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Smart and Green ACC: Energy and Safety
Optimization Strategies for EVs

Sagar Akhegaonkar, Lydie Nouvelière, Sébastien Glaser, and Frédéric Holzmann

Abstract—Minimum energy expense and maximum safety with
some comfort characterizes the definition of ideal human mobil-
ity. Recent technological advances in the autonomous vehicle
driving systems not only enhance the safety and/or comfort levels
but also present a significant opportunity for automated eco-
driving. In this regard, a longitudinal controller for a smart and
green autonomous vehicle (SAGA) is investigated. In principle,
it is an eco-adaptive cruise control which aims at minimizing
energy expenditure and maximizing energy regeneration. This
paper presents detailed energy and powertrain analysis through
the simulation of specific SAGA application concepts such as,
dynamic programming-based offline acceleration optimization for
a battery electric vehicle, or SAGA as a supervisory controller in
combination with equivalent consumption minimization strategy
for a hybrid electric vehicle. The main focus is on the evalua-
tion of a vehicle energy manager which autonomously controls
the longitudinal motion while actively balancing efficiency and
safety. The comfort is not directly addressed in the conception
but regarded as a quality criterion.

Index Terms—Autonomous vehicle control, electric vehicle,
energy efficiency, powertrain operation strategy, regenerative
braking, vehicle safety

I. INTRODUCTION

INTELLIGENT transportation has become the need of
the day. Global warming, unexpected climate changes,

dwindling energy resources and unprecedented amounts of air
pollution have become some critical problems. They highlight
the significance of the efforts toward reducing the carbon foot-
print of the human mobility to a sustainable level. On the other
hand, higher levels of safety and comfort also provide an impe-
tus for the development of the next generation of vehicles.
To fulfill such demands, the vehicle of future must be both,
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smart and green. In this context, substantial research has been
done in the recent past on three main fronts, namely, vehicle
motion control to enhance safety and/or comfort, propul-
sion systems to save energy, and navigation-communication
systems to improve the vehicle guidance. A state-of-the-art
focused on these points is discussed in the following.

Several steps to reach a smart and green vehicle
(safe and efficient) have been taken during the last three
decades. Traffic studies were undertaken in order to solve
the problem of congestion or long monotonous trips that
may become source of fatigue and irritation. The Eureka
PROMETHEUS project [1] was one of the early demonstra-
tors of the fully automated road vehicle. The French ARCoS
project [22] defined several functional levels to improve road
safety by adopting a global approach based on a vehicle-
infrastructure-driver interaction system. In the continuity,
PReVENT, and HAVEit EU integrated projects [23], [24]
developed several new advanced driving assistance sys-
tems (ADASs) concepts mainly based on vehicle control with
a higher level of automation to develop and validate the next
ADAS generation. In addition to this, a significant advance-
ment in on board computing capacity has enabled real time
image processing such as object/edge detection, recognition,
classification, and tracking using vehicle mounted cameras.
This presents a possibility to apply automated lateral and
longitudinal control for a road vehicle [2], [3]. Furthermore,
several projects like CVIS and SAFESPOT were aimed at
developing new ADAS by using communication and naviga-
tion systems [25], [27] especially by developing the electronic
horizon (eHorizon) needed to have a sufficient knowledge of
the on-coming road situation.

Research projects like eCoMove [4] and EcoDriver [5] par-
ticularly focus on coaching the driver toward an energy
efficient driving by modifying the driver behavior.

On the other hand, the trend in vehicle propulsion systems
is toward electrification and hybridization. Each modern power
train topology presents its own efficiency characteristics and
hence it must be carefully evaluated in order to operate as
efficiently as possible.

Also, considering the use of communication and navigation
systems, a “connected vehicle” equipped with an eHorizon
system is an important supplement to the basic energy man-
agement system [26]. With the “vehicle to vehicle” (V2V)
and “vehicle to infrastructure” (V2I) communication concepts,
it is now possible to access to relevant traffic data useful
for reducing the energy consumption [8], [9]. Digital maps
and eHorizon provide additional remote traffic information.
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Primitive systems like curve warning systems, intelligent speed
adaptation, and cooperative adaptive cruise control are already
in implementation phases [10].

The following sections aim at presenting a new ADAS
named smart and green autonomous vehicle (SAGA) for smart
and green adaptive cruise control (ACC). It is developed on
the base of these three fields, namely, safety enhancement,
energy saving, and V2V or V2I communication. SAGA con-
centrates on autonomously generating the longitudinal control
commands with the objective to balance safety and efficiency
applied to a light vehicle. In this context, the scope of oper-
ation for SAGA not only covers the efficient acceleration
and regeneration in a battery electric vehicle (BEV) [6] but
also the supervisory control over the core power train con-
troller in a hybrid electric vehicle (HEV) [7]. Since SAGA
is a longitudinal motion controller, it must adapt its generic
concept to take into account the different characteristics of
the specific power train topology. The SAGA system then
attempts to use such information to determine efficient accel-
eration and deceleration maneuvers taking into consideration
near and remote traffic conditions, thereby maximizing the
energy regeneration subject to the power train component
limitations.

Rather than an application specific controller, SAGA must
be seen as a broader concept which can be adapted to the
specific power train configurations. This paper attempts to
demonstrate how such a concept can be adapted to a BEV,
HEV, and plug-in HEV (PHEV). The benefits over the conven-
tional mobility systems are shown through several dedicated
scenarios simulations for energy and safety analysis. This
paper is organized as follows. Section II presents an overview
of the vehicle and energy models with their components and
configuration details; it is followed with a concept defini-
tion of the SAGA system. In Section IV, the development of
SAGA on a BEV is discussed while Section V is fated to
present its application on HEV and PHEV and is followed by
a conclusion.

II. VEHICLE MODELS FOR ENERGY ANALYSIS

Vehicle models for conventional battery electric and HEVs
are developed in Simulink. They are used to simulate and
compare the energy consumption of different power trains in
conjunction with the SAGA function. All three models are
based on a prototype of the “TATA Indica” vehicle used in
the eFuture project [11]. The specifications of the prototype
are listed in Table I. A detailed description of the models is
given in the following sections.

A. Battery Electric Vehicle

A description of the Simulink-based model for the BEV
can be found in [12]. It is a twin-motor front axle driven
vehicle powered by a lithium-ion battery. A 15-kW permanent-
magnet synchronous motor e-Motor module with a 750-Nm
peak torque is modeled. The motor model is based on look-up
tables which define the speed-torque characteristics and also
the power losses corresponding to the operating point of the
motor. The look-up tables are generated through the actual

TABLE I
VEHICLE SPECIFICATIONS

Fig. 1. Motor torque-speed-efficiency characteristics.

measurement of the motor performance over its operating
range (0−1200 rpm).

The torque-speed characteristics for the e-Motor is shown
in Fig. 1 along with the efficiency map and the maximum pos-
sible acceleration (using 2 such motors) on a flat road for the
prototype vehicle. Hence, a total maximum torque of 1500 Nm
is available. The maximum acceleration is calculated taking
into consideration the vehicle data in Table I.

The motor map can be divided into two operation domains
depending on the speed, namely, city and highway. The motor
has an integrated reduction gear. It can be observed that
the gearing adjusts the torque-speed characteristics to obtain
a maximum possible efficiency.

The energy storage system (ESS) is a lithium-ion (NMC
chemistry) battery developed as a part of the eFuture project
by Miljøbil Greenland AS. The model is based on a vir-
tual circuit as defined in [13] which represents the battery
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Fig. 2. IC engine efficiency map in g/kWh.

capacity, internal resistance, and transient behavior of the bat-
tery. A temperature dependent internal resistance variation is
taken into consideration while calculating the power loss and
efficiency. Inverter losses are assumed negligible.

B. Conventional Vehicle

A model for a conventional vehicle is realized by modi-
fying the BEV model, replacing its power train system and
redefining the vehicle mass. Thereby a 1.9-liter, 105-ps gaso-
line engine is modeled based on its fuel consumption behavior.
The base efficiency engine map containing the static “specific
fuel consumption” in g/kWh is shown in Fig. 2. It is used to
determine the final energy consumption in liters/100 km.

A 5-speed manual transmission is modeled which com-
plements the internal combustion (IC) engine torque-speed
characteristics. Since the gear selection is controlled by an
intelligent energy management algorithm [7], it may as well
be classified as a semi-automatic transmission. The gear ratios
in increasing respect are 3.250, 1.950, 1.423, 1.033, and 0.730.
The final gear ratio is 4.063 and it yields the total drive ratio
for each gear as a product with individual gear ratios.

C. Hybrid Electric Vehicle

The HEV model is realized by combining the BEV and
conventional vehicle power trains and adding a power-split
definition block. In this paper, a through the road (TtR)
power-split hybrid model is used for analysis. The TtR hybrid
allows more flexible power-split operation as compared to
a normal planetary geared system owing to the fact that the
front and rear powered axles are mechanically isolated except
TtR. Hence, the control algorithm may freely choose the oper-
ating points for engine and motor depending on the best
efficiency region. A schematic representation of the TtR hybrid
is shown in Fig. 3.

Such a TtR hybrid is defined with the following equations:

usplit = TeM/Ttotal (1)

Ttotal = Fx · r (2)

TeM = usplit · Ttotal (3)

Tice = (
1 − usplit

)
Ttotal/gice (4)

Fig. 3. Schematic representation of a TtR hybrid.

where usplit is the power-split ratio, Ttotal is the required torque,
TeM is the torque demanded from the electric motor, Tice is
the torque demanded from the IC engine, gice is the total drive
ratio, and Fx is the resistance force at the wheel with r as wheel
radius.

D. Generic Energy Model

For the energy calculation, backward looking vehicle mod-
els are developed, i.e., the vehicle velocity profile is assumed
as known and based on that, the energy consumption is cal-
culated. Specific to the power train system, the energy supply
may be from combustion engine or battery or the combination
of both. Following that (5)–(7) define the energy calculations:

Fx =
(

Cw·ρ · A · v2

2
+ Mv · g · fr + Mv · g · sin β + Mv · a

)

(5)

Px = Fx · v (6)

Ex = ∫ Pxdt (7)

where Mv is the vehicle mass, A is the front area, Cw is the
drag co-efficient, fr is the co-efficient of rolling resistance, r is
the wheel radius, a is the vehicle acceleration, v is the vehicle
velocity, ρ is the air density, β is the grade angle, Fx is the
required force at the wheel, Px is the required power, and Ex is
the required energy, the required energy Ex must be supplied
by the power sources and hence the efficiencies of the power
train system must be taken into consideration. Therefore for
a sample time dt, where Ebatt.dis/chg is the battery discharge
or charge energy, ηeM is the motor efficiency, ηbatt.dis/chg is
the battery discharge or charge efficiency, PeM is the motor
power, Eice is the energy from IC engine, and ηice is the IC
engine efficiency

Ebatt.dis = PeMdt/(ηeM · ηbatt.dis) (8)

Ebatt.chg = PeM · ηeM · ηbatt.chgdt (9)

Eice = Picedt/ηice. (10)
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Fig. 4. SAGA: modes of operation.

III. SAGA CONCEPT AND PROBLEM DEFINITION

The SAGA concept, originally coined as the smart and green
ACC, is described in detail in [14]. It is further extended to
a full speed range ACC (FSRA) for a BEV in [6] and for
an HEV in [7]. The idea is to reprogram a normal cruise con-
trol to take into account efficiency and safety. The possibility
to combine this concept with the electric propulsion, regener-
ation systems, and automated vehicle motion control enables
a true eco-driving performance. There are two basic modes
of the SAGA function as shown in Fig. 4. When there is no
obstructing vehicle in the motion path then it must follow the
driver desired speed with respect to the legal speed limits; this
is the “speed control mode.” In case of an obstructing vehicle
being present, the SAGA must follow the front vehicle at a safe
headway spacing in the “distance control mode.” SAGA must
also respect the ISO ACC performance requirements [15] such
as the average automatic deceleration of ACC systems shall
not exceed 3.5 m/s2 (except emergency), while the acceler-
ation is limited to 2 m/s2, the average rate of change of an
automatic deceleration (jerk) shall not exceed 2.5 m/s3. In this
context, SAGA must only be activated above 7 m/s.

A. Speed Control Mode

This mode is active in the phase where there is no front
detected vehicle. As there is no interaction with other road
users in this mode, it is not mainly safety critical. In this
mode, SAGA behaves like a classical ACC. In some cases,
the acceleration is directly proportional to the velocity differ-
ence between actual and function desired speeds. In others,
the acceleration may be optimized. Similarly, the decelera-
tion is optimized for maximizing the recuperation. For both,
acceleration and deceleration, SAGA must follow the standard
performance guidelines as defined in [15].

B. Distance Control Mode

This mode is activated upon the detection of a front vehicle.
Normally, the sensor range is 150 m. This headway spacing
can be further divided in two subphases: the “speed equaliza-
tion phase” where the ego vehicle approaches the front vehicle
and decelerates in order to equalize speeds; after this, the
ego vehicle follows the front vehicle with a constant head-
way spacing. In the distance control mode, the objective is to
regulate the error on the headway clearance ed (ed = d−TdV)

around 0, where d is the clearance to the lead vehicle, Td is

Fig. 5. Deceleration capacity of the motor.

the desired time headway, and V is the ego vehicle speed. The
algorithm can be made more robust by including the relative
speed �V into the control equation. The resulting acceleration
is the control output defined by these two errors

a = Kcv · �V + Kcd · (d − TdV). (11)

In order to recuperate maximum energy from the deceleration
maneuver, it is proposed that the exclusive motor braking be
used. However, at higher speeds, the motor braking capacity
decreases as seen in Fig. 5, where the deceleration capacity for
the eFuture prototype is calculated taking into consideration
the air drag and wheel resistance.

Hence, it may not be possible to ensure the same level of
safety as in conventional ACC strategy which applies nor-
mal service brakes. The main reasons for this are: first, for
instance during the initial deceleration maneuver where the
ego vehicle approaches the front vehicle which is moving with
a lower velocity or decelerating then, if the required decel-
eration for velocity equalization is more than the maximum
motor braking capacity, then surely, any collision cannot be
avoided. Second, during the constant velocity or the headway
spacing sustaining phase (distance control mode), if the front
vehicle undergoes a very strong deceleration then it may not
be possible to equalize the speeds only with the help of the
motor braking. Therefore, some changes in the conventional
ACC algorithm are suggested in [28]. For an extreme use case
where the initial time headway is 2 s, the ego vehicle speed is
130 kph, and the front vehicle speed is 60 kph, the possible
options are as follows.

1) Exclusive Motor Braking: Owing to a limited motor
brake capacity, it is needed to increase the minimal safe time
headway. However, to obtain the same safety, it is also needed
to increase the minimal time headway up to 5 s. The resulting
distance is hardly achievable as the sensor range is limited and
other road users may cut in the space between vehicles.

2) Threshold Braking Strategy: To switch to a conventional
braking if the time headway drops below a given threshold.
For instance, we can maintain a collision free system, as for
a conventional ACC, with an initial time headway of 3.7 s and
an activation of a stronger braking at a threshold on the time
headway of 1.5 s.

3) Optimized Blended Braking: Use blended braking
(motor and conventional) over the operating range. It eval-
uates a safety factor at each instant and controls this value
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below a threshold using excess conventional brakes over the
motor brakes. This will allow a better traffic fluidizing with
a headway spacing of 2 s without compromising the safety.

While the small headway spacing may pose safety risks,
a large headway spacing allows for vehicle cut-in, whereas
using conventional brake results in a wastage of energy which
could be regenerated. This forms the basic problem defini-
tion for the SAGA function. The above approaches are further
investigated in [6], [14], and [28]. In this paper, we summa-
rize these investigations and describe the comprehensive scope
of applications and feasibility of the SAGA function in the
following sections.

IV. SAGA AS APPLIED TO BEV

In [6], the application of SAGA as an FSRA in both city
and highway scenarios is discussed. As seen in Fig. 1, the
BEV power train operation map can be divided into city
and highway domains. These domains distinctly exhibit dif-
ferent characteristics not only with respect to the efficiency
and torque capacity but also the acceleration-deceleration
frequencies and constant speed characteristics of collective
surrounding traffic. Hence, two different strategies have been
developed, each for the respective scenarios.

A. Dynamic Programming-Based Acceleration Controller
for the City Domain

A city traffic domain is characterized with frequent acceler-
ation and braking events and has a comparatively low average
velocity. The BEV power train uses two modules of the motor
model. Its capability to achieve high acceleration values owing
to its high torque capacity in the city domain is obvious in
Fig. 1. It is also evident that the high acceleration area is not
the best efficiency region. The acceleration energy is stored
into the vehicle as a momentum which is dissipated through
road resistance, air drag, gradient energy requirements, and
braking. Then, in a city driving scenario which is character-
ized by frequent standstill to velocity limit transitions and
vice-versa, high accelerations lead to a high average veloc-
ity which means some more air drag. Also, a vehicle which
undergoes high acceleration stores a large quantum of its
battery energy into the vehicle as a momentum. If in such
a situation the vehicle must brake then the stored momen-
tum will be wasted as heat or regeneration component losses.
According to this philosophy, a very low acceleration value
will lead to maximum energy savings. However, it will also
lead to a long time duration to cover the same distance.
Hence, taking into consideration the power train efficiency
behavior in the city traffic, there must be a certain opti-
mum velocity trajectory defined by specific acceleration values
which optimizes the energy and time requirements. Thereby,
a dynamic programming-based acceleration controller is devel-
oped in [6] and [12]. Such a controller is elaborated in the
following.

The acceleration phase is discretized in N +1 steps of equal
0 − N distance. If J is the objective function which depends
on energy and time, then J can be defined as

J = Q1 ∗ Energy + Q2 ∗ Time (12)

Fig. 6. Formulation of a DP algorithm.

where Q1 and Q2 are the weight coefficients. Since J is a func-
tion of the acceleration which is a function of the motor torque
“t” of the vehicle, where t ∈ T , the control problem can be
formulated as follows:

min
N−1∑

k=0

Jk+1(Tk), Tk ∈ [
Tlow, Thigh

]
. (13)

In Fig. 6, ei
k is the state i at the step k. Ek is the set of

the states ei
k at the step k and is defined by the discretized

state space Tk which is a set of motor torque values from
0.1 ∗ TmaxNm to TmaxNm with an interval of 0.1 ∗ TmaxNm.

ζ
i,j
k+1 is the cost associated to each transition from the state

i ∈ Ek to the state j ∈ Ek+1. Thus, it can be stated that for
a transition from step k = 1 to k = 2, where the initial state
ei

1 at step 1 is already defined, the goal is to find a state
ej

2 ∈ E2 at step 2 where the cost of transition ζ
i,j
2 is minimum.

This minimum cost is nothing but J2(T1) as defined in (12).
Therefore, the dynamic programming technique can be defined
as follows.

Let π∗ = t∗0, t∗1, . . . , t∗N−1 be an optimal control strategy for
this problem, where t is the motor torque value. Suppose that,
when the torque t∗k−1 is applied, the state ei

k is reached at time i
during the acceleration phase. Considering the subproblem for
which, from the state ei

k at time i, we seek to minimize the cost
to go from k to N: J = �N−1

k ζk+1(Tk), then the optimal control
strategy π∗ = t∗0, t∗1, . . . , t∗N−1 is optimal for that subproblem.

For the transition from every optimum state to the next prob-
able state with a constant applied torque t, the initial and final
velocities are recorded along with the time. Thus, the acceler-
ation for the state transition is calculated. Results for optimum
values of acceleration depending on cost function J of energy
and time for equal distance steps are shown in Fig. 7. The time
cost per optimization using dynamic programming (DP)/A-
ECMS algorithms (see Section V), in a real time objective, can
be largely reduced by considering no longer a time-dependent
model but a position-dependent model to apply these algo-
rithms. This is even more necessary when the case of the
vehicle inserted in a traffic environment with a safety dis-
tance problem is considered, the eHorizon is thus also used.
The cost function is normalized to return a value in range
of 0−1. Each box represents an optimization process. It can
be observed that for a specific sample distance, an optimum
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Fig. 7. Cost function results (Q1 = 1, Q2 = 1).

Fig. 8. Braking maneuver (approaching a speed limit).

acceleration value is obtained. The velocity “v” in the boxes is
the velocity reached by the vehicle when it covered the given
sample distance with the constant optimum acceleration. As
the velocity increases the sample distance is also increased
so as to optimize approximately 2 s of the drive ahead. It can
also be considered that as the velocity increases, the maximum
acceleration which corresponds to the control points decreases.
Hence, a valid spread of the control parameters for calculating
the cost function is achieved.

B. Deceleration Strategy: City Domain

As emphasized before, the city domain traffic consists of
frequent acceleration and braking maneuvers. Such events
may rise due to different reasons like stop and go traffic,
traffic signals, sudden velocity limit changes, intersections,
etc. Conventional braking converts the vehicle momentum
into some waste friction heat. In a BEV, it is possible to
regenerate this deceleration energy by routing it through
a motor-generator back into the electrical ESS. However, such
a regeneration system is bottlenecked through the compo-
nent limitation like battery charge acceptance characteristics.
Hence, most original equipment manufacturers only employ
a small part of total regeneration capacity and waste a sig-
nificant amount of energy. Recent technology upgrades in the
Li-polymer batteries allow better charge acceptance charac-
teristics and could make a full capacity regenerative braking
possible. Nonetheless, as already established, an exclusive
motor braking has a deceleration capacity limitation. Hence,
in a city scenario, to ensure a safe exclusive motor braking,

Fig. 9. Optimum braking distance.

Fig. 10. Optimum velocity profile (city domain).

the distance from which braking should be started must be
calculated in advance. This concept is explained in Fig. 9.

For a vehicle travelling at 50 kph and approaching a speed
limit of 30 kph, a normal driver will brake only after he
observed the traffic sign (Fig. 8). However, here, he must use
the service brakes which provide a strong braking force.

In order to recover all the energy from this braking maneu-
ver, the motor brake must be used. Since motor brakes are not
as strong as service brakes, the braking must begin at a dis-
tance Dbrake. To calculate this distance at a given velocity,
the vehicle model was simulated to brake from a velocity of
50 to 0 m/s, exclusively under the influence of motor brakes.
The distance Dbrake can be calculated from these data as shown
in Fig. 9. Hence, for example, if a vehicle must brake from
25−15m/s, it must start braking at a distance of d15−d25.
For this purpose, the location where such braking maneuvers
are applicable, e.g., speed limit, traffic signal, traffic jams,
etc., must be known in advance. Such information would be
available through digital maps, V2V, and V2I communications.

C. City Domain Controller: Simulation and Results

The city domain controller as a part of the SAGA func-
tion for BEV is realized by combining the acceleration and
deceleration strategies described above. The behavior of such
a controller is compared to that of an aggressive driver model
as shown in Fig. 10. A nonstandard velocity cycle is defined
to reflect the city traffic situation. The controller algorithm is
set to follow the dynamic programming-based acceleration till
the speed limit be reached. The velocity is maintained at the
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speed limit or at the front vehicle one. It can be observed
that the velocity profile for DP-based algorithm has a gradual
increase in velocity compared to a strong acceleration profile
of the driver model. The optimum velocity profile balances
the energy consumption and time to travel. Also, since the
DP algorithm strategy already knows about the speed limits
beforehand, it can start the optimum exclusive braking maneu-
ver earlier. Thereby, it absorbs all the available braking energy
which would normally become wasted. It can be observed that
the use of maximum motor capacity for braking has resulted
into a comparable braking performance to the driver model
which is designed to brake with a −750-Nm torque. The
total cycle distance is 1400 m which is covered by the driver
model in 140 s and the DP algorithm in 145 s. As com-
pared to an earlier algorithm [12], the modified algorithm [6]
requires much less time to cover the same cycle because of the
increased braking capacity. It is assumed that the driver model
can recuperate with −260 Nm (out of total −750 Nm) while
DP algorithm uses the full motor capacity for braking. While
the driver model requires 0.259 kWh, the DP-based controller
requires 0.241 kWh for the same distance, saving approxi-
mately 9%-energy. This figure will change depending on the
frequencies of acceleration and braking events over the cycle.

D. SAGA Function for BEV Highway Domain

As compared to a city domain, the highway domain distin-
guishes itself with the high average velocity and less frequent
and low acceleration or deceleration maneuvers. As it is evi-
dent from Fig. 1, the high speed region of the power train is
characterized with superior efficiency and lower acceleration
capacity. In this domain, the main energy saving potential lies
not in the optimization of acceleration but in the conservation
of momentum lost during the deceleration through a maxi-
mum regeneration. In this context, given the high velocity,
the SAGA speed and distance control strategy described in
Section III is applied in highway domain. Thereby, we dis-
cuss the optimized blended braking control strategy described
in [28]. To balance safety and efficiency, it is necessary to
know the system state at each instant. With the given sys-
tem variables which define the system state, namely, velocity
difference �V , remaining distance d, and motor capacity, it
must become clear at any given instant whether it is possible
to safely complete the given deceleration maneuver without
compromising the safety. If such a possibility confirmation
is not present then the system must be forcibly manipulated
into the safe region. This action of steering the system into
the safe region is achieved by blending the motor brakes with
additional conventional braking.

To determine the system safety status, a safety indicator SI
is calculated and the system is tuned to a threshold value of this
indicator. If this threshold value is breached then the blended
braking is activated. If not, a pure motor braking maneuver
is allowed to proceed. With the activation of blended braking,
the additional braking is computed from the safety indicator
and a proportional control is executed using a gain of Kb = 10

SI = �V

d
(14)

Fig. 11. SAGA deceleration 130−80/60 kph, blended braking control with
safety indicator activation at 0.22.

ablended = amotor + acorrection (15)

acorrection = −Kb · SI. (16)

In order to ensure enough time for the motor brake to
absorb the regeneration energy, it is necessary to activate
the motor brake as soon as the front obstacle is detected.
Hence, in blended brake SAGA strategy, the gains Kcv as 0.75,
Kcd as 0.1 are accordingly tuned. Fig. 11 demonstrates the
performance of the optimised blended braking system. The
deceleration phase for 130−80 kph is managed by the motor
as expected. Here, the SI does not breach the 0.22 mark and
the blended braking is not activated. In case of a deceleration
phase for 130−60 kph, the activation barrier is breached. If
no action is taken then SI quickly rises (in red) to indicate any
safety risk. It is seen that without any intervention, although
the maneuver is completed without any collision, the head-
way spacing has dropped dangerously close. At front vehicle
speeds lower than 40 kph, a collision is inevitable. At the
activation limit breach, the blended braking is activated (in
green), an additional braking power is applied with conven-
tional brakes, and SI is suppressed to the safe position. The
introduction of this safety indicator also implies a comfortable
driving situation during a braking maneuver.

Among Fig. 12, a jerk plot with SAGA activated is illus-
trated with a low average and the presence of a few high peaks.
The ACC standard guidelines allow a jerk to be under 2.5 m/s3

(in absolute value) in average and the presence of peaks with
an amplitude above this limit provided they last less than 1 s so
as to remain in an acceptable comfort area (less than 0.15 s for
Fig. 12). The conception of SAGA does not directly balance
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Fig. 12. Jerk illustration for an SAGA scenario.

Fig. 13. SAGA test result analysis for a deceleration maneuver.

the comfort with the safety and efficiency criteria but this one
is naturally induced by the ACC-based system.

A Pareto 80/20 analysis shows that 80% of braking which
contains a high potential of recoverable energy is during the
slow front vehicle approach, highway construction, speed lim-
its, and traffic signals. The evaluation of the benefits of using
SAGA in these situations is done making an energy analy-
sis as shown in Fig. 13. Here, a deceleration maneuver from
140 to 80 kph (slow front vehicle approach) is analyzed using
ego vehicle velocity and recovered energy data. During decel-
eration, the ego vehicle already achieves the target velocity
of 80 kph at point B. However, as the distance from front
vehicle is less than 2 s, the vehicle undergoes further decel-
eration till point C and readjusts till point D to achieve the
2 s headway. This results in multiple values for recovered
energy analysis. While this phenomenon is also present in
130−80 kph maneuver with less intensity, it completely dis-
appears in 140−100 kph maneuver, where points C and D
are absent. For a fair comparison, the energy between points
A and B is considered. Thereby, for 140−80 kph maneuver
about 219 Wh of kinetic energy (KE) is depleted from which,
50.5 Wh is spent to overcome air drag and 23.3 Wh is spent to
overcome wheel resistance. Out of the remaining 145.2 Wh,
the regenerative braking system absorbs 117 Wh at an effi-
ciency of 80.5%. Table II gives an idea of the recoverable KE
for some other maneuvers.

TABLE II
ENERGY RECOVERY POTENTIAL FOR VARIOUS MANEUVERS

Fig. 14. eFuture prototype for SAGA function test.

E. GACC Testing

In the context of the European Union funded project
“eFuture,” a preliminary version of SAGA function was tested
at the Gaydon test track in U.K. For this purpose, the eFuture
BEV prototype (Fig. 14) with real time measurement equip-
ment, front cameras, radar sensors, and a data fusion box
is used.

A part of test sequence is discussed in the following. The
main aim of testing was to demonstrate system ability to
sense front vehicle and control ego vehicle with respect to
the SAGA function. It must be noted that the eFuture vehicle
prototype has a software regulated inherent regenerative torque
limitation due to battery charge acceptance limits. This limits
the regeneration torque to about −260 Nm and hence, at this
stage of development, the actual strategy of SAGA function to
employ strong exclusive motor brakes cannot be evaluated in
this testing. Nonetheless, the control part consisting of sensing
and actuation is successfully evaluated and validated.

As seen in Fig. 15, at about 34 s, the data fusion box is
activated and the system acknowledges the front vehicle pres-
ence. The SAGA function senses the small headway of about
25 m and the front vehicle deceleration. It requests a decelera-
tion of about −2 m/s2. It is seen that the vehicle has answered
with a deceleration of about −1 m/s2. At about 55 s when the
headway is sufficiently increased, SAGA tries to equalize the
speeds. From 70–80 s the controller chattering is evident while
it tries to regulate the speed. As the front vehicle increases
its speed, SAGA tries to follow. However, some power train
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Fig. 15. SAGA test result analysis.

controller software problems need to be sorted out since the
requested torque is not being supplied.

V. SAGA AS APPLIED TO HEV AND PHEV

Unlike the BEV, a direct control of the power train through
SAGA is not possible in the HEV or PHEV. In a BEV,
the SAGA determines the acceleration or deceleration val-
ues which can be directly translated into the torque demand
for the power train. This is possible because a single power
supply source is being controlled. In HEV or PHEV, even
if the SAGA can determine the acceleration and deceleration
values, i.e., the torque demanded from the power train, this
one being itself comprised of two power sources, hence, it
is also necessary to control the power-split for the respective
power demand. Thereby, a bi-layered control system is pro-
posed where SAGA acts a supervisory controller over a core
power train controller. For a power-split hybrid topology as
described in Fig. 3, the equivalent consumption minimization
strategy (ECMS) [16] is investigated as a core power train con-
troller in [7]. The details of this investigation are elaborated in
the following sections. In order to understand the operation of
an SAGA-ECMS bi-layered control, it is necessary to briefly
understand the ECMS concept.

A. Equivalent Consumption Minimization Strategy

The concept of ECMS was developed in [16]. It is
based on optimal control theory and can be derived from
Pontryagin’s minimum principle. In this paper, ECMS is used
as a direct power train control algorithm in combination with
the SAGA function for efficient autonomous vehicle control.
The aim is to minimize the fuel consumption and sustain the
battery charge level. It is explained as follows:

Etotal = Eice + Ebatt (17)

where, E is for energy. But all the energy ultimately comes
from the fuel, even the electrical energy Ebatt which is stored
in battery is produced by the motor-generator powered by IC
engine running at a specific operating point. If this operating
point is known then there can be a direct comparison between
fuel energy and electrical energy. This comparison factor is
s(t) and is called “equivalence factor.” For the rate of energy
consumption it can be stated that

ṁfuel = ṁice + s(t) · ṁbatt (18)

ṁfuel = ṁice + s(t) · Ebatt

Qlhv
· sȯc(t) (19)

ṁfuel = ṁice + s(t) · PeM

Qlhv
(20)

where sȯc(t) is the change in battery state of charge, m is the
fuel mass and Qlhv is the lower heating value of gasoline in
MJ/g. The aim is to minimize the cost function J, i.e., the
total fuel cost mfuel subject to operational constraints as

Min J
(
usplit, gice

) =
T∫

0

ṁfuel(t)dt

subject to Ptotal = Pice + PeM

Pice.min ≤ Pice(t) ≤ Pice.max

PeM.min ≤ PeM(t) ≤ PeM.max

Pgen.min ≤ Pgen(t) ≤ Pgen. max

SOCmin ≤ SOCbatt(t) ≤ SOCmax. (21)

In order to minimize the fuel consumption in the driving
mission of time T , the global optimization problem is reduced
to an instantaneous minimization problem by discretizing it
into smaller time segments. For each segment the optimum
values for usplit and gice must be determined such that the
optimum fuel consumption is obtained without violating the
SOC constraints.

As stated earlier, the equivalence factor allows a direct com-
parison between fuel and electrical energy for known engine
operating point and overall system efficiency. Thus, if s(t) is
high then the ECMS tries to penalize the use of electrical
energy. On the other hand, if s(t) is low the use of electrical
energy is encouraged. Since at any instant, the future operating
point of the system is unknown, it is not possible to find the
conversion between the electrical energy being spent which
will be replenished by fuel energy at a later time or electrical
energy being generated which will compensate the fuel energy
later. But if a driving cycle is known a priori then it is possi-
ble to find a lumped efficiency parameter for an electrical and
fuel energy conversion which is a characteristic of that partic-
ular velocity cycle. Such a method is described in [17] where
two values of s(t) are derived applicable to charging (schg)
or discharging (sdis) battery efficiencies. In [18], it is shown
that only one equivalence factor suffices in ECMS. This s(t)
is always located between schg and sdis values. However, this
s(t) only offers an optimum performance for the respective
velocity cycle. Any deviation in the velocity cycle will result
in a suboptimal and noncharge sustaining behavior.
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Fig. 16. (a) WLTP class3 cycle engine operating points. (b) Conventional
ice (left), TtR ECMS.

Hence, a normal ECMS cannot be applied in real time.
In [18], an adaptive ECMS (A-ECMS) concept was intro-
duced. Since then, many different methods were introduced
which used a real time update for the equivalence factor. Such
an algorithm facilitates a constant adaptation of the strategy
based on battery SOC status. One such method is described
in [19] and applied as follows:

s(t) = s0 + s0 · K · tan

(
socref − soc(t)

2π

)
(22)

where s0 is the nominal equivalence factor. Since we know
that equivalence factors lie between schg and sdis, the nominal
equivalence factor may be derived as an average of the two.
K is a feedback factor, it decides for which s(t) correction
intensity related to the soc deviation from socref. K is manually
tuned to obtain an acceptable performance of the system.

The A-ECMS is implemented and tested for both charge
sustaining normal HEV and blended mode PHEV. While for
normal HEV the socref does not change, in a PHEV the aim
is to use as much battery as possible. Hence, the socref must
be adjusted according to the covered distance. For a PHEV

socref(t) =
(

socfinal − socinit

Dtotal

)
· d(t) + socinit (23)

Fig. 17. ECMS controller behavior for HEV and PHEV on a WLTP cycle.

Fig. 18. ECMS controller behavior on a real world recorded velocity session.

B. ECMS Controller Behavior

The A-ECMS algorithm is developed as a MATLAB
s-function and implemented in the Simulink model of the
TtR hybrid. Simulation are made in order to compare power
train performance of conventional, HEV and PHEV topolo-
gies on the worldwide harmonized light vehicles test pro-
cedures (WLTPs) class 3 cycle [20] and further tested with
a completely different set of random velocity points which
are recorded during a real world driving [21]. The value of s0
is finally manually tuned to 3.5. The value of K was manually
tuned to 0.7. socref is fixed at 60%.

As observed in Fig. 16, in which the engine operating points
for conventional and TtR hybrid over a single WLTP cycle are
compared, ECMS optimizes the fuel consumption by shifting
the points in low efficiency region to high efficiency region. In
Fig. 17, the behavior of ECMS controller is shown as applied
to WLTP class 3 cycle which is repeated 5 times for a total
distance of 116 km. It can be seen that ECMS successfully
sustains SOC within certain limits for a charge sustaining pure
HEV. Whereas, for a plug-in hybrid, the full utilization of
battery energy between SOC levels 0.8–0.2 is ensured.

For this it is necessary that the trip distance must be known
beforehand. Apart from SOC regulation the aim of ECMS is
to reduce the consumption. ECMS actively avoids the engine
operation points of lower efficiency as seen in Fig. 16, where
a single run of WLTP cycle is compared for ECMS hybrid
and conventional ICE.

In Fig. 18, ECMS is applied on an actual recorded velocity
session (Arco_Merano) [21] spanning about 157 km.
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TABLE III
FUEL CONSUMPTION FOR VARIOUS POWER TRAIN CONFIGURATIONS

Fig. 19. Bi-layered SAGA and ECMS controller operation.

ECMS regulates the SOC within a certain range and reduces
the fuel consumption.

Table III gives an overview of different consumptions
figures for respective power trains and cycles. A charge sus-
taining hybrid saves about 17% in WLTP cycle and about 24%
in the Arco_Merano velocity session compared to the con-
ventional ICE vehicle which is given an advantage of 200 kg
weight reduction and an efficient gear shifting algorithm which
maintains the demand on most efficient engine map patch. It is
not fair to compare the performance of plug-in hybrids since
they use externally refillable electric energy.

C. SAGA as Supervisory Controller for HEV
and PHEV

As previously established, the longitudinal control for
an HEV or PHEV must be a bi-layered system wherein
SAGA function and ECMS controller behave in a kind of
master–slave system. The SAGA function defines the lon-
gitudinal motion characteristics. These are passed on to the
ECMS controller which further defines the power train oper-
ation properties. Such a bi-layered control for hybrid power
train is elaborated in the following.

Fig. 19 demonstrates a maneuver where the desired set
speed is 30 m/s and actual speed is 20 m/s. The front vehicle
is 300 m ahead and sensor range is 150 m, so the SAGA func-
tion determines an acceleration value in speed control mode.
The approximate amount of torque to achieve the specified
acceleration is calculated and passed on to the ECMS function.

Depending on the system parameters, ECMS determines the
power-split, transmission gear and amount of torque to be
generated or consumed (stored as electrical energy) for each
power train component. In short, for the acceleration domain
SAGA acts as a superficial command generator whereas
ECMS manages the actual power train activity.

At a headway spacing of 150 m, SAGA senses the front
vehicle and shifts into distance control mode. The front vehi-
cle is moving at 10 m/s. SAGA determines if the motor
braking capacity is sufficient to achieve the required decel-
eration within a safe headway distance. Otherwise the service
brakes are engaged as seen in case of classical ACC. ECMS
is held dormant during this time and SAGA directly controls
the regenerative power components. When the speed of ego
vehicle is equalized with the front vehicle, the objective is to
follow the front vehicle speed. In this operation domain char-
acterized with constant speed and intermittent acceleration,
SAGA again performs the supervisory control with ECMS as
the active power train controller.

VI. CONCLUSION

Through this paper, a generic concept for an autonomous
vehicle longitudinal motion control is proposed. The final
function and its adaption to various power train configurations
have been evolved from the basic smart and green ACC which
is expanded methodically. It is observed that the SAGA func-
tion has varied impact on energy saving which is subject to
the power train configuration and velocity cycle. For a BEV
in the city environment, SAGA can save about 9% whereas
the each deceleration maneuver in the highway environment
can save about 30–130 Wh subject to situation probabilities.
Similarly, for an HEV, an ECMS strategy in combination
with SAGA function saves about 17% as compared to a con-
ventional vehicle running on a WLTP cycle. However, these
figures only reflect certain specific scenarios-based savings and
will change depending on various factors. Here, it is significant
that each maneuver successfully managed by SAGA ensures
a specific quantity of saved energy and an accumulation of
such events leads to a substantial amount of energy saving.
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