the system is constrained in
es such a way that all wheels of the car drive on circles with a common center point, avoiding skid [26].
s«  We acknowledge that in the case where slip sideways are allowed, more complicated truck models in
es  [27-29] are required. However, as we consider slip sideways, we need to set various parameters, such
s as the truck mass or inertia.

o7 Considering heterogeneous trucks, each truck has distinct motion model from other trucks.
ss Setting complicated models for each individual truck is time-consuming, and a truck’s model may
s not represent the true dynamics of the truck as the truck runs a longer distance. For instance, the
oo functionality of a truck’s hardware (such as engine, accelerator, or braking system) gets worse as time
o1 goes on. Also, various road (or tire) situations may make effects on slip sideways. Accurate motion
o2 modeling in various environments may be impossible in practice.

03 (1) can handle heterogeneous trucks by allowing L’ # LJ for j # i. L' # L/ implies that the length
oa of the i-th truck is distinct from that of the j-th truck. Thus, this paper uses (1) as the motion model of
s each heterogeneous truck.

A car cannot arbitrarily change its speed within one time step. Thus, let a’; denote the maximum
acceleration of a truck p'. Also, let a, denote the maximum deceleration of p'. Here, a', and ai, are
determined by hardware information of p, such as engine, accelerator, or braking system of p'. This
implies that

siil—aiD*Tgsigsifl—i-a%*T. 2)
ss (2) presents the feasible range of sf( considering the maximum acceleration and deceleration of p’. The
o7 maximum speed of p' is s}, i.e. s;. < sy, for all k.

o8 Considering heterogeneous trucks, a’, # a/, (Vj # i) is feasible. Also, a, # a}, (V] # i) is feasible.
oo This is due to the fact that the hardware information (such as engine or braking system) of p' may be
w0 distinct from that of p/.

A car cannot change its heading abruptly between adjacent time steps, due to the car’s geometry

such as the maximum steering angle of the car. Let /i, present the maximum yaw rate of p’. We have

[9hr =il < 9T ®)
Let 6}, denote the maximum steering angle of a truck p'. Then, ¢}, is derived as

. si )

iy = 75 tan(S}). 4
11 This implies that as the length of a truck p' increases, the maximum yaw rate of p’ decreases. Also, as
102 the maximum steering angle of p' increases, the maximum yaw rate of p’ increases. Since we consider

s heterogeneous trucks, L’ # L/ (Vj # i) is feasible. Thus, ¢/, # %A (Vj # i) is also feasible.

10 3. Multi-vehicle control

105 This paper considers the scenario where the leader truck is driven by a trained truck driver. Our
106 approach is to make all trucks follow the leader’s trajectory.
107 Whenever the leader travels Th meters, the leader’s position is stored as waypoint for the following

ws  trucks. Let Wy, denote the m-th waypoint. This implies that waypoints are generated as Wy, Wo, ...,
109 in this order. The distance between W, and W,,,_; is Th by its definition. Also, as a waypoint Wy, is
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1o generated, we generate the curvature of the leader’s path at the point. This curvature can be derived
w1 using the steering input of the leader at the point. Let K, denote the curvature at Wy,.

112 An autonomous truck keeps tracking the leader by following the waypoints of the leader.
13 Whenever a following truck’s distance from a waypoint W,,,_1 is less than T#, the truck heads towards
ua the next waypoint Wy,.

115 Using V2V communication [30], the leader’s information (W, and K;;) is transmitted to every
us following truck. At each time step k, the leader’s information (W, and Kj,) is transmitted to every
ur other truck in real time.

ue 3.1. Longitudinal control

119 We describe how to control the speed of each truck for longitudinal control of the truck. The
120 leader is controlled using ACC so that it maintains a constant speed. Also, the speed of a following
121 autonomous truck is controlled to maintain a desired distance (reference platooning distance) from its
122 predecessor truck.

123 The reference platooning distance at time step k for a truck p' is denoted as d};. This implies that
124 the desired distance between p' and p'~! at time step k is d}.
126 The main source of time delay between trucks is from the parasitic time delay induced by the

12¢ mechanical systems and the communication delay generated by the communication and computing
127 devices. We assume that the time delay in communication between the leader and a truck p' is bounded
126 by a certain constant, say t;.

The travel distance of p’ within t; seconds can be estimated as f; * s;‘(. In order to avoid collision
due to delayed communication, the reference distance d; is set as a bigger value than ¢, * s;.. Also, we
set the lower bound for d, for the safety of trucks. Let minp > 0 present the lower bound for di. We
use

d};:g*td*sf(—l-minp. 5)

120 Here, ¢ > 1 and minp are positive constants. As the speed of a truck converges to s!, di converges to
10 g*tg*s! + minp, which is a positive constant. This separation change approach in (5) was inspired
11 by the constant time headway spacing policy, which was also used in [21].

132 Suppose that p' visited a waypoint W,,_; and is heading towards the next waypoint W,. The
133 curvature at W,_q is K,,_1, and the curvature at W,, is K;,. Since pi and pi_l are adjacent trucks, assume
13s  that both p’ and p'~! move along an arc path with radius, say R = Kﬂ%&,_l See Figure 1. The arc path
135 connecting p’ and p'~! is depicted with a bold arc in this figure.

The distance between p' and p'~! at time step k is D,i_l’i = ||Pi — Pi"!||. The arc angle associated
to D, ' is
2R2— (DI~ 1)2
0 = acos(——i——). (6)

Recall that the desired distance between p’ and p'~! at time step k is d;(. The arc angle associated
tod) is
0y =%, 7)
At time step k, p'~! moves along the arc path with speed s;'{_l within one sampling interval. The arc
angle associated to the travel distance s};lT is

i—1
95 = %. (8)

136 Note that p'~! is the predecessor of p/, thus it moves away from p'.
At each time step k, the i-th truck sets its reference speed, say r%, as follows.

R
r}C:(G—Gd—i—GS)*?. )
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R = 2

Kn+Kp—1

.

Figure 1. Since p' and p~! are adjacent trucks, assume that both p’ and p'~! are on an arc path with
radius, say R = ﬁ The arc path connecting p’ and p'~! is depicted with a bold arc in this figure.

In the case where both p’ and p'~! move along a straight path, R in (6) is co. (9) is not well-defined
in this case. In the case where both p’ and p'~! move along a straight path, the following equation is
used to set the reference speed r};.

. DY —di4s'T

1

Ty T

(10)

Recall that the leader is controlled using ACC so that it maintains a constant speed. While the
leader moves using ACC, we set the bound for 7. as

r;; <y s};_l. (17)
This implies that if r;; using (9) or (10) is above v * sifl, then we set
r;c =7 s;;*l. (12)

137 (12) implies that the reference speed of p' cannot be much faster than the speed of p'~!. The effect
13¢  of changing 7 is analyzed in Section 4.
The reference speed r;; is used to change the speed of the truck at each time step. In the case where
r,i{ > st +a'y = T, the reference speed r;; cannot be reached within one time step. Thus, we use

st =5t +aly xT. (13)
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In the case where r}; < 5271 — a’b xT, r;; cannot be reached within one time step. Thus, we use
sh=si_;—apxT. (14)
Otherwise, the reference speed ; can be reached within one time step. Thus, we can set
i i
S, = I (15)

130 3.2. Lateral control

We describe how to control the lateral maneuver of each truck. Consider the case where p; at time
step k heads towards a waypoint whose coordinate is (x4, y4). The reference yaw angle ¥} is calculated

as :
i pan—1 YAV

¥, = tan rax (16)

140 At each time step k, we control the yaw of p; so that it converges to the reference yaw angle ¥i.

11 Recall ‘I’}; is set to make the truck head towards the next waypoint. Let ey, = ‘I’;( - 1/],1; for convenience.
We change ey so that it exists between —7 and 77. We use

ey = tan_l(sin(el,,)/ cos(ey)). (17)

Recall that ¢, = Ti—;‘y tan(d%,) denotes the maximum yaw rate of a truck p’. If ||ey|| > ¢, * T,

then we set the steering angle as

St = sign(ey) x5l (18)
The third equation of (1) is ‘
i,y = 9h+ Tk tan()). (19)
(18) and (19) lead to '
Vi1 = P +sign(ey) * Py« T. (20)

12 Here, sign(ey) denotes the sign of ey. This implies that we change the yaw of the truck with maximum
143 yaw rate IIJ;\/I
If [leg || < 4}, * T, then we set the steering angle as

. _ *Li
o = tan~( e;’*si ). (21)
(21) and (19) lead to ' _
Vi1 = i 22)

s This implies that the yaw angle of the truck converges to the reference yaw angle.

s 3.3. Collision avoidance

146 We need to handle the case where a truck is too close to its predecessor truck. In other words,
147 we handle the case where D]i:l’i < safeD. Recall that the distance between p’ and p'~! at time step
s kis D,ic_l’i = ||Pi — P;'(_l |I. Also, safeD > 0 is the minimum distance between neighboring trucks for
s safety. If this dangerous case happens, then p’ needs to stop abruptly to avoid collision. Thus, we set
10 the reference speed ri as zero in the case where D,i:l’i < safeD is satisfied.
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Even in the case where we set the reference speed r}( as zero, it takes some time to decrease the
truck’s speed from s; to zero. The required time to stop is :Tk Then, the travel distance of the truck
i D
(sp)?
2xap,

while decreasing its speed to zero is . To avoid collision, it is desirable to set safeD so that

(s)

i
Z*aD

safeD > (23)

11 is satisfied. However, as safeD increases, the separation between neighboring trucks increases. Thus,
152 the effect of fuel reduction under truck platoon decreases. Thus, there is a trade-off between fuel
153 reduction and vehicle safety.

s 3.4. Sensor requirements

155 (9) implies that a truck p’ needs to access D;:l’i and s}';l. To enable this, each truck needs to access
16 the position and speed of its predecessor truck. These data are accessible using local sensors, such as
157 radar, lidar, or local communication with its predecessor truck. Moreover, in practice, sensor noise
18 exists in the measurements of D;:U and s;‘(*l. In simulations (Section 4), we added Gaussian noise in
10 the measurements of D,i_l’i and sf{_l.

160 (16) implies that every truck heads towards the next waypoint at each time step. To enable this,
11 each truck localizes itself in the global coordinate system using various sensors, such as Lidar, Distance
162 Measurement Instruments (DMI), Global Positioning Systems (GPS) or Inertial Measurement Units
s (IMU). ! Also, using V2V communication [30], the leader’s waypoint information is transmitted to
s every following truck.

1es 4. MATLAB Simulations

166 We present MATLAB simulations to verify our control laws. The initial speed of every
167 heterogeneous truck is zero. We used (1) to model the motion of every truck.
168 Our simulation settings are as follows. As a method to simulate localization error in the waypoints,

10 we added a Gaussian noise with mean 0 and standard deviation 0.1 (m) to each element in every
1o waypoint. This error is associated to GPS error which exists in practice.

171 Recall that a truck pi needs to access D;; Ui and s;‘(_l in (9). A truck accesses these values using
172 local sensors, such as radar or lidar, or local communication with p'~!. Considering noise in local
173 measurements, we added a Gaussian noise with mean 0 and standard deviation 0.1 (m) to D]i;l’i. Also,

172 we added a Gaussian noise with mean 0 and standard deviation 0.01 (m/s) to speed measurements in
i—1

175 Sk

176 In simulations, we use the following variables. ¢ = 1, t; = 0.01, T = 0.5 (s), minp = 1 (m),
17z safeD = 0.5 (m) and 55\4 = 30 degrees. Foralli € {1,2,..., N}, SlM is 80 km/h.

178 We simulate heterogeneous trucks as follows. In the case where mod(j, 3) is 0, ) =10 (m). Also,

e a, = 1.5m/s? and al, = 2m/s>. In the case where mod(j,3) is 1, LI = 5 (m). Also, a/; = 1m/s? and
180 a]b = 2m/s%. In the case where mod(j,3) is 2, LJ = 3 (m). Also, a]A =2m/s? and ab = 2m/s?. Using (4),
1e1  each truck with distinct length has distinct maximum yaw rate. In this way, we consider heterogeneous
12 trucks composed of various kinds of trucks.

183 In practice, the leader is controlled by a trained truck driver. In simulations, the leader truck
1za follows one lane initially. We also simulate the case where the leader changes its lane to avoid obstacles.

1 Localization based on multiple sensors is not within the scope of this paper and is presented in various papers, such as

[31-33]. In the case where there are sensing or communication infrastructure along a road, we can use the infrastructure to
localize a truck. In order to localize a truck, many estimation methods were utilized, such as time of arrival (TOA), time
difference of arrival (TDOA), angle of arrival (AOA), and received signal strength [34—45].
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185 The leader increases its speed with the maximum acceleration al; until the speed reaches 80 km/h.
1 Then, the leader maintains its speed as 80 km/h using ACC. After the leader moves for 16 minutes,
17 the scenario ends.

188 Figure 2 (a) shows the lanes that the trucks follow. Also, (b) shows the trajectory of every truck.
» Initially, five trucks are located at [0, 3],[—0.001, 3], [—0.002, 3],[—0.003, 3],[—0.004, 3] in km.

1

lane

y-axis[km]

4 Il 1 1 Il 1 Il Il 1
-4 -3 -2 -1 0 1 2 3 4 5
x-axis[km]
4. vehicle trajectory
AL *  vehicle 1
2 #  wvehicle 2
= *  vehicle 3
%. vehicle 4
§ 0 #  vehicle 5
>
-2
_4 L 1 1 L 1 L L 1 1
-4 -3 -2 -1 0 1 2 3 4 5

x-axis[km]

Figure 2. (a) shows the lanes that the trucks follow. Also, (b) shows the trajectory of every truck.

190 Figure 3 shows the enlarged figure of Figure 2 (a). Waypoints of the leader are shown with red
11 circles. We simulate the case where the leader changes its lane to avoid obstacles. See that waypoints
102 jump from one lane to another. The jump is marked with an arrow in this figure.

103 Figure 4 shows the speed of each heterogeneous truck with respect to time(sec). We use y = 1.01.
s The speed of every truck converges to the speed of the leader (truck 1) as time goes on. Due to the
105 noise in the system, the truck speed is also noisy.

196 Figure 5 shows the separation between every neighboring truck. Initially, the separation between
17 neighboring trucks increases. However, the separation converges to the desired separation as time
108 gOES ON.

10 4.0.1. The effect of changing <y

200 Next, we analyze the effect of changing «y. Figure 6 shows the speed of each heterogeneous truck
201 with respect to time(sec). The only difference from Figure 4 is that we use y = 1.001 instead of v = 1.01.
202 See that the deviation of every truck’s speed decreased, compared to the case where y = 1.01 in Figure
203 4. Due to the noise in the system, the truck speed is also noisy.

208 Figure 7 shows the separation between every neighboring truck. Initially, the separation between
20s neighboring trucks increases. See that it takes more time in making the separation converge to the
206 desired separation, compared to the case where v = 1.01 in Figure 5.

200 4.0.2. The effect of Gaussian noise

208 Next, we analyze the effect of Gaussian noise. We use v = 1.01. No Gaussian noise is added to
200 Dll:l". Also, no Gaussian noise is added to speed measurements in s;:l.
210 Figure 8 shows the speed of each heterogeneous truck with respect to time(sec). The only

2 difference from Figure 4 is that no Gaussian noise is used. See that the deviation of every truck’s speed
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Figure 3. This figure shows the enlarged figure of Figure 2 (a). Waypoints of the leader are shown
with red circles. We simulate the case where the leader changes its lane to avoid obstacles. See that
waypoints jump from one lane to another. The jump is marked with an arrow in this figure.

speed of each vehicle

25r
vehicle 1
vehicle 2
vehicle 3
20+ vehicle 4
vehicle 5
15+
Q
S
10 A
5
0 Il Il Il Il J
0 200 400 600 800 1000

time(s)

Figure 4. We use v = 1.01. The speed of every truck converges to the speed of the leader as time goes
on. Due to the noise in the system, the truck speed is also noisy.
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Figure 5. This figure shows the separation between every neighboring truck. We use vy = 1.01. The

separation converges to the desired separation as time goes on.

m/s

speed of each vehicle

25
vehicle 1
—— . vehicle 2
MR vehicle 3
20 vehicle 4
vehicle 5
15
10
5
0 Il Il Il Il J
0 200 400 600 800 1000
time(s)

Figure 6. The speed of every heterogeneous truck converges to the speed of the leader as time goes on.

We use ¢ = 1.001. See that the deviation of every truck’s speed decreased, compared to the case where

v = 1.01 in Figure 4. Due to the noise in the system, the truck speed is also noisy.
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separation of each vehicle

14
vehicle 2
vehicle 3
12 vehicle 4
' vehicle 5

meters

0 200 400 600 800 1000
time(s)

Figure 7. This figure shows the separation between every neighboring truck (scenario 2). We use
¥ = 1.001. See that it takes more time in making the separation converge to the desired separation,
compared to the case where v = 1.01 in Figure 5.

22 decreased, compared to the case where Gaussian noise is used. A truck speed overshoot (marked
23 with arrow in Figure 8) happens at the moment when the truck changes its lane. See Figure 3 for the
2z moment when the truck changes its lane.

215 Figure 9 shows the separation between every neighboring truck. The only difference from Figure
26 5 is that no Gaussian noise is used. Initially, the separation between neighboring trucks increases. See
21z that the deviation of every truck’s separation decreased, compared to the case where Gaussian noise is
zne  used (Figure 5).

210 5. Conclusions

220 This paper presents control algorithms enabling heterogeneous trucks to drive in platoons. We
2z make all heterogeneous trucks keep following waypoints along the leader’s trajectory. Every truck
222 Visits the leader’s waypoints sequentially while maintaining a designated distance from its predecessor
223 truck. As far as we know, this paper is unique in developing both lateral maneuver and speed control
224 considering a platoon of heterogeneous trucks. The efficiency of the proposed approach is verified
225 using simulations. As our future works, we will verify the effectiveness of the proposed approach
226 using experiments with real heterogeneous trucks.
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