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This paper discusses cooperation applied to a platoon of electric vehicles using an Eco-Driving Optimal Controller (EDOC). The proposed algorithm is evaluated in terms of energy efficiency and string compactness in comparison with the non-cooperative EDOC and standard adaptive cruise control using a drive cycle based scenario. A theoretical analysis of string stability with and without cooperation is presented. The simulation results show that a platoon with cooperative EDOC performs better in terms of energy efficiency and string compactness than without cooperation.

INTRODUCTION

Energy consumption related to transport and air quality issues continue to attract the attention of scientists. Various emerging technologies have been proposed and/or developed to address these issues. Even with electric vehicles, which reduce local CO 2 and pollutant emissions with respect to fuel-powered vehicles, overcoming barriers such as range anxiety and increase acceptance by the public requires new energy-efficiency measures.

The adoption of an energy-efficient driving style is the goal of eco-driving techniques. Studies such as [START_REF] Araque | Energy analysis of eco-driving maneuvers on electric vehicles[END_REF]; [START_REF] Qi | Energy and mobility benefits from connected ecodriving for electric vehicles[END_REF] have demonstrated the energy benefits of using such techniques. In the last decade, eco-driving has been formulated as an optimal control problem, where the vehicle speed is controlled (either directly or indirectly advising the driver) to minimize its energy consumption in a certain horizon, see [START_REF] Sciarretta | Energy-Efficient Driving of Road Vehicles[END_REF]; [START_REF] Han | Safe-and eco-driving control for connected and automated electric vehicles using analytical state-constrained optimal solution[END_REF]; [START_REF] Shen | A minimum principle-based algorithm for energy-efficient eco-driving of electric vehicles in various traffic and road conditions[END_REF]; [START_REF] Mahler | An optimal velocityplanning scheme for vehicle energy efficiency through probabilistic prediction of traffic-signal timing[END_REF]; [START_REF] Wang | Rolling horizon control framework for driver assistance systems. part i: Mathematical formulation and non-cooperative systems[END_REF]; [START_REF] Maamria | Which methodology is more appropriate to solve eco-driving optimal control problem for conventional vehicles?[END_REF].

Several driving scenarios can be the object of eco-driving. One such scenario (car following) involves two or more vehicles following closely with each other, where each vehicle must maintain a safe minimum gap with respect to the preceding one. Such vehicular platoons (or "strings") can suffer from string instability, where the spacing gaps amplify along the string.

To study the dynamics of vehicular platoons, some relevant characteristics must be considered. In terms of composition, a platoon can be homogeneous or heterogeneous. A homogeneous platoon assumes same dynamics for all the vehicles; its string stability properties have been studied in [START_REF] Peppard | String stability of relativemotion pid vehicle control systems[END_REF]; [START_REF] Xiao | Practical string stability of platoon of adaptive cruise control vehicles[END_REF]; [START_REF] Swaroop | Constant Spacing Strategies for Platooning in Automated Highway Systems[END_REF]; [START_REF] Seiler | Disturbance propagation in vehicle strings[END_REF]; [START_REF] Swaroop | String stability of interconnected systems[END_REF]. A heterogeneous platoon, on the other hand, assumes that vehicles in the platoon can have different dynamics, see [START_REF] Shaw | String stability analysis for heterogeneous vehicle strings[END_REF]; [START_REF] Naus | String-stable cacc design and experimental validation: A frequency-domain approach[END_REF]; [START_REF] Sheikholeslam | Longitudinal control of a platoon of vehicles[END_REF].

Secondly, the car following control law assumed to be used by the vehicles in the platoon must be considered. Extensive literature exits on string stability of platoons using Adaptive Cruise Control (ACC). With ACC the control law is based only on the on-board sensors, such as radar, lidar or a camera setup, which measure the relative speed and distance with the preceding vehicle that is then fed as input to the controller. Then the acceleration is determined in order to follow a desired spacing policy. With a constant spacing policy, a constant safe distance is tracked, see [START_REF] Swaroop | Constant Spacing Strategies for Platooning in Automated Highway Systems[END_REF]; [START_REF] Peppard | String stability of relativemotion pid vehicle control systems[END_REF]. With a constant-time headway policy the desired gap is velocity-dependent, see [START_REF] Naus | String-stable cacc design and experimental validation: A frequency-domain approach[END_REF]; [START_REF] Xiao | Practical string stability of platoon of adaptive cruise control vehicles[END_REF]. Nonlinear spacing policies have been also proposed, see [START_REF] Yanakiev | Nonlinear spacing policies for automated heavy-duty vehicles[END_REF]. Studies such as [START_REF] Swaroop | Constant Spacing Strategies for Platooning in Automated Highway Systems[END_REF]; [START_REF] Naus | String-stable cacc design and experimental validation: A frequency-domain approach[END_REF]; [START_REF] Seiler | Disturbance propagation in vehicle strings[END_REF] have shown that ACC with a constant spacing strategy exhibits string instability, whose mitigation requires to adopt a constant-time headway policy with a certain minimum headway time [START_REF] Naus | String-stable cacc design and experimental validation: A frequency-domain approach[END_REF]; [START_REF] Xiao | Practical string stability of platoon of adaptive cruise control vehicles[END_REF].

Thirdly, vehicles in the platoon can be also assumed to communicate amongst each other using wireless V2V technology. ACC with the additional functionality to communicate with the preceding vehicle to receive its current
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Secondly, the car following control law assumed to be used by the vehicles in the platoon must be considered.

Extensive literature exits on string stability of platoons using Adaptive Cruise Control (ACC). With ACC the control law is based only on the on-board sensors, such as radar, lidar or a camera setup, which measure the relative speed and distance with the preceding vehicle that is then fed as input to the controller. Then the acceleration is determined in order to follow a desired spacing policy. With a constant spacing policy, a constant safe distance is tracked, see [START_REF] Swaroop | Constant Spacing Strategies for Platooning in Automated Highway Systems[END_REF]; [START_REF] Peppard | String stability of relativemotion pid vehicle control systems[END_REF]. With a constant-time headway policy the desired gap is velocity-dependent, see [START_REF] Naus | String-stable cacc design and experimental validation: A frequency-domain approach[END_REF]; [START_REF] Xiao | Practical string stability of platoon of adaptive cruise control vehicles[END_REF]. Nonlinear spacing policies have been also proposed, see [START_REF] Yanakiev | Nonlinear spacing policies for automated heavy-duty vehicles[END_REF].

Studies such as [START_REF] Swaroop | Constant Spacing Strategies for Platooning in Automated Highway Systems[END_REF] 2010) have shown that a CACC platoon can be string stable using a constant headway policy but with a smaller minimum headway time compared to an ACC using the same policy.

On the other hand, Dollar et al. ( 2020) have described the use of a non-cooperative Eco-Driving Optimal Controller (EDOC) 1 in a platoon. The authors assessed the energy efficiency and string compactness of this algorithm in comparison to a standard ACC scheme as a baseline. Their study showed that the EDOC saves energy for the first followers but is string unstable and thus displays larger overall energy consumption for strings of several vehicles. Consequently, more complex eco-driving hierarchical schemes are necessary to improve both aspects.

The drawbacks of the EDOC in the car following scenario demonstrated by Dollar et al. ( 2020) is taken as motivation for this study. The goals of this paper are to explore if cooperation can help improve energy efficiency and string stability in a platoon and analyze under which conditions instabilities occur. Cooperation is introduced in the platoon as the ability to share the intentions over a certain horizon, see [START_REF] Dunbar | Distributed receding horizon control for multi-vehicle formation stabilization[END_REF]. We assume that each vehicle shares the result of its own ecodriving optimization, i.e., its intended accelerations over the near future, with its following vehicle. We thus use the term cooperation differently as with CACC, where only the current acceleration is shared.

This paper is organized as follows. Section 2 introduces the longitudinal vehicle model and a description of the platoon. In Section 3, we review the electric vehicle ecodriving optimal controller and its implementation. We also introduce the concept of cooperation. Section 4 presents the string stability analysis of the various control inputs. Finally, Section 5 shows the simulation results on energy consumption and string stability.

VEHICLE AND PLATOON MODEL

In this section we describe the vehicle model and the characteristics of the vehicular platoon controlled by EDOC.

Vehicle Model

The longitudinal motion of the vehicle is captured by a simple model given by Newton's second law,

m v = F t -(F a + F r + F g ) -F b = F t - 1 2 ρ a c d A f v 2 -mgc r -mg sin(α(s)) -F b , ( 1 
)
where F t , F a , F r , F g , and F b are the traction force given by the powertrain at the wheels, the aerodynamic resistance, rolling resistance, resistance due to gravity and the mechanical breaking force respectively. The velocity of the vehicle is indicated with v, a = v indicates the vehicle acceleration, m is the mass of the vehicle. For the sake of simplicity, the inertial masses are neglected. The parameters that contribute to the aerodynamic drag are ρ a , c d , A f , which denote the external air density, aerodynamic

1 Referred to as Position-Constrained Shrinking Horizon Control (PCSHC) in that paper. drag coefficient, and vehicle frontal area respectively. The parameters that contribute to the rolling and gravity resistances are c r , the rolling resistance coefficient, g the gravitational constant, and α, the road slope as a function of the position s.

From the power at the wheels P t = vF t , the energy consumption at the battery P b is calculated using simple transmission and electric motor models, inspired by those used in [START_REF] Dib | Optimal control to minimize trip time and energy consumption in electric vehicles[END_REF],

P b = p 0 P t + p 1 F 2 t ,
(2) where p 0 and p 1 are constant model parameters. The battery and power-link losses are neglected in this study.

Platoon Model

As shown in Fig. 1, the platoon uses predecessor-following communication topology where each vehicle communicates only with the nearest preceding vehicle. All vehicles in the platoon have the same plant dynamics (homogeneous platoon) and use constant spacing policy. In a platoon consisting of N + 1 vehicles, each vehicle is indexed i from 1 to N . The first vehicle or the leader in the platoon is indexed i = 0, which acts as the reference trajectory for the platoon. The index of the vehicles increases going upstream in the platoon. For example, the vehicle preceding the i-th vehicle is denoted as i -1 and the vehicle following as i + 1.

Let v i (t), x i (t), l i denote the speed, position, and the length of the i-th (ego) vehicle, whereas v i-1 (t), x i-1 (t), and a i-1 (t) denote the speed, position, and current acceleration of the preceding vehicle. The control variable of each vehicle is chosen as the net force produced by the powertrain per unit mass, i.e., the acceleration a i . With these definitions, the longitudinal vehicle model can be rewritten in state-space form as Ẋi

(t) = A i X i (t) + B i U i (t) , ( 3 
) where

X i (t) = x i (t) v i (t) , A i = 0 1 0 0 , B i = 0 1 , U i (t) = a i (t) . ( 4 
)
The spacing error between the vehicles i and i-1 is defined as

ξ i (t) = x i-1 (t) -x i (t) -l i-1 -s i,i-1 (t) , ξi (t) = v i-1 (t) -v i (t) , ( 5 
)
where s i,i-1 is the minimum safe inter-vehicle distance, which can either be a constant, s min (as in the case of ( 5)), or resulting from a constant-time headway, v i H.

In a standard ACC, the feedback control law

U i (v i , ξ i , ξi ) is given by a i (t) = k p ξ i (t) + k v ξ(t) .
(6) The main goal of ACC is to follow the preceding vehicle with the desired safe distance. However, we aim at deriving a car following feedback control law, of the form, U i (v i , ξ i , ξi , ...), such that each vehicle not only follows its predecessor, but does it in an energy-efficient way.

ECO-DRIVING OF ELECTRIC VEHICLES

In this section, eco-driving of an electric vehicle is formulated as an optimal control problem with an objective function that represents the battery energy consumption. Following the method in [START_REF] Sciarretta | Energy-Efficient Driving of Road Vehicles[END_REF]; [START_REF] Han | Safe-and eco-driving control for connected and automated electric vehicles using analytical state-constrained optimal solution[END_REF], this problem is solved using Pontryagin's Minimum Principle, eventually yielding the feedback control law sought.

Unconstrained problem

Generally, the main goal of eco-driving is to minimize the cumulative energy consumed over a trip while guaranteeing vehicle safety. Under the simplifying assumptions that friction brakes are not used and that resistance losses are represented by a constant term h, the corresponding optimal control problem for vehicle i in the absence of a preceding vehicle can be formulated as

a i (t) = arg min Ti 0 [p 0 (a i (t + k) + h) v i (t + k)+ p 1 (a i (t + k) + h) 2 dk (7) subject to x i (T i ) = D i , ẋi = v i (t) , v i (T i ) = V i , vi = a i (t)
, where the running cost is derived from (2), T i is the optimization horizon, while D i and V i are the distance to be covered in the horizon and the desired speed at its end. The solution of (7) yields a parabolic speed profile as a function of time,

v i (t + k) = v i (t) + - 4v i (t) T i - 2V i T i + 6D i T 2 i k+ 3v i (t) T 2 i - 6D i T 3 i + 3V i T 2 i k 2 , k ∈ [0, T i ) . (8)

Position-constrained problem

In this scenario, the ego vehicle tries to avoid a rear-end collision with the preceding vehicle which imposes state inequality constraint ξ i (t + k) ≥ 0, that is,

x i (t + k) ≤ x i (t) + ξ i (t) + v i-1 (t)k + 1 2 a i-1 (t)k 2 , (9)
where the PV is assumed to keep its acceleration a i-1 (t) constant during the whole horizon. In the presence of the constraint (9), the optimal speed profile is calculated as

v i (t + k) = v i (t) + a i-1 (t) + 4 θ i ξi (t) + 6 θ 2 i ξ i (t) k- 6 θ 3 i ξ i (t) + 3 θ 2 i ξ(t) k 2 , k ∈ [0, θ i ) , ( 10 
)
where θ i denotes the contact time where the position constraint is met (ξ i (θ i ) = 0) and is found by solving the cubic equation

(v i (t) -V i + a i-1 (t)T i ) θ 3 i + 4v i-1 (t)T i + V i T i -2v i (t)T i + a i-1 (t)T 2 i 2 -3D i θ 2 i + 6ξ i (t)T i + v i (t)T 2 i -v i-1 (t)T 2 i θ i -3ξ i (t)T 2 i = 0 (11)

Feedback control law

Since the speed and the acceleration of the preceding vehicle (PV) are generally varying in time, the solutions of the eco-driving problem derived in the previous sections are embodied in a Model Predictive Control (MPC) paradigm. Accordingly, V i , D i , and T i are updated at each time t, x i (t) = 0, and the control input U i is evaluated from ( 8) or ( 10) and k = 0.

Therefore, if the position trajectory of the preceding vehicle does not intersect the unconstrained position trajectory of the ego vehicle, then the eco-driving control input is given by

a i (t) = - 4 T i v i (t) - 2 T i V i + 6 T 2 i D i . ( 12 
)
If the position trajectory of the preceding vehicle does intersect with the unconstrained position trajectory of the ego vehicle, then the eco-driving control input is given by

a i (t) = a i-1 (t) + 4 θ i ξi (t) + 6 θ 2 i ξ i (t) . ( 13 
)
The control law ( 13) is structurally similar to that of ACC, however, it also depends on the acceleration of the PV.

Note that we have omitted the time dependency from the horizon and the terminal conditions, as if they were constant (receding horizon paradigm). However, the same consideration apply when these quantities continuously change in time (shrinking horizon paradigm).

The assumption of a constant acceleration for the preceding vehicle could render the controllers ( 12)-( 13) infeasible in certain situations. For instance, when PV acceleration a i-1 is negative, it is possible that PV stops at a time t stop = v i-1 /|a i-1 | < T i hindering the ego vehicle from reaching its final position D i . In this situation the boundary conditions of the ego vehicle are updated to that of the preceding vehicle,

V i = 0 , D i = ξ i (t) + v i-1 (t) 2 2|a i-1 (t)| . ( 14 
)
Substituting these boundary conditions in ( 12), the control input is modified as

a i (t) = - 4 T i v i (t) + 6 T 2 i ξ i (t) + 3 T 2 i v i-1 (t) 2 a i-1 (t) . ( 15 
)
Another scenario that could render ( 12)-( 13) infeasible during PV deceleration, is when it stops at a time t stop >

T i but at a position lower than D i . The updated boundary conditions are therefore given by:

V i = v i-1 (t) + a i-1 (t)T i , D i = x i-1 (T i ) = ξ i (t) + v i-1 (t)T i + a i-1 (t)T 2 i 2 . ( 16 
)
Substituting these boundary conditions in ( 12), the control input is obtained as

a i (t) = a i-1 (t) + 4 T i ξi (t) + 6 T 2 i ξ i (t) . ( 17 
)

Cooperation-intention sharing

Cooperation is introduced in the platoon as the ability to share the intentions over a certain horizon. Each vehicle in a platoon solves its own OCP and sends its solution to the following vehicle. In order to be used in the eco-driving control of the ego vehicle, this information is lumped into one "future mean value" ãi-1 , evaluated over a preview window length L, as ãi-

1 (t) = 1 L t+L t a i-1 (τ )dτ . ( 18 
)
This future mean PV acceleration ãi-1 (t) replaces the measured acceleration a i-1 (t) in all equations of the previous section.

STRING STABILITY ANALYSIS

In this section we analyse if the various control inputs mentioned in section 3.3, in particular ( 13), ( 17), (15), are string stable. We assume that the eco-driving controller uses constant spacing policy. As mentioned in the introduction, string stability implies that the spacing errors are attenuated as we go upstream in a platoon. A frequencydomain string stability definition proposed in [START_REF] Swaroop | String stability of interconnected systems[END_REF] is used in this analysis, where the error dynamics is given by ξi (t) = a i-1 (t) -a i (t) .

(19) The condition for string stability is given as

|G i (jω)| = ξ i (jω) ξ i-1 (jω) ≤ 1 , ∀ ω > 0, (20) 
while |G i (jω)| = 1, ∀ ω > 0 is denoted as marginal string stability. jω is replaced with s in following transfer functions for readability. The limitation of the proposed condition for string stability is that it applies only to linear time invariant system. Feedback laws (13), ( 17) resemble that of a CACC, if we consider θ i and T i as constants and 6/{θ 2 i , T 2 i }, 4/{θ i , T i } to represent the proportional and the derivative gains of ξ i and ξi , respectively. However, under a shrinking horizon MPC scheme, these gains evaluated at each time t change depending on the boundary conditions. Thus we considered a receding horizon implementation where the gains 6/T 2 i , 4/T 2 i remain constant and an average θ i over one such cycle is used such that also 6/θ 2 i , 4/θ i remain constant. In doing so, ( 13), ( 17) can be written as

a i = a i-1 + k p ξ i + k v ξi (21) where k p = 6 T 2 i or k p = 6 θ 2 i k v = 4 T i or k v = 4
θ i Taking Laplace transform of ( 21) we obtain the string stability transfer function

|G i (s)| = ξ i ξ i-1 = s 2 + k v s + k p s 2 + k v s + k p = 1 , ∀ ω > 0 (22)
Hence, in this case only marginal string stability |G i (s)| = 1 , ∀ ω > 0 can be guaranteed. The magnitude on a Bode plot would be a straight line at 0 dB for all frequencies ω > 0. Control input ( 15) is however non-linear in v i-1 and a i-1 . It is therefore linearized near an equilibrium point to obtain its string stability transfer function.

|G i (s)| = ξ i ξ i-1 = k ap s 2 + k vp s + k sp s 2 -k v s + k sp (23) with k v = - 4 T i k sp = 6 T 2 i k vp = 6v i-1 a i-1 T 2 i k ap = - 3v 2 i-1 a 2 i-1 T 2 i
Using, e.g., v i-1 = v i , a i-1 = 0.01 m/s 2 and T i = 630 s, the magnitude of the transfer function of ( 23), |G i (s)| > 1, at small frequencies indicating string instability.

With Cooperation

Applying the idea of cooperation introduced in ( 18), where a i-1 is replaced by ãi-1 , (21) can be rewritten as:

a i = ãi-1 + k p ξ i-1 + k v ξi (24) where ãi-1 = 1 L t+L t a i-1 (τ )dτ
Taking Laplace transform of (24) yields the transfer function,

|G i (s) coop | = ξ i ξ i-1 = k v + (e sL -1) L s + k p s 2 + k v s + k p (25)
with |G i (s) coop | is solved numerically to analyse the Bode magnitude plot. Figure 2 shows the Bode magnitude plot of the transfer function |G i (s) coop | of (25) with T i = 630 and with varying preview window length L. It can be observed that |G i (s) coop | < 1, ∀ ω > 0, indicating string stability. Similarly using ãi-1 in the linearised form of (15), leads to the transfer function,

|G i (s) coop | = ξ i ξ i-1 = k vp + k ap (e sL -1) L s + k sp s 2 -k v s + k p (26)
However the magnitude of the above transfer function is not always less than 1 and requires a more in-depth analysis to determine the conditions for string stability.

SIMULATION RESULTS

This section discusses the simulation results of energy assessment and mean string length. Three decentralized homogeneous platoons, each with N = 5, with different algorithms are simulated. The first one is equipped with an ACC using a constant headway time of 1.2 s. The second platoon, is equipped with non-cooperative eco-driving and the third platoon equipped with cooperative eco-driving.

The WLTC High drive cycle is used for energy assessment and the string compactness is assessed using the mean string length. The leader in the platoon i = 0, acting as the virtual reference trajectory, follows the WLTC cycle in open loop covering a fixed distance D i in a fixed time T i . The energy saving of platooning, due to reduced aerodynamic drag, though significant in heavy duty trucks, is assumed to be negligible for passenger electric vehicles and is not highlighted in this study.

Energy Analysis

Non-Cooperative Eco-Driving with a single follower consumes 4.37 MJ while an ACC consumes 4.41 MJ over a WLTC High cycle. As mentioned in the introduction, [START_REF] Dollar | Information and collaboration levels in vehicular strings: A comparative study[END_REF] showed that, non-cooperative ecodriving saves energy for the first follower but it is string unstable and displays larger overall energy consumption as a platoon. Figure 3 shows a comparison between the platoon energy consumption and the mean string length excluding the virtual reference vehicle i = 0. Eco-driving with cooperation having L = 22 s performs better in terms of energy consumed and does so with a much more compact string on average in comparison with the other platoons.

Figure 4 shows the velocity trajectories of the three different platoons with the different controllers. It can be seen that, eco-driving without cooperation, using a i-1 smoothens out certain speed fluctuations of the reference trajectory but appears to have certain discontinuities (sharp decelerations), when the leader is decelerating aggressively (for example between 50 s and 100 s). On the other hand, the velocity trajectories of the eco-driving with cooperation, using ãi-1 has reduced discontinuities and follows a much smoother trajectory. The cause of these sharp decelerations is explained in much more detail in the following subsection in a better controlled environment. 

Specific Case Study

In this subsection we detail the discontinuities observed in the velocity trajectories of eco-driving without cooperation in Figure 4. The situation simulated here shows a decentralized homogeneous platoon with N = 10 under a sinusoidal perturbation of frequency ω = 0.01 rads/s and final time T i = 630 s. The vehicles in a platoon start with the same initial velocity and a certain initial separation greater than s min . Figures 5a-5b show the non-cooperative case where the PV shares only its current acceleration a i-1 . At the first time step, the ego vehicle finds its PV decelerating and stopping at a time t stop = v i-1 /|a i-1 | = 6/0.01 = 600 s, which is less than T i = 630 s. This would obstruct the ego vehicle to reach its destination D i . The controller, therefore based on the condition t stop < T i chooses (15) as its control input. Since a large negative acceleration a i-1 is assumed to persist in the future, the controller tends to overreact to PV acceleration that is likely to change after several seconds. In doing so, the acceleration of each vehicle is larger in magnitude than its PV as we move upstream in the platoon, eventually causing them to come to a stand still. Figure 5a shows the velocity profile of the vehicles in the platoon and Figure 5b the amplification of the spacing error during the beginning of the trip, thus making the platoon string unstable.

In the cooperative case, Figures 6a-6b, the leader i = 0 following a known trajectory, now shares its vector of future acceleration over a preview window length L = 40 s.

The following vehicle i = 1, solving its OCP with constant PV acceleration, uses the mean of the acceleration vector ãi-1 over 40 s rather than instantaneous acceleration a i-1 . The mean of the shared acceleration ãi-1 is now lower in magnitude than the current acceleration a i-1 , indicating that the PV is either going to reduce its deceleration or start accelerating in the near future. The condition t stop < T i now finds the PV to stop at a time after the final time T i , thereby enabling the controller to use control input (17). Figure 6a shows the velocity profile of the ego vehicles in the platoon. The deceleration of each vehicle is attenuated as we go upstream the platoon, thereby preventing any propagation of spacing error.

Remarks

The preview window length L is chosen based on a sensitivity analysis for a given trajectory. A too small L could not have any anticipation and a too large L could cause overreaction. The simulations and the theoretical analysis show that the string instability caused under aggressive PV deceleration can be reduced with the help of cooperation.

CONCLUSION

The non-cooperative EDOC is energy efficient with a single follower when compared to ACC. However when evaluated in a platoon of several vehicles, it performed worse in terms of energy efficiency and string compactness. These drawbacks were taken as the primary motivation for this study. Cooperation in the form of ability to share intentions over a certain horizon was proposed to improve those drawbacks.The shared intentions over a certain horizon is used in an analytically approach. The proposed cooperative eco-driving was compared using a WLTC High drive cycle with its counterparts, the noncooperative eco-driving and ACC, in terms of energy efficiency and string compactness. The condition under which string instability occurs was also investigated by a specific case study.

The results suggested that cooperation has a potential for improvement in platoon energy efficiency and string stability when compared to the non-cooperative eco-driving and ACC. Cooperation was able to mitigate the overreaction of the controller during an aggressive PV deceleration that is likely to change in future.
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 1 Fig. 1. Illustration of a platoon.
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 2 Fig. 2. Bode Magnitude Plot of transfer function (25)
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 5 Fig. 5. Velocity profile and spacing error of an eco-driving platoon (N = 10) under a sinusoidal perturbation of the leader, without cooperation (a, b)
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 6 Fig. 6. Velocity profile and spacing error of an eco-driving platoon (N = 10) under a sinusoidal perturbation of the leader, with cooperation (L = 40 s) (c, d).
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	1. INTRODUCTION
	Energy consumption related to transport and air qual-
	ity issues continue to attract the attention of scientists.
	Various emerging technologies have been proposed and/or
	developed to address these issues. Even with electric vehi-
	cles, which reduce local CO 2 and pollutant emissions with
	respect to fuel-powered vehicles, overcoming barriers such
	as range anxiety and increase acceptance by the public
	requires new energy-efficiency measures.
	The adoption of an energy-efficient driving style is the
	goal of eco-driving techniques. Studies such as Araque
	et al. (2018); Qi et al. (2017) have demonstrated the
	energy benefits of using such techniques. In the last decade,
	eco-driving has been formulated as an optimal control
	problem, where the vehicle speed is controlled (either
	directly or indirectly advising the driver) to minimize its
	energy consumption in a certain horizon, see Sciarretta
	and Vahidi (2020); Han et al. (2018); Shen et al. (2020);
	Mahler and Vahidi (2014); Wang et al. (2014); Maamria