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Abstract— This paper addresses the modeling control and

. . . . . o MechanicalPower Path
simulation of a power-split hybrid propulsion system for driving @: C el
a Wheel Loader. The modeling is performed exploiting the |

Power-Oriented Graphs (POG) graphical modeling technique. i ;
The main elements involved in the system are: an ICE (In- r (+) Tragjgéﬁlotlj\ﬁ;gic
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, S EM1

a supercapacitor acting as energy storage device and the Mechanical/ Electrical
transmission system of the vehicle, including all the physical Power Path

elements from the gearbox to the vehicle wheels. A control EM2 — pc — Em1

strategy aiming at reducing the ICE operating point fluctuations Drives—— Bus — Drives

caused by the transmission load and minimizing the ICE specific

1 1
fuel consumption is proposed. Simulation results with reference [ 1
to a typical driving cycle for this type of vehicle are finally DC/DC
presented and commented in detail. Conv.

I. INTRODUCTION | |

The development of Hybrid Electric Vehicles (HEVS) Supercapacitqr
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 A schematic representation of the considered HEWL ar-
topologies and of suitable energy management Strategi‘ggl,itecture is given in Fig. 1. From the figure, it is possible
which allow to maximize the benefits that the different HEVIO hotice the presence of three power sources: an ICE and
topologies can provide. From this consideration, it fokow WO electric machines EM2 and EM1, connected to the
that the first necessary step to test a new HEV topology af@rier (©), sun(s) and ring(r) planetary gear set energetic
the proposed energy management strategy is the effecti@rts, respectively. The transmission system of the vefiscl
modeling of the considered HEV topology. The modelingonnected to the ring energetic port of the planetary gear
of HEVs, and of any physical element in general, can b€t as well. The ICE is the main power source present
made using many different approaches. When focusing & board the vehicle. The ICE generated power is going
graphical modeling techniques, the three main categorié@ be split into two power flows reaching the transmission
available in the literature are Bond Graphs (BG) [1]-[2]SYstem through two different power paths [12]. The first is
Energetic Macroscopic Representation (EMR) [3]-[4] andhighlighted in red in Fig. 1 and is a fully mechanical path,
Power-Oriented Graphs (POG) [5]-[6]. In [7], the vehiclewhere a fraction of the ICE power is directly delivered to
modeling is performed using BG, while in [8] the modelingthe transmission system through the planetary gear set. The
of different types of vehicles is performed using EMR.Second is highlighted in red / blue in Fig. 1 and is a hybrid
In [9]-[10], the modeling of HEVs is addressed using pogmechanical / electrical path. In this case, a fraction ofl@e
The three techniques BG, EMR and POG offer differenPOWer gets absorbed by EM2 and stored in a supercapacitor
compromises between advantages and disadvantages [11jrough a DC/DC converter. The supercapacitor is ultiryatel

In this paper, the modeling, control and simulation of &sed to power EM1 through the DC/DC converter and help
heavy-duty power-split HEV, that is a Hybrid Electric Wheeldrive the transmission system.

Loader (HEWL), are addressed by relying upon the POG Once the modeling part has been addressed, a proper
technique. The latter is preferred thanks to some importafiflution to the energy management problem must be found,
characteristics, including the generation of block diagsa that is how to properly control the three power sources to

that are easily and directly implementable in the Simulinfachieve the desired goals [13]-[18]. The main advantages of

environment and the control on the power flows within th@ower-split HEVs are the decoupling of the ICE velocity
system. and torque from the transmission velocity and load torque,
which can be achieved thanks to the planetary gear set
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Fig. 1. Architecture of the considered power-split HEWL.



in [9]-[10] for a power-split HEV and for a series HEV, torque versus speed, whereas the ICE control is discussed
and is extended in this paper to the power-split HEWL inn Sec. IlI-A.

Fig. 1. The objectives are to reduce the ICE operating point

fluctuations caused by the transmission load in a traditiond. PMSM Modeling

non-hybrid Wheel Loader architecture and the minimization ;4 o hypothesis of sinusoidal rotor flux and star-

of the ICE specific fuel consumption. connected stator phases, the dynamic equations [6], [20]

The remainder of the paper is structured as fonowsdescribing the PMSM in a rotating d-q frame, namely a

Sec. Il and thg following subsc_act_lons address the mOdel”}gference frame rotating together with the rotor rotateme;
of all the physical elements within the HEWL architecture

in Fig. 1. Sec. Il and the following subsections deal withf, .. 0 07[ 1, —pRs p?wmLse 0 1[I [Vy
the control of the three power sources to solve the energy o p L, 0 I, |[=|-PwmLse —pRs —Ky|| 1, [+ V|,
management problem. Sec. IV presents the results of l@a o 0 Jy||,, 0 K, —bul||wm| |-Te

simulation performed using a typical driving cycle for the _ )
considered type of vehicle. Finally, the conclusions of the . {Vq:Vq — Rsgsgn(“ly) “I,

paper are given in Sec. V. Te=Te + beSGN W) + barg SIN(Win ) win .

II. MODELING OF THEHYBRID TOPOLOGY The parameterp is the number of polar pairsl;. =
The Simulink implementation of the power-split HEWL .LS + (1/2)Mso, pemg Ls and Mo the stator phase self-

. - . - inductance coefficient and the maximum value of mutual
architecture shown in Fig. 1 is reported in Fig. 2.

i . . inductance between stator phases, wherbads the motor
Moving from left to right, the physical elements presenEnertia. The parameteR; is the stator phase resistande,

within the gubsystems of Fig. 2 are: the elegtrlc machm% the in-quadrature component of the torque vector (also
EM2, the drives of EM2, the supercapacitor acting as energy. Jwn as the torque constant) ahg is the rotor friction

storage device, the DC/DC converter, the DC bus, the driv . : ; :
of EML the electric machine EML, the ICE. the planetar%%emuent' The variablev,,, is the motor velocity, whereas

- : T 1,, V4, V, are the direct and in-quadrature components
gear set, the transmission system and the vehicle dynamut#.the current and voltage vectors, amd the motor load

The magenta dashed lines in Fig. 2 highlight thewer torque. The parameter3,,, b. andb,,, are the Joule losses

sectionsof the system. The product of the two powertegm' the Coulomb friction coefficient and the parameter

varlab_les (;f:ﬁractenzw:c? a po;/r\]/er ser.\]c;[;]on has_dthe dphyswg counting for the impact of the air friction losses. Thanks
meaning of the power flowing through the Considerea POWEE o ectorial control [19], the tracking errors betwebka t
section [6]. The system configuration shown in Fig. 2 digectl tual values of two current componertsand 7, and the

: : . a
points “OUt the system" power sgctlons and is thereforg S%}ﬁlues demanded by the control tend to zero as first order
to be “power-oriented”, which is why the .PC.)G teChanuesystems with settling time,. The actual system parameters
allows a goo_d control on t_he power flows within the SYSteMyalues for the two industrial PMSMs employed in this project

The considered electric machines EM1 and EM2 arty play the roles of EM1 and EM2 have been estimated from

PMSMs, and their modeling is addressed in Sec. II-A. Th e machines datasheet using the estimation approach based

drives_of EM1 and EM2 have bgen implemgnted using 8n the analysis of the system power efficiency, see [21]-
vectorial control [19]. The vectorial control aims at mini-go. D

mizing the power dissipated because of the direct current
component [20]. The supercapacitor and the DC bus ha\? Planetary Gear Set Modelin
been modeled as two capacitafs and Cy., characterized y g

by the following first-order differential equations: A schematic representation of the considered planetary
o ) gear set is shown in the upper part of Fig. 3. The modeling
Cs V=1, CicVae=Ipm2—Iemi+(—IL), (1) has been addressed exploiting the systematic methodology

. proposed in [22]-[24]. The system state-space model [6] is:
whereV, andV,. are the voltages across, andCy,, I, is

the load currenf g p0—I g1 UP-coOnverted/ gae andigyry {L Xx=Ax+Bu, A {BJRTBKR RT}

are the EM2 and EML1 currents after AC/DC conversion and y = BTx, R 0
—I1, = —(Ignm2—Ignm1). The DC/DC converter is supposed 2)
to be lossless and is modeled as a logical Matlab function J o0 1 w y=w,
that down-converts voltagk;. to voltageV; < V. and up- :[0 K-l}’ B:{o]’ x= { F }’ u=T.

converts the load curremtz o — Iz to the load current

I, > Ipya—Igan. The modeling of the power-split device, whereA is the power matrixL is the energy matrixB is the
namely the considered planetary gear set, is performed imput matrix,x is the state vectof is the force vectory =
Sec. lI-B. The modeling of the transmission system and ok is the output velocity vector and = T is the input torque
the vehicle dynamics is addressed in Sec. II-C. The ICE igector. This model can be graphically described and directl
modeled within the “ICE” subsystem in Fig. 2 as a lookugmplemented in Simulink using the general POG model valid
table saturating the output torque to the maximum ICHor any planetary gear set [22]-[24] reported in the lower
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and w, as independent state variables, the following state-
space transformation can be used on system (2):

Gears Inertia ‘ Gears

Fig. 3. Structure and POG model of the considered planeteay $x.

‘ Elastic teeth

part of Fig. 3. The velocity vectow, the torque vectorr,
the inertia matrixJ and the inertia friction matriB ; are:

We T Jo0000 0 b:0000 0

w, T, 0J,000 0 06,000 0
we|- [T 007,000, 006,000
Y=l | 7= 1700070 0B =[o00b.0 0]/
Wy T, 0000J,0 0000b, 0
wol T 00000.J, 0000 0b,,

The force vectolF, the stiffness matriXX and the stiffness
friction matrix By are:

0] e 1—% 2% 00 o |
&Fh}b}%:yw_mljnmwa’@
X Tr’l"\xrl-’ Ty Ts  Tal TalTm
in order to obtain the following reduced model:
Bl e e
L, A, B "

X1

whereL; = T{LT;, A; = T{AT; and B; = T{B. The
reduced order model (4) allows for effective simulationthwi

no loss of information [23]-[24] and is the one employed in
this paper to simulate the considered planetary gear sét. No
that, by neglecting the dissipative terms within matAx

in (4) and assuming the system at steady-state, one obtains
QiT =0+« T € ker(Q]). Since no input torque is applied

to the and togear a see Fig. 3, it follows that

T, = To = 0, which means thaQ]T = 0 leads to the
following steady-state torque constraints:

2’rc Ta2 Tr2 Tm —0.

Tal Tm

T+ )

-
T, =0, —TL1T5+TT+

Ts s
C. Transmission System and Vehicle Modeling

The Simulink implementation of the vehicle transmission
system is reported inside the subsystem called “Transmis-

Fps Ky 0 0 0 s 00 0
L I B I e L
Fro 0 0 K. O 0 0 by O
Fam 0 0 0 Kunm 0 0 0 bapm

The radius matriX® uniquely defining the system, see [22]-
Sec.lll-A, is:

Te —Tp —Ts 0 0 0
R — Te T 0 -7 0 0

0 0 0 —Tro  —Tal 0

0 0 0 0 —Te2 —Tm

The following constraints among the radii within matrix
R and Fig. 3 hold:r, = 7, + rs andr,y = 27, + 7.

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.

EM1

Ring
Output

Indeed, the input section in the POG

R1 | Wheel Shaft Wheel | F1
. T - S
| © |
Rear Transmission Shaft| Gearbox | Front Transmission Shaft
</ Differential ) @ Different \/\
IT UL T
P, =Te, We Py =T, W,
R2 | Wheel Pe= Py +Py Wheel | E2

When K — oo in system (2), one obtains four constraints

relating the six angular velocities in vecter. Keepingw,

Fig. 4. Structure of the considered vehicle transmissiotesys
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Fig. 5. POG block scheme of the considered vehicle transmissistem.

. . L . — — ICE minimum specific consumption path
model of Fig. 5, denoted as secu@, coincides with 1200,, S S~_ 2

the corresponding sections in Fig. 2 and Fig. 4. The tw [ ""ffej”“”“‘
power variables characterizing sect@l are the ring load  1© S 2
torque T,- and the ring speedv,.. The part highlighted in _
orange in Fig. 4 and Fig. 5 is th&earbox where the %
time-variant connection block characterized by paranstete‘8 600
Ry € {1/rw; 1/rop; 1/rap; 1/rig; 1/rap; 1/rsg; 1/ray} =

models the gearshifting mechanism, being, 72, 73, the or \ ]
first, second and third backward gear ratios ang, o, 20 b

r3r, 45 the first, second, third and fourth forward gear ratios
The torsional Spring characterized by stiffness coeffthén 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
accounts for the gearbox elasticity, whereas the disspati Wice [rPM]

elementd, accounts for the energy loss occurring during9- 6. ICE specific consumption map on the operating plane( Tice)-

the transient. Thelransmission Shafpart highlighted in  path giving the ICE operating POiINfw;ce, Tice = Te) €N-
lightblue accounts for the rear and front transmissiontshaf suring the least consumption for the considered ICE desired
Jy is the moment of inertia and} is a linear friction coef- power. Once théCE minimum specific consumption pash
ficient. The part highlighted in green is thefferential; its  computed, see [9]-Sec. IlI-A, one obtains the magenta path
contribution is accounted for by paramefey, together with  on the ICE specific fuel consumption map shown in Fig. 6:
a rotational springi’,, accounting for the intrinsic elasticity

TOR——

800

_ 103
and its friction coefficientd,,. The two parts highlighted ) a=—4.01-10
in red account for theVheels Dynamicswhere J,, is the — Tice =00+ Wice@1+wj. a2, Where ¢a; =57.41 , (6)
equivalent moment of inertia of the four wheels dndis a as=-0.16

I|r?t(er]artr]l‘r|ctlotnt_coeliflmerjt, and fodr EEM/P??.IS Rad“#f.SR.’"’ ‘ The desired ICE operating point is chosen on rtiaimum
Wi € rolationa sprmg[@ an € fricion coetlicien specific consumption patlsee [9]-(5), as follows:
d, accounting for the intrinsic wheels elasticity and for

the transient losses. The final part describes the Vehicle Qopt 1T Vip, <Vs< Vs,
Dynamics, where paramete¥/, is the vehicle mass. The Qreq It Vo<V, until Vo=V, _,

1 Wice ,Tice es) ™ . . 5 7
gxterngl forcer; gcco_unts for t_he load force that the vehicle (Wiceac. des) Qe it Vo< Ve, until Vo=V, )
is subject to during its operation. _ .

Qmin If V2V, until Vo=V,
I1l. ENERGY MANAGEMENT PROBLEM whereV, .., Vi, Vs,., andV,,  are the minimum, lower,

This section focuses on the description of the adopte@ference and upper thresholds of supercapacitor voltage
solution for the energy management problem, by describing Ve, + Vi
the control applied to the three power sources: the ICE inVs,im < Vsiw <Vaop <Vopy Vey = — 5

Sec. llI-A, EM2 in Sec. llI-B and EML1 in Sec. IlI-C. The operating point&opt, Qreqs Qe AN Qpin, SE€ [9]-
A. ICE Control Sec. llI-A, correspond to the following power variables:

Thanks to the planetary gear set, the ICE velocity is Qopt = (Wiceyyes Ticeop:) s @req = (Wice,eys Ticereq) »
decoupled from the transmission velocity. This makes |E
possible to apply a speed control to the ICE. The goal is t
make the ICE work in the least consumption regions of thig. 6 shows that the operating poitg@s,:, @),nq. aNdQmin
specific fuel consumption map. A useful tool that can be usdeklong to theminimum specific consumption pati the
for this purpose is theCE minimum specific consumption ICE. Therequired operating point),., = (’wicercq,Ticereq)’

maxr — (wicemaz ) Ticemaz) 3 Qﬂw’n = (wicemin P Ticemm) .



whenV, <V, is computed as follows: The desired EM1 torqué@ gj1,,, iS determined using the
Ap sCVE —Lcov2 following regulator:
8 Vsres s

Slow
Kp +Kp, K1, s
TEM1g, = <PIKPISII> (WeM14, — wEML), (11)
I

) Ap o = Ar Ar ’

2) Pice,«eq = Piceopt + AP = wieeoptTiceom + AP:
3) Wice,., = k1 Pice,., + k2 = 0.43 - 1073 Py, + 93.16, whereKp, and K, are two design parameters. The desired
EM1 torqueTgas,,, IS then used as a control signal for
the vectorial control [19] implemented within the subsyste
where Ap is the ICE required extra powet,,, is the “EM1 Drives” in Fig. 2. The resulting EM1 output torque
time instant whenV; = V;,_ , t..s is the time instant Tg,; = T,, is applied to the energetic port of the
whenV, = V; ., k1 and k, describe a linear dependenceplanetary gear set in Fig. 3, and is going to compensate for
betweenwic.,,, and Pj,.,, and the function in step 4) the remaining fraction of the transmission load tordue

is the one in (6). Once the desired ICE speed.,.., € which is not compensated by the ICE torquig. = T..
{Wicein s Wiceops s Wice,oqs Wicemas | 1S COMputed using (7),

1

. — . 2
4) Tzce,,.eq =ap + Wice,.eq 1 + wi(zemq az,

the ICE speed control is applied employing the following PMSMS4 TfansmiSSio?:‘;snld Vehicle
regulator: Lie 32.68 [uH] :;Z 1.822
Kp +Kp Kj s Jar 0.22 [kg n?] T3p 0.945
Tice= ( = K = = ) (wicedes - wice); (8) R 0.95 [m Q)] Tif 3.145
lice S K, 0.65 [NM/A] Tof 1.081
where Kp__ and K, are two design parameters. The | by [ 1-10=7 [(Nm s)/rad] | 73y 1.272
torqueT;.. = T. is then applied to the energetic port Rsq 2.64 [nV/A?] raf 0.936
h . be 0.83 [uNm] K 4.01-10" [Nm/rad]
of the planetary gear set in Fig. 3. barg 34109 [Nm < /racP]|_de 305.6 [Nsm s’:ﬁéﬂ
J 1.5-10° [k
B. EM2 Control . Planetagoj;z[akrgsn(;t] b: 5o [(Nm[s)%rad
A torque control is applied to EM2. The desired EM2 T 0.63-10 3 [kgm?] || Lta 21.22
torqueTgas2,,. is therefore given by: Js ]0.67-10-3 [kgnr:f]—%-JM 55 ::Z(tt

- _(ErntKp Kps) o o 9 j(: 8.60-'?(?—[5%@%2} Jw | 4.25-10% [kgm®

EM24e, = KL s (Tice = Ticeae)s  (9) ot 10 gl Zw 24 E)(NB?[%rad]

— .

where Kp, and K, are two design parameters. The desired be ™ b 1‘4'107.5%2::]' s)iradl | e, 6.2-1063[N/m]
EM2 torque Tgaso, . is then used as a control signal for 7, 3.4 [cm] b f_gl‘ggf’ :018[215(;?][k l
the vectorial control [19] implemented within the subsyste Ts 4.2 [cm] L= v Contrlol g
“EM2 Drives” in Fig. 2. The resulting EM2 output torque | — 1 i%[[imm]] K7 35
Teme = Ts is applied to the energetic port of the r; 564 fom] K, 0.17
planetary gear set in Fig. 3. Note that the purpose of the EM2  ra2 4.6 [cm] EM1 Control
control is to ensure that the ICE torqlig.. = T, coincides rm 2.4 [cm] Kp, 80.75
with the desired on&;..,_, which is chosen as the currently ICE Control Kny 049,

. . .. . Kp, 220 Supercapacitor
optimal one according to rule (7) on theinimum specific Kz 187 o 50 [F]
consumption path PMSM: Vectorial Control DC Link
C. EM1 Control s ] 3 [ms] Cac] 10 [mF]

TABLE |

The EM2 torque control determines the EM2 torque
Teme = T, to guaranteel,.. = T, = Tjce,.. through (9),
where Ti.,.. is given by (7). Given that the EM2 torque IV. SIMULATION CASE STUDY

Tewm2 =T, Is determined, according to the second equation g grchitecture of the HEWL reported in Fig. 2 has been
in (), the EM1 torqueT g1 = Tp, IS the only one Ieft 10 g jated in Matlab/Simulink with reference to a typical
compensate for the remaining fraction of the tranSmissiogyiing cycle for this type of vehicle. The simulation hashe
load torqueT,, which is given by the external load force yo o meqd using the architecture parameters shown in Tab. |
Fi and by the friction coefficients in the transmission POG, 4 siarting from zero initial conditions, expect for thitia
model in Fig. 5. From (3), it results that any two out of thecarrier and ICE speet ., — w; — 1306 [rpm] and the

I T H iceg — Wiceopr —
six planetary gear angular velocities uniquely determire t i supercapacitor angl DC bus voltages, = 700 [V]
remaining ones. The ICE speed control described in Sec. g Vi — T50[V]. The desired vehicle épeed profile is

. , o = .

A determines the ICE speed;. = w.. A speed control is ¢pqn in plue dashed line in the first subplot of Fig. 8.

then applied to EM1 in order to determine the desired EM%yq 54 force profile that the vehicle experiences duriag it

Speedwpri,., = W, that makes the transmission follow oneration, applied as a signl in the transmission system

the desired transmission speeg, . : POG block scheme in Fig. 5, is shown in black dashed

PARAMETERS OF THE CONSIDERED ARCHITECTURE

Tuo rﬂ) (10) line in the third subplot of Fig. 8. During the considered

WEMLgea = Wraes ( driving cycle, the Wheel Loader starts digging to load the

TalTm
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Fig. 7. Planetary gear set angular velocities and torques.
700

bucket before time instar{ and starts unloading the bucket=. 650
at time instantt,. The same operation is repeated at time
instantst; andt,. The time instantg,, t,, t| and ¢, are
highlighted in the first subplot of Fig. 8 by four red spots. Time [s]
The change of mass fO”OWing the Wheel Loader Ioadingig, 8. Vehicle Speed; Engaged Gear; Wheels Force and Pumpsr;Pow
and unloading the bucket at the considered time instants $gpercapacitor Voltage.
accounted for by making the vehicle makg change from ICE operating pointsr}
14.4-10° [kg] (empty bucked) td8.4-10° [kg] (full bucked) 1200 . B
whent € (t1, t2) /¢ € (11, t5) and viceversa, as reported in
Tab. I. The hydraulic load that the Wheel Loader is subjec
to during the considered driving cycle, which includes thez a0
power needed to power the mechanical arm loading th&
bucket, is given by the power profilg,, shown in violet in i
the third subplot of Fig. 8. The power profile,, is divided 400 -
by the DC bus voltag&;. in order to originate an “equivalent
load current” to be added tbg,,; in (1), thus accounting 200 €
for the additional power from the supercapacitor requelsyed
the hydraulic load. Note that all the main load contribusion e e e IAOiUicist[)?pmieoo o e e
that one might encounter on the field have been accounted
for in the simulation: the external load force profite ex-
perienced by the vehicle, the vehicle mass change causeddmtual ICE and EM2 torques;..,.., Tice = Ter TEM2,..»
the Wheel Loader loading and unloading the bucket, and the:,2 = T, highlights the effectiveness of the torque and
“equivalent load current” accounting for the additionaly@o  vectorial control applied to EM2. The subplots of Fig. 8
required to power the mechanical arm moving the buckeshow, from top to bottom, the desired and actual vehicle
The simulation results are shown in Fig. 7, Fig. 8 and Fig. peeds, the engaged gear, the vehicle motive and load forces
The first subplot of Fig. 7 shows the angular velocities of théhe pumps power profile and the supercapacitor voltage. The
planetary gear set inertial elements. From the good maichi®dC bus voltagel/;. is not shown since it remains constant
between the desired and actual ICE and EM1 spegds.., as required, whereas the pumps load current and the EM1
Wice = We, WEM1,,.» WEM1 = Wy, it iS possible to notice and EM2 load/generated currents are eventually absorbed
the effectiveness of the speed control applied to the twiwom the supercapacitor. From the first subplot, it is indeed
elements ICE and EM1. The second and third subplots gbssible to see that the Wheel Loader follows the desired
Fig. 7 show the input torques of the planetary gear sefpeed profile. From the third subplot, one can notice a peak
inertial elements. The good matching between the desiréd the load forceF; before time instantg; and ¢}, which
and actual EM1 torqueSgyasi,.., Tem1 = Tn highlights are due to the Wheel Loader digging to load the bucket.
the effectiveness of the speed and vectorial control aghplid=ig. 9 shows the ICE operating points at steady-state on the
to EM1, whereas the good matching between the desired aBB operating plangw;.., Ti..) showing the ICE specific

660

_____

Fig. 9. ICE operating points on ICE specific consumption map.



fuel consumption map. The fourth subplot of Fig. 8 shows[4]
that the behavior of the supercapacitor voltadge during

the simulation causes two changes of the ICE operatin%]
point according to (7)1, is a required operating points

on the ICEminimum specific consumption patialled by
the conditionV, < Vi, . when occurring, wherea§),:

is indeed the optimal operating point in the middle of the
least consumption area in Fig. 9. The ICE operating point’]
is equal toQ),,; at the beginning of the simulation as initial
condition and at steady state when conditigh = V.

is verified once again after the operating point,, was (&l
called. From Fig. 7 and Fig. 9, it is possible to see that
the ring load torqud,. fluctuations due to the operation of
the considered heavy-duty vehicle, such as the peaks of lod@l

torque when digging for example, are now compensated by

(6]

the joint contribution of the EM1 torqu&g;; = T,,, and  [10]
of the ICE torqueT;.. = T., the latter always confined
on the ICEminimum specific consumption pathanks to [11]

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 fue[12]
consumption with respect to the one given by the traditional
non-hybrid Wheel Loader could not be reported in this papé%3]
because of industrial secret reasons. Nevertheless, Fig[19]
shows that the ICE operating point coincides with the optima
one Q.+ for as long as possible and, in any case, it never
leaves the ICEninimum specific consumption pahsteady [15]
state. Furthermore, note that the calculations required by
the presented control strategy are contained, which makﬁg]
it interesting for real-time implementation.

V. CONCLUSIONS [17]

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 th
considered hybrid architecture has been performed using th
Power-Oriented Graphs modeling technique, which allows
to build block schemes that are easily and directly imple[-lg]
mentable in the Simulink environment. A solution for the
energy management problem has been proposed, allowi#§]
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 g
the considered architecture has then been described, and th
effectiveness of the proposed solution has been tested wijta]
the aid of some simulation results with reference to a typica
driving cycle for the considered heavy-duty vehicle. 23]
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