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Abstract—An Energy Management Algorithm (EMA) for an
All-Wheel Drive (AWD) vehicle is presented in this paper. It
consists of a torque vectoring algorithm and a rule-based energy
management system for a three-motor fuel cell/battery hybrid
road vehicle, which have been developed based on system
modelling, operating constraints, and optimisation problem
formulation given by the IEEE VTS Motor Vehicle Challenge 2023
(MVC2023). Particularly, the proposed EMA aims at minimising
a given cost function, with particular reference to motor and
battery losses to extend vehicle driving range at the maximum
extent. The proposed EMA is validated through numeric
simulations in MATLAB-Simulink, scoring better performances
compared to the base EMA provided by the MVC2023.

Keywords—Energy Management Systems, Hybrid Energy
Storage Systems, Optimization, Torque Vectoring

L INTRODUCTION

Electric Vehicles (EVs) are experiencing a great success on
the market over the last years, thanks to important technological
improvements that concern their energy storage systems mainly.
Nowadays Battery Electric Vehicles (BEVs) are characterized
by enough mileage to satisfy the majority of customers, together
with a reduced operating cost that quickly pays back the still
higher purchase price. In this regard, the increase of battery
energy capability per volume/mass unit and the simultaneous
reduction of cost per stored kWh have been crucial [1].

Nevertheless, further improvements are desirable in order to
make electric vehicles even more competitive with conventional
vehicles. For example, enhancing mileage and reducing
charging time, as well as increasing safety and stability, are
some of the most important aspects that automotive companies
have been addressing. Among these, the integration of an
hydrogen-based range-extender made up of an hydrogen tank
and a fuel cell seems viable as it can provide additional driving
miles and could mitigate the range anxiety issue [2]. In addition,
hydrogen refuelling process is general faster than battery
charging, even when occurring at high power, thus eventually
removing the annoying problem of frequent and long charging
needs.

Similarly, Electric Propulsion System (EPS) performance
can be improved by multi-motor configurations in All-Wheel
Drive (AWD) vehicles as using at least one electric motor on
both front and rear axles is generally more efficient than single-
motor solutions [3]. However, these solutions require dedicated
management and control systems to be exploited at the
maximum extent. For instance, advanced Energy Management
Systems (EMSs) are needed to effectively manage two energy
sources on board when Battery Pack (BP) and Fuel Cell (FC) are
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employed. Several approaches have been proposed over the
years, such as simple filter-based EMSs that split high- and low-
frequency power components to achieve suitable reference
power profiles for BP and FC, respectively [4]. Similarly, rule-
based (RB) EMSs can be also employed, which consist of a set
of rules established by the human operator that take into account
state variables and external conditions to synthesize suitable
reference power profiles for BP and FC according to their
inherent features [5]. Alternatively, technical and/or economic
cost functions can be minimized resorting to look-up tables [6],
model predictive control [7], [8], heuristic and/or artificial
intelligence techniques [9]. Apart from the EMS, appropriate
Torque Vectoring algorithms (TVs) must be employed in AWD
vehicles to optimally allocate the total torque demand among the
electric motors. Multiple goals may be achieved by appropriate
TVs, such as increasing overall efficiency by retrieving energy
from both front and rear axle over braking operation [10], as well
as by minimizing tire slip losses [11], improving safety,
driveability and yaw control [12].

In this context, this paper presents an Energy Management
Algorithm (EMA) for a fuel cell/battery hybrid AWD vehicle.
Particularly, starting from vehicle modelling, operating
constraints and optimisation problem given by the IEEE VTS
Motor Vehicle Challenge 2023 (MVC2023) [13], the proposed
EMA aims at minimising a given cost function through the
employment of both a TV and a RB-EMS. These have been
developed mainly to minimise motor and battery losses,
respectively, also in accordance with some considerations on the
given vehicle configuration, operating constraints, and the
technical cost function provided by MVC2023. The proposed
EMA is validated through an extensive simulation study carried
out in MATLAB-Simulink, which refers to some driving cycles
and also to the base EMA provided by MVC2023 for
comparison purposes.

II.  SYSTEM OVERVIEW

The general overview of the EPS and related control system
proposed by the MV C2023 is shown in Fig. 1 [13]. This is split
into six main parts, each of which is described in the following:
A. Reference Velocity/Path

This block provides both vehicle reference speed (v*) and
track curvature (p*) over a given driving cycle.

B. Vehicle Control

This block implements both speed and vehicle steering
control systems. Particularly, the vehicle reference speed is
tracked through a Proportional-Integral (PI) regulator, which
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Fig. 1. Schematic overview of the EPS configuration and control system of the
AWD vehicle considered for this study [13].

synthesizes the overall reference traction force (F”), also in
accordance with a possible speed derating imposed by EMA
through a, € [0,1]. Given the wheel radius (), F" is then
converted into an equivalent overall torque (z° = F"), which is
split between front (F) and rear (R) axles in accordance with a4p
€ [0,1] synthesized by EMA:

o=a,t, t=(l-a,)r. )

Similarly, overall rear torque is split in accordance with arv €
[0,1] determined by EMA:

* # *

RR = Oy Trs T = (l — Uy )T; 2

while the reference FC current is set in accordance with its
maximum value and arc € [0,1] synthesized by EMA:

[;c = Qe I(Fném . 3)

T

C. Actuators + Vehicle

This block simulate electric drives, vehicle dynamic and
steering. Particularly, the same Permanent Magnet Synchronous
Machine (PMSM) is used for each of the three electric motors
installed on board (one on the front axle, two on the rear axle),
whose voltage equations in the synchronous dq reference frame
can be expressed as

di
u, =ri, +L%—pmeiq
“4)

di
u,=ri, +L%+pa)m (Li, +A)

in which ua4 and iz denote the voltage and current space vector
components, r and L are the phase resistance and synchronous
inductance, respectively, p is the number of pole pairs, wm is the
electrical rotor speed, and A is the equivalent flux-linkage due to
permanent magnets. Consequently, the electromagnetic torque
developed by each motor is

3

T=ki,, krzapA . (5)

Therefore, the overall PMSM power at steady-state operation is

3 2 2
PPMSM = 7’-a)m +Erlq + (khyst + kfric ) a)m + keddy wm (6)
where kiyst, kfiic, and keaqy account for hysteresis, friction, and
eddy current losses, respectively, while is = 0 at any operating
condition. The power electronic converters have been modelled

just considering the corresponding power losses as
Pope = ko + K, iq (7

where ko and k; are two constant coefficients.

Regarding vehicle modelling, an advanced mechanical and
thermal model has been employed, which accounts for
longitudinal and lateral motion, tyre losses and the
corresponding heat generation, as detailed in [13].

D. Energy Storage

This part consists of an FC and a BP, as highlighted in Fig.
1. The FC is modelled through two look-up tables, which
determines Hz consumption and FC efficiency based on the FC
output power [13]. The BP is modelled as a voltage source and
an internal series resistance (rzp) so that its output voltage (vsr)
can be expressed as

Vip = €gp ~Tgp lyp (®)
where esp and igp denote the BP open-circuit voltage and output
current, respectively. It is worth noting that both ez and rsp
depend on BP State-of-Charge (SoC) through suitable look-up
tables. Aging phenomenon is also considered, namely BP
capacity reduces with average BP current and temperature [13].

E. Energy Management Algorithm

This block implements the strategy that should minimize the
following objective function:

J
J= k1—",
2 Y

in which k» denotes the weighting coefficient of the cost function
Jn, while Ji” represents its base value, namely the value
achieved by the base EMA provided by MVC2023. Particularly,
JE accounts for the overall energy consumption and losses as

h e{E,SoC,TC,Deg,v,tire} 9)

JE = (pFC +pBP +plosses)dt (10)

S =

while Jsoc is defined as
T

I soc :J.l
0

Particularly, Jsoc is generally zero but increases when either
SoCgp or SoCrc does not lie within their corresponding safe
intervals, whose lower and upper thresholds are denoted by
and (), respectively. Additionally, Js,c becomes infinite if any of
the following constraints is violated:

dt, he{FC,BP} .  (11)

50Cye] S0C} 0" |

SoC, €| SoCi™,S0C™ |, he{FC,BP}  (12)
where:
SoC\™ < SoC”) | SoC!?) < SoC™) (13)

Regarding Jrc, this term penalises overcoming BP maximum
temperature as follows:



Jre :max{O,max{TBP—Ttg?ax)}} : (14)
t

Differently, Jpe; penalises BP aging as follows:
d AQ _%+ (23 +%75P )

v ae( ey (15)
in which N is the number of BP cycles, 40sr denotes the battery
capacity reduction due to aging effects, 7zp and Tsp are average
BP current and temperature, while {31, 92, 93, 34, 95} are aging
coefficients determined experimentally [13]. In conclusion, J,
and Jure account for possible vehicle speed derating and tire
losses, respectively:

z T
J, =J(1—av)dt, J,. =J.pm dr . (16)
0 0

F. Performance Metrics

This part computes the key performance indexes based on
which the effectiveness of the EMA is assessed.

III. EMA DESIGN

A. Design considerations

Given the system modelling resumed by (1)-(8) and the
objective function defined by (9)-(16), the EMA should
synthesize the most suitable values for av, a4p, arv, and arc.
However, given the complexity of vehicle model and of some of
the cost functions, e.g. (15), the proposed EMA has been
developed in accordance with the following considerations:

e o, should be always set at 1 unless SoCrc and SoCpp
approaches their corresponding minimum values, in
correspondence of which av should be nullified to
prevent Jsoc to become infinite;

e orc should minimise electrical losses for a given traction
power demand. However, BP represents the most critical
energy storage unit because it contributes not only to JE,
but also to Jrc and Jpe. Consequently, despite sub-
optimal, minimising BP usage seems reasonable,
meaning that arc should be synthesized by the RB-EMS
directly;

e ary should minimise Jur in accordance with reference
track curvature (p*) and the steering angle (6%
determined by the p-Control block shown in Fig. 1.
However, this approach would be excessively complex,
may leading to minor improvements only. Consequently,
the relationship suggested by [13] has been employed in
this case, namely

Ay =0.5+ky, p (V). 17)

Based on the previous considerations, the variables that can
be tuned for (9) minimisation purposes are a.4p and orc, which
are set by TV and RB-EMS, respectively, as detailed in the
following subsections.

B. Torque vectoring

The electric power supplied to each of the three electric
drives making up the vehicle EPS can be achieved by combining
(5) with (6) and (7) as

3r k
PED,h = PPMSM,h + PPEC,h = __Tlf + (wm,h +k_1j Tyt Do (18)

T

in which Pgp,» denotes the overall power supplied to the h-th
electric drive, with h € {F,RR,RL), and

Doy = keddy w:i,h + (k + kfric ) @, ,+ k, (19)

hyst

Given (1)-(2) and arv, the overall power demand of the three
electric drives can be expressed as a function of ap as follows

Py = ZPED,h =pytpPo,yt pzajo (20)
W

in which

ok
Po= zp(),h +7 (kl + @, gy + Oy (1 —Qpy )j +
h

3r(e) :
+§T(1_2aw +2at}, )
’ 21
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Therefore, minimising (20) leads to
a, = 1-2a;, +207, _ k! (wF — Wty — 0 (1= 0ty )) Y

2(1_arV+a;V) 6rz’ (l_aTV+a72'V)

C. Rule-based EMS

The RB-EMS has been developed to synthesize arcand ar
that minimize the cost functions of (9) that depend on SoCpp and
SoCrc. Particularly, the main goal is managing BP and FC
operation within the corresponding safe SoC intervals to avoid
cost function penalisation. Hence, the proposed RB-EMS sets
orcand oy in accordance with a number of operating states and
modes, as shown in Fig. 2. Particularly, each operating condition
is identified by SoCsp and SoCrc ranges so that the (SoCsp,
SoCrc) plane can be split into several regions, each of which
corresponds to an operating state (green, yellow, and red areas)
and mode, as shown Fig. 2 and resumed in Table I. The NN
occurs when both SoCsp and SoCrc lay within their safe
operating intervals, so that a» and arc can be chosen as

ZP ED,h

N
_ _ h =
Qe = Ay =Max J 00, o, =1 (23)
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Fig.2. RB-EMS visual representation: normal (green), single-warning
(yellow), and double-warning (red) operating states.



TABLEI. OPERATING STATES AND MODES

Operating States Operating Modes
- Cases - Control actions
Normal NN Normal arc=oarc’; ar=1
WLN FC MAX arc=1;0r=1
Single-warning WuN
NWL FC OFF orc=0; 0r=1
' WLWL LOW SPEED | arc=arc’; ar=0
Double-warning WiW
HWL CRITICAL arc=0;ar=0

Given NN, two operating modes can be selected to prevent
SoCsp and SoCrc to go outside of their safe operating ranges,
which results in increasing Jsoc in accordance with (11).
Particularly, the FC OFF mode is activated when SoCpgp
approaches its maximum value or when SoCrc is close to its
minimum value as

SoC,, > SoC\) — £S0C,, | SoC,. < SoC') +£S0C,,. (24)

where £SoCpp and &SoCrc define appropriate safety margins
within the safe operating region. When FC OFF is active, arcis
nullified, whereas ay still equals 1 because BP has enough
energy to supply the vehicle on its own.

Similarly, the FC MAX operating mode is needed to prevent
excessive BP discharging, particularly it is activated when

SoC,, < SoC.) +£S0C,, & SoC,. > SoC)  (25)

occurs. In this case, BP exploitation should be minimised and,
thus, FC runs at its maximum capability (ar=1).

Sooner or later SoCsp and/or SoCrc derive from their safe
operation intervals due to the inherent vehicle energy
consumption, enabling single-warning or double-warning states
in case only one SoC or both lie outside their safe operating
range, respectively. Considering single-warning states first,
three situations may occur depending on which threshold is
exceeded. Particularly, NWu activates when SoCsp is too high:

S0C,, > SoC\;) & SoC,. > SoC'). (26)

If so, BP exploitation should be prioritised and, thus, FC is
turned off by selecting the FC OFF mode. Differently, NWL
occurs when SoCsp is too low, and two operating modes are
possible. Particularly, when

SoC,, > SoC"™ +£S0C,, & SoC,. > SoC')  (27)

FC exploitation is maximised in order to charge BP as much as
possible, thus selecting the FC MAX mode. However, if SoCgp
decreases further, LOW SPEED mode is enabled to minimise
the vehicle consumption by nullifying ar. The last single-
warning state (WLN) occurs when

SoC,y €| SoCy),SoCy) |, SoCpe <SoCL)  (28)

Differently from BP, FC cannot be charged during the driving
cycle, so the Normal mode is employed in this case. However,
if SoCrc becomes too low, BP exploitation is prioritized to
prevent FC to fully discharge, namely FC OFF mode is activated
when

SoC,p €| S0CL,),S0CY) |, S0C, < SoCl™ +2S0C,.  (29)

Double-warning states occur if neither SoCzp nor SoCrc are
within their safe operating range, meaning that SoCrc is too low
and SoCpp is either too high (WLWH) or too low (WLWL). In
WLWh state, BP should be discharged as fast as possible and,
thus, FC OFF mode is employed. Alternatively, in WL WL state,
all four different modes are theoretically possible. However,
given that both BP and FC are close to full discharge, Normal
mode seems the right choice until

SoC,, > SoC'™ +£80C,, & SoC,. > SoC\™ +£S0C,.. (30)

When SoCsp becomes too low, namely below the threshold
defined in (30), the LOW SPEED mode is imposed.
Alternatively, if SoCrc decreases excessively, FC OFF mode is
activated. In case both SoCsp and SoCrc are excessively low, the
system enter in the CRITICAL mode since both energy storage
systems are almost discharged. This imply that both arc and ar
are nullified to prevent any energy consumption, at least
theoretically.

In conclusion, all states, modes and enabled transitions of the
proposed RB-EMS are shown in Fig. 3, whereas the presented
RB-EMS logic is resumed in Table II.

IV. SIMULATION RESULTS

The proposed EMA has been validated through an extensive
simulation study carried out in MATLAB-Simulink by referring
to some driving cycles, namely FTP75, Artemis Urban, Artemis
Rural, Vires Rural Road Descent 1 and VTS-MVC2023 (a
combination of Opt Munchen 2 and FTP75 provided by the
MVC organization committee). The simulation setup is still
depicted in Fig. 1, whose parameters are omitted for the sake of
brevity but can be retrieved from [13]. The operating thresholds
of SoCpp and SoCrc are instead resumed in Table III. Results
achieved over the Artemis Urban driving cycle are depicted
from Fig. 4 to Fig. 7, whereas the final scores of the objective
function and of all its components under all the driving cycles
considered for this study are resumed in Table IV.

Focusing on Fig. 4 at first, it can be seen that the reference
and actual vehicle speed are perfectly superimposed to each
other during all the driving cycle, suggesting that the proposed
EMA never enters into the LOW SPEED or CRITICAL modes.
In addition, power evolutions depicted in Fig. 4 also show that
BP slightly assists FC when the latter is on but it handles
regenerative braking mainly, whereas BP is capable of
propelling the vehicle on its own when FC is off. This is
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FC L
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FC LOW Max K
MAX SPEED
k rcory |
& & '
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NWr
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Wi W,
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Fig. 3. The proposed RB-EMS state machine and the corresponding states and
modes, together with all allowed transitions.




TABLE II. STATE AND MODE SELECTION OF THE PROPOSED RB-EMS

BP & FC SoC States and Modes L.
State description and goal
BP FC State Mode
Normal SoCsp and SoCrc are low but normal mode is still available
FC OFF ISoCrc is approaching its lower limit, so FC is turned off to minimize its usage
Warning low | WLWL . . _. . ;
Warning LOW SPEED |SoCpp is approaching its lower limit. Overall consumption is minimized, FC is used to recharge BP
low CRITICAL  {SoCgp and SoCrc are too low, so FC is turned off and reference speed is nullified
FC MAX ISoCpp is low. FC usage is maximise to charge BP
Normal WLN - — — - - - —
LOW SPEED SoCgp is approaching its lower limit. Reference speed is nullified, FC usage is maximised to recharge BP
) Normal ISoCrc is low but normal operation is possible
Warning low NWL ; T T : T
FC OFF ISoCrc is approaching its lower limit. FC is turned off to minimise its usage
Normal Normal ISoCpp and SoCrc are within their safe interval
Normal NN FC OFF ISoCrc is approaching its lower limit. FC is turned off to minimize its usage
FC MAX ISoCpp is approaching its lower limit. FC usage is maximized to reduce BP usage
Warning | Waminglow | WuWi |FC OFF SoCrc is low and SoCpp is high. Normal operation is possible, but FC is turned off to maximise BP usage
high Normal WuN | FC OFF ISoCpp is high. Normal operation is possible, but FC is turned off to maximize BP usage
= T T T T T — 1
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Fig. 4. Reference (black) and actual (gray) vehicle speed (top), battery (blue)
and fuel cell (orange) powers achieved over the Artemis Urban driving cycle.

TABLE III. SOCgp AND SOCrc THRESHOLDS

Parameter Unit Value
[SoCsp™™ SoCsp”,SoCrr™,SoCpp™*] - [0.01, 0.20, 0.80,1.00]
[SoCrc™™ SoCrc™,SoCrc™ ,SoCrc™] - [0.01, 0.10, 1.00,1.00]

&SoCsp, €SoCrc - 0.01

confirmed by the ar evolution depicted in Fig. 5, in which each
colour denotes a different operating mode and which shows that
av is constantly kept at 1, while arv and aup are calculated in
accordance with (17) and (22), respectively. Regarding orc, this
shows a less uniform trend, particularly this is computed by (23)
in accordance with the Normal operating mode until the event A
occurs. After this, arc is nullified in accordance with FC OFF
mode. After approximately 250 minutes, B event occurs, and
RB-EMS enables the FC MAX mode and sets arc to 1 for a very
short time interval. Subsequently, Normal and FC OFF modes
are activated sequentially after C and D events, respectively.

The RB-EMS operation can be further explained by referring
to Fig. 6 and Fig. 7, which show the evolution of SoCsp and
SOCrc with time and on the (SoCgpr, SOCFc) plane, respectively.
It can be seen that SoCpp starts from approximately 0.65, while
FC is fully charged, meaning that NN and Normal mode occur
first. Therefore, FC is exploited to propel the vehicle, while BP
recharges during braking so that SoCszp reaches its

Fig. 5. Evolutions of « control signals during Normal (green), FC OFF (blue),
FC MAX (orange), LOW SPEED (gray) and CRITICAL (red) modes achieved
over Artemis Urban driving cycle.
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Fig. 6. Evolutions of SoCsp and SoCrc during Normal (green), FC OFF (blue),
FC MAX (orange), LOW SPEED (gray) and CRITICAL (red) modes achieved
over Artemis Urban driving cycle.

upper threshold (SoCsp(*). When this occurs (event A), FC OFF
mode is enabled. Subsequently, Normal and FC OFF modes
alternate to each other until FC OFF prevails because SoCrc
reaches its lower threshold (SoCrc(”). Consequently, SoCrc
maintains constant, whereas BP is gradually discharged until the
event B, when the FC MAX mode is activated because SoCsp
drops below its lower threshold (SoCgp™). After a short time



TABLE IV. OBJECTIVE AND COST FUNCTION FINAL SCORES ACHIEVED BY THE PROPOSED RB-EMS (BASE EMA)

J JE Jsoc Jrc IDeg I Jiire
Driving Cycle ey Usoc®) Jrc®) e ) Jiire®)
[-] [KWh] [sl] [°C] [Ah/cycle] [sl [Wh]
. 11.44 1.54¢3 4.25 0.56e-3 0 265.08
Artemis Urban 0.6518 (11.24) (15.87¢3) (5.96) (0.61¢-3) (0.57¢3) (227.54)
. 2.44 0 0 0.59¢-3 0 13.68
Artemis Rural 0-6811 .81 (0.19¢3) 0) (5.01e-3) 0) (12.44)
. 10.07 0.26e3 29.41 0.10 0 209.71
Vires Rural Road Descent | 0.7720 (9.30) (0.74¢3) (29.50) (0.09) (0.08¢3) (185.15)
11.50 3.05e3 8.80 0.70e-3 0.40e3 432.93
VIS-MVC2023 0.7628 (10.45) (10.00e3) (10.45) (0.76¢-3) (1.08¢3) (417.00)
I T : T T
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