
1918 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 73, NO. 2, FEBRUARY 2024

An Add-On Model Predictive Control Strategy for
the Energy Management of Hybrid Electric Tractors

Stefano Radrizzani , Member, IEEE, Giulio Panzani , Member, IEEE, Luca Trezza ,
Solomon Pizzocaro , and Sergio M. Savaresi

Abstract—The hybridization process has recently touched also
the world of agricultural vehicles. Within this context, we develop
an Energy Management Strategy (EMS) aiming at optimizing
fuel consumption, while maintaining the battery state of charge.
A typical feature of agricultural machines is that their internal
combustion engine is speed controlled, tracking the reference re-
quested by the driver. In view of avoiding any modification on
this original control loop, an add-on EMS strategy is proposed. In
particular, we employ a multi-objective Model Predictive Control
(MPC), taking into account the fuel consumption minimization
and the speed tracking requirement, including the engine speed
controller in the predictive model. The proposed MPC is tested in an
experimentally-validated simulation environment, representative
of an orchard vineyard tractor.

Index Terms—Energy management, hybrid vehicles, model
predictive control, parallel hybrid vehicles, tractors.

I. INTRODUCTION

THE hybridization process is currently moving from stan-
dard vehicles to heavy-duty ones, raising new challenges

not only in their mechanical/electrical design but also in the
development of a proper Energy Management Strategy (EMS).

Heavy-duty vehicles cover a wide and heterogeneous class of
vehicles [1], including but not limited to agricultural tractors,
street sweepers, forklifts and construction vehicles. Therefore,
they cannot be studied as a single category, in order to exploit
their potential. It follows that if, on the one hand, traditional
vehicle behavior is well represented by standard driving-cycles,
on the other hand, each heavy-duty vehicle is characterized
by particular features. To provide some examples, tractors can
operate in a transport scenario, when used for moving people
or loads through trailers, or in a working scenario, where they
operate the same machinery in field for hours; on the contrary,
construction vehicles operate in a very different way, moving
loads for hours in a stationary way. Moreover, heavy-duty vehi-
cles are typically equipped with additional loads with respect to
traditional vehicles. These loads can be mechanical, connected
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to the propulsion system through a power take-off (PTO), or
hydraulic, connected through a system of pumps that feeds the
hydraulic circuit. This work focuses on tractors, in particular on
a hybrid orchard vineyard tractor prototype. It is a non plug-in
parallel hybrid vehicle, i.e., an electric motor (EM) is mounted in
parallel to the internal combustion engine (ICE) and the battery
state of charge (SoC) is maintained by the engine itself.

Generally, hybrid electric vehicles (HEVs) need an energy
management strategy: a control law that optimizes the usage of
the multiple power sources, aiming at optimizing fuel consump-
tion [2], efficiency [3] emissions [4] or costs in an economical
framework [5], [6]. This optimization problem can be seen as
a global optimization [7], [8], in fact the optimization horizon
coincides with the entire life of the vehicle. Given the impossibil-
ity to know a-priori the behavior of the vehicle, many real-time
solutions have been developed, here classified according to their
level of optimality. The simplest solutions are based on heuristic
approaches [9], followed by the well-known Equivalent Con-
sumption Minimization Strategy (ECMS) that reduces the global
optimization problem to a local one by minimizing an equivalent
consumption at any time instant [2]. The optimization problem
can be also solved over a finite prediction horizon, applying
Model Predictive Control (MPC) techniques [10], [11], [12].
Among their advantages, there is the possibility to turn them
into multi-objective problems; indeed, additional aspects can be
easily included in the predictive model, e.g., models specific for
the engine turn-on phases [13], battery thermal [14] or aging
dynamics [15].

In the agricultural sector, besides the advantages shared with
traditional hybrid vehicles, a hybrid tractor can reduce the de-
posit of pollutants on crops and the emissions near workers [16].
Moreover, when the full-electric mode is activated, turning off
the engine, it is possible to work indoor in greenhouses, com-
pletely eliminating the emissions. Nevertheless, hybridization
and full-electrification of tractors are very challenging. First
of all, because of the high power request to the battery for
machining and the high energy for long full-electric cycles, the
current technology is able to satisfy these requirements mainly
for compact or orchard tractors [17]. However, the electrification
process is a general trend in agriculture and mature for small and
light agricultural mobile robots, which require less energy and
power. For this specific kind of vehicles, different energy stor-
age systems have been developed and analyzed, ranging from
batteries to hybrid fuel-cell and photovoltaic power propulsion
systems, e.g., [18], [19].
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Main topic and related works
This work addresses the design and analysis of energy man-

agement strategies for the hybrid orchard/vineyard tractor pro-
totype, in order to understand the potential fuel saving improve-
ments with respect to its standard configuration which features
the sole internal combustion engine. A peculiar characteristic of
agricultural machines (and more generally heavy-duty vehicles)
is that their ICE is already equipped with a speed controller [20],
[21] that helps to ease the driver in performing their typical long
and repetitive operations.

Our work explicitly considers the presence of the built-in
speed controller and proposes a control law that results as
an add-on to the original vehicle, i.e., does not require any
change/intervention on the built-in speed controller. This is a
desirable feature, that facilitates the development and transition
to hybrid vehicles at an industrial level, also in a consolidated
market like the agricultural one.

This specific topic, to the best of our knowledge, has not been
yet addressed in the literature. One can, indeed, divide the related
scientific background into two groups: 1) works dealing with the
integrated energy management and speed control in traditional
parallel hybrid electric vehicles (HEVs), without any built-in
engine speed controller; 2) works oriented to the design and
control of hybrid tractors.

The speed control and energy management problem, in tra-
ditional parallel HEVs, is typically handled by splitting the
problem into two hierarchical and independent sub-problems:
the high-level speed controller computes the total power to drive
the vehicle at the reference speed; the lower-level controller,
that implements the actual energy management strategy, splits
the total requested power between the electric motor and the
internal combustion engine, aiming at minimizing consump-
tion. Some recent examples follow: [22] proposes an external
MPC-based adaptive cruise controller (ACC) which computes
the load torque and its prediction; then they are both used
as input for an ECMS-based energy management. Also [23]
develops a hierarchical control law with an external cooperative
adaptive cruise control and an internal heuristic energy manage-
ment strategy. The hierarchical framework proposed in [24] is
composed of a neural network, which is leveraged in the upper
layer controller to regulate the vehicle speed; then a genetic
algorithm is exploited to determine the equivalence factor for
the lower layer ECMS-based control. Finally, [25] formulates
a constrained finite-time optimization control problem, realized
by two hierarchical model predictive controllers. None of the
discussed works can be directly employed on the considered
tractor, because of the built-in speed controller. Its presence, in
fact, causes two main issues. Firstly, the ICE itself is already
responsible for the speed tracking, making impossible to ad-
dress the fuel saving and the speed tracking objectives as two
decoupled problems. Secondly, the total torque/power cannot
be directly split between the electric motor and the engine,
because in the latter it is autonomously regulated by the built-in
controller.

Considering the literature on hybrid tractors, different kinds
of works can be found. In [26], the hybridization of a tractor is
addressed as a feasibility study, showing the potential benefits of

hybrid powertrains. Other works analyze, from an electric and
mechanical perspective, specific hybrid configurations, e.g., par-
allel tractors with electric motors mounted on the main shaft [27]
or directly in wheels [28]. Only a few works propose EMS for
hybrid tractors: [29] and [30] approach the EMS problem using a
backward modeling paradigm, where the driving-cycle is known
in advance and can be perfectly tracked; [31], on the other side,
does consider the speed profile tracking problem but assumes
the possibility of controlling both the ICE and the electric motor
torque, as in traditional parallel hybrid electric vehicles.

Main contributions and outline
In our work, we address the EM of a hybrid tractor accounting

for its specificity, i.e. the built-in engine speed controller. To
do so, we propose an MPC-based EM solution, that takes into
account the engine controller dynamics within the predictive
model and that addresses two main objectives: fuel saving and
speed reference tracking.

A preliminary step is the identification of a control-oriented
vehicle model, to be used inside the MPC formulation. The
identification process is also oriented to the creation of a more
complex model, to be used as simulation environment to test
the proposed EMS. We mainly tested the proposed strategies
on transport driving-cycles instead of agricultural ones. Indeed,
agricultural operations typically occur at constant speed with a
slowly varying average power request [27]. As such, the tractor
and the powertrain work in almost constant operating points.
Transport operations, on the contrary, are much more variable
scenarios and so more challenging for the EMS. Simulation
results revealed that the proposed MPC can achieve good saving
performance without losing in speed tracking.

To summarize, the main contributions of this work are: 1) the
experimental identification and validation of a control-oriented
model of the tractor and its engine speed controller; 2) the formu-
lation of an energy management strategy based on an MPC ap-
proach, which allows the explicit consideration the presence of
the built-in ICE speed controller; 3) the performance validation
– in terms of fuel saving and speed tracking – and the sensitivity
analysis carried out on the experimentally-validated simulator,
considering both transport and agricultural driving-cycles.

The remainder of the article is organized as follows. In
Section II, the experimental setup is presented along with its
model and identification procedure. In Section III, the energy
management problem for the vehicle is introduced and then, in
Section IV, formulated in the MPC framework, showing the cost
function, the predictive model and some additional constraints.
Finally, the simulation results are discussed in Section V.

II. EXPERIMENTAL SETUP AND SIMULATION ENVIRONMENT

The considered vehicle is an orchard/vineyard hybrid tractor
prototype. Its traction system is composed of an electric motor
(EM) connected with the battery through an inverter (MCU),
that already includes a torque controller. The electric motor is
mounted on the main shaft in parallel with the Diesel internal
combustion engine equipped with its built-in control unit (ECU),
oriented to the tracking of the driver speed reference. Moreover,
the engine keeps a fan in rotation for cooling purposes. Between
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Fig. 1. Vehicle scheme.

the main shaft and the wheel one, there is a manual transmission
with twelve gearbox ratios. While the EM is always mechani-
cally coupled with the transmission, the ICE can be decoupled
by a controllable clutch. Typical of the tractors is the presence of
the PTO, used to connect agricultural machines with the vehicle,
and the presence of hydraulic auxiliaries, in this case, driven by a
dedicated electric motor-pump system. The complete schematic
representation of the vehicle is visualized in Fig. 1.

In the following, a mathematical model of the vehicle is
derived from experimental data in order to develop a simulator of
the vehicle in Matlab/Simulink1 environment. Each element of
the vehicle will be singularly characterized from data collected in
different experiments, then the complete model will be validated
on a transport maneuver.

A. Components Modeling and Identification

Internal combustion engine: The internal combustion engine
is modeled as a static map [32], which represents the efficiency
ηice between the fuel power consumed Pf and the mechanical
one Pice in a certain operating point (rotational speed and torque
provided):

ηice(Tice,Ω) =
Pice

Pf
=

TiceΩ

λfṁf
, (1)

where Ω is the rotational speed of the main shaft and Tice is
the engine torque, that is the equivalent torque applied by the
engine pistons reduced by the internal friction; therefore, when
the pistons are not applying any torque, i.e., when the injected
fuel is null, the net engine torque Tice assumes negative values,
because of the frictions. Then, ṁf is the fuel rate and λf is the
lower heating value, that represents the energy density of the fuel
provided during combustion. The map provided in Fig. 2 is the
result of a polynomial surface fitting on experimental efficiency
data points, collected by keeping the engine in a fixed operating
point (Ω, Tice) with a dyno.

Electric motor: Given the high bandwidth of the torque con-
troller in the MCU, the electric motor can be modeled with an
efficiency map as done for the engine. In this case, the efficiency
is defined as [32]:

ηem(Tem,Ω) =

(
TemΩ

VbIb,em

)sign(Tem)

. (2)

1MathWorks, Portola Valley, California, United States.

Fig. 2. ICE efficiency map. Engine speed limits are highlighted in dashed lines
and maximum torque is in continuous line.

Fig. 3. EM efficiency. Torque limits are highlighted in continuous line, in
dashed line the speed limits of the engine are reported to show the speed
range possible in hybrid mode. The EM presents different limits in traction
and recharge to satisfy the battery ones.

where Tem is the provided torque, Vb and Ib,em are the voltage
and current at the battery side. It should be pointed out that the
efficiency ηem, as defined in (2), includes also the efficiency of
the inverter, used to control the motor. Electric machines can
also generate electrical power when applying negative braking
torques, therefore the sign(Tem) appears in (2). Fig. 3 shows
the EM efficiency; following the same procedure carried out for
the engine identification, it is the result of a surface fitted on
experimental data collected at the test bench.

Battery: Battery is modeled according to its equivalent circuit
model, that is an ideal voltage generator Voc in series with a
resistance Rb:

Vb = Voc(SoC)−RbIb, (3)

where Ib is the sum of the current delivered to the motor Ib,em
and the one required by the auxiliaries Ib,aux. Moreover, the
open-circuit Voc of Li-ion batteries varies around its nominal
voltage Vn as a function of the state of charge (SoC). The shape
of this function depends on the Li-ion cells that the battery
is composed of, Fig. 4 corresponds to the one on the vehicle.
SoC can be defined as the available capacity of the battery with
respect to the nominal one Qb at full charge, therefore the SoC
dynamics is ruled by the following equation:

dSoC
dt

= − Ib
Qb

. (4)
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Fig. 4. SoC - Voltage battery characteristic.

Fig. 5. ICE fan losses. Experimental data are compared with the identified
model.

Fan: For cooling purposes, the engine keeps a fan in rotation,
that is modeled as an additional load power Pfan as a function of
the speed:

Pfan = TfanΩ =
(
AfanΩ

2 +BfanΩ+ Cfan
)
Ω. (5)

where Afan, Bfan and Cfan are the model coefficients. Fig. 5
shows the experimental data collected while keeping the ICE
idling, without any load except for the fan and compared with
the identified model.

Transmission: Transmission in agricultural tractors is an oil-
bath one, modeled through the power loss Pgb necessary to idle
the transmission as a function of the transmission speed Ωgb =
Ω/τgb [33], i.e., the speed Ω of the main shaft scaled by the gear
ratio τgb. The gearbox is composed of twelve values divided into
three sets: slow (S), medium (M) and fast (F). Moreover, due to
the presence of oil, the losses decrease when the oil temperature
Υ increases [34]:

Pgb = Tgb(Ωgb,Υ)Ωgb

=

(
Agb(Υ)

(
Ω

τgb

)2

+Bgb(Υ)

(
Ω

τgb

))(
Ω

τgb

)
, (6)

where Agb and Bgb are the model coefficients.
The experimental data, collected at different temperatures,

while the transmission is idling, are shown in Fig. 6. Then, the
model is identified around the nominal temperature of 44 °C,
i.e., the average operating temperature reached during the typical
usage of the tractor.

Longitudinal dynamics: The longitudinal dynamics of the
vehicle can be computed with a longitudinal power balance,
that results in:

M
dv

dt
v = Ptr − Pbr − Pcd(v)− Ppto, (7)

where M is the vehicle mass and v the longitudinal speed. Ptr

is the equivalent traction power at the wheel, that is the sum

Fig. 6. Transmission losses. Experimental data collected at different temper-
atures are compared with the identified model at the nominal temperature of
44 °C.

of the two motors power reduced by the fan and transmission
power losses. Then, Pbr = Fbrv is the braking power requested
by the driver. Ppto = TptoΩτpto is the power to be delivered to
the loads connected through the PTO, where Tpto is the PTO
torque and τpto is the gear ratio between the PTO shaft and the
engine one. Finally,Pcd(v) is the so-called coasting-down power
to counteract when the vehicle is kept at constant speed v. It can
be defined as the product between the longitudinal speed v and
the coasting-down force Fcd, the force that must be exerted to
drive the vehicle at a certain (constant) speed. It accounts for
three components: the aerodynamic friction proportional to the
speed squared, the viscous resistance proportional to the speed
and a constant value as a function of the rolling resistance and
the road slope:

Fcd(v) =
1
2ρAxCxv

2 + βv +MgCr cos θ +Mg sin θ. (8)

Regarding the first term, ρ is the air density, Ax the frontal
surface area, and Cx the drag coefficient. β is the viscous
coefficient andCr the rolling resistance coefficient. Finally,M is
the total vehicle mass, g the gravity and θ the road slope, positive
when up-hill. In place of using the values of these physical
parameters, it is common to lump them into three coefficients
– A = MgCr, B = β and C = 1

2ρAxCx – which can be easily
experimentally identified [33]:

Fcd(v) = Cv2 +Bv +A cos θ +Mg sin θ. (9)

The longitudinal vehicle speed v is related to the engine rota-
tional speed according to:

v =
Ω

τgbτ0
Rw, (10)

where τ0 is the fixed ratio between the rotational speed of the
gearbox and Rw is the wheel radius.

The coefficients of the coasting-down force in (9) can be
experimentally found letting decelerating the vehicle on its own
on a flat road, with the clutch open and the PTO disconnected.
Hence, (7) becomes:

M
dv

dt
v = −Pgb − Pcd(v), (11)

and therefore the model can be fitted on the experimental data
as shown in Fig. 7. During the identification tests, speed and
acceleration have been measured with an additional GPS/IMU
system, the mass is considered known and the gearbox losses
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Fig. 7. Coasting-down losses. Experimental data are compared with the iden-
tified model.

Fig. 8. ICE control scheme model.

known from Fig. 6. Given that the fan is placed before the clutch,
the fan power losses do not appear in (11).

Engine controller: The last element to be presented is the
engine speed controller. In fact, with respect to traditional ve-
hicles, where the driver gives a torque command to the engine
through the throttle pedal, in agricultural ones, the driver sends
a rotational speed reference for the engine itself [20], [21]. The
control scheme of the engine is shown in the scheme in Fig. 8,
where two additional elements are visible: the 1.5 Hz reference
prefilter and the droop function, that modifies the speed reference
requested by the driver as a function of the current torque applied
by the engine [35]. In particular, the reference increases when
the load reduces, in order to have a smoother control action in
load transitions and moreover the driver is able to experience
a load variation even if the engine is speed controlled. In our
application, the droop function has been disabled, so that the
engine does not present any steady-state error with respect to
the driver request.

Deriving a detailed model of the speed controller is a hard
task, in fact control of diesel engines is very complex, due to
the multiple objectives (e.g., injection, air flow, temperature,
emission), in addition to the main one, that keeps the engine
in the desired operating point [36], [37]. For the purposes of
this work, the controller is modeled in a control-oriented way.
Hence, it is simplified as a PI (proportional-integral) engine
speed controller, whose equations are:{

Tice = Kp(Ωref − Ω) + xice

ẋice = Ki(Ωref − Ω)
, (12)

whereΩref is the filtered reference from the pedal,Kp andKi the
PI gains and xice the controller status associated to the integral
action. The experimental identification of the control gains is
discussed after the definition of the complete model equations.

Fig. 9. ICE controller model validation. Data have been collected during an
ICE-only test.

B. Complete Vehicle Modeling and Identification

The complete model, derived by merging the models of each
vehicle component (1)–(12), results in the following set of
equations:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

v̇ = 1
MRw

[((Tice − Tfan)ξ + Tem − Tptoτpto) τgbτ0+

−(Fcd − Fbr)Rw − Tgbτ0]

ṁf =
1
λf

(
TiceΩ
ηice

)
ξ

Tice = Kp(Ωref − Ω) + xice

ẋice = Ki(Ωref − Ω)

SȯC = − Ib
Qb

Vb = Voc −RbIb

Ib = TemΩ
Vbηem

+ Ib,aux

(13)

where ξ is a boolean variable representing the status of the clutch:

ξ =

{
1 when closed
0 when open

(14)

Considering an energy-oriented modeling framework, the role
of the clutch is simplified into a boolean status, in order to model
the possibility of engine off, with ξ =0, driving the vehicle in
full-electric mode.

This model has four continuous states: speed, fuel consump-
tion, SoC and the integral action of the speed controller; and four
inputs: the engine speed reference, the electric motor torque, the
clutch status and the gearbox ratio. Braking force, PTO torque
and the current required by the auxiliaries acts as disturbances.
On this tractor, the braking force and auxiliaries’ current are
measured, while the PTO depends on the connected machinery.

Once the complete model is derived, the controller gains can
be identified, performing multiple speed reference steps and
minimizing the mismatch between the experimentally measured
engine speed (Ωmeas) and the one obtained by running the model
(13) (Ωsim):

(Kp,Ki) = argmin
∑
i

(
Ωmeas(i)− Ωsim(i)

)2
. (15)

The comparison of the measured and simulated data with the
optimal controller gains found is shown in Fig. 9. This figure
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Fig. 10. Complete model validation. Experimental data (gray) are compared with the simulator outputs (blue) driven by the same experimental inputs (black
dotted). The orange dotted line in the first plot represent the altitude.

TABLE I
MAIN VEHICLE PARAMETERS

highlights the capability of the PI model to match the simulated
speed with the measured one in terms of the rise-time, overshoot
and steady-state error. Also the good match between the experi-
mental and simulated control variable is provided as validation.

C. Simulation Environment Validation

The model in (13) is implemented in Matlab/Simulink as
simulation environment for the energy management strategies.
The complete validation has been carried out by comparing ex-
perimental data and simulated ones when fed by the same inputs.
The inputs of the test are the speed reference, imposed by the
driver; the electric motor torque, required by the vehicle control
unit which was operating following a torque-assist rationale;
the altitude. During this test, the clutch is always closed and the
gear ratio is constant over the entire maneuver. Considering the
transport maneuver, no additional loads were present in the test.
The model validation, see Fig. 10, is assessed by the good match
between the simulated and measured outputs, i.e., the engine
torque regulated by the speed controller, the SoC rate and the
fuel rate. Among the several, these variables have been selected
since they are (or are tightly related) to the vehicle model states.
In particular, the matching speed and engine torque validate the
controller gains, engine torque also validates the models of the
vehicle dynamics and loads (fan, transmission), while fuel and
SoC rates validate the ICE and EM efficiency maps, respectively.
The main model parameters are shown in Table I.

Fig. 11. Vehicle control scheme model.

III. PROBLEM FORMULATION

The energy management problem for this vehicle is addressed
in order to minimize fuel consumption, improving the vehicle
efficiency, while tracking the speed reference requested by the
driver. Moreover, considering that the vehicle is non plug-in,
the energy management should be able to guarantee the battery
charge-sustaining. In traditional parallel hybrid vehicles, the
combined energy management and cruise control is typically
addressed by hierarchical control schemes, e.g., [22], [23], [24],
where an external controller computes the total torque necessary
to track the desired speed and an internal loop, the proper EMS,
splits the requested torque between the engine and the electric
motor in order to minimize consumption.

An important difference between tractors and traditional ve-
hicles is the speed-controlled internal combustion engine. With
such a configuration, the delivered ICE torque cannot be directly
manipulated by the EMS, unless the ICE control architecture is
completely revised. Sometimes, for industrial constraints, this
is not even possible. In our work, we address this challenge and
propose an EMS for a parallel hybrid vehicle that manipulates
only the electric motor torque and does not (at least directly)
interfere with the ICE control architecture, see Fig. 11. The
high-level control goal, i.e., the speed reference tracking, is still
ultimately fulfilled by the engine, whereas the primary goal of
the electric motor becomes the efficiency improvement.

The proposed add-on solution is an MPC-based energy man-
agement strategy. Indeed, MPC seems a promising framework
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for two reasons: 1) the multi-objective nature of the problem can
be addressed by introducing both fuel consumption and speed
tracking error minimization in the cost function; 2) the presence
of the built-in speed controller can be included in the vehicle
model present in the MPC.

IV. MPC-BASED ENERGY MANAGEMENT STRATEGY

To describe the MPC, the cost function to minimize, the
predictive model and the eventual additional constraints are
introduced. Then, the solver used is presented and the tuning
of the prediction horizon length and the weights of the cost
function contributions is discussed.

Cost function: The proposed cost function is the sum of four
elements, the first two are associated with the energy consump-
tion minimization goal, the third one is oriented to the speed
tracking, while the last one is an auxiliary term used to have a
smooth control variable:

J = cfuelmf(N) + csoc [SoC(N)− SoC(1)]

+ ctrack

N∑
k=1

(Ω(k)− Ωref(k))
2

+ ccontrol

N−1∑
k=1

(Tem(k + 1)− Tem(k))
2. (16)

N is the prediction horizon length and c∗ are the weights on each
contribution. The first two weights are chosen in a physical way,
in fact they are used to link fuel and SoC consumption to energy

consumption, therefore the following equations hold:

cfuel = λf

[
J

kg

]
and csoc =

VnQb

100

[
J
%

]
, (17)

while other parameters will be tuned according to a sensitivity
analysis presented below.

Predictive model: The predictive model is a simplified and
discretized version of (13). The first simplification consists of
replacing model (3) with the nominal battery voltage. This sim-
plification is reasonable for charge-sustaining vehicles, indeed
the battery SoC remains around the nominal value [38]. The
second one makes the EM torque the only optimization variable,
linking the clutch status with the engine torque: the clutch opens,
activating the full-electric mode, when the engine torque is close
to zero (Tice < Tth ↔ ξ = 0). Then, the model is written in
discrete time according to the forward Euler method with sample
timeΔs = 0.05 s, chosen to have 10 samples in system rise time.
In conclusion, the predictive model is a discrete time nonlinear
system that can be written in compact form as:

X(k + 1) = X(k) + ΔsF (X(k), Tem(k), τgb(k),Ωref(k))

X(1) = Xmeas, (18)

whereX = [Ω,mf ,SoC, xice] is the vector of the systems states,
initialized with the last available measurement (superscript
meas), and F is the state dynamics function. It is visible that the
model is a function of two unknown inputs: the speed reference
and the gearbox ratio. The first one is predicted keeping its
derivative constant over the horizon:

Ωref(k + 1) = Ωref(k) + ΔsΩ̇
meas
ref , (19)

min
Tem,X

cfuelmf(N) + csoc [SoC(N)− SoC(1)]

+ ctrack

N∑
k=1

(Ω(k)− Ωref(k))
2

+ ccontrol

N−1∑
k=1

(Tem(k + 1)− Tem(k))
2

s.t. model constraints

X(k + 1) = X(k) + ΔsF (X(k), Tem(k), τgb(k),Ωref(k), Tpto(k), Ib,aux(k)) k = 1, . . ., N − 1

X(1) = Xmeas

τgb(k) = τmeas
gb k = 1, . . ., N

Ωref(k + 1) = Ωref(k) + ΔsΩ̇
meas
ref k = 1, . . ., N − 1

hard constraints

SoCmin ≤ SoC(k) ≤ SoCmax k = 1, . . ., N

Tmin
em (Ω) ≤ Tem(k) ≤ Tmax

em (Ω) k = 1, . . ., N

Imin
b

Qb
≤ −SoC(k + 1)− SoC(k)

Δs
≤ Imax

b

Qb
k = 1, . . ., N − 1 (OP1)
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Fig. 12. Sensitivity of the computation time Δc w.r.t. to the horizon length
N . The chosen value is highlighted, showing the satisfaction of the constraints.

while the gearbox ratio is kept constant:

τgb(k) = τmeas
gb . (20)

This model can be introduced in the optimization model as a
set of N equality constraints and using X(k) as a set of auxil-
iary optimization variables, according to the so-called multiple
shooting method [39].

Constraints: The problem is subject to three hard constraints:
1) SoC is limited to stay between two levels in order to

prevent the complete discharge and charge of the battery:

SoCmin ≤ SoC(k) ≤ SoCmax; (21)

2) EM torque is limited at each speed by its maximum value
in charge and recharge:

Tmin
em (Ω) ≤ Tem(k) ≤ Tmax

em (Ω); (22)

3) battery current limits are suggested in real-time by the
battery management system in order to preserve the bat-
tery health. To avoid including the nonlinearities of the
current expression in (13), the constraint can be written
equivalently on the SoC rate, thanks to (4):

Imin
b

Qb
≤ −SoC(k + 1)− SoC(k)

Δs
≤ Imax

b

Qb
. (23)

Solver design: MPC formulates an optimization problem (OP)
that can be summed up as in (OP1) shown at the bottom of
the previous page. This problem is solved with the support
of CasADi [40], which interprets the problem as a symbolic
one and turns it into a numeric one at each iteration, given the
measurements from the system. The OP is nonlinear, therefore
a suitable solver is interior point (IPopt) [41]. It needs an initial
guess as starting point to compute the optimal value, that is
chosen to be coincident with the optimal time-shifted trajectory
computed in the previous iteration [42], except for the very first
iteration that it is set to zero.

Prediction horizon: Prediction horizon N is chosen through
a sensitivity analysis with respect to the computational time Δc

needed to solve the OP in (OP1). Fig. 12 shows the average
computational time starting from 50 random starting conditions
(measured variables) of the OP. The chosen value isN = 30, that
corresponds to a prediction horizon of 1.5 s, in order to satisfy
the following constraints: 1)N > 10, to include the transients of
controller in the predictive model; 2) Δc < 0.05 s, to guarantee
the computation of the control variable at each sample time of

Fig. 13. Sensitivity w.r.t. the control weight ccontrol, in simulation environ-
ment.

Fig. 14. Sensitivity w.r.t. the control weight ctrack, in simulation environment.

the discrete time model, and apply the first optimal value on the
system.

Cost function weights: Once the framework to solve the MPC
problem is defined, it is possible to perform sensitivity analyses
to tune the remaining parameters: the weights on the tracking
error ctrack and on the control variable ccontrol. ccontrol is chosen in
order to manage the trade-off, visible in Fig. 13; recalling that
the total torque to follow the reference speed is adjusted by the
ICE speed controller, it is possible to conclude that: when the
weight is too low, the EM and the total torque are too rough;
while when it is too high, the total torque is smooth, but the
electric motor is not as fast as the engine controller dynamics
and therefore it provides a slow response. Finally, a good tuning
of the parameter ccontrol provides that both EM and total torque
are smooth, without cutting out the dominant frequencies of the
EM one. The other weight, ctrack is necessary to guarantee a good
tracking performance, given that the electric motor torque acts as
a disturbance for the engine speed controller. Moreover, it plays
a very important role in full-electric mode, when MPC becomes
the only controller responsible for tracking. Fig. 14 shows how
the tracking performance with the chosen weight is very close
to the response of the ICE controller when the electric motor is
turned off, while a significant error is present when the tracking
weight is too low. In this analysis, the tuning of the tracking
weight is based on the tracking effect only, while in Section V,
the trade-off between tracking and energy saving is discussed in
detail.
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Fig. 15. Penalty function on the battery consumption as a function of SoC.

Fig. 16. Vehicle speed reference used in simulations.

Charge-sustaining: Up to now, the charge-sustaining con-
straint has been expressed as a hard constraint on the minimum
and maximum value of the battery state of charge. Nevertheless,
this solution is not sufficient, in fact in a charge-sustaining sce-
nario the behavior of the energy management strategy should be
SoC dependent, preferring a battery discharge when the SoC is
too high and vice-versa [2], [43]. A possible solution to manage
this problem is to introduce a penalty function on the battery
consumption [44], such that the battery usage becomes more
expensive when the SoC decreases. Therefore, the csoc weight
in the cost function (16) is multiplied by a penalty function
c̃soc(SoC), shown in Fig. 15. Moreover, it must be noticed that its
average value corresponds to the average ratio between ηem and
ηice, in order to consider that each battery consumption requires
past or future fuel consumption to maintain the battery state of
charge [3], [38], when dealing with non plug-in vehicles.

V. SIMULATION RESULTS

The performance of the MPC controller is evaluated in the
simulation environment developed in Section II. As discussed in
the Introduction, we mainly considered the transport scenario. In
particular, the considered driving-cycle has been created using
real measurements where different speeds, gears and driving
patterns were recorded. In order to obtain a long driving-cycle
(about 45 min), several surrogate profiles have been connected,
obtained from the phase randomization process of different
shorter experimental driving-cycle. The phase randomization
creates a surrogate signal by transforming the original one into
the frequency domain and randomizing its phases, before recon-
verting into time domain [45]. The resulting speed reference is
visible in Fig. 16. By applying this strategy, the reference speed
has a power spectrum magnitude equal to measured shorter
driving-cycles, avoiding to have unrepresentative accelerations
and decelerations. The associated gear ratio is computed as a
function of the reference vehicle speed.

Fig. 17. Simulation results: fuel consumption and SoC behavior comparison
between the MPC-based solution and the traditional ICE-only vehicle.

TABLE II
SIMULATION RESULTS COMPARISON BETWEEN THE MPC-BASED SOLUTION,

THE TRADITIONAL ICE-ONLY VEHICLE AND THE OPTIMAL CONSUMPTION

CONSIDERING THE DRIVING-CYCLE IN FIG. 16

Due to the multi-objective nature of the MPC, the trade-off
between fuel saving and speed tracking is discussed through a
sensitivity analysis. Moreover, the robustness with respect to
the engine speed controller uncertainty is evaluated, in order to
understand the effect of a possible mismatch with the model.
Finally, we discuss the application of the proposed solution to
agricultural applications.

Performance evaluation: The indexes used for performance
evaluation are related to the two primary objectives of the
MPC: the fuel saving with respect to the ICE-only case (in this
case, the vehicle mass is reduced by 200 kg, to consider the
absence of the electric motor and the battery) and the speed
tracking, quantified by the root mean square error (RMSE),
normalized with respect to the speed reference. Results are
also compared with the optimal global solution, considering
the whole driving-cycle known. The global optimum can be
computed via Pontryagin’s minimum principle (PMP). Indeed,
when hybrid vehicles operate in a charge-sustaining scenario,
the battery voltage can be assumed almost constant, and if the
PMP solution exists, it returns the global optimum, as discussed
in [46] and [47].

Fig. 17 shows that the MPC-based solution makes the SoC
return at the end of the driving-cycle close to its initial value
with a lower fuel consumption than the ICE-only solution. To
compare results with the global optimum, PMP is computed so to
have the same initial SoC at the end of the driving-cycle. Results
are summarized in Table II: the MPC-based EMS produces a fuel
saving, with respect to the traditional ICE-only vehicle, of 12.6
% on the considered driving-cycle, while the global optimum
reaches a level of 17.3 %.

Analyzing results in terms of tracking error, it is possible
to appreciate that all solutions do not deteriorate the tracking
performance, quantified with a low tracking RMSE. Indeed,
MPC generates an absolute error of 44 rpm at the top speed of
2200 rpm. Despite the low value (2.0 %) of the speed tracking
RMSE in case of the MPC-based solution, it is higher than the
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Fig. 18. Step response of the built-in engine controller is compared with the
response when the MPC is active. In one case, it operates in hybrid mode and
in one case in full-electric mode.

Fig. 19. Simulation results: engine (left) and electric motor (right) torque
projected on the respective efficiency maps.

original ICE-only solution and so it is interesting to analyze the
motivations behind that. The main cause can be attributed to
the full-electric mode, where the ICE speed controller is turned
off and the MPC becomes entirely responsible for the speed
tracking. Fig. 18 compares the step response of the built-in
engine controller with the response when the MPC is active.
In one case, MPC operates in hybrid mode (recharging the
battery) in parallel with the engine controller, in the other case in
full-electric mode. All responses present the same settling-time,
but in full-electric there is a slower rise-time and higher peak,
because of the maximum torque reduction (see Figs. 3 and 2)
and the slower sampling time of the control variable. Indeed, the
built-in engine speed controller operates at 100 Hz, while the
MPC sampling time is 20 Hz. Nevertheless, the performance
can be considered satisfying, as shown by Fig. 18 on a step
response and evaluated by the speed error RMSE on the complete
driving-cycle. Moreover, Fig. 18 shows how the steady-state
error in full-electric mode remains negligible, without an explicit
MPC integral action, thanks to the presence of the integral action
in the predictive model equations.

Another interesting point to be discussed is how the MPC
behaves during the driving-cycle, i.e., how the electric motor
torque moves the engine one in order to save fuel. Fig. 19 shows
the operating points, highlighting a main pattern during the
whole driving-cycle: 1) the full-electric mode is preferred at low
loads, where the engine efficiency is very low; 2) when the hybrid
mode is active, the EM torque is principally negative, recharging
the battery, to move up the ICE operating point in more efficient
zones. Finally, it is also visible that in the transport scenario, it is

Fig. 20. SoC evolutions for different initial value converge to the desired SoC
region, maintaining the battery SoC around the 50 %.

Fig. 21. Pareto curve fitted on experience data varying αtrack. The chosen
value at αtrack=1 is highlighted in red.

possible to recuperate energy, thanks to the regenerative braking
of the electric motor. Indeed, given that the speed tracking is an
objective of the MPC, the EMS automatically asks for negative
torques to slow down the vehicle, when the speed is higher than
the reference requested by the driver.

The last objective of the MPC is the charge-sustaining capa-
bility: Fig. 20 shows how the battery SoC converges to a similar
behavior even if the initial values is different, thanks to the fact
that at low SoC values the recharge is defined (according to the
penalty function in Fig. 15) as more convenient and vice-versa.

Saving/tracking trade-off: The tuning of the tracking weight
ctrack has been validated through the additional sensitivity analy-
sis in Fig. 14, with deeper analysis of its effects on the fuel saving.
Considering again the driving-cycle in Fig. 16, the MPC tracking
weight ctrack is replaced by ctrackαtrack in order to perform a
sensitivity analysis increasing and reducing the chosen tracking
weight. In Fig. 21, the Pareto curve resulting from different
simulation experiments is reported, showing that a very high
weight on the tracking disrupts the energy saving performance;
however, with lower values, the energy performance is signifi-
cantly higher with a negligible increase of tracking error. This
figure shows also the very good position on the Pareto curve
considering the value of ctrack chosen in Fig. 14.

Robustness to speed bandwidth model error: The peculiarity
of the proposed MPC is the interaction with the built-in engine
speed controller, that is also included in the predictive model.
In the previous simulation, the control model coincides with
the real controller active on the plant; now, we are aiming at
analyzing the performance loss due to a mismatch between the
bandwidth of the controller in the model and the real one. In
particular, to change the control bandwidth, regulator gains are
scaled in the model with a multiplicative factor, (Kp,Ki) is
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Fig. 22. Sensitivity of fuel consumption and tracking performance with respect
toαω : fuel consumption increases out of the robust region whenαω differs from
the nominal value, while tracking error is always kept in a small region.

replaced by (Kpαω,Kiαω). The outcome of this analysis, in
terms of fuel consumption and tracking RMSE, is both shown
in Fig. 22. First of all, it is visible that the tracking RMSE is
almost invariant with respect to αω , due to the fact that the real
control bandwidth does not change. Considering the fuel saving
performance, it is possible to highlight a robust region, in fact,
despite a model error, the performance is kept to the nominal
level. On the other hand, when the model error increases the fuel
consumption is visibly higher, due to the mismatch between the
actual engine torque and the one present in the model.

Agricultural applications: The last analysis consists of the
evaluation of the proposed MPC in agricultural operations.
We recall that agricultural machinery occurs around a constant
operating point [27], which depends on the considered operation
itself. The aim of this analysis is the validation the use of the
MPC-based solution in such a scenario. Therefore, we selected
a single driving-cycle, derived from experimental data. In par-
ticular, in the considered scythe operation, the speed reference
was equal to 1200 rpm and the average load torque was 100
Nm. During this simulation, we assumed that the PTO torque
was provided by a sensor, like the one shown in [48]. However,
if such a sensor is not available, load torque estimators can be
employed [49].

We compared the fuel saving performance of the MPC with
respect to the optimal global one, when the battery SoC returns
to the initial value. In fact, thanks to the constant pattern of
the requested speed and average load torque and the charge-
sustaining scenario, the EMS will have a repetitive behavior,
as well. Therefore, the simulation of long agricultural driving-
cycles is not necessary to evaluate the fuel saving performance.

Results showed that, in the considered operating point, the
MPC can save the 5.40 % of fuel with respect to the ICE-only
tractor, which is close to the optimal global fuel saving value
(6.67 %).

VI. CONCLUSION

In this article, we proposed an MPC-based solution for the
energy management of a parallel hybrid tractor, able to deal
with the traditional speed tracking requirement of the vehicle.

The effectiveness of the solution is tested on an experimentally-
validated simulation environment, developed after an experi-
mental campaign oriented to the identification of every vehicle
component. Results showed significant fuel saving – 12.6 %
in the considered transport driving-cycle and 5.40 % in the
agricultural one – without losing speed tracking performance.

ACKNOWLEDGMENTS

The authors would like to thank Argo Tractors for supporting
the research, in particular Giovanni Esposito and Diego Palmieri.

REFERENCES

[1] D. Beltrami, P. Iora, L. Tribioli, and S. Uberti, “Electrification of compact
off-highway vehicles–Overview of the current state of the art and trends,”
Energies, vol. 14, no. 17, 2021, Art. no. 5565.

[2] G. Paganelli, S. Delprat, T. Guerra, J. Rimaux, and J. Santin, “Equivalent
consumption minimization strategy for parallel hybrid powertrains,” in
Proc. IEEE 55th Veh. Technol. Conf., 2002, pp. 2076–2081.

[3] S. Radrizzani, L. Brecciaroli, G. Panzani, and S. M. Savaresi, “An ef-
ficiency based approach for the energy management in HEVs,” IFAC-
PapersOnLine, vol. 55, no. 24, pp. 167–172, 2022.

[4] T. Nüesch, A. Cerofolini, G. Mancini, N. Cavina, C. Onder, and L.
Guzzella, “Equivalent consumption minimization strategy for the control
of real driving NOx emissions of a diesel hybrid electric vehicle,” Energies,
vol. 7, no. 5, pp. 3148–178, 2014.

[5] G. Pozzato, M. Müller, S. Formentin, and S. M. Savaresi, “Economic MPC
for online least costly energy management of hybrid electric vehicles,”
Control Eng. Pract., vol. 102, 2020, Art. no. 104534.

[6] G. Pozzato, S. Formentin, G. Panzani, and S. M. Savaresi, “Least costly
energy management for extended-range electric vehicles: An economic
optimization framework,” Eur. J. Control, vol. 56, pp. 218–230, 2020.

[7] A. Sciarretta, M. Back, and L. Guzzella, “Optimal control of parallel
hybrid electric vehicles,” IEEE Trans. Control Syst. Technol., vol. 12, no. 3,
pp. 352–363, May 2004.

[8] J. T. B. A. Kessels, M. W. T. Koot, P. P. J. van den Bosch, and D. B. Kok,
“Online energy management for hybrid electric vehicles,” IEEE Trans.
Veh. Technol., vol. 57, no. 6, pp. 3428–3440, Nov. 2008.

[9] B. Baumann, G. Washington, B. Glenn, and G. Rizzoni, “Mechatron.
design and control of hybrid electric vehicles,” IEEE/ASME Trans. Mecha-
tron., vol. 5, no. 1, pp. 58–72, Mar. 2000.

[10] H. Borhan, A. Vahidi, A. M. Phillips, M. L. Kuang, I. V. Kolmanovsky,
and S. Di Cairano, “MPC-Based energy management of a power-split
hybrid electric vehicle,” IEEE Trans. Control Syst. Technol., vol. 20, no. 3,
pp. 593–603, May 2012.

[11] G. Ripaccioli, A. Bemporad, F. Assadian, C. Dextreit, S. Di Cairano, and I.
V. Kolmanovsky, “Hybrid modeling, identification, and predictive control:
An application to hybrid electric vehicle energy management,” in Proc.
Hybrid Syst.: Comput. Control, 2009, pp. 321–335.

[12] B. Sampathnarayanan, L. Serrao, S. Onori, G. Rizzoni, and S. Yurkovich,
“Model predictive control as an energy management strategy for hybrid
electric vehicles,” in Proc. Dyn. Syst. Control Conf., 2009, pp. 249–256.

[13] F. Yan, J. Wang, and K. Huang, “Hybrid electric vehicle model predictive
control torque-split strategy incorporating engine transient characteris-
tics,” IEEE Trans. Veh. Technol., vol. 61, no. 6, pp. 2458–2467, Jul. 2012.

[14] Q. Hu, M. R. Amini, H. Wang, I. Kolmanovsky, and J. Sun, “Integrated
power and thermal management of connected HEVs via multi-horizon
MPC,” in Proc. IEEE Amer. Control Conf., 2020, pp. 3053–3058.

[15] M. Cheng and B. Chen, “Nonlinear model predictive control of a power-
split hybrid electric vehicle with consideration of battery aging,” ASME J.
Dyn. Syst. Meas. Control, vol. 141, no. 8, 2019, Art. no. 081008.

[16] M. G. de Soto, L. Emmi, C. Benavides, I. Garcia, and P. G. de Santos,
“Reducing air pollution with hybrid-powered robotic tractors for precision
agriculture,” Biosyst. Eng., vol. 143, pp. 79–94, 2016.

[17] J. Caban, J. Vrabel, B. Sarkan, J. Zarajczyk, and A. Marczuk, “Analysis
of the market of electric tractors in agricultural production,” MATEC Web
Conf., vol. 244, 2018, Art. no. 03005.

[18] G. Gil, D. E. Casagrande, L. P. Cortés, and R. Verschae, “Why the low
adoption of robotics in the farms? Challenges for the establishment of
commercial agricultural robots,” Smart Agricultural Technol., vol. 3, 2023,
Art. no. 100069.



RADRIZZANI et al.: ADD-ON MODEL PREDICTIVE CONTROL STRATEGY FOR THE ENERGY MANAGEMENT OF HYBRID ELECTRIC TRACTORS 1929

[19] A. Ghobadpour, A. Cardenas, G. Monsalve, and H. Mousazadeh, “Opti-
mal design of energy sources for a photovoltaic/fuel cell extended-range
agricultural mobile robot,” Robotics, vol. 12, no. 1, 2023, Art. no. 13.

[20] J. W. Lee et al., “Engine speed control system for improving the fuel
efficiency of agricultural tractors for plowing operations,” Appl. Sci., vol. 9,
no. 18, 2019, Art. no. 3898;.

[21] F. Mocera, “A model-based design approach for a parallel hybrid electric
tractor energy management strategy using hardware in the loop technique,”
Vehicles, vol. 3, no. 1, pp. 1–19, 2021.

[22] E. Kural and B. A. Güvenç, “Integrated adaptive cruise control for parallel
hybrid vehicle energy management,” IFAC-PapersOnLine, vol. 48, no. 15,
pp. 313–319, 2015.

[23] Y. He et al., “Multiobjective co-optimization of cooperative adaptive
cruise control and energy management strategy for PHEVs,” IEEE Trans.
Transport. Electrific., vol. 6, no. 1, pp. 346–355, Mar. 2020.

[24] Y. Liu, B. Huang, Y. Yang, Z. Lei, Y. Zhang, and Z. Chen, “Hierarchical
speed planning and energy management for autonomous plug-in hybrid
electric vehicle in vehicle-following environment,” Energy, vol. 260, 2022,
Art. no. 125212.

[25] S. Ruan, Y. Ma, N. Yang, C. Xiang, and X. Li, “Real-time energy-saving
control for HEVs in car-following scenario with a double explicit MPC
approach,” Energy, vol. 247, 2022, Art. no. 123265.

[26] D. Troncon and L. Alberti, “Case of study of the electrification of a tractor:
Electric motor performance requirements and design,” Energies, vol. 13,
no. 9, 2020, Art. no. 2197.

[27] F. Mocera and A. Somá, “Analysis of a parallel hybrid electric tractor for
agricultural applications,” Energies, vol. 13, no. 12, 2020, Art. no. 3055.

[28] S.-Y. Baek et al., “Traction performance evaluation of the electric all-
wheel-drive tractor,” Sensors, vol. 22, no. 3, 2022, Art. no. 785.

[29] A. Ghobadpour, H. Mousazadeh, S. Kelouwani, N. Zioui, M. Kandidayeni,
and L. Boulon, “An intelligent energy management strategy for an off-road
plug-in hybrid electric tractor based on farm operation recognition,” IET
Elect. Syst. Transp., vol. 11, no. 4, pp. 333–347, 2021.

[30] J. Barthel, D. Gorges, M. Bell, and P. Munch, “Energy management for
hybrid electric tractors combining load point shifting, regeneration and
boost,” in Proc. IEEE Veh. Power Propulsion Conf., 2014, pp. 1–6.

[31] Z. Zhu, L. Zeng, L. Chen, R. Zou, and Y. Cai, “Fuzzy adaptive energy man-
agement strategy for a hybrid agricultural tractor equipped with HMCVT,”
Agriculture, vol. 12, no. 12, 2022, Art. no. 1986.

[32] G. Rizzoni, L. Guzzella, and B. Baumann, “Unified modeling of hybrid
electric vehicle drivetrains,” IEEE/ASME Trans. Mechatron., vol. 4, no. 3,
pp. 246–257, Sep. 1999.

[33] L. Guzzella and A. Sciarretta, Vehicle Propulsion Systems: Introduction
to Modeling and Optimization. Berlin, Germany: Springer, 2013.

[34] G. Molari and E. Sedoni, “Experimental evaluation of power losses in
a power-shift agricultural tractor transmission,” Biosyst. Eng., vol. 100,
no. 2, pp. 177–183, 2008.

[35] D. C. Garvey, “Diesel engine load control with a hydrostatic transmission,”
SAE Trans., vol. 92, pp. 914–924, 1983.

[36] L. Guzzella and A. Amstutz, “Control of diesel engines,” IEEE Control
Syst. Mag., vol. 18, no. 5, pp. 53–71, Oct. 1998.

[37] L. Guzzella and C. Onder, Introduction to Modeling and Control of Internal
Combustion Engine Systems. Berlin, Germany: Springer, 2013.

[38] S. Onori, L. Serrao, and G. Rizzoni, Hybrid Electric Vehicles: Energy
Management Strategies. Berlin, Germany: Springer, 2016.

[39] M. Kiehl, “Parallel multiple shooting for the solution of initial value
problems,” Parallel Comput., vol. 20, no. 3, pp. 275–295, 1994.

[40] J. A. E. Andersson, J. Gillis, G. Horn, J. B. Rawlings, and M. Diehl,
“CasADi: A software framework for nonlinear optimization and optimal
control,” Math. Program. Comput., vol. 11, pp. 1–36, 2019.

[41] F. A. Potra and S. J. Wright, “Interior-point methods,” J. Comput. Appl.
Math., vol. 124, no. 1, pp. 281–302, 2000.

[42] S. Gros, M. Zanon, R. Quirynen, A. Bemporad, and M. Diehl, “From
linear to nonlinear MPC: Bridging the gap via the real-time iteration,” Int.
J. Control, vol. 93, no. 1, pp. 62–80, 2020.

[43] S. Onori, L. Serrao, and G. Rizzoni, “Adaptive equivalent consumption
minimization strategy for hybrid electric vehicles,” in Proc. ASME Dyn.
Syst. Control Conf., 2010, pp. 499–505.

[44] A. Kleimaier and D. Schroder, “An approach for the online optimized
control of a hybrid powertrain,” in Proc. 7th Int. Workshop Adv. Motion
Control, 2002, pp. 215–220.

[45] J. Theiler, S. Eubank, A. Longtin, B. Galdrikian, and J. Doyne Farmer,
“Testing for nonlinearity in time series: The method of surrogate data,”
Physica D: Nonlinear Phenomena, vol. 58, no. 1, pp. 77–94, 1992.

[46] L. Serrao, S. Onori, and G. Rizzoni, “ECMS as a realization of Pontryagin’s
minimum principle for HEV control,” in Proc. IEEE Amer. Control Conf.,
2009, pp. 3964–3969.

[47] N. Kim, S. W. Cha, and H. Peng, “Optimal equivalent fuel consumption
for hybrid electric vehicles,” IEEE Trans. Control Syst. Technol., vol. 20,
no. 3, pp. 817–825, May 2012.

[48] N. Golinelli et al., “Development of a driveshaft torque transducer for
low-cost structural health monitoring of off-highway vehicles,” Proc.
Inst. Mech. Engineers, Part L: J. Materials: Des. Appl., vol. 233, no. 4,
pp. 714–720, 2019.

[49] Y. J. Kim, B. Song, and J. Kim, “Load torque estimation for a parallel
hybrid agricultural tractor in field operations,” Int. J. Precis. Eng. Manuf.,
vol. 14, pp. 1865–1868, 2013.

Stefano Radrizzani (Member, IEEE) received the
B.Sc. and M.Sc. degrees in automation and control
engineering from Politecnico di Milano, Milan, Italy,
in 2017 and 2019, respectively, discussing a thesis
about the braking pressure control of a brake-by-wire
actuator for a Formula E. In 2019, he was selected for
a summer camp for elite students by the Hong Kong
University of Science and Technology, Hong Kong.
In 2019, he was with the mOve Research Group,
Politecnico di Milano, as a Ph.D. candidate in systems
and control. After a Postdoc with The University of

Alabama, Tuscaloosa, AL, USA, he is currently a Researcher with Politecnico
di Milano. His research interests include energy management, battery sizing,
and vehicles dynamics control in vehicles.

Giulio Panzani (Member, IEEE) received the M.Sc
degree in mechanical engineering in 2008 and the
Ph.D. degree in information engineering (system
control specialization) in 2012 from Politecnico di
Milano, Milan, Italy. He was the Postdoc with the
University of Trento, Trento, Italy and the Swiss
Federal Institute of Technology of Zürich, Zürich,
Switzerland. He is an Associate Professor with the Di-
partimento di Elettronica, Informazione e Bioingeg-
neria, Politecnico di Milano. His research interests
include the analysis of dynamics, control design, and

actuation and estimation for two (and four) wheeled vehicles.

Luca Trezza received the Master’s degree in au-
tomation and control engineering from Politecnico
di Milano, Milan, Italy, in 2021, discussing a thesis
about the development of a model predictive control
strategy applied to the Energy Management of a hy-
brid powertrain. In 2021, he was with the mOve Re-
search Group with Politecnico di Milano, as a Junior
Research Assistant. His research interests include the
control of semi-active dampers and more generally,
vehicle dynamics control strategies.



1930 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 73, NO. 2, FEBRUARY 2024

Solomon Pizzocaro received the B.Sc. and M.Sc.
degrees in automation and control engineering from
Politecnico di Milano, Milan, Italy, in 2016 and 2018,
respectively. He defended a thesis concerning the
autonomous navigation of a small two-wheeled ve-
hicle for goods delivery in urban areas. From January
2019 to September 2019, he was a Visiting Scholar
with the Clemson University International Center for
Automotive Research, Clemson, SC, USA, where
he participated in the Deep Orange 10 project, and
worked on developing and implementing perception

and navigation algorithms for a level 5 autonomous vehicle. He is currently
working toward the Ph.D. degree in system and control with Politecnico di
Milano and Member of the mOve Research Group. His research focuses on
agricultural robotics.

Sergio M. Savaresi received the M.Sc. degree in
electrical engineering and Ph.D. degree in systems
and control engineering from the Politecnico di Mi-
lano, Milan, Italy, in 1992 and 1996, respectively,
and the M.Sc. degree in applied mathematics from
Catholic University, Brescia, Italy, in 2000. He was a
Management Consultant with McKinsey&Co., Mi-
lan. Since 2006, he has been a Full Professor in
automatic control with Politecnico di Milano. He
is the Deputy Director and Chair of the Systems
and Control Section of Department of Electronics,

Computer Sciences and Bioengineering, Politecnico di Milano. He is the author
of more than 500 scientific publications. His research interests include the areas
of vehicles control, automotive systems, data analysis and system identification,
non-linear control theory, and control applications with special focus on smart
mobility. He has been the Manager and Technical Leader of more than 400
research projects in cooperation with private companies. He is a Co-founder of
nine high-tech startup companies.

Open Access provided by ‘Politecnico di Milano’ within the CRUI CARE Agreement



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


