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Fig. 4.8: Results of heaviest-in-rear platoon in emergency brake scenario using preceding
acceleration controller.
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Fig. 4.9: Results of heaviest-in-rear platoon in emergency brake scenario using PAH con-
troller.
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Fig. 4.10: Results of heaviest-in-rear platoon in emergency brake scenario using uncoordi-
nated controller.



76

Once again the most massive vehicle consistently collides with the preceding vehicle,

regardless of the controller used. In this case as Table 4.8 shows, the ∆v for this vehicle are

all very similar, attributable to the consistent one-meter spacing of the platoon. However,

again the peak collision forces vary, especially in the preceding acceleration and PAH cases

where pileups occur. In these results however, it is more clear that peak impact force is

generally proportional to ∆v when pileups do not occur.

The Rajamani controller had a faster stopping time than the Choi in this case, since

under the Choi controller the fourth vehicle was effectively pushed into the third by the

most massive fifth (see the headways in Figure 4.7). The difference in control that caused

this behavior is the leader brake maneuver information that reaches the other vehicles

earlier so they begin reacting earlier rather than waiting for only the vehicle ahead to begin

reacting. The difference in velocity that results is very small (indeed, Figures 4.6 and 4.7

seem nearly identical, observe the headway between vehicles three and four to notice), but

this difference is enough that the Rajamani controlled vehicles come to a complete stop

before a second collision occurs. This indicates that under constraints of communication

delay the benefits Choi suggests begin to degrade. Admittedly, the implementation here

is not a full realization of the strategy posed by Choi, only one inspired by it. A proper

implementation where subplatoon leader information is communicated is necessary to fully

explore the merit of Choi’s work.

The preceding acceleration controller actually improved in stopping time, but still pales

in comparison with the others in all the metrics. The PAH controller was slower in stopping

time than in the last scenario and had collisions between every vehicle, two of which are

Table 4.8: ∆v of impacts in heaviest-in-rear platoon under different control strategies.

∆v (m/s)

Vehicles Rajamani Choi Prec. Acc. PAH Uncoord.

2-1 - - 0.7 3.8 -
3-2 - - 0.7 0.7 1.3
4-3 - 0.6 0.6 2.9 -
5-4 0.9 0.9 0.7 0.9 1.0
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Table 4.9: Peak impact force in heaviest-in-rear platoon under different control strategies.

FC (N)

Vehicles Rajamani Choi Prec. Acc. PAH Uncoord.

2-1 - - 22466 92973 0
3-2 - - 36564 36505 15282
4-3 - 4890 33449 66922 0
5-4 8577 8534 18470 21398 10890

Table 4.10: Time to stop a heaviest-in-rear platoon under different control strategies.

Controller Stop Time (s)

Rajamani 4.39
Choi 4.41
Prec. Acc. 8.39
PAH 5.22
Uncoord. 4.38

over ∆vsafe. The impact forces are the largest generated in all the experiments performed

here, with large acceleration and jerk on the vehicle. This control scheme is clearly unsafe

with the most massive vehicle in the back. This is because all the vehicles are braking at

saturation and so the additional braking required to preserve headway is unavailable. In the

random-ordered platoon case above, the most massive vehicle was in the second position

and would saturate at greater acceleration and the vehicles behind could more easily achieve

the acceleration required to follow.

Finally, the uncoordinated case has the shortest stopping time but shows a weakness

that the Rajamani and Choi controllers are able to avoid through communication. Each

vehicle that follows a less massive vehicle (vehicles three and five) collides, with ∆v values

still below ∆vsafe but greater than those of the other controllers save the PAH. The larger

collision forces correlate with ∆v.

4.4.4 Five Vehicle Platoon with Heaviest Vehicle as Leader

Finally, the platoon is set into a safer ordering with the most massive vehicle being in

front as indicated by the masses in Table 4.11. This is not as ideal as a perfectly ordered
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platoon with monotonically decreasing mass between each vehicle.

Figures 4.11 through 4.15 show the resulting curves in the same order as previously

displayed. The ∆v of the initial impacts are shown in Table 4.12, collision forces in Table

4.13, and the stopping time in Table 4.14.

Comparing these results to the previous two cases make it clear why SARTRE is

designing their platooning system such that large cargo trucks are always lead vehicles with

passenger cars as followers [10]. Collisions did not occur under the Rajamani and Choi

control schemes and stopping times were only affected by 0.7% of the random order.

The preceding acceleraton controller continued to prove the least of controllers tried,

with longer stopping time, collisions between every vehicle with greater impact forces than

the PAH or uncoordinated cases. The PAH shows significant improvement with only one

collision with ∆v = 0.3m/s and collision force of only one fifth of the force that occurs

in the random-ordered platoon case. The uncoordinated case again shows weakness with

the largest ∆v and impact force of the group save again the preceding acceleration control

scheme.

Testing the five emergency controllers under these three cases, random-order, heaviest-

in-rear, and heaviest-as-lead, shows several things. First is the performance comparisons of

the control schema as already discussed. The Rajamani controller proved the safest overall

through the three cases.

The second concept shown through these simulation results is the benefit of coordina-

tion. The uncoordinated controller performed well in all cases but was outperformed by

the Rajamani with regard to collision force, especially in the heaviest-in-rear and heaviest-

Table 4.11: Masses of vehicles in heaviest-as-lead platoon.

Vehicle Mass (Kg)

1 1853.7
2 1750.0
3 1526.3
4 1776.0
5 1732.5
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Fig. 4.11: Results of heaviest-as-lead platoon in emergency brake scenario using Rajamani
controller.
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Fig. 4.12: Results of heaviest-as-lead platoon in emergency brake scenario using Choi con-
troller.
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Fig. 4.13: Results of heaviest-as-lead platoon in emergency brake scenario using preceding
acceleration controller.
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Fig. 4.14: Results of heaviest-as-lead platoon in emergency brake scenario using PAH con-
troller.



83

1 2 3 4 5

0 1 2 3 4

−10

−5

0

Time (s)

A
cc
el
er
at
io
n
(m
/s

2
)

0 1 2 3 4

0

10

20

30

Time (s)

V
el
o
ci
ty

(m
/s
)

2-1 3-2 4-3 5-4

0 1 2 3 4

0

1

2

Time (s)

V
eh

ic
le

H
ea
d
w
ay

(m
)

0 1 2 3 4

0

5

10

15

Time (s)

Im
p
ac
t
F
or
ce

(k
N
)

Fig. 4.15: Results of heaviest-as-lead platoon in emergency brake scenario using uncoordi-
nated controller.
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as-lead cases where additional collisions occurred. Even the subtle difference between the

Rajamani and Choi control schemes appeared under the heaviest-in-rear case with the ad-

ditional coordination through use of leader information giving the advantage.

The final concept illustrated is the safety gain of organizing the platoon by braking

ability (represented here with mass). Under the Rajamani and Choi controllers collisions

were avoided entirely with the most massive vehicle as leader, despite having other vehicles

in the platoon following less massive ones. The number and severity of collisions is reduced

under every controller when ordered this way. Conversely, with the most massive vehicle

as the last, safety suffered under every control scheme. Keeping a platoon ordered with

monotonically increasing braking ability is difficult if the UHZ is small enough that merging

and splitting from the platoon must be restricted. If only the leader is required to be most

massive, other vehicles occurring in random order, it eases this task some. This topic and

the resulting effects on traffic flow warrants investigation as the benefits to safety are clear.

Table 4.12: ∆v of impacts in heaviest-as-lead platoon under different control strategies.

∆v (m/s)

Vehicles Rajamani Choi Prec. Acc. PAH Uncoord.

2-1 - - 0.7 - -
3-2 - - 0.5 - -
4-3 - - 0.6 0.3 1.2
5-4 - - 0.5 - -

Table 4.13: Peak impact force in heaviest-as-lead platoon under different control strategies.

FC (N)

Vehicles Rajamani Choi Prec. Acc. PAH Uncoord.

2-1 - - 18765 - 0
3-2 - - 36208 - 0
4-3 - - 32820 2855 14612
5-4 - - 17425 - 0
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Table 4.14: Time to stop a heaviest-as-lead platoon under different control strategies.

Controller Stop Time (s)

Rajamani 4.41
Choi 4.41
Prec. Acc. 8.80
PAH 4.63
Uncoord. 4.41

4.5 Chapter Conclusions

The previously developed physical model of a vehicle is extended to a full platoon with

sensing, communication, regulation layer control, and collision dynamics models added.

Five different emergency control schemes are developed and compared in performance. The

performance is tested with a five vehicle platoon with vehicle masses pulled from a normal

distribution similar to the strict distribution discussed in Chapter 2. The tests are performed

under three different vehicle orderings, random, heaviest-in-rear, and heaviest-as-lead. The

results were compared with respect to the number of collisions, stopping time, vehicle

acceleration and jerk, and impact force. The Rajamani controller used for normal operating

conditions proved superior to the other five for emergency use.

The uncoordinated case performed interestingly well, never having collisions over ∆vsafe.

This controller is compelling because it removes the need for additional communication be-

yond the signal that an emergency scenario is occurring. While it was outperformed in all

cases by the more communication intensive controllers, it is encouraging that if commu-

nication fails even in emergencies there is still possibility to maintain a moderate level of

safety.

These results overall begin to show the gravity of these emergency scenarios, despite

the strictness of the braking distribution and the relatively low relative velocities, large

impact forces were generated. While no definite threshold of safety has been declared, the

damage such forces are capable of is no small matter.

On the other hand, the significant safety improvement of proper ordering in a platoon

is a welcome finding. This can come at almost no cost to system performance, simply if a
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vehicle checking in has greater mass than any other in the platoon it will check into the front

and become the new leader. Otherwise it will queue in the back. Other simple means might

show to have great improvements to safety as models are refined and other configurations

explored.
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Chapter 5

Conclusions

Automated platooning is interesting because it offers large economic benefits if it can

be achieved. AET is a form of highway automation that uses EVs for platooning. Safety is

an important consideration for design decisions. In order to be successful the system must

be safer than traditional highways in addition to higher capacity. It is also a fundamentally

difficult problem, since inevitable delays and braking variations quickly cause emergency

brake scenarios to generate unsafe differences in velocity within the platoon. If said delays

and variations are not carefully controlled as much as possible, safe platooning is not possible

in the emergency brake scenario.

Using ∆v as a safety metric, platooning is justified through large improvements to

highway density without significant compromise in safety. To avoid safety compromise, the

vehicles must remain outside the UHZ, which is determined by vehicle and system design.

Factors considered in the analysis include delays and braking ability, with consistency in

ability showing to be more critical. Therefore, a homogeneous vehicle design is recom-

mended. Some delay and variation in braking ability between vehicles is inevitable and can

be tolerated as long as disparities are kept small.

To better understand how variation in braking ability can occur, a physical model of

an AET vehicle is developed. This model shows that variation in the maximum voltage

available to the motor and the vehicle mass are the greatest factors in braking ability. The

results on the effects of tire condition were deemed inconclusive.

The variations in braking discussed in Chapter 2 are applied through variations in

vehicle mass, subjecting a model of a five vehicles platoon to non-ideal emergency scenarios.

Several longitudinal controllers are tested under the emergency brake scenario, the most

effective proving that developed by Rajamani et al. [44]. These tests also show that better
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safety is achieved when preceding vehicle and leader information is communicated and

used. Another result is the importance of ordering vehicles in the platoon such that the

most massive vehicle is the leader. While safety can be maintained through any ordering,

safety is greatly improved through proper assignment of the most massive vehicle as the

platoon leader. Therefore even if the distribution of braking is strict, appropriate measures

must be applied to ensure that the platoon is well organized and controlled to maintain

safety. Many such seemingly cursory system-level design decisions will have similarly large

impacts on safety and performance.

Two main models result from this work which were implemented as Simulink models

that can be run by Matlab script, the first order brake model, and the full platoon model.

The former is more abstracted for system design, the latter more detailed for vehicle design.

These models can be used for a variety of analyses that are beyond the scope of this work.

For future work that other investigators might pursue: the causes and probability

of emergency brake scenarios occurring on an AET highway should be investigated. The

results will provide a more clear context for the conclusions drawn here and indicate what

threshold of probability of unsafe collision is acceptable for determining the safe headways.

The effects of tire condition on braking ability needs more research and better representation

in the model. More accurate models for communication and sensing may have important

effects on these results as the controllers depend on the information received through these

channels. Similarly, a better representation of the emergency control strategy suggested

by Choi and Darbha [47] deserves a true implementation for comparison to the Rajamani

controller. The simulations in Chapter 4 are limited to a very few cases. The effects of larger

platoon size, larger communication delays, noise in the sensing, etc., are not addressed and

may prove interesting at the least. A very important factor that could not be investigated

more deeply in this work is the parameter distributions that would be appropriate for the

model. Real world measurements and identification of the braking variance that occurs in

an actual collection of homogeneous vehicles would help immensely to validate this work.

Altogether, safe platooning is an extremely challenging task. While many of these
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results are discouraging, they do not prohibit safe platooning. They do indicate that a

simplistic model is unlikely to yield a successful system, as most likely merging and splitting

in a platoon will be constrained and vehicles will require very strict regulation. However,

advances toward highway automation technology are likely to apply to current highways

and vehicles with benefits of safety and efficiency for drivers and economies.
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Appendix A

Simulink Model of First Order Brake System and Associated

Scripts

The Matlab scripts and Simulink models are included here so that subsequent investi-

gators of AET are able to use for further research the models and methods of safety analysis

developed in this work. The listings are complete and include all code written by the author

for generating the plots found in Chapter 2. Understanding of these items may be useful

for comprehension of the analysis in this document but is certainly not necessary.

A.1 Simulink Model

A screen-shot of the main model is displayed in Figure A.1, with screen-shots of the

leader and follower subsystems in Figures A.2 and A.3, respectively.

Comparison of the leader and follower blocks shows that they are nearly identical,

only differing in the leader having a source for the brake signal while the follower receives

that signal through an input port. This allows for the addition of copies of the follower

block if more than two vehicles are desired. For all the analysis in this document, two

proved sufficient. These subsystems are a simple, first-order system with two additional

integrations to find position. All the additional complexity is for switching between inputs

when the vehicle has reached a complete stop (to prevent rolling backwards).

All the blocks have workspace variables for parameter values such that it can be entirely

configured and run from the Matlab command line via script. The variables to be configured

are shown in Table A.1.

The outputs of the simulation are the workspace structures DeltaV and Headway. Usage

examples are found in the script in Section A.3.
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Fig. A.1: Simulink model.
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Fig. A.2: Leader subsystem.
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Fig. A.3: Follower subsystem.
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A.2 Matlab Functions for Analyzing Data From the Model

The following functions are useful in interpreting the parametrically defined H-∆v

curve found returned from the Simulink model. Usage is exemplified in these scripts used

to generate the plots found in Chapter 2.

success.m

This function’s task is to return the unit rect function corresponding to the unsafe

headway zone. The return value is divided into headway bins of 0.1m, each containing a

one if the safe ∆v threshold is surpassed at that headway, zero otherwise.

1 %Spencer Jackson

2 function s = suc c e s s ( thresho ld , dV, H)

3 s = zeros (1 ,801) ;%cover from H=[0 ,80] meters

4 a=0;

5 b=0;

6 for i = 1 : length (H)

7 i f (dV( i )>=thre sho ld )

8 i f ( a )

9 b=H( i ) ;

10 else

11 a=H( i ) ;

12 b=a ;

13 end

Table A.1: Inputs for first order brake system Simulink model.

Workspace Variable Units Description

V0l m/s Leader initial velocity
V0f m/s Follower initial velocity
aminl m/s2 Leader minimum acceleration
aminf m/s2 Follower minimum acceleration
taul s Leader time constant
tauf s Follower time constant
actDell s Leader actuatin delay
actDelf s Follower actuation delay
comDel s Communication delay
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14 end

15 end

16

17 a = ce i l ( a ∗10)+1;%round to neare s t .1m

18 b = ce i l (b∗10)+1;%+1 fo r index

19 i f ˜( a==1&&b==1)

20 for i=a : b

21 s (1 , i )=1;

22 end

23 end

24 s = s ( 1 , 1 : 8 01 ) ;

25 end

boundedrandn.m

This function uses excised generation to pull outcomes from a bounded random normal

distribution.

1 function x = boundedrandn (L , mu, sigma , lower , upper )

2 x = sigma∗randn (1 ,L) + mu;

3 while (min( x )<lower ) | | (max( x )>upper )

4 indx = find (x<lower ) ;

5 L = length ( indx ) ;

6 x ( indx ) = sigma∗randn (1 ,L) + mu;

7 indx = find (x>upper ) ;

8 L = length ( indx ) ;

9 x ( indx ) = sigma∗randn (1 ,L) + mu;

10 end

A.3 Matlab Script for H-∆v Plots, HDV Plots, and Monte Carlo Plots in

Chapter 2

Note that this script uses several functions, most of which are defined above in Section

A.2. The exception is the crossing function as first referenced in line 92. This copywritten
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function is available on the Matlab Central File Exchange at http://www.mathworks.com/

matlabcentral/fileexchange/2432.

1 %Spencer Jackson

2 %This genera t e s a l l the p l o t s f o r the ITS paper

3 hdvcurves = 1 ;

4 uhzcurves = 1 ;

5 montecarlo = 1 ;

6 d i s t h i s t = 1 ;

7

8 t1=clock ;

9

10

11 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

12 % HdV p l o t s

13 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

14 i f ( hdvcurves )

15 V0l = 30 ;%m/s

16 V0f = 30 ;%m/s

17 aminl = −10;%m/sˆ2

18 aminf = −8;%m/sˆ2

19 tau l =.1 ;%s

20 tau f = . 1 ;%s

21 ac tDe l l = . 1 ;%s

22 ac tDe l f = . 1 ;%s

23 comDel = . 0 6 0 ;%s

24

25 sim ( ’ f i r s tOrde rBrake . mdl ’ )

26 H = Headway . s i g n a l s . va lue s ;

27 dv = max(0 , deltaV . s i g n a l s . va lue s ) ;

28 data = [H dv ] ;

29 save hdvcurvesICV . tab data −a s c i i

30

31 V0l = 30 ;%m/s

32 V0f = 30 ;%m/s

33 aminl = −10;%m/sˆ2

http://www.mathworks.com/matlabcentral/fileexchange/2432
http://www.mathworks.com/matlabcentral/fileexchange/2432
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34 aminf = −8;%m/sˆ2

35 tau l =.01;%s

36 tau f = . 0 1 ;%s

37 ac tDe l l = 0 ;%s

38 ac tDe l f = 0 ;%s

39 comDel = 0 ;%s

40 sim ( ’ f i r s tOrde rBrake . mdl ’ )

41 H = Headway . s i g n a l s . va lue s ;

42 dv = max(0 , deltaV . s i g n a l s . va lue s ) ;

43 data = [H dv ] ;

44 save hdvcurvesEV . tab data −a s c i i

45 %f p r i n t f ( hdvcurve , ’% f %f ’ , H1, dv1 ) ;

46

47 %p l o t (H1, dv1 ,H2, dv2 , ’−− ’) ;

48 %t i t l e ( ’H− \Del ta v ’ ) ;

49 %legend ( ’ICV’ , ’EV’ ) ;

50 %x l a b e l ( ’ I n i t i a l Headway (m) ’) ;

51 %y l a b e l ( ’ \Del ta Ve l o c i t y (m/s ) ’ ) ;

52 %mat l a b2 t i k z ( ’ hdvcurve . t i k z ’ ) ;

53 %disp ( ’ done ’ )

54 %pause

55 c l f

56 V0l = 30 ;%m/s

57 V0f = 30 ;%m/s

58 aminl = −10;%m/sˆ2

59 aminf = −9.5;%m/sˆ2

60 tau l =.01;%s

61 tau f = . 1 ;%s

62 ac tDe l l = 0 ;%s

63 ac tDe l f = 0 ;%s

64 comDel = . 2 ;%s

65 for aminf=[−9.5 −10 −10.5]

66 sim ( ’ f i r s tOrde rBrake . mdl ’ )

67 H = Headway . s i g n a l s . va lue s ;

68 dv = max(0 , deltaV . s i g n a l s . va lue s ) ;
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69 data = [H dv ] ;

70 hold on

71 plot (H, dv ) ;

72 s t r = [ ’ hdvcurves ’ num2str(−aminf ) ’ . tab ’ ] ;

73 save ( s t r , ’ data ’ , ’−a s c i i ’ ) ;

74 end

75 hold o f f

76 end%sk i p

77

78

79 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

80 % UHZ p l o t s

81 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

82 i f ( uhzcurves )

83 param = −10: .01:−7;

84 l = length ( param) ;

85 V0l = 30 ;%m/s

86 V0f = 30 ;%m/s

87 aminl = −10;%m/sˆ2

88 aminf = −8;%m/sˆ2

89 tau l =.01;%s

90 tau f = . 0 1 ;%s

91 ac tDe l l = 0 ;%s

92 ac tDe l f = 0 ;%s

93 comDel = . 0 2 ;%s

94 va l s = [ . 0 1 .02 . 1 ] ;

95 z = zeros (6 , l ) ;

96 for j =1:3

97 tau f = va l s ( j ) ;

98 for i = 1 : l

99 aminf = param( i ) ;

100 sim ( ’ f i r s tOrde rBrake . mdl ’ )

101 [ int , tmp ] = c r o s s i n g ( deltaV . s i g n a l s . va lues , Headway .

s i g n a l s . va lues , 2 . 5 ) ;

102 i f (tmp)
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103 z (2∗ j −1:2∗ j , i ) = tmp ;

104 end

105 end

106 end

107 tau f = . 0 1 ;

108 plot (param , z )

109 data = [ param ’ z ’ ] ;

110 save unsafeHeadwayTau . tab data −a s c i i

111

112 va l s = [ . 0 2 .04 . 2 ] ;

113 z = zeros (6 , l ) ;

114 for j =1:3

115 comDel = va l s ( j ) ;

116 for i = 1 : l

117 aminf = param( i ) ;

118 sim ( ’ f i r s tOrde rBrake . mdl ’ )

119 [ int , tmp ] = c r o s s i n g ( deltaV . s i g n a l s . va lues , Headway .

s i g n a l s . va lues , 2 . 5 ) ;

120 i f (tmp)

121 z (2∗ j −1:2∗ j , i ) = tmp ;

122 end

123 end

124 end

125 comDel = . 0 2 ;

126 plot (param , z )

127 data = [ param ’ z ’ ] ;

128 save unsafeHeadwayCom . tab data −a s c i i

129

130 va l s = [ . 0 2 .04 . 2 ] ;

131 va l s2 = [ . 0 1 .02 . 1 ] ;

132 z = zeros (6 , l ) ;

133 for j =1:3

134 comDel = va l s ( j ) ;

135 tau f = va l s2 ( j ) ;

136 for i = 1 : l
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137 aminf = param( i ) ;

138 sim ( ’ f i r s tOrde rBrake . mdl ’ )

139 [ int , tmp ] = c r o s s i n g ( deltaV . s i g n a l s . va lues , Headway .

s i g n a l s . va lues , 2 . 5 ) ;

140 i f (tmp)

141 z (2∗ j −1:2∗ j , i ) = tmp ;

142 end

143 end

144 end

145 comDel = . 0 2 ;

146 tau f = . 0 1 ;

147 plot (param , z )

148 data = [ param ’ z ’ ] ;

149 save unsafeHeadwayBoth . tab data −a s c i i

150 end%sk i p

151

152 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

153 % Monte Carlo

154 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

155 i f ( montecarlo )

156 nmc = 30 ;%number o f monte ca r l o s imu la t i on s

157 n = 1000 ;%number o f runs/mc

158 dV = [0 2 .5 5 ] ;%m/s

159

160 V0l = 30 ;%m/s

161 V0f = 30 ;%m/s

162 tau l = . 0 1 ;%s

163 tau f = . 0 1 ;%s

164 ac tDe l l = 0 ;%s

165 ac tDe l f = 0 ;%s

166 comDel = . 0 2 ;%s

167

168 %taus = [ . 0 1 . 1 ] ;

169 de l s = . 0 2 : . 0 2 : . 2 ;

170 amindev = [ . 2 . 7 5 ] ;%std de v i a t i on
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171 aminmean = [−9.75 −7 .75 ] ;

172 aminboundu = aminmean+[1 3 ] . ∗ amindev ;%upper bound

173 aminboundl = aminmean−[1 3 ] . ∗ amindev ;%lower bound

174 m = length ( d e l s ) ;

175 l = length ( amindev ) ;

176 ldv = length (dV) ;

177 %d i s t r i b u t i o n = zeros ( l d v ∗ l , 801) ;

178 everyth ing = zeros (m, l , ldv , nmc , 801 ) ;

179 for h = 1 : l %d i s t r i b u t i o n s

180 for i =1:nmc %monte ca r l o sims

181 aminlarray = boundedrandn (n , aminmean(h) , amindev (h) , aminboundl (

h) , aminboundu (h) ) ;

182 aminfarray = boundedrandn (n , aminmean(h) , amindev (h) , aminboundl (

h) , aminboundu (h) ) ;

183 for j = 1 :m %de l ay s

184 %tau f = taus ( j ) ;

185 comDel = de l s ( j ) ;

186 d i s t r i b u t i o n = zeros ( ldv , 801 ) ;

187 for k = 1 : n %runs

188 aminl = aminlarray (k ) ;

189 aminf = aminfarray (k ) ;

190 sim ( ’ f i r s tOrde rBrakenode l . mdl ’ ) ;

191 %s = succe s s (dV(2) , de l taV . s i g n a l s . va lues , Headway . s i g n a l s .

v a l u e s ) ;

192 s1 = suc c e s s (dV(1) , deltaV . s i g n a l s . va lues , Headway . s i g n a l s .

va lue s ) ;

193 s2 = suc c e s s (dV(2) , deltaV . s i g n a l s . va lues , Headway . s i g n a l s .

va lue s ) ;

194 s3 = suc c e s s (dV(3) , deltaV . s i g n a l s . va lues , Headway . s i g n a l s .

va lue s ) ;

195

196 %d i s t r i b u t i o n ( j , : ) = d i s t r i b u t i o n ( j , : )+s/n ;

197 d i s t r i b u t i o n ( 1 , : ) = d i s t r i b u t i o n ( 1 , : )+s1 /n ;

198 d i s t r i b u t i o n ( 2 , : ) = d i s t r i b u t i o n ( 2 , : )+s2 /n ;

199 d i s t r i b u t i o n ( 3 , : ) = d i s t r i b u t i o n ( 3 , : )+s3 /n ;
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200

201 end %runs

202 everyth ing ( j , h , : , i , : ) = d i s t r i b u t i o n ;

203 end %de l ay s

204 end %monte c a r l o s

205 %p l o t ( 0 : . 1 : 8 0 , d i s t r i b u t i o n )

206 end %d i s t r i b u t i o n s

207

208 data = 0 : . 1 : 8 0 ;

209 for i =1: ldv %dv

210 for h=1: l %d i s t

211 for j =1:m %de l

212 mat = squeeze ( everyth ing ( j , h , i , : , : ) ) ;

213 data = [ data ;mean(mat) ; var (mat) ] ;

214 end

215 end

216 end

217 data = data ’ ;

218 save newmontecarlodel . tab data −a s c i i

219

220 V0l = 30 ;%m/s

221 V0f = 30 ;%m/s

222 tau l = . 0 1 ;%s

223 tau f = . 0 1 ;%s

224 ac tDe l l = 0 ;%s

225 ac tDe l f = 0 ;%s

226 comDel = . 0 2 ;%s

227

228 %taus = [ . 0 1 . 1 ] ;

229 de l s = [ . 0 2 . 2 ] ;

230 amindev = . 2 : . 0 5 5 : . 7 5 ;%std de v i a t i on

231 aminmean = −9 .75 : . 2 : −7 .75 ;

232 aminboundu = aminmean+(1 : . 2 : 3 ) .∗ amindev ;%upper bound

233 aminboundl = aminmean− ( 1 : . 2 : 3 ) .∗ amindev ;%lower bound

234 m = length ( d e l s ) ;
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235 l = length ( amindev ) ;

236 ldv = length (dV) ;

237 %d i s t r i b u t i o n = zeros ( l d v ∗ l , 801) ;

238 everyth ing = zeros (m, l , ldv , nmc , 801 ) ;

239 for h = 1 : l %d i s t r i b u t i o n s

240 for i =1:nmc %monte ca r l o sims

241 aminlarray = boundedrandn (n , aminmean(h) , amindev (h) , aminboundl (

h) , aminboundu (h) ) ;

242 aminfarray = boundedrandn (n , aminmean(h) , amindev (h) , aminboundl (

h) , aminboundu (h) ) ;

243 for j = 1 :m %de l ay s

244 %tau f = taus ( j ) ;

245 comDel = de l s ( j ) ;

246 d i s t r i b u t i o n = zeros ( ldv , 801 ) ;

247 for k = 1 : n %runs

248 aminl = aminlarray (k ) ;

249 aminf = aminfarray (k ) ;

250 sim ( ’ f i r s tOrde rBrakenode l . mdl ’ ) ;

251 %s = succe s s (dV(2) , de l taV . s i g n a l s . va lues , Headway . s i g n a l s .

v a l u e s ) ;

252 s1 = suc c e s s (dV(1) , deltaV . s i g n a l s . va lues , Headway . s i g n a l s .

va lue s ) ;

253 s2 = suc c e s s (dV(2) , deltaV . s i g n a l s . va lues , Headway . s i g n a l s .

va lue s ) ;

254 s3 = suc c e s s (dV(3) , deltaV . s i g n a l s . va lues , Headway . s i g n a l s .

va lue s ) ;

255

256 %d i s t r i b u t i o n ( j , : ) = d i s t r i b u t i o n ( j , : )+s/n ;

257 d i s t r i b u t i o n ( 1 , : ) = d i s t r i b u t i o n ( 1 , : )+s1 /n ;

258 d i s t r i b u t i o n ( 2 , : ) = d i s t r i b u t i o n ( 2 , : )+s2 /n ;

259 d i s t r i b u t i o n ( 3 , : ) = d i s t r i b u t i o n ( 3 , : )+s3 /n ;

260

261 end %runs

262 everyth ing ( j , h , : , i , : ) = d i s t r i b u t i o n ;

263 end %de l ay s
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264 end %monte c a r l o s

265 %p l o t ( 0 : . 1 : 8 0 , d i s t r i b u t i o n )

266 end %d i s t r i b u t i o n s

267

268 data = 0 : . 1 : 8 0 ;

269 for i =1: ldv %dv

270 for h=1: l %d i s t

271 for j =1:m %de l

272 mat = squeeze ( everyth ing ( j , h , i , : , : ) ) ;

273 data = [ data ;mean(mat) ; var (mat) ] ;

274 end

275 end

276 end

277 data = data ’ ;

278 save newmontecar lodist . tab data −a s c i i

279 end%sk i p

280

281 i f ( d i s t h i s t )

282 a = boundedrandn (n ,−10 ,.25 ,− i n f ,−9.5) ;

283 b = boundedrandn (n,−10 ,1 ,− i n f ,−7) ;

284 r = ce i l (10∗ (max( a )−min( a ) ) ) ;

285 [ y , x ] = hist ( a , r ) ;

286 data = [ x ’ y ’ ] ;

287 save d i s t r i b u t i o n 1 . tab data −a s c i i

288 r = ce i l (10∗ (max(b)−min(b) ) ) ;

289 [ y , x ] = hist (b , r ) ;

290 data = [ x ’ y ’ ] ;

291 save d i s t r i b u t i o n 2 . tab data −a s c i i

292 end%sk i p

293

294 clock−t1

295 clock
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Appendix B

Simulink Model of Full Platoon and Associated Scripts

The Matlab scripts and Simulink models are included here so that subsequent inves-

tigators of AET are able to use the models and methods of safety analysis developed here

for further research. The listings are complete and include all code written by the author

for generating the plots found in Chapter 4. Understanding of these items may be useful

for comprehension of the analysis in this document but is certainly not necessary.

B.1 Simulink Model

Screen-shots of the model are found in Figures B.1 through B.6. The key to usage of

this Simulink model is understanding that nearly every signal is or can be a vector with

each element corresponding to a vehicle in the platoon. The first element of the vector is

the leader, the second index the second vehicle, etc. This way the number of vehicles is

easily configurable through Matlab scripts.

While this model has been used here almost exclusively for analysis of the emergency

brake scenario, there is no inherent limitation to this application. This model can serve well

for analyses of steady-state or less extreme emergency operations as well.

Screen-shots of Simulink Model

In the screen-shots several embedded Matlab functon blocks can be observed. The code

contained in these blocks is listed in the sections that follow.

VehiclePlotter

This block is for the sole purpose of visualization. Its output is used by the script in

Section B.2 to make plots that can be made into a movie by cycling through the plots like

a slide show with each plot shown for 0.07s.
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Fig. B.1: Full platoon model.
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Fig. B.2: Controller subsystem.

Fig. B.3: Vehicle subsystem.
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Fig. B.4: Vehicle motor subsubsystem.

Fig. B.5: Vehicle communication subsystem.



115

Fig. B.6: Vehicle sensors subsystem.

1 function [ x , y ] = fcn ( pos , V)

2 %#eml

3 l = V. l /2 ;

4 w = V.w/2 ;

5 x = [ pos+l pos+l pos−l pos−l pos+l ] ;

6 y = [w −w −w w w ] ;

Range

This sensor merely takes the vehicle positions and calculates the headway such as a

laser range finder or ultrasonic sensor might report. Note the commented out code to add

some noise to the measurement if desired.

1 function range = fcn (Pos , V)

2 %#eml

3

4 %sigma = .5;% s t . dev .

5 H = −d i f f ( Pos )−V. l ;

6 %f i r s t car has no reading

7 range = [ i n f ; H ] ;% + sigma∗randn ( l en g t h ( spac ing ) ,1) ] ;
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Regulation Layer

One of the more complicated function blocks, this takes the communicated, sensed, and

predetermined data and calculates the desired acceleration for each vehicle. A switch-case

function is used to determine which controller is employed during emergencies. Also in this

function (at the end) the manner of emergency signal propagation is determined, with the

serial type propagation (see Section 4.1.1 for description) commented out.

1 function [ ades ,EB] = fcn ( Sensor ,Comm, Vdes , time , Des i red Spac ing ,

Emergency accel , teb , Emergency in i t i a to r , c t l )

2 %#eml

3

4 n = length ( Sensor ) /3 ;%Number of Vehic les ;

5 H = Sensor ( 1 : n) ;

6 ve l = Sensor ( ( n+1) :2∗n) ;

7 a c c e l = Sensor ( (2∗n+1) : end) ;

8 p r e cv e l = Comm( 1 : ( n−1) ) ;%preced ing v e h i c l e v e l o c i t y

9 precacc = Comm(( n+1) : ( 2∗n−1) ) ;%preced ing v e h i c l e a c c e l e r a t i o n

10 %EB = Comm((2∗n+1) : end ) ;%emergency s i g n a l see be low

11 l v e l = Comm(1) ;%leade r v e l o c i t y

12 l a c c = Comm(n+1) ;%leade r a c c e l e r a t i o n

13 e r r = H−Des i red Spac ing ;

14 e r rdo t = vel −[Vdes ; p r e cve l ] ;

15

16 %Rajamani ’ s Con t r o l l e r

17 C1 = . 5 ;%importance o f l e ade r i n f o

18 zeta = 1 ;%dampint (1= c r i t i c a l )

19 wn = 5 ;%con t r o l l e r BW ( smal l f o r comfort ) ( j e rk<5m/s ˆ3)

20 l ade s = −( ze ta+sqrt ( ze ta ˆ2−1) ) ∗wn∗( v e l (1 )−Vdes ) ;

21 ad1 = (1−C1) .∗ precacc + C1∗ l a c c . . .

22 −(2∗ zeta−C1∗( ze ta+sqrt ( ze ta ˆ2−1) ) ) ∗wnˆ2 .∗ e r rdo t ( 2 :end) . . .

23 −( ze ta+sqrt ( ze ta ˆ2−1) ) ∗wn∗C1 . ∗ ( v e l ( 2 :end)− l v e l ) + wnˆ2 .∗ e r r ( 2 :end) ;

24 ad = max(−2 ,min ( 2 , [ l ade s ; ad1 ] ) ) ;%l im i t f o r passenger comfort

25

26 %in emergency

27 e lad = Emergency accel ;%leade r acce l−>0 once s topped
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28 switch c t l

29 case 1 %%no change c o n t r o l l e r

30 ead = [ e lad ; ad1 ] ;

31 case 2 %%choi

32 C1 = 0 ;%importance o f l e ade r i n f o

33 zeta = 1 ;

34 wn = 5 ;

35 ead1 = (1−C1) .∗ precacc + C1∗ l a c c . . .

36 −(2∗ zeta−C1∗( ze ta+sqrt ( ze ta ˆ2−1) ) ) ∗wnˆ2 .∗ e r rdo t ( 2 :end) . . .

37 −( ze ta+sqrt ( ze ta ˆ2−1) ) ∗wn∗C1 . ∗ ( v e l ( 2 :end)− l v e l ) + wnˆ2 .∗ e r r ( 2 :end)

;

38 ead = min ( 0 , [ e l ad ; ead1 ] ) . ∗ ( ve l >0) ;

39 case 3%%preced ing ac c e l method

40 ead = [ e lad ; min(0 , precacc ) ] . ∗ ( ve l >0) ;%emergency de s i r ed a c c e l e r a t i o n

41 case 4%%mycon t ro l l e r (PAH)

42 ead1 = precacc +e r r ( 2 : n ) ;

43 ead = min ( 0 , [ e l ad ; ead1 ] ) . ∗ ( ve l >0) ;

44 case 5 %%stay on t a r g e t method ( uncoordinated )

45 ead = [ e lad ; e lad+e r r ( 2 : n ) ] . ∗ ( ve l >0) ;%emergency de s i r ed a c c e l e r a t i o n

46

47 otherw i s e

48 ead = − i n f ∗ ones (n , 1 ) ;

49 end

50

51 EB = Comm((2∗n+1) : end) ;%emergency s i g n a l

52 %EB = [EB(1) ; EB(1 : n−1) |EB(2 : n) ];%1 v e h i c l e a t a time s e r i a l propagat ion

53 EB = min(cumsum(EB) ,1 ) ;%a l l f o l l ow i n g v e h i c l e s a t the same time r e c e i v e s i g n a l

54 ades = EB.∗ ead + (˜EB) .∗ ad ;%EB v e h i c l e s use emergency c o n t r o l l e r

55 i f ( time>teb )

56 EB( Emergency in i t i a to r ) = 1 ;%i n i t i a t o r immediate ly b eg in s brak ing

57 ades ( Emergency in i t i a to r ) = e lad ;%i n i t i a t o r does not f o l l ow prec . v e h i c l e s

58 end



118

Motor Coils

A simple first order system based on the RC equivalent model of motor coils with the

back electro-motive force.

1 function Tdot = fcn (v ,T,V)

2 %#eml

3 Tdot = (V.Kt∗v − V.Rm∗T)/V.Lm;

Vehicle Dynamics

This function implements all the modeling from Chapter 3.

1 function [ a , wdot , zdot ] = fcn (T m, F c , v , omega , z ,V)

2 %#eml

3

4 netFc = [ F c ’ 0 ] − [ 0 F c ’ ] ;%c o l l i s i o n f o r c e i s f o r c e on rear bumper , f r on t

bumper f o r c e= preced ing v e h i c l e rear

5 %r e l a t i v e v e l o c i t y

6 v r = V. h .∗ omega − v ;

7 %normal f o r c e

8 F n = 9.8∗V.M’ ;

9 %LuGre model

10 g = V. mu c+(V. mu st−V. mu c ) .∗exp(−sqrt (abs ( v r /V. v s ) ) ) ;

11 zdot = v r−V. theta .∗V. sigma0 .∗ abs ( v r ) . / g .∗ z ;

12 %long . dynamics

13 F tr = (V. sigma0 .∗ z +V. sigma1 .∗ zdot + V. sigma2 .∗ v r ) .∗ F n ;

14 F adrag = V. c adrag .∗ v . ˆ 2 ;

15 a = (4 .∗ F tr ’ −F adrag ’ + netFc ) . /V.M;

16 %rot . dynamics

17 wdot = (T m −V. h .∗ F tr −V.B.∗ omega ) . /V. J ;

Collision Detection

More than just detection, this block also calculates the force of collision between ve-

hicles. This is perhaps the most complicated block shown. This is largely due to the

requirement of knowing the time of initial impact. Thus persistent variables are used such
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that the time of collision (tci) is remembered between calls to the function. This function

also outputs the two vectors totalCollisions and collisions which should contain in-

formation about the number of impacts that occur between each vehicle and the number

of vehicles that had collisions over ∆vsafe. These outputs are not working correctly at the

time of this writing due to switching chatter.

1 function [ ncol , tnco l , Fc ] = fcn (Pos , Vel , V, time , dvsa fe )

2 %#eml

3 p e r s i s t e n t prevuCol prevCol t c i t o t a l C o l l i s i o n s c o l l i s i o n s ;

4 ldv = length ( dvsa fe ) ;

5 H = −d i f f ( Pos )−V. l ;

6 n = length (H) ;%number o f v e h i c l e s i n t e r a c t i o n s (#veh i c l e s −1)

7 dv = d i f f ( Vel ) ;

8 i f isempty ( prevuCol )%i n i t i a l i z a t i o n

9 prevuCol = zeros ( ldv , n) ;

10 prevCol = zeros (1 , n ) ;

11 t c i = zeros (1 , n ) ;

12 t o t a l C o l l i s i o n s = zeros ( ldv , n) ;

13 c o l l i s i o n s = zeros ( ldv , n) ;

14 end

15 co l = H<=0;%current c o l l i s i o n s

16 %r s t = doub le (˜ co l ) ;% r e s e t c o l l i s i o n time

17 t c i = t c i + ( time−t c i ) . ∗ ( co l ’−prevCol .∗ co l ’ ) ;%i n i t i a l c o l l i s i o n time

18 prevCol = double ( co l ’ ) ;

19 unsa fe = zeros ( ldv , length ( c o l ) ) ;%c o l l i s i o n s over dv sa f e t h r e s h o l d

20 for i = 1 : ldv

21 unsa fe ( i , : ) = (dv>dvsa fe ( i ) )&co l ;

22 end

23 t o t a l C o l l i s i o n s = t o t a l C o l l i s i o n s + unsafe−prevuCol .∗ unsa fe ;%t h i s shows how

many c o l l i s i o n s each v e h i c l e had

24 c o l l i s i o n s = min(1 , c o l l i s i o n s + unsa fe ) ;%t h i s on ly shows what v e h i c l e s had

unsafe c o l l s i o n s

25 prevuCol = unsa fe ;

26

27 tp = . 0 7 ;%s
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28 cd = 95800;%Ns/mˆ2

29 k = 73000;%N/m

30 tc = time − t c i ;

31 Fc1= cd .∗min(1 , tc ’ . / tp ) . ˆ 3 . ∗ dv.∗−H + k.∗−H;

32 Fc = Fc1 .∗ c o l ;%forc e from each c o l l i s i o n (non c o l l i s i o n s s e t to 0)

33 nco l = c o l l i s i o n s ;

34 tnco l = t o t a l C o l l i s i o n s ;

As has been mentioned in the main text, there is an infrastructure set up here such that

much more sophisticated models can be easily implemented, specifically with communication

and sensing.

All the blocks here can be configured through Matlab scripting. Comparison to Ap-

pendix A shows that this model is significantly more complicated with several times more

variables. The variables used for input are shown in Table B.1. The structure V helps to

organize the parameters that are representing vehicles directly instead of system or platoon

characteristics. These parameters can be set to vectors of the same length as the platoon

so that each vehicle has a unique value. These can also be set to scalars if homogeneity

is desired in the platoon. Examples of both types of assignment are found in the script in

Section B.3.

All the Matlab workspace variables in Table B.1 must be assigned for the Simulink

model to run properly, so it is recommended to always use a script such as found below.

There are several model outputs, nearly all in the form of workspace structure vari-

ables. The vehicle states of acceleration, velocity, and position are output to the struc-

ture VehicleStates. The collision force between each vehicle is found in the structure

collisonForce. These are the primary outputs used for the analysis. Another important

output is the VehiclePower structure which contains in Watts the power used by the motor.

The outputs collisions and totalCollisions are not currently functional.

B.2 Matlab Functions for Analyzing Data From the Full Platoon Model

The Matlab functions that follow are useful for analyzing and visualizing the outputs
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Table B.1: Inputs for full platoon Simulink model.

Workspace Variable Units Description

V.w m width
V.l l length
V.M kg mass
V.h m wheel effective radius
V.J Kgm2 wheel moment of inertia
V.B Kgm2/s rotational damping
V.c adrag - aerodynamic drag coefficient
V.Kemf Vs/rad motor back EMF constant
V.Kt Nm/a motor torque/amp constant
V.Rm Ω motor resistance
V.Lm H motor inducance
V.sat V battery maximum voltage
V.comDel s Communication delay
V.Kp - physical layer controller proportional gain
V.Ki - physical layer controller integral gain
V.Kd - physical layer controller derivative gain
V.theta - tire/road condition
V.mu c - Coulomb friction coefficient
V.mu st - static friction coefficient
V.sigma0 1/m spring factor
V.sigma1 s/m damping factor
V.sigma2 s/m viscus friction factor
V.v s m/s Stribeck velocity
V.v0 m/s initial velocity
V.x0 m initial position
Desired Velocity m/s platoon desired velocity
Desired Spacing m desired headway
teb s time emergency brake initiates
Emergency initiator - index of vehicle that begins emergency signal
Emergency accel m/s2 desired acceleration of platoon in emergency
dvsafe m/s acceptable ∆v of collision
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from the model. Some of the dependencies of these functions are already discussed in

Appendix A.

findDv.m

This function uses the impact force output of the model to find the time of impact,

with which the difference of vehicles’ velocities can be easily found. In the event of multiple

impacts the first is reported.

1 %Spencer Jackson

2 function Dv = findDv ( s ta t e s , f o r c e s )

3 [ r c ] = s ize ( f o r c e s ) ;

4 n=c ;

5 Dv = zeros (1 , n−1) ;

6 for i =1:n−1

7 indx = c r o s s i n g ( f o r c e s ( : , i +1) , f o r c e s ( : , 1 ) , . 0 0 1 ) ;

8 %for j =1: l e n g t h ( indx )

9 i f ( indx )

10 Dv( i ) = s t a t e s ( indx (1 ) ,n+2+i ) − s t a t e s ( indx (1 ) ,n+1+i ) ;

11 end

12 end

make500.m

This function is only useful if using the output data in LATEX plots created by the

pgfplots package. Very large data sets are easily generated by this model, and the full

resolution plots showed tendencies to exceed the limited memory of TEX. A resolution of

about 500 points proved perfectly appropriate for this document, so the outputs were down

sampled to approximately this size.

1 %Spencer Jackson

2 %t h i s f unc t i on tak e s a t a b l e and makes i t more manageable (500 i s h po in t s ) f o r

p g f p l o t s

3 function smal ldata = make500 ( data )

4 [ r c ] = s ize ( data ) ;

5 i f ( r>600)
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6 step = f loor ( r /500) ;

7 smal ldata = data ( 1 : s tep : end , : ) ;

8 else

9 smal ldata = data ;

10 end

makevid.m

This visualization function can be run after the model to both display a video in the

Matlab figure and save each plot created so that they can be made into other format videos

using simple video editors available for free on the Internet. The images are numbered and

need only be imported in order and set so that each displays for one fifteenth of a second

(about 0.07s). It is recommended that a separate directory be used to contain all the files

generated as they can number in the hundreds for even short videos.

1 %Spencer Jackson

2 %Aug 2012

3 %t h i s f unc t i on only works a f t e r running p la toon . mdl

4 function makevid ( dir )

5 mkdir ( dir ) ;

6 Vstr = [ ’V = ’ ] ;

7 VX = eva l i n ( ’ base ’ , ’ Vehic le X ’ ) ;

8 VY = eva l i n ( ’ base ’ , ’ Vehic le Y ’ ) ;

9 VV = eva l i n ( ’ base ’ , ’ Vehic le V ’ ) ;

10 V = eva l i n ( ’ base ’ , ’V ’ ) ;

11 n = s ize (VX. s i g n a l s . va lues , 1 )

12 for i =1:n−1

13 Vstr = [ Vstr ; ’V = ’ ] ;

14 end

15 f igure (1 ) ;

16 c l f ;

17 handle = plot ( [ 0 0] , [−1 2 ] ) ;

18 texthand le = text (1 , 1 , ’ . ’ ) ;

19 for t = 1 : s ize (VX. s i g n a l s . va lues , 3 )

20 delete ( handle ) ;
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21 delete ( texthand le ) ;

22 handle = plot (VX. s i g n a l s . va lue s ( : , : , t ) ’ ,VY. s i g n a l s . va lue s ( : , : , t ) ’ ) ;

23 axis equal ;

24 texthand le = text (VX. s i g n a l s . va lue s (1 , 3 , t ) ,V.w , [ ’V = ’ num2str(VV. s i g n a l s .

va lue s (1 , 1 , t ) ’ , 2 ) ] ) ;

25 print ( ’−dpng ’ , [ dir ’ / ’ num2str( t ) ’ . png ’ ] ) ;

26 %pause ( . 0 6 ) ;%uncomment f o r in f i g u r e movie

27 end

28 end

B.3 Matlab Script for Setting Up and Running the Full Platoon Model with

Emergency Brake Scenario, and Analyzing the Results

This script runs the Simulink model and generates the data for plots such as shown in

Chapter 4. The model is run once for each of the five controllers.

1 %Spencer Jackson

2 %July 2012

3

4 %con t r o l l e r s

5 n c t l =5;

6 ctlname = c e l l ( nct l , 1 ) ;

7 ctlname {1} = ’ none ’ ;

8 ctlname {2} = ’ cho i ’ ;

9 ctlname {3} = ’ precacc ’ ;

10 ctlname {4} = ’mine ’ ;

11 ctlname {5} = ’ sot ’ ;

12

13 %Vehic l e / p la toon c h a r a c t e r i s t i c s

14 Number of Vehic les = 5 ;

15 V.w = 2 ;%m width

16 V. l = 5 ;%m leng t h

17 V.M = 1707+80∗randn (1 , Number of Vehic les ) ;%kg mass

18 V. h = . 3 2 3 ;%m wheel e f f e c t i v e rad ius

19 V. J = 2 . 6 0 3 ; %ro t a t i o n a l i n e r t i a ( wheel + motor )
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20 V.B = 1 . 2257 ; %ro t a t i o n a l damping

21 V. c adrag = . 3 6 9 3 ; %aerodynamic drag c o e f f

22 V.Kemf = . 4 7 ;%vs /rad Motor back emf gain

23 V.Kt = . 4 9 ;%nm/a motor torque /amp gain

24 V.Rm = . 1 ;%ohm motor r e s i s t a n c e

25 V.Lm = .000022 ;%h armature inductance

26 V. sa t = 250 ; %v sa tu ra t i on ( b a t t e r y max V)

27 V. comDel = . 0 2 ;%s communication de lay

28

29 %phy s i c a l l a y e r p id c o n t r o l l e r ga ins

30 V.Kp = 1000 ; %vc on t r o l l e r

31 V. Ki = 10 ; %vc on t r o l l e r

32 V.Kd = 0 ; %vc on t r o l l e r

33

34 %t i r e and road c h a r a c t e r i s t i c s

35 V. theta = 1 ; %road cond i t i on

36 V. mu c = . 3 5 ; %Coulomb f r i c t i o n c o e f f

37 V. mu st = . 5 ; %s t a t i c f r i c t i o n c o e f f

38 V. sigma0 = 100 ; %spr ing f a c t o r

39 V. sigma1 = . 7 ; %damping f a c t o r

40 V. sigma2 = . 0 1 1 ; %vi s cou s f r i c . f a c t o r

41 V. v s = 10 ; %St r i b e c k v e l o c i t y

42

43 %se t po in t s

44 Des i r ed Ve l o c i t y = 30 ;%m/s

45 Des i red Spac ing = 1 ;%m, bumper to bumper d i s t .

46 teb = 1 ;%s time o f emergency brake s t a r t

47 Emergency in i t i a to r = 1 ;%ve h i c l e # in p la toon t ha t s t a r t s EBS

48 Emergency accel = −10;%m/sˆ2 de s i r ed a c c e l e r a t i o n in EBS

49 dvsa fe = [ 0 2 .5 5 ] ;%m/s a l l owa b l e d e l t a V in c o l l i s i o n

50

51 %i n i t i a l c ond i t i on s : ( l ead v e h i c l e i s index 1) ;

52 V. v0 = 30∗ ones (1 , Number of Vehic les ) ;%m/s

53 %you probab l y don ’ t need to change anyth ing be low t h i s po in t

54 i f ( length (V. l )==1)
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55 step = (V. l +1) ;%1 i s i n i t i a l headway

56 V. x0 = step ∗Number of Vehic les :− s tep : s tep ;

57 else

58 V. x0 = ( Number of Vehic les :−1:1) + f l i p l r (cumsum( f l i p l r (V. l ) ) ) ;

59 end

60

61 %eve ry t h in g a f t e r t h i s i s s imu la t i on s t u f f

62 Dv = zeros ( nct l , Number of Vehic les −1) ;%c l o s i n g speed o f i n i t i a l impacts

63 t s top = zeros (1 , n c t l ) ;%time to s top

64 for ( c t l =1: n c t l ) %c t l s e l e c t s the c o n t r o l l e r (1 rajamani , recommended )

65 sim ( ’ p latoon . mdl ’ ) ;

66 data = [ Veh i c l eS ta t e s . time squeeze ( Veh i c l eS ta t e s . s i g n a l s (1 ) . va lue s

( 1 , : , : ) ) ’ squeeze ( Veh i c l eS ta t e s . s i g n a l s (2 ) . va lue s ( 1 , : , : ) ) ’ squeeze

( Veh i c l eS ta t e s . s i g n a l s (3 ) . va lue s ( 1 , : , : ) ) ’ ] ;

67 data2 = [ c o l l i s i o nF o r c e . time c o l l i s i o nF o r c e . s i g n a l s . va lue s ] ;

68 Dv( c t l , : ) = findDv ( data , data2 ) ;

69 t s top ( c t l ) = max( c o l l i s i o nF o r c e . time ) ;

70 d = make500 ( data ) ;

71 d2 = make500 ( data2 ) ;

72 s = [ ’ Vstates ’ ctlname{ c t l } ’ 3 . tab ’ ] ;

73 save ( s , ’ d ’ , ’−a s c i i ’ ) ;

74 s = [ ’ c f ’ ctlname{ c t l } ’ 3 . tab ’ ] ;

75 save ( s , ’ d2 ’ , ’−a s c i i ’ ) ;

76 end%sk i p sim

77 Dv = Dv

78 t s top = ts top


