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Abstract

The rising price of fuel and the evmsstricting legislations on fuel consumption

and amount of pollutant emissions have encouraged almost all automotive
manufacturers to look for alternative propulsion systarnigh may replacéhe
well-established int&al combustion engineHybridization seems the most
promising solution at least in the short term period. The term hybrid electric
vehicle indicates a ground vehicle which is equipped with either one or two
electric machines in addition to a conventiomdkernal combustion enginé

hybrid electric vehicle guarantees a great flexibility in the energy management
since both fuel energy and electric energy stored in a battery can be used
together to provide the necessary traction effmtyever thesuperioroperating
flexibility of the powertrainrequires a complegontrol strategy which manages
efficiently the power flow among the components of the powertrairaddition

hybrid vehicles establish new challenges for the designers in particular
consideringhe passengersod quality NyYH@feeption
Noise and Vibration Harshnesshhis thesis develops a MPR&ased control
strategy for the energy management problem of a pepldrhybrid electric
vehicle wherguel economy and reductiorf the discomfort felt by passengers
during engine starting and stopping are the core objectives.srategyis
formulated according tan optimization problem driven kthe two objectives
above mentioned and subjected rtwiltiple constraints.The constraints are
related to the operating points of the machines, to the need of assuring charge
sustenance of the vehicle and reduce the longitudinal oscillations due to engine
start and stopThe strategy has been validated over some standard gukes c

and the performance have been compared to those achievable with a rule based
strategy. The thesisassessesthe potential of implementing additional
information provided by interactive navigation systems like GPS andrGig i
optimizationproblem moreover it investigateshich parameters affect the most

the numeric optimizatiarThe results show a decrease in fuel consumpti@t
standard drive cycles in comparison to the rule based strategyMPCbased
control strategy shows good robustnegaimst vehicle parameters uncertainty
nonetheless the analysis has highlighted few weaknesses of the linear MPC
approach. All simulations have been carried out via-simulation between
Simulink® and Amesirf.

Keywords: model predictive control, powsglit hybrid electric vehicle, energy
management.






Sommario

(! crescente costo del carburante e | 06in
consumo di combustibile ed emissione di sostanze nocive, sta spingendo i
costruttori mondiali di veicolterrestri allo sviluppo di sistemi di propulsione
alternati vi al consolidato motore a comk
varie sono state | e soluzioni i poti zzat e
attualmente la soluzione tecnica piu prome#quer raggiungere i traguardi di

superiore efficienza energetica. Un veicolo elettrico ibrido é equipaggiato con

un motore a combustione interna supportato da almeno un motore elettrico e da

una fonte di potenza elettrica. Grazie alla possibilita di zatlie
contemporaneamente | 0energia chimica del
immagazzinata in una batteria ad alto voltaggio, i veicoli ibridi elettrici (HEV)
garantiscono elevata flessibilita operativa con potenzialita di ridurre in maniera
significativa le emissioni nocive e il consumo rispetto a un veicolo
convenzionale. Tuttavia la superiore efficienza energetica pud essere raggiunta

solo a patto che tutti i componenti del sistema di propulsione cooperino in

sinergia. Questo richiede lo sviluppo dna strategia di controllo avanzata

capace di ottimizzare il flusso di potenza tra le macchine. In aggiunta gli HEVs
pongono nuove sfide nell 6ambito dell a pr
t esi ha | 6obiettivo di S \basétas qupMpdele una
Predictive Control per la gestione del flusso di potenza del veicolo e la riduzione

delle vibrazioni del corpo vettura associate agli eventi di attivazione e
spegnimento del motore a combustione interna. La strategia risolve un problema

di ottimizzazione guidato dai due obiettivi menzionati in precedenza e soggetto

ai numerosi vincoli operativi delle macchine. La strategia é stata testata
simulando 5 cicli di guida standardizzati e le prestazioni in termini di riduzione

del consumo e delleilwazioni del corpo vettura, sono state confrontate con

guelle ottenibili da una strategia concorrente basata su un approccio euristico.

La tesi analizza anche la potenzialita di integrare ulteriori informazioni rese
disponibili da sistemi di navigazioneigi GPS e GIS nella gestione ottimale del

flusso di potenza. | risultati mostrano un decremento del consumo totale sui cicli

di guida standardizzati quando la strategia MPC é implementata; essa mostra

anche robustezza rispetto alla variabilita di alciaremetri del veicolo e della

strada. Tuttavia emergono delle limitazioni dovute allo sviluppo di una strategia
linearizzata. Tutte le simulazioni sono state condotte in parallelo con i software
Simulink® e Amesim®.

Parole chiave: model predictiveontrol, powersplit hybrid electric vehicle,
energy management
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Struttura della tesi
Questo lavoro di tesi ha lo scopo di sviluppare una strategia di controllo, basata

sul | 6appr #edctive CoMtmld del flusso di potenza nel sistema di
propulsione di un veicolo ibrido elettrico separallelo, per migliorare
| 6efficienza cos?® da ridurre il consumo

calcolatore dove il veicolo di riferimemté rappresentato da un modello fisico
matematico dettagliato implementato nel software commerciale Affiesim
distribuito da LMS International. Il progetto € stato interamente svolto presso
LMS International nella sede di Lione, Francia.

La tesi, scritta idingua inglese, inquadra dapprima il problema di definire una
strategia di controllo per la gestione energetica di un veicolo ibrido elettrico,
successivamente descrive i passaggi matematici necessari per sviluppare la
strategia MPC. Nella terza parte gemo ampiamente discussi i risultati,

mettendo in luce vantaggi e svantaggi della strategia. La tesi é organizzata in
capitoli, in particolare i primi due capitoli inquadrano i veicoli ibridi elettrici nel
panorama del |l 6i ndust rvidanziaado tpregne llifettii st i c a
rispetto ad architetture concorrenti. Il terzo capitolo tratta in dettaglio

| 6ar c hi t-pataltelo poser spébt wtilizzata in questa tesi, descrivendo i
componenti pit importanti e le differenti modalita di guida. Il ¢uarapitolo

introduce e spiega la strategia di controllo MPC dal punto di vista

del | 6ottimizzazione numerica necessaria
sistema. Il quinto capitolo discute i risultati principali quelli cioé che pongono in
confronto le prestazioni della strategia MPC con quelle di una strategia
concorrente. Questo capitolo € importante in quanto chiarifica il principio

operativo della strategia. 1 sesto cap
parametri che influenzano il funziamento della strategia. E fatto largo uso

del |l 6anal i si di sensibilit”™ per estrarre
prestazioni dell a strategia dai val or i d

tesi riassumendo i punti principali e fom® indicazioni su possibili sviluppi

futuri. Le tre appendici finali illustrano i passaggi matematici necessari per

i mpl ementare | a strategia, eseguire | 6ar
riferimento adottati in tutte le simulazioni numeriche.

L6i brido come soluzione

Un terzo dell 6intero consumo energetico
merci e persone su gomma; ad esso si attribuisce anche una parte attiva nel

processo di ri scaldamento dell 6@t mosf er :
consumo energetico e ridurre | 6emissione

sono state emanate leggi stringenti volte a incentivare il progresso tecnologico
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nel campo automobilistico. Ad esempio | 0L
obiettivo per il 2020lilimite massimo di emissione di G@er gli autoveicoli

pari a 95g/km. Tutti i costruttori mondiali di autoveicoli stanno lavorando
instancabilmente alla ricerca di tecnologie innovative e soluzioni costruttive

capaci di ridurre il consumo e i tassi diissione di inquinanti dei veicoli

stradal i. Queste due problematiche sono pr
un motore a combustione interna per generare la necessaria potenza e coppia di
propul sione. Per ridurre | éffcienzandslumo ® nec
processo di combusti one; all o stesso modo
di inquinanti € legato al trattamento dei prodotti della reazione chimica di
combustione. Nonostante l a ricerca nell 6a

interna abka portato a notevoli progressi, € difficile pensare che in futuro sara
possibile rispettare gli obiettivi sempre piu stringenti avendo come unica leva lo
sviluppo del motore endotermico.

Per guesta ragione nell 6ul tiichbanneent enni o
cercato alternative alla sola propulsione fornita dal motore a combustione
interna. La via privilegiata ® quella del

propulsione del veicolo si arricchisce di componenti elettromeccanici che hanno

lo scopo diaffiancare o addirittura sostituire completamente il motore a
combustione interna nella generazione di |
ambientale del veicolo. Le principali soluzioni proposte si distinguono in due

classi: quella dei veicoli completante elettrici e quella dei veicoli ibridi. Nel

primo caso | éenergia elettrica, ottenut a
i mmagazzinata in una batteria, ® | O6unica f
un motore el ettr i c o ultpnainpotedza mesoanicauwtiei one di
alla propulsione. Nei veicoli ibridi elettrici invece il motore a combustione

interna € utilizzato in sinergia con uno o piu motori elettrici al fine di

raggiungere una efficienza superiore rispetto a veicoli convenziengliindi

minor consumo e riduzione dei tassi di emissione di inquinanti. Il bilancio

energetico vede in questo caso due fonti primarie di energia rappresentate

dal |l 6energia chimica i mmagazzinata in una
chimica di uncombustibile fossile. Grazie a queste due fonti energetiche

distinte, i veicoli ibridi elettrici non soffrono dei tipici problemi che affliggono i

veicolo elettrici e.g. limitata autonomia di guida data dalla ridotta capacita

elettrica delle batterie, luhgperiodi di ricarica della batteria. | veicoli elettrici

i bri di rappresentano dunque al giorno doc
propulsione basata interamente su un motore a combustione interna. ESSi

pongono una grande sfida ingegneristica perchéaseain lato la presenza

contemporanea di un motore endotermico e di macchine elettriche, insieme a

tutti i sottosistemi necessari al loro funzionamento e alla loro regolazione, rende

| 6architettura della trasmissiesagéda e del si
un altro punto di vista la propulsione elettrica introduce un grado di liberta



aggiuntivo nel bilancio energetico del veicolo e la maggiore flessibilita nella
suddivisione del carico tra motore endotermico e macchine elettriche in base alle
condgzioni operative. La suddivisione della potenza nei due rami del sistema di
propulsione € generalmente guidata da opportuni obiettivi che devono essere
raggiunti lungo una missione di guida. Tipicamente la riduzione del consumo
totale di combustibile e deassi di emissione istantanei di sostanze inquinanti
rappresentano due obiettivi della gestione energetica di un veicolo ibrido. In
parallelo occorre tenere conto dei molteplici vincoli esistenti sui punti di
funzionamento dei componenti pertanto la defonie di una corretta
ripartizione della generazione di potenza si riflette nella risoluzione di un
problema di ottimizzazione vincolata. Questo problema é indicato con il termine
energy management.

Il problema di ottimo

Data la complessita del problen®&, r i chi esto | o sviluppo e
una strategia di controllo che coordini le funzioni di tutte le macchine preposte

alla generazione di potenza meccanica al fine di raggiungere gli obiettivi
rispettando tutti i vincoli operativi. Il controll@ organizzato a livelli. Ogni
sottosistema (trasmissione, batteria, motore endotermico, macchine elettriche) é
gestito da un suo controllore che imposta il punto di funzionamento della
macchina in base alle istruzioni ricevute; tali controllori sono defin basso

l'ivell o. Al l' ivell o pi% alto ® posto | 6a
pedali di acceleratore e freno ed eventualmente tramite il cambio marcia.

Léinterazione della struttura di control
ESPet c...) ® gestita da una controllore d

sulla scala gerarchica. Il cuore della strategia é pero il Vehicle Supervisory
Controller. Questo elemento implementa la vera strategia di controllo del flusso

di potenza;eso0 riceve | e informazioni dai sens
interagisce con i controllori di basso livello per coordinare il funzionamento di

tutte le macchine. La grande sfida consiste nel definire questa strategia di
controllo e gli approcci fiara sperimentati si racchiudono in due classi:

- Strategierule basedsfruttando le informazioni fornite da vari sensori, il
controllore riconosce lo stato di funzionamento del veicolo. Per ogni
stato di funzionamento la strategia dispone di delle azioni di controllo
reimpostate che vengono automaticamente applicataersis

- Strategie di controllo ottimo: il rapporto di suddivisione della potenza
tra motore endotermico e propulsione elettrica € il risultato di un
problema di ottimizzazione. Questa classe é ulteriormente suddivisa in
metodologieglobali e locali, dove ladenominazione é basata sulla
l unghezza dell 6orizzonte temporale f
problema di ottimizzazione.
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Data la natura statica delle strategie rule based, le azioni di controllo non sono

ottimali per la particolare situazione di gaidjuindi il veicolo non lavora in

genere nelle migliori condizioni di efficienza. Queste tecniche sono pero le piu

semplici da implementare perché non sono computazionalmente dispendiose. Le

tecniche di ottimizzazione globali quali Dynamic Programming rasswo di

conoscere in anticipo | desatto profilo di
di guida pertanto riescono a calcolare of/f
tutta la missione. Nei casi in cui non intervengano perturbazioni esterne la

strat@ia risulta essere la migliore in assoluto. Nella realta é pero impossibile

conoscere con esattezza il profilo futuro di potenza richiesta pertanto queste
strategie sono per |l o pi¥ utilizzate nel | ¢
fornire la soluzionedi riferimento, le cui prestazioni servono da metro di

giudizio rispetto alle strategie real time, in modo da capire le effettive

potenzialit”™ del controll ore sviluppato. D
real time le strategie di ottimizzazione leaono piu interessanti. Esse limitano

| 6otti mizzazione a pochi i stanti futurdi C €
richiesta di potenza, oppur e l i mi t ano i

campionamento. Model Predictive Control é un esempio delgpepproccio
invece AECMS é un esponente del secondo.

Questa tesi affronta la definizione di una strategia di controllo basata su Model

Predictive Control per il problema energetico di un veicolo ibrido elettrico-serie

parallelo power split. Questo tipo di ibrido garantisce la maggior flessibilita

nella gestone della produzione di potenza, quindi é candidato a fornire la

migliore evoluzione rispetto a un veicolo convenzionale motorizzato da un solo

motore a combustione interna. Il Model Predictive Control € un metodo che

elabora una strategia di controllo per sistema dinamico che sia ottima rispetto

a una funzione di merito e che soddisfi tutti i vincoli operativi agenti sul sistema.

I metodo MPC utilizza un modello di riferimento della dinamica del sistema per

prevedere la sua risposta ad ingressi natodtrollo e di disturbo esterno lungo

un orizzonte di previsione futuro. | soli valori di controllo che portano il sistema

a soddisfare tutt.i [ vincol. operati vi | un
considerazione e tra questi si estraggonoamente quelli che rendono ottima

la funzione di merito lungo lo stesso orizzonte di previsione. MPC é gia
applicato con successo nell édindustria chi.
grazie alldevoluzione nel campo dei mi Cr ¢
impiego in ambito automobilistico. La decisione di applicare il metodo MPC per

lo sviluppo di una strategia di controllo di alto livello nasce dalla forza di tale

metodo di includere molteplici vincoli operativi gia nella risoluzione del

problema di ottimp dunque la strategia rispetta i vincoli e puo essere

direttamente applicata al sistema. In piu la natura previsionale del metodo
suggerisce che | 6adozione di Ssi st emi di na



traffico etc.. possano migliorare la previsodella potenza richiesta in futuro
dal |l 6autista e quindi | 6efficienza del v

Sviluppo della strategia MPC
I metodo MPC € basato su 4 punti cardine:

- Modello di riferimento della risposta del sistema a ingressi noti
- Funzioni di vincolo

- Funzione dmerito

- Ottimizzazione numerica

Come descritto brevemente in precedenza, il metodo MPC calcola i valori delle

variabil i di controll o da applicare al
successivo a quello di campionamento basandosi sulla risoluzione di un
probl ema di ottimizzazione. (! met odo wut

di campionamento e un modello affidabile della risposta del sistema per
prevedere la sua evoluzione lungo un orizzonte futuro di previsione sotto la
guida di una sequenza dontrolli. Esistono diverse possibili sequenze di
controlli che possono portare il sistema dalle condizioni iniziali a quelle finali
desiderate rispettando tutti i vincoli operativi; tuttavia esiste solo una sequenza
che, svolgendo tale compito, rende ratii una funzione di merito assegnata.
MPC risolve quindi un problema di ottimizzazione per calcolare questa sola
sequenza ottima. Nella formulazione classica del metodo MPC la sequenza di
controllo & applicata lungo un orizzonte di controllo futuro di l@zgla uguale

0 i nferiore ri spetto all 6orizzonte di
probl ema di ottimizzazione basato sul | 6c¢
esso applica solo i valori di controllo che corrispondono al primo passo di
evoluzione andard p 0O i a ripetere | 6intero proces:
delle nuove informazioni disponibili al successivo campionamento e spostando

i n avant.i di un passo | 6orizzonte di p

ricorsiva prende il nome deceding hoizon e porta a definire un controllo in
retroazione.

Una dell e problematiche dell dottimizzazi
| 6al goritmo converga a un punto di ot t i
|l 6otti mo gl obal e. Qu a | @nmopetaidl conpessitédb | e ma g

allora esisterebbe un solo punto di ottimo e questo sarebbe di ottimo globale. E
possibile garantire questa proprieta definendo il problema secondo la forma
canonica della programmazione quadratica cioe con funzione di merito
guadatica nelle variabili di progetto, i.e. le variabili di controllo, e definita
positiva mentre i vincoli devono essere espressi sotto forma di disuguaglianze
lineari. | quattro punti elencati in precedenza sono implementati numericamente
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cercando di rispedte queste condizioni per la convessita del problema di
ottimizzazione; di seguito si fornisce una breve descrizione dei passaggi
matematici che si rendono necessari.

Il modello di riferimento

Il veicolo analizzato in questa tesi é un ibrido elettricoegearallelo di tipo
power splitche non riflette nello specifico nessun veicolo reale. Lo scopo non é
infatti quello di ottimizzare un veicolo specifico ma piuttosto sviluppare una
strategia di controllo e valutarne le potenzialita. Si € utilizzato adferénento

un modello dettagliato implementato nel software Amé&sihe consente di
riprodurre la dinamica longitudinale del veicolo e il funzionamento dei suoi
componenti principali quali motore a combustione interna, macchine elettriche,
batteria ad aft voltaggio e trasmissione. In piu il modello consente di eseguire
analisi di base sul comfort limitate al campo di bassa frequenza e ai moti di
beccheggio e scuotimento verticale della cassa. Il modello é costruito a blocchi
dove ogni blocco descrive ilomportamento di un componente mediante
eguazioni matematiche. Lo schema costruttivo del veicolo é rappresentato nella
prossima figura.

BATTERY

™ .POWER CONTROL UNIT
(Inverter, voltage-boosting
converter)

POWER “ELECTRIC MOTOR
SPLIT DEVICE
REDUCTION
GEAR
Figural: Sistema di propulsione di un ibrido elettrico povegplit.

Un veicolo ibrido elettrico power split si compone di un motore endotermico e

due macchine elettriche collegate a un rotismo epicicloidale (power splite

device) che ha la scopo di ripartire la potenza tra queste tre macchine e la sala

motrice anteriore. Lelue macchine elettriche possono operare sia da motore che

da generatore e definiscono il carico per la batteria ad alto voltaggio posta sulla

sala posteriore. La power <control uni t ®
della strategia di controllo iplementata al suo interno, fissa la ripartizione e il

flusso di potenza tra motore endotermico e batteria elettrica in modo tale da
bilanciare | e richieste dell dautista e r
Grazie al rotismo epicicloidale e allattmia ad alto voltaggio € consuetudine

affermare che un ibrido power split ha due gradi di liberta nella gestione della

VI



potenza. Tramite il rotismo epicicloida
gomiti é indipendente dalla velocita angolare delle romtérici consentendo di

fissare liberamente la velocita angolare del motore endotermico e quindi dando

un notevole vantaggio in termini di efficienza energetica. In piu la batteria ad

alto voltaggio funge da buffer energeti
prodotta dal motore endotermico rispetto a quanto richiesto alla ruota e fornendo

invece potenza alle ruote motrici quando la potenza prodotta dal motore termico

non é sufficiente. Questo si traduce in un ulteriore vantaggio in termini di

efficienza energtica perché nelle condizioni di bassa richiesta di potenza il

motore termico puo produrre un surplus di potenza in condizioni di alta
efficienza che viene immagazzinata nella batteria e riutilizzata nelle fasi di

massima richiesta di potenza, andando aosupportare il motore endotermico

che pertanto non deve pareggiare il carico massimo e pud mantenere un punto
operativo caratterizzato da basso consumo. Quanto descritto si attua tramite una
opportuna strategia di controllo che utilizza il generatordriele e il rotismo

epicicloidale per governare il punto di funzionamento del motore a combustione

i nterna,; dato che |l a velocit”™ angol are
maniera indipendente rispetto alla velocita angolare delle ruote motsigoks

indicare il gruppo rotismo epicicloidalegeneratore elettrico come unC&'T

(electronic continuous variable transmission). Un veicolo di questo tipo dispone

di numerose modalita di guida che spaziano da una modalita totalmente
elettrica, alla modlita powersplit dove motore endotermico e batteria

cooperano per raggiungere la migliore efficienza energetica, alla modalita

parallela dove tutta la potenza prodotta dal motore termico fluisce alle ruote

motrici, alla frenata rigenerativa che rappreaentun6ul t eri ore guad
termini di efficienza energetica visto c
impiegata per ricaricare la batteria senza utilizzare parte della potenza prodotta

dal motore a combustione interna. La sala motrice anterio®llégata

all 6al bero che reca |l a corona del roti s
elettrico tramite una cinghia non riportata nella figura precedente.

Il modello implementato in Amesifhconsente di modellare tutte queste fasi di
guida, tuttavia e € troppo complesso per poter essere utilizzato come
riferimento da MPC per prevedere la risposta del sistema eseguendo numerose
valutazioni in poco tempo. Di conseguenza si é provveduto a estrarre un
modello matematico piu semplice in grado di cogliglieaspetti fondamental
del problema energetico tralasciando quelli meno importanti. | seguenti
componenti sono stati modellati:

- Motore a combustione interna

- Macchine elettriche

- Trasmissione

- Batteria ad alto voltaggio

VI
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La dinamica del |66aanldbaenreont @ g@ge@mil toi seé atl o

batteria sono stati modellati mediante due equazioni differenziali del primo
ordine, invece tutti gli altri componenti sono stati descritti tramite una
modellazione quasi statica. Il funzionamento della batteria tadvaltaggio €
stato descritto secondo il modello di un circuito elettrico equivalente come
rappresentato nella prossima figura:

LT
. > o

dove w corrisponde al voltaggio di circuito aperto della batteiia,
corrisponde alla resistenza interna equivalente della battesiag O

rappresentano rispettivamente il voltaggio e la corrente ai morsetti della batteria.

Lo derivata temporale dellstato di carica della batteria é definita dalla seguente
equazione differenziale:

QY0 0 O () w 10 Y (1)
Qo 0 O Y

dove"Y0 dndica lo stato di carica della batterigé la variabile temporal@,

é la capacita elettrica della batterta, é la potenza totale scambiata dalla
batteria con le macchine elettrichéa potenza della batteria funge da
collegamento con il sistema di propulsione, comprensivo heltore
endotermico, delle macchine elettriche e della trasmissione alle ruote motrici.
Esso é schematizzato come segue:

1
—>T T &
Ls T,
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doveur appresenta | 6i ner z'Y & capmat delzmotora al e d
endotermiclol al vébhbbet o, angol ™lawmppel | 0al
del planetario, la velocita angolare del planetari®;la coppia del solarg,

la velocita angolare del solaf®;la coppia della cama) la velocita angolare

della corona,’Y la coppia del generatore al rotore, la velocita angolare del

rotore del generator&Y la coppia del motore elettrico al rotore, la velocita

angolare del rotore del motore elettriéQ, il rapporto di trasmissione totale tra

corona e ruote motrici, la velocita angolare delle ruote motri€ly la
coppia totale all éduscita’y la totalencogpiagr es s o
frenante applicata dal sistema frenante di servi@io, la totale forza resistente

esercitata dalla spinta aerodinamica e dalla resistenza al rotolamento. La
dinamica | ongitudinale del veicolo ® sch
moto di avanzamento di un punto materiale soggetto alla forzazibne e alle

forze resistive date dalla resistenza al rotolamento e dalla spinta aerodinamica.

La componente della forza peso parallela al terreno é stata trascurata in quanto si

€ assunto nella prima parte di questa tesi che la strategia di contmolfmoasa

conoscere la pendenza della strada. Assumendo nota la coppia totale alle ruote
richiesta dall éautista, definita come:

e
b

Y Y Y (2)

€ possibile integrare la velocita di avanzamento del veicolo lungo un orizzonte
temporale op “Y a partire dalla equazione differenziale che governa la
dinamica longitudinale del veicolo.

Py v o Y
E" ow aM ——— 3)

7z N

a w

doved © indica la ierzia equivalente del veicolo comprensiva del corpo vettura e
di tutti gli organi in moto,w é il grado di avanzamento del veicolo, la
densi t 7 0 d edefficierderadimmgnsionale di resistenza aerodinandica,

la massa delaicolo,”Ql 6 accel er azNibcoesficiahte di esistenza t = ,
al rotolamentoi il raggio di rotolamento della ruota.

Dalla conoscenza della coppia e della velocita si ricava il profilo della potenza
richiesta dal | 6ateniporaletodd “V.INotgaquesto profiloi zzont e
in ingresso, € compito della strategia di controllo decidere come utilizzare la

potenza prodotta dal motore endotermico e dalle macchine elettriche per

bil anciarl o. Siano | a c opteinizo,latopp@aal ber o
del generatore elettrico e la totale coppia frenante prodotta dal sistema frenante
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di servizio le variabili di controllo del sistema; siano la velocita di avanzamento

del veicolo e |l a coppia t otust.@ramit¢ chi est a d
queste grandezze € possibile descrivere il funzionamento di tutti i componenti

del sistema di propulsione. Le equazioni fondamentali sono riportate di seguito:

’

W W Q o
1 o Pl &
o
\ 1o (4)
ww Y Y .,de
\ Q0 IR

con® i ad indicare il numero di denti della corona e del solare.

Assumendo |l a velocit? angol are dell 6al ber o
batteria come stati del sistema, si ricava la forma di stato non lichare

caratterizza il comportamento del sistema:

1P, v o w w TU Y e~
. YU O = - Q adoho
I'p Q) Y
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dove:
w Y
YU O v Y
W | 0 Y 0 o
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wcontiene gli stati del sistema,le variabili di controllo mentr® le variabili
esterne misurate.

Nonostante ai fini dello sviluppo di una strategia di controllo peerergy
managementli un veicolo ibrido sia dficiente considerare solo la dinamica



dello stato di carica della batteria in quanto tutte le altre dinamiche del sistema

sono molto piu veloci, in questo modello viene anche descritta la dinamica

del |l 6al bero a gomit.i I ategi@ seasa peoaddolcire vu ol e

| 6i ntervento del generatore elettrico ne
motore endotermico cosi da ridurre il discomfort patito dai passeggeri. Lo scopo

e sviluppare una strategia di controllo che incorpori anche ialuhiettivi

riguardanti il comfort a bordo e dunque non richieda delle modifiche ulteriori

per poter essere applicata al veicolo.

Per definire completamente la forma di stato non lineare occorre determinare le
espressioni analitiche delle funziof®iQ e "Q In particolare é necessario
ricavare un modello di regressione del consumo istantaneo di combustibile
rispetto alla variabile di controlldY e allo statg , esprimere le perdite di
potenza nelle macchine elettriche rispettahiah) e laresistenza interna della
batteria ad alto voltaggio come funzione dello stato GTutte queste relazioni
sono reperibili in Amesifi sotto forma di tabella multi ingresso, non
direttamente utilizzabili da un algoritmo numerico per la risoluzione del
problema di ottimizzazione. E necessario dunque sostituire tali tabelle con
modelli di regressione polinomiale; di seguito sono riportati i modelli di
regressione utilizzati.

Il consumo istantaneo di combustibite [kg/s] é espresso come funzione della
coppia [Nm] erogata dal motore a combustione interna e la velocita angolare
[rad/ s] dell al bero a gomiti secondo | a

6 R AT RTY AT RTCY RTY ALY R Y o
nY

| coefficienti delpolinomio valgono:

Tabellal: Coefficienti di regressione polinomiale del consumo di combustibile.
Coefficiente Valore

n X8 XQ@ o
T T
g xR o
PRTR @
pBOX D v
pPHCR T
O Y
GBLoR X
PHPR @

D | | | | | D | |
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La potenza persa nelle macchine elettriche, espressa in W, é legata alla coppia
erogata dalla macchina [Nm] e alla velocita angolare del rotore [rad/s] dalla
seguente relazione:

0 0 T YX Mrmp g T&YX Y (7)

Da ultima, la resistenza interng][di una singola cella della batteria é espressa
in funzione dello stato dicaricadella batteria stessa [%]:

Y PROXRY TP YEVQ BTLV@ TTEYEO v R TT (8)

La resistenza interna equivalente della batteria si ricava conoscendo la
disposizione dei banchi di celle in serie e parallelo.

Léonere computazionale nell 6utilizzare unsce
modello di riferimento per MPC e elevato, piu non € garantita la convessita

del problema di ottimizzazione. Di conseguenza la forma di stato € linearizzata

ad ogni istante di campionamento sfruttando ogni volta le nuove informazioni

rese disponibili dai sensori. La strategia MPC, dunque, utilZzfarma di stato

linearizzata per prevedere la risposta del sistema dalle condizioni definite

all 6i stante di campi onamento fino al t er mi
| 6effetto degld. i ngressi mi sur eehde e del | e
il nome di LTV\MPC (Linear Time Varying). Léevoluz
richiesta dall éautista  calcolata dall

decadi mento esponenzi al e a partire da
campionamento mentre laelocita di avanzamento e ottenuta tramite
integrazione della dinamica longitudinale del veicolo. La forma di stato e
linearizzata secondo una serie di Taylor troncata al termine lineare:

®w O 0wobddbd 60

® 0 606 00 ©)
con:
0 "0 0 0 0 0
° 5% 50 50w 6 1
0 ol B bh 86 60 (10)
O Qo b 606 60
Léapproccio canonico del metodo MPC = nel

pertanto la forma di stato linearizzata e discretizzata tramite Eulero avanti che

Xl



approssima la derivata temporale continua come una differenza finita in avanti
con periodo di discretizzeéone™Y:

L. WO wo
w0

~

Y o, o T AV 14 r vy N T v\ P, (11)

wQ p O o0YwQ Yoo Q You Q YO

wQ 66Q 0Vo6™Q 0OV ©

Tramite dei passaggi mat emati ci descritt
utilizza la forma di stato linerizzata e discretizzata per prevedere la risposta delle
uscite del si st ema | unnmgfonzidnddeltaisegquemzat e d i
deivaloridel | e variabil. di contrlhéedeta | ungo
sequenza dei val or i degl i i ngroelas i nNot.i

sequenza ottimaléY é quella che guida il sistema lungo una triettoria che
ottimizzi la funzione di rarito e rispetti contemporaneamente tutti i vincoli
operativi.

| vincoli operativi

Le principali limitazioni derivano dalle caratteristiche intrinseche delle
macchine del sistema di propulsione. | vincoli sono stati espressi come
disuguaglianze lineari peessere coerenti con la formulazione del QP problem.

Di seguito | 6el enco dei vincold@
Outputs
YO O YO 6 YO O
1 T
v
1 1 1
0 0 0
1 1 1
Variabili di controllo:
Y Q
Y "Quh
Y YUY

I vincoli sulle uscite del sistema contemplano la banda entro la quale deve
trovarsi lo stato di carica della batteria; € importante che dulamigssione di

guida lo stato di carica non oltrepassi tali limiti in quanto ne deriverebbe un
degrado della vita utile della batteria. La velocita angolare del rotore del

Xl
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generatore elettrico deve essere compresa tra i due valori limite, lo stesso vale

per la velocita angolare del motore elettrico e i limiti superiore ed inferiore sono

identici essendo le due macchine elettriche uguali tra loro. La coppia massima

che il motore elettrico pud produrre in funzione del voltaggio applicato alla

macchina e allavelocitd angolare del rotore rappresenta un altro vincolo che

viene duplicato anche per valori negativi della coppia quando il motore opera

come generatore. Un ulteriore vincolo é rappresentato dalla massima potenza

prodotta ed assorbita dalla batteriaadtd voltaggio. Infine i limiti superiore ed
inferiore della velocit? angol are dell 6al't
uscite del sistema. Per quanto riguarda i vincoli sulle variabili di controllo

vengono considerate le curve di coppia massima dgbr® a combustione

interna e del generatore elettrico espresse rispettivamente in funzione della
velocit”™ angol are dell 6al bero a gomit.i e d
voltaggio. Da ultimo la massima coppia frenante che il sistema frenante di

servizio é in grado di produrre alle ruote rappresenta il limite superiore per tale

coppia mentre la coppia nulla € il limite inferiore. Le curve caratteristiche di

coppia delle macchine sono fornite dal modello in Am&siper poterle

implementare sotto fma di disuguaglianze lineari é necessario linearizzare le

curve tramite undapprossimazione | ineare ¢
effettiva sia inferiore oppure superiore ad una data retta in funzione della
vel ocit”™ angol ar erelakieni lindarad possibileraccoglieraz i e al | e

i vincoli nella seguente forma matriciale:
5y @ (12)
La funzione di merito

La funzione di merito € quadratica nei termini di costo che sono elencati nella
prossima formula:

1% YO 8Q QYO 8 a Q0
T 0 Q7 1 QQ (13)
6 1Q Yo'Q Q

Yy
Ogni termine ha per pedice il relativo pesa | termini che compaiono nella
funzione di merito sono, in ordine, la deviazione dello stato di carica della
batteria rispetto al suo valore di riferimento, la portata massica di combustibile,
la deviazione della velocita angolare del rotore del generafettrico rispetto
al suo valore di riferimento, l a velocit
delle variabili di controllo e le variazioni da un istante di previsione al

XV



successivo delle variabili di controllo. | primi due termini governancoblgma
energetico decretando la ripartizione di produzione di potenza tra batteria e
combustibile mentre tutti gli altri termini servono per migliorare la stabilita della
strategia oppure per migliorarne le prestazioni in particolare situazioni di guida e
sono stati aggiunti a seguito di numerose simulazioni preliminari che hanno
consentito la comprensione piu approfondita del funzionamento della strategia.
La funzione di merito considera la somma dei quadrati dei termini su tutto
| 6ori zzont eertkiuscile det sistema, menee la somma € estesa a
tutto | 6orizzonte di controll o per |

Sfruttando la notazione matriciale discreta della forma di stato € possibile
esplicitare le uscite del sistema in funzione dei livellielghriabili di controllo

e in definitiva esprimere la funzione di merito come una funzione quadratica
nelle variabili di controllo.

0Y YOY chY ® (14)
dovedbr accoglie i termini costant.i non

Algoritmo Active -set
Il problema di ottimizzazione vincolata € dunque formulato come un problema
di programmazione quadratica nella forma canonica:

[ ETOY YOYeq'Yy o
soggetto a:

Le matrici 'O e i vettori fto sono inizialzzati a ogni istante di
campionamento sfruttando le informazioni misurate sul sistema. Il vétfore
delle variabili di controllo che risolve il problema di ottimo é calcolato mediante
algoritmo activeset.

Risultati
Il modello dettagliato in Amesifhimplementa una strategia di tipo rule based
per la gestione del flusso di potenza; scopo della strategia MPC € rimpiazzare

mp o

| 6approccio euristico garantendo presta

strategia MPC é quindi stata condotta secondo i sequmtii principali:
- Valutazione del consumo totale del veicolo rispetto a cicli di guida

standardi zzat. di cui ® not a | a
desiderata.
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- Confronto del consumo totale ottenuto dalle due strategie per ogni ciclo
di guida stadard in condizioni di equilibrio energetico.

Loutilizzo di cicli di guida standardi zza
del l o stile di guida dell dautista nell a
model | ato medi ant e un antaneoottada weloctda P | sul I
desiderata e |l a velocit”™ attual en del vei co

a v a red & molto utile per analizzare le prestazioni e la stabilita della strategia

di controll o. Al ad d mti rnedcluccd e ea p praaud d isd af ¢
modello assegnando direttamente il profilo di velocita desiderato e i calcoli
procederebbero a ritroso lungo il flusso di potenza per determinare le coppie

motrici necessarie a realizzare il moto. | cicli di guida standardizzati ctee so

stati impiegati in questo lavoro di tesi sono NEDC, HWFET, UDDS, SCO03,

USO06; [ l oro profili di velocit? desider a
guota altimetrica € sempre stata presa costante a 0 m su livello del mare.

Tutti i risultati fanno rderimento ad un veicolo in equilibrio energetico cioe |l

livello finale dello stato di carica della batteria coincide con il livello iniziale. Il

veicol o preso i na essoasnee n®@ aor earsjeeinddiéc actaor ific a 0
prevista una fonte esterna dieggia che ricarichi la batteria ad alto voltaggio ma

viene utilizzata parte della potenza prodotta dal motore endotermico per questo

scopo. Una valutazione del consumo nella situazione in cui livello iniziale e

finale dello stato di carica siano uguali greferibile perché illustra

completamente la ripartizione del flusso di potenza tra le macchine. Per
raggiungere tale situazione é sufficiente ripetere la medesima missione di guida
aggiornando ogni volta il livello iniziale dello stato di carica corviéllo finale

del | ul ti ma missione. Léanal i si compl et a d
ha cercato di coprire quanti piu aspetti possibili che verranno ad uno ad uno

affrontati qui di seguito. E doveroso sottolineare come la strategia MPC

campiona lenformazioni dai sensori di misura in maniera discreta con periodo

di campionamento pari a 0.1s, al contrario la strategia rule based lavora in

continuo campionando gli ingressi e aggiornando i valori delle variabili di

controllo ad ogni passo di integraae numerica. Questo conferisce un piccolo

vantaggio alla strategia rule based mentre rende la strategia MPC piu vicina ad

una reale applicazione.

Fuel economy
Dall 6i nformazione sulla massa di combustib
econony tramite b relazione riportata di seguito.

XVI
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X
dove” corrisponde alla densita del combustibile liguido mexlistance

indica la distanza totale percorsa dal veicolo lungomiasione di guida
considerata.

La prossima tabella e il prossimo istogramma illustrano le differenze tra le due
strategie in termini di efficienza energetica.

Tabella2: Consumo di carburante ottenuto dalle due strategie salislcriferimento.

Rule based MPC
Cycle [ Fargofe |‘mouk | ™ gl | Fergope | 'modk | " 8
NEDC 59.86 509.03 5.927 59.49 493.6 5.742
HWFET 59.65 751.25 5.837 59.73 741.62 5.762
SCO03 47.97 286.47 6.378 57.34 261.16 5.815
UDDS 58.14 546.0 5.840 57.46 541.59 5.793
Uso6 42.00 901.59 8.973 56.17 741.53 7.380

percentage variation of fuel economy. MPC vs RB

Afuel economy [%]

-17.75 4
-20 L

NEDC HWFET SC03 ubDs Usos
drive cycle

Figura2: Riduzione percentuale di consumo ottenuta con MPC rispetto alla strategia euri

Entrambe le strategie soddisfano tutti i vincoli operativi, unica eccezione la

strategia rule based che non riesce a mantenere il livello di carica della batteria
entro il l i mite inferiore sul ciclo USO0G6
percentuala@i consumo totale ottenuta mediante MPC varia a seconda del ciclo

di guida, con risultati migliori per situazioni di guida extnrdana caratterizzate

da alte velocita e alta richiesta di potenza. | cicli SC03 e US06 alternano brusche
accelerazioni a tratdi alta velocita dove la strategia di controllo é chiamata a

gestire il flusso di potenza in condizioni di alta richiesta di potenza su un

limitato periodo di tempo. Il ciclo UDDS rappresenta una condizione di guida
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urbana dove il vantaggio portato da ®IF¢ risibile. La spiegazione a questi
risultati € da cercare nel principio operativo attuato da MPC.

Tale strategia sfrutta costantemente i gradi di liberta forniti da rotismo
epicicloidale e dal buffer di energia rappresentato dalla batteria ad alto
voltaggio. Un esempio lampante di questo comportamento é fornito dalle
prossime figure che mostrano alcuni risultati tratti dal ciclo autostradale
HWFET per le due strategie di controllo. Il tratto di ciclo a cui fanno riferimento

i risultati considera una pria parte di accelerazione in cui la velocita cresce
fino a superare i 90 km/h, seguita da un tratto a velocita pressoché costante.
profilo di velocita é riportato nella prossima figura.

Vehicle velocity profile

speed [m/s]

300 350 400 450 500
tls]

Figura3: Profilo di velocita netratto di guida considerato.

Le prossime due figure riportano il flusso di potenza attraverso il sistema di
propulsione per la strategia rule based a sinistra e per MPC a destra.

x10* power flow. HWFET with RB strategy x10* power flow. HWFET with MPC strategy
T T T T T T T T T T

—— wheel 351 ——wheel [ |
3sr ——ICE | ——ICE

motor | | 3l motor|.
——GEN —GEN
—batt |

batt

Ml U“”““

i i i i i 1 i i i i i i
300 320 340 360 380 400 420 300 320 340 360 380 400 420
tis] tfs]

Figura4: Bilancio di potenza ottenuto cc Figura5: Bilancio di potenza ottenuto cc
la strategia euristica. MPC.
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La strategia rule based utilizza la potenza prodotta dal motore endotermico

(linea rossa) per seguire quasi fedelmente il profilo di potenza richiesta

d a | tistd dinea nera). La potenza che fluisce nel ramo elatgocanico del

sistema di propulsione € inferiore, si nota come la potenza media associata alla

batteria sia prossima al valore nullo e le fluttuazioni siano contenute. Quindi la

strategia euriste ricorre principalmente al motore endotermico quando la

richiesta di potenza cresce e continuamente adatta il suo punto operativo per

seguire il trend di potenza. Al contrario la strategia MPC utilizza la potenza

fornita dal motore a combustione internar pbilanciare la potenza media
richiesta dal |l dautista e ricorre al su
bilanciare | e fluttuazioni di potenza. L
dimostra la figura a destra; essa funge da buffer quando la pistantanea é

inferiore al valore medio mentre fornisce potenza quando questa cresce oltre il

valore medio. Motore endotermico e batteria dunque lavorano in stretta sinergia.

Le prossime due figure illustrano invece i punti operativi del motore
endotermican questa situazione di guida, cosi come definiti dalle due strategie.

engine map engine map. MPC

T, INm]

7, INm
g 8

<
i

@ [rad/s] o, [rad/s]

Figura 6: Mappa dei punti operativi de Figura 7. Mappa dei punti operativilel
motore a benzina ottenuti con la strate motore a benzina ottenuti con la strate
euristica. MPC.

Come gia evidenziato in precedenza, la strategia rule based modifica
continuamente il punto operativo del motore a combustione interna cercando di

farlo cadere sempre sulla curva verde che colleganii @ piu alta efficienza.

Questo metodo ha perd lo svantaggio di ricorrere ad una velocita angolare

del | 6al bero a gomit.i alta quando | a pote
operativa | o6efficienza della ccMP&busti on
limita lo spostamento del punto operativo del motore e riesce a mantenerlo
prossimo alla curva di alta efficienza
gomi ti i nferiore a 250 rad/ s. guesto si

XIX



Estratto in lingua italiana

motore endotermiceuperiore rispetto a quanto ottiene la strategia rule based; il
confronto é evidenziato nella prossima figura.

engine instantaneous efficiency. HWFET with RB

—RB
—— MPC

0.32

031

031

0.29 T

0.28

nkl

0.27

0267 :

0.25 i i i i i i
300 320 340 360 380 400 420
t[s]

Figura8: Efficienza del motore a combustione interna. Confronto tra le due strateg

Quindi MPC riesce a ridurre il consumo totale di combustibile su tutti i cicli di

guida perché sfrutta al massimo la sinergia tra macchine elettriche e motore a
combustione interna, utilizzando questoult
ri chi ests@m Tdea lagprocio garantisce risultati migliori quanto

maggiore € la richiesta di potenza mentre le differenze si appianano nei tratti

urbani dove il carico é limitato.

Problema legato alla linearizzazione

Il tratto di guida illustrato nelle figurie precedenza consente di visualizzare un
problema legato alla linearizzazione della forma di stato da usare come modello
previsionale per la strategia MPC. Tra 300s e 340s la strategia MPC decide di
condurre il veicolo in modalita parallela dove la rota® del generatore
elettrico € arrestata e si ottiene un rapporto fisso tra il motore endotermico e le
ruote motrici. In questa condizione dunque la velocita angolare del rotore del
generatore é prossima a O rpm e puo accadere che essa oscilli att@iooeal v
nullo tra due istanti di campionamento successivi. Il modello di regressione
polinomiale per la potenza persa in una macchina elettrica contiene il valore
assoluto della velocita angolare del rotore in quanto la potenza persa deve
sempre risultare fitiva.

0 0 COT X3xs ™mplrgs @)X Y§ S (16)
Di conseguenza questo modello polinomiale non é lineare ed é necessario

definire due espressioni linearizzate differenti in base al segno della velocita
angol are del rotore all éistante di campi on
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segno sel m oM all 6i stante di campi onament o.
angolare del rotore cambia segno continuamente a causa di piccole fluttuazioni

ma | e condizioni di gui da si mant engono
modelli previsionali differenti crea incertezaa quanto le previsioni possono

essere significativamente diverse tra loro. In piu la potenza persa nelle macchine
elettriche pu, risultare negativa lungo
molto piu evidente in modalita di guida parallela doVeveicolo procede
generalmente a velocita costante, dunque tutti gli ingressi sono pressoché
invariati tra due istanti di campionamento successivi, mentre la velocita angolare

del rotore del generatore é prossima al valore nullo.

E possibile ridurre qués fenomeno, eliminando le oscillazioni, introducendo un
valore di riferimento per la velocita angolare del rotore in modalita di guida
parallela e penalizzando nella funzione di merito la differenza tra questo
riferimento e il livello attuale di velocitangolare. Il valore di riferimento é
volutamente molto piccolo (0.1 rad/s). Questo € il motivo per cui tale differenza
compare nella formulazione della funzione di merito ma il termine € attivo solo
nella modalita di guida parallela. Lo svantaggio di cuestiuzione tampone €&
ritardare il passaggio ad una modalita di guida differente, questo induce in
alcuni casi una efficienza inferiore rispetto alle simulazioni in cui non é
presente.

Comfort

La strategia MPC é stata sviluppata con un occhio di inteegsde al comfort

a bordo. Infatti i veicoli ibridi elettrici introducono nuove problematiche in

merito al comfort e alla percezione della qualita dei passeggeri, ad esempio nel

caso di un veicolo ibrido powerp | i t | 6avviamento e | 6ar
combustione interna avviene generalmente con il veicolo in movimento quindi €
importante mascherare quanto piu possibile questi eventi agli occupanti del

veicol o. Léavviamento e |l 6arresto del |
comandato dalla coppia del geaiwre elettrico; la coppia si scarica sul telaio

generando vibrazioni che si trasmettono
repentino dell dal bero a gomitd.i corrispon

elettrico, dunque, a una sgradevole sensazjper i passeggeri a bordo. Per

attenuare questo problema la coppia del generatore elettrico € annoverata tra le
variabi li di controll o del Sistema ment |
gomiti € inclusa nella forma di stato. In questo modo, agead@pportuni pesi

sul livello e sulla variazione della coppia del generatore elettrico, é possibile

addol cire | 0intervento del generatore a
motore endotermico. Le prossime figure mostrano il progresso ottenuto in una

fase di avviamento.
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Figura 9: Accelerazioni del corpo vettur FiguralQ: Accelerazioni del corpo vettur
e velocita angolare dell'albero a gom e velocita angolare dell'albero angiti.
Strategia euristica. Strategia MPC.

La figura a sinistra mostra che la strategia rule based comanda repentinamente la

variazione del | a velocit? angol ar e del | 6
oscillazioni sia dell daccel er adtirmone | ongi't
Lo stesso evento di avviamento comandato da MPC é rappresentato nelle figure

a destra. La curva seguita dalla velocit

7

sulle accelerazioni del corpo vettura é limitato. Questo comportamento é
raggiunto graziead un utilizzo completamente diverso della coppia del
generatore elettrico come mostrato nelle prossime due figure.

generator torque generator torque
T T T T T
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50

50 i i i i 0 i i i i i i i h
58 68.2 58.4 58.6 58.8 59 668 67 572 574 676 678 58 682 684
tis] ths]

Figura 11: Utilizzo della coppia de Figura 120 Utilizzo della coppia de
generatore elettrico durante l'avviamel generatore elettrico durante l'avviamel
del motore endotermico. Stratac del motore endotermico. Strategia MPC
euristica.

Nel primo caso il picco della coppia é ben visibile e supera i 150 Nm, il periodo
di attivazione € limitato a 0.1 s. Nel secondo caso, il massimo valore di coppia €
inferiore a 7 Nm e poi MPC abbassa gradualmente il livello per raggiungere la
velocita di ptazione di minimo dopo circa 1s. il tempo totale di attivazione €
dungque molto piu lungo ma se si osserva con attenzione le figure 9, 10 si nota
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come in entrambi i casi le funzioni del motore endotermico comincino a circa
58.5 s dunque MPC comincia la éadi avviamento prima rispetto alla rule
based per poi attivare la coppia allo stesso istante di tempo. Anche la strategia
rule based é in grado di raggiungere la medesima crescita dolce della variabile
1 modificando il guadagno proporzionale del coltre di basso livello che
comanda la coppia del generatore; dunque, trovando una soluzione al di fuori
della strategia stessa.

Seguendo le indicazioni riportate nella norma ISO 2631 prendendo come

riferimento le fasi di Start&Stop del ciclo NEDC, étata calcolata

| 6accel erazione equivalente pesata a pa
verticale e di beccheggio del corpo vettura ed applicando le funzioni di peso
specificate nella norma per le suddette direzioni di misura. Per convenzione la

noma specifica che | b6accelerazione equivVv
T® & /i per non generare una sensazione sgradevole a bordo vettura. Tutte le
accelerazioni calcolate sono risultate inferiori a tale livello di soglia.

Stabilita della strategia MPC

A causa dei vincoli operativi e del fatto che la strategia é linearizzata ad ogni
istante di campionamento, non € possibile applicare alcuna regole della teoria

del controllo per garantire la stabilita della strategia. A tal scopo si é provveduto

a testare la strategia rispetto a differenti condizioni operative variando alcuni
parametri del modello. Ancora una volta si sono confrontati i risultati con quelli
ottenuti dall a strategi a -At-aTime sikans e d . Tr e
ripetute una g& di simulazioni variando di volta in volta il livello di un
parametro solo, utilizzando il ciclo NEDC come ciclo di riferimento. | parametri

presi in esame sono stati la massa del corpo vettura, la pendenza della strada, il
coefficiente adimensionale desistenza aerodinamica, la rigidezza della cinghia

di trasmissione, | 6i nerzia rotazional e
pneumatico superficie stradale. Soltanto per i primi tre parametri si € osservato

una influenza sul consumo totale patta si riportano di seguito i risultati

relativi alle corrispondenti simulazioni.
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Figura 13: Massa di combustibile Figura 14: Massa di combustibile
consumata in funzione alla massa ' consumata in funzione della pender

corpo vettura. Confronto tra le strategie. della strada. Confronto tra le strategie.
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Figural5: Massa di combustibile consumata in funzione del coefficiente adimensi
di resistenza all'aria. Confronti@ le strategie.

Tutti i vincoli operativi sono soddisfatti e non si registrano oscillazioni o
instabilita nelle decisioni elaborate dal problema di ottimizzazione, dunque si
puo concludere che la strategia MPC lavora bene anche a fronte di variazioni d
parametri del veicolo e/o della strada. In piu, come si nota dalle figure in alto, il
consumo totale di combustibile in grammi € sempre inferiore rispetto a quanto
ottenuto dalla strategia euristica, quindi MPC garantisce prestazioni migliori
anche pegueste condizioni operative.

Analisi del comportamento della strategia
Lo sviluppo della strategia MPC ha riguardato anche lo studio dei parametri
interni alla strategia che influenzano il problema di ottimizzazione e dunque le

7

prestazioni della stess#n particolare si é voluto investigare il ruolo della

previsione della coppia richiesta dal

parametri interni.
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Previsione della coppia alle ruote
I metodo MPC si basa sulla previsione degli accadimenti futunigaiere un
problema di ottimizzazione e calcolare le azioni di controllo da applicare al

si st ema
prevedere

gui ndi

| a

coppi a

® i
ri

chiest

nteressante

a

capire I
dal |

impiegato rllo sviluppo della strategia descrive la coppia richiesta secondo un
decadimento esponenziale il cui valore iniziale coincide con il livello
campionato mentre il tasso di decadimento varia in relazione al livello di
potenza richiesto. In alternativa sagsunto che il veicolo disponga di sistemi di
navigazione quali GPS e GIS e che esso ripetesse assiduamente la stessa
missione di guida giorno per giorno. Questo é il caso ad esempio degli autobus
che seguono sempre lo stesso percorso. Con questa ipptesildle assegnare

all a stra

tegi a

MPC |

6andamento

preciso

di previsione. Infatti é lecito assumere che il profilo desiderato di velocita
corrisponda alla velocita media registrata su una serie di ripetiziora dell

medesi ma

mi s si

o

ne di

gui da

e

al

| o

ottenuta con precedenti simulazioni, rappresenti la coppia richiesta in media

dal | dautii

sta.

Per

semplificare

| 6anal i s

lavorare nellemigliori condizioni operative possibili, sono stati forniti in
ingresso sia il profilo desiderato di velocita che un profilo di coppia ottenuto da
una simulazione test. In tal modo la previsione di queste due variabili lungo

| 6ori zzon

t e

dsochépesattara memo airpiecoli®impe e teascurabili

differenze nella coppia. Questa situazione € irrealistica ma lo scopo di questa

anal i si

®

guel l o

di [

nvest.

gare |

0i nfl

conseguentemente della velocitd di avanzamestdle prestazioni della
strategia di controllo. | cicli NEDC e HWFET sono stati scelti come riferimento,
entrambi modificati per includere una variazione altimetrica lungo il percorso. |
risultati mostrati di seguito fanno riferimento alle simulazioniizeate con la
strategia nominale e alle simulazioni realizzate con la strategia che riceve in
ingresso la descrizione esatta del profilo di coppia e di velocita.

Tabella3: Confronto del consumo totale tra la strategia MPC nalaie la

strategia supportata da GPS/GIS.

Strategia

Ciclo

NEDC

HWFET

A

T |

JJI<> I

Nominal

518.72

761.35

Exact prediction

518.50

761.0

Dai ri sul

del motore a combutisi

tat i

one

emer ge

interna
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successivi problemi di ottimo. La prossima figura riporta alcune di queste
sequenze definite sul ciclo NEDC per un tratto di accelerazione.

295 300 305 310 315 320 325 330
ths]

Figura 16. Sequenze dei valonttimi della coppia del motore endotermico calcol
come soluzione di successivi problemi di ottimizzazione.

Queste sequenze sono state ottenute dalla strategia che riceve in ingresso gli

andamenti corretti delle variabili esterne misurate; si nota come MPC definisca

un andamento crescente della coppia nell a
controllo mentrenella seconda parte riduce velocemente la coppia. Ricordando

che lo scopo della strategia € quello di minimizzare la funzione di merito
guadrati ca l ungo tutto |l 6ori zzont e di pr
sequenza ottima si puod spiegare con il tendadi@ parte della strategia di ridurre

la deviazione dello stato di carica della batteria nella prima porzione

del |l 6orizzonte di previsione wutilizzando |
interna, invece nella seconda porzione essa riduce la coppia edafjatatore
endotermico per minimizzare i/l consumo tot
il problema di ottimizzazione sembra essere governato principalmente dal livello

di potenza richiesto e dall déentit? del | a
bat er i a, all 6i stante di campi onament o. Ques

cui modificando la previsione degli ingressi misurati non si registra un
cambiamento nei valori ottimi delle variabili di controllo determinati dalla
strategia.

Analisi di sengbilita dei parametri interni
La strategia di controllo MPC é caratterizzata da molti parametri interni quali ad
esempi o | a l unghezza dell 6ori zzonte di C (
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funzione di merito, il tasso di decadimento esponenziale dellaspeei della
coppia richiesta alle ruote etc...

| valori di tutti questi parametri sono stati fissati mediante una lunga messa a
punto manuale basata sulla ripetizione di numerose simulazioni, pertanto &
interessante capire se esistono altri set di va@rida garantire prestazioni
migliori della strategia i.e minor consumo di combustibile. Inoltre vale la pena
investigare la possibilita che, a seconda delle condizioni di guida e del veicolo, il
set ottimale dei valori dei parametri possa cambiare; iticpkare in relazione

alla massa del veicolo pud essere opportuno modificare il valore di uno o piu
parametri per raggiungere una migliore efficienza energetica. Questa ultima
considerazione puo rivelarsi utile negli autocarri dove € possibile avere una
stima della variazione della massa trasportata sfruttando le valvole sensibili alla
variazione di carico.

Per trovare una risposta a questi due punti € stata condotta una ampia analisi di
sensibilita su alcuni parametri interni della strategia con lo sdbntificare

una superficie di risposta tra due uscite del sistema (i.e. consumo totale e livello
di equilibrio dello stato di carica) e alcuni parametri importanti della strategia.

Sfruttando | 6esperienza mat urmanwle,dur ant e
5 parametri sono stat.i considerat.i pi Y% i
previsione, i numer o di step nell 6ori zz
funzione di merito sono modulati da un andamento a decadimento esponenziale,
lalunghezza dell 6orizzonte di controll o,

stato di carica della batteria e sul consumo istantaneo di combustibile. Per questi

due ultimi parametri si é considerato la variazione rispetto al valore nominale. |

cicli NEDC e HWFET sono stati scelti come riferimento, due valori della massa

del corpo vettura sono stati considerat.
diverse condizioni di guida per trarre il maggior numero di informazioni. Inoltre

le analisi hanno testaton ampio campo del dominio di ogni parametro al fine di

catturare eventuali dipendenze non lineari tra le uscite del sistema e i parametri.

Le tecniche consolidate della Design Of Experiment sono state ampiamente
i mpi egat e, par t e redivell acfaitorialaicondpketo del cingue s u du
parametri e proseguendo con la determinazione si superfici di risposta delle due
uscite basate su campionamento Central Composite Design. Le superfici di

risposta sono stati ottenute per soli 4 parametri sicc@en al i s i a fatt
completo ha mostrato | a ridotta 1infl uen
controllo.

Le conclusioni che si possono trarre sono innanzitutto una generale insensibilita
delle uscite del sistema dal particolare ciclo di guida coretioleppure dalla
massa del veicolo. In questo senso la strategia MPC non é legata a particolari
condizioni di guida ma il suo comportamento si ripete inalterato per diversi cicli
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di guida. Importante é osservare che variando il livello dei parametrhiinter
rispetto alla condizione nominale definita nella messa a punto manuale si
producono larghe variazioni del livello di equilibrio dello stato di carica della
batteria, i.e. fino a o livelli. Al contrario la massa totale di combustibile non

mostra la stesa di pendenza, S i registrano vari

pochissimi grammi o frazioni del grammo anche per ampi intervalli dei livelli

dei parametr.i I nterni . I n particol are

di concludere che il settomale dei parametri interni che minimizza il consumo
totale € molto vicino al set definito mediante la messa a punto manuale. |
parametri interni che hanno la maggiore influenza sul livello di equilibrio dello
stato di carica della batteria sono laluaghza del | 6ori zzont e
peso della deviazione dello stato di carica della batteria.

Conclusioni

La strategia di controllo basata su MPC ha dimostrato di raggiungere un
consumo totale inferiore rispetto a una strategia euristica quaridtetss cicli

di guida standardizzati. Sul ciclo di guida urbano UDDS la riduzione
percentuale di consumo é paHia84 %, sul ciclo di guida autostradale HWFET

la riduzione percentuale € pari-4.28 %. | cicli NEDC, SC03 e US06
coinvolgono condizioni diguida miste urbane ed extraurbane e soprattutto
richiedono un maggior sforzo da parte del sistema di propulsione. In questi casi
la strategia MPC ottiene i risultati migliori grazie alla profonda sinergia tra
motore endotermico e batteria; la riduzionecpatuale di consumo totale € pari
a-3.12 %,-8.83 %,-17.75 % rispettivamente. Rispetto alla strategia euristica,
la strategia MPC ¢é stata sviluppata per essere potenzialmente implementabile in
un controllore real time in quanto lavora a tempo discmetosre a semplici
modelli di regressione polinomiale. La strategia si é dimostrata stabile rispetto
alla variabilita dei parametri del veicolo e/o della strada e la messa a punto dei
suoi parametri interni non é in alcun modo legata a un ciclo di gpetfico,

da questo punto di vista la strategia € piu robusta rispetto, ad esempio, a A
ECMS. La strategia si é dimostrata molto potente sapendo anche controllare le
fasi di avviamento e spegnimento del motore a combustione interna al fine di
limitare le vbrazioni conseguenti agenti sui passeggeri attraverso il corpo
vettur a. Léaccelerazione equivalente
norma ISO 2635, é risultata sempre essere inferiore al valore soglia 7i

che indica una percezioneradevole di una oscillazione ripetuta nel tempo.

Tuttavia emerge il problema di ricorrere ad una forma di stato linearizzata per
prevedere la risposta del sistema che introduce incertezza nella soluzione ottima
definita dal controllore. Le simulazioni al calcolatore hanno dimostrato che il
problema di dimizzazione é risolvibile con successo entro il periodo di
campionamento di 0.1 s anche se rimane ancora da definire come dovrebbe
comportarsi la strategia in tutte quelle situazioni in cui il problema risolta essere
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mal posto, non risolvibile. Questo jmema € ad ogni modo comune a tutte le

strategie di controllo basate sulla risoluzione di una funzione di merito. Non di

meno il problema di ottimo sembra essere governato principalmente dal valore

di deviazione dello stato di carica della batteria e dpliéenza richiesta

dall dautista, allodistante di campi onamen
e non potendo sfruttare le informazioni aggiuntive fornite dai sistemi di
navigazione. Eventualmente questi dati potrebbero essere impiegati a un livello

di controllo superiore sulla scala gerarchica rispetto alla strategia MPC che in

base alle informazioni acquisite possa modificare alcuni parametri, ad esempio il

livello di riferimento dello stato di carica della batteria, escludere uno dei
terminidellaf unzi one di costo. Undaltra |imitaz
MPC é un metodo model based quindi é necessario sviluppare un modello
semplice ma affidabile del sistema di propulsione del veicolo e ogni modifica

apportata a questo assieme implicad&finizione di un modello nuovo con

conseguente validazione.
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1 Introduction

Sustainable mobility is an impelling issue for the worldwide scientific
communityand for the automotive industry. The reservoirs of hydrocarbons that
are currently exploited are expecte®consumewithin few decades and it is
not guaranteed that neweservoirs will be found in the future. Furthermore
global warming is strongly affected by ground vehicles which iackided
amongthe most important soursef pollutant gases in the atmosphere.

Automotive manufacters are looking for new designs to oduce
environmentafriendly vehicles and the research has been pointing towards
electrification of conventional powertrains to achieve highly efficient and less
polluting vehicles. This trend has brought to the introduction of full electric
vehicles, fuekell electric vehicles and hybrid electric vehicles; however just for
the hybrid ones it is correct to talk of large production volume and they are the
most promising solution to the energy management problem nowrebisen

for hybrid electric vehiclesuscess over the other two types is that they match
the numerous objectives and constraints that driving a vehicle invalhes.
most important objective is drivability, namely the powertrain should match the
driverb6s power r e qgu e pgravided that i is yithid itsi vi ng s
operating boundaries.

For a hybrid vehicle traction power is produced by the electric machines and the
engine therefore the additional targets is to produce power in the most efficient
way. The power split between electniachines and engine is constrained by the
characteristic curves of the machines, the necessity to guarantee a charge
sustaining hybrid and the necessity to limit the force transmissibility between
the powertrain and the passengers of the vehikdea corsequence finding a
proper way to produce the traction power while satisfying all operating
constraints becomes a tough issue and it calls for an advanced strategy which
can set the correct power split for any driving situation.

In the past the controlrstat egy was defined upon engi ne
basis of predetermined rules. Recently the theory of optimization has been

applied to the energy management problem and different approaches have been

used. Model Predictive Control is an approach tiindea control action for a

dynamic system which is optimal in some sense; it has been recently applied to

the energy management problem since it can successfully handle multiple
constraints and objectives while attaining high performance. In literatise it

claimed that MPC can guarantee lower fuel consumption with respect to existing
approaches moreover due to its intrinsic predictive nature it may take advantage

of the cooperation with auxiliary navigation systems like GPS and GIS.
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As a result the aimof this thesis is to develop a MHfased control strategy for
the energy management of a powsplit hybrid electric vehicle in order to
assess its capabilitp deal with this problenfor this purpose the performance
of the strategy has been comparethtuse achievable with a rule based strategy
over some standard drive cycleShe high fidelity model of the whole
powertrain has been implemented in Amésimhile the control strategyn
Simulink® and the two software have been run irsgoulation. MPC $ based

on a simplified linear model of the powertrain which allows the solver to
compute an optimal solution within a limited period of time. The linear matrix
approach allows the optimization problem to be expressed as a quadratic
programming problem wihe the property of convexity is guaranteed. An
improved Activeset algorithm has been used to solve the numeric optimization.

The results show that MPC manages to reduce total fuel consumption over all
standard drive cycles with respect to the rule based straktémgyever the
strategy suffers from few weaknesses that should be taken into account in case
of real time implementatio

The thesis is organized in chapters; tiext chaptey the second one of the
report, treats the energy management problemost while the third chapter
introduces the mogypical hybrid powertrairarchitectures giving moreasight
into the powersplit architecture to highlight its strong sides and operating
modes. The fourth chapter introduces the MPMP@ased control strategy. The
theoretical background is brieftyiscussedvhile more insight is given into the
mathematical steps which enable to set upojtenization problemThe fifth
chaptershows theesults in terms of fuel economy and drivabikityd compare
the rule based strategy the MPCone. The sixth chaptercope with additional
analysesin the first parta sensitivity analysigs usedto cath the influence of
somefactors on the performance of the stratelyythe second pam simple
implementation of additional input information coming from GPS and i&IS
presented. In the ensbme conclusions and comments are provided together
with an oveview of possible future works.



2 Alternative propulsion systems

Ground transportation is accounted for -¢hied of the worldwideenergy usage

[1] and fossil fuels still represent the primary energy source for ground vehicles
motion. The engingpowered vehicle is the most common architecture in
automotive industry due to its flexibility, compact desigmd ease of
transportation and storing of fuéfhe energy necessary to drive a vehicle is
obtained from a combustion process which takes place in the combustion
chamber of an internal combustion engifbis process has twmainimportant
drawbacks: the ow efficiency and the pollutants which are generated as
products of the procesdt is therefore not astonishing that the automotive
industry has been investing lots of resources on continuous refinement of engine
design and combustion process.

Specific targets in terms of fuel consumption and pollutant emission rates
reduction should beatisfiedby any new vehicle that is put on the market.
Satisfying these constraints by improving solely the technology of engines and
combustion process uite challerging, for this reason almost all automotive
manufacturers have already begun developing alternative propulsion systems
which can meet current and future environmental regulatibosng the last
two decades electrification of automotive powertrain has Iseen as a viable
solution to achieve better fuel economy and lower pollutant emissidmse
main paths that have been followed by automotive manufactures and scientific
community:

- Electric vehicles

- Hybrid electric vehicles

- Fuel cell hybrid electric vebtles

2.1 The importance of hybridization

The first solution is the most extreme one since it replaces the internal
combustion engine with an electric motor while the other two configurations
provides for using an internal combustion engine in collaboratitm at least

one electric machine to achieve better overall efficiency and lower pollutant
emission ratesAn internal combustion engine can provide maximum torque and
power within a limited speed range, in addition it can work efficiently only
within a imited domain of specific values of torque and angular velocity of the
crankshaft. Moreover an engine cannot deliver torque if the crankshaft is not
rotating meaning that it is necessary to install a clutch and a transmission in
between the engine and teven axle.On the other hand an electric motor for
traction application is characterized by a constant output torque, which
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corresponds to the maximum output torque, at low rotor angular velocity. The
motor can provide maximum torque even when the rietapt rotating and thus

it is possible to couple directly the rotor to the driven wheels. The time response
of an engine to change in the operating point is rather slower compared to the
settling time of an electric motor, furthermore an electric motor mavide

much higher torque and power than the rated ones for a limited period of time
before it gets overheate@hese two latter features supports the idea that an
electric motor can guarantee quick respons
accelerabn with constant output torque over a certain speed rafie.
efficiency of an electric machine is on average higher than 90% for most of the
operating domain while an internal combustion engine can hardly achieve an
efficiency higher than 4092].

In an electric vehicle (EV) the energy source is chemical and is converted into
electric energy inside a battery. From the battery, electricity is used to power an
electric motor and an electric drive regulates thelit@ctional power flow
between the battery and the electric motor which produces the traction effort but
can also operate as generator to charge the bafteeylimited electric capacity

of a battery, the high cost for its substitution and the lack of infrastrudures
quick battery charging still present unsolved problems which limit drastically
the diffusion of EVsThe typical range of a full electric vehicle is limited to 70
kilometers [3] which represent an unfeasible value for a gager vehicle
needs. The life expectancy of energy storage battery is limited to few years after
which the battery set has to be substituted and the time required to recharge a
battery is still long, on average it takes few holrsw electric vehicles hav

made their appearance on the market, among others Mitsub#tw iand Tesla
Roadster represent two opposite examples. Tesla roadster is a pioneer in electric
vehicles since it is the first electric vehicle on the market equipped withnLi
batteriesIt is a sporty vehicle whereas MitsubishVliev aims at piercing the
market of urban cars.

Figure 2.1: Mitshubishi iMiev [4] Figure 2.2: Tesla RoadstdH]
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Few data about these vehidék

Table2.1: Technical data of two electric vehicles

Mitsubishi Miev Tesla Roadster

Top speed: 130 km/h ;zr; sg_egg(:) frio km/h
Range: 144 km ge:

Charging time: @8 hours gz:;?'r_‘gl_;'i?r?%g/ivr\‘/%urs
Quick charge: 1 hour y:

Battery: Lkion 16 kWh Battery Welght: 45kg
[ : Price: 90000
Price: ~ 200

production)

= =4 =4 -8 -8 -9
= =4 =4 =8 -4 4

These two vehicles represent-#tateof-the-art as thequite long driving range
proves, however the long charging time and the high price are not affordable for
most of the peoplelesla claimedn 2011that battery life was around 5 years
and the price to replace the battery

In order to overcome the problem of short driving range a fuel cell can be
installed instead of a battery padk.fuel cell operates as a standard battery, it
exploitsa chemical reaction to convert the chemical energy of a fuel into electric
energy. Hydrogen is typically used as fuel even if other hydrocarbons like
methanol or natural gas are sometimes used; oxygen is the main oxidizing agent.
The big advantage represed by a fuel cell in comparison to a standard battery
is that it can continuously release electric energy provided that the chemical
reactants are supplied. Since oxygen can easily be found in air, a fuel cell
vehicle can in practice run with the same raieg principle of conventional
enginepowered vehicles since it gntequires a fuel storage unAs a result
longer driving range is achievable with respect to a battery electric vehicle and
higher efficiency is obtainable in comparison to an engmeered vehicle
since fuel energy is converted into electricity by means of a chemical reaction
which does not burn the fuel and thus has a much higher effici€heymain
limitation to fuel cell electric vehicle spreading is represented by the high cost
during the transformation process to obtain hydrogen from water or
hydrocarbons and to produce fuel cells which can meet the desired needs for
ground transportation like quick stamp, high power density. Nowadays fuel
cells are built with composite matdsavhich have high cost of production.
Moreover, as for electric vehicles, the lack of specific infrastructure to store
hydrogen represents anotlstrongissue.

pac
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2.2 Hybrid electric vehicles

Hybrid electric vehicles represent instead a feasible responserrient and
future problems related to everyday urban mobility and environmental issues.
The definition hybrid electric appeals to the architecture of the vehicle
powertrain which includes both a conventional powertrain based on an internal
combustion engie and an innovative powertrain based on electric and
mechanical components. The magasorto introduce additional components in
the powertrain is to support the internal combustion engine during all its
operations in order to shift its operating pomtat region of high efficiency and

low emission rates.

It is straightforward to understand that by sharing the total power request
between the electric and the mechanical transmission paths a hybrid electric
vehicle can achieve better fuel economy thamrmventional vehicle where the
engine has to balance the overall external load, however there is a number of
reasons which can justify the improvement of ovesfficiency from tankto-
wheel®, Firstly, the main operating principle isad-leveling[1] meaning that

the total power request is split between the internal combustion engine and the
electric powertrain in such a way that the engine can always operate in a region
of high efficiency or at least close to Tthe powver split ratio is, for most of the
cases, not fixed but it can be varied depending on driving conditions. This
corresponds to a degree of freedom in the energy management of the vehicle
since the engine power can be either primarily sent to the driverisnreesed

to charge the batteryThe batterypower represents the second degree of
freedom. Suppose the engine worked always in its most efficient operating
point, during low power request it can provide more power than the required one
which is stored irthe battery. During high power request the engine would not
generate the total traction effort because the battery would support it by
providing the necessary amount of power to match the total power request and
let the engine workn a region of high eitiency. The power split allowshe
designer toinstall a downsized engine which can be optimized to work in a
specific speed range rather than assuring a good compromise between
performance and efficiency over the entire operating range.

Regenerativdoraking is applied in both electric and hybrid electric vehicles in
order to recover part of the mechanical energy of the vehicle during braking and
store it as electric energyitd the battery; hence it ianother possibilityto
achievebetter fuel econosnsince battery state of charge can be replenished

! The overall efficiency of a vehicle should be evaluated considering the whole energy
transformation process which is organised n two steps:ta#dink and tanko-wheel. However
the current analysis considers only the latter.
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without using additional engine powdrastly, full electric mode is available for
example during low speed driving and low power request, reverse motion; the
engine can be switched off during protractexpsif the battery is well charged.

The most important components of the powertrain are an internal combustion
engine that is flanked by at least one electric machine, an energy storage battery,
power electronics and a mechanical drivelifbrid vehides can use the
already existing infrastructures for fuel replenishment and they can successfully
overcome typical limitations of EVs by using the internal combustion engine
power to charge the battery and run the vehicle. These improvements are
achievedat a price of higher complexity in the design and control of the
powertrain components and operatiolmsfact in order to exploit the benefits

that a hybrid architecture can guarantee in terms of fuel economy it is necessary
to blend the operations of gdbwertrain components so that they can cooperate
successfully. This requires the definition of a precise control strategy for energy
management which has to decide how the power flow should be split within the
powertrain, namely to what extent each maehshould contribute to the
production of total power required. A similar control strategy is not needed in a
conventional engine powered vehicle since the internal combustion engine is the
unique power unit.

2.3 Control structure for energy management

2.3.1 The hardware

Due to the high complexity of the system and multiple input/output information
that have to be defined, the control is organized in a hierarchigetste which

is depicted irFigure 2.3.

Low - level controllers

Figure 2.3: Control structurefor the energy management of a hybrid elec
vehicle
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The driver is at the top level of this structure. It is outside the system but it
defines the desired operating conditions of the powertrain in terms of torque and
power requestThe diver behaves like deedback controller since the driver
pushes either the throttle or the brake pedal depending on the error between the
actual vehicle velocity and the desired velocity which is in his mind. Moreover
sudden acceleration or braking commands can be proviegeending on the
driving situations.A mode selector iplaced inbetween the driver and the
vehicle supervisory controllgi/SC) [1] to change some internal parameters of
this latter depending on driving situations; for exampke sudden hard braking

is detected or a fault is detected in the system then the energy management
problem has no more the priority but vehicle safety and stability has to be
guaranteed. Therefore this additional controller takes over the control strategy
and drives the vehicle to a safe stétteaddition it coordinates the operations of

the vehicle supervisory controller which considers only the energy management
problem with other active control systems that are implemented in the vehicle.

The lowestlevel comprises the control algorithms of all machines in the
powertrain.Each component in the powertrain has its dedicated control unit;
these units are regarded to asewel controllers and some typical examples
are the engine controller, the gearbawntroller, the electric machines
controller. These controllers have the task to regulate the behavior of a machine
in order to achieve a desired operating point. However these controllers have a
limited view and understanding of what is happening insysem; they are

only tuned to make a machine reach quickly the desired operating point while
satisfying operating constraints but they are not able to define the desired set
point on their ownFor this reason a high level controller has the respongibilit

to define the target operating point of each component of the powertrain; this
high level controller calledehicle supervisory controllehas a global view of

the operations of the powertrain, the status of the vehicle and the requests from
the driver so it can properly defiibese desired operating pointe vehcle
supervisory controller s t he modul e whi chuestyimons| ates tt
specific control signals for the powertraibh.communicates with both entities

and receives inputs from them. Throttle and brake pedal position are mapped to
obtain the desired torque request; for parallel hybrids an additional input from
the diver might be represented by the gear shifting command. Multiple signals
from sensors spread in the vehicle are used to analyze the vehicle Alatus.
inputs are processed and correspondent output control signals are provided to
low level controllers trough the vehicleontroller area networKCAN).

2.3.2 The formulation as a problem of optimum

The energy management problem is addressed directly in the VSC and it can be
idealized as a constrained optimization problem. It is designed in order to
achieve spedé objectives like lower fuel consumption, lower pollutant
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emissions while satisfying at the same time a number of constraints which are
defined by the characteristics of the machines and drivability (i.e. how the
vehicle responds A typica canstrant dos a chargeue st s ) .
sustaining hybrid is that the battery state of charge level has to remain within
two boundaries throughout the driving mission and the final level should be
close to the initial level.The objectives are usually defined byetmcs or
mathematical functions: the definition depends on the objective itself; for
example fuel economy involves the minimization of the total fuel consumption
over the entire driving mission and the deviation of the battery state of charge at
the end b6the mission wth respect to a target valuin integral objective plus a
terminal cost on state of charge deviation summarize these targets:

0 %"YO 6 a ol Qo %o cohid (2.1)

Drivability may instead introduce objectives like attenuation of longitudinal jerk
during gear shifting or number of gear shifting. In this case the objective is to
minimize the total number of gear shifting events (GSE) within a driving
mission and the & functionmay represent this total number

0 ‘0°YO (2.2

In addition several constraints should be satisfied throughout the driving
mission. The constraint on sustenance of battery stateaofie has already been
mentioned furthermore each component of the powertrain has a specific
operating domain which should be taken into account when power split is
defined otherwise desired setting points may not be achieved because they lie
outside this domain. Operating constraints are easily translated into
mathematical functions of system states and control inputs; depending on the
type of the problem external measured disturbances can also be considered.
Constraints can be represented via nonlingactfons as follows:

r oo (2.3

wheref is usually a vector of nonlinear functions.

Lastly, the energy management refers to a specific powertrain configuration
where control inputs, systestates and external disturbances are connected to
one another. Different approaches are available to model a system; however a
state space form is the most useful one since it highlights the relationships
among system states, control inputs, externaldliahces and system outputs.
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Eventually the energy management problem consists in finding an optimal
control strategyu which can minimize the objectivéunction (2.1) while
satisfying all constraints imposed £8.3) ard (2.4). In a mathematical form it
corresponds to:

i ET0OO6  %ociOhDid

subject to: o
[ aobho 1 (2.5)
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The VSC has the task to find an optimal solution to this optimization problem
consequently most of the success of an energy management strategy depends on
the decisions taken bywhich hence has to be designed in a proper way.

2.3.3 The algorithms - State of the art

A lot of work has been published on the energy management problem of a
hybrid electric vehicle and a bunch of alternative control strategies have been
developed and, in some cases, tested on real vehicles or prototypes. The
following classification based ofb] identifies:

a) Rule based strategies
b) Optimization based strategies

The second family can be further distinguished into:

a) Global optimization methods: past, present and future driving conditions
are supposedo be known exactly, namely the entire drive cycle is
known in advance. These methods includes for instance dynamic
programming and Pontryaginds minimum pr
b) Local optimization methods: past and present driving conditions are
known while future driing conditions may be either predicted over a
limited time period or not used in the analysis. The former case refers to

10
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MPC and stochastic dynamic programming while the latter case refers to
ECMS.

Rule based strategies

A rule based strategy is also knowas a heuristic control strategy since in most

of the cases it is defined uponThengi neer
control commands (desired operating points of the powertrain components) are

defined by a set of rules depending on the inpigrmation coming from driver

and vehicle sensors. These rules are similarifdten [6] programming

structures because the power split ratio between engine and battery is decided
depending on the required traction power tredbattery state of charge level.

Once a driving condition is recognized, correspondent rules are triggered.
result these strategies do not try to find a numeric solution to the optimization
problem illustrated in(2.5), so it is not guaranteed that the resulting control
strategy is the optimal one moreover a tough tuning procedure of several
parameters is required to achieve decent fuel economy over differeinigd
scenario. Nonetheless due to their ease of implementation for-tireal
application, heuristic rule based strategies are extensively applied to hybrid
electric vehicles available on the market todhy[6] a 8 states rule based
strategy is compared to other three control strategies. The scheme of the
heuristic control is reported Figure 2.4.

Hard_Acceleration lalpha>=0.9 88 beta==0]  START/
entry- status=2 3 (3 bttt bhpanontils 3
Ipha>0
{beta==0 && alpha>=0.9] {ophe>0]
{alpha<0.9 && beta==0]
alpha<0.8] Stopy
(iohadBL N [alpha==0 84 v==0] ontry: siatie=7

T T [(SOC>=0.8 &4 beta>088v>0)||

beta==0&&alpha<0.9]_ 5| entry: status=3; | ¢ R0 ol

Recharge! . :

entry: status=4; 3 [v==0]

[beta==0 8&'y>0] I

[SOC>=0.725 || beta>0 || apha>=0.9) ; 1

Hard_Deceleration

entry: status=6;

[SOC>=0.8|| alpha>0||v==0]

[SOC<0.8 &8 beta>0&&v>0]

Rege tion,

Figure 2.4. The eight working states of the rule based strafgépy

Alpha and beta represent respectively the normalized acceleration pedal position
and the normalized braking pedal position. Thatrol output is the torque split
between engine and electric motds the scheme illustrates, the power split is
decided merely upon throttle and brake pedals position, torque request and
battery state of charge level.

11
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Dynamic programming

Dynamicprogramming is a method whidalculate an optimalsolution to(2.5)

which holds for the entire driving mission sirités assumed that power request

is completelyknow in advanceThis corresponds t@a huge limitation for real

time applications because it is impossible to know in advance the whole effort
which is asked to the powertrain, nevertheless the optimal solution obtained
with dynamic programmingan be useds benchmark for assessment of other
methods like for instance rule bas&inamic programming has been widely
used in many papewshere the known driving mission corresponds to one of the
standard drive cycledf the system were not subjected to extédisturbances

then the solution obtained with dynamic programming would be the optimal one
with the piece of advantage of being computéfdine. Unfortunately any real
system is subjected to external disturbances whose properties cannot be
completely kmwn in advance; as a consequence if the optimal control strategy
were computed offine using dynamic programming and then applied to the
system, it would produce poor performance and it may not guarantee the
stability of the system.

In order to overcoméhis problem either stochastic dynamic programming or
predictive dynamic programmingi7] can be applied.Stochastic dynamic
programming predicts the future outcome of external disturbances according to
a Markov process. The stwastic properties of the probability distribution of
random external variables should be known in advance and this represents a
limitation for realtime application to the energy management problem. In fact
this requires knowing the stochastic propertiegaver request at wheels which

is very difficult when the driving mission is completely unknown. A partial
description of road, traffic conditions can be provided by navigation systems
however for the ease of re@ine application the integration of aldse tools
represents a stringent constraiimt.[6] dynamic programming is used to set a
benchmark to assess the goodness of other three control strataegi@k
however, DP is used incombination to standard optimal control theory to
provide a control strategy for a parallel hybrid electric vehi€g.the other

hand a promising application of stochastic dynamic programming appeals to
those vehicles which are meant to repeat steaddgdime route. In this case the
average power request can be described on the basis of collected measurements
of past repetitive driving mission# [9] it is shown how stochastic dynamic
programming can be applied toetlenergy management problem of a bus for
public transportation whose mean power request profile can be determined in
advance by collecting data of several driving missions along the same route. In
[10], instead Markov chains and Stochastic Dynamic Programmingeasn
applied to a series hybrid electric vehicle whose driving mission is unknown a
priori and power demand is obtained through a Markov process where stochastic

12
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properties are derived from the infortia@ acquired on different standard drive
cycles.Dynamic programming is a powerful tool to derive anlwfé optimal
solution which can be later used for benchmark comparison in the design of a
causal reatime controller.However the necessity to knovaxactly or at least

the stochastic properties of all external disturbances and the heavy
computational load required by the algorithm, makes it almost impossible to
apply directly dynamic programming to the design of atiea¢ controller

ECMS 1 equivalent consumption minimization strategy

ECMS was developed in order to simplify the global optimization prolem
(25) to a local instantaneous problem that is much easier to handle and
implement in reatime applicationsThe solution calculated with this approach

is obtained from an optimization problem whiis limited to the current time
rather than to the entire driving mission which is unknown in most of the cases.
Theoretically ECMS does not need to know past and future driving conditions to
find an optimal power split between the electric and the nmechlapaths.
ECMS fits well for a charge sustaining hybrid electric vehicle because it treats
the electric energy storage unit as an energy buffer which can help to reduce fuel
consumption.In a charge sustaining hybrid electric vehicle the difference
between initial and final levels of battery state of charge should be small
meaning that part of fuel energy should be used to charge the battery.
Consequently the energy discharged by the battery at a given instant in time
should be replenished by part of lfmergy at a later phase while the electric
energy recovered can be used afterwards to reduce engind heee. relations

can be represented by a total fuel mass flow[Edte

a . (2.6)

An equivalent fuel mass flow rate is introduced in order to include the cost of
battery charging or discharging in the evaluation of the overall fuel

consumptiond  can be either positive or negative depending on whether the

battery is discharging or is being charged, thus  can be higher or lower
than the actual engine fuel consumptidhis strategy therefore tries to balance
the usage of electric pew by considering its equivalent effect on fuel mass
flow rate and it defines the optimal power split among several combinations as
the one which produces the lowest total fuel mass flow Aateucial parameter

for this evaluation is thequivalency factr & @hich converts electric power
into an equivalent fuel mass flow rate. In the early development of this strategy,
the value ofs was tuned according to the particular characteristics of the drive
cycle, namely the driving mission was supposed tormsvk in advance and the
equivalency factor was determined from an optimization prot@ésr in time

13
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adaptive ECMS, or AACMS, was developed to deal with real applications
where driving mission is not known a priori. As example is providefd 1.

The equivalency factor is adapted to driving conditions and style by using recent
past information and possibly future information to detect the cycle type.
Another improvement considers route recognition where driving conditions are
acknowledged according to their mean characteristics and the equivalency factor
is updated from a table of stored values. A shifting time interval is considered
for route recognition so that the valueso€an be updated frequentlRespite

the ECMS algoritm is much less computational demanding than dynamic
programming, still there are some issues related to its implementation. The
online route recognition and equivalency factor updating may require large
memory usage, moreover the optimal control inpuésfaund among a set of
discrete candidates similarly to DP. Therefore there is no assurance that the
optimal values are included in this group.

MPC i model predictive control

MPC wasdeveloped in chemical industry as preferred control strategy for slow
chemical processeMlodel predictive control is undoubtedly a powerful tool to
control dynamic systems characterized by several constraints on systems states,
control inputs and outputs when a desired objective function should be
minimized.Nonetheless isolves continuously a numeric optimization problem,
hence its application in automotive industry is increasing besides the
improvement of computational capability of microcontrolléns[12] it is used

to smoothen the transitiobetween electric driving mode and hybrid mode
which causes torque fluctuations and undesired longitudinal accelerations in a
parallel hybrid electric vehicle. Many other examples of applications to
automotive industry are available[itB3].

When applied to the energy management problem of a hybrid electric vehicle,
MPC can be seen as a step forward with respect to ECMS since it reduces the
global optimization problem i{2.5) to a local problem limited to a short future
time period where it uses predictions of future driving conditions to find an
optimal control action which can both satisfy all constraints amdnmee the
objective function.In contrast with ECMS and DP, control inputs are not
discretized in values but they can assume any value inside the admissible
domain (although discretizationirstroduced bythe computational capability of

the software).Applications of MPC to the energy management of a hybrid
vehicle isquite recent; among others, interesting examples of application to
series and powesplit hybrids arg14], [15], [16]. In particular[14] gives some
insight into realtime application of MPC to this type of problem by highlighting
the strong limitations that exigl5] shows the capability of MPC to deal with
multiple constraints whil¢l6] assumes that torque equilibrium at the driveline
may not be satisfied at each instant and therefore vehicle velocity tracking is

14
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introduced as additionalbgective in the cost functionThis latter approach
seems to be however not helpful since it augments the number of states and
therefore the computational time. Due to the intrinsic predictive nature of the
approach, it is claimed that the integration d®with navigation systems may
result in better fuel economy than ECMS because future driving conditions may
be predicted bett¢l6],[17].

2.4 Drivability metrics

The hybridization of conventional velés does not only represent a promising

way to improve fuel economy and reduce pollutant emissions but it has also

caused new important challenges regarding NVH (i.e. noise and vibration
harshness]3]. Some of the NVH issues apeculiar of HEV and they have to

be taken into account in the design pha
vehicle product relies striTordionagfandn vehi
bending vibrational modes of the powertrain are affected byntheduction of

electric machines and operating modes of a hybrid vehicle. Electric machines

add inertia to the system and this means that natural torsional and bending
frequencies of the powertrain shift downwards and it is necessary to assure that
theydo not couple dangerously to rigid modes of the chassis. Moreover engine

starting and stopping occur generally when the vehicle is already running
depending on the battery state of charc
implies that engine cranking and diag cannot occur in neutral position and

the resulting torque may produce undesirable vibrations and torque fluctuations

along the driveline.

Some of these problems are treated and solved at local levels by adopting for
example dampers, advanced cohtrbengine cranking torque and combustion

onset. Nevertheless some of the modifications that need to be introduced to

i mprove gener al vehicleds NVH can affect
the control actions decided by the vehicle supervisory coatrailay be later

modified in order to satisfy any drivability restrictionk particular gear

shifting quality and engine start&stop events, which are commonly referred to

as drivability metrics [18], may interfere with optimal rergy management.

Upshifting to reduce engine speed as function of vehicle speed in a parallel

hybrid electric vehicle is seen as an important measure to improve overall
energy efficiency however excessive gear
andgal ity perception of vehiclebs perfor:i
limits the number of gear shifting at the price of less efficient engine operating

point. Most of control strategies for energy management focuses solely on fuel

economy but this isuseless from a production perspective since as above
mentioned NVH restrictions are as important as fuel econdmyl8] it is

shown that when drivability metrics are already included into the optimization
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problem (2.5), fuel consumption can be reduced by 10% in comparison to a
control strategy which has been only based on fuel economy aspects and later
modified torespect some NVH restrictions.

Due to the multiple constraints that characterize the energy management of a
hybrid electric vehicle and the appealing property of being predictive by nature
and suitable for implementation with auxiliary navigation sysieWBC has

been chosen to develop a control strategy for the vehicle supervisory controller.

16



3 Architectures of hybrid electric vehicles

There is a rather large nomenclature for hybrid electric vehicles depending on
the arrangement of the components in the powertrain and the rate of
hybridization of the propulsion stem.In this chapter a short description of the
available classifications is provided then the different architectures of a hybrid
powertrain are introduced and briefly explained. In particular emphasis is put on
the comparison between series, paralletl aeriesparallel hybrid electric
vehicles with the aim to highlight advantages and disadvantages of each
configuration with respect to one anothAfterwards more insight on series
parallel hybrid electric vehicles is provided since this architectusmasyzed
deeply in this thesis work. The driving operating modes are discussed and the
technical terminology, which is useful to understand some key concepts that
appear in the next chapters, is introduced and clarifiastly the layout of the
analyzed pwersplit hybrid electric vehicleis introduced and the main
components of the powertrain are characterized.

3.1 Classification of hybrid electric vehicles

A hybrid electric vehicle is equipped with an internal combustion engine and at
least one electric ator which contributes to generate the necessary traction
power. An electric energy storage unit provides electric power to the electric
motor and works as an energy buffer the engineMost of the time a battery
accomplishes this task however supercapacitors or fuel cell can also be used in
placed of a conventional batteryloreover the battery technology can range
from lead acid to Lion batteries[1]. The pavertrain that is discussed
afterwards implements a leadid battery.With respect to a anventional
passenger vehicle, the powertrain of laybrid electric onecan be seen as
composed bya mechanical and an electpath for power flowwhich are
connectedo each other by mechanical and electric nodeglanetary gear set

or another device for mechanical power transformation is a mechanical node
while power electronics represent an electric n&lending of power between
these twqathsis crucial to acieve high efficiency and match power and torque
requests from the driver.

A number of alternative classifications are available to distinguish the different
types of hybrid electric vehicles that are currently available on the maxket.

first classificaton ranks hybrid vehicles on the basis of the characteristics of the
electric side of the powertraiidepending on the energy management of the
battery, a vehicle can be either charge sustaining or charge depfethgrge
sustaining vehicle does not weef an external source of electric energy to
restore the charge level of the battery because the engine can provide the whole
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necessary power to charge the storage unit. As a result a charge sustaining
hybrid only need of an external source of fuel to 8even.On the opposite a
charge depleting vehicle utilizes the electric energy from the battery as much as
possible and then it switches to engine driving maglsoon as the battery state

of charge is too lowin this mode it operates as a charge suwistgihybrid so the
engine power in also used to maintain the battery state of charge inside a
prescribed safety band while the battery works as energy buffer to support the
engine during drivingPlugin hybrid electric vehicle$’ are charge depleting
hybrids; they are operated in full electric mode at the beginning of the driving
mission until the battery charge level diminishes to a low threshold and then the
engine is activated to power the vehicle and keep the battery state of charge
close to the lowthreshold. Engine power is not used to replenish the battery
energy till a desired value since it is assumed that at the end of the driving
mission the vehicle can be plug in an external source of elect&aiylarly full

electric vehicles can be refed to as charge depleting vehicles but in this case
there is no alternative available operating mode.

Being charge sustaining or charge depleting vehicle depends also on the rated
characteristics of the electric components that are implementedpowetrain

with respect to the rated power of the internal combustion endihes
proportion can be referred to dsegree of hybridizatiofiL] and a hybricelectric
vehicle can be classified as e.g. micro, mild, power or eneylyid. A micro
hybrid has no electric power assist during traction; fuel consumption can be
mainly reduced by means of engine start&stop during traffic stapsild
hybrid has the lowest degree of hybridization, the traction effort is mainly due to
the engine and electric machines give a limited support during acceleration
phases. The electric rated power is in the rangeldf W with a battery rated
capacity of 33 kWh. Power hybrids are intermediate since electric machines
can provide a valuable supp®o the enginguringall driving conditions with a
rated power up to 40 kW but the battery has a low rated capae#tyk{8h)
which does not allow long dring range in full electric modé&nergy hybrids

are meant to guarantee long driving range in élgictric mode thanks to high
rated electric power (7000 kW) and high electric capacity of the battery-(15
20 kWh) [1]. This latter definition corresponds to a charge depleting vehicle
while a power or mild hybrid usually coggonds to a charge sustaining hybrid.
The most common classificationastuallythe one based on the arrangement of
the components in the powertraihs already mentioned in chapt2ra hybrid
electric vehicle is regarded to as the union of a conventiatatle witha full

2 A PHEV has an additionahterface whit allows the battery to be diic connected to the
external electric grid without using the fieglergyto charge the battery
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electric vehicle® however the assembly of the two powertrains can be
organized in a vaety of different configurations. The most common ones are:

- Series hybrids
- Parallel hybrids
- Series/parallel hybrids

3.1.1 Series hybrid electricvehicle

Whenaninternal combustiomengine is added to the powertrain of a full electric
vehicle with the target to extend the driving range of the vehicléhleuéngine

is not mechanically coupled to the driven whedlsen a serieshybrid
configurationis achievedThe goalof the engine is to run an electric generator,
which is placed downstream the crankshaft, in order to produce electric energy
that can either charge a battery or directly feed an electric ni@dosequently

the engine in a series hyth does not directly contribute to generate the traction
effort whereas it serves to extend the driving range of the vehicle by generating
the on board electric energy that is used to charge the battery as soon as the
charge level dropsThe whole tractin power is provided by the electric motor
which can also work as a generator during braking by recovering part of the
vehicle kinetic energyThe electric power flowthrough the generator, the
battery and the motor is regulated by power electronics whetdides the
direction of the flow depending on the battery state of charge and driving
conditions.The power flow is bdirectional between the battery and the driven
wheels while power can only flow from the engine to the battery, namely it is
not possiblde o repl eni sh the tank with new fue
mechanical energy-he driveline is placed downstream the electric motor and it
usually comprises a transmission, a final gear addferential to deliver the
traction torque to theriven wheelsThe next figure illustrates a scheme of a
typical series hybrid powertrain; the engine and the generator are marked with
red color in order to highlight the different layout of the powertrain in a series
hybrid with respect to a full electrivehicle.

Battery
Fuel - .
tank —>—>O<—>[ Motor ]4-»[ Transm|55|on]<—>

Axle

Figure 3.1: Layout of the powertrain of a series HEV

®!Thetermiconvent i oisased her hoi indicateda ground vehicle which has an
internal combustion engé as unique power unit.
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A series hybrid vehicle itherefore a charge sustaining vehicle and it has the
main advantage that the engine operating point is completely decoupled with
respect to the velocity of the vehicle. The engine is only used to run a generator
consequently the only input command is repreged by the power that has to be
produced to recharge the battery. As a result the engine operating point can
always fall on the engine optimal operating curve thus high efficiency is always
achievedMoreover the engine is small in size and dngut d the powertrain

is rather simpleNonetheless the electric motor has to be designed for the
maximum power request and the battery should have high capacity otherwise
the charge would drop quickly and the engine should be used reg@arigs
hybrids pe&form well in urban drive cycles characterized by frequent start and
stop eventswhereaghe double energy conversifmom chemical to electric and

then fromelectric to mechanical frorthe fuel tank downto the driven wheels
produces lower overall effiency than conventional engine powered vehicles on
highway routeslt is therefore not surprising thahis architecture has been
designedor busse®f public transportation.

3.1.2 Parallel hybrid electric vehicle

Two power transmission paths are usedetver the necessary traction power

to the driven axle. One path comprises the fuel tank and the internal combustion
engine while the second path is the electric one which includes the battery and
the motor which can be operated as generator during nedgerebraking.A
planetary geaset usudy blends the power between the two paths and thus
different operating modes are availabyEnging from full electric mode to
parallel driving where engine and motor power the same axle to provide
traction A belt or a chain combined with a fixed gear ratio can also be used.
With respect to a series hybrid the main advantage is represented by the smaller
size that both engine and motor have since the overall power request is split
between these two machines. Moreotieere is no need to install a generator in
the powertrain since the motor can work as generator to charge the battery by
using the surplus of power produced by the eng(@e. the opposite the
complexity of the powertrain is higher and the energy managerequires a
refined control strategy. Moreovex fixed step mechanical transmission is
installed since the engine is directly connected to the driven wheels; as a
consequencthe overall efficiency of the driveline is likely to be lower than for

a seris hybrid since the engine operating point cannot be set independently on
the vehicle speed. A continuously variable transmission can however overcome
this issue. The next figure illustrates a simplified scheme of a parallel
architecture.
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tank [ 9 l
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Figure 3.2: Layout of the powertrain of a parallel HEV

Power flow is bidirectional in the electric path while energy recowvsry
impossible through the engin&hanks to the synergy of engine and electric
motor the driving range of parallel hybrids is longer than series hybrids.
Research around parallel hybrids is intensive since they represent a good
balance between drivingange, reduction of pollutant emissionfuel
consumptiorand driving performanceseveral modifications to the basic layout
are available, for example transmission can be based on manual, automatic or
CVT. The rotor of the motor can be coupled to the elhaft upstream or
downstream the transmissiddrivability issues like engine start&stop and gear
shift quality has to be taken into account when an energy management control
strategy is defined otherwise it can lead poor on board comfort due to
excess/e gear shifting oengine start&stop events.

3.1.3 Series/parallel hybrid electric vehicles

This configuration is regarded to as the most promising one since it collects the
advantages of series (the engine operating point is independent on the vehicle
speel) and parallel hybrids (synergy between engine and electric motor), giving
high flexibility of power management for better fuel economijhese
improvements are at the cost of higher complexity in the design and control of
the powertrain and alsof higher cost of the vehicle for customerSeries
parallel hybrids use extensively the engine in combinatuith the electric
machines but at the same time the engine operating point is decoupled from
vehicle speed; thisnables to achievieigh efficiency for dl operating modes.

As for series hybrids an electric generator is added to the powertrain; it works as
starter for the engine aras source of electric enertfy charge the battery when

it is commanded by the vehicle supervisory controller. It can alsposuthe
engine and the electric motor to provide traction power for a limited time when
power request is very highSeriesparallel hybrid electric vehicles are
distinguished between powsplit and X2. The next two figures report two
simplified schemesf thelayout of thepowertrain in these two cases.
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Figure 3.3: Components of a powel Figure 3.4: Components of a 2x:
split hybrid electric vehicle series/parallel HEV

The key component of the powsplit architecture is the planetary gear set
which connects with one another the engine, the generator and the electric
motor. The powersplit drive guarantees high flexibility in the design because it
can successfully disengage the engine from the driven wheels and at the same
time it divides the engine power teen the driven wheels and tgenerator.

The powertrain has two degrees of freeddhi since engine power areghgine

speed can be chosen almost independently on the vehicle operating point. The
battery works as a buffer of energlyabsorls the power produceih excess by

the engine when power request is load whilecieags power to suppa the
engine duringraction.At the same time the rotary velocity of the crankshaft can

be adjusted independently on the vehicle speeskhiing properly the operating

point of the generator and using the powsetit drive as an electronic
continuous variable transmissioA. powersplit hybrid collects all operating
modes of series and parallel hybrids, namely the vehicle can run in full electric
mode, series, parallel, powsplit mode and regenerative bragirs exploited
during brakingsPowersplit architecture is used passenger vehicles having a
front driven axle; on the opposite the 2s@ries/parallearchitecture is applied

to sporty vehicles.

This latter configuration can be operated with the same operating modes of a
powersplit hybrid however both front and reaxle are drivenThe internal
combustion engine and the electric generator are mechanically coupled to the
front axle and similarly to the powsplit case the engine power is used to both
power the front axle and charge the battery through the generamelectric
motor provides extra traction torque to the rear axle to support the engine during
acceleration phases and fluctuations in power request furthermore it can charge
the battery using part of the vehicle kinetic energy during braktuyver
blending between front and rear axle is easier than a psplerybrid since it

is electronically controlled and it does not require additional mechanical
componentsThe transaxle of a powaplit hybrid which includes the engine,
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the generator, the plateey gear set and the electric motes a compact
assembly whereas packaging is more complicated in a 2x2 architecture.

3.1.4 Plug-In hybrid electric vehicles

A further interesting development which raises the interest in hybrid propulsion
systems is the podlity to plug in the vehicle to an external source of electric
energy. Even better fuel economy and lower pollutant emissions can be
achieved because the vehicle can run in full electric mode for longer mileage by
exploiting the electric energy of the tbexy according to a charge depleting
mode.Less power from the engine has to be used to charge the battery during
driving because it is assumed that once the vehicle reaches its final destination,
the battery will be charged by an external soufde sane architectures used

for charge sustaining hybrid electric vehicles are exploited with the addition of
an external interface to enable connection to a power Nathetheless the
complexity of the powertrain increases due to additional components and in
order to achieve consistent improvement in fuel economy and emissions it is
necessary to provide updated information to the vehicle supervisory controller
by means of navigation systems like GPS and traffic information.

3.2 Driving modes of a powersplit hybrid electric vehicle

As mentioned abova powersplit hybrid electric vehicleffersseveral different
operating modes which are describbdre below The electromechanical
powertrain of a powesplit hybrid electric vehiclés simply representeth the
nextfigure.

- .POWER CONTROL UNIT
(Inverter, voltage-boosting
converter)

POWER ™~ "ELECTRIC MOTOR

SPLIT DEVICE

REDUCTION
GEAR

Figure 3.5: 3D view of the powertrain of a powsplit HEV [19]

The following driving modes can be identified in a powplit hybrid electric
vehicle[20].
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Electric mode

When power request is limited and vehicle speed is low the whole traction
power is produced by the electric motor provided that the battery has sufficient
energy.

In this mode the engine does not interweand the carrier of the planetary gear
set is locked. If a brake is not applied to the sun gear the rotor of the generator
rotates freely but the machine does not produce pdvkerelectric motor draws
power from the battery therefore the duratiortro$ operating mode depends a

lot on the battery state of charge level and on the rated capacity of the battery.
Electric driving mode is eloited for reverse motion todlhe next figure
represents the power flow within the powertrain during this driviregle. The

letter A stands for®ldriving mode.

BATTERY

POWER
CONTROL
UNIT

ELECTRIC
MOTOR

Figure 3.6: Power flow in electric mod§l9]

Hybrid mode

In this driving mode the engine, the generator and the motor tegekher in

order to achieve the highest engine efficiency according to the driving
conditions.The engine powels split between a mechanical path that through
the ring gear delivers power to the driven axle and an electric path that through
the generatodelivers power either to the battery or to the mofonumber of
alternative solutions exist for the power flow among the three machines and the
battery; the vehicle supervisory controller uses the generator torque to set the
engine operating point andeind the engine power between the two palhs

fact the generator torque is used to control the crankshaft angular velocity which
ultimately defines the engine power split ratio between the mechanical and the
electric path. The higher the engine speedntioee power is delivered to the
battery, similarly it is possible to increase engine efficiency by reducing engine
speed and let the generator operate as a midterhybrid mode occurs during
acceleration, cruising phases but also when the vehicle dirsgastill and the
battery needs to be chargethe hybrid moddas an example of the intrinsic
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flexibility of a powersplit hybrid electric vehicleand tvo main behaviors can
be recognized: positive and negative split mode.

a) Positive split mode

Thisis the standard driving mode which applies to most of driving conditions.

In positive split mode the crankshaft rotates quicker than the driven wheels (if
they are referred to the sarsleaf) and the resulting generator angular velocity

is opposite to thgenerator torqué’, as a result this machineleases electric
power to the power electronicghe final usage of the engine power flowing
through the generator depends on the driving conditions. During acceleration
phases, the motor supports the endimeprovide the total required traction
torque; as a result the engine does not produce the total required torque and the
power which flows in the electric path is used to feed the mbBaring hard
accelerations the battery can provide additional powdhd@amotor which can
therefore support more the engir@n the other hand when the vehicle is
cruising the power produced by the generator is used to charge the Bdttery.
split of electric power is decided by power electronics depending on acceleration
effort and battery state of charge.

b) Negative split mode

In this mode the angular velocity of the generator has the same sign of the
generator torque meaning that this electric machkwoeks as a motor.This
situation can occur either during engine starting when the generator works as
engine starter or during high speed cruise. In this latter case the generator
velocity becomes negative and creates an overdrive ratio which allows the
vehicle to maintain igh speedwhile the crankshaftan still rotate slowly.In

this configuration the power produced by the engine flows to the driven wheels
via the ring gear while the generator is fed by the battery which also provides
power to the motorThe next two figuesrepresent respectively the positive split
mode for normal driving when extra power from the battery is not needed to
feed the motor and the positive split mode when it is used to charge the battery.

* The behaviour of the power split drive is described afterwards.

25



Chapter 3
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Figure 3.7: Positive split mode. C ani Figure 3.8: Positive split mode. the
B mark two paths for engine power engine power is used to charge f
the wheelg19]. battery[19].

Parallel mode

The sun gearan belocked by means of a brake and thus the rotor of the
generator cannot rotatén this situation the whole engine power is delivered to
the driven axle which represents a more efficap#rating condition rather than
delivering power to the wheels via the generator and the mbha.operating
mode is mostly applied when the vehicle is being driven at rather high constant
velocity; a null generator angular velocity helps to keep thakshaft angular
velocity low and therefore to make the engine operate in a region of high
efficiency. The motor can support the engine either with a positive torque to
cope withan increaseén power request by drawing energy from the battery or
with a ne@tive torque to absorb the extra torque produced by the engine. Again
the battery provides an additional degree of freedom to achieve higher fuel
economy than a conventional vehiclehe power flow is equal to the case of
positive split mode except for tHact that the entire engine power flows to the
driven axle.

Regenerative braking

During braking, part of vehicle kinetic energy can be recovered at the axle
powered bythe electric motoby using this machine as generator. For a pewer
split architecture the motor powers the front axle and during regenerative
braking the engine rotates freely meaning that no power flows ipldmetary

gear setThe motor can therefore absgsbwer and dever it to the battery to
replenish the state of charge.
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Figure 39 Regener ati ve braking. Part o
in the high voltage batteifL9].

Engine braking

During long braking on strongly inclined road or when the battery is
overcharged and regenerative braking cannot be carried out, engine braking is
accomplished. In this mode the motor does not apply any load to the axle and
rotates freelywhile the engine is idling and absorbs power. Again the engine
speed is controlled according to the vehicle speed in order to set the amount of
power that should be absorbe@onventional service braking system can
intervene during both regenerative brakiand engine braking to add an
additional braking torque.

3.3 Main components of theanalyzedHEV

A powersplit hybrid electric vehicle has been analyzed deeply through a high
fidelity model implemented if\mesint’. The Amesin® model represents the
architectwe of a front wheel drive powseplit powertrainwhose architecture
resembleshe onerepresented ifrigure 3.5 even if the model includes a silent
chain inbetween the front axle and the ring ge@onsequently the final
transmissionntroduces a fixed gear ratiovhich isobtained as the series okth
silent chain and the set géar wheels, but alsoatdds elasticity and damping to

the driveline.The engine, the power split drive, the electric machines and the
battery are the most important components in the powertrain for this reason their
propertes are introduced now, while the vehicle assembly is treated afterwards.

3.3.1 Power-split drive

The next figurellustrate a planar viewf thetransaxle of a common powsplit
hybrid electricvehicleswhich comprise the three power units and the planetary
gear set or powesplit drive.
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Figure 3.10: Planar view of the transaxle. The engine is connected t
carrier, the generator to the sun while the ring gear and the motor ¢
the traction torque tpropel the vehicl§l9].

The rotor of the electric generator is coaxial to the engine output shaft and both
machines are installed on the same side with respect to the planetary gear set.
The engine output shaft is the inndérat and it passes through the planetary
gear to match the carrier on the other side. The rotor of the generator represents
the sun gear while the ring gear is directly connected to the rotor of the electric
motor and both have a fixed connection to thgeir wheels. The power split

drive is regarded to as an electric continuous variable transmission because
thanks to the particular design of the planetary gear set it is possible to decouple
the engne speed from the vehicle speddorder to model the bavior of the
planetary gear sea quasistatic approach is used where the inertia of the gears
and the internal losses are neglected and thus they do not appear in the torque
equilibrium equationAccording to this approach three torques and three angula
velocities are needed to describe the behavior of the comp@i¢nthe layout
represented in figFigure 3.10 corresponds to a planetary gear set of type |
whosesimplified modelis represented in the next figure.

[y
N

. ﬁ .
1

Figure 3.11. Smplified modelof a planetary gear set type |
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The following kinematic relationship holds for the three angular velocities.

1 (3.1)
T ]

)
)

The sun gear, the carrier and the ring gear are parallel and coaxial therefore the
following torque equilibrium holds:

YOUY Y m (3.2

Assuming no power lossiside the planetary gear set, the inlet power flow has
to be balanced by the outlet power flow as follows:

(R | T (33)

By rearranging the set of equatiqi3sl), (3.2), (3.3) it is possible to express the
angular velocity of the carrier and the outlet torque at the ring gear and at the
carrier as function of the angular velocity of the ring gear, sun gear and the inlet
torque at the sun gear.

® A
1 ) (I)1 ) cJ[)1
\ % —Y (3.4)
®
\ Y =Y
&)

The angular velocity of the carrier corresponds to the angular velocity of the
crankshaft while the angular velocity of the ringetated to the vehicle speed
through a fixed gear ratio, therefore the angular velocity of the generator can be
used to decouple these two former variables and thus it enables to achieve
higher efficiency of the engindn practice the engine is speed coited
meaning that the generator torque is used to set the desired angular velocity of
the crankshaftThe planetary gear set that is modeled here has the following
characteristics:

T o xuw
T ® co
T @& om
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3.3.2 Internal combustion engine

The vehicle is eqpped with a 1.2 liters gasoline atmospheric engine.

This gasoline engine produces a maximum torque of 174 Nm at 4500 rpm and
delivers a maximum output power 89.21 kWat 5000rpm. The characteristic
curves of engine torque are defined by means of taslegell as the fuel mass
flow rate; the next two figures report respectively a contour plot of the fuel mass
flow rate as function of the engine operating point and the engine characteristic
curves. The engine Optimal Operating Line is defined as thef sgevating
points which release a given power with the lowest fuel mass flow rate; this
curve is also represented in the next figures by means of a green piecewise
linear envelope.
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The torque that theengine can produce at a given angular velocity of the
crankshatft is controlled by the admission rate or engine Madative torques
are controlled by values of the engine load betwee® and 1t where

T corresponds to the minimum curve. A load eqt@al 1 defines the
maximum achievable engine torque while all other torque values are obtained as
linear interpolation between these two curves for a specific value of the engine
speedNegative engine torques represent friction and pumping losses inside the
combustion chamber. The engine output torque is calculated from a value read
in a table which is modified by a first order dynamics in order to take into
account the delay in engine respon$ee value from the table is read as
function of engine admissnorate and input engine speed; this value is modified
in order to take into account possible variation of air density in comparison to
the default value and the time lag due to the combustion prdessequently
the engine torque delivered at the cramifsis obtained as a result of these two
subsequent steps:
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Y Y Yoo; Y ;
T Y Y Y
Y Y —
where” isp& TM@QTH while T is equal tardrt p

Similarly the fuel mass flow rate and the pollutant emission rates are read from
correspondent tables as function of the engine operating point.

These output values are modifiedcarding to the engine wall temperature in
case a thermal management analysis is carriedrotiiis thesis work the engine

wall temperature and the cooling fluid temperature are kept constant throughout
the simulations consequently these changes areputed; similarly the air
density is set equal to its default value so it does not introduce any additional
changes.

3.3.3 Electric machines

The generator and the electric motor are represented by the same type of electric
machine; this designing solutidrolds for many seriegarallel hybrid vehicles

on the market since it reduces the production cdste. functionalities of the
machine is described by means of tables and equations; in particular a table
contains the maximum torque values as function efrtitor angular velocity

and the input voltage while the power losses are expressed as function of the
operating point (torque and speed) of the machiime following two figures
illustrate the characteristic curve of the electric machines and the posgead
function of the operating point.
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maximum torque of the electric machines
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Figure  3.14: Output torque as Figure 3.15. Power lossessafunction
function of input voltage and roto of output torque, rotor angulé
angular velocity. velocity [19].

The characteristic curve of the electric machines is expressed as function of
input voltage and angular velocity of the rotor. The torque value obtained from
the tableis applied to the powertrain according to a first order dynamics which
is meant to model the time delay that is always present in a real machine. This
first order dynamics and the table substitute the power electronics that control a
real electric machinbut which are not included in this model.

The output shaft torque is calculated as follows:

T 7Y Y Y

wheret is equal to 0.001s

The electric machines are connected to the battery via electric coikettite
electric load for the battery while this latter defines the input voltage to the
machine. The rotary inertia of the rotor is simply modeled through a 1D disc
which is placed downstream the electric machine.

3.3.4 High voltage battery

A hybrid electric vehicle is equipped with two batteries. The high voltage
battery is involved in the power management of the vekbiée a 12V battery
feeds few auxiliary components. Regarding the energy management only the
high voltage battery is imptant and in the following this component is named
simply as batteryThe battery is modeled @n assembly oéquivalent electric
circuits [21] where each circuit represents a single cell of the battery. The
internal properties of internal resistance and open circuit votibfjee battery

are determined by the arrangement of the cell bavtksh can be placed in
parallel andin series together with additional data which describe these
variables as functionsf the battery internal fluid temperature and the battery
state of chargeThe next figures illustratenaexample of banks arrangement
with 4 banks in series, 7 banks in parallel and 3 cells per battery bank; moreover
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the equivalent electric circuit thag used to model a cell of the battery is shown
too.

Shank
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Figure 3.16. Arrangement of battery banks. Equivalent electircuit of a
single battery cell19].

Each cell isnodeled as an equivalent electric circuit with an internal resistance
and a voltage source represented by the open circuit voltage.
The equation of the circuit can be written as follows:

w w Y O (3.5

The values ofY andw are read from correspondent tables as function of
battery state of charge and battery internal temperature. Throughout the analysis
none temperature change has been considered hence the temperature has been
kept constant to 80°CThe next two figuregepresent the values of the two
parameters as function of temperature and depth of discharge which is defined

sz A o oo o

cell open circuit voltage

x10*

100 s0
DoS [%] Trcl
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Figure 3.17: Internal resistance of Figure 3.18: Open circuit voltagef a
cell as function of statef discharge cell as function of state of dischar
and temperature. and temperature.

Under the assumption that the cells behave in the same way, it is pogsible t
obtain the battery output quantities from the electric behavior of a single cell and
the banks arrangememis a result the battery total current, the battery output
voltage and the battery total resistance are calculated as follows:
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0w w Y (3.6)

The battery open circuit voltage is defined through the following equation:
® o Y'Y (3.7)

The battery total current is negative when the battery discharges as a
consequence the time derivative of the battery charge is defined as follows:

QN

>y 3.8
a5 6) (3.8)

By comparing this time derivative with the battery rated capacity it is possible to
define the time derivative of the battery state of charge as a function of the
battery load:

QYO oQnp
Q6 Q@

(3.9)

3.3.5 The vehicle assembly
The vehicle assembly comprises the wheels, the suspension system and the
carbody.The torque delivered by the driveline is applied to the driving wheels
which are characterized by a rotary inertia whiletgine properties arenodeled
by means of Pacejka 8Fhe wheel normal load is a function of the carbody
pitch motion and it is usedside the Pacejka moddlhe wheels are connected
to the carbody via the suspension assembly which comprises for each axle an
unspung mass, tyre and suspension stiffness, viscous damipersarbody is
subjected to the aerodynamic drag and to the reattimues and forces from
the engine block, suspension systefhe engine block is connected to the
chassis by means of three bushings thus the model computes the transmissibility
of forces and oscillations between the engine and the carfdady.overall
dynamics in the vehicle symmetry plane is solved by using the Euler equations,
while the vehicle lateral dynamics is not analyzed in this model.
The nominal values of the most important parameters which characterize the
vehicleare provided in the following list:

O a p ¢ JiatQ

34



Architectures of hybrid electric vehicles

O OO O 0O OO0 OO0 oo oo © (@

a a T TQQ
a a a p 0 PQatQ
0 cQ®

i T8, W Xax

Q T g Op

Q & oy

Q Q 2Q o8O TT U
0 81 pPQ'Q

L T QR

" P& Q'@

0 TSy

Y cd

"Q mdtqu

0 ph-y ehY 1m

35



Chapter 3

36



4 The MPC-based control strategy

In this chapteiit is described howpredictive controlcan beused to develop a
control strategy which managéhe power spl of a hybrid electric vehicle in
order to achievehe desiredobjectives Model predictive control relies on a
mathematical formulation of theydem thus the chapter illustrates thbysical
and mathematical modeling thatshiaeen appliedo set up the optimization
problem in order to calculate the optimal control strategy.

4.1 Background

In chapter2 it is underlined how the energy management of a hybrid electric
vehicle can be formulated as a constrained optimization problem whose solution
is generallycomputedby means of numeric algorithmBifferent approaches
have been tested so far to get a suitable optimal control action and Model
Predictive Control (MPC) is included in this lidtlodel Predictive Control
belongs to the family of model based optimal control theory where a numeric
optimization prokdm is solved to compute the control action which can drive a
dynamic system to a desired set point while achieving the best performance
defined by a proper index. In fact a system usually has to be driven to a desired
set point starting from an initial ciguration. The trajectory that the system can
follow from this initial state to the final desired one is usually constrained by a
number of state constraints; however even in this situation there is normally a
bunch of alternative control actions whiclndaad the system to the final state.
Each control action makes the system follow a different trajectory once it is
applied. Besides the desired final set point additional requests are usually
specified on some performance that the system should achieke mdving

along a trajectory; therefore the control action which can achieve the best
performance indices is the optimal one and it is the only one which should be
applied to the systenModel Predictive Control computes this optimal control
strategy by ombining predictions of future system response to an optimization
problem. A simple example is described below to clarify the operating principle
of MPC.
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W @

Figure 4.1: (a). (left) A system may move from Xo tonXfollowing three
possible different trajectories. (b) (middle) the constraints are dynamic and the
optimal trajectory needs to Wecomputed. (c) (right) MPC updates the optimal
control action at each sampling time.

Figure 4.1(a) represents the initial state and the desired set poidit that the
system is supposed to achieve, while the blue circles reprédsergtate
constraints.MPC knows the initial and the desired final states moredver
includes models ofthe dynamics of the systenand of the shape ofthe
constraints.Using these models MPC can formulate three suitable control
actions andby usingthe model of the system dynamigscan predict the
correspondent trajectories that the system would follow once these control
sequences were applied to thstem. The three trajectories are represented in
Figure 4.1(a) with blue, purple and red colours. In this example it is supposed
that the control acins are defined in order to bring the system to the final state
however inthe classical MPC formulatiotine prediction can be limited to few
future steps and thus the control action is meant to bring the system to an
intermediate future state.

Supposethe performance index were the minimization of the total travel
distance, then the trajectory represented in blue would minimize this objective
while satisfying all constraints, thus the correspondent control action would be
the optimal one. This optimabatrol actiono” is calculated as the solution of a
constrained mathematical optimization problem where the objective furiotion
be minimizedcorresponds to the total travel distance framto @ . Figure
4.1(b) shows that the state constraiate dynamic hence the&phange while the
system evolves frord to & under the inpud®. Thereforef the control action
were not changed the systemould violate one or more constrairdafong its
trajectory. This is not an issue for MPC since it samples the new operating
conditions of the systemat @ and updates the model of the constraints, thus it
can compute a new optimal control action to dtlve system fromio to @ by
solving a new optimization problen®nce the system gets to the whole
optimization problem is repeat@hce more in ordeto calculate a new optimal
control action to drive the system froé to & . This procedure isepeated
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even if the constraintdo not alter their shapeand thus the optimal control
action defined at the previous step would still match the requgstsequently
MPC calculates by nature a feed forward control action which would bring the
system fromthe given state to the final desired one however only the first
element of the computed control sequence is applied to the system and then the
optimization problem is repeated at the next sampling time using as inputs the
new operating conditions and maoyi the prediction horizon one step forward.
This approach is calledeceding horizorand it brings to a feedback control
action.
This simple example highlights the core points of MPC:
~ Reference model of the system: a model of system dynasicsedto
predict its response under the effect of a control action and known
external disturbances.
~ Model of the constraints: it evaluates the prediction of system response
against the constraints in order to understand if a control action would
bring the system tan unfeasible operating condition.
~ Objectives: typically a desired final state should be achieved, in parallel
some performance indices should be either maximize or minimize, for
example travel time or distance.
~ Optimization: a constrained optimizationoptem is solved in order to
calculate the optimal control action which can successfully drive the
system to the desired state while satisfying all constraints and achieving
the best performance according to the objectives.

Y '
/v\

From the example above it is clear that the optimization problem should be
solved numerically through a sequence of iterations which tries to diminish the
cost function until its global optimum. However an optimization problem has
generally many local mima and during the course of the optimization routine
the algorithm may stuck in a local minimum without getting to the global
optimum of the cost function. A convex optimization problem does not suffer
from this drawback since convexity of the cost functassures that just one
point of minimum exists thus the algorithm would reach this point provided that
it converges successfully. A Quadratic Programming problem withereost
function is a quadratic function of the control variables while the constrarat
linear functions of the control variablas desirable for MPC application since it

Model Constraints

Objectives Optimizatio
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guarantees convexity of the optimization problem provided thatctewditions

are satisfied by the cost function and the constraifftereexista number of
efficient algorithms that have been developed to solve specifically quadratic
programming problems hence the optimal solution can usually be computed
quickly. Therefore the aim is to set upe optimization problemas a QP
problem and the four core points shouldhave a proper mathematical
formulation The remaining part of the chapter describes the mathematical
procedures that are necessary to compute a suitabledd&%gl control strategy

for the energy management of mowersplit hybrid electric vehicle, the
conditions which guarantee the convexity are highlighted.

4.2 Formulation of the MPC strategy

4.2.1 The reference simplified model

The reference model should be simple to reduce the computational effort of the
optimization problem but at the same time it showddréliable to guarantee a
correct prediction of future responses of the system to input control commands
and know external disturbancdn. order to develop a state space form which
enables the definition of a model based optimal control strategy a forward
approach has been applied besides a easc modeling of most of the
powertrain component®1]. Forward appvach has been used to modeé
longitudinal motion of the vehicle. According to this approach the actual vehicle
speed is compared to the desired vehicle speed and the error is used by a PID
controller to generate proper control cormus. The PID controller models the
driver and the output commands are sent to the components of the powertrain in
order to generate ¢hnecessary tractive or braking torque to track the reference
velocity profile. The driveline output torque is applied to the vehicle and the
output of the simulation is the vehicle speed obtained from integration of the
vehicle longitudinal dynamicsOn the contrary a backward approaaiould
assignthe reference velocity profile as input and the equation of the vehicle
longitudinal motion is used to calculate the correspondent torques produced by
the engine and the electric machines, hence the outcontles simulation are

the fuel consumption and the battery state of charge.

The forward approach is more realistic and is preferable when a control strategy
is designed since it permits to evaluate the stability of the strategy because the
commands producdaly the driver are not known a priori. Moreover a backward
approach assumes that the powertrain can always match instant by instant the
desired velocity profile which is not generally true when the torque request
exceeds the powertrain limit€€onsequentlythe simple reference model is
obtained under the assumption that the driver provides as input the desired
torque request in order to track the reference velocity profile while the control
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strategy provides the control commands to the prime movers to thatabrque

and power request from the driver. Both the driver and the control strategy are
outside the reference model even if the MB&Sed control strategy uses this
latter model to predict the response of the powertrain to a specific control action.
The behavior of the components of the powertrain has been modeled either as
quaststatic or as dynamic. In a dynamic approach the behavior of a component
is modeled through a differential equation or a set of differential equations; this
enables to captureigh frequency dynamics of the compone®n the other

hand a quasstatic approach neglects any dynamics associated to the behavior of
a component and the modeling explaitdy equilibrium equations.

Eventually thefollowing assumptions have been considearederive the model

A the dynamics associated to the rotary motion of the rotor of the generator

and the rotor of the motor are much faster compared to the first rotary
dynamics of the crankshaft and the respafsine vehicle regarding its
longitudinal motion. As a result the rotary inertia of the generator and the
motor have been neglected.

A the engine block is assumed to be rigidly connected to the carbody
meaning that the bushings are neglected and the irdrtiae engine
block is included in the inertia of the carbody. On the other hand the
flywheel is modeled through a rotary inertia.
the transmission (planetary gear set, final gear ratio and front
differential) is assumed to have unitary efficiency.
the rdary inertia of all components in the transmission is neglected.
temperature effects are neglected
the battery is modeled by means of an equivalent electric circuit
damping, flexibility along the transmission and in the suspension
assembly are neglected
no tyre model is introduced. It is assumed that both the traction torque
delivered by the driveline and the braking torque can always be
immediately and completely discharged to the ground
wind velocity and road slope are not considered since their vadnest
be known by the MPC controller at this stage
A the rotary inertia of the four wheels is replaced by an equivalent linear

inertia which augments the overall vehicle mass in the differential

equation which describes the longitudinal motion of the vehicle

A the vehicle dynamics is solely described regarding the longitudinal
motion of the vehicle, thus neither bounce nor pitch nor yaw motion is
treated by this simplified model. As a consequence the effect of mass
transfer on vehicle dynamics is neglected.

A similarly to the previous point the actual braking force distribution
between the front and the rear axle is neglected and the total braking
torque is assumed to be applied at the driven axle.

> D> D

>\
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A the total braking torque is split between the torque providedhby t
service braking system and the torque obtained through regenerative
braking at the front axle by using the motor as electric generator.

A the four wheels are merged together into a single wheel which combine
the overall rotary inertia.

A the longitudinal ginamics of the vehicle is described as the motion of a
point mass subjected to resistive forces given by rolling resistance,
braking torque and air resistance together with a traction effort produced
by the powertrain

A the only available information on difg conditions are represented by
the driverods t or qwudualiorgitudinals/elocity atd t
thesampling time.

For the energy management problem the dynamics of the battery state of charge
is generally the only state variable thataken into account, however the MPC
strategy has been developed in order to address simple issues relatédaodon
comfort therefore the angular velocity of the crankshaft has been used as second
state of the systenThis choice comes mainly frofd8] and from preliminary
observations done besides some simulations carried out with the original rule
based strategy. In these simulations it appears that every time the engine is
activated or stopped the carbody experiences lasgidlations of longitudinal,
vertical and pitch accelerations due togaick variation of generator torque
which has the task to adjust the angular velocity of the crankshadtder to
overcome this issue the rotary inertia of the crankshaft is inteadta define

the engine torque and the generator torque as control inputs and thus smooth the
action of this latter variablelf the dynamics of the crankshaft were not
considered, then the engine and the generator torques would be simply related
by an eqilibrium equation and it would not be possible to achieve a smooth
engine starting and stopping inside the control strategy itSetfsidering these
assumptions, the powertrain can be modeled using two separate models for the
mechanical and the electricaide. These two sides can communicate through
the battery power.
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Electric side

The pure electric side of the system is represented by the battery. The simplest
battery model is an equivalent electric circuit characterized by a total internal
resistance and an overall open circuit voltage. The scheme of this circuit is
reported in the next figure.

co<’ ®

Figure 4.2: Equivalent electricircuit which models the battery
Applying the Kirchhoffds circuit |l aw,
following relation:

O o o (4.1)

In a battery power is lost due to electric arteémical processes; it is assumed
that the equivalent internal resistance collects all these losses. Multiplying the
latter equation on both sides by the battery output voltage and rearranging the
terms, produces:

O ww 'Y 0 T (4.2)
W -
o 2 P v (4.3)
¢ C
The only feasible solution is the one wi

does not flow in theircuit the output voltage equates the open circuit voltage.
By replacing this latter equation into the definition of the battery output current
and by transforming the denominator using the rationalization formula, it
results:

o U qu
O F]
w W w 1L Y
AW 0 Y
R ® 10 Y (4.4)
w ®w 10 Y
cY
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The time derivative of # battery state of charge is defined as the ratio of the
battery output current over the battery rated capacity, where positive current
indicates that the battery is discharging power:

Q'Y‘uo ?O w (f) 'TU Y (4.5)
Qo 0 cL Y

As a result the time derivative of the battery state of charge depends on the
electric load acting on the battery, this load is defined by the battery power
which corresponds to treummation of the power associated to the generator,
motor and power losses inside these machines as follows.
0 0 0 0 0 (4.6)
Y "M "Q'Yh "Q"Yh

Power losses are always positive while electric power associated to the
operating points of the machines can assume both positive and negative values
as a consequence the electric machines can either draw of provide power to the
battery.Since the electtimachines contribute to produce the tractive force they
are included in the mechanical side of the powertrain and thus the battery power
is the variable which connects the two sides of the powertrain.
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Mechanical side

The mechanical part of the powertracan be represented according to the
scheme reported here below.

T, T. &

1
N
! L.,
@% %T%
Y 1

Figure 4.3: Simplified scheme of the mechanical side of the powertrain

According to the sign convention both engine and geneeatdrmotor act as
prime moverslt is stressed here that the braking tordeonly represents the
braking torque provided by the service braking system and it does not take into
account the brakig torque obtained from regenerative braki@gnsidering the
mechanical connections represented Figure 4.3, the dynamics of the
crankshaft, the generator rotordathe ring geaaredescribed as follows.

[ 0 Y Y

Y O'Y T
Y Y Y
"

< 1 1 (4.7)
1 1
1 1

\ 7 Q
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Subsequently by neglecting anytary inertia andriction lossinside the power
split drive by combining the governingquationg3.4) with equationg4.7) the
following relations are determined.

[

A &)
] 5 p 1 (I)T

5
< Yo=Y 4.8
= (48)

Applying the longitudinal force equilibrium at the driven wheels, the governing
differential equation of the vehicle longitudinal motion can be written as
follows:

666 T Q (4.9)

An important assumption is introduced at this point regarding the torque
equilibrium along the drivelineThe driveline is assumed to be able to satisfy
the torque required by the driver meanitigat the torque delivered by the
driveline equates the torque required by the drives.a result the torque
required by the driver is treated as an external disturbance which is known at the
sampling time and thus the vehicle velocity can be integrated) esjuation

(4.9) once the driveline output torque and the braking torque are replaced by the
torque required by the driver as follows.

Y Y Y (4.10)
The driverés desired torque and the vehicl
known external disturbances applied to the system and they can be introduced in

equations(4.8) as known variables so that the generator angular velocity, the
motor angular velocity and the motor torque can be expressed as follows:
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W ®w Q o
1 R p 1 o
< 2,
] —0 (4.12)
w Y % "de
\ N Q &

If the battery state of charge and the crankshaft angular velocity represent the
states of the system, the engine torque, the generator tomdube total braking
torque provided by the service braking system represent the control inputs then
the following nonlinear state space form can be defined:

1Py o o W w TU Y e~ N
. YD O - - Q odvhd
I’p cL Y
’r
’r ”
I’P !IY (.k) (.k) liY
> (0V) o
i 1 , Q v
’y 0
. (4.12
LY YO B
1P P - 1y
'Y l;l’ ’ l;l’
’p 1 .
I’p ®w .Y . "Quavh
p s ¥
'y ' Up
w w1 o
where:
. YL O o . Y
W | o) Y U o
v

The nonlinear state space form (#h12) provides the description othe time
derivatives of the statess function of system statédsemselvescontrol inputs
and external measured disturbandesvever up to this point some variables are
related tosdfof by means of lookip tables
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For example the fuel mass flow rdte in the output equations is described by a
Multi 1D table as function of engine speed andjte, similarly the power loss
inside an electric machiness described by a lockp table as function of the
operating point of the machine as described in Chapt@l In order to
overcome liis issue each loelp tablehas beemeplaced by a regression model
because the control strategy can handle a continuous mathematical function
better than a lockip table.Four regression surfaces have been obtained to
describe respectively fuehassflow rate, power losses in the electric machines,
battery open circuit voltage and internal resistance of a singleTdwl.post
processing of the experimental data and the mathematical procedure that has
been followed to compute the regression models igtegpbdelow.

Fuel mass flow rate
The available data have been modified due to the fact that:
- 11 curves are provided where each curve reports therfas$ flow
rateas function ofa set ofvalues of engine torque amor a specific
value of crankshaft antar velocity. 11 different angular velocities
have been tested. A problem is represented by the fact that each
curve has been obtained for a different humber of engine torque
samples; moreover the engine torque values that have been tested are
different from test to test. While a single vector of angular velocity
values is available, there are 11 available vectors of engine torque
levels. Therefore aew grid of experimental values of engine speed
and torque has been defined starting from the available data
- Fuel consumption is not given for null and negative values of engine
torque
- Torque is expressed as break mean equivalent pressure BMEP [bar]
and fuel consumption as g/kWh.

Engine torque can be expressed in [Nm] using the following definition of the
BMEP:

p MAQ e "QQE Q réd060N'Q

. (4.13)
T

whereT indicates the engine torque in Nm.

Fuel consumption can be expressed in [g/s] by multiplying the value in g/kWh
times the power produced ltlye engine at a correspondent operating point on a
curve:

Q, "S2~ T 0
l Q020 P 25 o rin (4.14)
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After these preliminary transformations the input data have to be manipulated in
order to create a grid obaples)( RY which allows the numerical regression

to be computedThe grid defines a new domain of values of engine speed and
torque for which new correspondent values of fuel mass flow rate are obtained.
Nevertheless since these latter new values have to be calculated from the
original ones via numerical interpolation and extrapolation it is advisable to
limit the grid within a domain wherquite a lot of input values are already
available Among the 11 cives, the one which corresponds to the highest tested
value of engine speed is just defined over 7 values of engine torque. This latter
number represents the smallest set of engine torque levels among the curves. As
a result the grid is limited to the firg values of engine torque for each cure.
single vector of levels of engine torque is then created and, together with the
original vector of engine speed values, is used to create the grid. The aim is to
compute the fuel consumption over the couplesi(yY defined by the new
vectors of engine torque and spebdorder to clarify the procedure the next
figure reports in blue circles the original couples{Y that have been used to
obtain the experimental data of fuel consumption whilerélaecircles represent

the new couples.

couples ( me’Te ). Original and new grid of values

120

o o | | . |

0 n ‘ ‘ ‘ ‘
wof —— g @ 0 % 0 00
ol . . °o0o 80 o

o 0 o : a :
i g 8888 0o

T o ©°

2«8 o g g oo 8 888 o
= 3 88988 e

°© 98 8 gj 8 5 g
40 o g o 88 ;§ 88 °;,,.,
8 o006 33 e o 8
8 0.0 0 009 g § omg
8 8 00 0 ¢ e 8 §8

301 400

o, [rad/s]

Figure 4.4: Original (blue) and new (red) grid of values of engine torque
speed.

500 600 700

The new vector of engine torque values has actually 8 components where the
first one is equal tm 0 & while the maximum one corresponds to the maximum
torque applied among the 11 curves over iist 7 levels of engine torqué&he

other 6 components are defined in a regular pattern. By prescribing a minimum
torque equal tat0 4, it is possible to extrapolate the fuel consumptidren
theengine torqués null.
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The new values of fuel consumption have been obtained by interpolation and
extrapolation of the original values over the new values of engine torque for
each given expeanental curveln order to obtain good results, spline functions
have been used for both interpolation and extrapola®egarding extrapolation

of fuel consumption at null engine torque, spline functions have been used but
only the first 4 points of eacburve have been considered. This is because a
better trend can be obtained close to the null torque when fewer points are
consideredThe next two figures summarize these stépgure 4.5 represents

the 11 experimental curves that are provided wheFegsre 4.6 reports an
example of intgvolation and extrapolation of fuel consumption values over the
new values of engine torqaadfor curve number 8The blue circles represent

the original values while the red circles the new ones. In this latter figure fuel
consumption for null torque istill equal to t"(¥i; this is because the
extrapolation to determine fuel consumption for null engine torque is carried out
afterwards.

fuel consumption: original experimental curves experimental curve #8

m', [a/s]
8 o - N w » (L] (-] ~
[P S R S R

o
o &

i i i i i i i
10 20 30 40 50 60 70
Te [Nm]

Figure 45: 11 Experimental curves Figure 4.6: An example of
which represent fuel mass flomate as interpolationof fuel consumption ove
function of engine speed and engi the new set of engine torque values
torque curve number 8

An analysis of the regression surface obtained after some preliminary trails has
shown howassuminga small but not null fuel consumption value for null engine
torque improve a lot the quality of the regression over the whole
domain] HY . Consequenyl spline functionsextrapolatethis value foreach
curve.
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experimental curve #8
T T T

i i i i i i i
0 5 10 15 20 25 30 35 40
Te [Nm]

Figure 4.7: Extrapolation to calculate the new value of fuel consumption 1
null value of engine torque.

Theresultingvalueis 0.7 g/swhich is not negligible but anywathis procedure
enables a good fittingf the experimental dataver the whole gridThe fuel

mass flow rate obtained for the first curye  1i @M at the null value of

the engine torque is equal t0CYi . The newdomain of values for ( FY and

the correspondent resulting observations 6or are hence available and the
next figure represerg a surface which connects the new values of ,
superimposes to the 11 original curves. This surface is usethdosake of
visualization of the dependence of fuel mass flow rate on the engine speed and
torque.

fuel consumption: original curves and surface obtained after grid definition

m lgle]

o, lrads] T, INm]

Figure 4.8: The new values ai are connected to one another by a surface
a better visualization and the surfaceuperimposetb the originakurves
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This surface suggests that fuel flow rate can be related to engine speed through a
guadratic function while a higher ordeslation may explain fuel mass flow rate

with respect to engine torqu&egression analysis reveals that the following
polynomial expression fits well the new observed valtigsin [Nm]] in

[rad/s] whiled in [g/s]:

& A AT ATY Al Y AT Ay
. " 4.1
A Y R @19

In order to assess the quality of the regression model the suréscdeen
extended to those points which lie outside the considered domain, namely for
engine torque values higher than 72 Nand then ihas beerwompared to those

few experimental values that are available at these higher torque levels.

The nexffigure repors avisualcomparison.

el consumption

T,

o, [adk]

Figure 4.9: Polynomial regreésion model of fuel flow rate over the en
operating domain of the engine.

The surface fits the experimental data reasonably well even outsidertian

used to derive the regression model, thus a new set of regressors has been
calculated using an algorithm for global optimization and extending the
minimization of the sum of the quadratic residuals over the entire domain
defined by the original colgs 1 HY . The regression igpoorerwhen both

engine speed and torque assume high values. In this area thee surfac
overestimates the consumpti@myway a higher estimate is conservative so no
further changebave beeintroduced in the regression moadé the surfaceThe

final values of the parameters aeported below.
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Table4.1: Regression coefficients of the polynomial regression model for fuel
flow rate

Parametel Value
N X8 X0 o
n TO T
n g xR o
n PPRTQR o
n PROX D U
n PR CA T
n R CQ Y
n BrLeR X
n PHPR @

The statistical analysis of the quality of the regression model is meaningful for
the latest surface that is determined over the entire domahiY since in the
region of high power the error is large.

A Power losses in the electric machines
Motor andgenerator are represented by the same machine so just one regression
model is necessary; furthermore the data are already given in a way which suits
the regression analysis so no further action is needed. Power loss is expressed as
function of rotor angulavelocity and torque produced at shaft.
A polynomial expressionanfit the data reasonably wellvhere”Yin [Nm]] in
[rad/s] whiled  in [W].

0 0 T Yx Mrmpivg @YX Y (4.16)

power loss in the electric machines power loss in the electric machines
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Figure 4.10: Regression surface ¢ Figure 4.11: Rgression surface c
power loss in the electric machines. power lossin the electric machines
Second view.
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The quality of the regression is poor in the area defined by values wirthe
in-between ¢ W & Y ¢ 0O & where power losss overestimated with
respect to the experimental values. This is caused by the facAregint
models the power loss according to static friction and therefore the power loss
follows a piecewise linear trend in this area that is difficult to capture avith
continuousregression model. There is also an area defined by values of the
torque betweent O & Y ¥ T & where the losses are underestimated.
The next figure illustrates these problems for a specific value of the rotor
angular velocity.
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+ data
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Figure 4.12. Experimental values of power loss (blue circles) and regres
model (red curve). Discrepancies between the experimental values ai
estimated values using the regression model.

As some simutions show, these differences are not negligible and leads to
discrepancies in the results obtained with Matlab Antesint as it will be
discussed afterwards. However for the sake of MPC implementation according
to a receding horizon strategy they can be tolerad@dther problem which
some simulations have shown is the fact that this surface is defined only for
positive valies of angular speed. However the operating point of an electric
machine can fall in any of the 4 quadrants therefore the rotor angular velocity
can also assume negative values. This problem is easily solved in the nonlinear
system by considering the abst@ value of the speed when power losses are
calculated, however itloescreate problems in the linearized modal it is
explained later anLastly the experimental data are limited to a maximum
absolute value of the torque equalpta @t & consequentiyione information is
available for higher values of the torque even if the electric machines can
provide much higher torque levels. The regression model estimates an
increasing power loss until almopt @t & then the surface decreases. This
trend is not oherent with a real application where losses are expected to
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increase with the torque produced however since no additional information is
available no further change has been applied to the regression surface.

Battery internal resistance and open circuitvoltage

As illustrated inchapter3 the cell internal resistance and the cell open circuit
voltage are provided as function of the battery internal temperaturtheisthte

of discharge.However the dependence on the temperature can be neglected
because throughout the analysis the temperature does not change; moreover for
a temperature higher than 50 °C the dependency of these two variables on
temperature becomeseak and curves tend to follow a plateau. The temperature

of the battery is set equal to 80 °C so these variables are expressed only as
function of the state of discharge using the values reported for 50 °C which
represent the maximum tested temperatAréhird order polynomial fits very

well the experimental data of the cell internal resistance.

x107* fitting of R=f(50°C, DoS)
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Figure 4.13. Cell internal resistance. Experimental data (blue circles)
correspondent data obtained frtime regression model (red circles).

Theregression modekquiresSoDin [%] and returnsY  in [q]:
Y PBOXY TP YEVQ wWBTU@ mXYEO vg R it (417)

On the other handgince the level of the battery open circuit voltage has a
remarkable importance on the dynamics of the battery state of charge and its
precise value is measurable from thenesinf model, a correspondent
regression model has not been formulaidds meanghat when the reference
model is used by the MPC strategy to predict the variation of the battery state of
charge over the prediction horizon, the open circuit voltage is kept constant to
the value measured at the sampling time.
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Similarly once the batterinternal resistance is calculated at the sampling time,
its value is kept constant over the whole prediction hori@mthe opposite the
regression models for fuel mass flow rate and power lossesused to
dynamically predict the correspondent quargitiwer the prediction horizon.

Consequently by assuming constant value$Yfor andw andby substituting
equationg4.11) into the analytical expression of the regression surfgtas),

(4.16) it is possible to express these latter models as functions of system states,
control inputs and external disturbanckencethe nonlinear state space form

can be represented by continuamslyticalfunctions.

4.2.2 The operating constraints

A number of constrais prevent the powertrain from assuming any possible
operating condition and they should be taken into account by the control
strategy in order to define a set of control inputs which are feasible for the
powertrain. The list of operating constraints thaaive been included in the
control strategy is reported below.

Outputs
YOO YOO YOO
1 1 1
Y Qo
1 1 | (4.18
0 0 0
1 1 1
Control inputs
Y Q
YT (4.19)
Y YUY

The constraints on engine, generator and motor torque areedidbiyn the
Amesinf model through lookup tables. For instance the maximum torque that
the electric machines can provide is function of the input voltage and the angular
velocity of the rotor and the torque value® arovided for a finite set of
couples N
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Since the constraints should be formulatediresar inequalities in order to set

up the optimization problem as a Quadratic Prognéng problemand the
algorithm should be able to handle them easily, these lookup tables should

be replacedby continuous mathematical function€onsequently three
polynomial regression models have been used to describe some of the
constraints as well andhé approach that has been applied to the characteristic
curves of the engine and the electric machisesported here below.

Characteristic curve of the engine

The next figure illustrates the experimental data of maximum and minimum
torque that the engine can provide as function of the crankshaft angular velocity
with blue circles and the lines that hdween used to translate these two curves
into linear inequalities.

characterstics curves of engine torque
200F T — — -
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Figure 4.14. Characteristic curves of the engine and correspon
simplification with lines

For each value of the crankshaft angwliocity, a correspondent engine torque

is calculated for each line and the maximum and minimum torque levels that the
engine can provide are defined respectively as the lowest one among the
positive values and the highest one among the negative vAlsi€sgure 4.14
shows, the description of the engine characteristic curves given Isyr#nght

lines is good.
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The linear inequalities are thus written accordindits form.
a "YQ Q for mi I o ad M
a R YQ Q forp@d M T o capi M
G B YQ Q for @cafi o 1 X T G0
YQ Q 47 for i M 7 O @&ad O

Yo 'Q 41 4 foro@moam 1 ctipam ¢20
YQ Q & R for ¢ Tip M L PIoWID
YQ Q & n for v piocM T o capi Wi
YQ Q & R for @ ca&fi I 7 X T GFD

The experimental data do not specify the maximum value of the angular velocity
of the crankshaft therefore the lines defined by the paramétehg and

& M are used to enclose the operating domain of the engine and to set the
maximum value of the angular velocity of the crankshaft to 700 rad/s. This
value is chosen considering that the performance of the engine drops
significantly once the range of maximuravger release is overcomEhe values

of the coefficients are:

Table 4.2: Coefficients used to define the lineaobnstraintsof the engine
characteristic curves.

Coefficient| Value Coefficient| Value
a -0.3119
a -0.03119 n -17.64
a 0.5195 n -363.7
a 1.753
a 0.2634 n 95.34
a 0.0602 n 145.3
G -0.5227 n 444.1
a -1.613 n 1129

Characteristic curve of the electric machines

Figure 3.14 highlights the dependence of the torque produced by an electric
machine on the rotor angular velocity and on the input voltage. The
experimental data refer to test cases where the nuaximput voltage was set
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equal to 150 V but throughout the analysis the input voltage produced by the
battery has always been much higher. The battery produces a nominal output
voltage of 271V at a state of charge of the battery equal to 60% and thisigalu
always much higher than 150 V during the whole driving misstmmsequently

the dependence on the input voltage can be neglected and the linear constraints
can be derived just considering the values defined as function of the rotor
angular velocity ér an input voltage of 150 VIhe following figure represents

the points that have been considered to derive the linear constraints; the lines
which connect two subsequebtue circlesare addedust for the sake of
visualization.

electric machine torque as function of shaft speed and for V=150 V
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Figure 4.15: Characteristic curve of the electric machines.

The electricgeneratorcan operate in any of the four quadrantsile it is
assumed that the angular velocity of the motor can only be positive.

electric machine torque as function of shaft speed and for V=150 [V] electric machine torque as function of shaft speed and for V=150 [V]
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Figure 4.16. Complete operatin¢ Figure 4.17: Example of linearizatior
domain of the electric machines. of the characteristic curve of tt

electric machines.
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Figure 4.16 reports also two different ways to define the constraints, either as
linear (black lines) or quadratic (red curves) constsai@uadratic constraints
enablea much better representation of the torque limit however the optimization
problem would lose its convexity due to the curvature of the curve, therefore
linear constraints are preferabkgure 4.17 showsinsteada problem that has

to be accepted once linear constraints are defined. The straight line which
replaces the characteristic curve in the area of constant power release either
underestimates or overesttes the actual capabilities of the machine.
Moreover the maximum angular velocity of the rotor that is defined by this line
is lower than the actual capability of the machi@mnsidering the linear
constraints and their application to the entire opegatiomain of the machine

the following linear inequalities can be defined.

Y ¢mipa for p oK OM T p U WM
¢mipa Y for poug M p U WM
& Y for poufi OM T Y p I

A Y for pouHi oM 1 P p I O
Y& N for pugpi M g p i I

" , . g (421)
Y a7 n for pu&i M P p it N

Yo ogmipd for p u&i M 7 p LG N
¢mipa Y for pudi O p LG N
YO a n for pu&i M ] P p i
G Y for pu&i M 1 P p i

The values of the coefficiengse reported here below:

Table 4.3: Coefficients used to define the lineaonstraintsof the electric
machinen maximum torque

Coefficient Value Coefficient Value
a a a |-0.3183| | n n n | 258.01
a a 0.3183 n n -258.01
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From the linear inequalities, the upper and lower angular velocities of the
crankshaft, generator and motor can be calculated.

m ©R 3 yxahOp

wpin®P 1 yp RGP (4.22)
ppm®R 1 yph P

The constraints on maximum and minimum level of the battery state of charge
have been defined according the indications reported if22] and they
correspondo:

7 YO8 1t
T YO8 yh

The battery can either release or absorb the maximum power when the output
voltage is null; according to the scheme of the equivalent electric circuit
represented in fig. XX this battery output power can be writseioliows:

AR
6’0 —g—— (4.23)

C

This function of battery output voltage has a point of maximum for:

LW
(.k) —
C

(4.29)

Which corresponds to the maximum battery power in absolute value equal to:

- &)

9 s O — (4.25)

This limit changes according to the state of charge since bothattexybopen
circuit voltage and the battery internal resistance depend on the state of
discharge of the battery.

4.2.3 The cost function

The energy management of a hybrid electric vehicle is usually characterized by
numerous objectives which are usuallycontrast with one anothefhe main
targets of the MPC control strategy are the reduction of total fuel consumption
and charge sustenance of the hybrid electric vehicle.
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Consequently these two performance indices are included in the cost function by
meansof two quadratic terms which represent the instantaneous fuel mass flow
rate and the deviation of the battery state of charge with respect to its reference
value. The reference value is 60% and it has been selected according to the
suggestion givenni [22]; this value is kept constant throughout the driving
mission for any drive cyclé he cost function includes other terms that stabilize
the control action like the penalty weights on the levels and variations of the
control inpus.

07y YO Q YO 6 a Q10
1 Q Q) 17 Q1 (4.26)
6 1Q YoQ Q

y

The second power of each term appear inctiet function in order to define a
guadratic objective and thus retain the standard formulation of a quadratic
programming problem.

4.2.4 The linearized state space form

A MPC based control strategy can even exploit a nonlinear reference model to
predictsystem outpwand calculate an optimal control action. In this case the
approach is calletNonlinear MPC KNLMPC) and it requires generally a high
computational effort and some doubt that a NLMPC can be practically
implemented as control strategy for teeyy managemefit4]. For this reason

a linear time varying model predictive control strategy (EV¥?C) has been
developedn this thesisA LTV -MPC follows the standard approach reported in

the reference literatuif@3] where a discretized linear state space form is used as
reference model to develop an optimal control stratEgym the nonlinear state
space form a linearized state space form is obtained as a truncated Taylor series
around a specifi operating conditionAt each sampling time the values of the
states, control inputs, measured disturbances are sampled and stored in the
correspondent vector® RY fto. The small variations about the linearization
point of these vectorsan be apmximated through linear functions according to

a Taylor series which is uncated at the linear term$hen the system is
discretized applying Euler forward with a constant discretization pefibd.

partial derivatives of the state and output equatiores evaluated at the
linearization point and the final outcome is a set of matrices which relates the
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system outputs and the time derivatives of the states to the variations of the
statesthemselves, the control inputs and the external measured disturbances

[ 4
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The system can be written in matrix formfaows:

®w Qo 660 ® 6 6 o

0 0 U
G Qe 66 o 06 6 0O U (420
with a furthersubstitutionit can be simplified to
@w O o0wobdoOo 60
G 0 5d 06 0 (4.28)
where:
Q Q Q Q Q Q
T w T o Tu T w T o T o

Euler forward is applied to discretize the linearized state space form. According
to this approach a continuous time derivative evaluated at isregpproxmated
by a forward finite difference as follows:

@0 Ry
00 L (4.29)
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Suppose that the independent varightan only assume discrete leveélswith

O mB ) p, thenthe variation is finite. Considemow that the variation
corresponds to the discretization peridtithus the linearized state space form
can be discretized as follows:

©wQ p DVDOYOQ Y660Q "YO0Q “YO
) ) ) 3 (4.30)
®Q 6wWQ 0V6TQ 0O0UTQ ©

By rearranging the terms i.30) the following final matrix formulation is
found

®@Q p 6600 6 6 & 00O O
. 3 i . (4.31)
®Q 60 06 OVQ W

where the pedixi stands for discrete. The matrices which appear in the output
equations are actually equal to those of the coatiadinearized state space
form since the discretization only introduces some changes in the discrete time
derivatives of the state equatiofi$ie discrete state space fo(i31) represents

the basis of the MPC approachhhe approach takes the
since at each sampling time the new available information on system states,
control inputs and measured disturbanaes used to compute the new matrices

of the linearized systenmn Appendix A it is described how this state space form

is used to predict the sequence of system outputs, to build the matrix form of the
constraints and the matrix form of the cost function in order to set up the
optimization probem. As previously remarked the regression model of the
generator power loss introduces a problem to calculate the partial derivatives
since the angular velocity of the rotor appears with the absolute Jalue.
practice even the linearized state space foontains still a nonlinear term given

by the derivative of the absolute value of the angular velocity of the rotor of the
generator.In order to solve this issuand retaina linear formulation of the
partial derivatives of the generator power loss, two different expressions of the
matrices of the linearized state space form have been defimedrticular the

sign of the coefficients of the regression model is changeddingado the sign

of the generator angular velocity; in this way the components of the matrices
have two possible expressiorighe sign of the generator angular velocity is
determined at the sampling time througduationg4.11) and it is assumed that

it does not change over the prediction horizon. Depending on the sign the
following regression model is assumed to calculate the partial derivatives of the
battery power.
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if]  mA 0 CwT XX Mrmp g T&X VY
) (4.32)
if T mTA U T XX Minp g t&X Y

Important problems related to linearization of the statece form and this latter
approximation are treated afterwards.

4.2.5 Quadratic Programming and Active set method

According to the matrix formulation provided in Appendix A, the optimization
problem is formulated as a Quadratic Programming problem meaninthéhat
cost function is a quadratic function of the contratiablesand the constraints
are expressed as linear inequaliti@as the control variables as well
Consequently th&uadratic Programming problem which strives to find the
optimal control actioY can be formulated as follows:

I ETOY YOY Yy o
s.t. i (4.33)
oY ®

where is vector of constant termehich is neglected in the following

The number of inequalitgonstraints is generally higher than the number of
optimization variables, however these constraints comprise active and inactive
constraintsAn inequality constraint is said to be active when the strict equality
holds:

~. ~

8Y & (4.34)

wherebi stands for the-th constraintA; is the tth row of matrixA.

An active constraint influensghe optimal solution since the objective function

is forced to move along this constraint, hence if this constraint were removed
from the problem the optimal solution would be different. On the other hand an
inactive constraintloes not influence the optal solution and thus it can be
neglected in the optimization probledm. order to find a solution tproblem
(4.33) it is necessary that the number of active comgas lower than the
number of variables to be optimizelh. order to assure the convexity of the
Quadratic Programming problem the matrxhas to be positive definite or at
least sempositive definite. This property is guaranteed by a proper definition of
the penalty weights in the cost function; in particular, using the same notation as
Appendix A, the matriceso hi foy  which containthe penalty weights on
outputs and on levels and variations of control inputs should be pseitive
definite. BeingH semtpositive definite assures that the cost function is convex
and convexity of the whole optimization problem is guaranteed when the
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constraints are linear because they identify flat faces on the convex objective
surface thus the feasible domain of the design variables is still cf2®eX he
optimization problem is solved numerically with a refined aesige method.
Active-set is a primal method, thusvitorks directly on the givenbjective and
constraint functions to find an optimal solutidihe active set methatkefines at
each step a group which is supposed to contain the constraints which are active
at a givenpoint "Y. This set is termedvorking setand the optimization is
limited to the resultingvorking surfacen the feasible domain of the variables to
be optimized.The numeric routine starts by guessing a working set of the
problem and bylooking for a feasible optimum inside the workirsyrface
however sincehe compositionof the working sets not known in advance and
any point defined by the algorithm has to be feasible, the algorithm chéecks
any new iteraton that any other constrainvhich is outside the working set is
satisfied otherwise it is added & newworking setand the optimization is
repeated.Regarding model predictive controhctive set and interior point
methods are applied the most and the issue to determine whaotthaigsuits
betterfor MPC applicationds still unsolved. In this thesis active set method has
been used since interior point method tends to find an optimum far from the
constraints due to the barrier functions. For this kind of problem it is likely tha
the optimal solution lies on the constraints rather than inside the working
surface. Moreover a high efficient algorithm for convex quadratic programming
problem was availablR4] and the time required to solve a single optimization
problem was much shorter in comparison to Métlailt-in functions.

4.3 How the strategy works

The code of the strategy has been implemented in Sinfulamd run in
cosimulation withAmesint’. The highfidelity model of the hybrid powertrain is
implemented inAmesinf thus these two software communicates at each
sampling time. The communication is organised in two steps, in the first part the
control strategy samples the values of the inputs from the itnfierodel and

uses this values to elaborate the optimal control actions. Subsequently the
control inputs are sent to the vehicle model and kept with zero order hold along
the following sampling periodThe inputs and outputs of the control strategy
are:

Inguts,:

Vehicle longitudinal speed
Battery state of charge
Crankshaft angular velocity
Engine torque

Generator torque

I I I > >
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A Total braking torque
A Battery open circuit voltage
A Vehicle position (when GPS is implementedhe tontrol strategy)

Qutputs
A Optimal value of engine torque

A Optimal value of generator torque
A Optimal value of total braking torque
A Vector of command signals to the low level controller of the engine

The control strategy is roughly structured itticee blocks.

The first block predicts thmeasured disturbances along the prediction horizon

by making use of the information available at the sampling timgarticular

the driverds torque request is predicted
the first valuecoincideswith the modified sampledtorque while the rate of

decay is adjusted depending on the level of torque request. The higher the initial
torque the quicker its prediction diminishes; this approach comes from the
assumption that high vels of torque request are likely to be short in time while

low levels of torque request arapposed to last longer in tim&he sampled

torque request is modified to take into account the actual capability of the
powertrain, in fact the fundamental hypesis that the driveline output torque

can instantaneously match the driverds
latter variable exceeds the maximum torque that the driveline can develop at a
specific vehicle speed. Eventually the optimization algorittan successfully
computean optimal solution if the input torque is saturated by the characteristic

curve of the electric motor. From the sampled vehicle velocity the motor angular
velocity is estimated using4.11); the limited input torque is obtained as

follows:

QY mo "y a "Qey h¢ i T n 43
QY mo Y a 0wy h ¢ mhpa T n (439
The following values for the rate of decay are used:

QY emita © f T
QQmEma Y @ mota © T pi
e v " . (4.36)
Q0 A Y ¢mota © t Ci
QY mb & ° T ci

Then equatiorf4.9) is used to obtain the prediction of vehicle velocity along the
prediction horizonThe second block computes the matrices of the linearized
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state space form using the inputs acquired atahgbng time; moreover it uses
the predictions of the external disturbances to compute the matrices which
define the constraints and the cost functibime expressions of these matrices is
reported in Appendix ANote that the sampling period is differahtan the
prediction period used to discretize the system, this latter is longer in order to
have a sufficient long prediction horizon with a limited number of variables to
be optimized.
Yo Tl
Y T

The penalty weights applied to thmutputs are assigned according to an
exponential decay along the prediction horizon in order to reduce the influence
of the last samples which are far from the linearization point. The values of
these outputs are predicted using the linearized state &patehence they are
likely to be not correct and thus not important for the optimization probiém.
values of the penalty weights are assigned as funettberof the input power
requesbr the torque requeghe following table is used:

Table4.4: Penalty weights defined in the cost function.

Input level O Ik '::}Dl Yoy JI|. i Jlll oy n O y;d. . y;lll
nona Y
¢ - 0 10 | 0.1 1 0.1 2 0.01 | 0.01
Y @ Totd 0 1 0.1 1 0.1 0 0.01 | 0.01
TQ® 0
06 0 10 [ 0.01|0.01] 0.01| 2 | 0.005|0.005
®Qw 0
¢ Fae™ 1 1.8 | 4e4 | 1e4 | 0.001| 2 | 0.005| 0.005
Qo 0O
0 6 1 1.8 | 4e4 | 1e4 | 0.001| 2 0.01 | 0.05
p Qo 0
¢ fand 1 1.8 | 4e4 | 1e4 | 0.001| 2 0.01 | 0.05
Mo 0
¢ N 1 1.8 | 3e4 | 1e4 | 0.001| 2 0.01 | 0.05
o® 0 1 1.6 | 1e4 | 1e4|0.001| 2 | 0.01| 0.05

Considering thgpower levels denoted with (**) when either the vehicle velocity
is lower than 4.7 m/s or the battery state of charge is above the reference level,
0 is set equal to 0 whilé is set equal to 7 or 2 in order to encourage

MPC to exploit electd traction.For power levels denoted with () is set
equal to 0 when the battery is overchargédreover every time the vehicle
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velocity is below 0.1 m/s, than is set equal to 10 in order to encourage MPC
to switch off the enginélhe penlty weight] is set equal to 0.1.

The last block solves the quadratic programming problem using the sequence of
optimal control actions defined at the previous sampling time as initial guess.
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5 Results

In this chapteall relevant results are shown and discusBedtly the nonlinear

and the linearized state space models are validated, thus some figures are used to
underline the remarkable considerations about modeling ttreeMPCbased
control strategy is compared to the rule based straesgprding @iel econormg

and drivability. Fuel economy is addressed firstly while velocity tracking error
and passengers on board comfort during engine starting and stopping is treated
afterwards.In the first part of the chapter it is clarified how the comparative
simulations lave been carried out, then the most important results are provided.
It is importantto understanchow MPC can achieve better fuel economy with
respect to the heuristic control strategy. For this purpose the time history of
some important outputs is dispi&d/e.g. engine operating points, power split in

the powertrain, battery state of charge level. The post processing of the results
permits to conclude that the MRf2ased strategy performs better extra urban
driving rather than urban driving moreover it usegine power to provide the
mean power request while battery power is exploited to deal with acceleration
onset and power fluctuations simplified analysis of on board passengers
comfort is then showrollowing the specifications provided if25]. Engine
starting and engine stopping have been considered as the input events for
comfort evaluation.

5.1 Validation of the models

The nonlinear and the linearized state space forms have been validated by
assigning the time history @ghe control inputs and external disturbances and
comparing the outputs with those obtained in Am&dion the same drive cycle.
Thetrends of the inputs haleeen obtained by a reference simulation on NEDC
that has been run in Amesinusing the rule basestrategy.The nonlinear state
space form has been integratesing Euler forward with a fixed integration
period of 1ms. The nonlinear model provides an acceptable description of the
dynamics of the battery state of charge and of the angular velocityeof th
crankshaft as the next two figure illustrate. The nonlinear model can therefore
capture the most important events of the system even if the compliances of the
vehicle are not taken into account.
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battery SOC crankshaft angular velocity
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Figure 5.1: Battery SOC as obtaine Figure 5.2: Crankshaft angula
with  Amesinf and the nonlinea velocity as obtained with Amesftn
model. and the nonlinear model.

The nonlinear modgbredicts a higher battery discharge and a higher total fuel
consumption; this is due to the fact thath regression surfagef power losses

and fuel mass flow rateoverestimate the experimental daféhis is not a
problem since the MPC strategy will beplemented according to the receding
horizon approach and moreover thesscrepanciesire conservativelhe next

two figure compare the time history of power loss in the motor and fuel mass
flow rate obtained with the two models.

power loss in the motor fuel consumption
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Figure 5.3: Comparison of power los Figure 5.4: Comparison of fuel mas
in the motor. flow rate.

The validation of the linearized state space form is however more importan
because the optimization routine depends oRat.the validation of this latter
model the time trends of control inputs, external disturbances have been
assigned along the prediction horizon starting from a given timeThe
validation highlights that the quality of the prediction is strongly dependent on
the conditions of the system at the linearization point, in particular the more the
operating conditions along the prediction horizon vary with respect to the
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conditiors at the linearization point, the less accurate the predictidimésmost
important problem is related to the poor description of the power loss in the
electric machine when the operating conditions change & hat.next figure
represents the power logs the electric generator; the vehicle is accelerating
and the engine is started from rest. The operating conditions that are valid at the
linearization point are completely different from the operating conditions that
the system experiences throughoué tprediction horizon, for instance the
engine torque increases from 0 Nm at the linearization poatiaximum level

of 50 Nm. The matrices defined at the linearization point are thus unsuitable to
provide a reliable description of system outputs ovir time interval. This is

the main error related to the discretization, in the following a negative
consequence of it is analyzed.

generator power loss

AMESIim
1 linearized ss

l:‘gIosS [kw]

-2
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Figure 5.5; Power loss in the generator. Comparison between Anfesind
the linearized SS form.
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5.2 Fuel economy
5.2.1 Drive cycles and charge sustenance

Fuel consumption of a vehicle depends on both road conditionsqadslope,

wind velocity) and vehicle parameters (e.g. total mass, coefficient of
aerodynamicresistance). In order to provide a ranking of different vehicles
regarding fuel economy performance which is independent on road conditions,
standardized drive cycles have been develdpedhe sake of testing different
vehicles under the same driving dations. A drive cycle defines the reference
velocity and road slope profiles that the vehicle will follow during a specific
driving mission.The absolute wind velocity is usually set equal to 0 m/s and the
gear shifting schedule is also specified for thoghicles equipped with a
manual transmissiorlhe United States, Europe and Japan have correspondent
standardized drive cycles which strive to replicate urban andestiea driving
conditions.The characteristics of these cycles are regularly updatedder to

match the actual performance of vehicles on the madmtway each cycle
underestimates the real road load that a vehicle would encounter in actual
driving and therefore they should be used merely as a basis for direct
comparison among differenvehicles rather than as a way to predict fuel
consumptionFive reference drive cycles have been usetthis thesis worko
compare the achievable fuel economy between a rule based strategy and the
MPC-based control strategyn appendixC the referencevelocity profile of

these cycles is provided. The results that are reported here refer to a flat road
otherwise specifiedThe hybrid electric vehicle that @nalyzedis of charge
sustaining type as a consequence a correct evaluation of fuel econongy over
specific drive cycle can be done provided that energetic equilibrium is achieved,
namely the battery state of charge level at the end of the simulation equates the
initial value. This equal level is calledtate of charge equilibrium levat the
following. In order to achieve this condition the same cycle has been repeated
several times until energetic equilibridras beembtained.

Amesint’ provides as output the total mass of the fnefiramsthat has been
burnt during the driving missignfrom this output result it is possible to
calculate the fuel economy according to the following equatiand by

assuming a fuel density equalyta @y .

& a e p Tad
prEa Q;I QQi 0 4w Q G.1)

74



Results

p TURAGZ pa

Qd
B LA e (52)
p Maa T&T(pr(%)aadss

ed N € QH @I QO o aE-¢

5.2.2 Comparison of the results

The following table and thdollowing histogramsummarize thetotal fuel
consumption and equilibrium level of the battery state of chasgebtained
when the two control strategies are applied to the 5 reference drive cycles.

Table5.1: Comparison of fuel economy. Final results.

Rule based MPC
Cycle |{ Fagofe | “monk | " | Fegoe [“meddk [* g
NEDC 59.86 509.03 5.927 59.49 493.6 5.742
HWFET 59.65 751.25 5.837 59.73 741.62 5.762
SCo03 47.97 286.47 6.378 57.34 261.16 5.815
UDDS 58.14 546.0 5.840 57.46 541.59 5.793
UsSo06 42.00 901.59 8.973 56.17 741.53 7.380

percentage variation of fuel economy. MPC ve RB

Afuel economy [%]

-18

-17.75 4
-20 L

NEDC HWFET $C03 uDDS uso6
drive cycle

Figure 5.6: Percentage reduction of fuel consumption given by M@
respect to the rule based strategy.

Table 5.1 reports the fuel economy in absolute value while the histogram in
Figure 5.6 reports the fuel economy achievable with MPC in terms of
percentage reduction with respect to the baseline represented by the rule based
strategy.

75



Chapter 5

The MPCbased energy management strategy succeedsedocing fuel
consumption over all standard driving cycles with respect to the rule based
strategy.Charge sustainability is achieved by both strategies. Regarding the
battery state of charge level it is important that it never exceeds the minimum
and maxinum thresholds imposed by the operating constraints and its
equilibrium level should be reasonably close to the referencd-oore.the table

it is possible to see that the proposed opticwitrol strategy can keep the
equilibrium level close to theeference value (60%) and in some situations
(US06, SCO03) it performs better than the rule based straiégynext figures
illustrate the time history of the battery state of charge level as obtained over the
five reference drive cycledt can be conclued thatthe MPGbased control
strategy manages to maintain the battery state of charge level within the
operating constraints; on the opposite the rule based strategy violates the
minimum threshold in USO06t is stressed here thttte heuristic control siitegy
samples the input information at each simulation step while the-MREd
strategysamples witha fixed sampling period. This a remarkable piece of
advantage for the rule based strategy because the control anpuisdatedat

each simulation sp.
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Figure 5.7: Comparison of battery state of charge level over the 5 consic
drive cycles as obtainadlith the rule based strategy (blue curvasj the MPC
based strategy (red curves). a) top left NEDC, b) top right HWFEmjat)eft
SCO03, d) mid right UDDS, e) low US06

The results araicehowever it is clear that the improvement brought by MPC in
terms of fuel consumption reduction is sensitive to the driving conditions
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specified by a drive cyclén fact MPC performs much better than the heuristic
control strategy over SC03 and US06 wtile performance is comparable over
NEDC and UDDSThis conclusion is linked to the different operating principles
of the two strategies consequently it is worth to analyze them in d&tiagsy

the MPCGbased energy management strategy is analyzed owit to highlight

its main operating principle thenis comparedgainst the rule based strategy.

5.2.3 The operating principles of the two control strategies

The European drive cycle NEDC is the basis to illustrate the basic operating
principle of the optiral control stréegy since the urban part of thcycle
involves the repetition of &asic velocity profile four times and hence
comparisons can be mabtetweentwo repetitions.The next figurereportsthe
velocity profile of the portion of the cycle thad usedhereto analyze the
operating principle of the MPC strategy.

velocity profile

-
o

speed [m/s]
o - N w B o0 D ~ @ ©
T T T T T T T T T

50 55 60 65 70 75 80 8 90 95
t[s]

Figure 5.8: Velocity profile of the driving situation used to analyze the
operating principle of the MPC strategy.

This portion ofthe cycle involves a rather long acceleration followed by a pretty
short phase of constant vehicle speed; then a long braking brings the vehicle to
complete stop. The power flow among the powertrain components that
corresponds to this driving situationrepresented in the following figure.
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ts]

Figure 5.9: Correspondent power flow in the powertrain.

This portion of the cycle highlights how MPC exploits all available driving
modesfor instanceat employsfirstly full electric drivingfrom 50s toalmost57s

when vehicle speed is low awmldiring the initial part of theccelerationOnce

power request increases more the engine is activated. The generator is used as
engine starter and the battery provides @alal power to start the enginghe

final part of the acceleration is supported by the engine and the tatjetiier

this is the positive split mode since part of the engine power is sent to the motor
through the electric side of the powertrafrom 61s to 85s the vehicle is
cruising at low speed and power request reduces significantly. Initially the
electric mode is still exploited and the engine runs in idle, however as the
battery state of chargéiminishesthe engine torque is increased onoere and
positive split mode is used to run the vehicle and charge the battery
simultaneously. Contrary to the previous case the portion of the engine power
that is sent to the electric side of the powertrain is fully used to charge the
battery. In this suation the engine provides the whole traction powér85s
regenerative braking is applim®mdevero r ecov
part of the upstream flowing power cent can be stored in the battery due to
power loss. At 90s the generatorqoe is used to stop the engine.

The same velocity profile is followed between 240s and 300s but the battery
state of charge is lower in this second case, thus MPC uses a higher engine
torque to reduce the load on the battery and maintain the state gé dbael
reasonably close to its reference valiibis behavior is displayed in the next
group of figures which report a direct comparison of the engine torque level
decided by MPC and the correspondent battery state of charge level.
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battery state of charge battery state of charge

40 60 80 100 240 260 280 300

engine torque engine torque
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Figure 5.10: Battery state of charge and engine torque for two repetitions ¢
same velocity profile.

The trend of the engine torque is the same except for the magnitude of the
torgue which is adjusted in order to provitere power to the electric side of

the powertrain. It is important to note that MPC prefers increasing the engine
torque rather than the crankshaft angular velocity in order to provide more
power to the battery. This solution allows the engine to op@nateregion of

low fuel consumptionMPC exploits steadily the power split between the engine
and the battery where the split ratio depends on the driving situation and on the
instantaneoudattery state of charge levélhe result is a smoothctivationof

the emine during hard accelerations and a less fluctuating engine operating
point during all other driving situationdloreover MPC takes advantage of
regenerative braking to charge the battery and reduce the future power load to
the engine; simultanesly the engine torque is quickly reduced to 0 Nm as soon
as braking is detected.

The rule based strategy uses the engine as primary power unit either when the
power request is high i.e. during acceleration phases, or when the battery state of
charge isclose to its minimum threshald&Engine power is used to follothe
peaksn power request sthis control strateggdjusts the engine operating point

in accordance to the input level of power request. This behavior has the
drawback that the engine is aetiged brutally as the battery state of charge
diminishes below a threshold level power request exceeddimit value. The
engine operating point moves quickly towards a region in the engine map where
high power is generated in order to drive the velaaok charge the battery
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In order to illustrate e differences in the operatinyinciples of the two
strategies, a portion of the urban paftthe European drive cycle (NED@
used as referenc&his driving situationincludes a sequence of accelerations
followed by a short time interval where vehicle speed is conatangportedn

the next figure

vehicle longitudinal velocity

speed [m/s]

700 710 720 730 740 750 760 770
tls]

Figure 5.11: Velocity profile which corresponds to the considerediig
situation

The following two figures report the correspondent power flow among the
components of the powertrain that is obtained by the application of the two
energy management strategies.

x10* power flow. NEDC with Rule Based strategy power flow. NEDC with MPC strategy
T T T T T T T T T T T T T

— wheel
—ICE (]
motor
—GEN
batt

T
—— wheel
—ICE []
motor
—GEN
batt |]

15000 -

10000 -

£ 5000
o

V"/

-5000 -

700 710 720 730 740 750 760 770 700 710 720 730
ts]

Figure 5.12: Power flow in the powertrain as obtained with the rule based strategy
(left)and with MPC (right).

The rule based strategy uses the engine power to balandegtiestpower
request during the acceleration phase; in #iigation the crankshaft rotates
quicker than the ring gedif their velocities are referred to the same shafidl
therefore positive split mode is employed. Between 720s and 730s the power
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released by the battery is almost null; the electric power peatiby the
generator is sent to the electric motor but eventually this implies thaiehis

the onlyenergysource in this situatiorRPositive split mode is also applied by
MPC which already activates the engine between 712s and 720s; however the
battey power is used much more to sustain the load during acceleration in
comparson to the rule based strategiis implies that more engine power has

to be used to replenish the battery state of charge level during the subsequent
phase where the vehicle tsuising between 730s and &MNonetheless the

total load is low in this second driving condition therefore the engine can release
a surplus of power to charge the battery while still operating in a region of high
efficiency. The following figures reporthe engine operating points on the
engine map which result from the decisions taken by the two energy
management control strategies.
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Figure 5.13. Engine operating points as obtained with the hdsed strategy (left) and
with MPC (right).

MPC can successfully keep the fuel mass flow rate low in comparison to the
heuristic control strategy however the engine is used longer in time than with the
rule based control strategy and eventually the bemefnegligible over the
urban portion of the cycldn fact if just the urban portion of NEDC were used
asa new driving missiorthe fuel economy obtainable with the two strategies
would be the same.

Table5.2: Fuel economy and battery state of charge equilibrium level over the urban
portion of NEDC.

Driving mission limited to the urban portion of NEDC
AV Emid»iion [ ]
Strategy 1 |=:=-i._
Rule based 50.48 % 5.601
MPC 58.42 % 5.613

UDDS is another urban cycle which includes frequent start and stop of the
vehicle and the average speed is below 10 m/s, hence the average power request
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is low. Even in this case the fuel economy achievable with MPC is slightly
better than the rule basstrategy as it is reported Trable5.1.

On the other hand when power request increases MPC achieves better results.
Considering the following part of the highwaycte (HWFET) wherethe
vehicle accelerates in the initial part then speed remains almost constant.

Vehicle velocity profile
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Figure 5.14: Velocity profileof the consideregortion of HWFET.

The power flow in the powertrain abtained with the two strategies is reported
in the next two figures.

x10* power flow. HWFET with RB strategy x10% power flow. HWFET with MPC strategy
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Figure 5.15: Power flow with the rule Figure5.16. Power flow with MPC in
based strategyy HWFET. HWFET.

MPC manages the engine power in order to provide the mean power request
while battery power is used to deal with power fluctuations, thus the battery
provides a energybuffer to maintain the engine operating point close to a value
of high efficiency.
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On the opposite the rule based strategy strives to continuously update the engine
operating point to the actual power request. From this point of view this latter
strategydoes not take advantage of the additional mechanical degree of freedom
given by the powersplit drive which enables to decouple the engine operating
point from the vehicle speebh fact fromFigure 5.15 it can be seen that battery
power is kept around the null valuthis proves that the rule based strategy
mainly uses the engine power teatch the input power requesgtigure 5.16

shows instead how MPC splits the total power request between the engine and
the battery whose power oscillatesa lot to deal with fluctuations of power
request.This operating principle of MPC comes frotine definition of the cost
function which penalizesnstantaneouslythe fuel mass flow rate and the
deviation of the state of charg&he next two figures represent the engine
operating points as defined by the two control strategies.

engine map engine map. MPC
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Figure 5.17: Engine operating points Figure 5.18 Engine operating point
defined by the rule based strategy. obtained with MPC.

The rule based strategy sets thesired engine operating point lagh engine
speed meaning that although the desired operating point falls on the engine
OOL, thefuel mass flow rate is lomOn the opposite MPC succeeds in keeping
the engine speed low and thus the fuel mass flow ratbviesys lower tharl.9

g/s. Thanks to the fact that the engine provides only the mean power request,
MPC can achievéeetterengine efficiencythan the rule based strategyer this
driving situation as the next figure shows; moreover the engine keepsntiee sa
operating principle and the efficiency is almost constant.
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engine instantaneous efficiency. HWFET with RB
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Figure 5.19: Engine efficiency over the analyzed driving situation.

Figure5.16is useful to understand the operating principle of MPC when vehicle
speed is high, e.g. above 20 nW#C switches from parallel to negative power
split mode and vice versa depending on tlehicle velocity; for instance
between 310s and 340s the acceleration level reduces consequently MPC
decides to exploit the parallel driving mode where the generator angular velocity
is almost null so that the entire engine power flows to the driven whEsaks.
mode is efficient since engine power is not used to charge the battery; from
Figure 5.19 it can be seen that engine efficiency reaches the value ofir0.31
thistime interval As vehicle speethcreases furtheviPC shifts to negative split
mode meaning that generator angular velocity becomes negative and creates an
overdrive ratiao keep theengine speelbw while vehicle speed is increasing.

In conclusion themain operating principle of MPC is power split between
engine and battery power where the former provides the mean power request
while the latter copes with quick fluctuations in power request and driving
situations characterized by limited power requéke rule based strategy strives

to set the desired engine operating point on the engine optimal operating line for
any driving situation; this implies that the engine speed can even assume high
values and hence fuel mass flow rate is higjhce urban drimg rarely involves

high power request, MPC cannot achieve remarkable improvements for this
situation while fuel economy is much better for exirban routes, SC03 and
USO06 are two clear examples.
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5.2.4 A problem related to linearization

Figure5.16 andFigure 5.19 show how some high frequency fluctuations appear
when the MP@asedcontrol strategy is used between 300s and 340s; in general
these fluctuations occur every time aléel driving mode is selectedhe reason

of this strange behavior is due to the linearization of the generator power loss. In
fact as it was illustrated ichapter4 in order to linearize the power loss
associated to the generator it is necessary to consider two different formulations
of the partial derivatives of thifunction with respect to system states, control
inputs and measured disturbances depending on the sign of the generator angular
velocity at the sampling timddoweverthis can generate unrealistic negative
values of power loss associated to electrachinesThe next figure reports the
generator angular velocity over the same driving condiitorevealsthat MPC

has few problems as soon as this varigielis closer tehe null value.

generator angular velocity
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Figure 5.20: Generator angular velocity during parallel driving mode
HWFET.

This issue cannot be completely solved but it can be attenuated using a penalty
weight on the deviation of the angular velocity of the generator with respect to a
fictitious value in thecost function.This is the reasoto includeterm appears
inside the cost functio(®.26). When the vehicle is run in parallel driving mode
the generator angular velbc should be equal to 0 rad/s therefore a fictitious
reference value of 0.1 rad/s is specified in the cost function and MPC is pushed
to adjust the generator torque in order to limit the deviation of the generator
angular velocity from this reference valurhe reference value is fictitious since

it is only used to avoid this latter variable from crossiageatedly the null
value and thus creating uncertainty in the optimal control action due to the fact
that the operating conditions change a lot from sa@pling to the following

one.
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The penalty weight on this deviation is limited in order to allow MPC to change
quickly the driving mode. If this deviation were penalized severely then MPC
would be encouraged to keep the parallel driving mode even wigenaot the

most efficient oneThe following figures represent this latter point where the
reference on the angular velocity of the generator is introduced in the cost
function and the penalty weight is set rather high (20).
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Figure 5.21. Generator angula Figure 522 Power flow in the

velocity once its reference value powertrain once the reference value

included in the cost function. generator angal  velocity is
introduced.

It can be seen that fluctuations have disappeared nonetheless MPC maintains the

parallel driving mode even after 340s. This means that the engine speed is
higher than irFigure5.16 and thus the fuel mass flow rate is slightly higher too.
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5.3 Drivability

5.3.1 Velocity tracking error

A energy management control stratesiypuld satisfy the requests coming from

the driver in particular theeference velocity profile should be tracked correctly.

For each strategy and for each drive cycle the instantaneous error has been
calculated and the resulting mean error and standard deviation are reported in
the following table.

Table5.3: Velocity tracking error. Mean value and standard deviation.

Rule based MPC
CyCIe Hos» G.>> He s » G.»»
NEDC 0.0016 0.0192 0.0016 0.0296
HWFET 0.0022 0.0201 0.0022 0.0226
SCO03 0.0028 0.2669 0.0026 0.206
UDDS 0.0013 0.0237 0.0013 0.0376
Uso06 0.001 1.302 0.0006 1.0029

The tracking error has a slightly higher standard deviation with MPC since both

the control strategy and the low level controller of the electric machines are

implemented as discrete tingentrollers and hence there is a delay between the
driverds request and the actual torque ©pr
other hand the controllers of the rule based strategy update the control actions at

each sampling time so it can immediatelyenat t he dri ver 6s torque r

5.3.2 Passengers discomfort related to engine starting and stopping

The angular velocity of the crankshaft is controlled by the generator torque.
Once the vehicle supervisory controller decides to activate or to switch off the
ergine, the generator torque level is changed rapidly in order to achieve as quick
as possible the new desired set point of the crankshaft angular velocity.
However it is important to verify that the change in generator torque does not
produce undesired odlations along the driveline which eventually affects
passengers comfort and quality perception of the vehitie.readiness in the
response of the generator torque can be tuned with the proportional gain of the
Pl control on the instantaneous error betweurrent and desired crankshaft
angular velocity. This Pl feedback control is implemented in the low level
controller of the electric machinels the next figureshe results obtained with

the rule based strategy over NEDC are displayed when the pooabrgain of

the low level controller of the electric machines is set equal. tdh& same
driving situation considered iRigure 5.8 is analyzed and the correspondent
carbody accelerations and jerks along thragltudinal and the vertical axeare
plotted.
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carbody jerks
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Figure 5.23. Carbody acceleration Figure 5.24: Carbody jerks during
during engine starting. engine starting.

Engine is activated at 58.5snd this event is clearly recognizable in the
oscillations of thecarbody accelerations and jerksis impossible to give an
objectve evaluation of discomfgranywayit is necessary to reduce the effect of
these oscillations on passengers comiar{26] it is claimed that a magnitude

of jerk abovep ™ ¥i  should be avoided whilg25] provides an engineering

tool to evaluate the effect of vibrations on people even if the equations provided
in the standard norm refer to continuous vibrations and not transient events like
engine starting and stopping.As $keefigures showthe variations in carbody
longitudinal and vertical accelerations are severe when the crankshaft starts
rotating. Both longitudinal and vertical carbody jerks are outside the threshold
of p @ /i as a result the decisions taken by thergm management steagy

are likely to degrade the dooard comfort.

The solution that is implementeby the rule based strategy provides for
reducing the proportional gain of the low level controller of the electric
machines to 0.IThe change is theraf® applied outside the strategy itself.

The improvement is remarkable as the next figures show.
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carbody accelerations

carbody jerks
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Figure 5.25. Carbody acceleration Figure 5.26. Carbody jerks with &
with a lower proportional gain. lower proportional gain.

At 61s the longitudinal accelerations still varies consistently but this is related to
the fact that the vehicle stops accelerating and enters a part of constant speed.
Theresulting oscillations from the quick drop in torque which occurs at 61s are
not an issue in this case since both drivers and passengers expect to feel them.
Regardingthe engine startingthis event is no more clearly recognizable in the
carbody accelermins thanks to a smoother action of the generator toitue.

next two figures compare the generator torque action with a proportional gain
equal to 1 and a proportional gain equal to 0.1.
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Figure 5.27. Generator torque for « Figure 5.28. Generator torque for .
unitary proportional gain. proportional gain equal to 0.1.
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Comfort analysis with MPC

The MPCbased control strategy has been developed in ordaddeessthe
problem of drastic generator torque variation inside the control strategy itself.
Since the generator torque appears among the control input variables and the
crankshaft angular vettty is a state of the system, then it is possible to limit the
generator torque during engine starting and stopping in order to reach a smooth
response of crankshaft angular velocitiie quality of the solution proposed has
been evaluated according teetbriteria suggested [25] although they refer to
continuous oscillatory event$he purpose is to attenudtee vibrations, not to

solve completely the problemwhich usually involves different methods like
small changes in combustion process, stiffness of engine mounts; sdinee fur
details can be found ifi3]. The cycle NEDC is used as reference driving
mission because it involves numerous engine start&swemts which are well
separated from one another and therefore can be distinguished \¢asagion

of motor output torque can also produce remarkable peaks in longitudinal
acceleration and jerk however this torque follows the torque requested by the
driver as a consequence the driver and the passengers would expect such a
variation in torque and the resulting peak acceleraftomthermore one of the
constraints imposed by the drivability refers to the satisfaction at each instant in
time of the totaldarque at wheels requested by the drivera result the analysis

has been focused angine starting and stopping events in order to tune the
action of the generator torque and reduce the resulting oscillations.

In order to apply the evaluation methodoposed in[25] the longitudinal,
vertical and pitch accelerations of the carbody are used. Only the part of the
acceleration signals which refer to an engine event have been considered, thus
the effect of motor torque and engieents on the carbody accelerations should

be distinguishedn NEDC the engine start&stop events can be easily identified
and decoupled from the variation of motor torque because the engine is
activated or stopped when the vehicle is being driven witlstamt acceleration

or deceleration thus the motor torque is almost cohdtaalso means that the
longitudinal acceleration of the vehicle has either a positive or a negative mean
value and the oscillations produced by the engine event builds upanehrs

value. For this reason the mean value of the longitudinal acceleration is not
removed because the passengersd percept
overall acceleration valué set of data is extracted for each acceleration signal

in order to casider just the values which correspond to an engine eVbat.

data are sampled using a rectangslzped window which does not introduce

any signal distortion moreover the time period for this analgsisosen in such

a way that the oscillations dangut significantly so initial and final level of
accelerations are similar and the error due to repetition shéasuredignal to

create a periodic one is limited.
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The sampling frequency is chosen equal to 1000HZ. This value respects a
constraint given Y the normwhich prescribes to use a sampling frequency at
least equal to:

WQ

where "Q represents a characteristic frequency of the frequency weighting
functions provided byhe standard ISO nornit is assumed that all acceleration
signals are measute at t he driverds seatwhlBind the wei
are used to weigh the longitudinal, vertical and pitch acceleration respectively.
The norm prescribes to weigh the signals in the time domain using proper digital
filters having thecharacteristics defined by the frequency weighting functions.
This operation is carried out by applying recursively a Butterworth digital filter
to an acceleration signal, which is divided into bands of octave, and then by
applying the weight factor defideby the weighting function for that frequency
band. Secondly the signal is reconstructed in time domain by using an inverse
Fourier transformThe weighted signab 0 is used to calculate the weighted
rmsvalue as follows:

el 2 oo o (5.3)

The threerms values are combined through the comfort factersvhich are
provided by the norpto get the overall equivalent acceleration signald

W Qi ai Qi ai Qi ai (5.4)

This value is eventually compared to a reference table provided by the norm
which describes how a normal human being would judge a certain acceleration
level. In order to avoid a femlg of discomfort, the overall equivalent
acceleration should be kept belo® 0O 7v. These equations hold provided
that the crest factor of the weighted acceleration signal is below 9; for this
reason this value has always been calculassidllows

Yy GOE 0
00 —(— (5.5)
| Ol

If some peaks are present in the signal the following catmobecome useful.
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OO
— (5.6)
i ai %

T is the observation period of the signal whil®V is called vibration dose
value and it is calculated as follows:

N

If the ratio (5.6) exceeds 1.75, the norm suggests that the VDV describes better
the acceleration signal rather thanritss value.However if no peaks are present

in the signal and the signal has a mean value which is not null, then the
information given by the VDV is not important because it tends to assume high
magnitude due to the fourth power of the average value. For this reason if an
acceleration signal has neegk, itsrms value is assumed to be reliable to
provide a good description even if theove mentioned ratiexceeds 1.75.

The NEDC comprises in total 18 engine events, with 9 starting and 9 stopping
events An example of calculation is reported afterwsaah the basis of the two
first engine events in the cycle NED& starting at 56s and a stopping at. 90s
Firstly consider the engine starting event which is depian the following
figure.
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Figure 5.29: Carbody accelerations due to engine starting obtained with v

The trend of crankshaft angular velocity with time is similar to that reported in
Figure 5.25 and obtained by the rule based strategy in collaboration with the

93



Chapter 5

low level controller of the electric machineghis is because the generator
torque is applied gradually by the vehicle supervisory controller in order to
achieve the desired set point of tleeankshaft angular velocity without
remarkable oscillations of the carbody.

generator torque
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Figure 5.30: Generator torque defined by MPC to start the engine.

Comparing this latter figure teigure 5.28 it emerges that it takes MPC slightly
longer time to bring the engine to the reference idle speed, thus to activate the
engine.The trends oflongitudinal and vertical acceltions are rather smooth
while pitch acceleration shows larger oscillations which however are already
present wheithe engine isstarted The three considered acceleration signals are
reported below oncemore together with the results obtained by applying
equationg5.3) to (5.4).
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The equivalent total acceleration is equal to:
O T @ Yoy

The ratiodefined in(5.6) is bigger than 1.75 for the longitudinal acceleration
signal which however does not shawy spike, thushe high value of the VDV

is due to the mean valuef this signal The crest factor othe weighted
acceleration signal is far from 9 as a result the VDV vatu@ot usedto
describe the discomfort felt by the passenger.

At 85s the driver starts braking and the electric motor torque switches quickly to
negative values to accomplish a negetive braking. The engine torque drops
rapidly to 0 Nm and this produces a small variation on the crankshaft angular
velocity which goes below the idle speed for a while, then MPC decides to use
the generator torque to bring the flywheel angular vejobéck to the idle
speed.The oscillations in the acceleration signals produced by engine stopping
can be recognized easily since motor torque remains almost constant in this
phas&. The next figure represents these output variables.

® The variation ofgenerator torque affectie motor torque too because a negative generator
torque is needed to slow down the crankshaft rotation and this candssfma positive torque
applied to the driveline output shaft. Consequently in order to satisfy the equilibrium equation
and produce the same output torque, the motor should produce a higher negative torque. All
these events are related to engine stopaig result they are treated all together.
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carbody accelerations
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Figure 5.34: Carbody accelerations during engine stopping.

The following results are obtained:
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The results computed for the other 16 events are reported in the next table.

Table5.4: Equivalent accelerations related to engine start&stop events.

starting stopping
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All values are below® & 11 .
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6 Additional analyses

In this chapter some additional investigations on the performance of the MPC
based control strategy apresentedin the following the terms internal and
external parameters are used extensively and the chapter is divided into two
main parts where each focuses on one of these two cases. The term external
parameters refers to all model parameters which diside the strategy itself

and contribute to define the vehicle properties. These parameters cannot be
tuned by the controller whereas they are imposed by thendroanditions or by

the desigrof the vehicle. On the opposite the internal parameters appéae

script of the strategy and contribute to manipulate the optimization problem,
thus they influence the optimal control action defined by MPi& scope of

these further analyses is to assess the robustness of the control strategy against
uncertainy of someexternalparameters of the model and the influence of the
internal parametersn the optimization problem. In the latter case the target is to
identify a set inside the input space of the internal parameters which allows the
energy management dool strategy to achieve the best fuel econorige
possibility to flank the optimal control strategy with additional information
coming from navigation systems like GPS has also been tested in the latest part
of the chapter. The analyses reported in thigpter permits to judge the most
important features of the proposed optimal control strategy.

6.1 Robustness of the control strategy

The optimal values of the control inputs are determined as solutions of a
constrained optimization problem and the refeeestate space form changds
eachsamplingtime since it is linearized around the new operating conditions.
Consequently it is not possible to assess stability and robusth#éss control
strategytowards parameters uncertainty using the mathematpmaioach of
classic control theoryThis point is actuallywery important since some vehicle
parameters appear inside the control strategy hence their uncertainty may affect
negatively the performance of the strategke typical approach is to test the
behavior of the strategy against a number of different scenario which involve
changing the level of some of the model paramefesa result some numerical
simulations have been run in order to evaluate the behavibe aitrategy with
respect to the variability of some vehicle parameters. Different driving scenarios
have been considered where the value of one parameter at a time has been
modified with respect to a base ca3ée stability of the strategy has been
evaluated according to these two principles:
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- The time history of control variables as defined by the control strategy
do not show unrealistic trends, namely they do not oscillate heavily or
quickly switch to a new set point

- The battery state of charge remainghw the desired operating band
(40% - 80%) and the equilibrium level is reasonably close to the
reference value (60%)

Instead the robustness Hasenevaluated by means of a comparison with the
results obtained by the rule based strategy for the samegdconditions. The
comparisons haveomparedthe total fuel consumption and the equilibrium
level of the battery state of chargehievable with the two strategi@$e results
that are displayed afterwards refer to a system in energetic equilibrium.

The vehicle model iMmesint® contains several parameters but just a set of
them is supposed to have an important influence on fuel economy. In particular
the following parameters have been taken into account:

A Carbody mass

Road slope

Dimensionless coefficig¢rof aerodynamic drag

Wheels rotary inertia

Stiffness of the silent chain in the transaxle

Adhesion coefficient between tyre and asphalt

> > > > >

The simulations have been carried out according to thealeséme principle
(OAT) where the level of one factormsodified at a time while all other factors
are kept equal to their base vallibe NEDC has been used as reference driving
mission since itomprises pieces of bokbw powerandhigh power request.

6.1.1 Carbody mass

The carbody mass corresponds to the tathicle mass minus the front and rear
unsprung masses. This variable changes in accordance with the number of
people on board and the mass of the lugg@ge. base value is equal to 1280

kg; the following four levels have been tested:

1100 kg, 1400 kg, 1%bkg, 1700 kg

The value 1100 kg is only used to widen tlemainof analysis but it is not a
realistic condition since the base case corresponds to a situation with a nominal
vehicleplusthe driver.The following figures and tables compare the rule based
strategy to the MPC control stratemyterms ofthe effect of parameter change

on fuel consumption with respect to the base case.
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equilibrium level SOC[%)] vs change in carbody mass
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Figure 6.1: Battery SOC equilibriurr Figure 6.2: Total fuel consumption a
level as function of carbody ma: function of carbody mass change

change
Table6.1: Performance of the two strategies against carbody mass variation.

br;'éeed | bwmom 57.88% | 59.86% | 60.61% | 61.36% | 61.83%

MPC | Fwmom| 59.38% | 59.49% | 59.69% | 59.74% | 59.75%

rule 1

based Bomn 466.7 g 509.0 g 537.9¢ 574.9¢ 61259

MPC M 454.6 g 493.6 518.4 g 549.7 g 581.4 g
Ci:gggy 1100 kg 1280 kg 1400 kg 1550 kg 1700 kg

Increasing the carbody mass leads to an increase of the equilibrium level of the
battery state of charge because during regenerative braking more energy
associated to the inertia of the vehicle canrdmovered. Since the strategies

strive to maintain the battery state of charge close to its reference value this
produces eventually a higher equilibrium level because the strategies do not

know that a long braking concludes the cy&8amilarly more poweis required

to accelerate the vehicle consequently the total fuel consumption increases too.

The percentage variation diuel economywith respect to the base case
reported in the next table.
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Table6.2: Fuel economy preertage variation with respect to carbody mass.

e baseq |0 nwa| 5434 5.927 6.263 6.694 7.132
Vb 831% | 00% | +5.67% | +12.94% | +20.33 %

vpe LoD TU 0a| 5293 5.742 6.036 6.400 6.770
yb 782% | 00% | +512% | +11.46% | +17.90 %
car\;gggy 1100 kg | 1280kg | 1400kg | 1550kg | 1700 kg

The MPCbased energy management strategy performs better than the rule
based strategy in terms of percentage increase of total fuel consumption. Both
strategies manage to keep the battery statehafge level irbetween the
desired operating domaifihe MPGbased control strategy seems to be stable as
the next figure showsThis figure represents the time history of the engine
power in the high speed part of NEDC as functiothef base value artdgher
values of theearbody mass.

x10* engine power

——— 1280kg
3 | ——1400kg
— 1550kg
——— 1700kg

i i
1100 1150

800 850 900 950 1000 1050
ts]

Figure 6.3: Engine power as function of carbody méssels

The trends are similar, the magnitude of power release is adjusted according to
the increase in carbodyass and the behavior is stabléne next two figures

also serve to highlight that MPC only adjust the engine torque and engine
angular velocity in order to produce more or less power but the operatitires
engine are not modifiedhis indicates a recting behavior of MPC despite the
change in operating conditions; hence the strategy is stable and robust.
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engine torque oy evolution
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Figure 6.4: Engine torque as functio Figure 6.5: Engine speed as functic
of carbody mass. of carbody mass.

6.1.2 Road slope

The road surfacehas been defined am inclined plane with constant slope,
hence the vehicle moves forward on a road of linear increasing height. However
the initial and the final part of the road are flate road profile is therefore
simple but this approach allows fuel economy to be directly related to a specific
road slope. The reference velocity profile has not been modified according to the
change in road slopehus the driver still tries to follow the velocity profile
which holds for a flat roadThis assumption implies that power request
increases significantly in the high speed part of the cycle therefore rather limited
slope values have been testétle basecase corresponds to a null road slope
value; the following conditions have been considered:

[ déguar ) ™ & hpd pst e I p& b htJ 08 ®

The next figure illustrates the road height as function of vehicle position in the
absolute framéor the case of 0.6°.
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Figure 6.6: Road height as function of vehicle absolute position. Road slo
equal to 0.6° anthe absolute position afarbody center of gravitis 3422.85

The followingresults have been obtained.

equilibrium level SOC [%] vs change in road slope
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Figure 6.7: SOC equilibrium level a: Figure 6.8: Fuel
function of road slope.
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Table6.3: Values of the results displayed in the two figures above.

br:_i;d |1 krmoml 5986% 59.44% | 58.86% | 56.99% | 50.75%

MPC |l Fwmom 59.60% | 58.78% | 57.88% | 56.53% | 52.53 %

rule I

based [ 509.09 559.0 g 611.2 g 685.4 g 886.2 g

MPC o I 493.6g | 538.8g | 58359 | 65159 | 843649
road o o . s o
slope 0 0.3 0.6 1 2
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Table6.4: Fuel economy and percentage variation witbpect to the base case.

Ule based | P mRa| 5.927 6.509 7.117 7.981 10.32
yp 00% | +9.82% | +20.08% | +34.65% | +74.12%
vpc  |L9TP T Wa| 5.742 6.376 6.794 7.586 9.823
Vb 00% | +7.58% | +18.33% | +32.12% | +71.08 %
road o o o o o
Slope 0 0.3 0.6 1 2

Even in this case the optimal control strategy is stable; the next figure shows
how MPC tends to maintain the battery state of charge inside a band whose
limits correspond to 56% and 58% for any value of road sl®pes indicates

that the strategy keepise same operating principle and it indicates its capability
to cope with modified driving conditions.

SOC evolution

SOC [%]

road0
road03
road06
road1
road2

g

48 i i i i i
0 200 400 600 800 1000 1200

tls]

Figure 6.9: Time history of the SOC level as function of road slope.

6.1.3 Dimensionless coefficienof aerodynamic drag
Five different configurations have been analyzed and the base case corresponds

tod T
6 mhmng brhm® bmd . []

The following results have been obtained.
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equilibrium level SOC[%] vs change in Cx total fuel consumption[g] vs change in Cx
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Figure 6.10: SOC equilibrium level a: Figure 6.11: Fuel consumption a
function of Cx function of Cx.

Table6.5: Values of SOC levednd fuel consumption shown in the two figures above.

br:?ed | Emwmoml 60.92% | 6039% | 59.86% | 59.31% | 58.73%
MPC lEkemom| 61.44% | 6056% | 59.59% | 58.62% | 57.58 %
rule 1
based Bomn 473.0 g 491.0 g 509.0 g 52759 546.1 g
MPC T g0 gn 462.9 g 477.9 g 493.6 g 508.9 g 525.2 g
Fo 0.2 0.25 0.3 0.35 0.4
Table6.6: Fuel economy and percentage variation with respect to the base case.
(‘)]’p nR& 5.508 5.717 5.927 6.142 6.359
rule based =
Yb -7.07 % -3.54 % 0.0 % +3.63 % +7.29 %
vpc | Ofp mRA| 5390 5.565 5.742 5.926 6.116
Yb -6.13 % -3.08 % 0.0 % +3.20 % +6.51 %
Fo 0.2 0.25 0.3 0.35 0.4

In this case the change of this factor seems to have higher influence on the
variation of the equilibrium level of the battery state of charge rather than on
total fuel consumption. This conclusion can be explained considering that the
aerodynamic resistap becomes severe as the vehicle speed increases, roughly
above 15 m/s the aerodynamic drag becomes the most important term in overall
resistive force. The vehicle drives above this velocity threshold Iforited part

of NEDC consequently the change otal fuel consumption is limited among
different configurationsOn the other hand the equilibrium level of the battery
state of charge reduces @s increases and this is because less power can be
recovered due to regenerative brakir@omparing the rests obtained by
increasing the carbody mass, whéY&) 6 increases as well, to these latter
results it is clear that the MPC strategy maintains the battery state of charge
level between 56% and 58% throughout the driving mission. Then if thelere
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has more inertia a higher final state of charge level is reached whereas with
higher aerodynamic resistance regenerative braking is less efficient.

6.1.4 Parameters withlow influence

The rotary inertia of the wheels, the stiffness of the silent chaithenaldhesion
coefficient between tyre and road have proved to have a very limited influence
on fuel economyThe following cases have been tested:, the base case is written
with red color.

0 dpPpQ® h ¢cQ®@ h ocQ& h Q@
. Q0 . Q0 . Q0 . Q0
Q d vR—h pm®s h omnmsEh vLTHE
a a a a
: o h ™ h ps8r

The results are only given for the MPC strategy.

Table 6.7: SOC equilibrium level and total fuel consumption as function of wheels
rotary inertia.

YO QU Q 59.46 % 59.59 % 59.72 % 59.85 %
0 492.9 g 493.6 g 494.2 g 4949¢g
0 P Q® X ) oQ® TQ0
Table6.8: SOC equilibrium level and total fuel consumption as function of silent chain
stiffness.
YO QU Q 59.5907 % 59.5910 % 59.5912 % 59.5912 %
0 493.587 g 493.589 g 493.607 g 493.640 g
0 v TIQ A p T RING o RN v TR

Table 6.9: SOC equilibrium level and total fuel consumption as function of adhesion

coefficient tyreroad

YO & Q0 Qa 59.5911 % 59.5911 % 59.5912 %
i 493.5870 g 493.5876 g 493.5876 g
‘ 0.8 0.9 1.0

Some of the vehicle parameters that have been tested here appear inside the
strategy too. They are used poedict thevehicle velocity over the prediction
horizon from the prediction of torque request by integrating trserele
differential equatior{4.9). The nominal values arnenplemented in the strategy

and have been used to tune the MiSed control strategyn particular the

total vehicle mas& , the dimensionless coefficient of aerodynamic
dragd , the rolling resistance coefficiei®®? and the rotary in¢ia of the
wheels) have been analyzed.
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This analysisassumeshat the value of a vehicle parametpecifiedinside the
strategy does not correspond to the actual vakmce it mayinfluence the
performanceand the stability of the strategyor this purpose the actual vehicle
parameters have been kept fixed to their nominal values while the correspondent
values inside the stratedpave been varied one at a tinfde following cases

have been considered and Iihglations have been run on NEDi@e first case

is the base case.

Table6.10: The 11 configurations that have been tested in this analysis.

test ENTE 1 Fe | 8 L. EE
1 1360 0.3 0.025 2
2 1500 0.3 0.025 2
3 1730 0.3 0.025 2
4 1360 0.15 0.025 2
5 1360 0.4 0.025 2
6 1360 0.55 0.025 2
7 1360 0.3 0.01 2
8 1360 0.3 0.04 2
9 1360 0.3 0.1 2
10 1360 0.3 0.025 1
11 1360 0.3 0.025 4

The results are reported in the next two figures in termstate of charge
equilibrium level and total fuel consumption.
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Figure 6.12 SOC equilibrium level Figure 6.13. Total fuel consumptior
correspondent to the 11 configuratio correspondent to the 11 configuratio

listed above. listed above.

The results reveal that the variability of these parameteraot cause major
changes in the final outcomes of the syst@unsequently MPC shavgood
robustness towards this type of uncertainty, in other words it can be stated that
small errors in the prediction of the vehicle velocity over the prediction horizon
do not affect the outcome of the strategy.
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6.2 Analysis of internal parameters

The valies of the control inputs are the solutions of a constrained optimization
problem which depends on the objective function and the constraints but also on
some internal parameters which are commonly use to manipulaterterical
research of an optimal sdion. It is therefore worth to understand which
internal parameters have the highest influence on the optimization problem
because this may improve the performance of the control strategy by identifying
a proper tuning procedure.

Two mainideas have inspired this analysis:

1) The OAT analysis carried out on some vehicle and road parameters has
revealed that the carbody mass, the road slope and the coefficient of
aerodynamic resistance have the highest influence on fuel economy. It is
not posgble to known the variation @i for instance when a luggage is
put on the roof of a vehicle but it is possible to estimate the variation of
carbody mass and road slapereal timenowadays
The former data can be for example estimated through loagingen
valves while the latter data can be obtained using informationided
by navigation systems like GPS/GIS.

2) The values of the internal parameters have been tuned manually on the
basis of several simulations carried out on 5 reference drive cydes, it
important to analyze if another set of values may improve the
performance of the strategy particularly when this set is obtained from an
optimization procedure.

The application of navigation systems to the energy management control
strategyto detect oad slope variations treated in the nexpart while the
problem of dealing with a variable carbody mass is treatecbledoe!,

6.2.1 Sensitivity analysis

The assessment of the effect of changing the values of the internal parameters
has been accomplishemgether with an investigation of the possibility to
improve fuel economy if the change in carbody mass were known. In practice
different configurations of the internal parameters have been tested and the
outcomes of the system (total fuel consumption state of charge equilibrium
level) have been stored. All configurations have been tested against two values
of the carbody mass in order to understand if fuel economy could be improve by
changing the values of the internal parameters coherently to thgeclan
carbody massSensitvity analysis is a powerful tool for this kind of numerical
investigation since it provides a structured method to evaluate the response of
the system to a number of input configurations and thus infer the connections
between inpts and outputs. Appendix B provides more insight into this
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mathematical technique and into the procedure adopted in this thesis work.
Design Of Experiment (DOE) analysis has basad extensivelfo define a list
of suitable configurations of internal paneters to be teste@ihe experimental
design has been structured in two main steps:
A 2-level design of experiment in order to determine the parametersghavi
the highest influence on fuel economy.
A A refined DOE analysis based on Central Composite DgSI@ID) in
order to explore a wider input space of the internal parameters and
calculate an optimal set.

Firstly the procedure ibriefly described; secondly the results are reported and
commented. Further details concerning DOE and CCD are available in
Appendix B.

Description of the analysis
a) Full factorial 2-level DOE analysis
Initially the internal parameters havedn sifted out in order to select a small
subset of parameters which are likely to influence heavily the optimization
algorithm. For exampg the penalty weights on the level and variation of the
control inputs have the target to stabilize the control action but they do not affect
fuel economy; similarly the rate of decay used to predict the torque requested by
the driver has a minimum influea on the optimization routin&ventually five
parameters haveekn considered in the experimental design:

- 'O :length of theprediction horizon
O : length of tke control horizon
“Y . defined as’©O 'O , it represents the number of steps in the
prediction horizon for wich the penalty weights on the outputs are not
further weighted by an exponential decHy) is the weight applied
to the deviation of the battery state of charge in the cost funetien
for all k-th stepswvherep Q'O the weight is not modifigdvhereas
for all k-th steps with'®O p Q 'O the penalty weight is defined as

0 XN wheret m&i andO 'O.

- 0 :isthe weight applied to the deviation of the battery state of charge
with regect to its referenclkevel. Actually this anaIyS|s has considered
the incremental vigble Y0 defined as Y0 0 0
where0 is the base value of this weight

- 0 :is the penalty weight on the fuel mdksv rate Even in this case

the design vaable isY0 0 0

The base values of the parameters are reported here below:
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O pc¢NO pmMY ¢NO p NO P& Fpd

Two values are specified faF  because whe the power request exceeds
30kWthenu p&p, while 0 p& for all other situations.

The cycles NEDC anHHWFET have been chosen as reference cycles since they
involve different driving sitations NEDC includes both a typical urban driving
and anextraurban driving whileHWFET hasa long portion of high speed with
medium power requesMoreover since the target is investigate a possible
relation between the value of the carbody mass and the optimal values of the
internal parameters, each cytias been repeated for two values of ikaicle
mass:

- The base valu#360kg;the driverand no luggage

- An overloaded vehicl@730kg; S5people on boarglus theluggage

Hence 4 driving scenarios have been considaneldhe correspondent values of
carlpdy mass are 1280kg at850 kg.A full factorial 2-level DOE analysidias

been carried out according td_82 design matrixthe main effects are isolated
from the crossorrelation effectsThe high ad low levels of each factor has
been taken around the base case except for the length of the control horizon
which has to satisfy the conditid@ O.

Table6.11: Low and high levels of each factor.
Parameter | Low | Base| High

T = 10 12 14

74 6 8 10

A1s -4 -2 0
Yes I1Le | 0.2 0 +0.2

-02] 0 | +0.2

<

g i

The coefficients of influengeboth main effects and creserrelation effects,
have been computed according to the following equations

p YO 6 0
p . YOO o D
é é & z .
o e @
o p YU O
0 S T 5 7 o~ N e~V D ol p ~,U it
£JEO Wi Qi L 8 VSEIQL Q I SU— S—
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where
- 0 : coefficient ofinfluence of the-th column of the design matrix.
- YO G0 : system outputs correspondent to thle gonfiguration of

the parameters.

- i-th column of the design matrix.

1
- Do o

b) DOE-CCD design

As it is clear from th results ofthe full factorial 2level DOE analysis, the
length of the prediction horizon has a limited influence on the outputs, thus it
has been neglected in the subsequent refined experimental analysis. Its value has
been set equal to the base cd$e design maitx has been defined according to
Central Composite Design sincaltows each parameter to be testecbdavels

with a limited number of simulation§ince the design matrix hasen defined
having the properties of being circumscribed and rotatablepfigurationsare
tested(See Appendix B for further details altathese two prperties of the
experimental design).

The5 levels are identifiedhy the numbers:

| h phth ph |
where | depends on the number of factors and ondmredproperties of the
design matrix The properties of being circumscribed and rotatable with 4
factors, leado | ¢. In order to sweep as much as possible the input space of

the factors, two configuratiorteave been defined for the 5 levels of the factors.
The onfigurations are reported in the next two tables.

Table6.12: Levels of each parameter taken for Configuration A.
Configuration A

factor | -2 -1 |0 +1 +2

7 - 10 12 | 14| 16 18

J|| = -8 -6 -4 -2 0

Yoqpd-05[-0.25| 0 | +0.25| +0.5

Yoog [-0.5]-0.25] 0 | +0.25] +0.5
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Table6.13: Levels of each parameter taken for Configuration B.

Configuration B

factor | -2 -1 0 +1 +2
T 18 19 | 20| 21 22
{;; -8 6 | -4 -2 0

)“/s::::q L4-05]-025| 0 | +0.25] +0.5
ye;::::eDl -0.5(-0.25| 0 | +0.25| +0.5
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The design matrix is defined as follaws

Table6.14: Design matrix of the DOECD analysis

run /- J| Yoy ke Yoq [
#1 -1 -1 -1 -1
#2 -1 -1 -1 1
#3 -1 -1 1 -1
#4 -1 -1 1 1
#5 -1 1 -1 -1
#6 -1 1 -1 1
#7 -1 1 1 -1
#8 -1 1 1 1
#9 1 -1 -1 -1
#10 1 -1 -1 1
#11 1 -1 1 -1
#12 1 -1 1 1
#13 1 1 -1 -1
#14 1 1 -1 1
#15 1 1 1 -1
#16 1 1 1 1
#17 -2 0 0 0
#18 2 0 0 0
#19 0 -2 0 0
#20 0 2 0 0
#21 0 0 -2 0
#22 0 0 2 0
#23 0 0 0 -2
#24 0 0 0 2
#25 0 0 0 0

Total fuel consumption and ae of charge equilibrium level are the two
important outputs that have been considered in this analykses.relations
between the outpuiand the levels of the factors is not clear looking at the 25
observations for this reason the response surface methodology is used to
approximate the outputs with a continuous polynomial surféibés surface
enables aeeper understanding of the weighteaich factor on the outputs since

the magnitude of the regression coefficients is used as ramangach analysis

a regression nuel of total fuel consumption has been computed and sometimes
a regression model of the minimum level of battery state afigehhas also been
computed.
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The quality of the regression adel has been assessed through statistical

analysis, in particular the normal probability plot of the residuals, the adjusted

R? coefficient and hypothesis testing of the regression coeffici¢intbe p

value of the 4est which evaluates the hypothesis that a regression coefficient is

null against the hypothesis that it is not null, is greater than 0.05 that coefficient

is removed from the regression model and the model is calculated once more.

If the quality of the new model results better than the previous one then that

regressor is definitely removed from the moddle ANOVA and the regssion

fit have been carried out using the Mafldbu nct i on ANonLi near Fi t o

Results

a) 2-level full factorial DOE

Pareto chartshighlight the most important conclusiorand the following
nomenclature is adopted.

Nomenclature

Pareto chart CI on SOC for NEDC L 1280kg Pareto chart CI on Mm for NEDC Mg = 1280kg
P T T T T T T T T gg% 5 r T r T T T r T —98%

120%
110%

0%

0% 0
A c D AXC E AxD CxD AxE CxE AxCxD AXC AD CxD A C ACXDCE AE E BxC

Figure 6.14: Coefficients of influence Figure 6.15: Coefficients of influence

on SOC. NEDC 1280kg. on fuel consumption. NEDC 1280kg

Table6.15: Ci on SOC.NEDC 1280k¢ Table6.16: Ci on fuel. NEDC 1280kg

Fattore| A C D | AxC E Fattore| AXC | AxD | CxD | A C
G |3.04]279[2.26] -1.3 | -0.89 [} 0.94| 06 | 052]-05[-05
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Pareto chart C, on SOC for NEDC m_, = 1650kg Pareto chart C, on M, ., for NEDC m_ = 1650kg
T ——=99% T T T T T T T T
1 7T {e4%
180%
lea% 167%
154%
140%
133%
121%

113%

0 0% 0%

A [+3 D AC E AD CxD AxE AxCxD CxE AXC AxD CxD AxE CxE D DxE C A AXCxD

Figure 6.16: Coefficients of influence Figure 6.17: Coefficients of influence

on SOC. NEDC 1650kg. on fuel consumption. NEDC 1650Kkg.

Table6.17: Ci on SOC. NEDC Table6.18: Ci on fuel. NEDC 1650kg

1650Kkg.

Fattore| A C D [AXC| E Fattore| AXC | AXxD | CxD | AXE | CxE
C. [3.78]3.46]283] -16]-1.1 C |156] 1.3 ] 12]-05]-04

Figure 6.18 Coefficients of influence Figure 6.19: Coefficients of influence

on SOC. HWFET 1280kg. on fuel consumption. HWFET 1280k
Table 6.190 Ci on SOC. HWFET Table 6.20: Ci on fuel. HWFET
1280kg. 1280kg.

Fattore| A C D AxXC E Fattore| A C D E B

C 2.06|1.88| 1.50| -0.9 | -0.6 C -0.3| -0.3|-0.14| -0.13]| 0.10

Among these five factors, the length of the control horizon is the one which
seems to have the lowest influence on the considered system outputs since it
does not appear in most of the Pareto charts that are displayed above.
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