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Abstract

The pantograph - catenary interaction is one of the most important features
in high speed trains, and to guarantee a reliable current collection is the
target that every railway system must take into consideration in order to
speed up trains. The problem that goes against this direction is mainly the
variation of the overhead equipment’s stiffness.

To understand the phenomenon a lumped mass model of the pantograph
with a rigid body attached to the ground representing the contact wire were
built up; in this way a complete lumped mass model is developed. All infor-
mation regarding both wire and pantograph set up is introduced as lumped
parameters. Creating the model, different active control strategies as ideal
control, PID control and optimal control are introduced. All simulations
are made in GENSYS, while the control part is made in SIMULINK; a con-
nection between those two softwares was created as part of the thesis using
TCP/IP protocol.

Results compared to experimental acquisition are satisfactory in terms
of contact force representation. The standard deviation and average value’s
errors of the contact force are lower than 10%; regarding the control system,
typically 20% of reduction of the standard deviation compared to the passive
case is achieved.

Also a comparison with a finite element program is done in order to better
understand the limits of the model compared with a more sophisticated one.
The comparison shows a good accordance up to 60 % of the average speed
of the wave propagation in the catenary.

The last feature analyzed is how the behavior of the controlled system
changes introducing a real actuator: results shows that the performance is
reduced in different ways considering different speeds, but no instabilities
occur.

Keywords : Active control; pantograph catenary interaction; actuator
model; optimal control.
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Riassunto

Il presente lavoro, nato dalla collaborazione tra il Politecnico di Milano ed
il KTH - Royal Institute of Technology di Stoccolma, ha come scopo la
definizione di un modello minimale atto allo studio di un controllo attivo
su pantografo ferroviario, cercando un compromesso tra 1’ accuratezza del
modello stesso (pantografo - catenaria - attuatore) e la possibilita di essere
efficientemente utilizzato nella fase di sintesi del controllo. In altre parole si
cerca un livello di accuratezza del modello sufficiente in modo da consentire
un recupero di indicazioni utili allo studio di fattibilita di un sistema di
controllo.

Nella applicazioni di sintesi di controllo attivo dei pantografi ferroviari
disponibili in letteratura il modello di gran lunga piu usato ¢ un sistema a
due gradi di liberta (gdl) in cui la catenaria viene schematizzata come una
rigidezza tempo variante. Nei casi in cui un controllo attivo e stato proposto,
non € quasi mai stato impiegato un attuatore reale, ma sempre ideale.

Come primo step della tesi e stato implementato un modello simile a
quello appena descritto, in cui la rigidezza variabile ¢ stata estratta da un
modello ad elementi finiti (F'E) della catenaria ed in cui e stato aggiunto il
gdl di rollio della testa del pantografo, con I'obiettivo di applicare la model-
lazione proposta dallo studio di letteratura. I risultati ottenuti da tali simu-
lazioni sono stati comparati con test in linea effettuati in Svezia all’interno
del progetto Grona taget

Da tale raffronto ci si accorge di come il modello implementato soddisfi
un primo confronto complessivo (deviazione standard totale della forza di
contatto accurata, contenuto armonico nella banda della forza di contatto
soddisfacente, validazione peak to peak dello spostamento e del rollio medi-
amente soddisfacente), ma altresi di come abbia delle evidenti lacune nella
rappresentazione degli effetti dinamici della catenaria e dei pendini e soprat-
tutto (considerando I'obiettivo di sintesi di controllo) una sovrastima elevata
della prima frequenza di passaggio campata della forza di contatto.

Si e deciso quindi di confrontare tale modello con un modello F'E validato,
in modo da valutarne i risultati in modo sistematico. Da tale confronto ¢
emerso come, se e richiesta una validita del modello a velocita sostenute (>
150 km/h), una modellazione piu accurata della catenaria ¢ necessaria. Nello
specifico si e deciso di inserire I'effetto dinamico della catenaria sotto forma
di effetto inerziale, cioe inserendo un ulteriore grado di liberta in rappresen-
tanza della massa relativa al primo modo della catenaria. Cosi facendo una
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sostanziale corrispondenza tra il modello proposto e il modello F'E ¢ stata
raggiunta per velocita inferiori a 250 km/h: da cio si evince come il mod-
ello a due masse non e adatto a rappresentare il comportamento dinamico
dell’interazione pantografo catenaria, e che informazioni riguardo la dinamica
della catenaria sono essenziali ai fini della sintesi del controllo.

Considerando adesso il controllo attivo, e stato appurato come I'implemen-
tazione di diverse strategie di controllo su un modello fedele alla letteratura,
cio¢ a due masse, (senza considerare la dinamica dell’attuatore) dia ottimi
risultati. Cio ¢ in corrispondenza con gli studi proposti fin ora, ma ¢ stato
dimostrato che tali modelli non forniscono informazioni sufficienti sul com-
portamento dinamico del sistema, e quindi non utilizzabili per la sintesi del
controllo.

Si e deciso quindi di implementare una logica di controllo sul sistema in
cui si tiene conto della dinamica della catenaria: il primo approccio e stato
quello di sintetizzare un controllo senza considerare ’attuatore reale; tale
approccio si e rivelato fattibile e con risultati decisamente buoni in termini
di riduzione di forza di contatto e spostamento della testa del pantografo.
Successivamente & stata introdotta la dinamica dell’attuatore, in modo da
sintetizzare e controllare il sistema nella sua configurazione piu vicina al
vero: tale approccio ha rivelato risultati comunque soddisfacenti fino a 300
km /h.

Nel complesso, tutte le operazioni eseguite in questo lavoro hanno eviden-
ziato come la descrizione e la sintesi del controllo su un modello di pantografo
che non tenga conto della dinamica della catenaria e della dinamica del sis-
tema di attuazione non siano applicabili, in quanto tralasciano informazioni
essenziali in fase di descrizione dinamica, sintesi del controllo ed attuazione
della logica scelta.

Tutte le simulazioni dinamiche e 'implementazione del modello sono state
eseguite in ambiente di programmazione GENSYS, un software multi-body
svedese in uso presso il KTH - Railway group.

Approfondendo piu nel dettaglio le tematiche fin ora sinteticamente es-
poste, come primo approccio nel Capitolo 2 il pantografo e stato schema-
tizzato come un sistema a due masse in cui la massa inferiore, dotata solo
del grado di liberta verticale, rappresenta il quadro, e la superiore, dotata
di grado di liberta verticale e di rollio, rappresenta la testa, al fine di inves-
tigare 'efficacia dei modelli disponibili in letteratura. La catenaria e stata
schematizzata come un elemento elestico tempo variante (tale rigidezza vari-
abile & stata calcolata in precedenza con un programma ad elementi finiti)
connessa ad un estremo alla testa del pantografo e all’altro estremo ad una
terra sagomata rispettando il pre sag della catenaria stessa. La poligonazione
e stata inserita imponendo all’elemento di contatto una variazione di coordi-
nate nel piano orizzontale: in questo modo il grado di liberta di rollio risulta
eccitato. Piu nel dettaglio sono state analizzate due differenti catenarie, le
SYT 7.0/9.8 e la SYT 15/15, entrambe equipaggiate con sticth wire e pre
sag massimo rispettivamente di 30 e 14 mm.
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Il carico aerodinamico imposto alla testa deriva da test in linea eseguiti
all’interno del progetto Griona taget, seguito dal KTH di Stoccolma, mentre
il carico statico applicato al quadro e la rappresentazione del pre carico dato
dalla molla ad aria.

Sempre all'interno del progetto appena citato, una serie di test in linea
sono stati condotti (Capitolo 4), e la comparazione tra le simulazione del
modello a due masse creato e lo sperimentale mostra come sia raggiunto un
discreto match tra i due (Capitolo 5). Piu in dettaglio, i risultati del modello
implementato (Capitolo 3) riescono a cogliere in modo accurato la forza di
contatto e lo spostamento della testa del pantografo in modo grossolano fino
a circa il 50% della velocita di propagazione dell’onda nella catenaria. A
velocita superiori il modello proposto sovrastima le armoniche di passaggio
campata mentre non coglie le variazioni significative a frequenze relative al
passaggio sotto pendinatura.

L’analisi in banda inoltre mette in luce come la prima armonica di passag-
gio campata sia sovrastimata in modo sistematico, mentre la seconda e terza
armonica sono ampiamente sottostimate: la sovrapposizione di tali effetti
porta ad avere un banda relativa al passaggio campata totale accettabile. La
banda relativa alla pendinatura invece e molto influenzata dalla velocita di
percorrenza, quindi si hanno casi in cui questa e descritta in modo esatto
(basse velocita) e casi in cui invece il confronto lascia alquanto a desiderare
(alte velocita). E’ da sottolineare che comunque il confronto tra deviazioni
standard e forza media della forza di contatto (responsabili della qualita della
captazione di corrente) & sempre soddisfacente: in particolare per la forza me-
dia risulta un errore percentuale compreso nella banda £10%, mentre lerrore
della deviazione standard ¢ compresa nella banda +6%. Tali conclusioni sono
tratte nel Capitolo 5.

Dati questi risultati, si e deciso di implementare un logica di controllo
attivo sul modello appena descritto, cioe il modello a due masse fedele alla
letteratura. Per fare cio nel Capitolo 6 un sistema di comunicazione dati fra
il software di simulazione dinamica (GENSYS) e di controllo (SIMULINK)
¢ stata implementato tramita l’applicazione di un protocollo TCP /IP.

L’obiettivo del controllo e quello di ridurre la deviazione standard della
forza di contatto e lo spostamento della testa del pantografo, in modo da
ridurre 'usura sia della catenaria che degli striscianti del pantografo, miglio-
rare la captazione riducendo picchi di forza di contatto e incrementare la
velocita massima del treno fissati dei valori limite di forza di contatto e
spostamento della catenaria.

In tutti gli approcci eseguiti nel Capitolo 7 non e stata considerata la
dinamica dell’attuatore, e la forza sintetizzata ¢ stata applicata direttamente
alla base del quadro. Si & deciso di effettuare tale simulazioni ad 80 m/s sulla
catenaria SYT 7.0/9.8 in modo da presentare la situazione piu sfavorevole
sia del punto di vista della dinamica (velocita elevatissima per il tipo di
catenaria) sia dal punto di vista della catenaria stessa, essendo la SYT 7.0/9.8
la meno performante delle due analizzate. Nel dettaglio sono state studiate
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tre diverse logiche di controllo:

e la prima definita ”ideale” in quanto si controlla direttamente la forza
di contatto agendo non sul quadro, ma sull’elemento di contatto ap-
plicando una forza di controllo sintetizzata con un controllore pro-
porzionale integrale e derivativo (P.I.D.) avente come input la forza
di contatto stessa; in questo modo i benefici ottenuti in termini di
riduzione di forza di contatto e spostamento della testa sono ovvia-
mente enormi. Tale approccio € stato studiato al fine di ottenere un
riferimento per le logiche successive;

e La seconda logica implementata si basa su un controllore in cui ven-
gono pesate le inerzie delle due masse e la velocita del quadro: la forza
controllo sintetizzata e applicata alla base del quadro. Sono stati se-
lezionati inoltre due diversi set di guadagni, ed i risultati mostrano
una riduzione di forza modesta ed un incremento di spostamento del
quadro: il decadimento delle prestazioni ¢ imputabile al controllo di
tipo no-colocato implementato;

e l'ultimo algoritmo di controllo ¢ un controllo ottimo: nello specifico
sono stati implementati sia il controllo a tempo finito che infinito al
fine di dimostrarne ’equivalenza. I risultati ottenuti sono soddisfacenti
in quanto anche se si sta imponendo la forza di controllo in modo non
co-locato, la scrittura del funzionale di ottimizzazione contenente sia
I'informazione sulla forza che sullo spostamento porta ad una riduzione
significativa di entrambe.

In tutti i casi in cui e stato implementato un controllo non co-locato e da
registrare un abbattimento della sola prima armonica della forza di contatto:
questo comportamento e imputabile al quadro che, con le sue caratteristiche
inerziali ed elastiche, funge da filtro meccanico per la forza di controllo.

Lo step successivo analizzato nel Capitolo 8 ¢ stato quello di confrontare
il modello proposto con un software ad elementi finiti validato al fine di
effettuare un’analisi critica dello stato dell’arte alla luce dei risultati fin ora
esposti. Nello specifico come termine di paragone e stato scelto PCaDa,
software del Politecnico di Milano. Come prima analisi sono state eseguite
delle prove al banco pantografi per definire la funzione di trasferimento in
frequenza del pantografo in uso: e stato riscontrato un sostanziale match tra
sperimentale e numerico.

Avendo sostanzialmente validato il modello numerico del pantografo, una
prima indagine "statica” ¢ stata eseguita. I risultati evidenziano come a
velocita definibili statiche (15 km/h nello specifico), i due modelli si compor-
tano pressoche allo stesso modo. Una volta definito il comportamento statico,
una comparazione sulle analisi dinamiche e stata eseguita. Tale comparazione
prevede il confronto tra la deviazione standard della forza e tra la prima ar-
monica di forza di contatto e spostamento della testa. Risultati mostrano
come la deviazione standard complessiva del modello proposto segua in modo
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non troppo accurato il riferimento fino a 200 km/h; dopo questa soglia il gap
cresce esponenzialmente. Stesse considerazioni valgono per la forza di con-
tatto, anche se qui il macth sembra dare risultati ottimi prima di 200 km /h.
Per quanto concerne lo spostamento della testa si nota come il modello pro-
posto ha un andamento che segue la risposta in frequenza del pantografo,
mentre PCaDa segue un andamento concorde con la sua dinamica con un
picco significativo a 170 km/h. La prima frequnza propria della catenaria
(senza pantografo) si attesta su 0.84 Hz e a 170 km/h la prima armonica
di passaggio campata risulta essere 0.79 Hz: aggiungendo il pantografo nel
calcolo delle frequenze proprie del conduttore, la frequenza propria risulta
leggermente diminuita. Denotato questo andamento si puo affermare che a
170 km/h ci sia la massima introduzione di energia nel sistema catenaria.

Considerato il fenomeno appena descritto, risulta importante introdurre
tale informazione con un parametro concentrato. Si e deciso pertanto di
introdurre un’ulteriore massa con unico gdl verticale nel modello, collocata
tra la testa del pantografo e la terra. La massa da definire e tale per cui il
piu basso autovalore del sistema meccanico appena definito sia il piu pris-
simo possibile a 0.80 Hz. Tra tale massa, che chiameremo massa modale, e
la testa del pantografo e stato inserito un blocco visco-elastico di parametri
pari a quelli usati per simulare il contatto catenaria-testa in PCaDa, men-
tre tra la massa modale e la terra ¢ stata mantenuta la rigidezza variabile
che rappresenta la rigidezza della catenaria. E’ stato inoltre inserito un el-
emento viscoso in parallelo a quello elestico rappresentante la catenaria, e
il suo valore e stato calcolato mantenendo costante il rapporto di smorza-
mento adimensionale presente prima dell’introduzione della massa modale.
Eseguendo le stesse analisi dinamiche eseguite per il modello precedente, si
evidenzia come 'andamento della deviazione standard totale sia ottimo fino
a 230 km/h; inoltre lo spostamento della testa sembra seguire in modo ec-
cellente il riferimento per tutte le velocita considerate (fino a 270 km/h).

Per far avvicinare sempre di pit i due modelli, e stato deciso di escludere
in PCaDa le masse concentrate che rappresentano i clamp dei pendini, in
quanto tale caratteristica e impossibile da riprodurre nel modello proposto.
Il risultato di questa operazione e la sostanziale riduzione della deviazione
standard totale ad alte velocita, mentre le prime armoniche di forza e sposta-
mento non vengono influenzate in quanto le masse agiscono solo nel campo
delle alte frequenze (essendo spaziate come i pendini). In questo modo la
differenza di deviazione standard totale tra il modello PCaDa senza clamp
e il modello proposto a tre masse, risulta essere modesta fino a 230-250
km/h, cui corrisponde una velocita adimensionalizzata sulla velocita media
di propagazione d’onda di 0.6.

Vista I'influenza della pendinatura nel processo di formazione della forza
di contatto, si ¢ deciso di eseguire I'analisi della potenza media del segnale
(RM S) sulla forza di contatto per la banda relativa alle prime tre armoniche
di passaggio campata e per la banda relativa al passaggio sotto pendini: i
risultati mostrano come 'andamento dell’ RMS relativo al passaggio cam-
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pata segua sostanzialmente I'andamento della prima armonica di contatto,
da cui una sostanziale concordanza di risultati tra i modelli, a meno di un
offset pressoche costante. Riguardo invece il calcolo dell’ RMS relativo ai
pendini, si nota come 'andamento di tale variabile abbia un trend lineare
in entrambi i casi fino a 200 km/h; per velocita superiori il modello a masse
concentrate continua seguendo il trend lineare, mentre PCaDa assume un
comportamento quadratico: tale differenza ad alte velocita e responsabile
del gap di deviazione standard totale a velocita superiori a 230 - 250 km/h.
Ovviamente considerando PCaDa senza clamp, I'incremento quadratico ad
alte velocita ¢ mitigato, ma sempre importante se relazionato al comporta-
mento del modello proposto. In conclusione il modello analizzato ¢ in grado
di descivere in modo abbastanza accurato la prima armonica della forza di
contatto relativa al passaggio campata, quindi utilizzabile per la sintesi di un
controllo attivo.

Ultima analisi effettuata nel presente lavoro ¢ l'introduzione di un con-
trollo attivo sul modello a tre masse tenendo in considerazione la dinamica
dell’attuatore, svolta nel Capitolo 9. Come primo step un’analisi a diverse
velocita (200, 250 e 300 km /h) del sistema passivo & stata effettuata, in modo
da avere i risultati con cui valutare I'efficacia del controllo.

In seguito sullo stesso modello e sulle stesse velocita e stato introdotto un
controllo ottimo a tempo infinito (visto che & stato dimostrato essere il piu
efficace) ideale, cio¢ attuando la forza di controllo sintetizzata direttamente
alla base del quadro. I risultati ottenuti sono eccellenti ad ogni velocita in
termini sia di spostamento della testa che di riduzione della forza di contatto.
Le prestazioni decadono leggermente alla massima velocita considerata in
virtu di una forza di contatto molto maggiore a tali velocita.

Successivamente (sempre nel Capitolo 9) e stato proposto il modello
dell’attuatore, formato da un’ elettro-valvola, un ugello di efflusso e la molla
ad aria, attualmente usata come attuatore statico. Sono stati eseguiti test di
laboratorio per definire la caratteristica tra pressione richiesta alla valvola e
pressione effettiva nella molla ad aria, ed ¢ stata implementata una caratteris-
tica a tre poli: quest’ultima segue adeguatamente la curva sperimentale delle
ampiezze, mentre la stessa per la fase sembra atteggiarsi verso una carat-
teristica del secondo ordine. Questa incongruenza e probabilmente dovuta
alla non linearita della valvola modellata come lineare: infatti in una certa
banda di pressione la valvola non da alcun segnale di uscita. Tale banda
di isteresi introduce una non linearita non modellata nel sistema del terzo
ordine: tuttavia, nel range di frequenza in cui la fase cambia radicalmente
tra un modello a due o a e tre poli, il modulo della risposta & sensibilmente
basso, per cui il suo effetto puo essere considerato marginale. In virtu di cio
e stato preso in considerazione il modello del terzo ordine.

Introducendo 'attuatore nel sistema meccanico a tre masse, lo stato del
sistema globale diventa di nono ordine, ed un controllo ottimo a tempo in-
finito e stato implementato. La sintesi di tale controllo richiede il calcolo di
guadagni per tutto lo stato, processo che comunque si e rivelato non oneroso a
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livello computazionale. In questo caso la sintesi del controllo non e mirata alla
definizione di ua forza di controllo ma di una pressione "richesta”, che, pas-
sando per la valvola e 'ugello di efflusso, produrra una pressione ”effettiva”
nella molla ad aria che si tramutera in forza grazie all’area dello stelo della
molla e al rapporto cinematico tra spostamento dello stelo e spostamento
del quadro. I risultati ottenuti mostrano come l'efficacia di tale strategia di
controllo considerando I'attuatore reale siano estremamente dipendendi dalla
velocita: infatti si nota come a bassa velocita lo sfasamento tra la pressione
"richiesta” e la pressione "effettiva” correspondenti alla prima armonica di
passaggio campata sia basso, mentre ad alte velocita lo sfasamento introdotto
arriva anche a volori di 0.6 rad. In questo modo le performance del sistema
di attuazione decadono rapidamente rispetto a quelle ottenute con il sistema
attivo senza attuatore a causa di un ritardo nell’attuazione del comando,
anche se si riscontrano sempre riduzioni di forza di contatto e soprattutto di
spostamento verticale della testa del pantografo in relazione al caso passivo.

Terminando, dal lavoro svolto in questa tesi possono essere tratte le
seguenti conclusioni:

e modelli che non tengono conto della dinamica della catenaria e dell’at-
tuazione sono poco rappresentati della realta fisica del problema, in
quanto tralasciano informazioni estremamente importanti per la di-
namica del sistema complessivo. Tali lacune risultano di fondamentale
importanza in fase di sintesi ed attuazione del controllo, quindi un
modello che non tenga conto di queste informazioni non risulta idoneo
ne in fase di sintetizzazione dei guadagni ne in fase di attuazione degli
stessi;

e il modello proposto formato dalle due masse del pantografo e da quella
della catenaria risulta descrivere in modo sufficientemente adeguato
il comportamento dinamico dell’interazione pantografo catenaria fino
a circa il 60% della velocita di propagazione d’onda nella catenaria
stessa: considerando che la massima velocita consentita da normativa
¢ il 70% della velocita di propagazione, ci si puo ritenere soddisfatti del
comportamento generale del modello;

e la distribuzione dell’RMS della forza di contatto nel modello a tre masse
porta ad affermare che la causa della discrepanza del modello proposto
con il modello di riferimento e con lo sperimentale ¢ imputabile ad
effetti dinamici dovuti al passaggio sotto pendino. Si evidenzia infatti
un gap di RMS elevato ad elevati valori di frequenza: cio conferma
la necessita di avere un modello pitt complesso riguardo la catenaria
rispetto alla sola rigidezza tempo variante;

e il modello a tre masse puo essere considerato nella sintesi dei guadagni
dell’attuazione sul quadro in quanto riproduce bene il comportamento
del sistema pantografo-catenaria relativemente alla prima armonica
della forza di contatto, avendo introdotto la dinamica della catenaria;
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e introducendo un controllo attivo che consideri anche la dinamica dell’at-
tuatore sono stati riscontrati buoni risultati in termini di riduzione di
forza di contatto e spostamento verticale fino a 300 km/h; il dato piu
interessante e l’elevata riduzione dello spostamento: in questo modo
applicazioni nel campo della doppia captazione sono auspicabili e la
possibilita fin ora non considerata di viaggiare con due pantografi in
presa a 300 km/h ha motivo di essere investigata con analisi piu det-
tagliate. In particolare e la prima volta che un controllo attivo su
attuatore pneumatico reale viene "testato” sintetizzando il controllo su
un sistema a parametri concentrati.

Di contro:

e il modello proposto, non avendo una rappresentazione fisica dei con-
duttori della catenaria, ha la lacuna di non considerare la propagazione
d’onda e la possibilita di simulare pit pantografi in presa;

e la rappresentazione dell’effetto della pendinatura e limitato ed ad alte
velocita il suo effetto dinamico non ¢ tenuto in considerazione a causa
dell’assenza di masse concentrate rappresentative dei pendini e dei
clamp ad essi associati.

Parole chiave : Controllo attivo; interazione pantografo catenaria; model-
lazione dell’attuatore; controllo ottimo.
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Introduction

In the modern railway transportation system, the electric current is trans-
mitted to the locomotive via a so called overhead equipment, located above
the track. This overhead equipment, or straightforwardly catenary, is made
up of two conductors (the contact wire and the messenger wire) connected
by severals droppers. The messenger wire is supported by the towers. The
wires are generally subjected to different tensile forces. The current flowing
through the contact wire reaches the locomotive by a mechanism called pan-
tograph, located on the roof of the train. Nowadays there are several types
of pantographs existing, but the principle is the same for all, i.e. there is
an articulated frame that pushes generally two arcs, on which the conductor
(generally carbon) strips are stuck.

To create a good flow of current, the force acting between the strips and
the wire must be constant and close to the static pre load designed. The
main problem is that the mechanical impedance of the overhead equipment
is not constant over the span length (distance from a tower to an other one)
and over the distance between droppers; this causes a periodical fluctuation
of both wire and pantograph, that means a periodical variation of the force
between pantograph and catenary (called contact force). At increasing speed,
the variation of the contact force (the standard deviation) grows due to
this dynamic interaction. The worst consequence of this behavior is when
the force goes to zero, that means detachment of the pantograph from the
wire. In this case we experience the phenomenon of arcing, which is highly
unwanted since it involves energy supply interruption, wear and damage on
both catenary system and pantograph’s collector strips.

To prevent those drawbacks, it is possible to get an optimization of the
properties of the pantograph like reducing the weight (being careful to don’t
reduce it too much, otherwise problems like deformability, wear and me-
chanical resistance will become more important) or, on the catenary side,
increase the tensile force (that means increasing a lot the global cost of the
transportation system).

An other way followed since some years, is to apply an active control
on the pantograph, in order to reduce the contact force variation within the
span length.

In Chapter 1 the state of the art on this topic will be presented and dis-
cussed. Different strategies of modeling the interaction will be highlighted.
In Chapter 2 the model developed in this work will be explained and dis-
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cussed. In Chapter 3 the results of the simulations will be presented and
discussed in parallel with the experimental results (Chapter 4). In Chapter 5
the validation of the model will be discussed, according to the EN regulation.

The following two chapters represent the second part of the work, that
means the ” ideal active control” part. More in detail Chapter 6 describes
how to implement an efficient communication between the simulation and
the control software, and Chapter 7 shows how active controls (without the
actuator model) could be positive for the system in analysis.

The last part of the thesis aims to define the limits of the model comparing
it with a finite element model (Chapter 8). In this chapter also an extended
model is proposed. In Chapter 9 an active control strategy is presented and
applied at the model discussed in Chapter 8; also the behavior of the system
including the model of the physical actuator is studied.

In Chapter 10 conclusions and possible future work on the topics analyzed
are listed.




Chapter 1

State of the art

Introduction

The pantograph - catenary interaction is one of the most important features
in high speed trains. From the beginning of the high speed train era, this
problem was investigated both analytically and experimentally. The different
parts of a model of the system are:

e Mathematical model of the overhead equipment;
e Mathematical model of the pantograph;
e Model of pantograph - catenary contact;

e Control strategies.

Those topics will be discussed in order to have a complete overwiew of the
different ways of investigation available in literature (lumped mass system

(1] [2] [3] [4] [5] [6], finite element method [1], multi - body model [7]).

1.1 Mathematical model of the overhead equip-
ment

The overhead equipment model includes the description of the suspension,
contact wire and droppers. The focus is on the contact wire, which presents
a static stiffness fluctuation along the span length and between the vertical
droppers and a dynamic stiffness, defined as the ratio of the load to the
displacement caused by this load moving on it [8]. It is clear that both
static and dynamic stiffness are results of all the components of the overhead
equipment. Obviously the dynamic stiffness varies with the load’s speed.

The importance of this critical issue leads many authors to improve the
description of those phenomena in different ways.

One way is to create a Finite Element (F'E) Model [1] [9] in which contact
and messenger wire are represented by a tensioned beam, the droppers are
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non-linear elements acting only as tensile force, the contact force is a function
of both catenary and pantograph motion, and the suspension (that provide
a singularities in the wire) is reproduced in two lumped mass models or in a
F'E model, reproducing in detail the properties of the arm. This approach
gives the best results with computational time that varies a lot from the
lower [1] to the higher [9] value. This difference on computational time is
due to the nature of the software used. The last solution available in this
type of approach is is to reproduce the catenary movements with a modal
approach, creating a modal shape for each frequency [10].

A different approach (a lumped mass model) [2] is to reproduce the con-
tact wire as an uniform massless string (with assigned properties) with elastic
supports, that leads to a global stiffness &, that varies with the length of the
tower-tower distance; in this way the variation of stiffness does not take into
consideration deformation modes of the wire, and the pantograph should be
attached directly to the wire. Neglecting the mass in the model, the effect
of the flexural wave propagation in the wire on the pantograph is omitted.
As the interaction between pantograph and wire is the final scope, it seems
better to replace the static stiffness with the dynamic one. The dynamic
stiffness of the catenary is defined as the ratio of the load to the displace-
ment caused by this load. However, this load travels along the catenary with
a steady speed, and in this case the displacement will vary when the moving
speed of the load changes [2]. If higher frequencies (> 1Hz) are neglected
and it is observed that the first order natural frequency of the overhead sys-
tem is usually lower than 1Hz and the corresponding wavelength is equal to
twice the span length, the overhead system may be regarded as one uniform
string with elastic support k;. In this way a simple model can be created,
but the variation of stiffness derived from the droppers is lost in this model.
Also in this type of approach, a pure static stiffness (there are no differences
at different speeds) can be taken into account, as already made by [11].

Another possibility is to create a multi-body model [7] in which the drop-
pers, the contact wire, the steady arm and the messenger wire are deformable
mass items, with linear or non linear properties, but in this way the com-
putational effort is significantly increased due to the increased number of
degrees of freedom, of course lower than for a FE model.

1.2 Mathematical model of the pantograph

The design of the pantograph is as important as the design of the overhead
equipment components: in fact a good traction and a smooth current collec-
tion is not possible without a good pantograph performance.

A satisfactory mathematical representation is the lumped mass method,
in which the following can be considered:

e rigid motion of the articulated frame
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e deformation of the upper arm of the pantograph, that adds one more
dof to the system;

e rigid body motion of the collector head (vertical and roll);

e deformation of collector head, that gives one more dof to the system,
using a modal superposition approach [10];

e non linear forces due to the air-spring and the aerodynamic forces.

Those options lead to a mixed coordinate system, that needs to be tested
at different working heights and at different amplitude, due to the possible
non-linearities of the representation. This is probably the best way to repre-
sent the pantograph, in terms of computational cost and in terms of accuracy.
A simplified model without the deformation shapes, cannot give information
at high frequency [1].

An other way to investigate the problem is to define four rigid bodies [7],
as:

e the pan head;
e the plunger;
e the upper arm;

e the lower arm;

In this way we have to define connections between the different bodies,
more than one for each component:

e one spring-damper element for the pan head plunger connection;

e three revolute joints for the plunger upper arm, upper and lower arm,
lower arm and car body connections;

e one spring-damper element between the lower frame and the car body;

e one damper element between the lower and upper frame;

The proposed model is good at very low frequencies, and at very low force
intensity; however it would be difficult to set the parameter for damping and
stiffness values of revolute joints.

Finally it is possible to create a pure lumped mass system, with one or
two dof, depending on how the model has to reproduce the real object. The
latter is a two dof system [11] in which the two masses represent the pan
head mass and the equivalent inertia of the pantograph frame, a first spring
- damper block representing the stiffness and the damping between the head
and the pantograph frame and a damper between the ”ground” and the lower
mass that gives the correct dissipation; the other is a so called SDOF (single
degree of freedom) model [2] where the mass of the catenary is neglected and
the pan head stiffness is much greater than the catenary stiffness. This last
model is simple, and its parameters are quite easy to define. The main
limitation is that it can only describe the first peak in frequency analysis.
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1.3 Model of pantograph - catenary contact

The implementation of the contact between pantograph and catenary is the
most important (and difficult) feature in the interaction analysis. As in the
previous sections, there are many ways of modeling the contact, each with
different peculiarities.

The first way of investigation [7] is the most logical in a multi body model,
and it consists of the sliding joint method; this method creates a bilateral
constraint between the pantograph pan head and the catenary, modeled as a
flexible body. This constraint allows relative motion of the two bodies, and
the point of contact is defined using the arc-length parameter defined on the
element that represents the catenary, and it leads to an exact position of
the point. The main problem of this approach is the loss of contact, which
cannot be investigated since the joint is a constraint; according to [7] the
model can be modified in order to take the loss of contact into consideration.

Another way [2] is to create a rigid constraint (typically in the lumped
mass system) using a force model to represent the contact between the pan
head and the catenary.An approach coming from the use of local equilib-
rium equations or of Lagrange multipliers. The same force is applied on
the elements involved, in this way an other term in the equation of motion
of the system can be written, and the loss of contact will be defined as a
threshold acceleration that provides the detachment. The limit regarding
this operation is the definition of the correct threshold, a non-physical repre-
sentation of the natural behavior of the contact and a complicated procedure
to account for the displacement of the contact point; this may result in high
computational effort and numerical problems.

The last model proposed in literature [1] is the so called penalty method,
or, similarly, the method of visco-elastic contact elements, to approximately
account for the constraints acting at the pantograph - catenary interface.
This method has a straightforward formulation and cannot introduce numer-
ical errors; it consists in the introduction of a massless visco-elastic element
(with appropriated ay and f; parameters coming out from experimental re-
sults) in the contact point that provides a unilateral force calculated from
the relative displacement between the point of contact on the pan head and
the point of contact on the wire. In this way the loss of contact can be taken
into account. In the past this method was criticized, but recent studies have
demonstrated that if the parameters are correctly selected, this approach
gives accurate results.

Up to now nobody has really investigated which part (in the frequency
domain) of the contact force is well represented in a lumped mass approach
and, related to this last feature, the limits in terms of speed of those models.
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1.4 Control strategies

To speed up operation on existing lines active control is used in many works
[11] [6] [12] [13] [14]. The main topics are defining which part of the panto-
graph has to be controlled and the control logic. An other topic is related to
the actuator, but nowadays the easier way investigated is using the air spring
located at the bottom of the pantograph [6]. This choice is due to several
reasons; the main are:

e low cost because nowadays there is an electro valve on the pantograph
in order to control the static force given by the air spring at different
speeds;

e the pneumatic circuit is already implemented.

The only drawback is the small band width of this system, since it is not
designed for active control purpose.

Regarding the control logic, the work taken as guide in this thesis is [11],
where different approaches are discussed, from the ”classical” feed back and
open loop control, up to more sophisticated control logic as the optimal con-
trol. Also [6] uses the more classical control logic. The benefits derived from
different approaches vary depending on the variable (dynamic or kinematic)
taken as reference.

As a criticism, it is possible to recognize that nobody has already in-
vestigated in on track tests how an active pantograph behaves with a real
actuator, i.e. mainly the effect of the phase lag in the actuation process. A
lot of laboratory studies have been performed for hydraulic actuators [12],
aerodynamic actuators [13] or electrical actuators , but there are no works on
pneumatic systems, which will be one of the topics of this thesis. Also, it is
not clear whether a lumped mass model is good enough to synthesize a con-
trol logic on it, i.e. if the contact force is well reproduced in the bandwidth
of the actuator.

An other open point is the full observation of the state: in [15] it is pointed
out that even if a not full state is observed, an effective control strategy can
be implemented.
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Proposed model

The target of this study is to create a lumped mass model of the pantograph
catenary interaction in order to:

e make faster simulations compared to [9] with the purpose of having
results of different configurations with a small computational time (i.e.
different pre load, different catenary, different pantograph);

e have a model which represents in a good way the first harmonic of
the contact force in a large range of speed, in order to synthesize an
effective active control on it.

All the models described in this thesis are built up in the GENSYS code.
GENSYS is a multi-body software, developed in Sweden, and includes a lot
of different dynamic analysis methods and a lot of possibilities concerning
the creation of the model. Even if there no user-friendly interface, it is
possible to create all features in field of the dynamical systems (even new
user functions).

Introduction

The proposed model of the interaction is based on three main parts:
e The pantograph
e The catenary

e The contact

2.1 The pantograph

2.1.1 Test pantograph description

The pantograph used in this thesis is the Shunck WBL equipped with the
high-speed pantograph head 555400, shown in Figure 2.1 . This pantograph
has the following features:
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e light structure with a overall weight of 120 kg;

optimal aerodynamic adaptation;

individually suspended collector strips;

e pneumatically damped;

high lateral stability;

e air spring range of pressure: 50-160 N.

Figure 2.1: Schunk WBL pantograph

In the tests carried out with the Grona taget project, the train was
equipped with the aero foil configuration, as shown in Figure 2.2.

Figure 2.2: Aero foil configuration during the test

10
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More specifically, aero foils on the pan head at the middle horns where
mounted on each side, with the dimensions of 120x60mm with an angle of
10°. These aero foils will balance the upward force between the driving direc-
tions. The aero foils decrease the upward force in open driving direction, and
in closed driving direction the force will be increased. In this way balanced
driving direction are set up. Aero foils on the carbon strip are also used to
balance the force between both contact strips, two aero foils are assembled
on the holder for each contact strip. To optimize the distribution of forces
between the carbon strips, some different dimensions were tested: the con-
figuration 10 dgr 2z 120X60 + C 2x 80X60 O 2x80X50 was the final one.
The aero foils are mounted with an angle of 25 °, as shown in Figure 2.2.

Once the final configuration was decided, aerodynamics test were exe-
cuted in order to understand the different behavior in different driving di-
rections. As the pantograph is a non-symmetrical structure, we can define
an open knee and a closed knee direction, cf. the green and the red arrow in
Figure 2.3.

——

Figure 2.3: Different driving directions

For this configuration, the aerodynamic tests were carried out, and the
results can be easily understood looking at Figure 2.4. Further information
about the measurement set up can be found in Chapter 4. This experimental
part is not carried out into this thesis, but results are taken into considera-
tions in the modeling process.

The last parameter that has to be pointed out is the pre-load of the air
spring; two typical values are 50 N or 60 N, depending on the track condition.
In the Grona taget, as a general rule, we set 50 N on the "old” catenary (SYT
7.0/9.8) and 60 N on the "new” catenary (SYT 15/15).

11
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Figure 2.4: Aerodynamic uplift in different traveling condition

2.1.2 Mathematical model of the pantograph

A lot of studies have been carried out in order to understand how to repro-
duce the dynamic behavior of this mechanical system, and, thanks to several
laboratory test carried by Schunk Nordiska, a lumped mass model is available
at the moment.

As Figure 2.5 shows, this is a 2 masses, 3 dof (blue arrows) model, in
order to reproduce two vertical displacements and the roll motion of the
upper mass.

Data related to Figure 2.5 can not be found in Table 2.1 in this public
version of the thesis for confidential purpose.

In this chapter it is not explained how to implement this model in the
GENSYS code, but it will be useful to know that some elements were in-
troduced as non-linear elements, such as the stop. How can the catenary be
introduced in such a simple pantograph model?

2.2 The catenary

The catenary is not modeled explicitly in GENSYS, however its effect is taken
into account in two different indirect ways. In this section first the real cate-
nary will be described and thereafter how to reproduce it in a mathematical
model.

2.2.1 Catenary system in Sweden

In Sweden today there are six different catenary systems: ST 7.1/7.1, SYT
7.0/9.8, ST 9.8/9.8, ST 9.8/11.8, SYT 15/15, ST 15/15. In the name of

12
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Figure 2.5: Lumped mass model of the pantograph

Table 2.1: Numerical data of the lumped mass model

Value [] Comments
m1l 77 kg pan head lumped mass
m2 7?7 kg frame lumped mass
jl 7?7 m? moment of inertia upper mass
1 7?7 m semi length of contact strips
k1 77 N/m spring
k2 77 N/m spring
cl 77 N/m*s damper
c2 77 N/m*s damper
ks 77 N/m stop stiffness
ds 77 mm stop length
F1 | see Figure 2.4 N aerodynamic pre load
F2 50 or 60 N air spring pre load
F 7?7 N friction block

13
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the system we can recognize the presence of the stitched configuration (Y
included); moreover the numbers represent the tensile force on the messenger
wire and on the contact wire.

contact wire elasticity

— ST7.1/71
—— SYT7.0/9.8
— S$5T9.8/9.8
—— S5T9.8/11.8
—— SYT15/15
ST 15/15

elasticity [mm/N]

2 1 1 1 1 1
120 140 160 180 200 220 240
X position [m]

Figure 2.6: Different catenary elasticities

In Figure 2.6 it is possible to understand in a better way the influence of
the tensile force (high tensile force means high stiffness, that it is traduced
into low elasticity) and the stitched configuration. The last feature has a
great influence on the stiffness; in fact if it is included, we notice a lower
variation of stiffness due to the droppers across the suspension, connected
not directly to the messenger wire, but indirectly, trough a ”y” stitch. The
different macro-configurations can be observed in Figure 2.7

SIMPLE CATENARY

STICTCHED CATENARY

Figure 2.7: Different catenary configuration

In this thesis just the two most important systems are considered: the
SYT 7.0/9.8 (the "old” catenary) and the SYT 15/15 (the "new” catenary):

14
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it is clear that the high performance system is the SYT 15/15 type due to
a greater tensile force. As shown in Figure 2.8, the overhead equipment is
composed of the messenger wire, the contact wire, the tower, the droppers,
the stitch wire and the suspension.

Trefas
hjalpkraft-
ledning
S Barlina
Aaeriediing \ Bartrad
o E".
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\
P | Tk —
il N\ _. Utliggare
\ |
iy
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KONTAKTLEDMNINGSSTOLPE

Figure 2.8: The SYT catenary type

For all those catenaries the zig zag configuration is set to 300 mm.

2.2.2 Catenary model

The real features are represented in a schematic way by Figure 2.9, in which
it is possible to find the dynamic representation of all the components pre-
viously explained. More in detail, Figure 2.9 shows in green the suspension
effect (additional stiffness), in blue the messenger wire, in yellow the contact
wire and in red the dropper. The stitch wire is not included, as we know
that its effect is spread across the suspension and the droppers nearest to it.

Figure 2.9: Representation of the catenary
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Those elements are modeled in ANSYS by [9], a commercial FE program,
in order to create a very good representation of the general behavior first,
but also (and this is the main feature for this work) to extrapolate the static
stiffness. In ANSYS it is possible to decide the element that best fits the
property of the real object. Therefore the wires (both messenger and contact)
are modeled as tensioned spar elements, the suspension as a linear stiffness
and point mass, and the dropper as non linear tensioned spar element.

Once the FFE program is built up, the purpose is to run a force (that
represents the train, or better, the pantograph head) at constant and very
low speed, in order to compute the displacement acting on the mass, and, as
a consequence, calculate the stiffness. This is the static stiffness, and we got
two examples in Figure 2.10 and Figure 2.11.

SYT7.0098 SYT 15115
1500 \ \ : : 2200 ‘ ‘

1400
2000~ -

1800—\@“@L W

1600~

stiffness [N/m]
~
S
S
stiffness [N/m]

0 10 » X 4 %8 MO 2 % @ ® & 7
track length [m] track length [m]

Figure 2.10: Static Stiffness of the Figure 2.11: Static Stiffness of the
SYT 7.0/9.8 catenary SYT 15/15 catenary

More in detail, looking at those pictures, it is possible to recognize the ele-
ments discussed before; in particular it is possible to catch the influence of the
suspension (green circle), the influence of the droppers (red circle), and the
geometrical properties such span length (green to green circle distance) and
different droppers distance (red to red one). The different distances among
droppers are responsible for a multiple frequency excitation; the span length
also is responsible for a periodical excitation, which is anyway mitigated in
real lines.

Concerning the cases that we are now describing and that we will use for
the calculations, Table 2.2 gives a summary of the geometrical properties.

Table 2.2: Geometrical properties of the catenary - all measures in [m]

Span length Dropper across Dropper Dropper
(Tower distance) the suspension Typel  Type 2
SYT 7.0/9.8 60 3+3 9.0 -
SYT 15/15 65 5+5 9.1 9.2

It is important to point out that the static stiffness is not the real stiffness,
because the dynamic one is the superimposition of the static one, the dynamic
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of the masses which compose the overhead equipment, and the effect related
to the wave propagation in the wire; the last feature gets more and more
important at high and very high speed, and therefore the present model
becomes less accurate increasing the speed. This problem will be explained
in the following chapters and it will have a great influence on the results.
The last important feature that has to be included in the model is the pre
sag configuration. This particular configuration is put into a lot of overhead
catenaries in order to reduce the stiffness variation in the middle of the span;
in fact the pre sag includes a static shape of the contact wire : in this way
an additive stiffness is achieved at the middle of the span. A simplified
description of the sag configuration (taken from BANVERKET standard )
can be obtained looking at Figure 2.14. For each type of catenary a specific
sag is defined. As for the static stiffness, it is not possible to introduce this
parameter directly in the GENSYS code, but it will be inserted as an imposed
displacement calculated with ANSYS; in this way there is also the possibility
to put the displacement related to the droppers’ point of attachment on
the contact wire into the model. Figure 2.12 and Figure 2.13 show the
displacement due to the pre sag of the contact wire. The droppers effect (red
circles) and the suspension effect (green circle) can be seen in both cases.

SYT7.008 SYT 15/15
00— \ -0.004— \ ‘

01
]
0]
™ %M

-0.04 . | 0. i i
00 0 10 2 30 40 50 60 0016 0 0 20 30 40 5 60 70

track length [m] track length [m]

-0.006

-0.008-

-0.01

sag [m]

0012

-0.014

Figure 2.12: Pre sag of the SYT Figure 2.13: Pre sag of the SYT
7.0/9.8 catenary 15/15 catenary

Also the zig-zag configuration of the catenary is considered, in order to
excite the roll motion degree of freedom: it is considered as linear interpola-
tion of £300 mm (as it is in all the Swedish catenary systems).

The analysis of the catenary system model is concluded now, and, as a
resume, we take only the static stiffness and the pre sag configuration as
input for the GENSYS code: more in detail those information are included
in a spring (attached at the lower point to the pan head and at the higher
point to the wire) where the value of its stiffness is variable with the span
length, according to the static stiffness already presented. Also the superior
end of the spring moves according to the pre sag configuration. Figure 2.15
shown a graphical representation of the model already presented.

We will notice that those two features are sufficient to describe the main
behavior in a quite good way; the feature that can not be described are the
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sl

Figure 2.14: Pre sag scheme according to BANVERKET
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Figure 2.15: Final model representation
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wave propagation and the dynamic stiffness: those are (as stated before) the
main limits of this approach.

2.3 The contact model

After the definition of the pantograph and catenary system, it is necessary to
find a way to put them together. The idea is to use an approach close to the
penalty method, that means to connect the pan head (in our case the upper
mass of the model) to the catenary via a spring-damper element. In this case
we don’t have the real catenary in the model, but only its effect regarding
the stiffness variation and the pre sag displacement; so, it is possible to
introduce a realistic behavior creating a rigid still body (the contact wire)
which has the same geometry as the wire (i.e. the pre sag configuration), and
an elastic element (interposed between the rigid - contact wire and the pan
head) that changes every time step as the static stiffness does. Furthermore,
the contact point on the strips change every time step according to the zig-zag
configuration.
In this way all the components described before are introduced:

e Static stiffness along the span length;
e Pre sag configuration along the span length;
e 7Zig zag configuration;

e Aerodynamic pre load on upper mass depending on the speed and
open/closed knee direction.

19
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Simulation results

In order to understand the general behavior of the proposed model, several
simulations were carried out. It was decided to perform two different types
of analyses:

e The most common one, that means a steady state analysis in different
operating conditions (pre load, catenary type, driving direction);

e An innovative one, that means a so called "real time analysis”: this type
of simulation was carried out in order to investigate the possibility of
an active control system with not steady state condition (first of all the
speed).

3.1 Steady state analysis

In this section it will be explained how the steady state analysis was carried
out, in terms of code script, input and output of the process and simulation
results.

3.1.1 The GENSYS code for steady state analysis

In order to use the huge potential of GENSYS in this work, it is necessary
to create a program that fits the requirement. As illustrated in Figure 3.1,
several inputs are defined first.

The main inputs were described in the previous chapter, but it is impor-
tant to point out how they enter into the code.

The catenary stiffness is read by GENSYS as an external file and stored
in a memory field; the same happens to the pre sag configuration and the
zig zag motion. All these data are loaded vs the track length distance,
for a single span length (except the zig zag motion, that requires two span
lengths to complete a cycle). Also the aerodynamic force tables (calculated
in advantage according to the aerodynamic coefficient previously shown) are
read, but they are written versus the speed of the train.
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Figure 3.1: Scheme of GENSYS calculation, steady state analysis

The speed is introduced as a single variable, as for the static pre load and
the driving direction value.

After that (that means the input process is completed), the "real pro-
gram” starts, and all the integration options for GENSYS are set. In all
analysis in this section, an integrator is selected which works according to a
modified Heun’s method. The integrator has variable steps, and the length
of the step is calculated based on how fast the error increases or decreases be-
tween two consecutive time steps. Also it makes back steps if the tolerance
is not met. The absolute error value is not calculated at every individual
time step, but the sensitivity of the step selection can be controlled with the
help of the regulation variable regl. Practical tests have shown that regl=
0.2-0.8 provides a suitable size for integration steps, regl= 0.4 can be given
as a recommended value. Furthermore the time step is set to 0.005 s and the
tout variable (time step of the output variable) it is also set to 0.005 s.

Once the integration variables are defined, GENSYS automatically calcu-
lates the aerodynamic pre load for the speed we set (calculation is permitted
due to a pre compiled table, according to the driving direction) and finally
solves the equations of motion.

As output, the post process gives us severals variables (you can set thou-
sand of variables as output from GENSYS ): the most important are the
displacements on the masses (two vertical + roll motion) and the contact
force. In this way the simulation process is described in an accurate way.

3.1.2 Analysis of different catenary configuration

As described before, we have eight possible cases to investigate, related to
the different catenary types, the different driving directions and the different
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pre loads:

1. Catenary SYT 7.0/9.8 - closed knee - 50 N pre load
2. Catenary SYT 7.0/9.8 - open knee - 50 N pre load
3. Catenary SYT 7.0/9.8 - closed knee - 60 N pre load
4. Catenary SYT 7.0/9.8 - open knee - 60 N pre load
5. Catenary SYT 15/15 - closed knee - 50 N pre load
6. Catenary SYT 15/15 - open knee - 50 N pre load

7. Catenary SYT 15/15 - closed knee - 60 N pre load

8. Catenary SYT 15/15 - open knee - 60 N pre load

Among these options, only four cases are selected: the numbers 1,2,7,8,
respectively represented in Figure 3.2 and Table 3.1, Figure 3.3 and Table 3.2,
Figure 3.4 and Table 3.3, Figure 3.5 and Table 3.4. The reason of this choice
is inherent in the average stiffness of the different catenary types; in fact it
is usual to travel with 50 N of pre load on the "0ld” catenary and 60 N on
the "new” one. Other configurations are not relevant. This consideration
is well explained in the experimental test: a stronger air spring pre load on
a soft catenary causes large uplift and, as a consequence, higher standard
deviation of the force. For the selected configurations, simulations from 175
to 300 km/h were carried out, and the results are shown in the following
sections.

It can be noticed that, for the speed range 200-250 km/h, we have an
increasing standard deviation of the force; this means that the upper mass is
more excited in this area, so we are in the area of the 1st resonance peak of
the pantograph-catenary system (i.e. the model of the pantograph plus the
spring representing the catenary stiffness). In this section only the statistical
value of the force will be explained; data as spectra or band analysis will be
shown in following chapters.

Table 3.1: SYT 7.0/9.8 - Closed knee - 50 N pre load

Speed [km/h| | Average [N] STD [N] Max F [N] Min [N]
175 62.11 12.51 99.64 24.58
200 71.72 14.19 114.29 29.15
225 81.15 16.74 131.37 30.93
250 90.67 19.99 150.64 30.70
275 100.27 21.79 165.64 34.90
300 109.90 23.95 180.55 39.25
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SYT 7.0/9.8 - Closed knee - 50 N
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Figure 3.2: Catenary SYT 7.0/9.8 - closed knee - 50 N pre load

Table 3.2: SYT 7.0/9.8 - Open knee - 50 N pre load

Speed [km/h| | Average [N] STD [N] Max F [N] Min [N]
175 67.91 13.31 107.84 27.98
200 77.63 15.00 122.52 32.52
225 86.96 17.57 139.67 34.25
250 96.48 20.84 159.00 33.96
275 106.09 22.66 174.07 38.11
300 115.70 24.41 188.93 42.47

SYT 7.0/9.8 - Open knee - 50 N
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Figure 3.3: Catenary SYT 7.0/9.8 - open knee - 50 N pre load
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Table 3.3: SYT 15/15 - Closed knee - 60 N pre load

Speed [km/h]| | Average [N] STD [N] Max F [N] Min [N]
175 72.39 9.52 100.95 43.83
200 81.99 10.84 114.51 49.47
225 91.55 12.90 130.25 52.85
250 101.10 16.63 150.99 51.21
275 110.63 22.34 177.65 43.61
300 120.20 26.25 198.95 41.45

SYT 15/15 - Closed knee - 60 N

Force [N]
@© 8
(=] =]
T

=]
=]
T
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® Average [N]
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Figure 3.4: Catenary SYT 15/15 - closed knee - 60 N pre load
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Table 3.4: SYT 15/15 - open knee - 60 N pre load

Speed [km/h] | Average [N] STD [N] Max F [N] Min [N]
175 83.21 10.38 114.35 52.07
200 97.80 12.64 135.72 59.88
225 110.36 15.10 155.66 65.06
250 114.91 18.27 169.72 60.10
275 119.44 23.43 189.73 49.15
300 124.01 26.78 204.35 43.67
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SYT 15/15 - Open knee - 60 N
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Figure 3.5: Catenary SYT 15/15 - opne knee - 60 N pre load

From the figures already proposed it could be recognize a general accor-
dance between the simulations, even if they are carried on different catenary
type: this means that the model can represent in a good way only the lower
part of the frequency domain of the contact force, because the high frequency
effect (which must be different going from a low tensioned catenary to an high
tensioned catenary) are not visible at all. This is in accordance to the target
of the work, i.e. the good representation of the lower part of the contact
force in order to take the model as a reference for an active control strategy.
Anyway is not possible to make a direct comparison since the pre load are
different. Further analysis are provided in Chapter 8.

3.1.3 Parameters’ influence

As already discussed, a lot of parameters influence the general dynamics of
the interaction. In this section three of them will be pointed out.

e Roll degree of freedom of the pan-head

The introduction of the roll motion of the pan head is a feature included
in the model, and as a general rule, the dynamic is influenced in terms
of reduction of STD of the contact force by this feature. This is in
accordance to what we expected from the theory; in fact, exciting this
dof we introduce more flexibility in the system.

In Figure 3.6 and Figure 3.7 it is possible to observe a comparison
between the models with fixed or rolling pan-head related to the vertical
motion and to the contact force. As an example, here the catenary SYT
7.0/9.8 type is chosen and a speed of 200 km /h is imposed, because in
a softer system the influence of an additive dof is more pronounced.

Including the zig zag decreases the variation of the contact force, that
means a lower standard deviation of the contact force. This effect is
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Figure 3.6: Zig zag effect on displace- Figure 3.7: Zig zag effect on contact
ment force

more important at speeds lower than 250 km/h (more or less 5 %); at
higher speed this advantage is reduced up to 3% at 300 km /h.

e Zig zag configuration

The roll dof is excited by the zig zag configuration of the catenary;
but now we want to understand how a larger or smaller configuration
can influence the contact force. In the Swedish lines the zig zag is
always set to £300 mm. If a larger motion ( 400 mm) or a smaller (
+200 mm) is imposed, it is possible to see in Figure 3.8 and Figure 3.9
a behavior very close to Figure 3.6 and Figure 3.7 regarding vertical
motion and contact force. This is due to a larger or smaller excitation
of the roll dof, in good accordance to the previous section; in fact the
statistical value at 200 km/h indicates a reduction of 4% of the STD of
the contact force between (200 mm) and ( £400 mm) configuration.

Vertical displacement Contact force
-0.06 ‘ ‘ T 110 :
—200 mm
100~ —400 mm
T
oy _ %0
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Q.
60 8
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space [m] space [m]

Figure 3.8: Zig zag variation effect on Figure 3.9: Zig zag variation effect on
displacement contact force

e Pre sag configuration

The last feature investigated is the pre sag configuration influence on
the model dynamics. Pre sag is included in a lot of existing lines to
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reduce the standard deviation of the contact force due to a higher
stiffness in the middle of the span.

In Figure 3.10 and Figure 3.11 a big difference in the contact force
and in the displacement of the pan head can be observed related to
the presence of the pre sag configuration. It is clear that if we want a
good accordance to the experimental data we must chose a model that
includes the pre sag, in order to have a more "high frequency response”
of the displacement and a better statistical value match of the contact
force.

In the Chapter 5 it will be explained more in detail how this parameter
influences the force’s energy in the frequency domain.

It is possible also to affirm that the pre sag configuration is not always
beneficial [5]: in the case already shown, the STD of the contact force
is increased at 200 km/h: in fact pre sag configuration are optimized
on a small range of speed.
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Figure 3.10: Pre sag effect on dis- Figure 3.11: Pre sag effect on contact

placement force

3.2 Real time analysis

In this section it will be explained how the”real time” analysis was carried
out, in terms of code script, input and output of the process and simulation
results.

3.2.1 The GENSYS code for real time analysis

As for the steady state analysis, the calculation procedure for the real time
analysis is shown in Figure 3.12.

The few differences with the other simulation’ s input (Figure 3.1) are in
the speed (in this case there is a speed profile, that means that every time
step the speed changes) and in the aerodynamic pre load (in this case is not
a constant and it is calculated every time step).
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Figure 3.12: Scheme of GENSYS calculation, real time analysis

We decide to call it "real time” analysis just because it is faster than a
real data acquisition, that means that the calculation of a time step inte-
gration is faster than the time step duration; due to this, we can use it as
a reference on an active control system. As an example, the simulation of
640 seconds of experimental records, on a common laptop (including pre and
post processing) takes about 220 seconds.

3.2.2 Numerical results

As numerical results, two different records are taken in account:

e the first one is the top speed record, reached in 2008 in Sweden, on the
SYT 7.0/9.8 catenary, called ”top speed record” in the following pages;

e the second is a typical simulation of an ordinary trip on the SYT 15/15
catenary, called ”ordinary record” in the following pages;

Top speed record

First of all, the record discussed is achieved in closed knee driving direction,
with 50 N of static pre load exerted by the air spring. Figure 3.5 shows the
speed profile for this 640 seconds record:there are three ramps (two up and
one down), and two steady state periods (at 220 km/h and 300 km/h).

Giving this information as input in GENSYS as previously explained, it
is easy to calculate the contact force for the entire length of the file, as shown
in Figure 3.6. All the features from the speed profile can be recognizing, such
as ramp and steady state periods.
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Figure 3.13: Speed profile - "top speed record”
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Figure 3.14: Force simulation - "top speed record”
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Concerning the steady state periods, it is allowed to pull out the two
periods and make a statistical analysis. Results are shown in Table 3.5.

Table 3.5: Top speed record steady state periods’ statistical values

Time [s] Speed [km/h] | STD speed[m/s] Average F [N] STD F [N]
90 - 120 221 0.064 80.27 16.47
320 - 385 301 0.421 110.66 23.61

Looking at Table 3.1 the accordance to the steady state simulation can
be observed.

The last analysis carried out is a statistical one mediated on 5 seconds
range. The parameters plotted are average force, STD of the force, max and
min of the force, as shown in Figure 3.15. Also here it is possible to recognize
all the periods described.

Resume of results - Top speed record
T T T [ L

Force [N]

i | I
i 100 200 300 400 500 600
time [s]

Figure 3.15: Statistical resume in time domain - ”top speed record”

The comparison with the experimental results will be shown in the fol-
lowing chapter.

Ordinary record

As for the other record, the ordinary one was made in closed knee driving
direction, with 60 N of static pre load on the air spring. Figure 3.16 shows
the speed profile for this 640 seconds record:there are four ramps (three up
and one down), and three steady state periods (at 36 km/h, 220 km/h and
300 km/h).
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Figure 3.16: Speed profile - ”ordinary record”

Giving this information as input in GENSYS as previously explained, it
is easy to calculate the contact force for the entire length of the file, as shown
in Figure 3.17. Looking at it is possible to recognize all the features from
the speed profile, such as ramp and steady state periods. More in detail, in
Figure 3.17, close to 100 seconds, some oscillations can be seen: this behavior
is due to the speed profile which, in the same point, has a high derivate. For
GENSYS this is seen as an impulse, so a short unsteady state period will
occur.

Concerning the steady state periods, it is allowed to pull out the two
most important periods and make a statistical analysis. Results are shown
in Table 3.6.

Table 3.6: Ordinary record steady state periods’ statistical values

Time [s] Speed [km/h] | STD speed[m/s] Average F [N] STD F [N]
200 - 250 200 0.064 81.96 10.84
380 - 460 250 0.421 101.00 16.63

Taking a look at Table 3.3 it is possible to observe the absolute accordance
to the steady state simulation.

The last analysis carried out is a statistical one mediated on 5 seconds
range. The parameters plotted are average force, STD of the force, max and
min of the force, as shown in Figure 3.18. Also here it is possible recognizing
all the periods described and the "peak” around 100 seconds.

As for the previous example, the comparison with the experimental results
will be shown in the following chapter.
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Figure 3.17: Force simulation - ”ordinary record”
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Figure 3.18: Statistical resume in time domain - ”ordinary record”
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3.3 Different shaped pantograph’s strips run-
ning on 400 mm zig zag catenary

In this section the first application of the proposed model is shown: more in

detail the behavior of the shaped carbon strips of Figure 3.19, designed for
the 300 mm catenary, running on a £400 mm catenary will be investigated.

Figure 3.19: Picture of the pantograph with shaped strips

First of all, the shape of the strips is created, as reported in Figure 3.20.
Thereafter, two simulation (SYT 7.0/9.8 - 50 N pre load - closed knee - 200
km/h) characterized by the contact strip of Figure 3.20 were launched, with
a 300 and a £400 mm zig zag catenary input.

$10° Shape of the contact strip

12 T T

101

8l

Shape [m]

-2 I i 1 i I I i
0 Q.05 ('R 0.15 02 025 0.3 Q.35 04
Strip length [m]

Figure 3.20: Shape of contact strip

Results are shown in Table 3.7.

This example is not numerically relevant, but it was made just to make
understandable the potential of the approach followed in this thesis: in a few
hours the model and the simulation are done, and it is possible to give in-
dications concerning the different operational condition. Maybe numerically
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Table 3.7: Contact force comparison - Pantograph’s strips shaped

‘ Average STD Max  Min

Contact Force - Original 7172 1419 114.29 29.15
Contact Force - Shaped - 300 | 71.65  13.89 113.33 29.96
Contact Force - Shaped - 400 | 71.73  14.12 114.09 29.36

the results are not so exact, but it is also important to understand which
direction has to be followed in few hours. This is possible with this type of
approach.
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Experimental results

In this chapter the experimental set up will be explained, in order to under-
stand the following results in a better way.

4.1 The Grona taget project

This thesis is inserted in the wide research program called Gréona taget, that
runs from 2005 and 2011 in Sweden. The purpose of this work is to show that
new trains for long distances and fast regional trains can be more attractive
to travelers and operators. Grona taget is a collection of ideas, proposals and
technical solutions that suite the Nordic market well. Grona taget will make
it more attractive to travel by train through:

e Shorter traveling times;
e Lower costs, enabling cheaper fares;

e An attractive, functional passenger environment with a high level of
comfort for all;

The first point already shown is related to the target of this thesis; in fact
shorter traveling time means higher speed, moreover on conventional track
(the speed record was reached on the SYT 7.0/9.8 catenary, designed for
speed range 160-200 km/h) or on high speed track. A particular challenge
in the Grona taget concept is that longer trains should preferably consist of
smaller, flexible multiple-units, depending on travel demand. Thus, in the
same train two or three shorter train sets - i.e. with multiple pantographs -
are foreseen to operate on the overhead catenary. So, the first step to speed
up existing lines is to create a model which represents the real object, in
order to understand better and faster which parameters influence the general
behavior and, in the future, use the model to control the pantograph.
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4.2 Measurement equipment

4.2.1 SVENSK STANDARD SS-EN 50317

The European Standard specifies the functional requirements for output and
accuracy of measurements of the dynamic interaction between pantograph
and overhead contact line. This standard guarantees us that the measure-
ment are realistic and describe well the real dynamics.

4.2.2 Measurement set up

The measuring system is a computer based system; all samplings and cal-
culations are made simultaneously on the data acquisition board inside the
computer, before the measured values are transferred to the computer the
signals will be scaled and conditioned on the acquisition board. All data
are then transferred to the computer for storage and printing. Figure 4.1
shows the measuring system in block form. During the measurements a
video camera is located on the roof of the vehicle, to record the behavior
between overhead line and pantograph. All data capture is carried out with
a sampling frequency of 1000Hz, which is then averaged to 200Hz. The filter
frequency is 20Hz.

T AN TUE BeeE ~ e ON THE PANTOGRAPH
/ ON THE ROOF . |
I (ON THE CARBON STRI {~ ON THE BASE FRAMﬂ (~ ONTHE PANHEAD )
4 No. Force transducer 2Mo.Force transducer | 2 Mo. Pitot tube

4 No.ccelorometer N

|/' 1No. Arc detector )

| e | |
e |
| | 1 Mo. Video Camera | |
M A | ON THE BASE FRAME/
‘ ‘ ‘ | 1Mo. Signaladaption |
| /
/

(" FROMTHE VEHICLE )

|
)
| i
| 1No. Signalad f
VEHICLE | 1N sgnalagacten) | Spocci sgnal
| I ) J
' ™ [ 1No. Acguisation
1No. Video Recorder | bor?
1 No. Monitor |
. A
| 1 No.PC
/

7
f J
{ - 1No. Printer |
| /
/ /

‘_\

Figure 4.1: Block diagram of measuring system

The measured signals and other details are shown in Table 4.1, Table 4.2
and Table 4.3.
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Table 4.1: Measurement signals

Signal Type Range Mounted
Force transducer #1 Fror = 250N On pantograph
Force transducer #2 Frue = 250N On pantograph
Force transducer #3 Fror = 250N On pantograph
Force transducer #4 Fror = 250N On pantograph

Accelerometer #1 +10g On pantograph
Accelerometer #2 +10g On pantograph
Accelerometer #3 +10g On pantograph
Accelerometer #4 +10g On pantograph
Force transducer #10 Fror = 250N On pantograph
Force transducer #11 Frar = 250N On pantograph

Wind speed #1
Wind speed #2
Height
Electric arc
Speed signal

Range 0-100 m/s
Range 0-100 m/s
Range 0-3 m
> Ims
Range 0-300 km/h, 0-10V DC

On pantograph
On pantograph
On pantograph
On roof
On train set

Table 4.2: Measurement system - Current supply

Type

‘ Current consumption

Mounted

Battery 12V DC

Battery 18-36V DC

Converter 18-36 DC V A

120mA
30A
C 220V -

On pantograph
On train set
On train set

Table 4.3: Measurement system - Other equipment

Type

Current consumption

Mounted

Signal adaptation

Measuring card, 16 channels
Optical transmitter /amplifier

Video
Camera
Monitor

PC

Schunk2000
DAP 3000-212
Schunk2100

Compaq Prolina

On train set
On train set

On pantograph

On train set
On roof
On train set
On train set
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4.2.3 ATS, Aerodynamic measurement equipment

In order to measure the aerodynamic contribution, the pantograph is tied
down with two insulated wires. One end is fixed at the carbon strips and
the other end in to the Force transducers (Ft10 and Ft11), mounted on the
pantograph base frame. See Figure 4.2 and Figure 4.3.

Wire Feot

A Y - 2
Dynmic Forcetranceducers (4 PsC) 7 [ --_' ey A
And Accelerometers (4 PSC) -, s e L L

Tied down
approx. 100-
200 mm
below normal
wire height.

Carbon strip

2 PCs Rope

Train roof Ft 11 Ft 10

Figure 4.2: Measurement equipment Figure 4.3: Aerodynamic measure-
on the pantograph ment equipment

4.2.4 DTS, Dynamic measurement equipment

The dynamic forces are measured with four Force transducers (Ft1-Ft4) and
compensated by four accelerometers situated under the carbon strips, see
Figure 4.4. To overcome the potential difference between the pantograph and
the roof (earth), the signals are fed through optic fibres from the pantograph
to the vehicle. All other signals are opto-insulated to avoid interference. All
sensors on the pantograph except the pitot tubes are measured for voltage
with a battery situated on the pantograph. The wind speed on the upper
frame is measured with two pitot tubes mounted on each side of the upper
frame mid tube. The measuring signals, current supply and other equipment
are summarized in Table 4.1, Table 4.2 and Table 4.3. To calculate the
force for carbons strip 1 (F1) we use transducer Ft1+ the value that we get
out of accelerometer Al + transducer Ft2 + the value that we get out of
accelerometer A2. The same calculation method is used for carbon strip 2
(F2) except we use data from Ft3, A3, Ft4, A4.

4.2.5 Compensation

All dynamic tests are compensated for the carbon strips (according to EN in
Section 4.2.1):

e aerodynamic;

® I1nass.
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Forcetransducer

/Camon strip

4 no Accelerometer
no force transducer

2 no Pitot tube

il 1l

Figure 4.4: Dynamic measuring equipment

The carbon strips aerodynamic behavior is measured while the panto-
graph is tied down. In this measurement the acrodynamic and dynamic mea-
suring results are compared: the difference between the results from aerody-
namic Ft10 (see Figure 4.3) force and dynamic F1 force (F1 = Ft1+Ft2) (see
Figure 4.3) gives the aerodynamic compensation factor for carbon strip F1.
In the same way, for carbon strip 2, the difference between the results from
aerodynamic Ft11 (see Figure 4.3) force dynamic F2 force (F'2 = Ft3+ Ft4)
(see Figure 4.3) gives the aerodynamic compensation factor for carbon strip
F2. This compensation factor corrects the dynamic measurement results
directly in the measurement program. The force transducers results are in-
fluenced by the carbon strip dynamic mass. The carbon strips mass is known,
its acceleration is measured, and compensated by F' = m *a. The measuring
programs continuously compensate measured results.
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Model validation

In this chapter the results of the proposed model will be compared with the
experimental results to validate in a first approach the model.

5.1 Statistical value of the contact force

The first step is to collect data available from test results for several condi-
tions (driving direction, pre-load, catenery type). In Table 5.1 we can see a
summary of these tests, related to the simulations.

Table 5.1: Validation of the model - Average and STD of contact force

Condition Speed Average F [N] STD F [N]

- [km/h] | Exp Sim % diff | Exp Sim % diff
7.0/9.8 - 50N - Cl 221 84.18 79.62 -54 |16.9 1646 +2.6
7.0/9.8 - 50N - Cl 251 96.55 91.056 -5.7 |[19.6 20.06 -2.4
7.0/9.8 - 50N - Cl 276 103.9 100.7 -3.1 |22.6 21.87 -3.2
7.0/9.8 - 50N - Cl 293 108.1 1072 -0.8 |225 2310 425
7.0/9.8 - 50N - Cl 301 1172 1103  -5.9 |234 23.60 +0.9
7.0/9.8 - 50N - Op 260 1079 100.3 -7.0 |224 21.60 -3.6
7.0/9.8 - 50N - Op 271 106.2 104.6 -1.5 |23.2 2237 -34

15/15 - 60N - Cl 200 83.34 8199 -16 |11.2 1080 -3.6
15/15 - 60N - Cl 220 93.20 89.62 -39 | 123 1240 -0.8
15/15 - 60N - Cl 250 93.47 101.1 +8.1 | 16.3 16.60 +1.8
15/15 - 60N - Op 200 |97.00 97.81 +09 |13.0 12.61 -3.1
15/15 - 60N - Op 220 100.0 109.5 +9.5 | 15.0 14.66 -2.3
15/15 - 60N - Op 240 103.0 113.1 +9.8 |17.8 16.81 -5.6
15/15 - 60N - Op 260 106.5 116.7 +9.6 | 204 19.88 +2.6
15/15 - 60N - Op 280 109.5 120.3 +9.8 | 25.1 23.70 +45.6

It can be seen from this table that the simulation results are in good
accordance to the experimental data. A graphical representation of the same
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data is provided in Figure 5.1 and Figure 5.2. We notice that all the errors
are lower than 10% both for STD and Average contact force.

It can be concluded that the validation is satisfactory from this point of
view, due to a maximum error of 20% admitted in the EN standard.

Errors on Average contact force
1 T T M ﬁ
B @ _

% error
=
T
I

Data

Figure 5.1: Representation of the per cent error on the Average contact force

5.2 Peak to peak displacement

As already explained, it is necessary to compare the displacement of the pan
head, and in particular the peak to peak displacement for the vertical and
roll dof. For this type of analysis 3 records are taken into consideration,
referring to two different catenary (see Section 3.2.2).

SYT 7.0/9.8 catenary

From this record only the steady state period at 300 km/h is extracted; the
period at 220 km/h is not considered in this analysis because there are some
"irregularities” in the acquisition. For the case considered, simulation and
experimental results plots related to the vertical and roll motion are shown
in Figure 5.3 and Figure 5.4.

The analysis shows a good accordance on the roll motion and an average
accordance on the vertical displacement; the gap on the last variable is due to
not representing the wave propagation and to the lack in higher harmonics,
both not present in the model, and to the importance of the dynamical
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Figure 5.2: Representation of the per cent error on the STD contact force
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Figure 5.3: Peak to peak analysis - SYT 7.0/9.8 - 300 km/h - roll motion
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Vertical motion
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Figure 5.4: Peak to peak analysis - SYT 7.0/9.8 - 300 km/h - vertical motion

stiffness not considered. Those features influence the displacement a lot at
this speed and on this catenary.

Anyway, we regard the result as moderately satisfying for this catenary,
even if further analysis are required.

SYT 15/15 catenary

From this record two steady state periods are extracted: one at 200 km/h
and one at 250 km/h.

At lower speed, it is possible to see in Figure 5.5 and Figure 5.6 the
comparison between roll and vertical motion. It is clear that the roll motion
is very well matched, as in the previous case, while the displacement (as we
already know it is the most difficult parameter to control) is in quite moderate
accordance. As partial reason for the not complete match, it is good to
remember that the measurement set up for the displacement measurement
is not so good and it is affected by several contributions, that means noise
in the measurement. Also there is a lack of the model already proposed in
representing the vertical motion.

For higher speed, it is possible to see in Figure 5.7 and Figure 5.8 the
comparison for roll and vertical motion. This case, as the previous, shows
a great accordance in the roll motion variable and a average accordance on
the vertical motion, even if the problems related to the measurement set up
and to the model accuracy are still valid. There is no solution regarding
the difference on the two records already investigated, but the feeling is that
with more experimental data and mostly with a refined model it should be
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Figure 5.5: Peak to peak analysis - SYT 15/15 - 200 km/h - roll motion
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Figure 5.6: Peak to peak analysis - SYT 15/15 - 200 km/h - vertical motion
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possible get a smoother accordance.

Due to those considerations, the validation for this type of catenary is
generally satisfying, taking into account the fact that, inter alia, we are not
including the wave propagation and the dynamical stiffness in the proposed
model. It is also to point out that also for those comparisons further analysis
and a refined model are required.

Roll motion
T T T T

—experimental
—simulation

“ [deg]

I | i i i i
1400 1500 1600 1700 1800 1900
space [m]

Figure 5.7: Peak to peak analysis - SYT 15/15 - 250 km/h - roll motion

5.3 FFT analysis

To understand in a better way whether the model fits the real world, it is
good to perform an analysis on the contact force also in the frequency domain.
Several spectra from the records described in Section 5.2 are calculated. It
is important to point out that, in order to delete the problem of leakage, we
take only entire cycles (span entire cycle).

In Figure 5.9 it is possible to see the spectrum for the old catenary running
at 300 km/h.

In Figure 5.10 and Figure 5.11 the spectra for the new catenary running
at 200 and 250 km/h can be observed.

It is difficult to judge these pictures due to experimental noise, so it
is decided to create a RMS analysis (Section 5.4), in order to numerically
calculate how the energy is split in the frequency domain. Anyway it is clear
that the lumped mass model overestimates the first harmonic of the contact
force. The RMS analysis is done in order to understand if the overall behavior
(on selected bands) is correct: that means that even if an experimental signal

48



Model validation

vertical motion

displ [mm]

| — experimental
|~ simulation

I
700

\ i \ I \ \
750 800 850 900 950 1000
space [m]

Figure 5.8: Peak to peak analysis - SYT 15/15 - 250 km/h - vertical motion

FFT contact force, 300 km/h, SYT 7.0/9.8
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Figure 5.9: FFT contact force - SYT 7.0/9.8 - 300 km/h - zoom
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Figure 5.10: FFT contact force - SYT 15/15 - 200 km/h - zoom
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Figure 5.11: FFT contact force - SYT 15/15 - 250 km/h - zoom
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is influenced by noise and split in adjacent harmonics, the energy contained
in the band (calculated by the RMS process) is a more accurate parameter
in order to judge the force in the frequency domain.

5.4 RMS band analysis

Even if is not required from the normative, it is usual to create a band
analysis in order to better understand how the energy content is divided into
the frequencies domain. The frequency bands we consider are five:

1. Centered on the 1 harmonic of the span frequency;

2. Centered on the 2" harmonic of the span frequency;

3. Centered on the 3" harmonic of the span frequency;

4. Droppers frequency: from the lower to the higher dropper’s frequency
£0.5 Hz. In fact the distance between the droppers is not constant, so
to take into account the effect of all the droppers it must be taken as
lower limit the frequency related to the higher spaced droppers and as
upper limit the frequency related to the lower spaced droppers;

5. Total span frequency: involve the sum of the first three harmonics of
the span frequency: in this way the general content of energy for the
whole span frequency is taken into account.

As above, the band analysis for the three records is performed. In Fig-
ure 5.12, Figure 5.13 and Figure 5.14 it is possible to see those analysis.In
Table 5.2 the errors between measurement and simulation in percent can be

seel.

120

RMS contact force - simulation vs experimental - 300 km/h - SYT 7.0/9.8
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Figure 5.12: Rms contact force - SYT 7.0/9.8 - 300 km/h

Looking at this table it is clear that we always match the 1% span fre-
quency, the ”dropper” frequency and the total span frequency. At the lower
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RMS contact force - simulation vs experimental - 200 kmth - SYT 15/15 RMS contact force - simulation vs experimental - 200 kmth - SYT 15/15
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Figure 5.13: Rms contact force - SYT 15/15 - 200 km/h
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Figure 5.14: Rms contact force - SYT 15/15 - 250 km/h

Table 5.2: Per cent errors on frequency band of the contact force

Catenary  Speed ‘ Band #1 Band #2 Band #3 Band #4 Band #5

SYT 7.0/9.8 300 -19.97 32.56 58.01 17.66 -3.17
SYT 15/15 200 -4.73 16.37 48.76 7.47 5.05
SYT 15/15 250 -15.58 37.45 61.73 12.54 3.81
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speed the target on the 2"¢ span frequency is also reached; this is proba-

bly due to the absence of the wave propagation and to its importance at
increasing speed.

Anyway, the general behavior is quite good, according to the simplicity of
the model and the computational time required, even if a refined model is re-
quired to explain in a better way several gaps. We can say that the validation
is generally satisfying also for this point. The main problem remaining is the
larger amplitude of the first harmonic (even if the band analysis gives good
result, it is clear from the spectrum that the first harmonic is overestimated).
Further analysis are made in order to better understand the dynamic of the
model in Chapter 8.

As an example, it is good to show the band frequency results for the
model without the pre sag configuration; more in detail we simulate the new
catenary at 250 km/h: in Figure 5.15 and Table 5.3 more or less the same
behavior on the single span frequency and on the global one is shown, but
a huge difference on the droppers can be observed. In this way we point
out what we have done in Section 3.1.3, i.e. the importance of the pre sag
in the model. This is correct according to the theory because the pre sag
configuration in this model introduces not only the span configuration of
30 mm of displacement, but also the droppers point of attachment to the
wire: in this way both contribution related to the first and forth band are
introduced.

Table 5.3: Per cent errors on frequency band of the contact force - no pre
sag

Catenary  Speed ‘ Band #1 Band #2 Band #3 Band #4 Band #5
SYT 15/15 250 ‘ -11.82 27.99 60.53 45.11 4.82

RMS contact force - simulation vs experimental - 250 km/h - SYT 15/15 - no sag RMS contact force - simulation vs experimental - 250 km/ - SYT 15/15 - no sag

Mexperimental
Wsimulation 60}
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o
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P
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N
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1
Band related to the span frequency Band related to droppers and to total span frequency

Figure 5.15: Rms contact force - SYT 15/15 - 250 km/h - no pre sag
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5.5 Real time analysis comparison

The last validation explored is related to the "real time” simulation, ex-
plained in Section 3.2. For this validation there is no general rule, but sta-
tistical values will be looked at wether to understand if the program works
as good as in the steady state condition. Also all the simulation and ex-
perimental results in this subsection are referred to the ones described in
section 3.2.

SYT 7.0/9.8

In Figure 5.16 it is possible to observe the comparison between the contact
force from experimental results and the simulation; of course the simulation
is more smooth and does not have large peaks, but in general there is a quite
good accordance.

Contact force - experimental results Contact force - simulation

250

250

200 -

; ; ; i ; ; ; ‘ ; i ‘ ;
o 10 0 0 40 &0 600 700 o 0 20 an 40 s eon 7o
t[s] t[s]

Figure 5.16: Comparison of contact force story - SYT 7.0/9.8

In Figure 5.17 the statistical values averaged on five seconds are presented.
The simulation follows the experimental results in a good way.

SYT 15/15

The same conclusion can be obtained for the new catenary system, as shown
in Figure 5.18 and Figure 5.19
As shown, the model can be regarded as validated also for this analysis.

5.6 Conclusions

According to the EN and to the considerations made before, it is possible to
affirm that the validation process is partly done, and the model represents
the real world in a average quite good way. Of course, due to the lumped
mass nature of the model, the energy in the frequency domain is not perfect,
but in the whole spectrum (i.e. the STD of the contact force) it fits the
experimental results. Further analysis in order to validate the model are
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Figure 5.17: Comparison on statistical values of contact force - SYT 7.0/9.8
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Figure 5.18: Comparison of contact force story - SYT 15/15
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Figure 5.19: Comparison on statistical values of contact force - SYT 15/15

made in Chapter 8: in particular the frequency behavior of model will be
investigated and criticized, in order to find a better one by one frequency
accordance for both contact force and vertical displacement (non only an
overall accordance on the standard deviation of the contact force) with a
reference.
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Cosimulation between
GENSYS and SIMULINK

In this chapter the possibility of a cosimulation between the multi body
software (GENSYS) and the control software (SIMULINK) will be discussed.
This kind of analysis is made because it is propaedeutics to the control logic
on the active pantograph, described in the next chapter. For this part of work
a special thanks goes to Maksym Spiryagin from the CQUniversity, Australia,
who carries a part of this analysis. This communication is also made up in
order to, in the future, permit the co-simulation between a multi-body model
and a the control software.

Introduction

This type of job is not a typical mechanical engineering topic, but neces-
sary for the cosimulation purpose. In principle a TCP/IP (antonymous of
Transmission Control Protocol / Internet Protocol ) is a network protocol
which deals the control of data transmission. This technology is based on
the exchange of data between a Client (in this case SIMULINK) and a Server
(in this case GENSYS), connected via an Internet connection (in this case
a local connection); this is allowed because the multi body software runs
on a virtual machine and the control software runs on the "real” machine.
Anyway, it is possible to get this type of connection even between different
computers, provided that they have an IP address. A graphical and simple
representation of the communication is given in Figure 6.1 [16]

6.1 Data communication from GENSYS

In GENSYS the connection is very simple to set: in fact the most important
part of that is made in the Client area. The only command that is possible
to set is the cosim_server=port_-number, as suggested from[17]. Even if this
is the only command we can set, GENSYS allows 5 commands for the C file
compiler; those are:
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Client Server

Figure 6.1: TCP/IP connection

e ask_iadr = var_name

Find the address of the variable needed;

e put_iadr = var_address

Retrieve a value from the simulation process;

e put_iadr = var_address value

Change or overwrite a variable;

e run_tout

Start the calculation;

® run_stop

Stop the simulation.

6.2 Data’s comunication from SIMULINK

According to [17] the main part of the work is done in the client field; in fact
the target of this section is to describe how the WINDOWS SOCKET works.
WINDOWS SOCKET is a typical tool for network programming in Windows
OS. First of all there are two different types of socket network applications:
Server and Client. They have different behaviors and therefore the process
of creating them is different. The general scheme for creating a streaming
TCP/IP Server and Client is shown in the following list.

SERVER:

e Initialize Winsock
e Create a socket

e Bind the socket
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e Listen on the socket for a client
e Accept a connection from a client
e Receive and send data

e Disconnect
CLIENT:

e Initialize Winsock

e Create a socket

e Connect to the server
e Receive and send data

e Disconnect

In this case the developed SIMULINK block (S-function) is a client, which
uses a C MEX file. To launch the simulation is sufficient to compile it in
MATLAB (of course you need a C++ compiler on your computer first!) as:

>> mex -0 client_tsim.c wsock32.1lib -DWIN32

Those commands are valid for a 32 bit architecture and for a C file called
client_tsim.c.

The S-function code starts with some define statement (name of the func-
tion and level in MATLAB format); after those, the files

simstruc.h winsock.h

are included, in order to give access to the SimStruct data structure and the
MATLAB API functions.

Thereafter, initialize size (mdlInitializeSizes) as the number of input and
output ports, size of the ports, number of states, IP address and sample time
period are required; some of those parameters can be defined dynamically,
but in this works a static method was selected (because it is simple and
fast). All those informations are easily changeable in the S-Function mask
(Figure 6.3): in this way the block is more "user friendly”.

Then the mdlStart and mdlQutputs parts begin. Those are the core of
the system because they allow the block to start and calculate (defined by
the user) the block output for each time step.

The last operation described in the C file is the mdlTerminate, which
occurs when the simulation ends or when a generic error comes.
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6.3 Conclusion

In this chapter the general architecture of the protocol was described; in
conclusion, Figure 6.2 gives a graphical representation of the communication
loop.

SIMULINK

Launch of the simulation
First time step - '

Connection

Waiting for Client... _ First output data

Lasttime step -
Conclusion

Calculation of the
variable

Sending to GENSYS the
new variable's value

Figure 6.2: Cosimulation process

First GENSYS is started and the program waits for the input from the
client; now we launch SIMULINK and, with the first package of data send,
GENSYS starts the simulation: at this point every time step GENSYYS gives
an input to SIMULINK, which returns an output to GENSYS. This loop
lasts until the end of the client simulation, when both programs end. In this
way an efficient communication process is created.

As user interface, the cosimulation process is very simple to implement.
It requires 2 steps:

GENSYS
It is required only to set the cosim_server command and specify the port
number.

SIMULINK

From the block’s mask shown in Figure 6.3, 7 parameters (IP address of
the server, Port number, Sample time, Number of input, Number of output,
Input parameter(s), Output parameter(s)) should be set.

Now the communication system is done, and it is shown in Figure 6.4.
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W Function Block Parameters: Gensys Co-Simulation S-Function

S-function: client_tsim {mask)

This is a S-function block which connects to Gensys.
Farameters

IF address:

'192.168.29.163'

Port number:

31717

Sample Time:

0.005

Number of Inputs:
2

Input parameter(s):

'time input1’
Number of Outputs:

3

Output parameter(s)

'outl out2 out3'

oK H Cancel H Help H Apply ]

Figure 6.3: SIMULINK S-Function block mask

out1

client_tsim P []

i Gensys Co-Simulation out2
input’ S-Function

out3

Figure 6.4: SIMULINK S-Function block example
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Active control of the
pantograph

Active control of the pantograph is a typical strategy to enable current col-
lection quality or reduce the wear on the contact line. The control system
can be based on different actuator types (hydraulic [12], pneumatic, aero-
dynamic [13], electric), different actuator positions (strips’ suspension [13],
air spring [6] [11], frame [12]) and different control strategies (from the more
ideal one [11] to the Kalmann filter approach), depending on the situation
and on the configuration system.

Introduction

In this chapter will be explained how an active pantograph can be designed
starting with an existing passive one, according to the literature studies [11].
More in detail, three types of control will be proposed and the differences
between them will be discussed, in order to better understand which one
could be the best in terms of safety, cost and performance. All the simulations
are carried out with the studies in [11] as basis.

It was decided to perform all the simulations at the speed of 80 m/s on the
SYT 7.0/9.8 system: this choice is to show the benefits of the active control on
the worst possible condition (an old catenary and a high speed). Of course it
is possible to extend the analysis to different speeds and different catenaries,
but the intention of this chapter it is to show the principle potential for
improvements.

Moreover in all the control strategies the roll dof is neglected in order to
give a more simple representation possible even if in the simulations this dof
is still working.

7.1 Ideal control

The first type of control presented is a so called ”ideal control”(see Fig-
ure 7.1), i.e. there is no physical actuator but a control force on the contact
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element is given directly, with no phase lag. The control strategy with which
the control force is calculated is shown in Figure 7.2 and consists of a classical
PID control loop based on the contact force; in this way, the contact force is
the only measured variable needed to perform the control force.

control

force > k_contact

= TFl

il
dsIkl €1
kS 4+ S
Clgks
myp

TF2

Figure 7.1: Ideal control scheme

Enable control force

force

contact_force

'

»
1
Kizt) > | .C | »()
ermor > Tsz b 01 . * actuator_force

Discrete Derivative D Saturafion [—M*

>
z z-1

Unit Delay Discrete-Time |
Integrator

fotal_contact_force

106

average of the contact force

Figure 7.2: SIMULINK control strategy for the ideal control

The parameters are shown on Table 7.1. It is also possible to notice a
saturation block on the D branch: this is to restrict the derivative contribu-
tion, because of the natural high variation of the contact force that leads to
a high derivative force.

With this set up, the simulation gives a contact force displayed in Fig-
ure 7.3 (the control starts at 20 s), with a control force displayed in Figure 7.4.

From Figure 7.4 a high frequency contribution of the control force can be
seen.
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AMPLITUDE [N]
T

AMPLITUDE [N]

Table 7.1: Gain on the ideal control logic

| Proportional [P] Derivative [D] Integral [I]
Gain | 0.95 0.1 0.5

Contact Force

i I i i i i I i i i i
15 16 7 18 1 o 21 2 = 2 %
Time [s]

Figure 7.3: Contact force - ideal control strategy

Control Force

|
25 35 4 45 5
Time [s]

Figure 7.4: Control force - ideal control strategy
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Applying it, the vertical displacement of the upper mass (that represents
the displacement of the pan-head), shown in Figure 7.5, is reduced compared
to the passive case (first part of the simulation).

Vertical displacement

0es|- : : : -

AMPLITUDE [m]

20 21 2 23 24 2
Time [s]

Figure 7.5: Vertical displacement - ideal control strategy

In Table 7.2 it is possible to have a general overview of the benefits with
this type of control strategy: reduction (-36%) of the standard deviation of
the contact force and reduction of the vertical displacement.

Table 7.2: Ideal control logic results

Average  STD Max Min
Contact Force - Passive 106.22 22.47 150.67 75.59
Contact Force - Active 106.08 14.39 129.77 90.57

Vertical Displacement - Passive | -0.1130  0.0104 -0.0958 -0.1269

Vertical Displacement - Active | -0.1141  0.0083 -0.0996 -0.1245

Control Force -1.5252  10.8306 14.0416 -25.0143

The FFT analysis of the contact force of the passive case vs the active
one shows how the reduction is split in the frequency domain (Figure 7.6).
The most important reduction is on the first harmonic.

All those results will be taken as reference for the future analysis, because
they represent the best performance reachable using the most ideal actuator
and the most ideal control strategy: in particular the best results is the
reduction of the STD of the contact force (-36%), responsible of the quality
of the current collection.
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Figure 7.6: Contact force - FFT analysis

7.2 Classical feed-back control logic

The second control logic implemented is a classic feed-back control logic. The
general scheme is represented in Figure 7.7. In this configuration an ideal
actuator is assumed (no phase lag) acting on the air spring located on the
base of the down mass (more in detail F}, is the static force and Fs is the
control force). Using a pneumatic actuator will be a good choice because
it will be possible to take advantage from the existing air circuit. In this
way the logic is to control a dynamic variable (contact force) observing some
kinematic variables (speed and acceleration of the masses).

From Figure 7.7 and Figure 7.8 it could be possible to calculate the equa-
tions of motion 7.1 7.2 and 7.3 (equilibrium) with the control contribution
[11].

Fe Xy
K(t)? j‘ l ]
M Mj(l‘ M,
1 « X,
SEL O “3
M, Mz}n(zx M,

1 Cs ' L
FLﬁjfws Fi+Fs C,X,

Figure 7.7: Frame actuated active Figure 7.8: Isolated diagram of the
pantograph model - classical control active pantograph - classical control
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ML + Moy + oy = Fy + Fy — Fo, (7.1)
Fs = mlzt'l + mgl.'.g + CQI[:Q, (72)
F. = F, = Constant. (7.3)

7.3 gives the target of the system: making constant the contact force F,
through the control force F;. Therefore, the active control force F can be
produced through acceleration and velocity feedback; equation 7.2 represents
the limit of the stability region for a feed-back controlled system, so the
practical control force should be produced through

Fy = gim 2y + gamaeTs + g3coda, (7.4)

where g1, g2, g3 are gains always < 1 for stability purpose. With this last
condition the contact force F, is no longer constant

FC = E — (1 — gl)mlsﬁl — (1 — gg)mg.fg — (1 — g3)023§:2. (75)

It is possible also to notice that more the higher the gains are, more the
fluctuation and the stability margin are reduced. Now, considering the whole
system in Figure 7.7 the stability problem becomes more complicated and
can be solved numerically. The equations of motion of the complete system
are

mlx"l + Cl(iél — .132) + k’1<x1 — .172) + kﬁﬂl = O, (76)

(1= g2)mads — 1@y + ¢1 (@ — 21) + co(1 — g3)@a + ki (22 — 1) = F1. (7.7)

The implementation of those equations in SIMULINK is represented in
Figure 7.9.

As pointed out before, gains greater than 1 lead to an instability region.
This is due to the C matrix, which becomes defined negative. This is a
sufficient condition for the instability according to [18]. This behavior brings
to two different sets of gain, analyzed in the next two subsections.

7.2.1 Top gains

Considering a top performance system, the gains must be close to the insta-
bility region (i.e. close to 1); setting all to 0.9 results shown in Figure 7.10
to Figure 7.13 are obtained.
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Figure 7.9: PID control logic - SIMULINK
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Figure 7.11: Control Force - Top gains
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Figure 7.13: Contact Force - FFT analysis - Top gains
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7.2.2 Regular gains

Now, considering more realistic gains, all gains are set on 0.6, in order to
prevent instability due to deviation between the model and the real system.
The results with this gains are shown in Figure 7.14 to Figure 7.17. The
improvement is, as expected, smaller than with the top gains settings in the
section above.

Contact Force
T T
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100

I
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Time [s]

Figure 7.14: Contact Force - Regular gains
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Figure 7.15: Control Force - Regular gains

7.2.3 Conclusions

In this section a classical control logic was implemented. Results from dif-
ferent set ups of gains are shown in Table 7.3.
It is important to point out that:
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Figure 7.17: Contact Force - FF'T analysis - Regular gains

Table 7.3: Classical control logic results

Average STD Max Min

Contact Force - Passive 106.22 2247  150.67  75.59
Contact Force - Top Gains 106.13  17.55 150.67  75.69
Contact Force - Reg Gains 105.99  19.13 150.67  75.69
Vertical Displacement - Passive -0.1130  0.0104 -0.0958 -0.1269
Vertical Displacement - Top Gains | -0.1139 0.0147 -0.0837 -0.1316
Vertical Displacement - Reg Gains | -0.1136 0.0134 -0.0882 -0.1308
Control Force - Top Gains -0.03 88.32  344.57 -292.57
Control Force - Reg Gains -0.02 33.52  97.82 -110.46
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e The goal of keeping the contact force constant (S7T'D = 0) can not be
reached due to the compromise between the stability and the perfor-
mance problem;

e The velocity gain g3 is not always beneficial because it reduces the
damping of the whole system (simulation of this case are not repre-
sented here for purpose of shortness);

e It is clear from the FFT analysis that the control reduces only the
first two harmonics of the contact force, which, however, are the most
important in terms of amplitude. This effect will be present in all the
cases the control force is given at the bottom of the frame: in fact the
frame itself acts as a mechanical filter, so only the lower harmonics of
the control force reach the pan head;

e The force required to the actuator is generally very high (at least +
300 N);

e There is no physical actuator, so the bandwidth has to be considered
equal to oo;

e The control logic introduces a higher displacement of the pan head.
This can be a problem since several limitations for the maximum uplift
have to be take into consideration.

7.3 Optimal control logic

The last approach investigated in this chapter is the optimal control logic.
The actuator system is the same as in the previous section. The optimal
control is a control strategy that minimizes a cost functional J, a function
of the state of the system and the control variable.

In the state-space form, the dynamic equations of the system are [11]

.
~~

~—
|

A()X(t) + BU(1), (7.8)

where
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M, O
M = ,

0 M

O = C1 —C1

—c1 C1+c
keat (8) + k1 —FK
K ¢(t) + ki 1 ,

—ky k1

and F'(t) is the sum of the static and the control force. The target of a
constant contact force can be reached following a kinematic reference state
X,(t); in this case is not the full state X but just the pan head displacement.

Fcontact

kcat (t)

The cost functional will be:

J= %[X(m — X, () TH[X (t) — X, ()] +

+s / HIX() — X0 QIX (1) — X, (0] + UT()RU (1) di

In this case the excitation is periodical but also the reference state X, is
periodical, so the time interval (fot;) must be longer than one period. Also

h 0 0 O
0 00O
H =
0 00O
0 00O
is the weight related to the importance to reach the final state described
before,
g 000
0- 0000
0000
0000

is the weight related to the state variables’ error,

R=r

is the weight related to the energy consumption.
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At this point the optimal control force U(t) can be calculated to

Ut)=—-R'BTPt)X(t) + R'BTS(t) (7.9)
where P(t) and S(t) are the solution of:

P(t) = —-A"(t)P(t) — P(t)A"(t) + P(()BR'BTP(t) — Q
P(ty)=H
S(t) = — [AT(t) — P(t)BR'B”] S(t) — QX,.(¢)

S(ty) = HX,(ty)

The first one is the Riccati equation, the third is a vector differential
equation; the other two equations are their terminal condition. According to
(7.9) the optimal control is composed by a feed back part (G)) and an open
loop part (w):

Ft)=-R'BTP)X(t) + R7'BTS(t) = —G() X (t) + w(t)

G(t)=[n(t) g2(t) g3(t) ga(t)]

There is also an other approach for the optimal control, that consists of
setting t; = oo. In this case the differential Riccati equation becomes an
algebraical equation and can be solved with the MATLARB function lgr. In
the next subsections both approaches will be investigated, omitting the feed-
forward contribution in order to compare the optimal control to the classical
control.

The SIMULINK scheme is valid for both strategies and is shown in Fig-
ure 7.18.

7.3.1 Finite time optimal control

Setting as parameters ¢ = 10*,7 = 1073, h = 300 we obtain the follow-
ing gains (Figure 7.19 to Figure 7.22), contact force (Figure 7.23 and Fig-
ure 7.24), control force (Figure 7.25) and displacement (Figure 7.26).

7.3.2 Infinite time optimal control

Setting as parameters ¢ = 10*,7 = 1073, h = 300 we obtain the follow-
ing gains (Figure 7.27 to Figure 7.30), contact force (Figure 7.31 and Fig-
ure 7.32), control force (Figure 7.33) and displacement (Figure 7.34).

75



Chapter 7

FULL STATE

fb_total_1 P x
gain1 X1 g
Product2
fb_total 2 F————m x
gainz X2 P

+

gain3

3
X ————
fb_total_3 m” *

actuator_force

gaind

fb_total 4 F———s—

¥_dot 2

Product1

Figure 7.18: Optimal control logic - SIMULINK
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Vertical displacement
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Figure 7.34: Vertical displacement - Optimal T, control

7.3.3 Conclusion

In this section two different types of optimal control were investigated. Re-
sults are shown in Table 7.4. It is important to point out that:

Table 7.4: Optimal control logic results

Average STD Max Min
Contact Force - Passive 106.22 2247  150.67  75.59
Contact Force - Optimal T'= o0 | 106.43  19.14 146 79.07
Contact Force - Optimal 7" =T} | 106.36  19.09 14587  79.02
Vertical Displ - Passive -0.1130 0.0104 -0.0958 -0.1269
Vertical Displ - Optimal T'= oo | -0.1133  0.0078 -0.0984 -0.1237
Vertical Displ - Optimal 7' =T} | -0.1133  0.0077 -0.0984 -0.1235
Control Force - Optimal T' = oo -0.10 14.10  28.04  -58.34
Control Force - Optimal T' = T -0.05 14.03  27.81  -59.99

e In a real application of this type of control, the gain matrix has to
be calculated off line. Then, according to the speed of the train, the
control logic can pick up the correct gains calculated in advance;

e There is always a reduction of the displacement of the pan-head due to
the X,;

e In this case only a single reference is shown. It is possible, however, to
implement the full state reference;

e Since the optimal control is based on the full state feed-back, measure-
ments of the entire state can be difficult to achieve: this leads to a
Kalmann filter integration for future work [15];
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e There are no big differences in terms of calculated gains and reduction
of ST'D between the Ty and T optimal control;

e The reduction of ST'D is anyway good and satisfying.

7.4 Comparison between different control strate-
gies and conclusions

According to the simulations done in this chapter, it is possible to make some
statements concerning the concept of an active pantograph:

e Any type of control, if well set up, gives benefits in terms of reduction
of STD of the contact force;

e Not all the controls analyzed give benefits in terms of reduction of the
pan-head displacement;

e The optimal control is by far the best control for 2 main reasons. It
is stable because it comes from a feed-back approach and gives better
results considering the actuator force bandwidth. Adopting the optimal
control we reduce the ST D with the same amount as if the vehicle
speed is reduced with 50 km/h; moreover with the optimal control the
minimum and maximum of the contact force are respectively increased
and decreased, providing less arcing problems.

The main lacks of this control approach are:

e the actuator is not included in the model, so is not possible to judge
the real effectiveness of the control action given;

e in the previous chapter was pointed out that the proposed model over-
estimates the first harmonic of the contact force, and this trend is more
evident at higher speeds: this statement leads to regard the benefits
of an active control on this model overestimated, since it is easier and
more effective to reduce an higher contact force harmonic. Only con-
sideration of the first harmonic have been made since that one is the
only one involved on the control effect. Due to this consideration, a
more refined investigation on the first harmonic of the contact force
of the proposed model is required, in order to synthesize the control
strategy on a better model.
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Chapter 8

Comparison with a Finaite
Element program simulation

In order to better understand the limits of the proposed model and to extend
the range of validity of the model regarding different parameters, a compar-
ison with an existing simulation program is done. The software taken into
consideration is called PCaDa: it is a Finite Element program developed at
Politecnico di Milano that reproduces the interaction between pantograph
and catenary system. It is validated from several on track tests, shown in
[1]. In this approach the pantograph is defined as a lumped mass system, the
catenary (contact wire, messenger wire, droppers and stitched wire) is mod-
eled in a finite element approach and the contact between those two elements
is made by a spring in parallel with a damper (both values are very high).
Furthermore there is the presence of masses at the suspension position and
at the droppers’ position: the latter represent the masses of the clamp.

8.1 Selection of the pantograph model

In order to compare the general behavior of the model, the pantograph model
must be decided and analyzed. More in detail the pantograph will be excited
from the pan head with a sinus wave in the frequency range 0.1Hz — 20Hz
in order to obtain the frequency response between the acceleration of the
pan head and the force related to the excitation. In Chapter 2 a rheological
model is proposed, and in Figure 8.1 the frequency response for three different
amplitudes of the wave is shown. From the picture it is possible to notice
that the difference between the 20 mm and 4 mm excitation is very low
related to the 1 mm line. Nevertheless the difference is considerable at very
low frequency. This behavior is due to the rheological model included in the
simulation.

This consideration leads to make the same simulation including a spring
with 50N/m of stiffness instead of the rheological model, in order to find any
analogies or differences; of course in this new model there is no difference in
the output exciting on three different values of amplitude, due to the linearity
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Figure 8.1: Frequency responce of the pantograph with rheological model

of the system. In Figure 8.2 results of the simualtion are shown.
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Figure 8.2: Frequency responce of the pantograph with a 50 N/m spring

Superimposing the curve in Figure 8.2 on the blue curve in Figure 8.1,
it is possible to notice how small is the different between those two models
excited by a 20 mm amplitude sine wave. Results are shown in Figure 8.3.
More in detail the only difference is located at very low frequency in the
phase diagram (< 0.5Hz), where the rheological system show a non linear
behavior.

Once selected the model, the contact element represented by a spring
(the stiffness of this spring is equal to the static stiffness implemented in the
previous chapters) is inserted on the top of the pan head, and the excita-
tion given until now is imposed. The frequency response is represented in
Figure 8.4, and it can be noticed how this spring rules the dynamic of the
pantograph, modifying the peak position and amplitude, mostly on the first
one.

84



Comparison with a Finite Element program simulation

Accelaration pan head / Excitation force

04 T T T T T I I I
: ey +--50 N/m spring pantograph
_03r B U B +Rheological model pantograph |
2 : * ok :
Q2 e ...*+H:MHH*HHHHH:H**H&HHH#HHHJ
H01_ **‘ ..................... : _
: Ed :
0*-*******#****** i \ \ I \ \ i i
0 2 4 6 8 10 12 14 18 18 20
Freq [Hz]
200 T T
o : :
g : .
3 Ok R _
= *; *x* : *++**** :
Thesas® ; ***\‘**’**-*-*++******+*++*+-H-+*+-++-+*++++:+#*¥+*+*}F***+*+*
2200 | | 1
0 2 4 6 8 10 12 14 16 18 20
Freq [Hz]

Figure 8.3: Comparison of the frequency responce of different pantograph

models
Accelaration pan head / Excitation force
0.4 | T o T
: ety :
_ .+* *g Fhby,
] # 4
<02 PR ****"'**********'*-k**+*+&Jr*?ﬁ++*+*+*;&**++*+-;
s ¥ ; :
ey **;ﬁ : :
P e R I i I i i
0 2 4 6 8 10 12 14 16 18 20
Freq[Hz]
0"’** I T
* B N
. RS :
2 * ** 5 **** :
o -100- ¥ ; #5 ; : : i
— '*.** :
= o F4 : :
: *+*******+*+**+*++++*++*+******++*+**+*++¥+*++*+*
200 | 1 | I | | | 1 I
0 2 4 6 8 10 12 14 16 18 20
Freq [HZ]
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Now it is possible to compare the last frequency response presented with
the experimental one. The tests are carried out at Politecnico di Milano in
order to better understand the dynamic response of the Schunk WBL pan-
tograph. Tests are carried out at 3 different level of excitation (1 mm, 4
mm and 20 mm) in order to detect non linear behavior. More in detail the
excitation is given in the middle of the pan head with a pneumatic actuator
and the force applied is measured in the actuator itself; the acceleration is
measured through an accelerometer stuck in the pan head. Of course the
higher the excitation is (in terms of displacement), the lower the maximum
frequency reachable using the same power will be: due to this, in order to
compare the whole frequency response of the pantograph, the 1 mm exci-
tation is displayed in Figure 8.5. From the comparison it can be seen that
the experimental curve has the resonance peaks shifted to higher frequencies
compared to the numerical one. This is probably due to the presence of the
air-spring in the real test, replaced in the mathematical model by a simple
spring. There is also a third little resonance peak at 10H z in the experimen-
tal result that it is impossible to reproduce in a two mass model. Anyway,
it is possible to affirm that the the proposed model equipped with a simple
spring of 50 N/m of stiffness well represents the real pantograph in a first

approach.
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Figure 8.5: Comparison of the numerical and experimental frequency re-
sponse

Due to those considerations, it is decided to implement the pantograph
with the simple spring in the code instead of the one with the rheological
model: the reason is the more ease of the model (maintaining the same
response of the rheological one presented in Chapter 2) and, as a consequence,
the lower computational time spent to simulate its dynamics.
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8.2 Comparison

8.2.1 Two masses model

Once the pantograph model is defined, the same system is reproduced in
PCaDa in order to compare the results. For all the analysis in this chapter
the catenary system SYT 7.0/9.8 is considered, the pre sag configuration
and the roll motion of the pan head are neglected.

First of all a static analysis at 15 km/h is done, to investigate the motion
of the pan head without any dynamic effects. Results are shown in Figure 8.6;
it is possible to notice a good accordance between the models. In this case
and in all cases in this chapter, the span length is 60 m and the first tower
is at 0 m length.
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Figure 8.6: Static analysis comparison of the vertical displacement

After that a so called dynamic analysis is done: it consists in running
several simulations at different speeds with the same input in both codes,
and extracting from those:

e Standard deviation of the contact force;
e Value of the first harmonic of the contact force;

e Value of the first harmonic of the pan head vertical displacement.

The first item is shown in Table 8.1: the second column represents the
ratio between the speed in [m/s| and the average speed of the wave propa-
gation in the catenary, calculated according to [8]: for this peculiar system
this speed is equal to 111 m/s.

It is clear that the GENSYS model can follow the trend of the standard
deviation of PCaDa up to 200 km/h: after that point there is not a good
accordance between the two models. Moreover, the numerical value of the
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Table 8.1: Comparison on the standard deviation of the contact force - two

mass model

PCaDa GENSYS
Speed [km/h] Speed/C [ ] | Average [N] STD [N] | Average [N] STD [N]

100 0.25 53.13 2.57 93.92 3.14
120 0.30 55.35 6.12 54.51 3.86
150 0.37 59.07 8.00 96.35 4.5

170 0.42 62.81 11.05 57.81 5.79
200 0.50 68.55 12.23 68.89 10.89
230 0.57 79.44 16.45 79.99 17.34
250 0.62 79.86 22.97 87.39 19.29
270 0.67 85.13 31.61 94.77 19.21
290 0.72 90.45 42.43 102.16 18.67

standard deviation is not good enough to declare the accordance between the

two models.

In order to better investigate the contact force, an analysis on the first
harmonic of the contact force is performed: the results are shown in Fig-
ure 8.7 and they point out a very good accordance up to 0.5 v/c (i.e. 200
km/h). After that GENSYS continues to grow until 0.67 v/c (270 km/h),
which corresponds to a span frequency of 75hm/s divided by 65m = 1.25H z.
According to Figure 8.4, at this frequency there is the first resonance peak, so
it is correct that until this point the force grows and after starts to decrease.
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Figure 8.7: Comparison on the first harmonic of the contact force

The same diagram can be obtained for the first harmonic of the vertical
displacement in Figure 8.8, and the trend of the GENSYS line is almost the
same as for the contact force for the same reasons.

The PCaDa behavior of the vertical displacement is more or less the
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Figure 8.8: Comparison on the first harmonic of the vertical displacement

same as for the contact force one, but there is an important peak at 0.42
v/c (170 km/h, corresponding to a span frequency of 0.79H z): the source of
this problem is the catenary. In PCaDa there is a tool design for compute
the natural frequency of the catenary system, and in Figure 8.9 the first
mode of the catenary (only the structure, without the pantograph) is shown:
the frequency of this mode is calculated to 0.84H z. Considering the weight
of the pantograph that travels under the structure, the value of the first
harmonic will decrease, so 0.79H z could be a frequency where the catenary
is maximally excited and where the introduction of energy is maximized. In
this way a great peak of vertical displacement occurs.

Mode #1 - 1= 0.84823 Hz
xrmax=0.039217

Figure 8.9: Deformed shape of the catenary at the first mode frequency

Considering all those features, the proposed model is not good enough to
describe the contact force and the vertical displacement of the pan head. So,
a model that includes the catenary behavior is required to achieve a good
accordance.

89



Chapter 8

8.2.2 Three masses model

As just explained, the information concerning the catenary first mode must
be included in the contact model. The only way to include this type of
information on a lumped mass approach is to add a third mass between the
spring representing the static stiffness of the catenary and the pan head mass.
This mass is the modal mass representing the bending mode of the catenary.
The system described is shown in Figure 8.10.

Figure 8.10: Three masses model

The value k. and c. are taken directly from the contact element in the
PCaDa code, while the value for ¢, is calculated keeping the same critical
damping coefficient of the two mass model.

Since the model of the catenary is not simple, an analytical calculation
of its first bending mode is not possible; so to compute this value the eig
frequency value calculation is required, and the correct mass is the mass that
brings the first eig value of the whole system (three mass system) nearest to
0.79H z. For the present configuration the modal mass is 20 kg. This mass is
selected as the correct modal mass since a good trade off between the vertical
displacement and the contact force comparison is reached. The emphasis is
on the vertical displacement of the pan head.

Once the new model is defined, the analysis of the previous subsection
is repeated in order to check whether the model now fits the target. In
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Table 8.2 an overall information on the contact force is shown, and, compared
to Table 8.1, it is possible to observe a well accordance up to 230 km/h.

Table 8.2: Standard deviation of the contact force - three mass model

In Figure 8.11 the first harmonic of the contact force is shown, and it is
possible to observe that the trend of the models is the same, even if there is a
difference between the values. The latter is due to a difference in splitting the
whole contact force: in fact, as shown as an example in Figure 8.12, PCaDa,
since it is a Finite element program, spreads the force in several frequencies,
while GENSYS puts most of it on the first frequency span. This different
behavior comes from the different approach between the models: in a lumped
mass approach the first harmonic of both displacement and force is always
the dominant; in a finite element approach this is not true. Moreover, this

GENSYS
Speed [km/h] Speed/C [] | Average [N] STD [N]
100 0.25 53.46 4.19
120 0.30 54.45 2.05
150 0.37 56.29 8.03
170 0.42 S7.77 11.42
200 0.50 68.88 14.68
230 0.57 79.94 14.61
250 0.62 87.31 14.45
270 0.67 94.70 14.47
290 0.72 102.05 14.65

gap is increased at higher travelling speeds.
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Contact force - 230 km/h
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Figure 8.12: Contact force at 230 km/h - Comparison

Referring to Figure 8.13, that displays the first harmonic of the verti-
cal displacement, it is possible to sentence that there is a good accordance
between the two approaches for all the speeds analyzed. This is not in contra-
diction with the sentences related to the contact force because PCaDa does
not spread the vertical displacement in the frequency domain (Figure 8.14)
as the contact force: the first span frequency of the displacement is always
higher, at any speed.
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Figure 8.13: Comparison on the first harmonic of the vertical displacement
- three mass model

So, as a general comment for this type of approach with a modal mass,
it can be sentenced that the overall behavior of the contact force (Table 8.2
and Table 8.1) is in good accordance with the target, the first frequency of
the same force has a trend that fits well the Finite element program and the
vertical displacement of the pan head is well represented.
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Vertical Displacement - 230 km/h
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Figure 8.14: Vertical displacement at 230 km/h - Comparison

8.2.3 Influence of the inertial terms

The last feature investigated is the influence of the lumped masses included
in the PCaDa code: more in detail those masses represent the masses of
the clamp, and they are attached at both contact and messenger wire. In
the GENSYS code there is no physical wire, so the masses of the clamp can
not be included in the model. In order to make a comparison between two
models as close as possible, it is decided to make the dynamic simulations in
PCaDa without the masses of the clamp. In Table 8.2 an overall information
on the contact force is shown.

Table 8.3: Standard deviation of the contact force - PCaDa without clamp’s
mass

PCaDa
Speed [km/h] Speed/C [] | Average [N] STD [N]
100 0.25 53.12 5.40
120 0.30 55.35 6.19
150 0.37 59.70 8.09
170 0.42 62.68 11.41
200 0.50 68.54 11.90
230 0.57 75.01 15.76
250 0.62 79.85 20.52
270 0.67 85.11 25.23
290 0.72 90.44 28.66

Compared to Table 8.1, it is possible to recognize that the influence of
the masses is important from 250 km /h: this is correct since the inertial term
becomes relevant with higher displacement of both wire (contact wire and
auxiliary wire).
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The first harmonic of the contact force and of the vertical displacement
are not influenced from the masses, so the pictures related to them are the
same as Figure 8.11 and Figure 8.13; at higher frequency instead the force is
influenced by this change (see Figure 8.15), and it is more influenced as the
speed grows.

Contact force - 230 km/h
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Figure 8.15: Contact force at 230 km /h - Comparison with or without clamps

Concerning the vertical displacement, Figure 8.16 is shown as an example
to demonstrate the little influence of the masses of the clamps, limited only
at high frequency with a small amplitude value.
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Figure 8.16: Vertical displacement at 230 km /h - Comparison with or without
clamps
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8.3 Conclusions

In this chapter several comparison between different set ups of two models
were explained. As a final comparison, the three masses model in GENSYS
and a no clamps model in PCaDa were selected: in Table 8.4 a general

overview of the contact force for the designed models is submitted.

Table 8.4: Comparison on the standard deviation of the contact force - final

models
PCaDa no clamps GENSYS 3 masses
Speed [km/h] Speed/C [] | Average [N] STD [N] | Average [N] STD [N]

100 0.25 53.13 5.40 53.46 4.19
120 0.30 55.35 6.19 54.45 5.05
150 0.37 59.70 8.09 56.29 8.03
170 0.42 62.68 11.41 57.77 11.42
200 0.50 68.54 11.90 68.88 14.68
230 0.57 75.01 15.76 79.94 14.61
250 0.62 79.85 20.52 87.31 14.45
270 0.67 85.11 25.23 94.70 14.47
290 0.72 90.44 28.66 102.05 14.65

A graphical comparison of Table 8.4 is given in Figure 8.17.
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Figure 8.17: Comparison on the standard deviation of the contact force -

Final models

From the table and the figure above is possible to recognize a general very
good accordance between the models up to 230-250 km/h, that means 0.6
V/C. This is a good results since the maximum speed allowed is calculated
as the 70% of the average speed of the wave propagation in the catenary.
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Regarding the first harmonic of the contact force and of the vertical dis-
placement of the pan head, Figure 8.11 and Figure 8.13 respectively represent
the trends. From those pictures it is possible to assert a good accordance up
to the limit previously specified.

A further analysis consists in calculating the RMS of the contact force in
two different frequency bands: the first is related to the total span frequency,
i.e. from the first to the third harmonic related to the span length, the
second is related to the droppers frequency, i.e. from the maximum droppers’
distance frequency to the minimum droppers’ distance frequency. Results are
displayed in Figure 8.18 and Figure 8.19.
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Figure 8.18: RMS of the contact force - Span frequency
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Figure 8.19: RMS of the contact force - Droppers frequency

From Figure 8.18 and Figure 8.19 it is possible to understand why in
Figure 8.17 the STD of the contact force starts to grow from 250 km/h:
at high speed the RMS related to the droppers suffers an high increment
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of its value, so at high speed the average STD is more influenced from the
droppers frequency rather than the span frequency. It is also clear that a
model without the clamps is less influenced from the droppers frequency at
high speed for the reasons discussed above.

In conclusion, the main different features that lead to different results
are the wave propagation in the catenary and the dynamic stiffness of the
overhead equipment, not present in the GENSYS code: all other effects
are taken into account in the lumped mass model. Due to this, the most
important limitations of the GENSYS model are:

e Maximum speed allowed in order to have good accordance with the
reference simulation software : 60% of the average speed of the propa-
gation wave;

e Direct relation between the pan head displacement and the contact
force (the force is calculated as the displacement of the upper mass
multiplied by the static stiffness element at that point): in PCaDa the
force is generated by the stiffness of the contact element multiplied by
the relative motion between the pan head and the catenary displace-
ment;

e Impossibility of implementing a multiple pantograph dynamic due to
the lack of a physical contact wire that allows both wave propagation
and the movement of the catenary after the transition of the first pan-
tograph.

It is also important to point out that the analysis already done states
the need of including informations concerning the dynamics of the catenary,
otherwise the limit of a model without the inertial information of the con-
ductors are located at very low speed (150 km/h, i.e. 0.37 C/v). In this way
a critical comparison with [2] [11] [6] is done.
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Chapter 9

Active control of the
pantograph-air spring system

In this chapter an active control of the pantograph is studied in order to
reduce both contact force and vertical displacement of the pan head. The
model of the actuator is also implemented to investigate the real behavior of
the control logic on the real system pantograph plus actuator. The system
used is the three mass model described in the previous chapter. It is possible
to state that the model is suitable to implement a realistic control logic since
the control strategy acts only on the first harmonic of both contact force and
vertical displacement due to the frame’s mass (that acts like a mechanical
filter) and to the actuator (that acts as a filter too). In the previous chapter
it is demonstrated that the proposed model well represents the first harmonic
of both contact force and pan head displacement.

9.1 Passive three mass system

The first step to implement an active control on the pantograph is analyzing
the passive system in order to get the references to compare with further
results. Also three different speeds are analyzed in order to understand the
effectiveness of the control in different conditions. The data required to judge
the control strategy are the contact force and the vertical displacement of
the pan head.

In Figure 9.1, Figure 9.2 and Figure 9.3 respectively the contact force in
the time domain, contact force in the frequency domain and the spectra of
the vertical displacement of the pan head for 56 m/s speed are shown. For
this speed a 14.72 N standard deviation of the contact force is detected.

In Figure 9.4, Figure 9.5 and Figure 9.6 respectively the contact force in
the time domain, contact force in the frequency domain and the spectra of
the vertical displacement of the pan head for 70 m/s speed are shown. For
this speed a 14.44 N standard deviation of the contact force is detected.

In Figure 9.7, Figure 9.8 and Figure 9.9 respectively the contact force in
the time domain, contact force in the frequency domain and the spectra of
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Contact force - Passive system - 200 km/h
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Figure 9.1: Contact force at 200 km/h - Passive system
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Figure 9.2: Spectra of the contact force at 200 km/h - Passive system
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Figure 9.3: Spectra of the vertical displacement at 200 km /h - Passive system
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Contact force - Passive system - 250 kmth
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Figure 9.4: Contact force at 250 km/h - Passive system
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Figure 9.5: Spectra of the contact force at 250 km/h - Passive system
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the vertical displacement of the pan head for 80 m/s speed are shown. For
this speed a 14.61 N standard deviation of the contact force is detected.
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Figure 9.7: Contact force at 300 km/h - Passive system
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Figure 9.8: Spectra of the contact force at 300 km/h - Passive system

9.2 Active control on the three mass model
without air spring model

As a first step, like already done in Chapter 7, an active control system
without considering the dynamic of the actuator is implemented. In the
same chapter different control strategies were tested, and the conclusions
was to choose a so called Optimal control logic - LQR strategy; also the
equivalence between a finite time LQR approach and an infinite time LQR
approach was demonstrated for this particular application. Due to all these
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10 Vertical displacement spectra - Passive system - 300 km/h
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Figure 9.9: Spectra of the vertical displacement at 300 km/h - Passive system

considerations, an infinite time LQR approach is implemented on the three
mass model (Figure 8.10) previously presented.
The equations of motion for the system in its state-space form are:

X5(t) = As(t)X5(t) + BsUs(t), (9.1)

where

. . . 1T
Xs(t) = [wm @1 @2 T &y 22,

A3(t) = [ ’ !

Y

-M*K -M'C

BgzMLQ[o 0100 0,

Us(t) = —F (1),
M, 0 0
M = 0 M1 0 )
0 0 M,
—Ceat(t) — Ce Ce 0
C - CC _CC - Cl Cl )
0 C1 —C1 — Co
Eeat (t) — ke ke 0
K = kc _kc - kl kl )
kq —ki — ko
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and F(t) is the sum of the static and the control force. The target of a
constant contact force can be reached following a kinematic reference state
X,3(t); in this case is not the full state X,3 but just the pan head displace-
ment.

0

Fcontact
kcat (t)

0

0
0
0

The cost functional will be:

J— %[X(tf) — X () TH[X () — X, ()] +

+5 | X0 = X O QX ()~ X, (0] + U (ORUs(0)}

In this case the excitation is periodical but also the reference state X, 3 is
periodical, so the time interval (fot;) must be longer than one period. Also

[0 0 0 0 0 0]
0 RO O 0 0 O
0 0 0000
H—
0 0 0000
0 0 0000
0 0 0 0 0 0]
is the weight related to the importance to reach the final state described
before,
¢ 0 0 0 0 0]
0 g 00O0O
00 g 00O
Q=
00 0O0O0O O
00 0O0O0O O
0 00 0 0 0]

is the weight related to the state variables’ error,

R=r

is the weight related to the energy consumption. In those simulations the
parameters h = 20 * 10%, ¢ = 20 * 10* and r = 10~ were set.
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Now, the control force is calculated as shown in Chapter 7, but the differ-
ential Riccati equation P(f) now became, due to the infinite time approach
that means ¢y = oo, an algebraic Riccati equation P(t) solved by the Matlab
function lgr. From the solution of the equation it is possible to extract the
vector G(t) containing the six gains for the six states. After that, to obtain
the control force it is just required to multiply the gains by the respective
state variable. The calculated force is directly applied at the mass represent-
ing the frame of the pantograph: in this way there is no physical actuator
included in the model.

In Figure 9.10 and Figure 9.11 respectively the comparison of the contact
force in the frequency domain and spectra of the vertical displacement of the
pan head for 56 m/s speed compared to the passive case are shown. Also in
Figure 9.12 the control force required to the actuator is displayed.

Contact force spectra comparison - 200 km/h - Controlled without actuator
® | I I | | | ;Controlh‘ed system
—Passive system
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Force[N]

|
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Figure 9.10: Spectra of the contact force at 200 km/h - Active vs passive

In Figure 9.13 and Figure 9.14 respectively the comparison of the contact
force in the frequency domain and spectra of the vertical displacement of the
pan head for 70 m/s speed compared to the passive case are shown. Also in
Figure 9.15 the control force required to the actuator is displayed.

In Figure 9.16 and Figure 9.17 respectively the comparison of the contact
force in the frequency domain and spectra of the vertical displacement of the
pan head for 80 m/s speed compared to the passive case are shown. Also in
Figure 9.18 the control force required to the actuator is displayed.

From the figures already shown, it is clear that an optimal control logic
applied without considering the dynamic of the actuator gives great benefits
in terms of reduction of the contact force and vertical displacement at any
speed considered. There is a little amplification of the second harmonic of
the span frequency at 300 km/h, but the most important reduction of the
first harmonic and the great reduction of the vertical displacement allow to
declare that the control improves the dynamic behavior of the system.

In Table 9.1 a general overview for three different speeds compared with
the passive case is shown. It is possible to notice how reduced the maximum
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Vertical displacement spectra comparison- 200 ki - Controlled without actuator
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Figure 9.11: Spectra of the vertical displacement at 200 km/h - Active vs

passive
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Figure 9.12: Control force at 200 km/h
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Figure 9.13: Spectra of the contact force at 250 km/h - Active vs passive
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x10° Vertical displacement spectra comparison - 250 km/h - Control without actuator
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Figure 9.14: Spectra of the contact force at 250 km/h - Active vs passive
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Figure 9.15: Control force at 250 km/h
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Figure 9.16: Spectra of the contact force at 300 km/h - Active vs passive
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X 10'3 Vertical displacement spectra comparison - 300 km/h - Controlled without actuator
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Figure 9.17: Spectra of the contact force at 300 km/h - Active vs passive
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Figure 9.18: Control force at 300 km/h
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and minimum value of the contact force are: this behavior prevents electrical
arcing. The effectiveness of the control action decreases at higher speed, but
as a general rule, the effect of the active control is beneficial in terms of
reduction of contact force and vertical displacement.

Table 9.1: Optimal control logic results - three masses model without actu-
ator

Speed Average STD Max Min

Contact Force - Passive 69.46 14.71 101.48 48.53
Contact Force - Controlled 69.11 5.70 82.80 60.25

200 km/h | Vertical Displ - Passive - 0.0551 0.0084 -0.433  -0.674

Control Force 0.16 6.30 10.26 -8.77

Vertical Displ - Controlled - 0.0554 0.0016 -0.532  -0.578

Contact Force - Controlled 88.43 7.05 105.45 76

Contact Force - Passive 88.22 14.67 114.64 66.34

250 km/h | Vertical Displ - Passive -0.0698  0.0051 -0.0626 -0.0767

Vertical Displ - Controlled -0.0698 0.0022 -0.0668 - 0.0729
Control Force -0.75 8.87 13.72 -11.51

Contact Force - Passive 101.55 14.70 127.61 79.35
Contact Force - Controlled 101.65 8.04 122.45 87.60

300 km/h | Vertical Displ - Passive -0.0805 0.0039 -0.0750 -0.0857

9.3 Model of the air spring

In order to achieve a realistic behavior of the controlled system, the model
of the actuator should be included. It is decided to take as actuator the
air spring already on board controlled by an electric valve; the air spring in
the passive case has only the task to maintain the static pre load set at the
beginning. This choice is due to the simplicity in implementing an active
control using an existing passive structure (i.e. the air spring): in fact the
pneumatic system is already implemented in the bottom of the pantograph.

The actuator system is composed by an electric valve, an eflux nozzle and
the air spring; the input of the system is the pressure required at the electro
valve, proportional to an electrical voltage, while the output is a pressure on
the air spring. The relation between the displacement of the frame and the
displacement of the air spring stem is a kinematic constant equal to a.

In Figure 9.19 the block diagram of the described actuator is shown: it
can be noticed that the speed of the frame is an intermediate input for the
system; in this way a connection between the mechanical three dof system
and the actuator is realized.

Vertical Displ - Controlled -0.0806 0.0028 -0.0768 -0.0847
Control Force 0.62 11.42  17.72 -14.88
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Figure 9.19: Block scheme of the actuaator

The proposed equation of the the electro valve is:

P. + 2hwoP,. + wo’ P, = woP, = wo’K.v. (9.2)

where P, is the controlled pressure, P, is the required pressure, v, is the
voltage in input. The proposed equation of the efflux nozzle is:

Glkg/s] = R(P. - P) (9-3)

where P is the pressure in the air spring and R [kg/Pa * s| is a constant
which relates the eflux to the difference of pressure. The last proposed
equation is the linearization of the air spring volume around a reference
volume Vj, a reference pressure Py and a reference temperature Ty calculated
at the static air spring force value:

n*Rg*TOG+n*PO
Vo Vo

Inserting 9.3 in 9.4 it is possible to express the pneumatic system in
function of:

P =

T frame At (9.4)

Vo
n* RyxTh* R

All the constants mentioned are presented in Table 9.2.

The most important elements in Table 9.2 are Vy and 7, . Those two
parameters influence the dynamic of the whole actuator system: in particular
a larger Vj is responsible for a slower dynamic of the pneumatic system
(represented by Tpue, ). In fact with the value of Vj in Table 9.2, the 7,y
value is 0.088 s, that means a pole located at 11.36 rad/s, corresponding
to 1.81 Hz. That means that above 1.81 Hz the system is not able to
perform the required pressure: this behavior will be responsible to the cut-
off frequency in the required pressure in the real active control system (taking
into account the dynamic of the actuator).

In Figure 9.20 the bode diagram of the one pole system (Equation 9.4),
two pole system (Equation 9.2) and three pole system (Equation 9.4 + Equa-
tion 9.2) respectively are represented in the green line, in the red line and in
the blue line. Also in Figure 9.20 the white dots represent the experimental

(9.5)

Tpnew =
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Table 9.2: Constant related to the air spring model

Variable Comment Value []
h Damping coefficient 0.2 -
n Constant for air 1.4 -
R, Universal Gas constant 287.05 J/(kg* K)
To Temperature 293.15 K
« Cinematic ratio frame / air spring stem 0.043 -
Ao Area of the air spring stem reference 0.03752 m?
Vo Volume of the air spring reference 0.0034 m?
Wo Frequency of the system 17.5929 rad/s
Py Air spring pressure reference 381880 Pa
R Efflux constant 3.2796e-007 kg/(Pa * s)
Tpneu Time constant of pneumatic system 0.088 S

points obtained measuring the effective pressure P (blue dot in Figure 9.19)
achieved by imposing a request pressure P, (red dot in Figure 9.19). The
experimental results are obtained blocking the vertical displacement of the
frame: in this way the term proportional to Z fyqme in Equation 9.4 goes to
zero. From the diagram is it clear that the magnitude of the experimental
curve well fits the three pole model, while the phase best fits the two pole
model. This behavior is probably due to the non linearity of the electro valve:
in fact within a certain threshold the valve does not give any pressure as out-
put. Due to this considerations, the model selected to represent the actuator
is the three pole model, so Equations 9.2, 9.3 and 9.4 are still valid. The
main reason of this choice is that considering only the experimental points on
the curve, for input given at frequencies higher than the resonance peak the
amplitude of the response dramatically drops down, so any value of phase is
related to a very small amplitude. This is to state that even if an incorrect
phase diagram is implemented, the effect of the phase shift is less important
than the error in amplitude.

9.4 Active control on the three mass model
including the air spring model

Once defined the air spring model and the mechanical system model, an ac-

tive control that include both components is implemented. Putting together

the equations system, a nine state equation is obtained. More in detail the
equations of the mechanical system are:

mmxm + Cc<x;71 - wl) + kc(xm - 1'1) + kcatxm + CcatI'm = Oa (96)
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Figure 9.20: Bode diagram of the actuator

mlsﬁl -+ Cl(.ilfl — 232) -+ kl(xl — .CL’Q) — CC<I‘m — .’I]l) — k'C(Im — .Tl) = 0, (97)

PA
mQQ.?'g — cl(x'l — .%‘2) — k)l(ZL’l - Ig) + CQ:I::Q + ]{321'2 + 7 = 0. (98)
And the equations of the actuator are:

P, + 2hwoP. + wo’P. — wy’ P, = 0; (9.9)

P

Vo Vo W

| R,+Ty+R Ry+Ty* R I
_n* g* 0* P+n* g* 0>l< P n* OanAO{ZO. (910)

In those equations the input variable is the required pressure P,. Writing
now in the state form:

Xfu'll(t) = Aru () X pur(t) + BrunUrun(t), (9.11)

where

Xfull(t):[xm Ty T2 Pc P xm x.l l:2 Pc}Ta

Apan(t) =

112



Active control of the pantograph-air spring system

0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
b 0 0
.
0 —w? 0
0 nRyTOR  nRyToR
Vo Vo

1 0
0 1
0 0
0 0
o
0 0
0 0

Bru=[0 0000000 «],

Urai(t) = Po(2).

In order to apply an infinite LQR control strategy, the same procedure
of the the previous subsection must be applied; due to this the ) and R

value are defined as :

2% 107 0
0 2% 10°
0 0
0 0
0 0
0 0
0 0
0 0

0 0

S O O O O o o O

o

o O O O O O o O
O O O O O O o O O
O O O O O O o O O
O O O O O O o O O
o O O O O O o o O

o

is the weight related to the state variables’ error,

R=107%

is the weight related to the energy consumption.
Applying it nine gains are calculated, one for each state of the system.The
required pressure P, is the sum of the gain multiplied by the corresponding
state. Running the simulation at 200 km/h, 250 km/h and 300 km/h, from
Figure 9.21 to Figure 9.35 the contact force spectra, the spectra of vertical
displacement of the pan head, the trend of the three pressures (required,
controlled and effective), the control force and the air volume flow rate of

the efflux nozzle for those velocities are shown.

0 0

0 0

1 0

0 1

0 0
e 0
e 0

0 —2hwy

nP‘%LXa 0

In Table 9.3 a general overview for three different speeds compared with
the passive case is shown. It is possible to notice that the control action
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Contact force spectra comparison - 200 km/h - Controlled with actuator
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Figure 9.21: Spectra of the contact force at 200 km/h - Active vs passive

Vertical displacement spectra comparison - 200 km/h - Controlled with actuator

: : ——Passive system
0012 g g o o]~ Active system

b=

(=)
T

|

Displacement [m]
o
L)
(=)
(=2
w

0.0085--" ....... ........ et

0.006F -l ]

0.004- : : | | 1

0.002 5 S S A i

0 sl | | | | I I | |
2 4 ] 8 10 12 14 16 18 20
freq [Hz]

Figure 9.22: Spectra of the vertical displacement at 200 km/h - Active vs

passive
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Figure 9.23: Trend of the pressures at 200 km/h
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Figure 9.24: Control force at 200 km/h
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Figure 9.25: Air volume flow rate at 200 km/h
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Figure 9.26: Spectra of the contact force at 250 km/h - Active vs passive
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x10° Vertical displacement spectra comparison - 250 km/h - Controlled with actuator
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Figure 9.27: Spectra of the vertical displacement at 250 km/h - Active vs
passive
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Figure 9.28: Trend of the pressures at 250 km/h
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Figure 9.29: Control force at 250 km/h
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Figure 9.30: Air volume flow rate at 250 km/h
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Figure 9.31: Spectra of the contact force at 300 km/h - Active vs passive
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Figure 9.32: Spectra of the vertical displacement at 300 km/h - Active vs
passive
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Pressures - 300 km/h
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Figure 9.33: Trend of the pressures at 300 km/h
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Figure 9.34: Control force at 300 km/h
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Figure 9.35: Air volume flow rate at 300 km/h
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is always beneficial, even if its effectiveness is much lower at higher speed.
Compared to Table 9.1, the great differences in terms of reduction of both
contact force and vertical displacement can be observed. The cause of this
worsening of the effectiveness of the control action is the introduction of
the pneumatic system: in fact, since the first frequency of the whole system
is close to 1.8 Hz, the required pressures asked at higher frequencies are
not taken into account: this is visible from Figure 9.23, Figure 9.28 and
Figure 9.33. Also the pressure given nearest to the cut off frequency is
affected by phase lag. Moreover, the required pressure is higher at frequencies
above the cut off one as the speed grows; that means that at 300 km/h an
important part of the required pressure is at high frequency, while at 200
km/h a big part of it is required at frequency lower than 1.81 Hz. This issue
reflects the fact that at lower speed an higher control force is applied, and so
a lower per cent gap with the ideal control is reached. At frequencies lower
than 1.81 H z, the effective pressure is close to the required pressure, but with
a shifted phase; the phase shift is more important as the speed increases: due
to this the effectiveness of the control strategy decreases at higher speed. The
latter is the main responsible of the not optimal performance of the control
strategy.

It is important also to point out that even if there is a small reduction of
the contact force like in the 300 km/h case, the vertical displacement of the
pan head undergoes a consistent reduction, which makes this control suitable
for a possible double pantograph condition.

Table 9.3: Optimal control logic results - three masses model with actuator

Speed Average STD Max Min

Control Force 0.44 3.48 5.46 -4.35

Contact Force - Passive 69.46 14.71 101.48 48.53
Contact Force - Controlled  69.04 12.39 90.70 50.50
200 km/h | Vertical Displ - Passive - 0.0551 0.0084 -0.433 -0.674
Vertical Displ - Controlled -0.0547 0.0049 - 0.0478 -0.0615

Contact Force - Passive 88.22 14.67 114.64 66.34
Contact Force - Controlled  88.38 12.87  110.80 69.21

250 km/h | Vertical Displ - Passive -0.0698  0.0051 -0.0626 -0.0767

Control Force -0.36 2.63 3.53 -4.02

Vertical Displ - Controlled -0.0702 0.0034 -0.0654 -0.075

Contact Force - Passive 101.55 14.70 127.61 79.35
Contact Force - Controlled  101.42 13.55 125.50 81.20

300 km/h | Vertical Displ - Passive -0.0805 0.0039 -0.0750 -0.0857

Control Force -0.1215 2.26 3.26 -3.25

Vertical Displ - Controlled -0.0806 0.0028 -0.0767 -0.0844
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9.5 Conclusion

In this chapter an LQR control logic was applied in order to reduce both
vertical displacement of the pan head and the contact force. The difference
between the two approaches (including or not the air spring) involves the im-
plementation of the model of the actuator. By including it the performances
of the control system are lower if compared to the case without the actua-
tor composed of the air spring with a controlled servo valve. The reason of
this decline is that the actuator has a bandwidth up to 1.81 Hz, so required
pressure over that threshold will be filtered and phase shifted: in this way
the calculated control force is not given as originally set.
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Figure 9.36: Effectiveness of the control on the contact force
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Figure 9.37: Effectiveness of the control on the vertical displacement
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In summary the performances of the system including the actuator is still
acceptable, especially for the vertical displacement: in this way the system
designed can also be studied in order to improve the current collection in
multiple pantograph operation. Reducing the displacement of the leading
pantograph, the trailing one observes a lower disturbance of the catenary, so
it can work in a smoother condition and improve its dynamic performance.
A synthetic overview of the effectiveness of the control system is given in
Figure 9.36 and Figure 9.37.

Also a different pneumatic actuator can be studied in order to reduce the
gap between the model with and without the actuator: increasing the 7,,¢, of
the system by reducing the V{ of the air spring tank, a larger bandwidth can
be obtained. This means that an improved pneumatic actuator can satisfy a
larger frequency domain of the required pressure reducing the phase lag.

An other aspect that should be more investigated is the effect of a not
full state observed on the control system, and how to create an efficient state
observer to estimate the state variable unknown, as already developed by
[15].
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Conclusions and further work

In this thesis the modeling of the pantograph-catenary interaction for the
application of active control were discussed. More in detail the first main
target of this work is the definition of a minimal model in which a control
strategy can be synthesized, including the model of the actuator and the
dynamics of the catenary. The second main target is the feasibility analysis
of active control in a real situation, with a low tensioned catenary.

Regarding the modeling part, the standard model of the pantograph cate-
nary system generally presented in literature for active control application
has been explored first and its limitations have been outlined by means of
comparison both with experimental data, and with a full model including
the effect of the catenary modeled by means of finite elements. Subsequently
the main shortcoming observed are the representation of the inertial effect at
high frequency in the speed range 250 - 300 km/h and an overestimation of
the first harmonic of the contact force, both compared with respect to a F'E
program. Those limits of the model are respectively due to the assumption
of an only static response of the overhead equipment and due to the model’s
trend of concentrating the contact force on its first first harmonic. The ver-
tical displacement shows a satisfactory accordance in the whole speed range
analyzed.

In order to create and discuss the active control strategy, a T'C'P/IP
protocol is built in order to make the communication between the dynamic
software (GENSYS, running on a virtual machine) and the control software
(SIMULINK, running on the real machine) possible.

Regarding the active control part, two main approaches have been studied
in order to reduce both contact force and vertical displacement: the first one
considers the model without actuator and synthesizes an active control on it,
the second one controls the same model considering the pneumatic actuator
in the synthesis step and applies the control strategy. In the first approach
a comparison between three control strategies has been performed; the best
option is an optimal control expressed in terms of vibration control. The
selected option was then included for the more refined model analysis. The
actuator is the air spring already present on the pantograph integrated by
an electro valve: this system is modeled respectively by a one plus two pole

123



Chapter 10

system. Considering the actuator taken into account, the lower pole is the one
related to the air spring (its value is 1.81 Hz). This issue is responsible for the
small bandwidth of the actuation system. Results show that, introducing the
dynamics of the actuator, a reduction of the performances obviously occurs
compared to the system that does not include the actuator, and this trend
is more marked at high speed. This behavior is due mainly to the phase lag
introduced by the actuator: in fact, running from 200 to 300 km /h, the first
harmonic of the contact force considering a span length of 60 m goes from a
span passing frequency of 0.94 to 1.33 Hz; so, an actuation given at 0.94 Hz
gives less phase lag and then more effectiveness since is farthest from the first
pole compared with the one given at 1.33 Hz (very close to the pneumatic
pole, low effectiveness of the control action).

The lumped mass model including also some inertial effect of the catenary
can reproduce the behavior of the pantograph catenary interaction up to 230-
250 km/h for the span passing passing frequency. This model can be also used
to synthesize an active control since its reproduction of the first harmonic
of the contact force (the main influenced by the control action) is in a quite
good accordance with a F'E comparison for all the speed range analyzed.
It is also pointed out how the contact force is distributed in the frequency
domain and, due to this, why the interaction is well represented up to 0.6
v/C. A relevant point of the job is the implementation of a real pneumatic
actuator in the control system already in the synthesis stage. The obtained
results in terms of displacement reduction show the feasibility of using the
control in multiple pantograph operation up to 300 km/h due to the easiness
of implementing the actuator system (all the components are already at the
bottom of the pantograph) and due to the benefits contributed in terms of
improvement of both current collection and wear of the contact surfaces.

Other features built into the model are the zig-zag configuration of the
catenary system and the pre sag of the contact wire: results from these
elements are satisfactory if they are taken into account as a preliminary
studies on these topics.

Further investigations are required in order to understand if modeling the
catenary as a periodic model system (i.e. a model with a frequency response,
with an variable inertial contribute depending on the speed of the train) can
be achieved and how the general behavior of the whole system enhances.
Concerning the control part, as proposed by [15], a state observer and an
optimization process of the control parameter must be implemented in order
to reduce the number of necessary measurements.

Of course, as natural prosecution of this work, laboratory tests on the
active control part are desired by means of a Hardware in the loop system.
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Abbreviations and acronyms

STD
RMS

LQR

Standard deviation

Root mean square

Finite element

Stiffness of the overhead equipment

Stiffness of the elastic support representing

the dropper, in the state of the art

Degree of freedom

Single degree of freedom

Damping coefficient

Damping coefficient

Fast Fourier transform

Maximum force

Closed knee direction

Open knee direction

Experimental result

Simulation result

Proportional integrative derivative

Control force in the classical feed back control system
Static force in the classical feed back control system
Contact force in the classical feed back control system
Vertical degree of freedom of the mass representing
the pan head

Vertical degree of freedom of the mass representing
the frame of the pantograph

Cost functional in the optimal control logic

linear quadratic regulator

Mass of the pan head

Moment of inertia of the pan head

Mass of the frame

Stiffness of the catenary in the classical feed back
control system

Stiffness of the pan head suspension

Damper of the pan head suspension

Damper between the frame and the ground
Stiffness between the frame and the ground
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ks Stop stiffness between frame and pan head
d, Stop length between frame and pan head
F Aerodynamic pre load

Fy Air spring pre load

F Friction block value

g1 Gain on the inertia of the pan head in the classical
feed back control system

9o Gain on the inertia of the frame in the classical
feed back control system

g3 Gain on the velocity of the frame in the classical

feed back control system

X, Reference state in the classical feed back control system

C. Damper between the modal mass and the pan head

K. Stiffness between the modal mass and the pan head

C.ot  Damper between the modal mass and the wire

K., Stiffness between the modal mass and the wire

C Average speed of the wave propagation in the overhead
equipment

M,, Mass of the modal mass

h Damping coefficient

n Constant for air

R, Universal Gas constant

T Temperature reference

«Q Cinematic ratio frame / air spring stem in the pneumatic
actuator

Ao Area of the air spring stem reference

Vo Volume of the air spring reference

Wo Frequency of the electro valce system

Py Air spring pressure reference

R Efflux constant from the nozzle

Tpmew ~Lime constant of pneumatic system
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