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Abstract—This paper deals with the modeling control and
simulation of a series hybrid propulsion system for driving
a Wheel Loader by relying upon the Power-Oriented Graphs
(POG) modeling technique. The considered propulsion system
is composed of the following elements: an ICE (Internal Com-
bustion Engine), two controlled PMSMs (Permanent Magnet
Synchronous Motors), a supercapacitor as energy storage device
and the transmission system of the vehicle itself from the gearbox
all the way down to the vehicle wheels. A strategy for the control
of the considered hybrid architecture is studied, with the objective
of minimizing the ICE specific fuel consumption. Simulation
results showing the operation of the presented strategy are finally
reported and commented in detail.

Index Terms—Power-Oriented Graphs (POG), Series Hybrid
Electric Vehicles (HEVs), Heavy-Duty Vehicles, Graphical Ener-
getic Modeling, Simulation

I. INTRODUCTION

Hybrid electric vehicles (HEVs) are going to occupy a wider
and wider slice of modern road transportation, representing a
promising solution to reduce air pollution. The first step for
the development of a HEV is a well-defined dynamic modeling
of the several elements composing the architecture, for which
different approaches can be adopted. In [1], the vehicle model
is obtained using the Newton’s second law of motion. Bond
Graphs are used in [2] to analyze the power flow in series
and parallel HEVs; whereas EMR (Energetic Macroscopic
Representation) is used in [3] to model different vehicles.
Bond Graphs and EMR are two graphical modeling techniques
exploiting an energetic approach, providing different trade-offs
between pros and cons [4]. An energy modeling approach
is also used in [5] to provide a unified modeling of HEV
drivetrains. In this paper, the Power-Oriented Graphs (POG)
technique [6] is employed. The main advantages offered by
the POG technique [4] include the generation of a model
which is directly implementable in Simulink with no need
of additional libraries using standard Simulink blocks, and the
straightforward analysis of the system power flows. The main
architectures for HEVs include series, parallel and power-
split architectures, each having pros and cons with respect to
one another. The work presented in this paper addresses the
modeling and control of a series hybrid propulsion system for
driving a Wheel Loader, with the final objective of making
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Fig. 1. Structure of the considered series hybrid propulsion system.

a comparison with other architecture topologies in terms of
performances in a future work.

Series HEVs are a particular category of hybrid electric
vehicles where there is no mechanical coupling between
the endothermic engine and the vehicle transmission [7].
A schematic representation of the considered series hybrid
architecture is given in Fig. 1, where the electric machine
on the left is denoted by EG (working as a generator only)
and the one on the right is denoted by EM (either working
as a motor or performing energy recovery). The absence of a
direct mechanical power path from the ICE to the transmission
represents one of the main advantages of series HEVs: the ICE
torque and the ICE speed are decoupled from the transmission
torque and speed, respectively, and can be exploited as degrees
of freedom. The control strategy of a HEV plays an important
role in maximizing the benefits. The energy management of
series HEVs is addressed in [8] and [9]. In this paper, the
control of the considered series HEV is approached by pro-
viding a solution for the power management problem handling
the ICE, the EG and the EM which is based on the concept
of minimum specific consumption path, derived on the two-
dimensional state space having the ICE torque on the y-axis
and the ICE speed on the x-axis. Such concept is introduced
in [10] for power-split HEVs, see [11], and is extended in this
paper for series HEVs, with the purpose of minimizing the
ICE specific fuel consumption of the considered vehicle.

The paper is organized as follows: Sec. II describes the
modeling of the considered hybrid system shown in Fig. 1,
giving particular focus to the vehicle transmission system.
Sec. III describes the underlying concept and the operation
of the control strategy for the ICE, the EM and the EG.
In Sec. IV, the results of a simulation with reference to an
industrial case study are reported and commented. Eventually,
the conclusions of this study are reported in Sec. V.



II. MODELING OF THE HYBRID VEHICLE

The structure of the series hybrid architecture studied in this
paper is reported in Fig. 1 and the corresponding Simulink
block scheme is shown in Fig. 2. From Fig. 1 and Fig. 2, it is
possible to appreciate the one-to-one correspondence between
the conceptual scheme of the architecture and its Simulink im-
plementation. The elements composing the hybrid architecture
in Fig. 2 are, from left to right, the ICE, the EG, the inverter
controlling this machine, the supercapacitor playing the role
of energy storage device, the inverter controlling the EM, the
EM and the mechanical transmission system of the vehicle, i.e.
the Wheel Loader, from the gearbox all the way down to the
wheels. The red dashed lines present in Fig. 2 denote the power
sections connecting the physical elements with each other.
Since the product of the two power variables characterizing
a power section has the meaning of “power flowing through
that section”, the power section-based structure of the con-
sidered hybrid architecture, typical of POG schemes, allows
to maintain an excellent control on the power flows within
the system. The employed electric machines, whose modeling
has been performed by using the POG technique (see [6]
and [12]), are PMSMs. The actual parameters values used in
the machines models have been estimated from the machines
datasheet by applying an estimation procedure based on a least
square algorithm and on the concept of system efficiency, as
described by the authors in [13] and [14]. Subsystems “Control
of the Electric Generator” and “Control of the Electric Motor”
contain the implementation of the vectorial control [15], in
order to model the action of the inverters controlling the
corresponding electric machines. The simple, one-dimensional
model of the supercapacitor used as energy storage device has
been represented with the aid of the POG technique. The ICE
is modeled as a lookup table representing the maximum motive
torque which can be provided by the ICE Tj,.,, as a function
of the ICE speed W,... The control strategy for this element
is based on the concept of minimum specific consumption
path [10]. The dynamic model of the vehicle transmission
system is described in detail in the following Sec. II-A.

A. Dynamic Model of the Vehicle Transmission System

The mechanical transmission model is reported within
the subsystem named “Mechanical Dynamics” in Fig. 2. A
schematic representation of such system, modeling the trans-
mission from the gearbox all the way down to the wheels,
is shown in Fig. 3. The corresponding POG block scheme
showing the underlying dynamic model is shown in Fig. 4,
from which the state-space model can be directly obtained,
see [6].

From Fig. 2 and Fig. 3, the reader can verify that the
input power section of the vehicle transmission system, i.e.
Section @, is the one connecting the EM to the transmission
system of the vehicle. Indeed, such section is the one rep-
resenting the input power section for the POG transmission
scheme in Fig. 4.

The two power variables characterizing Section @ are the
gearbox input shaft resistive torque 7, , representing the

resistive torque applied to the rotor of the EM, and the angular
speed of the gearbox input shaft W,,, which is also the EM
angular speed.

Reference is made to Fig. 3 and Fig. 4, where the one-to-one
correspondence between the schematic representation of the
vehicle transmission and its POG block scheme is highlighted
with the aid of a color-based code and the description of the
several parts of the transmission is detailed in the following.

The part highlighted in orange is the : the con-
nection block characterized by parameters R, models the
gearshifting mechanism and introduces the following relations
between the upstream and downstream power variables, as
shown in Fig. 4:

W/=R,Wp,, T, =R,T; where R, € {1; 1} (1)
Ty T2

Parameters r; and 7o are the gear ratios accounting for
the first and second gears, respectively. The torsional spring
characterized by stiffness coefficient K; has been inserted for
decoupling purposes, together with the dissipative element d;
in parallel to the spring accounting for the energy loss due
to the compression and decompression of the torsional spring,
having an impact on the system during the transient.

The part highlighted in lightblue is the Transmission Shaft:
the rear and front transmission shafts in Fig. 3 are accounted
for together by moment of inertia J;, and b; is a friction
coefficient introducing a resistive torque which is linearly
proportional to the transmission shaft angular speed W,.

The part highlighted in green is the . The
purpose of this element is to distribute the motive torque
among the left and right wheels, therefore its contribution can
be modeled as a reduction ratio characterized by parameter
R4, together with a decoupling rotational spring K, and
its friction coefficient d,,. Reduction ratio R, introduces the
following relations between the upstream and downstream
power variables, as shown in Fig. 4:

1 1
W1/u = EWIE, Tt/ = Ri(i

The first part highlighted in magenta accounts for the
Wheels Dynamics: J,, is the equivalent moment of inertia
of the four wheels Ry, Ry, I} and F5, and b, is a friction
coefficient introducing a resistive torque which is linearly
proportional to the wheels angular speed W,,.

The second part highlighted in magenta in Fig. 4 accounts
for the Wheels radius, in correspondence of which energy
conversion from the mechanical rotational to the mechanical
translation domain takes place thanks to the connection block
accounting for the wheel radius R,, which introduces the
following relations between the upstream and downstream
power variables, see Fig. 4:

Ty 2

v;:RrWun TL)ZRTF’U 3)

The rotational spring characterized by stiffness coefficient K,
together with the friction coefficient d, attached in parallel to
it, account for the elasticity of the wheel drive shafts.
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Fig. 2. Simulink block scheme of the considered series hybrid propulsion system.
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Fig. 3. Structure of the considered vehicle transmission system.

P = P, +P,

The next part is highlighted in black and describes the
Vehicle Dynamics given by the vehicle mass M,,.

The last part of the block scheme in Fig. 4 describes the
main external Force Contributions such as, from left to right,
the Coulomb friction, the route slope action and the air friction.
As far as the Coulomb friction is concerned, the classical
modeling as a sign function F,qsign(v,), where F,q is the
modulus of the Coulomb friction and v, is the vehicle speed,
has been replaced by an arctan function: F, = 2 i 20 atan(k v,).
By choosing a rate of change k which is sufficiently high, it
is possible to obtain a good approximation of the Coulomb
friction with a smoother transition from —F,, to F,, and
viceversa when the vehicle direction reverses, i.e. when the
sign of v, changes, thus reducing the risk of causing system
oscillations. As for the route slope action, the corresponding
force is given by Fs = M, gsin(«), where M, is the vehicle
mass, g is the gravitational acceleration, « is the route slope
and the resulting F§ is the projection of the vehicle weight
force along the vehicle path direction. The air friction is
accounted for by formula F, = p, C, Swv,2, where p, is
the air density, C, is the air penetration coefficient and S is
the transverse section of the vehicle. It is worth highlighting
that the air friction impact is going to be quite limited in
an application such as the one under consideration, as Wheel
Loaders are vehicles which are not supposed to travel at high
speed.

III. CONTROL STRATEGY

The proposed solution for the power management problem
is described in this section. In the considered architecture, the

endothermic power source is the ICE and the two electric
power sources are the EM and the EG. The three requirements
that must be satisfied are:

« Provide the load with the demanded power level;

« Maintain the supercapacitor voltage within the lower and
upper acceptable thresholds;

o Minimize the ICE specific fuel consumption.

By looking at Fig. 1, one can verify that the series structure
of the considered architecture eliminates any direct mechanical
path from the ICE to the transmission system. From this fact,
three important observations can be made:

A) The ICE speed W is decoupled from the gearbox input
shaft speed Wy, ;

B) The ICE torque T;.. is decoupled from the gearbox input
shaft torque T, ;

C) The power demand from the transmission system is fully
up to the EM, given by P,, = W, T,,, , as shown in
Fig. 2 and Fig. 4.

The control applied to the ICE is based on observations A) and
B) and is described in Sec. III-A. The control applied to the
EG is based on observation B) and is described in Sec. III-B.
The control applied to the EM is based on observation C) and
is described in Sec. III-C.

A. Control of the ICE

The decoupling of ICE speed W;.. from the gearbox input
shaft speed 1V, makes it possible to choose the most suitable
ICE speed as a function of the ICE demanded power; a
PID (Proportional-Intergal-Derivative) regulator is therefore
employed to apply a speed control to the ICE. The objective
of the control strategy is to make the ICE work in the most
efficient operating regions of the specific consumption map,
where the ICE specific consumption is minimized. Since both
the ICE speed W;.. and the ICE torque T;.. can be exploited
as degrees of freedom, according to observations A) and B) in
Sec. III, a powerful tool that can be employed is the ICE min-
imum specific consumption path, which allows to determine
the most suitable ICE operating point (Wice, Tice), i-€. the
one minimizing the specific consumption, as a function of the
ICE demanded power. The rules for deriving the ICE minimum
specific consumption path are described by the authors in [10]-
Sec. IIILA. The resulting ICE minimum specific consumption
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path on the ICE operating plane (Wice, Tice) is shown in [10]-
Fig. 4 and recalled in Fig. 5 for the sake of clearness. The
red curve in Fig. 5 shows the computed minimum specific
consumption path, whereas the magenta dashed curve in Fig. 5
shows the final smooth minimum specific consumption path
described by the following second order polynomial function,

see [10]-(4):

ag=—4.01-103
Tice =a0+Wiceaq —I—Wweag, where <a; =57.41 “4)
as=—0.16

The most suitable ICE operating point for the ICE is chosen on
the minimum specific consumption path as a nonlinear function
of the voltage drop across the supercapacitor, see [10]-(5):

Qopt 1 Ve, <Ve<Ve,,

Qreq 1 Vo<V, untl Vo=V o
(Wicedes 1 Ticeges ) = . ®)

erm: if ‘/c < ‘/Cmin until V ‘/Cref

Qmin if Ve> Ve, until Vo= Vcref

Verows Vero, and Ve, are the minimum, lower,

reference and upper thresholds of supercapacitor voltage V,:

Verow T Veup

Clow
2

The four operating points Qopt, Qreqs @maz and Qpin,
see [10]-Sec. III.A and [10]-(5), are defined as follows:

Qrc’q =

where V

Cmin?

V.

Cmin

<V

Clow

<V

Cref

V.

Cref —

<Ve

up?

Qopt = (Wz'ceom y Ticeopt) 5 (wicemq y Ticemq) 5



Qma:lt = (wicema$ s Ticemal») 5 szn = (wicemm s Ticemin)

The operating points Qopt, Qmar and  Qpip are
present in Fig. 5 and belong to the minimum specific
consumption path of the ICE. The required operating point
Qreq = (Wiceyoys Ticer.,) When Vo <V, . is computed as
follows, see [10]-Sec. IIL.A:

Ap 3C V2 —3C V2

D Ap = —F _ Cref 2 Clow
) Ap Ay Ay

low

2) P1 - Picenm + AP - WiceaptTicenpt + AP

Céreq
3) Wice,oy = K Pice,.,

4) Ticerﬁq =ag+ Wz a1 + W2

iCereq

az

Cereq

where Ap is the ICE required additional power, Ap =
tiow — tres is the time interval between the instant ¢;,,, when
V. =V, and the instant ¢,.; when V, = Vcref, K is a
proportional coefficient properly chosen, and the polynomial
used in step 4) is the one defined in (4). Once the desired
ICE Speed Wicedes € {Wicemmy Wiceopt ) Wicereq; Wicemaz} is
determined according to (5), the ICE is driven to the desired
speed by using the PID regulator.

B. Control of the EG

From Fig. 1, Fig. 2 and Fig. 3, it is evident that the ICE and
the EG share the same angular speed W;.. = W, as the ICE
shaft and the EG shaft are rigidly connected together. From
Sec. III-A it is known that a speed control is applied to the
ICE, meaning that the purpose of the control applied to the EG
will be to control the remaining power variable: the EG motive
torque T, which is equal to the ICE load torque Tj.,, see
Fig. 2, in agreement with observation B) in Sec. III. The ICE
desired torque Tice,,. € {Tice,ins Ticeopss Ticereq> Ticeman § 19
determined by the nonlinear function (4) and, according to the
previous observations, also represents the EG desired torque:

T, (6)

Gdes
The desired torque Ty, . is then imposed to the EG by
means of the inverter implementing the vectorial control, i.e.
subsystem “Control of the Electric Generator” reported in
Fig. 2.

C. Control of the EM

According to observation C) in Sec. III, the power demand
from the transmission system must be fully satisfied by the
EM. From this observation, it follows that a speed control
has to be applied to the EM, in order to make it follow the
desired speed profile W, ., which is directly proportional to
the vehicle desired speed profile v,,, . according to (1), (2)
and (3):

low

= Ticedm

Ry
= v
Rr Rg Vdes
A PID regulator is then used in order to convert the speed
tracking error W,,,, —W,, into a desired torque 7,,,, . for the
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Fig. 6. Desired and Actual Vehicle Speed; Gear; Transmission power.

EM, which is responsible for compensating the transmission
system resistive torque 7T, , see Fig. 4.

The desired torque T5,,, ., is then imposed to the EM by
means of the inverter implementing the vectorial control, i.e.
subsystem “Control of the Electric Motor” reported in Fig. 2.

IV. SIMULATIONS

The considered architecture reported in Fig. 2 has been
simulated with reference to an industrial case study: the goal
of the simulation is to make the vehicle follow a desired speed
profile v,,,,, when the most significant friction contributions
acting on the system are:

1) The Coulomb friction;
2) An external resistive force profile.

The actual values of the model parameters could not be
reported because of industrial secret reasons. The external
resistive force profile is responsible for simulating the resistive
force that the transmission system is subject to when the
Wheel Loader is either digging (i.e. loading the bucket) or
unloading the bucket. The total resistive force applied to the
vehicle Fi, . is therefore given by the two contributions 1)
and 2) reported above and has been acquired by experimental
measurements performed on the field for the analyzed cycle.
The corresponding load power P, is absorbed by the rear
and front transmission shafts in order to make the vehicle
follow the desired speed profile v,, , when the total exper-
imental resistive force Fy ,  is applied to the vehicle. In the
considered hybrid architecture, such power P, , must be fully
provided by the EM, see Sec. III-C. In this simulation, the
vehicle is supposed to be working on a plane route, meaning
that the route slope external force contribution has no impact.
Additionally, the air friction is neglected because of the low
traveling speed of the Wheel Loader.

The obtained simulation results are shown in Fig. 6, Fig. 7,
Fig. 8, Fig. 9 and Fig. 10. The upper subplot of Fig. 6 shows
the desired speed profile v,,,, that the vehicle is required
to follow (blue dashed curve) and the actual vehicle speed
v, (green curve). The middle subplot of Fig. 6 shows the
currently engaged gear, which upshifts from R, = 1/r; to
R, =1 /T2 when the absolute value of the vehicle speed
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overtakes the threshold of 8 [km/h] and viceversa. The lower
subplot of Fig. 6 shows the total transmission power P,
acquired from experimental data on the field during the given
cycle (blue dashed curve) and the transmission power P; from
the simulation (red curve): the good matching between P,
and P, denotes the effectiveness of the control applied on
the EM, allowing to fully satisfy the power demand from the
transmission.

Fig. 7 shows the desired EM speed profile W,,, . (blue
dashed curve), which is computed from the desired vehicle
speed profile v,,,,, according to (7), and the actual EM speed
W, (red curve) in the upper subplot. From the middle subplot
of Fig. 7, it is possible to see the desired torque T, ., for the
EM in order to follow the desired speed profile W,,, . and
the actual EM torque 7;,. The good matching between the
desired and actual speed and torque characteristics furthermore
denotes the effectiveness of the speed control applied to the
EM, allowing to satisfy the power demand coming from the
load, i.e. the transmission. The lower subplot of Fig. 7 shows
the power profile P,, generated by the EM (red curve) and
the average value of such power Py,  (light blue line).

The upper subplot of Fig. 8 shows the EG desired speed,
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Fig. 10. Supercapacitor voltage; Currents from the inverters.

which coincides with the ICE desired speed W, = = Wice,..,
and the actual EG and ICE speed W, = W;..: the good
matching between the two characteristics highlights the ef-
fectiveness of the speed control applied to the ICE. The blue
markers identify the time instants at which the supercapacitor
voltage becomes greater than the upper threshold V. >V,
in correspondence of which the EG and ICE speed is set
from the initial optimal value Wy, = Wiee = Wice,,, down
to the minimum value W, = Wj.e = Wic, . in order not
to overcharge the supercapacitor according to (5). The green
markers identify the time instants at which the decreasing
supercapacitor voltage V. reaches the reference value V. __,, in
correspondence of which the EG and ICE speed is newly set to
the optimal one W, = Wi, = Wice,,,. The middle subplot
of Fig. 8 shows the EG desired torque Ty, = (blue dashed
curve), given by (5) and (6), and the actual EG torque Ty
(red curve). The latter T}, also represents the load torque T,
applied to the ICE, see Fig. 2, which has to be counteracted
by the ICE motive torque 7;.. in order to maintain the desired
ICE speed Wi, .. The good matching between the two
desired and actual torque characteristics T, . and T, shows
the effectiveness of the torque control applied to the EG,

whose purpose is to ensure that the condition Tjce = Tice,,,



is always verified, thus confining the ICE operating point on
the minimum specific consumption path. The lower subplot of
Fig. 8 shows the power profile P, of the EG (red curve), which
is negative because the machine acts as a generator, and the
average value of such power P, = (light blue line).

The ICE operating points are marked by the red dots
in Fig. 9, showing the ICE specific consumption map on
the operating plane (W;ce, Tice). From this figure one can
notice that, under the current simulation conditions, the ICE
operating point is either equal to the optimal one Q;ce = Qopt
or to the minimum one Q;ce = Qmin- This well agrees
with the following observation: with reference to the third
subplots of Fig. 7 and Fig. 8, it is possible to verify that the
average EM power P, , and thus the average transmission
power P, ., are lower than the modulus of the average
ICE and EG power Py, in the considered operating points
Qg = Qice € {Qmin, Qopt}. This explains why, under the
considered simulation conditions, there is no need for the
ICE to work in the operating points {Q;cq, Qmaz }. since the
generated power would be much higher than the one absorbed
by the transmission. Metrics providing the reduction of the
ICE specific fuel consumption with respect to the traditional
non-hybrid Wheel Loader could not be provided because of
industrial secret reasons.

Fig. 10 shows the voltage drop across the supercapacitor in
the upper subplot (blue curve) and the considered thresholds
Vemins VerowrVere; and Ve, introduced in (5) in red, magenta,
green and magenta dashed lines, respectively. The meaning of
the blue and green markers is the same as in Fig. 8.

The lower subplot of Fig. 10 shows the EG inverter cur-
rent I (green curve) always recharging the supercapacitor
(Ig > 0), and the EM inverter current /5, (magenta curve),
either discharging (I;; > 0) or recharging (I < 0) the
supercapacitor depending on the Wheel Loader operating
conditions. The discrimination about whether the EM and the
EG are recharging or discharging the supercapacitor can be
made on the basis of the EG and EM inverter currents I and
Iy by carefully looking at the summation node at the input
of the supercapacitor shown in Fig. 2. Since the EG inverter
current [ enters the supercapacitor input summation node
with a “+” sign, whereas the EM inverter current I, enters
the supercapacitor input summation node with a “-” sign, it
follows that:

Iy >0 = EM discharging the supercapacitor v/
Iy <0 = EM recharging the supercapacitor
Iz >0 = EG recharging the supercapacitor /
I <0 = EG discharging the supercapacitor (X)

Note that the last case (I < 0) can never happen, as in the
considered architecture the EG cannot work as a motor, since
the ICE cannot absorb power. As regards the condition Ip; <
0, the time frames in which the EM does contribute to recharge
the supercapacitor are those in which the vehicle is required
to decelerate: the braking action is performed with the aid of
the EM and energy recovery takes place. The potentiality of

performing this latter operation is one of the main advantages
of Hybrid Electric Vehicles.

V. CONCLUSIONS

In this paper, the modeling and control of a series hybrid
architecture have been analyzed. By using the POG technique,
the modeling of all the physical elements composing the
considered hybrid architecture has been performed. As regards
the control, an effective solution for the power management
problem has been given, allowing to satisfy all the require-
ments: guarantee the load demanded power level, maintain the
supercapacitor state of charge within the acceptable thresholds
and minimize the ICE specific fuel consumption. The proposed
control strategy has finally been tested with the aid of some
simulation results, thus proving its effectiveness for controlling
the presented hybrid propulsion system.
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