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Abstract— This paper addresses the modeling control and
simulation of a power-split hybrid propulsion system for driving
a Wheel Loader. The modeling is performed exploiting the
Power-Oriented Graphs (POG) graphical modeling technique.
The main elements involved in the system are: an ICE (In-
ternal Combustion Engine), two PMSMs (Permanent Magnet
Synchronous Motors) controlled using a vectorial control and
powered by a DC bus, a planetary gear set, a DC/DC converter,
a supercapacitor acting as energy storage device and the
transmission system of the vehicle, including all the physical
elements from the gearbox to the vehicle wheels. A control
strategy aiming at reducing the ICE operating point fluctuations
caused by the transmission load and minimizing the ICE specific
fuel consumption is proposed. Simulation results with reference
to a typical driving cycle for this type of vehicle are finally
presented and commented in detail.

I. I NTRODUCTION

The development of Hybrid Electric Vehicles (HEVs)
represents an important area of research in the continuous
effort to reduce the emissions of ICEs. This goal can
be achieved thanks to the joint contribution of new HEV
topologies and of suitable energy management strategies,
which allow to maximize the benefits that the different HEV
topologies can provide. From this consideration, it follows
that the first necessary step to test a new HEV topology and
the proposed energy management strategy is the effective
modeling of the considered HEV topology. The modeling
of HEVs, and of any physical element in general, can be
made using many different approaches. When focusing on
graphical modeling techniques, the three main categories
available in the literature are Bond Graphs (BG) [1]-[2],
Energetic Macroscopic Representation (EMR) [3]-[4] and
Power-Oriented Graphs (POG) [5]-[6]. In [7], the vehicle
modeling is performed using BG, while in [8] the modeling
of different types of vehicles is performed using EMR.
In [9]-[10], the modeling of HEVs is addressed using POG.
The three techniques BG, EMR and POG offer different
compromises between advantages and disadvantages [11].

In this paper, the modeling, control and simulation of a
heavy-duty power-split HEV, that is a Hybrid Electric Wheel
Loader (HEWL), are addressed by relying upon the POG
technique. The latter is preferred thanks to some important
characteristics, including the generation of block diagrams
that are easily and directly implementable in the Simulink
environment and the control on the power flows within the
system.
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Fig. 1. Architecture of the considered power-split HEWL.

A schematic representation of the considered HEWL ar-
chitecture is given in Fig. 1. From the figure, it is possible
to notice the presence of three power sources: an ICE and
two electric machines EM2 and EM1, connected to the
carrier c , sun s and ring r planetary gear set energetic
ports, respectively. The transmission system of the vehicle is
connected to the ring energetic port of the planetary gear
set as well. The ICE is the main power source present
on board the vehicle. The ICE generated power is going
to be split into two power flows reaching the transmission
system through two different power paths [12]. The first is
highlighted in red in Fig. 1 and is a fully mechanical path,
where a fraction of the ICE power is directly delivered to
the transmission system through the planetary gear set. The
second is highlighted in red / blue in Fig. 1 and is a hybrid
mechanical / electrical path. In this case, a fraction of theICE
power gets absorbed by EM2 and stored in a supercapacitor
through a DC/DC converter. The supercapacitor is ultimately
used to power EM1 through the DC/DC converter and help
drive the transmission system.

Once the modeling part has been addressed, a proper
solution to the energy management problem must be found,
that is how to properly control the three power sources to
achieve the desired goals [13]-[18]. The main advantages of
power-split HEVs are the decoupling of the ICE velocity
and torque from the transmission velocity and load torque,
which can be achieved thanks to the planetary gear set
and the electric machines. The proposed solution for the
energy management problem is based on the ICEminimum
specific consumption pathconcept. This tool is introduced



in [9]-[10] for a power-split HEV and for a series HEV,
and is extended in this paper to the power-split HEWL in
Fig. 1. The objectives are to reduce the ICE operating point
fluctuations caused by the transmission load in a traditional
non-hybrid Wheel Loader architecture and the minimization
of the ICE specific fuel consumption.

The remainder of the paper is structured as follows:
Sec. II and the following subsections address the modeling
of all the physical elements within the HEWL architecture
in Fig. 1. Sec. III and the following subsections deal with
the control of the three power sources to solve the energy
management problem. Sec. IV presents the results of a
simulation performed using a typical driving cycle for the
considered type of vehicle. Finally, the conclusions of the
paper are given in Sec. V.

II. M ODELING OF THEHYBRID TOPOLOGY

The Simulink implementation of the power-split HEWL
architecture shown in Fig. 1 is reported in Fig. 2.

Moving from left to right, the physical elements present
within the subsystems of Fig. 2 are: the electric machine
EM2, the drives of EM2, the supercapacitor acting as energy
storage device, the DC/DC converter, the DC bus, the drives
of EM1, the electric machine EM1, the ICE, the planetary
gear set, the transmission system and the vehicle dynamics.
The magenta dashed lines in Fig. 2 highlight thepower
sections of the system. The product of the two power
variables characterizing a power section has the physical
meaning of the power flowing through the considered power
section [6]. The system configuration shown in Fig. 2 directly
points out the system power sections and is therefore said
to be “power-oriented”, which is why the POG technique
allows a good control on the power flows within the system.

The considered electric machines EM1 and EM2 are
PMSMs, and their modeling is addressed in Sec. II-A. The
drives of EM1 and EM2 have been implemented using a
vectorial control [19]. The vectorial control aims at mini-
mizing the power dissipated because of the direct current
component [20]. The supercapacitor and the DC bus have
been modeled as two capacitorsCs andCdc, characterized
by the following first-order differential equations:

Cs V̇s= ÎL, Cdc V̇dc=IEM2−IEM1+(−IL), (1)

whereVs andVdc are the voltages acrossCs andCdc, ÎL is
the load currentIEM2−IEM1 up-converted,IEM2 andIEM1

are the EM2 and EM1 currents after AC/DC conversion and
−IL = −(IEM2−IEM1). The DC/DC converter is supposed
to be lossless and is modeled as a logical Matlab function
that down-converts voltageVdc to voltageVs < Vdc and up-
converts the load currentIEM2−IEM1 to the load current
ÎL > IEM2−IEM1. The modeling of the power-split device,
namely the considered planetary gear set, is performed in
Sec. II-B. The modeling of the transmission system and of
the vehicle dynamics is addressed in Sec. II-C. The ICE is
modeled within the “ICE” subsystem in Fig. 2 as a lookup
table saturating the output torque to the maximum ICE

torque versus speed, whereas the ICE control is discussed
in Sec. III-A.

A. PMSM Modeling

Under the hypothesis of sinusoidal rotor flux and star-
connected stator phases, the dynamic equations [6], [20]
describing the PMSM in a rotating d-q frame, namely a
reference frame rotating together with the rotor rotation,are:




pLse 0 0
0 pLse 0
0 0 JM









İd
İq
ẇm



=





−pRs p2wmLse 0
−p2wmLse −pRs −Kq

0 Kq −bM









Id
Iq
wm



+





Vd

V̄q

−̄Te



,

where:

{

V̄q =Vq − Rsq sgn(ωIq) ωI2q ,

T̄e = Te + bc sgn(ωm) + bMq sgn(ωm)ωm
2.

The parameterp is the number of polar pairs,Lse =
Ls + (1/2)Ms0, being Ls and Ms0 the stator phase self-
inductance coefficient and the maximum value of mutual
inductance between stator phases, whereasJM is the motor
inertia. The parameterRs is the stator phase resistance,Kq

is the in-quadrature component of the torque vector (also
known as the torque constant) andbM is the rotor friction
coefficient. The variablewm is the motor velocity, whereas
Id, Iq, Vd, Vq are the direct and in-quadrature components
of the current and voltage vectors, andTe the motor load
torque. The parametersRsq, bc andbMq are the Joule losses
term, the Coulomb friction coefficient and the parameter
accounting for the impact of the air friction losses. Thanks
to the vectorial control [19], the tracking errors between the
actual values of two current componentsId and Iq and the
values demanded by the control tend to zero as first order
systems with settling timeτs. The actual system parameters
values for the two industrial PMSMs employed in this project
to play the roles of EM1 and EM2 have been estimated from
the machines datasheet using the estimation approach based
on the analysis of the system power efficiency, see [21]-
Sec. IV-D.

B. Planetary Gear Set Modeling

A schematic representation of the considered planetary
gear set is shown in the upper part of Fig. 3. The modeling
has been addressed exploiting the systematic methodology
proposed in [22]-[24]. The system state-space model [6] is:

{
L ẋ = Ax+Bu,
y = BT x,

A=

[
−BJ−RTBKR −RT

R 0

]

,

L=

[
J 0

0 K-1

]

, B=

[
I

0

]

, x =

[
w

F

]

,
y = w,

u = T.

(2)

whereA is the power matrix,L is the energy matrix,B is the
input matrix,x is the state vector,F is the force vector,y =
w is the output velocity vector andu = T is the input torque
vector. This model can be graphically described and directly
implemented in Simulink using the general POG model valid
for any planetary gear set [22]-[24] reported in the lower
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Fig. 2. Simulink implementation of the considered power-splitHEWL.
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Fig. 3. Structure and POG model of the considered planetary gear set.

part of Fig. 3. The velocity vectorw, the torque vectorT,
the inertia matrixJ and the inertia friction matrixBJ are:

w=











wc

wp

ws

wr

wa

wm











T=











Tc

Tp

Ts

Tr

Ta

Tm











J=











Jc 0 0 0 0 0
0 Jp 0 0 0 0
0 0 Js 0 0 0
0 0 0 Jr 0 0
0 0 0 0 Ja 0
0 0 0 0 0 Jm











BJ=











bc 0 0 0 0 0
0 bp 0 0 0 0
0 0 bs 0 0 0
0 0 0 br 0 0
0 0 0 0 ba 0
0 0 0 0 0 bm











.

The force vectorF, the stiffness matrixK and the stiffness
friction matrix BK are:

F=








Fps

Fpr

Fra

Fam







K=








Kps 0 0 0

0 Kpr 0 0

0 0 Kra 0

0 0 0 Kam







BK=








bps 0 0 0

0 bpr 0 0

0 0 bra 0

0 0 0 bam







.

The radius matrixR uniquely defining the system, see [22]-
Sec.III-A, is:

R =








rc −rp −rs 0 0 0

rc rp 0 −rr1 0 0

0 0 0 −rr2 −ra1 0

0 0 0 0 −ra2 −rm







.

The following constraints among the radii within matrix
R and Fig. 3 hold:rc = rp + rs and rr1 = 2 rp + rs.
WhenK → ∞ in system (2), one obtains four constraints
relating the six angular velocities in vectorw. Keepingωc

and ωr as independent state variables, the following state-
space transformation can be used on system (2):

[
w

F

]

︸︷︷︸
x

=

[
Q1

0

]

︸︷︷︸

T1

[

wc

wr

]

︸︷︷︸
x1

, Q1=







1−
rc
rp

2 rc
rs

0 0 0

0
rr1
rp

−
rr1
rs

1−
rr2
ra1

ra2 rr2
ra1 rm







T

, (3)

in order to obtain the following reduced model:
[
J1 J3
J3 J2

]

︸ ︷︷ ︸

L1

[

ω̇c

ω̇r

]

︸ ︷︷ ︸

ẋ1

=

[
b1 b3
b3 b2

]

︸ ︷︷ ︸

A1

[

ωc

ωr

]

︸ ︷︷ ︸
x1

+ QT
1

︸︷︷︸

B1

T
︸︷︷︸
u

, (4)

whereL1 = TT
1
LT1, A1 = TT

1
AT1 and B1 = TT

1
B. The

reduced order model (4) allows for effective simulations with
no loss of information [23]-[24] and is the one employed in
this paper to simulate the considered planetary gear set. Note
that, by neglecting the dissipative terms within matrixA1

in (4) and assuming the system at steady-state, one obtains
QT

1
T = 0 ↔ T ∈ ker(QT

1
). Since no input torque is applied

to the planet gearand togear a, see Fig. 3, it follows that
Tp = Ta = 0, which means thatQT

1
T = 0 leads to the

following steady-state torque constraints:

Tc +
2 rc
rs

Ts = 0, −
rr1
rs

Ts + Tr +
ra2 rr2
ra1 rm

Tm = 0. (5)

C. Transmission System and Vehicle Modeling

The Simulink implementation of the vehicle transmission
system is reported inside the subsystem called “Transmis-
sion System & Vehicle Dynamics” in Fig. 2. The struc-
ture of the considered transmission system is schematized
in Fig. 4, whereas the corresponding POG model [10] is
reported in Fig. 5. Indeed, the input section in the POG
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Fig. 4. Structure of the considered vehicle transmission system.
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model of Fig. 5, denoted as section10 , coincides with
the corresponding sections in Fig. 2 and Fig. 4. The two
power variables characterizing section10 are the ring load
torque Tr and the ring speedwr. The part highlighted in
orange in Fig. 4 and Fig. 5 is theGearbox, where the
time-variant connection block characterized by parameters
Rg ∈ {1/r1b; 1/r2b; 1/r3b; 1/r1f ; 1/r2f ; 1/r3f ; 1/r4f}
models the gearshifting mechanism, beingr1b, r2b, r3b the
first, second and third backward gear ratios andr1f , r2f ,
r3f , r4f the first, second, third and fourth forward gear ratios.
The torsional spring characterized by stiffness coefficient Kt

accounts for the gearbox elasticity, whereas the dissipative
elementdt accounts for the energy loss occurring during
the transient. TheTransmission Shaftpart highlighted in
lightblue accounts for the rear and front transmission shafts:
Jt is the moment of inertia andbt is a linear friction coef-
ficient. The part highlighted in green is theDifferential; its
contribution is accounted for by parameterRd, together with
a rotational springKw accounting for the intrinsic elasticity
and its friction coefficientdw. The two parts highlighted
in red account for theWheels Dynamics, whereJw is the
equivalent moment of inertia of the four wheels andbw is a
linear friction coefficient, and for theWheels RadiusRr,
with the rotational springKv and the friction coefficient
dv accounting for the intrinsic wheels elasticity and for
the transient losses. The final part describes the Vehicle
Dynamics, where parameterMv is the vehicle mass. The
external forceFl accounts for the load force that the vehicle
is subject to during its operation.

III. E NERGY MANAGEMENT PROBLEM

This section focuses on the description of the adopted
solution for the energy management problem, by describing
the control applied to the three power sources: the ICE in
Sec. III-A, EM2 in Sec. III-B and EM1 in Sec. III-C.

A. ICE Control

Thanks to the planetary gear set, the ICE velocity is
decoupled from the transmission velocity. This makes it
possible to apply a speed control to the ICE. The goal is to
make the ICE work in the least consumption regions of the
specific fuel consumption map. A useful tool that can be used
for this purpose is theICE minimum specific consumption
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Fig. 6. ICE specific consumption map on the operating plane (wice, Tice).

path, giving the ICE operating point(wice, Tice = Tc) en-
suring the least consumption for the considered ICE desired
power. Once theICE minimum specific consumption pathis
computed, see [9]-Sec. III-A, one obtains the magenta path
on the ICE specific fuel consumption map shown in Fig. 6:

Tice=a0+wicea1+w2

icea2, where







a0=−4.01 · 103

a1=57.41

a2=−0.16

, (6)

The desired ICE operating point is chosen on theminimum
specific consumption path, see [9]-(5), as follows:

(wicedes ,Ticedes)=























Qopt if Vslow <Vs<Vsup

Qreq if Vs≤Vslow until Vs=Vsref

Qmax if Vs≤Vsmin until Vs=Vsref

Qmin if Vs≥Vsup until Vs=Vsref

, (7)

whereVsmin
, Vslow , Vsref andVsup

are the minimum, lower,
reference and upper thresholds of supercapacitor voltageVs:

Vsmin
< Vslow < Vsref < Vsup

, Vsref =
Vslow + Vsup

2
.

The operating pointsQopt, Qreq, Qmax andQmin, see [9]-
Sec. III-A, correspond to the following power variables:

Qopt =
(
wiceopt , Ticeopt

)
, Qreq =

(
wicereq , Ticereq

)
,

Qmax = (wicemax
, Ticemax

) , Qmin = (wicemin
, Ticemin

) .

Fig. 6 shows that the operating pointsQopt, Qmax andQmin

belong to theminimum specific consumption pathof the
ICE. Therequired operating pointQreq =

(
wicereq , Ticereq

)
,



whenVs≤Vslow , is computed as follows:

1) ∆P =
∆E

∆T

=
1

2
Cs V

2

sref
− 1

2
Cs V

2

slow

∆T

,

2) Picereq =Piceopt +∆P = wiceoptTiceopt +∆P ,

3) wicereq = k1 Picereq + k2 = 0.43 · 10−3 Picereq + 93.16,

4) Ticereq = a0 + wicereqa1 + w2

icereq
a2,

where ∆P is the ICE required extra power,tlow is the
time instant whenVs = Vslow , tref is the time instant
when Vs = Vsref , k1 and k2 describe a linear dependence
betweenwicereq and Picereq , and the function in step 4)
is the one in (6). Once the desired ICE speedwicedes ∈
{
wicemin

, wiceopt , wicereq , wicemax

}
is computed using (7),

the ICE speed control is applied employing the following
regulator:

Tice=

(
KPice

+KPice
KIice s

KIice s

)

(wicedes− wice), (8)

where KPice
and KIice are two design parameters. The

torqueTice = Tc is then applied to thecarrierenergetic port
of the planetary gear set in Fig. 3.

B. EM2 Control

A torque control is applied to EM2. The desired EM2
torqueTEM2des

is therefore given by:

TEM2des
=

(
KP2

+KP2
KI2 s

KI2 s

)

(Tice − Ticedes), (9)

whereKP2
andKI2 are two design parameters. The desired

EM2 torqueTEM2des
is then used as a control signal for

the vectorial control [19] implemented within the subsystem
“EM2 Drives” in Fig. 2. The resulting EM2 output torque
TEM2 = Ts is applied to thesun energetic port of the
planetary gear set in Fig. 3. Note that the purpose of the EM2
control is to ensure that the ICE torqueTice = Tc coincides
with the desired oneTicedes , which is chosen as the currently
optimal one according to rule (7) on theminimum specific
consumption path.

C. EM1 Control

The EM2 torque control determines the EM2 torque
TEM2 = Ts to guaranteeTice = Tc = Ticedes through (9),
whereTicedes is given by (7). Given that the EM2 torque
TEM2 = Ts is determined, according to the second equation
in (5), the EM1 torqueTEM1 = Tm is the only one left to
compensate for the remaining fraction of the transmission
load torqueTr, which is given by the external load force
Fl and by the friction coefficients in the transmission POG
model in Fig. 5. From (3), it results that any two out of the
six planetary gear angular velocities uniquely determine the
remaining ones. The ICE speed control described in Sec. III-
A determines the ICE speedwice = wc. A speed control is
then applied to EM1 in order to determine the desired EM1
speedwEM1des

= wmdes
that makes the transmission follow

the desired transmission speedwrdes :

wEM1des
= wrdes

(
ra2 rr2
ra1 rm

)

. (10)

The desired EM1 torqueTEM1des
is determined using the

following regulator:

TEM1des
=

(
KP1

+KP1
KI1 s

KI1 s

)

(wEM1des
− wEM1), (11)

whereKP1
andKI1 are two design parameters. The desired

EM1 torqueTEM1des
is then used as a control signal for

the vectorial control [19] implemented within the subsystem
“EM1 Drives” in Fig. 2. The resulting EM1 output torque
TEM1 = Tm is applied to thegear menergetic port of the
planetary gear set in Fig. 3, and is going to compensate for
the remaining fraction of the transmission load torqueTr

which is not compensated by the ICE torqueTice = Tc.

PMSMs
p 4

Lse 32.68 [µH]
JM 0.22 [kg m2]
Rs 0.95 [mΩ]
Kq 0.65 [Nm/A]
bM 1 · 10−3 [(Nm s)/rad]
Rsq 2.64 [nV/A2]
bc 0.83 [µNm]
bMq 3.4 · 10−9 [Nm s2/rad2]

Planetary Gear Set
Jc 0.047 [kg m2]
Jp 0.63·10−3 [kg m2]
Js 0.67·10−3 [kg m2]+JM
Jr 0.06 [kg m2]
Ja 8.6·10−3 [kg m2]
Jm 0.45·10−3 [kg m2]+JM

bc . . . bm 1.4·10−3 [(Nm s)/rad]
rc 7.5 [cm]
rp 3.4 [cm]
rs 4.2 [cm]
rr1 11 [cm]
rr2 4.6 [cm]
ra1 2.64 [cm]
ra2 4.6 [cm]
rm 2.4 [cm]

ICE Control
KPice

220
KIice 1.87

PMSM: Vectorial Control
τs 3 [ms]

Transmission and Vehicle
r1b 3.251
r2b 1.822
r3b 0.945
r1f 3.145
r2f 1.984
r3f 1.272
r4f 0.936
Kt 4.01·107 [Nm/rad]
dt 305.6 [Nm s/rad]
Jt 1.5·10−3 [kg m2]
bt 2.4 [(Nm s)/rad]
Rd 21.22
Kw = Kt

dw = dt
Jw 4.25·103 [kg m2]
bw 24 [(Nm s)/rad]
Rr 0.58 [m]
Kv 6.2·106 [N/m]
dv 284.5 · 103 [N s/m]
Mv 14.4·103 → 18.4·103 [kg]

EM2 Control
KP2

35
KI2 0.17

EM1 Control
KP1

80.75
KI1 0.49

Supercapacitor
Cs 50 [F]

DC Link
Cdc 10 [mF]

TABLE I

PARAMETERS OF THE CONSIDERED ARCHITECTURE.

IV. SIMULATION CASE STUDY

The architecture of the HEWL reported in Fig. 2 has been
simulated in Matlab/Simulink with reference to a typical
driving cycle for this type of vehicle. The simulation has been
performed using the architecture parameters shown in Tab. I
and starting from zero initial conditions, expect for the initial
carrier and ICE speedwice0 = wiceopt = 1306 [rpm] and the
initial supercapacitor and DC bus voltagesVs0 = 700 [V]
and Vdc0 = 750 [V]. The desired vehicle speed profile is
shown in blue dashed line in the first subplot of Fig. 8.
The load force profile that the vehicle experiences during its
operation, applied as a signalFl in the transmission system
POG block scheme in Fig. 5, is shown in black dashed
line in the third subplot of Fig. 8. During the considered
driving cycle, the Wheel Loader starts digging to load the
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Fig. 7. Planetary gear set angular velocities and torques.

bucket before time instantt1 and starts unloading the bucket
at time instantt2. The same operation is repeated at time
instantst′

1
and t′

2
. The time instantst1, t2, t′

1
and t′

2
are

highlighted in the first subplot of Fig. 8 by four red spots.
The change of mass following the Wheel Loader loading
and unloading the bucket at the considered time instants is
accounted for by making the vehicle massMv change from
14.4 ·103 [kg] (empty bucked) to18.4 ·103 [kg] (full bucked)
whent ∈ (t1, t2)

∨
t ∈ (t′

1
, t′

2
) and viceversa, as reported in

Tab. I. The hydraulic load that the Wheel Loader is subject
to during the considered driving cycle, which includes the
power needed to power the mechanical arm loading the
bucket, is given by the power profilePpp shown in violet in
the third subplot of Fig. 8. The power profilePpp is divided
by the DC bus voltageVdc in order to originate an “equivalent
load current” to be added toIEM1 in (1), thus accounting
for the additional power from the supercapacitor requestedby
the hydraulic load. Note that all the main load contributions
that one might encounter on the field have been accounted
for in the simulation: the external load force profileFl ex-
perienced by the vehicle, the vehicle mass change caused by
the Wheel Loader loading and unloading the bucket, and the
“equivalent load current” accounting for the additional power
required to power the mechanical arm moving the bucket.
The simulation results are shown in Fig. 7, Fig. 8 and Fig. 9.
The first subplot of Fig. 7 shows the angular velocities of the
planetary gear set inertial elements. From the good matching
between the desired and actual ICE and EM1 speedswicedes ,
wice = wc, wEM1des

, wEM1 = wm, it is possible to notice
the effectiveness of the speed control applied to the two
elements ICE and EM1. The second and third subplots of
Fig. 7 show the input torques of the planetary gear set
inertial elements. The good matching between the desired
and actual EM1 torquesTEM1des

, TEM1 = Tm highlights
the effectiveness of the speed and vectorial control applied
to EM1, whereas the good matching between the desired and
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actual ICE and EM2 torquesTicedes , Tice = Tc, TEM2des
,

TEM2 = Ts highlights the effectiveness of the torque and
vectorial control applied to EM2. The subplots of Fig. 8
show, from top to bottom, the desired and actual vehicle
speeds, the engaged gear, the vehicle motive and load forces,
the pumps power profile and the supercapacitor voltage. The
DC bus voltageVdc is not shown since it remains constant
as required, whereas the pumps load current and the EM1
and EM2 load/generated currents are eventually absorbed
from the supercapacitor. From the first subplot, it is indeed
possible to see that the Wheel Loader follows the desired
speed profile. From the third subplot, one can notice a peak
in the load forceFl before time instantst1 and t′

1
, which

are due to the Wheel Loader digging to load the bucket.
Fig. 9 shows the ICE operating points at steady-state on the
2D operating plane(wice, Tice) showing the ICE specific



fuel consumption map. The fourth subplot of Fig. 8 shows
that the behavior of the supercapacitor voltageVs during
the simulation causes two changes of the ICE operating
point according to (7):Q′

req is a required operating points
on the ICEminimum specific consumption pathcalled by
the conditionVs < Vslow when occurring, whereasQopt

is indeed the optimal operating point in the middle of the
least consumption area in Fig. 9. The ICE operating point
is equal toQopt at the beginning of the simulation as initial
condition and at steady state when conditionVs = Vsref

is verified once again after the operating pointQ′

req was
called. From Fig. 7 and Fig. 9, it is possible to see that
the ring load torqueTr fluctuations due to the operation of
the considered heavy-duty vehicle, such as the peaks of load
torque when digging for example, are now compensated by
the joint contribution of the EM1 torqueTEM1 = Tm and
of the ICE torqueTice = Tc, the latter always confined
on the ICEminimum specific consumption paththanks to
the action of EM2. This allows to reduce the fluctuations
of the ICE operating point during the considered driving
cycle, leading to a more comfortable driving experience.
Metrics providing the comparison of the ICE specific fuel
consumption with respect to the one given by the traditional
non-hybrid Wheel Loader could not be reported in this paper
because of industrial secret reasons. Nevertheless, Fig. 9
shows that the ICE operating point coincides with the optimal
oneQopt for as long as possible and, in any case, it never
leaves the ICEminimum specific consumption pathat steady
state. Furthermore, note that the calculations required by
the presented control strategy are contained, which makes
it interesting for real-time implementation.

V. CONCLUSIONS

In this paper, the modeling, control and simulation of a
power-split hybrid electric Wheel Loader have been studied.
The modeling of all the physical elements involved in the
considered hybrid architecture has been performed using the
Power-Oriented Graphs modeling technique, which allows
to build block schemes that are easily and directly imple-
mentable in the Simulink environment. A solution for the
energy management problem has been proposed, allowing
to reduce the ICE operating point fluctuations associated
with the vehicle operation and to minimize the ICE specific
fuel consumption. The control of the three power sources in
the considered architecture has then been described, and the
effectiveness of the proposed solution has been tested with
the aid of some simulation results with reference to a typical
driving cycle for the considered heavy-duty vehicle.
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