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Abstract: The saturation problem in heterogeneous vehicle platoons is considered. With
leader and predecessor following control architecture, actuator saturation in a vehicle causes
its followers to collide due to their link with the faster leader vehicle. A modification of the
actual leader and predecessor following control method is proposed that automatically detects
the saturation of other vehicles ahead, and reconfigures the tracking strategy to avoid collisions.
The method is based on spacing policy estimation with the help of a virtual predecessor
vehicle model. The proposed controller does not require additional measurements or extra
communication, and is designed to satisfy string stability requirements. The results are verified

by simulation examples.
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1. INTRODUCTION

A feasible solution to the problems of overloaded road
network is to exploit available capacities more efficiently.
A vast part of developments in the automotive industry is
directed toward an automated and cooperative transporta-
tion network where self-driving cars with communication-
and sensor-based technologies can deliver improved safety,
mobility, and reduced fuel consumption. One basic tool
to achieve these goals is automated platooning. A platoon
is a group of autonomous vehicles organized to cooperate
with each other aiming to safely follow the platoon leader
with smallest possible inter-vehicle gaps, see Alvarez and
Horowitz (1997); Tsugawa et al. (1997); Bergenhem et al.
(2010); Alfraheed et al. (2011); Kunze et al. (2009).

String stability (SS) of the platoon is the main issue that
must be guaranteed when designing the platoon control
system. Roughly speaking, SS means that tracking errors
do not amplify backwards along the vehicle string. Several
definitions of SS exist depending on the source of the tra-
jectory perturbation like nonzero initial conditions, change
in the reference input or disturbances, Sheikholeslam and
Desoer (1990); Swaroop and Hedrick (1996); Ploeg et al.
(2014). If only the spatial evolution of some performance
outputs is to be examined in a homogeneous platoon, as
effect of a single disturbance at the lead vehicle, it is com-
mon to prescribe that the sequence of worst case signals of
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Fig. 1. Platoon simulation with a 5 degree uphill starting
at 10s. Saturation of the first follower (vehicle 1)
results in the collision of vehicles 1-4 (p; — p;—1 > 0).

interest be monotonously decreasing. For heterogeneous
platoons with diverse mass/power ratio this monotony
requirement is too stringent as it was demonstrated by
Shaw and Hedrick (2007).

A common platoon control architecture that guarantees
SS is leader and predecessor following (LPF) where the
driving/braking force depends on the motion of both the
leader and the predecessor vehicle. String stability and
even safety are seriously compromised in LPF strategies if
there are actuator saturations in the vehicles. If a vehicle
between the ego and the leader vehicle cannot keep space
due to its high mass/power ratio, the non-saturating ego
vehicle may collide to its predecessor, see Mihaly and
Géspér (2012) and Fig. 1.



Some authors propose to limit the type of vehicles that
can be organized in one group, but this approach would
limit the applicability of platooning and would require a
large burden of organization. Jovanovic et al. (2004) pro-
vided a method for computing the set of allowable initial
conditions and corresponding feedback-gain constraints for
avoiding saturation in each vehicles. Warnick and Ro-
driguez (1994, 2000) considered the performance degrada-
tion problem when controllers with integral action wind up
in a transient period, and proposed anti-windup solutions
for the same vehicle. They assumed that all vehicles can
reach the same speed limit, so the saturation problem
ceased after the windup transient. In contrast, Mihdly and
Gaéspdr (2012) considered a platoon of vehicles with diverse
mass/power ratio and with extensive simulation studies
illustrated the problem on a hilly terrain. They examined
three methods to avoid collision: 1.) a priori organization
of the vehicles according to decreasing mass/power ratio
is not feasible due to dynamically changing conditions;
2.) informing the leader vehicle to slow down to fit the
weakest vehicle in the group degrades performance of the
whole group and avoiding collision in a longer platoon
is not guaranteed; 3.) avoiding collision by breaking up
the platoon to mini-platoons requires that the saturating
vehicle informs all of its followers about saturation and
about the taking over of leadership. This approach requires
continuous organization of breaking up and then re-union
of platoons.

In this paper we propose an automatic mechanism for
the ego vehicle to deal with saturation of other vehicles
ahead. Using this method by every member of the pla-
toon, collisions are avoided while SS is preserved. In long
uphill roads, the breaking up the platoon is unavoidable.
Overtaking maneuvers and reorganization of the vehicle
ordering is an issue that can be carried out independently
of our proposed method.

Vehicle models with actuator saturation and the control
structure are presented in Section 2. Detection of satura-
tion in other vehicles and the spacing policy reconfigura-
tion method are discussed in Section 3. The design method
for achieving SS and simulation results are presented in
Sections 4 and 5, respectively.

2. VEHICLE MODELING

In this section the models for longitudinal controller design
as well as the platoon controllers are presented.

2.1 Vehicle models

The longitudinal dynamics of a vehicle is a highly nonlin-
ear and hybrid dynamics due to the engine-speed depen-
dent motor torque characteristics, gear dependent torque
transmission and the gear change process. References
Hedrick et al. (2001) and Gerdes and Hedrick (1997)
present models for the longitudinal vehicle dynamics and
nonlinear controllers that may serve as low level controllers
tracking a speed or acceleration reference signal. The
closed-loop system can be well approximated in certain
limits by the following simple linear dynamics with two
integrators and an actuator saturation model
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Fig. 2. Saturation limits for two types of vehicles: Type
1 vehicle has lower mass/power ratio than Type 2
vehicle. Vehicle acceleration is limited by speed and
road slope dependent limits.

pi(t) = vi(t) (1)

0i(t) = aq(t) (2)

. 1 1 sat

lt) = = ai(t) + ~ui () 3)
where u; denotes the acceleration reference provided by
the platoon controller, and 7; is a constant parameter
of the closed-loop dynamics. Let Hi(s) = — +1 denote
the transfer function of the linear actuator dynamics.
The finite power of the vehicle is modeled by a speed
and road-slope dependent nonlinear function uf(t) =
ui® (u;(t); vi(t), a(t)) defined by

ui(uyv, @) = (4)
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The saturation limit function is plotted in Fig. 2.
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2.2 Controller structure

It is assumed that the spacing errors, e; g, €;;—1, their
derivatives and accelerations ag, a;_1, are available at
vehicle ¢. The goal of each distributed spacing controllers
is to follow a linear combination of the motion of reference
vehicles, 0 and i—1. The controller is defined in the Laplace
domain as follows

wi(s) = Kox(s) {GO(I%;(?;(S)} + K i(s) [aiféfi)j(gﬁ(ﬂ (8)

where

7>

() = { K s+ K] s+ K,
S

K;i(s G Kjl,j=0,1 9
2 ? Tpst

with appropriate constant parameters, K7 ; K, KJ ; >
0. This control structure is common in LPF archltectures
see Swaroop (1994), except that the desired spacing func—
tions, R; ; are expressed as inputs. For an LPF controller

with constant spacing policy, R; ;(t) = L; ; are constants.



3. ADAPTIVE SPACING POLICY

An adaptive spacing policy has been recently developed by
Rodonyi and Szabé (2016) for vehicles in ad hoc platoons
where mixed human driven and autonomous vehicles are
allowed to follow each other. In those heterogeneous pla-
toons an autonomous vehicle that applies an LPF control
strategy faces similar problems to the problem with satu-
rating predecessors: preceding vehicles do not keep the pre-
sumed spacing policy and due to the link with the leader,
the ego vehicle runs down its predecessor. The solution
proposed by R6dényi and Szabé (2016) was to estimate
a virtual spacing policy of a virtual predecessor vehicle
that can be computed online based on already available
measurements. In that paper SS was not considered, but
there remained design freedom in the parameters to cope
with the SS issue.

In this paper the adaptive spacing policy by Rodonyi
and Szab6 (2016) is adopted for the platooning problem
with saturating actuators. The unknown input observer
for the virtual predecessor vehicle is modified here, so that
a relatively simple design procedure leads to SS.

3.1 Consistency of spacing policies

From the point of view of the ego vehicle (vehicle 7) it is
irrelevant that a predecessor (any follower vehicle ahead,
i = 1,2,....,4 — 1) deliberately follows the leader vehicle
according to a different policy (mixed traffic) or due to
some fault, or due to actuator saturation. The result is
that the spacing policies are inconsistent.

Let R; j denote the desired spacing of vehicle ¢ with respect
to vehicle j, for all j which is defined by the control
strategy. Let vehicle ¢ be controlled by a LPF strategy,
so j =0 or j =i — 1. The control goal of vehicle i is to
drive its spacing errors

€;,j (t) = Dy (t) — pi(t) — Ri,j (t), Vj € {0, T — 1} (10)
to zero. This is only possible when

Ri—10(t) + Rii—1(t) = Rio(t), (11)
is satisfied, which is the definition of consistency of spacing
policies between vehicles 0, i — 1, and ¢, see R6donyi and
Szabd (2016).

For vehicle i the spacing policy of the predecessor R;_1,(t)
is not known in an ad hoc (mixed) platoon. Similarly, the
actual ”spacing policy” R;_1 o(t), which is now determined
by the actuator saturation, is not known for the control of
vehicle 7. The goal is to estimate the actual spacing policy
of the predecessor and modify the local policy R;o(t) to
satisfy (11). If we chose a constant spacing with respect to
the predecessor, say R;;—1(t) = L;;—1, then the adaptive
spacing policy with respect to the leader vehicle is given
by

Rio(t)=1L;;—1+ Ri—10(t) (12)
where I%i_l7o(t) is the virtual spacing policy of the virtual
predecessor vehicle with respect to the leader.

3.2 Virtual Predecessor

A virtual predecessor vehicle is a virtual vehicle model
whose acceleration, speed and position coincides with

those of the true predecessor vehicle. It has two type of
inputs. 1.) acceleration of the leader, ag, relative speed,
v9—v;_1, and relative position, po—p;_1 - all measurements
are available for vehicle ¢; 2.) spacing demand Ri_w which
is an unknown input, but it drives the virtual vehicle to
move as if glued together with the true predecessor vehicle.

The choice of the virtual predecessor model influences the
distribution of the distance py — p;_1 between a ”deliber-

ate” part, R;_10, and a spacing error part, é;_1,0 = po —

pi—1—Ri—1,0. The choice influences the spacing error of the
ego vehicle e; ;_1 and also the freedom left for designing a
controller for vehicle i to achieve SS.

The spacing policy of the predecessor vehicle can be
estimated based on the inversion of a virtual predecessor
vehicle model. Let the virtual predecessor vehicle be a
system with predecessor following control architecture
defined by the equations

au(s) = Ho ()t (s) (13)
wo(s) = Ku(s)(a0(s) — av(s)) + KLRi_1o(s)  (14)
Fo(s) = e F Kis+ Ky ?gs Ky (15)
Hy(s) = — (16)

Tvs + 1
where subscript v refers to ”virtual”, and vehicle index
1 — 1 is omitted for brevity of notation. The closed-loop
virtual model reveals

ay(s) =[Vi(s), Va(s)] [f{?_ol(z)(s)} (17)

V0= I "
Hy(s)Kp

Va(s) ' "

T 1+ Hy(s)K,y(s)
Since the system is controllable from input f%i_Lo, there

exists a function R;_;(t) such that the requirements
Ay = G;_1, Uy = Vi1, Py = pi_1 can be achieved, i.e.,
we have from (17)

ai—1(s) = Vi(s)ao(s) + Va(s)Ri—1,0(s)

for an appropriate virtual spacing policy ]:21-_1,0( ).

(20)

3.8 Approximation of Virtual Spacing Policy

Using dynamic inversion for system V5 would require the
use of acceleration derivatives, which we would like to
avoid, therefore an approximate inverse is applied instead.
To derive an approximate inverse, multiply (20) by Q(s) =
T8 + 1, with design parameter 7, > 0,

Q(s)ai-1(s) = Q(s)V1(s)ao(s) +Q(s)Vals) Ri-1,0(s) (21)
and define S(s) = (Q(s)Va(s))™! to obtain

Ri 10(5) = S(5)Q(s)(@i1(s) — Va(s)ao(s)).  (22)
Since S(AS)Q(S) is not a proper system and the computa-

tion of R;_1,0 would require the derivation of acceleration
measurements, we define a filtered spacing demand,

R\ o(5) = S(s)(ai—1(s) = Vi(s)ao(s)).

Using R?q,o instead of R; 1 have some consequences on
the dynamics of vehicle 7 in exchange for giving up the

(23)



exact much of a, = a;—1. To see this, combine (17) with
(23),

Q(s)ay(s) =Q(s)Vi(s)a
+Q(s)Va

o

—~
VA

~

(24)

which implies
1
o(8) = ———ai- Vi
ay () s 1” 1(5)+qu+1 1(s)ao(s).

In steady-state, a, equals to a;_1 and at small frequencies
it approximates a;_; well. The high frequency component
of measurements a;_1,ag, typically the noise content, is
filtered out. Depending on the choice of 7, the leader
motion has a disturbing effect through band-pass filter
o +1 Vi(s). A unit step change in the acceleration of the

(25)

leader while the predecessor is saturating with v;_1(¢) =
const results in a steady state speed difference of 7,
between the predecessor and the virtual vehicle, and this
will increase the spacing error, e; ;1 of vehicle i.

The control scheme with the virtual spacing policy esti-
mation

R0 = 56) [ 20| B = =561, 509)

(26)
is illustrated in Fig. 4.

4. DESIGN FOR STRING STABILITY

The design for SS of the adaptive spacing controller can be
started from the nominal case without spacing adaptation.
Then the controller is extended with the unknown virtual
spacing policy estimator and a new feedback-loop.

4.1 Nominal Controller Design

One goal of the control design is to drive the spacing errors
to zero in steady state and the second is to guarantee SS
for attenuating the transient processes. The first goal is
achieved by the control structure shown in Fig. 3 provided
that the spacing policies are consistent in the platoon,
see Rodonyi and Szabé (2016). The design procedure for
SS is detailed in Rodonyi (2015). The basic steps are the
following.

First design a good reference following controller, K;(s),

u;(s) = Ki(s)(ap,i(s) — ai(s)) (27)
ap,i(8) = piao(s )+ (1= pi)ai-1(s) (28)
K-,L(S): Ka 7,3 +Kv ZS—’_KP’L (29)

52
to track reference a, ;(s). The closed-loop system T5,(s) =
Kl(S)Hl(S)
14+ K;(s)H;(s)
[Tl > 1 by Bode complementary sensitivity integral

theorem, Seiler et al. (2004).

has the following properties, 7,,(0) = 1 and

The condition for SS is that the closed-loop gain from
a;_1 to a; is less than one for all w > 0, see R6donyi
(2015), i.e., (1 — p))Th|leo < 1, which can be satisfied by
an appropriate choice for p;.
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Fig. 3. Leader and predecessor following control architec-
ture at vehicle ¢ without spacing policy adaptation
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Fig. 4. Leader and predecessor following control architec-
ture at vehicle 4 with spacing policy adaptation

4.2 Adaptive Controller Design

The goal of the spacing-adaptive control design is to
recover the normal operation when no saturation occurs,
and in case of saturation, the collisions are avoided, and
the spacing errors remain small and bounded.

The design parameters are the following, K ;(s), Ko:(s),
H,(s), Ky(s), Ty, Ty. It will be shown by simulation in the
next section that by using the following simple design
procedure the desired goals can be achieved.

1.) Let us fix 7, > 0. Let Ky ;(s) = (1 — p;)K;(s), where
K;(s) is designed in the previous subsection.

2.) The choice Ky,(s) = p;Ki(s) would recover the
nominal case. Instead, let Ko ;(s) = p; K, (s), where K,(s)
is still unknown, and let 7, = 7.

3.) If the set of closed-loop poles of the nominal system
are denoted by A(T},), then let the virtual predecessor
model V; is designed to have A(V1) = ¢}, A(Ty), i.e., the
bandwidth and the poles of the nominal transfer function
is multiplied by a factor cj,,. Thus K, (s) is given by the
solution of a pole-placement problem.

It is interesting to note that the SS condition changed for
the adaptive architecture. From Fig. 5 it can be seen that
the transfer function mapping ag to a; has a zero in 0.
Therefore, it is no longer required for ensuring SS that
|Ta;.0: 1 (0)] < 1, where

14 Hi(s)(K1,i(s) + Koi(s))

String stability is guaranteed if |1y, o, , (jw)| < 1, Vw > 0,
and [T, ., (0)] < 1, see Rodonyi (2015).

Toia, 1 (8) = (30)

iy Qi—1

String stability condition || Ty, a;_, ||co § 1 can be achieved
by increasing the bandwidth factor cpp- With increasing
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¢y, however, the control action ug; is also increasing,
therefore it is worth keeping cf,, as small as possible.

Unfortunately, there is a trade-off also between SS and the
convergence of the spacing policy estimation. The worst-
case gain ||Tq, a0, , |loc is plotted for several values of ¢},
and 7, in Fig. 6. Smaller 7, results in faster convergence

of Rgl,o to R;_ 10, but also higher ¢}, , and so higher
control effort is necessary to satisfy the SS condition
HT(li7(li71||OO S 1

5. SIMULATION RESULTS

In this section the proposed adaptive spacing platoon
control algorithm is verified by simulation examples. The
vehicle and controller parameters are the same for all
vehicles, ; = 0.7, K} ; = 091, K, = 04, K, ; = 1.58,
pi = 01281, 7y = 7, ¢y, = 5, KJ; = 455, K, =
13.5, K); = 10. The vehicles differ in the saturation
limits given by amaz.0 = 2.5m/8%, Vmazo0 = 145.33km/h,
v,.0 = 50km/h for Type 1 vehicle, and amaq,0 = 2.2m/s?,
Umaz,0 = 122.11km/h, v, o = 40km/h for the vehicle with
higher mass/power ratio.

The simulation scene is the following. The platoon is
traveling on level road at speed 115km/h. Then at t =
10s the leader reaches an uphill of @ = 5 degrees. The
separation distance is 10m. All vehicles but the first
follower are of Type 1. So the first follower saturates on the
uphill, its speed reduces to 100km /h. Fig. 1 shows the case
with standard leader and predecessor following platoon
controllers on each vehicles. Vehicle 1 drops behind while
the other followers are pulled by the leader resulting in
collisions (p;(t) — p;—1(t) > 0).

The effect of spacing adaptation is shown in Fig. 7. The
leader keeps its speed of 115km/h until ¢ = 30s, while
followers ¢ > 1 keep space with vehicle 1. The spacing
error increased to about 2m. Then the leader accelerates
with ag = 1m/s? between t € [35s,45s], which increases
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Fig. 7. Spacing in case of the proposed adaptive spacing
policy controllers
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Fig. 9. Speed difference of virtual and true predecessor
vehicles

further the spacing errors of the followers according to
(25), see Fig. 8. This performance degradation is due to the
approximation error RiQ—Lo(t) — Ri_1,0(t). Fig. 9 shows the
speed difference between the predecessor and the virtual
vehicle. Nevertheless, the collisions are still avoided. The
spacing errors in Fig. 8 are shown in a longer time period
to see the SS of the formation.

To see how the nominal performance is recovered the
end of the scene is modified as follows, see Fig. 10. The
leader accelerates between ¢t = 30s and ¢t = 35s with
ao(t) = 1m/s® then decelerates between ¢t = 45s and
t = 50s with ag(t) = —1m/s?. The road is again horizontal
from t = 38s. The followers reach the leader at about
t = 183s. After that time the spacing errors reduce to
zero, so the nominal operation is recovered.
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6. CONCLUSION

An adaptive spacing policy based solution is proposed
to handle the problem caused by actuator saturation of
vehicles in a platoon of diverse mass/power ratio. In this
approach the virtual spacing policy of the predecessor
vehicle is only approximated, and the gluing together of
the virtual and the predecessor vehicle is not ensured. This
has a negative consequence on the tracking performance
during saturation of vehicles, nevertheless collisions are
avoided, string stability is guaranteed, and nominal per-
formance is recovered after saturation effects ceased.

REFERENCES

Alfraheed, M., Droge, A., Klingender, M., Schilberg, D.,
and Jeschke, S. (2011). Longitudinal and lateral control
in automated highway systems: Their past, present and
future. Intelligent Robotics and Applications Lecture
Notes in Computer Science, 7102/2011, 589-598.

Alvarez, L. and Horowitz, R. (1997). Safe platooning in
automated highway systems. PATH Research Report,
UCB-ITS-PRR-97-46.

Bergenhem, C., Huang, Q., Benmimoun, A., and Robin-
son, T. (2010). Challenges of platooning on public mo-
torways. 17th World Congress on Intelligent Transport
Systems, Busan, Korea, 1-12.

Gerdes, J. and Hedrick, J. (1997). Vehicle speed and spac-
ing control via coordinated throttle and brake actuation.
Control Engineering Practice, 5, 1607-1614.

Hedrick, J., Chen, Y., and Mahal, S. (2001). Optimized
vehicle control/communication interaction in an auto-
mated highway system. Technical report, PATH techni-
cal report, UCB-ITS-PRR-2001-29.

Jovanovic, M.R., Fowler, J.M., Bamieh, B., and D’Andrea,
R. (2004). On avoiding saturation in the control of
vehicular platoons. In American Control Conference,
2004. Proceedings of the 2004, volume 3, 2257-2262.

Kunze, R., Ramakers, R., Henning, K., and Jeschke, S.
(2009). Organization and operation of electronically
coupled truck platoons on german motorways. M. Xie
and Y. Xiong and C. Xiong and H. Liu and Z. Hu (eds.)
ICIRA 2009, LNCS, Springer, Heidelberg, 5928, 135-
146.

Mihély, A. and Géspér, P. (2012). Control of platoons con-
taining diverse vehicles with the consideration of delays
and disturbances. Periodica Polytechnica Transporta-
tion Engineering, 40(1), 21-26. doi:10.3311/pp.tr.2012-
1.04.

Ploeg, J., van de Wouw, N., and Nijmeijer, H. (2014).
L, string stability of cascaded systems: Application
to wvehicle platooning. Control Systems Technol-
ogy, IEEE Transactions on, 22(2), 786-793.  doi:
10.1109/TCST.2013.2258346.

Rodonyi, G. (2015). Leader and predecessor following ro-
bust controller synthesis for string stable heterogeneous
vehicle platoons. In 8th IFAC Symposium on Robust
Control Design, ROCOND, Bratislava, Slovak Republic,
154-159.

Rodonyi, G. and Szabd, Z. (2016). Adaptation of spacing
policy of autonomous vehicles based on an unknown
input and state observer for a virtual predecessor ve-
hicle. In To appear in Proceedings of the 55th IEEE
Conference on Decision and Control.

Seiler, P., Pant, A., and Hedrick, K. (2004). Disturbance
propagation in vehicle strings. IEEE Transactions on
Automatic Control, 49(10), 1835-1842.

Shaw, E. and Hedrick, J. (2007). String stability analysis
for heterogeneous vehicle strings. In American Control
Conference, 2007. ACC 07, 3118-3125.

Sheikholeslam, S. and Desoer, C.A. (1990). Longitudinal
control of a platoon of vehicles. Proc. 1990 American
Control Conference, San Diego, CA, 291-297.

Swaroop, D. and Hedrick, J. (1996). String stability
of interconnected systems. Automatic Control, IEEE
Transactions on, 41(3), 349-357.

Swaroop, D. (1994). String stability of interconnected
systems: An application to platooning in automated
highway systems. PhD dissertation.

Tsugawa, S., Aoki, M., Hosaka, A., and Seki, K. (1997).
A survey of present IVHS activities in Japan. Control
Engineering Practice, 5, 1591-1597.

Warnick, S.C. and Rodriguez, A.A. (1994). Longitudinal
control of a platoon of vehicles with multiple saturating
nonlinearities. In American Control Conference, 199/,
volume 1, 403-407 vol.1. doi:10.1109/ACC.1994.751767.

Warnick, S.C. and Rodriguez, A.A. (2000). A systematic
antiwindup strategy and the longitudinal control of a
platoon of vehicles with control saturations. IEEE
Transactions on Vehicular Technology, 49(3), 1006—
1016. doi:10.1109/25.845117.



