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Abstract—The objective of this work is to show how to contriothe electric power systems of
a vehicle in such a manner that their power flowstsuld be optimized in the sense of energy
efficiency. As will be seen, the control problem cewsidered in this work can be formulated as an
optimization problem in the presence of several catraints. A systematic approach based on
optimal control will be adopted to design the eneng management strategies. Then, by means of
these strategies, the electric energy will be gersged and stored in the most appropriate
manner so that the overall energy consumption andventually the pollutant emissions can be
minimized for a given driving cycle. To this end, bth non-causal optimization method using
the knowledge of the entire driving cycle and caus@ne are developed for two case studies with
different structures of energy storage system. Thesstrategies are then evaluated in an

advanced simulation environment to point out theireffectiveness.

Index Terms—Energy management system, vehicular electric powesystem, battery and

supercapacitor, Pontryagin's minimum principle, stde constraints.

1. Introduction

Over the years, the demand of electric power copsiom in conventional vehicle has become
more and more important. This is due to the faet #utomotive customers are more and more
demanding in terms of performance, comfort andtgdée their new vehicles. Hence, the number of

auxiliary electric-powered devices has been cotistancreased in modern vehicles, e.g. active
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suspension, electric brakes, catalyst heatersThis.increasing demand tends to double or tripée t
current vehicle electric load [1]. Besides imprayithe efficiency of the electric components, an
effective energy management strategy (EMS) is asaial to minimize the overall energy
consumption of the vehicle.

In this work, the key feature of the studied vehiclonsists in the presence of an electrical
supercharger (eSC) in the turbocharged air sysfaimeapark-ignition (SI) engine. This device aims
at assisting the main turbocharger to reduce thectsf of "turbo lag”, i.e. slow engine torque
dynamics and lack of torque at low speeds. As aequent, the drivability is significantly improved.
The energy consumption of the eSC is provided kythicular electric power system. To this end,
the vehicle is equipped with an advanced alternataich is controlled in power. Note that this
alternator is directly coupled to the vehicle prignghaft; therefore, the engine operating pointwan
shifted by controlling the alternator output powehis fact offers one degree of freedom for energy
optimization as in the case of classical paraljdrid electric vehicles. However, this small capaci
alternator is exclusively used to generate theggnfar the electric power system and cannot assist
the internal combustion engine (ICE) to propel ¥ieicle. Note also that the considered alternator
can also recover the kinetic and potential energynd the regenerative braking phases. This "free
energy" is then stored in the energy storage sy8E3®) and will be used later in appropriate ways.

From the above remarks, it is clear that the enengynmagement becomes very attractive to
improve the overall energy efficiency of the stubiehicle. Because of industrial specifications, th
developed strategies have to satisfy several obgsctFirst, they can offer a global optimal sauti
when the driving conditions are perfectly knownadvance, i.eoffline situations Second, their
adaptations for real-world driving situations (i@nline situationy are straightforward and the
resulting causal strategies behave closely asltdimlgoptimal ones. Third, the developed strategies
must be simple to be implementable with limited pomation and memory resources. Fourth, the

strategies are based on a systematic approachasthdy can be applicable to a large spectrum of
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component dimension without the need for extensalibration. For all these reasons, the developed
EMSs will be based on an optimal control approagihgiphysical component models of the vehicle.

Because of the relevance to this work, a brief we@r concerning the optimal based energy
management issue for hybrid electric vehicle [28] be provided. In automotive framework, there
are mainly two methods based on optimal contradtphehich may offer a globally optimal result in
offline situations: Dynamic Programming (DP) [4]daRontryagin’s Minimum Principle (PMP) [5].
DP-based strategies are known to be very costherims of computation. Numerous efforts have
been devoted to reduce the computation time [6és€&lstrategies are often used for offline purposes
(performance evaluation, component sizing) [7]. Boadapted online versions can be found in
[8,9,10]. Concerning the strategies based on PN, bptimum could not be global as in the case of
DP since the PMP only provides necessary optimaliyditions. However, they are much more
computationally efficient and the online adaptatisrmore straightforward. This is the main reason
why we only deal with PMP approach in this work.the literature, many results exist on PMP-
based strategies [11,12] or the related Equival@msumption Minimization Strategies (ECMS)
[13,14]. Besides optimal control based approackase rule-based methods for energy management
can also be found in literature, see [15,16,17]ra@ferences therein.

The main focus of this paper is to propose a syatiemapproach to design the energy
management strategies that optimize the power @ibtthe vehicular electric power system. To this
end, both online and offline strategies are comeileThank to these optimal based EMSs, the
overall energy consumption of the vehicle is mi@ed under all driving situations. A preliminary
study on the choice of the structure of energyasfersystem was carried out by our industrial
partners. From that, two case studies of electwgr system with the same vehicle architecture will
be considered. These choices are mainly due tadbeptable cost especially for the energy storage
devices compared to conventional hybrid vehiclée first case study is as in a conventional vehicle

where only the battery is used to provide all ombagectric consumption and to make the electric



78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

power system more robust against peak-power demadndhis case, the EMS will exploit the
freedom that the battery offers to the alternatodeciding the moment to generate electric power.
This degree of freedom is generally not used [E6f.the second case study, a hybrid storage system
combining a supercapacitor [18] together with adwgtwill be used. Such a hybrid storage system
has been widely used in automotive industry sih¢®@s$ both the high energy density of the battery
and the high power density of the supercapacitét. [The supercapacitor aims at providing high
currents during hard transition phases to proteet ldattery from fatal damages caused by over-
discharge [2]. The supercapacitor is also usedtdoe sesnergy from regenerative braking and to
reduce the battery size [19]. As will be seen,drgtsupercapacitor hybrid energy storage system is
more flexible in terms of optimization than thesfione since it offers two degrees of freedom for
EMS. However the electric structure and the cordedign are more complex than the first case.

In this work, we assume that the state constraiptscerning the battery are not critical for
optimization problem since it can be oversized. Eoev, the supercapacitor may quickly charge and
discharge due to its low specific energy compacethé battery [15]. Hence, the state constraints of
the supercapacitor should be taken into accounthiBoend, a new form of penalty function will be
proposed by introducing a dummy variable in theregpion of the Hamiltonian. The strategies
developed in this work are simple to implement,cedht in terms of fuel reduction and of
computation times. They can be directly appliedperallel hybrid electric vehicles, and the
formulation can be easily generalized to a largailfaof hybrid vehicles.

The paper is organized as follows. Section 2 farstsents the studied vehicle structure with its
two different electric power systems. Then, the el®@f some vehicle components used for control
purpose are provided. In Section 3, the optimatrobiproblems are formulated for both case studies
and the Pontryagin's Minimum Principle is then &pto design the EMSs. Section 4 is devoted to
the implementation issue of the developed EMSsmadvanced dynamic vehicle simulator and the

analysis of the obtained results. To this end bitef description of simulator is first given. Them
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discussion on how to use the optimal control ownd also a simple adaptation idea to obtain
causal strategies from optimal ones are preseNtext, the simulation results are performed to show

the effectiveness of the developed strategiesllffirmaconclusion is given in Section 5.
2. Vehicle Description and Control-Based Models

The considered vehicle architecture is depictdéignire 1. The notations are givenAppendix.

|
Reducer |

pus Clutch e

Mechanical coupler

Figure 1. Representation of the studied vehiclaitacture

The vehicle is equipped with a conventional poveentiwith 5-speed manual transmission. The
alternator is connected to the engine with a figedr ratio. The only difference between the two
considered case studies consists in their elepower system, i.e. the "Electric System" block in
Figure 1. The power flow of both case studies scdbed below.

2.1. Case study 1: Single storage electric power system

The power flow in this case is sketched in Figur@ti direction of the arrows corresponds to the
direction of the energy exchange between diffecentponents.

P F, B P,

bat
Battery

O Mechanical power split node
Onboard
© Electrical power split node auxiliariesand eSC

loads

)

Figure 2. Power flow of the studied vehicle withgle storage electric power system
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The ICE produces the mechanical powr from chemical energy (fuel). This mechanical power
P.. is divided into two parts. The first pa;, is used for vehicle propulsion. The second é}e,

is delivered to the alternator and then converbeeléctrical powerP,, .. The alternator generates the

ite
power to satisfy the demartfe], . of all onboard auxiliaries including the eSC. dtalso used to
charge the battery when necessary. The batterymByean be negative (when it is charged by the
alternator) as well as positive (when it providésceic power for all electrical loads). It shouteé
noticed that the eSC is controlled by engine conirot (ECU) which is out of the present work
scope. However, its energy consumption profilerievkn and will be considered as an input of the
developed EMSs.
2.2. Case study 2: Dual storage electric power system

A sketch of the power flow in this case is depidteéigure 3. It is worth noting that Case study 1

is nothing else than a special case of Case studyePe the supercapacitor and the DC/DC converter

are removed from the electric power system.

\

Super
capacitor )

Electrical
charger

O Mechanical power split node Onboard
auxiliaries

@ Electrical power split node Pam

Figure 3. Vehicle power flow in the studied duarage electric power system

It can be observed that the consumption of onbeardliariesP,, can be powered either by the

aux
alternator or by the battery. The battery is alseduto charge the supercapacitor through the DC/DC
converter. However, the supercapacitor cannot ehding battery in this electric structure; it is

exclusively used to power the eSC.
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2.3. Vehicle Control-Based Model

The control models are used to develop the enguggnzation algorithm. At each sampling time,
the energy optimization algorithm computes theropticontrol sequences that minimize the energy
consumption of the vehicle. For real-time applicas, the control model should have a very limited
complexity. Hereafter, some control models of tbenponents of interest for both case studies will
be described. It is worth noting that for confidalitty reasons with our industrial partners, ajjuies
showing the data of system components are slightBled so that the characteristics of these

components will not be revealed.
2.3.1. Internal combustion engine

ICE is a complex system where many physical phemanage not easy to model, e.g. combustion
process [20]. However, from an energetic pointiefwsome assumptions can be considered. Here,
the temperature dependency and the dynamic behaitre ICE will be neglected. Then, ICE is
characterized by a static look-up-table (LUT) gyitme instantaneous fuel consumption in function

of the engine torque and the engine speed, seeeHgu

Fuel Consumption [g/s]
N

iy
al
o

. 0 1000
Engine Torque [Nm] Engine Speed [rpm]

Figure 4. Representation of the instantaneousciugdumption of the studied engine

Moreover, at a given engine speed, the engine ¢oigphysically limited by its maximum available

torque. This characteristic is also represented swatic LUT.

7



156 2.3.2. Alternator

157 The alternator is characterized by some static Led & the case of ICE. The first one, shown in
158 Figure 5, provides the alternator efficiency asuacfion of the rotary speed and the current. The
159 second LUT needed for the alternator average medalides the maximum current that the

160 alternator can produce as a function of the rasased and the current, see Figure 6.

L“E 0.6 - .
5 N
g LR
- AMMIMHIRNNN
2 B O
2 \\\\\ \\\\\\ “
0.2 \\\\\
200
15000
161 Alternator Current [A] 0 o Alternator Speed [rpm]
162 Figure 5. Representation of the alternator efficyen
200
<
3
=
é 100
:
i 0
100
10000
20 0
163 Alternator Current [A] Alternator Speed [rpm]
164 Figure 6. Representation of the alternator maxtnalent

165 For energy management strategy design, another jridViding the maximum available torque at a

166 given alternator speed is also needed. This onmgtees that the alternator torque is always within

8
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its physical limitation. Note that the alternatomly works in generator mode, so its current is
conventionally positive and is assumed to be mealsiar the optimization design problem.
2.3.3. Battery

For control purpose, the thermal-temperature effetthe battery are usually neglected. Then, the
only state variable left in the battery is its staf charge (SOC) whose dynamics equation is gagen

follows:

. SO
SOG. (9§=- 'bat( chf’a‘(t)); SOG, (0)= SOG, (1)

where the initial state of charg@OG,, , and the nominal capacity,, , of the battery are given. The

expression of the battery current can be give8ps [

oc (SOG(9) — U SOG( )4 R SOg( )} &)

2
zaat(soqat( )) @)

Lo (SOGia ( t))

where R, (t) is the battery power at the terminal voltage.
2.3.4. Supercapacitor

After neglecting all complex thermal-electrochenhidgnamics, the only state variable left in the
supercapacitor is its voltage, which is the image of its available energy amount:

U, (t)=-——--%;,  U,(0)=U, (3)

where the capacitandg,. and the initial voltag&) , of the supercapacitor are constant and given.

Similar to the battery, the supercapacitor curexression can be also given as:

t)-JUZ(t) - 4R, P(1)

) = 2R

(4)

where Psc(t) is the supercapacitor power at the terminal veltag



187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

2.3.5. DC/DC converter

The DC/DC converter is simply modeled by the folilegvefficiency rate:

Poc.o (1)
Poc.i (1)

Moc = ()

where P, . (t) and B, (t) are respectively converter output and input powEns efficiency of the

DC/DC converter is given.
3. Optimal Control Based Energy Management

Hereafter, the optimization problem is formulatedtivo case studies:
» Case study 1: single storage electric power system
» Case study 2: dual storage electric power system

Next, the PMP will be applied to derive the enemggnagement strategies for these both cases.
3.1. Problem Formulation
3.1.1. Control objective

In this work, the goal of optimal control is to nmmze the fuel consumption over the driving

cycle in the time optimization horizdlﬁ),T] , then the cost function is expressed by:

T = [ Qoo (T, 0(9) 0= [ P Tl Y@ ) ©

whereP, , (Te.(1) @.(1)) is the fuel power and the instantaneous fuel comsion of ICE

Myer ( Toe (1), @ee( 1)) is known at a given engine speeg, and torqueT,

Remark 1: The pollutant emissions can be also incorporateshadifying the cost function (6) as:

n

7] P19 0u0) (0. 3) | @)

i=1
where a, are weighting factors provided by designers arditistantaneous pollutant emission rates
M (Te (1), @ (1)) (in generalNO,, CO, HC) are given by static LUTs. However, the objective

10
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minimize the pollutant emissions is beyond the scopthis paper; therefore only the cost function
of the form (6) will be considered in the sequel.
3.1.2. Constraints
a. Vehicle architecture constraintsthe mechanical relations between torques and spafetse
considered vehicle architecture represented inrEifjlare given by the equations:

T (1) = ROK(9)7( Tl 9+ 2T 3) = K K D)o T X

_ We(t) _ wu(t) (8)

“O=R(k) PR KJ)

The driving cycle is usually defined by the cou(ﬁ@v(t),k(t)). Indeed, wheny, (t) andk(t) are

known, the torque requested at the whégl(st) can be easily derived for the vehicle longitudinal

dynamics equation [6]. In this work, engaged ge@l) at each moment is chosen by the driver.

Then, it can be noticed from (8) that, with a givaniving cycle, neither the engine speed nor the
alternator speed can be chosen by the energy nraeagstrategy, the only degree of freedom of the
studied architecture is the alternator torque Qi torque).

b. Mechanical constraintsDue to the physical limitations of the ICE and #leernator, their speeds

and torques are subject to the following constsaint

a)lce,min < a)lce (t) < wicemax 9

walt,min < a)alt (t) < walt,max ( )
and

Tice,min (a)lce(t)) s Tice( t) s Ticemax(a)ice( t)) (10)

Talt,min (walt (t)) < Talt (t) < -I;It,max(a)alt (t))

By considering the physical alternator torque lgnithe engine torque limits at each instaare

given as, where the primary shaft tordjg(t) = T,.(t) + oT,(1) is derived from the driving cycle:

Tee (1) 0To00 ={ Toal 0 T (@ 0) < Tl 9 T o )} (11)
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where

Tice,min (wuce(t)) = max{ Ticemin (wice( t)) T pi t) - IOTaIImax(w all( t))}

min{ Tice’max(wice( t)) T~ ,OTan,min(w o t))}

(12)

=)
(0]
3
g
—
®
[v]
—
—+
~—
~—
1

c. Electric power system constraint&s mentioned above, the only difference between tiho
considered case studies consists in their eneogggd systems. Case study 1 deals only with one
battery, see Figure 7. The optimization problenmigiation in this case is similar to the one of

conventional parallel hybrid electric vehicles wathly one system state of the battery (1).

1 Ib Iloads

art

Alternator
Battery

Figure 7. Sketch of the electric structure of Cstsely 1

From the electric structure in Figure 7, the bgttanrent can be computed as:
Ibat (t) = I alt (t ) _I Ioads(t ) (13)
where the electric load curremt,, (t) is known and represents all onboard auxiliary deina

including the consumption of eSC. The current ded by the alternator,, (t) can be easily

derived from the optimal alternator torque at e#ote step. It is noticed from (13) that if the
alternator is optimally controlled, then, the battese is also indirectly optimized in the sense of
energy efficiency.

For Case study 2, both battery and supercapaaiéoc@nsidered. They are linked by a DC/DC
converter. The electric structure of this caseeigicted in Figure 8. In this case, the dynamicthef
supercapacitor (3) should be considered togeth#r (&) for optimization problem to fully take
advantage of all electric structure potential.
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DC
]a/r ]DC,i ]DC,o
\ @ I \ ] I
bat aux sc eSC
DC/DC
Alternator
Battery converter Supercapacitor
] ]

Figure 8. Sketch of the electric structure of Cstsely 2
In this work, the DC/DC converter controls its auttpurrent, i.e A (t) = 1,c,(t) . It is noticed that

the electric structure of Case study 2 offers aséaegree of freedom for optimization problem: the
DC/DC output (or input) current. Indeed, if onetlése two currents is optimized, the other can be
easily deduced from the power relation (5) of DC/D@hverter. The battery and supercapacitor

currents are respectively computed by the followiilgtions:

loae (t) =1 () =1 aunt) =1 o) (14)

e (t) =V ocoft) =1 esclt) (15)
The DC/DC output current is constrained by:

oo (1) D Zoc.0 #{1 ncalt) 1 o o= oo d )< o (16)
wherelDj andg are respectively the minimum and maximum outputesu of the converter.
For safe operation and cycle life extension, théebaSOC and battery current are both limited:

SOGumn < SOG( }= SOL e (17)

it < V() <1 paima (18)
For the supercapacitor, the voltade and the current . are subject to the following constraints:

Uemn SU (t)<U (19)

c,min ¢, max

Isc,min s I sc(t) s l sgmax (20)
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Both battery and supercapacitor are considerednasyge buffer systems. Therefore, thkearge
sustaining conditiorshould be fulfilled by EMS for both of them. Coetaly, one should have

ASOG,, =0 andAU_ =0 where:
ASOG, 2 SOG,( - SOg(0) @)
AU, 2U (T)-U,(0) (22)

3.2.  Application of Pontryagin’s Minimum Principle

Next, the PMP will be applied to the two cases.yQsiffline optimal solutions will be considered in
this subsection. Thereafter, for simplicity, thepkoit time-dependence of the variables is omitted

except for confusing situations.
3.2.1. Case study 1: Single storage electric power system

Taking into account (1) and (6), the Hamiltoniarthis case is defined as:

H (SCI:bat' Tice ’ /]1) = I:)fuel (Tice’a)lce) - Al% (23)
bat,0

where the battery current, (SOG, ) is computed by (13). The necessary optimality dtors

provided by PMP in this case are given as:

OH()_ 1o (SOGa)

SOG,, = o, o SO, (0)= SO, (24)
= e e
SOG.(T)= SOGq (26)
SOG, mn < SOG, < SOL, 27)
H(SOG,. Tk )< H( SO, T.4); Dm0 T; 0 JOT, (28)

Several comments can be made regarding these dipfim@nditions. First, the conditions (24) and

(25) provide respectively the dynamics of the gystgate and its associated co-state. However,

14



286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

neither an initial condition nor a final conditiom the co-state is available. Second, it is impdra
emphasize that when the charge sustaining condjti@nanteed by (26) is required for the EMS, the
battery usually operates only in a small range ©ICS21]. As a consequence, the open circuit

voltage and the internal resistance of the battgy not vary so much in this range. Therefore, from
(2), it can be concluded that the battery curign{SOG, ) is not significantly affected by the
variation of battery SOC. Combining this fact watbndition (25), it follows that:

A=0 = A=A, (29)
where the constamt, has to be determined. This assumption has beeloixpin many other

previous works [11,6,21]. Third, our studied batteas an important nominal capaciy,,, then,

the state constraints (27) will never be violatEdurth, at each instant the optimal control,_,
minimizing the Hamiltonian can be exhaustively skad in the torque admissible $gf, defined in
(11). This can be numerically done by testing @itjtie possibilities of the séf_, at each time step.
Hence, the constraints on the control varialleare "naturally” considered. Fifth, it is clear tiiae
optimal solution at each instantdepends on the initial conditions of the systeatesfOG, , and
the co-statel,,. The former initial condition is given, howevehgtlatter on is not knowa priori.

The value ofA,, depends on boundary condition of the terminal ebdinal timeT , i.e. the future

information of the driving conditions. Indeed, thietermination/estimation of this value is cruca@l t
reach the optimal solution as close as possibleoffline situations where driving cycles are given

in advance, the value of, can be iteratively computed by a "root findingalghm" [11].

3.2.2. Case study 2: Dual storage electric power system

In this case, two dynamical systems (1) and (3)aalable for the energy storage system. As
previously highlighted, the state constraints (@P)he supercapacitor should be taken into account.

To this end, a new dummy variable has been intredluchose dynamics is defined as [22]:
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Xy 2T(U,) (30)

where the functiorT (U, ) in (30) is defined as:

T (Uc) = l:UC _Uc,min:lz Sg( Uc,min - Uc) +[ Uc,max_ Uc:|2 Sd Uc_ Uc,ma)) (31)
and the functiorsg([J in (31) is given as:

0, x<O

L &

Note thatX,(t)=0, 0tO[0,T] and X, (t) =0 only for times when the state constraints (19) are

satisfied. The new dummy variabk, (t):
t
X4 (1) = [ X4(1) dt+ X, (0) (33)
0

is required to satisfy the two boundary conditios:(0) = 0 and X, (T) =0. This fact implies once
again thatX, (t)=0, OtO[0,T] . However, it is possible only if the state coristisa (19) are
satisfied for allt 0[0,T].

Taking into account the dynamics (1), (3) and (30§, augmented Hamiltonian for the Case study 2

is defined as follows:

7—[3 (SOQ)at' Uc’Tice' I DC, o’Al'AZ) = PfueI(Ta‘:e'a)lce) _Alw
bat,0

(34)
-1 Isc(Uc'IDC,o)_l_/‘T U
AT (U,)

sc

Then, the necessary optimality conditions are giwe(24)-(27) together with the following ones:

. I (U1

o =70 elVoes) Uc(0)=Us (35)
6/12 Csc ’

U:(T)=Ucq (36)

Uc,min s U; s Uc,max (37)
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339

340

341

oM () . ) .
xd = OAd([)] - I:Uc _Uc‘qmin]2 Sg( Uc,min - Uc) +|: Uemax_ U*JZ Sd Uc_ LJ ,ma>) (38)
X4(0)=0
i P K 950G g 0L(Uutics)
’ aUc Qbat,O aUc Csc ou c (39)
- % [U*c _Uc,min]Sg( Un:min - Utc) - /Pd[uqmax_ Uc] Sduc _Uc,max)
L 0 (O
A= (40)
Ha(SOQat’ Uc’ -Ee’ LC,O’/‘;. ’A*Z ’/Td) < Ha(socbat’ L*Jc’-l-ice’ |DC,0 '21 22 ;]d)’ (41)
Lt |][ O'T] : |](Tice’ IDC,o)DI]ViceXIDCo
As in Case study 1), = A,,, DtD[O,T] and at each instant the optimal control input3,, (t) and

loco(t) minimizing the Hamiltonian can be exhaustively rshad in the torque and current
admissible setq,, andZ,. , defined respectively in (11) and (16).

Since X, does not appear explicitly i, (I, then, it can be deduced from (40) that:

L on, *
Ad = _WED]:O = Ad :/]do (42)

whereA,, is the constant to be determined. Note that if shpercapacitor has an important

capacitanceC_, its state constraints (19) will be then trivill.this caseA,, can be set equal to O,

sc?

which means that the supercapacitor state contdraig not taken into account.

From the supercapacitor curreint(U ;) expression in (4), it follows that:

aUC VU<:2_4RscPsc

Then, the condition (39) can be rewritten as:

o.U)_ 1) )
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4g4 )

CJ 4RP, (44)

SC° sC

- 2dO [U Ucmln}sg( c,min U*c)_ ZdO[Uc,max_ Uc} Sg( UC_ Uc,ma))

The trajectory A, is obtained by integrating both sides of (44) Whin‘;(o):/lzo has to be

determined.
The optimization problem of Case study 2 is nowuoedl to the choice of the three valugg,
A, and A, in such a manner that both boundary conditionar@ sustaining conditions) (26) and

(36) are satisfied. However, using a "root findalgorithm" as in Case study 1 to iteratively congput
these three values would not be appropriate dwexdtessive computation times. A simple method,

which is more effective in terms of computationagsnwill be proposed latter. Although this method

only offers sub-optimal control sequences Tpf and I,;C’O, it can be directly used for online

implementation.
3.2.3. Physical interpretation of Hamiltonian

This subsection aims at pointing out the physicahning of the Hamiltonians and the co-states in
the previous definitions (23) and (34). To this eadly Hamiltonian of Case study 2 is considered
since it is of a more general form than the on@8).

Let us define the following variables:

A Al A AZ
§S=- , $ = (45)
U oc (wcba ) Q)at,o U cCsc
Then, the expression of the Hamiltonian in (34) bamewritten as:
SO at? |ce’ o’ ue ice’ + S P SO al
H, (SOGu UnTeer o0 080 ) = Pual Teo@ied + SP 5t (SO G - )

SZSCI( c’DCo)+A T( )
where Py (T Wee) » R (SOG,) and P, (U, Ioc,) are respectively the fuel power, the inner

battery power and the inner supercapacitor powe. ghysical meaning of the Hamiltonian becomes
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clearer with (46). Indeed, this is the sum of treghited powers of all energy sources availabl&én t
vehicle. In other words, the Hamiltonian represarigquivalent fuel powerand the variables
ands, are used to converts the inner battery power &ediriner supercapacitor power into the
equivalent quantities of fuel power. That is whgdb variables are usually referredetjuivalence
factors[13,14]. The more important these variables amntlore expensive the electric energy is. So,
it is more beneficial to recover the energy by regative braking. On the contrary, the lower these
variables are, the cheaper the electric energlgts As a consequent, it is more beneficial to thee
electric machine to generate the energy (for tise cé hybrid vehicles).

In the cases where the state constraints are prebendynamicsX, indicates these constraints
are whether or not violated. Then, the tedpX, = A,, X, is incorporated into the Hamiltonian as a

penalty function. The constandf, should be selected to be very high such that tipersapacitor

state lies in its bound limits in very short tin&nce there is no penalty if the state remains detw
its upper and lower limits, the energy managemeategjies can make full use of the supercapacitor

over the allowable range.
4. Implementation and Results Analysis

4.1. Dynamic Vehicle Simulator

Before analyzing the results, it should be notiteat all developed strategies in this work are
validated with a dynamic vehicle simulator calilecgtvith real vehicle data. This simulator consists
of all appropriate models of different elementsstinting the studied vehicle, including the driver
and the energy management strategy. An overviethefsimulation environment in this work is
illustrated in Figure 9. As can be seen, the cared simulation environment has two separated

parts: the vehicle model part and the energy managesystem patrt.
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[[ Energy Management Strategy

(Matlab/Simulink) )

Figure 9. Simulation environment in the thesis fearark

The energy management system part is our optiroizatigorithm coded il€-language for time
computation efficiency and implemented in Matlabi8link as an S-function. The vehicle model
part accurately represents all relevant charatiesisf the real vehicle. This one is implemented i
LMS Imagine.Lab AMESIim platform which is inspire¢ Bond Graph approach [23]. The model
and control strategies involved of this dynamic igkeh simulator have been developed by our
industrial partners and will not be exposed herectimfidentiality. The two parts of the simulation
environment are interconnected by a co-simulatiariace. The most advantage of this simulation
approach is that it offers at the same time thésteavehicle model and the great convenience of
Matlab/Simulink in terms of control design.

In what follows, some issues directly related te implementation of the developed energy
management strategies into the simulator are disstussed. Next, a simple idea to derive a causal
EMS for real-time applications is presented. Then,show the performance of the developed

strategies in terms of energy consumption efficgertbey will be also compared to a baseline
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strategy where the energy storage system (ESSrypahd/or supercapacitor) will be practically
never charged or discharged. As a consequent|/téraator will be always activated to generate all
energy needed for onboard electric demand. Notethi these baseline strategies, provided by our

industrial partners, will not be detailed for calgntiality reason.
4.2. Implementation
4.2.1. How to use the optimal control sequences?

The developed EMSs provide the engine torque asalthe alternator torque in both case studies.
They are often used as reference signals to camdICE and the alternator, respectively. However,

in this project, the ECU is designed by anotheustdal partner and only optimal alternator torque
T, will be used to control the reference voltage of thiternator. The control scheme of the

alternator is illustrated in Figure 10.

PI Controller with ] Voltage reference r I, alt
Anti-windup » Alternator >
Compensator J L

Figure 10. Control scheme of the alternator
For Case study 2, the EMS provides also the optiuatrol sequencé,. , which will be used to

control the DC/DC converter as shown in Figure 8.

It is important to remark that the approach usedunwork does not require any modifications of
the vehicle structure (drive train and electric powystem). The only simple task for implementation
is to replace the existing controller(s) of theddm® strategy with those developed in this paper.
4.2.2. Online adaptation

As previously emphasized, it is possible to obthaoptimal solutions only when all information

of the entire driving cycle is available priori. In subsection 3.2, we also showed that the
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optimization problems consist finally in determigithe constan#l,, for Case study 1 and constants
A, and A,, for Case study 2 with a "root finding algorithnkfowever, these strategies are not causal
and cannot be applicable for real-world applicatiofbherefore, an adaptation of these strategies for
online implementation is necessary. Over the yeaigreat deal of efforts has been investigated to
cope with online strategies based on non-causahapbnes [6]. The crucial point of this problem is
to find out an appropriate way to adapt the coegatin such a manner that the behavior of causal
strategies is as close as possible to the corrdgpproptimal solution. For simplicity and for
computation efficiency, the so-calledi “control" method is adopted in this work [24,25,1This

method is based on a feedback control which is easyplement, see Figure 11. The expression of

the estimatedl is given as:

A=2,+K,(SOG,- SOg+ Kj ( sog- saAc (47)

0

where SOG, is the SOC set point of the considered energyesydtorage. This value is given as
SOG, = SOC(O) if the charge sustaining condition is consider€d, K; are the gains of the PI

controller and/, is the initial guess.

Vehicle signals

Energy
Management
Strategy

50C(t)

Figure 11. Online estimation of the co-state

It can be noticed that the idea of thé -tontrol" method is simply to keep ti&OC of each

energy storage system in a reference range oftiariaefined bySOG,. In other words, the

feedback A -control” aims at preventing the overcharge or etigmh of the considered ESS in long
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439 term, however, its SOC may "freely" vary in shatnm. For this reason, the PI controller gains

440 should be selected rather low. A detail on thisuksion can be found in [25].
441 4.3. Simulation Results

442 In this work, the Artemis Road cycle [26] will b&atusively considered to validate the different
443 energy management strategies. This driving cycpresents real driving conditions and allows
444 achieving a realistic evaluation of the obtainesuls. The vehicle speed and gear position of this
445  real-world driving cycle are shown in Figure 12r Bl simulations presented hereafter, the tracking
446 performance of the vehicle with respect to the dpederence of the considered driving cycle is

447  always perfectly guaranteed.
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449 Figure 12. Artemis Road cycle: vehicle speed (uqo) imposed gearbox ratio (bottom)
450 4.3.1. Case study 1
451 The following strategies are implemented and tresults will be compared:

452  BL1: Baseline strategy for Case study 1 where thteby is not practically used, so the
453 alternator power is almost equal to the requiredtekt load.

454  PMP1: PMP-based optimal strategy for Case studitii awgiven driving cycle.

455 * RT1: Real-time strategy for Case study 1 Wﬁhestimated by (47).

23



456

457

458

459

460

461

462

463

464
465

466

467

468

469

470

471

472

473

The desired and the realized alternator torqueairdd from PMP1 strategy are presented in
Figure 13. It can be noticed that the alternatgqué& which is indirectly imposed by the voltage
reference of the electric power system, globakyks the optimal alternator torque provided by the
PMP1 strategy. However, the alternator has its dwmamics. Hence, the realized torque tends to O
after a certain time for each alternator activatidhis problem, which is unavoidable, will degrade
the fuel saving performance of the PMP1 strateggeéd, the alternator can take some electric

energy which is unscheduled by PMP1 strategy.

12 T T T
—T,, from PMP1 strategy

=
o

----- T . realized
alt

L

A |
800 900 1000

DUk L M

200 300 400 500 600
Time (s)

Alternator Torque (Nm)

T T
—T,, from PMP1 strategy

----- T . realized
alt

Alternator Torque (Nm)

i
{

i

QHLt 5 I\ " | 1A 5 {3 | |

620 640 660 680 700 720 740 760 780
Time (s)

Figure 13. Optimal alternator toque provided by AMRBategy and real alternator provided by

simulator for all the driving cycle (up) and theaoms (bottom)

Figure 14 shows the comparison of realized altermatrques between PMP1 and BL1 strategies. As
previously stated, BL1 tries to maintain a constaliérnator voltage; such that the battery is
practically not used and all onboard electric leaérgy is directly supplied by the alternator. Henc
the alternator will be always activated for thisattgy and this can increase the fuel consumption.
Concerning PMP1 strategy, it schedules the alternaictivation at appropriate moments
(deceleration phases, battery charging) and wigrgggiate quantities of torque. In such a manner,
PMP1 strategy can help to recover a certain amofirifree energy" coming from regenerative
braking. In addition, with this optimal strateghetalternator can be also used to shift the opeyati

24



474  point of the ICE to other regions that require tig&aless fuel. Moreover, the battery will be bette

475 exploited as shown in Figure 15.
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481 From Figure 15, it can be observed that if thetvatbesﬁ1 is fine tuned then RT1 strategy has the same

482 behaviors as PMP1 strategy although it does nat aeg information on the future of driving cycle.
483 Table 1 summarizes the energy consumption of theidered strategies and the fuel saving of PMP1
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and RT1 strategies with respect to BL1 strategyAidemis Road cycle. This table shows that the
proposed strategies (OPTI1 and RT1) are not origce¥e to reduce the fuel consumption but also

can guarantee the sustaining charge conditioneobd#ttery.

Strategy| Fuel Use [g]| Fuel Saving [%] ASOG,, [%]

BL1 700.072 0 0.361
OPTI1 685. 597 2.068 0.056
RT1 685.776 2.042 0.111

Table 1. Summary of energy consumption for diffesgrategies of Case study 1
4.3.2. Case study 2
As previously stated, searching offline optimalusian with "root finding algorithm™ can be too
expensive in terms of simulation time. Hence, thiis be not presented here and only two strategies
are implemented and compared in this case:
» BL2: Baseline strategy for Case study 2 uses dmysupercapacitor. The DC/DC converter
is controlled by a heuristic strategy of industpartner. This strategy aims at guaranteeing
that the voltage in the supercapacitor side is ydvgauperior to the one in the battery side and

the supercapacitor energy is always kept betweeaicdevels.
* RT2: Real-time strategy for Case study 2 wﬁhand /TZ estimated by (47).

The results of BL2 and RT2 strategies are compareBigure 16. The same comments on the
alternator activation can be done as in Case styd. the alternator is mostly activated by RT2
strategy to recover regenerative braking energytelider, RT2 strategy also activates the DC/DC
converter more often than BL2 strategy to chargedipercapacitor at appropriate moments. As a
consequent, both energy storage systems (ESS)e#tex lexploited in RT2 strategy than in BL2

strategy as shown in Figure 17.

26



Srrr——

pri R T

Alternator Torque (Nm)
(2]
—mmmmewssiaL

e

Time (s)

40

=
o

i
L | I L |
400 500 600 700 800 900 1000

0 100 200

503 Time (s)

504 Figure 16. Comparison of alternator torque and edrv current between BL2 and RT2 strategies

505 It can be also observed from Figure 17 that thegehaustaining conditions for both ESSs are
506 guaranteed by RT2 strategy whereas BL2 strategyatdulfill this condition for the supercapacitor.
507 Indeed, BL2 strategy only has tendency to chargestipercapacitor. Moreover, as previously stated,
508 the use of the battery is very limited in this ¢casgoarticularly the battery SOC with BL2 strateigy

509 almost constant for the entire driving cycle.
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Figure 18 shows that supercapacitor voltage alweg®ins in its operating range, i.e. it is always

higher than the battery voltage as imposed by tleetrec power system and lower than the
supercapacitor voltage maximal value (16.2V). Tisa& the penalty functiomi, X, =A X,

incorporated into the Hamiltonian, the supercapaaibltage only touches its upper limit for a very

short time (around 100s) of the driving cycle.

16.5

16 =

155~

15+

-

»

wn
T

[N
~
T

ESS Voltage (V)

Supercapacitor
35~ H e Battery

JEETTRU UL N TR

125

| | | | | | | | | |
12
0 100 200 300 400 500 600 700 800 900 1000

Time (s)

Figure 18. Voltages of energy storage systems 1& &rategy
Table 2 summarizes the energy consumption of biodttegies, and the fuel saving of RT2 strategy
with respect to BL2 strategy for Artemis Road cydteom the results, it can be concluded that the

RT2 strategy is effective for fuel consumption retaon.

Strategy| Fuel Use [g]| Fuel Saving [%] ASOG,, [%] | ASOGC, [%]

BL2 701.819 0 0.019 9.394
RT2 690.322 1.634 0.076 0.054

Table 2. Summary of energy consumption for diffesgrategies of Case study 2
As can be seen, the results obtained on this urggake are very promising. However, several

tests with other driving cycles would be necessarshow that the extra energy consumption of eSC
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would be compensated with some effective energyagement strategies (note that the eSC is

practically only activated in low load region).
5. Concluding Remarks

In this work, PMP-based strategies are developetbptimally” control the vehicular electric
power systems. We have shown that this approach dea®ral advantages for real-time
implementation. First, causal strategies, which wamic the behavior of optimal solution, can be
easily obtained with a simple feedback control seheSecond, it is very efficient in terms of time
computation because it is based on the instantaneounimization of the Hamiltonian. The
effectiveness of the approach is pointed out thnoggyeral simulation results for both case studies.
Most of fuel saving comes from regenerative brakiigch is "free” energy. Despite the additional
cost for hardware investments, the dual storagetredepower system offers a limited fuel saving
performance compared to single storage electricep®ystem for the given parameter values in the
simulator AMESIim. However, this electric structunay be used to reduce the capacity of the battery
since it is not practically used or it would be endamteresting for electric hybrid vehicles withdst
and start” operation.

The energy management problem considered in thik gan be directly applied to parallel hybrid
electric vehicles. They are also easily generalimedthers hybrid architectures with some slight

modifications.
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552  Appendix. Some notations of vehicle variables used in thpepa

Variable Description Unit | Variable Description Unit
T, Wheel torque Nm w, Wheel speed rpm
Tice ICE torque Nm Wee ICE speed rpm
Tan Alternator torque Nm| @, Alternator speed rpm
Tos Primary shaft torque Nm P Gear ratio of the reducer -
Mo Gearbox efficiency -- K k" gear of the gearbox | --
Q. Constant fu.el energy wikg| R(K Gearbox ratio of th&™ ~

density gear
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