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Περίληψη

Η εναρμονισμένη χρήση μετασχηματιστών αλλαγής φάσης για τον έλεγχο των ροών ενεργού ισχύος σε ένα σύστημα ηλεκτρικής ενέργειας ερευνάται σε αυτήν την εργασία. Διαιρείται σε δύο μέρη. Το πρώτο αναφέρεται στο στατικό έλεγχο των μετασχηματιστών αλλαγής φάσης ενός συστήματος, δηλαδή τον προσδιορισμό των γωνιακών τους ρυθμίσεων που θα οδηγήσουν σε μια βέλτιστη κατανομή των ροών ενεργού ισχύος. Στο δεύτερο μέρος, η δυναμική πτυχή του προβλήματος λαμβάνεται υπόψη επίσης. Κατά συνέπεια, ένας ελεγκτής υλοποιείται, ο οποίος κινεί δυναμικά τις γωνίες των μετασχηματιστών αλλαγής φάσης προς τις βέλτιστες τιμές τους, στοχεύοντας να κρατήσει τις γραμμές όσο το δυνατόν εξίσου μακριά από τα όριά τους, όντας συγχρόνως ικανός να ανακουφίσει οποιαδήποτε υπερφόρτιση που μπορεί να εμφανιστεί.

Σε όλη την εργασία, οι διάφορες στρατηγικές ελέγχου που εξετάζονται υλοποιούνται ως λύση ενός προβλήματος βελτιστοποίησης. Μια αντικειμενική συνάρτηση, που εκφράζει την επιθυμητή στρατηγική, ελαχιστοποιείται υπό ενός συνόλου περιορισμών, ισοτικών και ανισοτικών, οι οποίοι εξασφαλίζουν το σεβασμό της φύσης των μετασχηματιστών αλλαγής φάσης (π.χ. μέγιστες γωνίες) και της επιθυμίας μας να μην αφήσουμε καμία γραμμή να υπερφορτιστεί. Κατά τη διαδικασία βελτιστοποίησης, το σύστημα μοντελοποιείται χρησιμοποιώντας μια μήτρα συντελεστών ευαισθησίας που συσχετίζουν τις αλλαγές των γωνιών των μετασχηματιστών με τις προκύπτουσες αλλαγές στις ροές ενεργού ισχύος των γραμμών. Αυτό το μοντέλο λαμβάνεται από μια ανάλυση ευαισθησίας του συστήματος.

Στο πρώτο μέρος, διάφορες διαφορετικές αντικειμενικές συναρτήσεις χρησιμοποιούνται για να λάβουμε το επιθυμητό σύνολο γωνιακών ρυθμίσεων, κάθε μία από αυτές υλοποιώντας μια διαφορετική πολιτική ελέγχου. Όλες οι συναρτήσεις εξετάζονται σε ένα τεχνητό σύστημα ηλεκτρικής ενέργειας και τα αποτελέσματα συγκρίνονται τόσο μεταξύ τους όσο και σε σχέση με αυτά που αναμέναμε. Χρήσιμα συμπεράσματα εξάγονται. Επιπλέον, τα αποτελέσματα της μη εναρμονισμένης χρήσης των μετασχηματιστών αλλαγής φάσης σε ένα σύστημα ερευνώνται επίσης.

Στο δεύτερο μέρος, επιλέγουμε μία από τις αντικειμενικές συναρτήσεις που εξετάστηκαν προηγουμένως προκειμένου να υλοποιηθεί ένας πραγματικού χρόνου ελεγκτής των ροών ενεργού ισχύος. Ο στόχος του είναι να κρατήσει όλες τις γραμμές όσο το δυνατόν εξίσου φορτισμένες. Ο ελεγκτής χρησιμοποιεί τις μετακινήσεις στις γωνιές των μετασχηματιστών ως μεταβλητές ελέγχου μέσω των οποίων κατανέμει τις ροές ισχύος σύμφωνα με την προαναφερθείσα στρατηγική ελέγχου. Είναι επίσης σε θέση να αντιλαμβάνεται τις υπερφορτίσεις και να χρησιμοποιεί αποτελεσματικά τους μετασχηματιστές αλλαγής φάσης για να τις ανακουφίσει όσο το δυνατόν γρηγορότερα. Προσομοιώσεις της λειτουργίας του ελεγκτή παρουσιάζονται και συζητούνται στο τελευταίο τμήμα αυτού του μέρους.

Λέξεις κλειδιά: Μετασχηματιστής Αλλαγής Φάσης, Σύστημα Ηλεκτρικής Ενέργειας, Έλεγχος ροών ενεργού ισχύος, Προβλεπτικός έλεγχος βασισμένος σε μοντέλο, Πίνακας Ευαισθησιών, Βελτιστοποίηση

Abstract

The coordinated use of phase shifting transformers for the control of the active power flows in a power system is investigated in this project. It is divided in two parts. The first refers to the static control of the phase shifters of a system, that is to say the determination of their angle settings that will lead to an optimal power flow distribution. In the second part, the dynamic aspect of the problem is also taken into account. Thus, a controller is implemented, which dynamically moves the phase shifter angles through their optimal settings aiming to keep the lines as equally far from their limits as possible, being at the same time able to alleviate any overload that may occur.

Throughout the whole project, the several control strategies that are tested are implemented as the solution of an optimization problem. An objective function, which expresses the desired strategy, is minimized under a set of, equality and inequality, constraints, which express the nature of the phase shifters (e.g. maximum angles) and our desire not to let any line to be overloaded. Inside the optimization procedure, the system is modeled using a matrix of sensitivity coefficients that relate changes of phase shifter angles to resulting changes in line active power flows. This model is obtained by a sensitivity analysis of the system.

In the first part, several different objective functions are used to receive desirable set of phase shifter angles, each of them implementing a different control policy. All the functions are tested on an artificial power system and the obtained results are compared with respect to each other and to what we were expecting. Useful conclusions are derived. Furthermore, the effects of the uncoordinated use of phase shifters on a system are also investigated.

In the second part, we choose one of the objective functions tested in the previous part in order to implement a real-time controller of the system active power flows. Its objective is to keep all lines as equally loaded as possible. The controller uses the phase shifter angle movements as control variables via which it distributes the power flows according to the aforementioned control strategy. It is also capable of detecting overloads and using efficiently the phase shifters to alleviate them as quickly as possible. Simulations of the controller’s operation are presented and discussed at the last section of this part.
Key words: Phase Shifting Transformer, phase shifter, electric power system, Model Predictive Control, control of active power flows, sensitivity matrix, optimization
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Κεφάλαιο 1.  Εισαγωγή

Με το άνοιγμα των μεγάλων αγορών ηλεκτρικής ενέργειας, σε πολλές χώρες, όλο και περισσότερες συναλλαγές ισχύος έχουν καθιερωθεί. Οι διασυνδέσεις ειδικότερα έχουν αρχίσει να χρησιμοποιούνται εκτενέστερα για τις εμπορικές συναλλαγές (λόγω των διαφορών στις τιμές εκατέρωθεν των συνόρων), αυξάνοντας έτσι το μέγεθος της αγοράς παραγωγής ηλεκτρικής ενέργειας. Εκτός αυτού, σημαντικές μη αναγνωρισμένες ροές (που οφείλονται στο εμπόριο μεταξύ των χωρών) έχουν παρατηρηθεί σε μερικά συστήματα (π.χ. Βέλγιο, Ιούνιος 1999 [1]). Προφανώς, η λειτουργία των συστημάτων ωθείται όλο και πιο κοντά στα όριά της. Επιπλέον, τα συστήματα ηλεκτρικής ενέργειας λειτουργούν συχνά υπό απρόβλεπτες συνθήκες δεδομένου ότι οι συναλλαγές ακολουθούν διαφορετικά σχέδια από εκείνα που έχουν υποτεθεί στο στάδιο προγραμματισμού. Συνεπώς, τα όρια λειτουργίας που συναντιόνταν σπάνια στο παρελθόν θα μπορούσαν να γίνουν πιο περιοριστικά σε αυτό το νέο περιβάλλον.

Εξάλλου, μερικά συστήματα ηλεκτρικής ενέργειας λειτουργούσαν υπό μάλλον πιεσμένες συνθήκες ακόμη και πριν από την απελευθέρωση. Οι τελευταίες δύο δεκαετίες ειδικά χαρακτηρίστηκαν από μια σημαντική αύξηση στην απαίτηση ηλεκτρικής ενέργειας. Συγχρόνως η επέκταση των δικτύων μεταφοράς ήταν πιο αργή και αποτρεπόταν από περιβαλλοντικούς, κοινωνικούς και οικονομικούς περιορισμούς [2]. 

Η ανάγκη να ελεγχθεί ο αυξημένος όγκος των συναλλαγών ισχύος και να αυξηθεί η ικανότητα μεταφοράς του συστήματος έχει οδηγήσει στο να χρησιμοποιηθεί πιο εντατικά μια συσκευή ικανή να ελέγχει τις ροές ισχύος χωρίς προσφυγή σε επαναπρογραμματισμό της παραγωγής. Αυτή η συσκευή είναι ο γνωστός Μετασχηματιστής Αλλαγής Φάσης, Phase Shifting Transformer (PST).

1.1
Τι είναι ο PST και πώς χρησιμοποιείται;

Η δυνατότητα ελέγχου της ροής φορτίων μέσω μετασχηματιστών αλλαγής φάσης αναγνωρίστηκε πολύ καιρό πριν [3-5], και η εγκατάσταση phase shifters θεωρείται ένας τρόπος αύξησης της χρησιμοποίησης των ογκωδών συστημάτων ηλεκτρικής ενέργειας.

Ο PST είναι ένας ειδικός εξοπλισμός ικανός να μετατοπίσει τις φασικές γωνίες τάσης και ρεύματος σε σχέση με μια ορισμένη τιμή. 

Η μετατόπιση φάσης πραγματοποιείται κανονικά από έναν παράλληλα συνδεδεμένο 3-φασικό μετασχηματιστή, ο οποίος παράγει ένα εγκάρσιο τμήμα της τάσης. Αυτός μπορεί να παρεμβληθεί στη γραμμή μέσω ενός συνδεδεμένου σε σειρά μετασχηματιστή ώθησης. Ένας on-load tap changer μπορεί να χρησιμοποιηθεί για να αλλάξει την τιμή του εγκάρσιου τμήματος προκειμένου να ληφθεί η αντίστοιχη αλλαγή της φασικής γωνίας της τάσης [6]. 

Στο σχήμα 1.1 παρουσιάζουμε την εικόνα ενός PST.
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Σχ. 1.1

Οι μετασχηματιστές αλλαγής φάσης προσφέρουν τη δυνατότητα να ελεγχθούν μερικώς οι ροές σε ένα δίκτυο ηλεκτρικής ενέργειας. Είναι μια από τις κύριες συσκευές ελέγχου που χρησιμοποιούνται στα σύγχρονα συστήματα ηλεκτρικής ενέργειας για να κατευθυνθούν οι ροές ηλεκτρικής ισχύος στα τοπικά μέρη του συστήματος μεταφοράς [7]. 

Η ρύθμιση των γωνιών των μετασχηματιστών αλλαγής φάσης είναι μια από τις μεθόδους αλλαγής της κατανομής των ροών ισχύος στις γραμμές του συστήματος, με τις άλλες μεθόδους να είναι ο επαναπρογραμματισμός της παραγωγής ή/και η περικοπή φορτίων [8]. Εντούτοις, η μετατόπιση της παραγωγής μετακινεί τη λειτουργία του συστήματος μακριά από το σημείο οικονομικά κατανεμημένης λειτουργίας και οδηγεί σε αυξημένες λειτουργικές δαπάνες. Σε μερικές περιπτώσεις, είναι ακόμα δυνατό οι μετατοπίσεις παραγωγής μόνες τους να μην μπορούν  να ανακουφίσουν τις υπερφορτίσεις. Επιπλέον, μπορεί να μην υπάρχει διαθέσιμη εφεδρεία για τις απαραίτητες αποκλίσεις παραγωγής. Προφανώς, η περικοπή φορτίων είναι πάντα μια μη επιθυμητή λύση δεδομένου ότι η αξιοπιστία του συστήματος είναι μια από τις πρώτες προτεραιότητες του χειριστή. 

Οι μετασχηματιστές αλλαγής φάσης μπορούν να παρέχουν ένα άλλο πρακτικό μέσο ελέγχου της αξιοπιστίας του δικτύου και των on-line λειτουργικών διαδικασιών. Το πρόσθετο όφελος για το σύστημα είναι ότι οι οικονομικές συνθήκες λειτουργίας των γεννητριών παραμένουν αναλλοίωτες. Επομένως, σε μία προσπάθεια να ανακουφιστούν οι υπερφορτίσεις μεγάλων συστημάτων και να βελτιωθεί η ασφάλειά τους, οι PST πρέπει να χρησιμοποιούνται πριν από τις καθιερωμένες διαδικασίες μετατόπισης παραγωγής προκειμένου να αποφεύγονται οι οικονομικές συνέπειες που υφίστανται από τις μετατοπίσεις παραγωγής. Εντούτοις, εάν η λειτουργία των PST μόνο δεν είναι επαρκής για να ολοκληρώσει την απαραίτητη ανακούφιση του συστήματος, οι μετατοπίσεις παραγωγής πρέπει έπειτα να δοκιμαστούν για να ανακουφίσουν τις υπόλοιπες υπερφορτίσεις. 

Επιπλέον, για να ικανοποιηθεί η ζήτηση φορτίου σε ένα σύνθετο διασυνδεδεμένο σύστημα ηλεκτρικής ενέργειας και να ικανοποιηθούν τα κριτήρια σταθερότητας και αξιοπιστίας, είτε οι υπάρχουσες γραμμές μεταφοράς πρέπει να χρησιμοποιηθούν αποτελεσματικότερα, ή νέα γραμμή(ές) πρέπει να προστεθεί στο σύστημα. Με τις συνεχώς αυξανόμενες δυσκολίες στη λήψη αδειών για κατασκευή νέων γραμμών μεταφοράς, το τελευταίο είναι συχνά μη πρακτικό. Η πρώτη εναλλακτική λύση παρέχει μια οικονομικά και τεχνικά ελκυστική λύση στο πρόβλημα, ιδιαίτερα λαμβάνοντας υπόψη ότι πολλές υπάρχουσες γραμμές εναλλασσόμενου ρεύματος χρησιμοποιούνται σε επίπεδα ισχύος αρκετά κάτω από τα θερμικά όρια ικανότητας μεταφοράς ισχύος τους. Η χρησιμοποίηση της αχρησιμοποίητης ικανότητας μεταφοράς ισχύος μπορεί να επιτευχθεί από την κατάλληλη χρήση PST  [9]. 

Αφ' ετέρου, οι PST, μέσω του γωνιακού ελέγχου των ροών ισχύος, μπορούν 

1) να επιτρέψουν αυξημένες ικανότητες μεταφοράς ισχύος μεταξύ διαφορετικών τμημάτων ενός συστήματος ή/και μεταξύ γειτονικών συστημάτων, 

2) να καθυστερήσουν την ανάγκη για μελλοντικές ενισχύσεις του δικτύου μεταφοράς, και 

3) να παρέχουν δυνατότητα για πιθανή ανακούφιση των υπερφορτωμένων γραμμών τόσο σε διορθωτικό όσο και προληπτικό τρόπο λειτουργίας του συστήματος [10].

1.2
Κίνητρα της εργασίας

Η απελευθέρωση της ευρωπαϊκής αγοράς ηλεκτρικής ενέργειας έφερε σημαντικές αλλαγές και νέες προκλήσεις στο περιβάλλον των Διαχειριστών του Συστήματος Μεταφοράς (Transmission System Operators – TSO). Σε αυτό το νέο πλαίσιο, κάθε παραγωγός και καταναλωτής επιθυμούν οι περιορισμοί στο εμπόριο να μειωθούν όσο το δυνατόν περισσότερο. Οι ροές ισχύος γίνονται υψηλότερες και αλλάζουν συχνότερα ενώ μια σημαντική αύξηση στη συμφόρηση προκύπτει στο ευρωπαϊκό πλέγμα όταν οι ικανότητες γραμμών μεταφοράς δεν μπορούν πάντα να αντιμετωπίσουν τις ανάγκες ροής ισχύος. 

Παρόλο που η λειτουργία σε ένα διεθνές πολυπλεγμένο ηλεκτρικό δίκτυο δίνει σε όλους τους TSO πολλά πλεονεκτήματα όσο αφορά την ασφάλεια σε περίπτωση σημαντικών διαταραχών, πρέπει να παρατηρήσουμε ότι τοπολογικές τροποποιήσεις σε σημαντικούς πρόσθετους υποσταθμούς υπερυψηλής τάσης και μεγάλες αλλαγές στον εντοπισμό της παραγωγής που δεν παρατηρούνται ή δεν είναι παρατηρήσιμες από οποιονδήποτε TSO, μπορούν να προκαλέσουν απρόβλεπτες διασυνοριακές φυσικές ροές που θα μπορούσαν να οδηγήσουν σε σοβαρά προβλήματα όσον αφορά την αξιοπιστία της λειτουργίας του Ευρωπαϊκού συστήματος μεταφοράς. 

Οι χειριστές συστημάτων μεταφοράς πρέπει να εξασφαλίσουν τη n-1 ασφάλεια του ηλεκτρικού συστήματος μεταφοράς. Στη λειτουργική φάση προγραμματισμού “σήμερα για αύριο”, πρέπει να προβλέψουν τις φυσικές ροές, να ελέγξουν εάν είναι πέρα από τις ικανότητες των γραμμών και να διαχειριστούν την ενδεχόμενη συμφόρηση. 

Στο παρελθόν, ο εντοπισμός της παραγωγής ήταν τις περισσότερες φορές (εκτός από τις “ειδικές ημέρες”) πολύ σταθερός από τη μια ημέρα (εβδομάδα) στην άλλη, έτσι οι φυσικές ροές ήταν εύκολο να προβλεφθούν. Κάθε TSO θα μπορούσε να λάβει μια πρόβλεψη των φυσικών ροών με την ενημέρωση ενός πολύ απλού προτύπου των γειτονικών δικτύων βασισμένων στις ισορροπίες πρόβλεψης κάθε "χώρας". Επιπλέον, το ποσό ηλεκτρικών ανταλλαγών ήταν χαμηλότερο και η αβεβαιότητα στην πρόβλεψη των φυσικών ροών ήταν μικρή σε σχέση με την υπόλοιπη ικανότητα μεταφοράς. 

Σήμερα, οι ροές ισχύος γίνονται υψηλότερες και δυναμικότερες λόγω της αύξησης των βραχυπρόθεσμων εμπορικών συναλλαγών της ηλεκτρικής ενέργειας στην Ευρώπη αλλά και λόγω της αύξησης της αιολικής ηλεκτρικής παραγωγής [17]. 

Σε αυτό το πλαίσιο, μπορεί να αναμένεται ότι η κυρίαρχη τάση πρέπει να είναι η προσφυγή στον προληπτικό έλεγχο για την προστασία του συστήματος από τα πιο αξιοσημείωτα απρόβλεπτα, όπως τα (n-1), και η στήριξη σε αξιόπιστους και ασφαλείς διορθωτικούς ελέγχους για την αντιμετώπιση περισσότερο σοβαρών διαταραχών. Μερικοί συγγραφείς προτείνουν ακόμη και να διατηρούνται ικανοποιητικά περιθώρια ασφάλειας όσον αφορά μόνο τα πλέον πιθανά (n-1) απρόβλεπτα [18]. 

Ας συνοψίσουμε τους σημαντικότερους από τους διάφορους λόγους που εξηγούν τις προαναφερθείσες αλλαγές: 

· Σε ένα απορυθμισμένο περιβάλλον, η προτεραιότητα των ανταγωνιστών της αγοράς είναι να μεγιστοποιήσουν το κέρδος τους. Συνεπώς, ο προληπτικός έλεγχος θα μπορούσε να θεωρηθεί ως φρένο στην επιχείρηση, δεδομένου ότι αποτρέπει μερικές συναλλαγές από το να πραγματοποιηθούν, για να διατηρεί περιθώρια ασφάλειας ενάντια υποθετικών γεγονότων. 

· Τα συστήματα ηλεκτρικής ενέργειας χρησιμοποιούνται πιο κοντά στα όριά τους, δεδομένου ότι υπάρχουν αυξανόμενες δυσκολίες για να κατασκευαστούν νέες υποδομές ενώ, συγχρόνως, η ζήτηση ισχύος εξακολουθεί να αναπτύσσεται στις περισσότερες χώρες [19]. Επομένως, είναι όλο και περισσότερο δύσκολο να διατηρούνται μεγάλα περιθώρια ασφάλειας 

· Τα σενάρια προς αντιμετώπιση είναι ακόμη λιγότερο προβλέψιμα από ό,τι παλαιότερα, δεδομένου ότι η εισαγωγή του ανταγωνισμού στα επίπεδα παραγωγής και διανομής καθιστά τα σχέδια των ενεργειακών συναλλαγών εξαρτώμενα από τις διακυμάνσεις της αγοράς. Επομένως, αποτελεί πρόκληση ο υπολογισμός ορίων ασφάλειας σε ένα τέτοιο διαρκώς μεταβαλλόμενο περιβάλλον. 

Υπό τις ανωτέρω περιγεγραμμένες πιεσμένες συνθήκες, οι θερμικές υπερφορτίσεις των γραμμών και η αστάθεια τάσης επισημαίνονται ως σημαντικές απειλές στη λειτουργία συστημάτων [20, 21]. 

Οι θερμικές υπερφορτίσεις είναι η πιο πρόσφατη αιτία ανασφάλειας στα συστήματα ηλεκτρικής ενέργειας. Σχετίζεται με το μέγιστο επιτρεπόμενο ρεύμα που μπορεί να μεταφερθεί μέσω ενός εξοπλισμού χωρίς να τον βλάψει αμετάκλητα ούτε να προκαλέσει επικίνδυνα κρεμάσματα αγωγών. Μερικές γραμμές μεταφοράς μπορούν να εξοπλιστούν με προστασίες υπερρεύματος που τις αποσυνδέει μετά από κάποιο χρόνο. Η αποσύνδεσή τους  (tripping) από αυτές τις συσκευές ή από το χειριστή μπορεί να αναγκάσει την υπερφόρτιση να επανακατευθυνθεί σε άλλα στοιχεία του συστήματος οδηγώντας έτσι σε διαδοχικές αποσυνδέσεις τους και τελικά σε blackout (ΗΠΑ 1965 και 2003, Νέα Υόρκη 1977, Ιταλία 2003 κ.τ.λ.) [2]. 

Από τα ανωτέρω, η ανάγκη ενός μηχανισμού που θα μπορεί να χειριστεί σε πραγματικό χρόνο τις ροές ισχύος και να ανακουφίσει τις πιθανές υπερφορτίσεις πρόκειται να αυξηθεί. Όπως παρουσιάζεται, οι μετασχηματιστές αλλαγής φάσης μπορούν να προσφέρουν σημαντική βοήθεια προς αυτή την κατεύθυνση. Αντί οι γωνίες να κρατούνται σε σταθερές ρυθμίσεις κατά τη διάρκεια της ημέρας, σύμφωνα με το λειτουργικό προγραμματισμό “σήμερα για αύριο”, μπορούν να χρησιμοποιηθούν ως on-line έλεγχοι, που αλλάζουν σε πραγματικό χρόνο τις γωνίες τους κατά τέτοιο τρόπο ώστε οι ροές ισχύος να κρατιούνται μέσα σε κάποια προκαθορισμένα όρια.

1.3
Σκοπός της εργασίας

Σήμερα, οι PST ελέγχονται χειροκίνητα (από τους χειριστές ενός κέντρου ελέγχου) ή αυτόματα. Στην τελευταία περίπτωση, εντούτοις, ο νόμος ελέγχου είναι συχνότερα τοπικός. Παραδείγματος χάριν, η ισχύς που ρέει στον PST ή σε μια γειτονική γραμμή ελέγχεται και όταν υπερβαίνει κάποια όρια, η γωνία φάσης του PST ρυθμίζεται με μια τοπική συσκευή για να φέρει τη ροή μέσα στα όρια. 

Με την αύξηση του αριθμού των PST, μια επείγουσα κατάσταση μπορεί να εμφανιστεί στο δυτικό ευρωπαϊκό σύστημα, αυτές οι συσκευές είναι πιθανό να αρχίσουν να αλληλεπιδρούν. Πράγματι κάποιος μπορεί εύκολα να φανταστεί ότι ελέγχοντας κάθε PST τοπικά, με αυτόν τον τρόπο αγνοώντας τα αμοιβαία αποτελέσματά τους, μπορεί να οδηγήσει σε επικίνδυνες καταστάσεις όσον αφορά την λειτουργία του συστήματος. Αυτό θέτει το θέμα του ελέγχου τους με έναν εναρμονισμένο τρόπο ώστε να αποφευχθούν τα αρνητικά αποτελέσματα τέτοιων αλληλεπιδράσεων. 

Το πρόβλημα γίνεται ακόμα πιο σύνθετο όταν οι PST ανήκουν σε διαφορετικές επιχειρήσεις, κάθε μια με έναν διαφορετικό Διαχειριστή Συστήματος Μεταφοράς (TSO). Υπάρχει ο κίνδυνος ότι κάθε TSO θα ελέγχει τον/τους PST του σύμφωνα με τους δικούς του στόχους. Αυτό μπορεί να οδηγήσει σε μια αποδυνάμωση της ασφάλειας των συστημάτων, για να μην αναφέρουμε μερικές πιθανές “αρπακτικές συμπεριφορές” [7]. 

Αντίθετα, ένας εναρμονισμένος έλεγχος των PST μπορεί να οδηγήσει σε μια καλύτερη χρήση του δικτύου, και με αυτόν τον τρόπο θα επέτρεπε τη μεγιστοποίηση της πρόσβασης στο σύστημα μεταφοράς, ικανοποιώντας με αυτόν τον τρόπο τις συστάσεις της ευρωπαϊκής οδηγίας. 

Ο σκοπός αυτής της εργασίας είναι να ερευνηθεί πώς ένα σύνολο από PST μπορεί να ελεγχθεί με έναν εναρμονισμένο τρόπο ώστε να βελτιωθεί η απόδοση του συστήματος. Θα εστιάσουμε αρχικά στη στατική πτυχή του προβλήματος: πώς να καθορίσει κανείς τις καλύτερες γωνιακές ρυθμίσεις ενός συνόλου από PST; Θα ερευνήσουμε έπειτα πώς ένας αυτόματος ελεγκτής θα μπορούσε δυναμικά να εκτελέσει αυτόν τον στόχο. Για αυτόν τον σκοπό θα δώσουμε προσοχή στο σχέδιο ενός σε πραγματικό χρόνο ελέγχου ικανού να αντιδράσει στις διαταραχές ή τις μεταβαλλόμενες λειτουργικές συνθήκες. Τόσο για τις στατικές όσο και για τις δυναμικές πτυχές, θα εξετάσουμε τόσο τους προληπτικούς όσο και τους διορθωτικούς τρόπους λειτουργίας. Στην πρώτη περίπτωση, ο στόχος είναι να μεγιστοποιηθεί η πρόσβαση στο σύστημα μεταφοράς ενώ στην τελευταία περίπτωση, οι PST χρησιμοποιούνται για να διορθώσουν μια κατάσταση έκτακτης ανάγκης (χαρακτηριστικά μια υπερφόρτιση γραμμών) αφότου έχει εμφανιστεί κάποιο συμβάν.

ΚΕΦΑΛΑΙΟ 2.  Στατικός εναρμονισμένος έλεγχος Μετασχηματιστών Αλλαγής Φάσης

2.1
Ανάλυση Ευαισθησίας

Η θεωρία ελέγχου καθορίζει την ευαισθησία ως ένα μέτρο του αντίκτυπου των αλλαγών στις παραμέτρους, στις ποσότητες που χαρακτηρίζουν τη συμπεριφορά του συστήματος [11]. Οι σχέσεις ευαισθησίας καθορίζονται από το πόσο, αλλαγές στις ανεξάρτητες μεταβλητές (μεταβλητές ελέγχου) θα επηρεάσουν τις εξαρτώμενες (ελεγχόμενες) παραμέτρους. Αντιστρόφως, οι σχέσεις ευαισθησίας μπορούν να χρησιμοποιηθούν για να καθορίσουν το απαραίτητο ποσό αλλαγής στις μεταβλητές ελέγχου που πρέπει να εφαρμοστεί ώστε οι ελεγχόμενες παράμετροι να φθάσουν σε κάποιες επιθυμητές τιμές. 

Στην πράξη, αυτές οι σχέσεις μπορούν να παραχθούν με τη βοήθεια μιας πειραματικής διαδικασίας γνωστής ως Ανάλυση Ευαισθησίας (Sensitivity Analysis, SA). 

Η ανάλυση ευαισθησίας (SA) είναι η μελέτη για το πώς η μεταβλητότητα στην έξοδο του συστήματος (αριθμητική ή άλλη) μπορεί να διανεμηθεί, ποιοτικά ή ποσοτικά, στις διαφορετικές πηγές μεταβολής [11]. Με άλλα λόγια, SA χρησιμοποιείται για την κατανόηση του πόσο ευαίσθητη μια έξοδος του συστήματος είναι στις αλλαγές στις τιμές μιας εισόδου του συστήματος καθώς επίσης και για έναν τονισμό των σημαντικότερων διαδικασιών στο σύστημα. Εάν μια μέση αλλαγή στην είσοδο οδηγεί σε μια σχετικά μεγάλη αλλαγή στην έξοδο, τότε η έξοδος λέγεται ότι είναι ευαίσθητη στη συγκεκριμένη είσοδο.

2.1.1
Phase Shifter Distribution Factors
Στην περίπτωσή μας εξετάζουμε τη μήτρα ευαισθησίας S που σχετίζει τις αλλαγές στις γωνίες των PST (φ (ns-διάστατο διάνυσμα των γωνιών των PST, όπου ns είναι ο αριθμός των PST στο σύστημά μας) με τις προκύπτουσες αλλαγές στις ενεργές ροές των γραμμών (p (nl-διάστατο διάνυσμα των ροών ισχύος, όπου nl είναι ο αριθμός των γραμμών του συστήματος). Ειδικότερα, έχουμε το ακόλουθο σύστημα εξισώσεων:
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Γνωρίζοντας τις παρούσες ροές ισχύος p0, η μήτρα S παρέχει τις απαραίτητες πληροφορίες προκειμένου να προβλεφθεί ποιες θα είναι οι νέες ροές p1 μετά από μια αλλαγή (φ των γωνιών των PST: 
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Αντιστρόφως, γνωρίζοντας τις παρούσες ροές ισχύος 
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, μπορούμε, με την επίλυση ενός προβλήματος βελτιστοποίησης, να ανακαλύψουμε τις πιθανές μετακινήσεις των γωνιών των PST (φυσικά το σύστημα θα έχει γενικά περισσότερες από μια λύσεις) που οδηγούν σε ένα σύνολο επιθυμητών νέων ροών ισχύος 
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Από τα ανωτέρω εύκολα γίνεται κατανοητό ότι έχοντας με οποιοδήποτε τρόπο καθορίσει τους συντελεστές της μήτρας ευαισθησίας, 
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, μπορούμε να χρησιμοποιήσουμε τις αλλαγές στις γωνίες των PST ως μεταβλητές εισόδου (ελέγχου) προκειμένου να ελεγχθούν οι ροές ενεργού ισχύος ενός συστήματος. 

Οι συντελεστές της μήτρας S καλούνται παράγοντες διανομής μετασχηματιστών αλλαγής φάσης (Phase Shifter Distribution Factors, PSDF) και καθένας από αυτούς ορίζεται ως η αύξηση στη ροή ισχύος των γραμμών για μια μοναδιαία αύξηση της γωνίας του αντίστοιχου PST [10]. 

Υπάρχουν διάφορες μέθοδοι διαθέσιμες στη βιβλιογραφία για τον υπολογισμό των PSDF. Μια γενική μέθοδος για την εκτέλεση μιας ανάλυσης ευαισθησίας σε ένα σύστημα ηλεκτρικής ενέργειας, που επαναχρησιμοποιεί τη μήτρα Jacobian της τυποποιημένης μεθόδου Newton παρουσιάζεται στο [12]. 

Άλλες μέθοδοι παρουσιάζονται στα [6], [10] και [13].

 Σε ένα παράρτημα παρουσιάζουμε μια μέθοδο που χρησιμοποιείται στο [14] βασισμένη σε αυτήν του [ 12 ].

2.1.2
Υπολογισμός της μήτρας S
Γύρω από ένα λειτουργικό σημείο 
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 κάθε συντελεστής της μήτρας S δίνεται από τη σχέση 
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 , κρατώντας σταθερές τις υπόλοιπες γωνίες των PST, δηλ. 
[image: image14.wmf]0

k

f

D=

 για 
[image: image15.wmf]1,...,

l

kn

=

 , 
[image: image16.wmf]kj

¹

.

Μη έχοντας το σχετικό λογισμικό διαθέσιμο επί του παρόντος, υπολογίσαμε τους εν λόγω συντελεστές χρησιμοποιώντας τον αριθμητικό τρόπο, βασισμένοι στην παραπάνω εξίσωση. Έτσι κι αλλιώς, αυτό δεν επηρεάζει την υλοποίηση καθώς σκοπεύουμε να υπολογίζουμε τον πίνακα S σε πραγματικό χρόνο από μετρήσεις που παίρνουμε, αντί να τον υπολογίζουμε από ένα πλήρες μοντέλο του συστήματος, το οποίο εξάλλου μπορεί να μην είναι διαθέσιμο, ειδικά στην περίπτωση διαφορετικών TSO (βλ. Ενότητα 1.2).

Πιο συγκεκριμένα:
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 λειτουργικά σημεία 
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 απαιτούνται, αντιστοιχώντας στα  
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· Η αντιστοιχούσα σε καθένα από τα λειτουργικά σημεία κατάσταση του συστήματος  
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 προσδιορίζεται με ένα πρόγραμμα ανάλυσης ροών φορτίου. 
· Έχοντας όλα τα απαραίτητα σημεία 
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 υπολογίζουμε τους συντελεστές του S ως εξής:
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2.2
Στατικός Έλεγχος

Στη συνέχεια εστιάζουμε στον στατικό έλεγχο μιας ομάδας PST.

Με άλλα λόγια, δεν εξετάζουμε τον τρόπο που οι γωνίες των PST θα αλλάξουν από τις παρούσες στις επιθυμητές τιμές τους, αλλά με τον καθορισμό αυτών των επιθυμητών γωνιών, σύμφωνα με διάφορα κριτήρια. 

Είναι πολύ κατάλληλο να ληφθούν αυτές οι ρυθμίσεις ως λύση ενός προβλήματος βελτιστοποίησης. Στα συνέχεια η αντικειμενική συνάρτηση αντιστοιχεί στις διαφορετικές στρατηγικές, κάθε μια με τη συγκεκριμένη αξία της. 

Έχουμε θεωρήσει τις ακόλουθες αντικειμενικές συναρτήσεις:

F1.
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Όπου:
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είναι ο αριθμός των PST 
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είναι ο αριθμός των γραμμών 
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είναι η γωνία του i-στού PST
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είναι μια τιμή αναφοράς των γωνιών των PST, πρακτικά η παρούσα
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είναι η ροή ενεργού ισχύος της i-ής γραμμής
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είναι η θερμική ικανότητα της i-ής γραμμής (σε MW).

Οι συναρτήσεις F1, F2 και F4 απαιτούν τη χρήση γραμμικού προγραμματισμού ενώ οι άλλες τρεις συναρτήσεις απαιτούν προσφυγή στον τετραγωνικό προγραμματισμό. 

Ερμηνεία του ρόλου των συναρτήσεων

F1.
Ελαχιστοποιεί τη μετακίνηση των μετασχηματιστών αλλαγής φάσης γύρω από ένα δεδομένο σημείο λειτουργίας (αυτό που αντιστοιχεί στο 
[image: image38.wmf]0
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). Η ιδέα είναι ότι θέλουμε να αποφύγουμε τις περιττές μετακινήσεις των PST, δεδομένου ότι αυτό προκαλεί καταπόνηση στον ίδιο το PST ως μηχανικό εξοπλισμό αλλά και εισάγει απώλειες και μεταβατικά φαινόμενα στο σύστημα. Η συνάρτηση αναμένεται προφανώς να μην προκαλέσει καμία μετακίνηση όταν δεν αναγκάζεται από τους περιορισμούς της βελτιστοποίησης (θερμικές ικανότητες γραμμών). Φυσικά στην περίπτωση μιας υπερφόρτισης, η μετακίνηση είναι απαραίτητη, αλλά ακόμη και σε αυτήν την περίπτωση η λειτουργούσα στρατηγική είναι να μετατοπιστούν οι γωνίες όσο το δυνατόν λιγότερο προκειμένου να επανέλθει το σύστημα σε ασφαλή κατάσταση και να δοθεί ο χρόνος ώστε το πρόβλημα που προκάλεσε την έκτακτη ανάγκη να επιλυθεί. Μετά την επίλυση του προβλήματος, ο χειριστής θα είναι σε θέση να επαναφέρει το 
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 σε οποιαδήποτε επιθυμητή τιμή.

F2. 
Ελαχιστοποιεί τη συνολική μεταφορά ισχύος στο σύστημα. Η ιδέα είναι ότι θέλουμε να ικανοποιήσουμε τη ζήτηση φορτίων με τη μεταφορά όσο το δυνατόν μικρότερης ισχύος. Με αυτό τον τρόπο αναμένουμε να ευνοήσουμε την άμεση μεταφορά ισχύος και να ελαχιστοποιήσουμε τις ροές βρόχων. 

F3. 
Η ελαχιστοποίηση του αθροίσματος των τετραγώνων της ενεργού ισχύος που ρέει στις γραμμές ενός συστήματος όπου όλες οι γραμμές έχουν την ίδια αντίσταση είναι ισοδύναμο με την ελαχιστοποίηση των απωλειών του συστήματος. Μπορούμε να λάβουμε υπόψη μας διαφορετικές αντιστάσεις πολλαπλασιάζοντας τη ροή κάθε γραμμής με την αντίστοιχη αντίσταση. Όσον αφορά την προηγούμενη συνάρτηση η ελαχιστοποίηση της οποίας  εφαρμόζεται μέσω γραμμικού προγραμματισμού, η F3 θα οδηγήσει σε ένα τετραγωνικό πρόβλημα προγραμματισμού. Ως εκ τούτου, αναμένουμε από τη βελτιστοποίηση να διανείμει την προσπάθεια μεταξύ περισσότερων PST απ' ό,τι με το γραμμικό προγραμματισμό, ο οποίος θα εκμεταλλευόταν πρώτιστα τους αποδοτικότερους. Αναμένουμε επίσης μια ομαλότερη κατανομή των προκυπτουσών ροών ισχύος. 

F4. 
Αυτή η συνάρτηση είναι παρόμοια με την F2 με τη μόνη διαφορά ότι λαμβάνει υπόψη της τις ικανότητες των γραμμών. Η συνάρτηση εξετάζει το απόλυτο ποσοστό της φόρτωσης των γραμμών έτσι ώστε εκείνες με τις μεγαλύτερες ικανότητες να ευνοούνται. Εντούτοις αναγνωρίζουμε ότι η συνάρτηση μπορεί να ελαχιστοποιηθεί επίσης με το να κάνει τις τιμές μερικών γραμμών (όχι απαραιτήτως εκείνων με τις υψηλές ικανότητες) πολύ κοντά στο μηδέν. Φαίνεται να είναι ένας συνδυασμός μεταξύ του στόχου να διανείμει εξίσου τις ροές ισχύος και του στόχου της F2 να ελαχιστοποιήσει τη συνολική μεταφορά ισχύος. 

F5. 
Αυτό είναι η συνάρτηση από την οποία αναμένουμε να φορτίσει τις γραμμές εξίσου σε σχέση με τις ικανότητές τους. Η παρουσία τετραγώνων αποτρέπει κάπως από το να έχουμε μια βαριά φορτωμένη γραμμή μαζί με μερικές ελαφρά φορτωμένες. Με άλλα λόγια αυτή η συνάρτηση θα τείνει να κρατήσει όλες τις γραμμές όσο το δυνατόν περισσότερο μακριά από τα όριά τους. Επίσης, όπως η F3, αναμένουμε να κατανείμει την προσπάθεια μεταξύ των PST.

Όλες οι αντικειμενικές συναρτήσεις ελαχιστοποιούνται υπό τους ακόλουθους περιορισμούς:

· Περιορισμοί ισότητας: 
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 το διάνυσμα των ροών ενεργού ισχύος όταν οι γωνίες των PST έχουν  τις τιμές που περιγράφονται από το διάνυσμα 
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Εδώ, χρησιμοποιώντας τη μήτρα ευαισθησιών S ως μοντέλο του συστήματος, παρέχουμε τις απαραίτητες πληροφορίες σχετικά με την ανταπόκριση του συστήματος στις διαφορετικές ρυθμίσεις των PST. Θα λέγαμε ότι η ικανοποίηση της παραπάνω εξίσωσης είναι η βεβαίωση ότι οι φυσικοί (Kirchhoff) νόμοι λαμβάνονται υπόψη κατά τη διαδικασία βελτιστοποίησης.  

· Περιορισμοί ανισότητας: 
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όπου 
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 είναι τα διανύσματα των ροών ισχύος και των θερμικών ορίων των γραμμών (σε MW), αντίστοιχα, ενώ 
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 είναι τα διανύσματα των γωνιών των PST και των ορίων τους, αντίστοιχα.

Οι παραπάνω ανισότητες εξασφαλίζουν ότι οι γραμμές φορτίζονται κάτω από τις θερμικές αντοχές τους, και ότι οι phase shifters δεν μπορεί να ζητηθεί να κινηθούν πάνω από τις μέγιστες ρυθμίσεις τους.

Στο 3ο κεφάλαιο του παραρτήματος (chapter 3 αγγλικού κειμένου) παρουσιάζουμε την υλοποίηση του στατικού ελέγχου των PST και τα αποτελέσματα που προέκυψαν από αυτή.

Κεφάλαιο 4.  Εισαγωγή Β μέρους

4.1
Σκοπός αυτού του δεύτερου μέρους

Στο προηγούμενο μέρος της έκθεσης συζητήσαμε πώς, σήμερα, λόγω της εμφάνισης της απελευθέρωσης της αγοράς ηλεκτρικής ενέργειας, τα συστήματα χρησιμοποιούνται υπό όλο και περισσότερο αυξανόμενη πίεση, με όλους τους συμμετέχοντες της αγοράς να έχουν ανοικτή πρόσβαση στο δίκτυο μεταφοράς. Δείξαμε ότι οι μετασχηματιστές αλλαγής φάσης μπορούν να χρησιμοποιηθούν για να διευκολυνθεί η πρόσβαση στο δίκτυο και να ανακουφισθεί η φόρτωση των γραμμών του, ενώ, αντίθετα, η μη-συντονισμένη χρήση τους μπορεί να οδηγήσει σε αντιοικονομική, ή ακόμα και επικίνδυνη, λειτουργία του διασυνδεδεμένου συστήματος.

Θα συνεχίσουμε τώρα με την υλοποίηση και παρουσίαση ενός ελεγκτή που επιτυγχάνει έναν διπλό στόχο, εστιάζοντας τόσο στις προληπτικές όσο και στις διορθωτικές πτυχές. Δηλαδή, ο στόχος είναι να κρατείται το σύστημα μακριά από τα όριά του κατά τη διάρκεια της κανονικής λειτουργίας, και να ανακουφίζεται οποιαδήποτε υπερφόρτωση γραμμών που μπορεί να εμφανιστεί μετά από κάποια διαταραχή. 

Για αυτόν τον σκοπό, ο ελεγκτής χρησιμοποιεί τους PST με έναν εναρμονισμένο τρόπο, καθώς αυτό έχει αποδειχθεί πολύ κατάλληλο στο χειρισμό των ροών ενεργού ισχύος.

4.2
Τι σκοπεύουμε να κάνουμε

Όπως αναφέρθηκε, ένας πραγματικού χρόνου ελεγκτής έχει σχεδιαστεί και υλοποιηθεί στο δεύτερο μέρος αυτής της εργασίας. Ο ελεγκτής παίρνει ως εισόδους τις πραγματικές τιμές των ενεργών ροών ισχύος και παρέχει ως έξοδο μια διαταγή σε έναν ή περισσότερους PST να κινηθούν κατά ένα βήμα, ή περισσότερα εάν αυτό είναι τεχνικά εφικτό και βέλτιστα επιθυμητό. Η κατεύθυνση της μετακίνησης προφανώς επίσης διατάζεται, ενώ φυσικά είναι δυνατό να μην υπάρξει καθόλου μετακίνηση. 

Ο σκοπός του ελεγκτή είναι να κρατήσει τη λειτουργία του συστήματος μέσα σε μια διευκρινισμένη περιοχή, όσον αφορά τις τιμές των ροών ισχύος στις γραμμές, όταν λειτουργεί σε μια κανονική ασφαλής κατάσταση, και να είσαι σε θέση να επαναφέρει το σύστημα μέσα στην ασφαλή περιοχή εάν μια έκτακτη ανάγκη εμφανιστεί. 

Βασίζεται στη χρήση ενός μοντέλου του συστήματος, υπό μορφή μήτρας ευαισθησίας, η οποία του επιτρέπει να προβλέπει τι επίδραση οι αλλαγές των γωνιών των PST θα έχουν στις ροές ισχύος του συστήματος. Υπό αυτήν την έννοια, πάλι με ελαχιστοποίηση αντικειμενικών συναρτήσεων, ο ελεγκτής διατάσει μετακινήσεις των PST προκειμένου να επιτύχει συγκεκριμένους στόχους όσον αφορά τις ροές ενεργού ισχύος. 

Επιπρόσθετα, στο σχεδιασμό του ελεγκτή ενδιαφερόμαστε ιδιαίτερα για την επίδραση που η δυναμική, βαθμιαία, μετακίνηση των γωνιών PST προς τις επιθυμητές τιμές, έχει στη λειτουργία του συστήματος. Δηλαδή, πρέπει να εξασφαλίζουμε ότι οι PST κινούνται όσο το δυνατόν γρηγορότερα προς τις επιθυμητές γωνίες, αλλά εξασφαλίζοντας συγχρόνως ότι η μετακίνησή τους δεν προκαλεί ανεπιθύμητες υπερφορτίσεις γραμμών. 

Τέλος, ο ελεγκτής σχεδιάζεται λαμβάνοντας υπόψη το στόχο να είναι σθεναρός όσον αφορά τα λάθη στις τιμές των συντελεστών ευαισθησίας που χρησιμοποιούμε. Για αυτόν τον σκοπό, ένας μηχανισμός εφαρμόζεται που ενημερώνει, σε πραγματικό χρόνο, τους συντελεστές της μήτρας S χρησιμοποιώντας μετρήσεις που συλλέγονται από το ιστορικό λειτουργίας του συστήματος. 

Συνοψίζοντας, σχεδιάζουμε έναν ελεγκτή με τους ακόλουθους στόχους: 

· Να λειτουργεί το σύστημα κρατώντας τις γραμμές φορτισμένες όσο το δυνατόν πιο κατάλληλα όσον αφορά τα θερμικά όριά τους (στη συνέχεια διευκρινίζουμε τι μπορεί να είναι “κατάλληλο” ή όχι).

· Να ανακουφίζει όσο το δυνατόν γρηγορότερα τις υπερφορτίσεις που μπορούν να εμφανιστούν μετά από μια διαταραχή. 

4.3
Λειτουργία του ελεγκτή

Η αρχή στην οποία είναι βασισμένος ο ελεγκτής, είναι ο χωρισμός μεταξύ του υπολογισμού των γωνιακών ρυθμίσεων όπου θα επιθυμούσαμε να φθάσουμε και της εφαρμογής των απαραίτητων κινήσεων στους PST για να επιτύχουμε τον υπολογισμένο στόχο. 

Σε πρώτη φάση, ο ελεγκτής, έχοντας λάβει τις παρούσες, μετρημένες, τιμές των ενεργών ροών ισχύος, υπολογίζει τις γωνίες των PST που θα οδηγήσουν σε μια βέλτιστη λειτουργία του συστήματος σύμφωνα με μια αντικειμενική συνάρτηση. Η ιδέα είναι η ίδια με αυτήν που παρουσιάζεται στο πρώτο μέρος της έκθεσης, δηλαδή μια διαδικασία βελτιστοποίησης βρίσκει τις τιμές των γωνιών των PST που ελαχιστοποιούν μια αντικειμενική συνάρτηση. Υπενθυμίζουμε στον αναγνώστη ότι προκειμένου να αντιπροσωπευθεί το ηλεκτρικό σύστημα, μέσα στη διαδικασία βελτιστοποίησης, χρησιμοποιούμε τη μήτρα S μαζί με ένα αρχικό λειτουργικό σημείο, 
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, το οποίο στην περίπτωσή μας είναι οι μόλις μετρημένες ροές ισχύος και οι τρέχουσες γωνιακές τοποθετήσεις των PST. Οι ροές ισχύος σε σχέση με τις γωνίες των PST λαμβάνονται από την ακόλουθη εξίσωση, όπως εξηγήθηκε ήδη στην παράγραφο 2.1: 
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Η επιλογή της αντικειμενικής συνάρτησης προς ελαχιστοποίηση εξαρτάται από τη στρατηγική που ο χειριστής θέλει να χρησιμοποιήσει για τον έλεγχο του συστήματος και δεν επηρεάζει το υπόλοιπο της διαδικασίας ελέγχου όπως θα παρουσιαστεί στη συνέχεια. 

Το δεύτερο βήμα της διαδικασίας ελέγχου έχει να κάνει με το πώς η ήδη υπολογισθείσα επιθυμητή αλλαγή φάσεων θα εφαρμοστεί στην πράξη, εξετάζοντας τους περιορισμούς που ο μετασχηματιστής, ως μηχανική συσκευή, επιβάλλει. Έχοντας υπολογίσει ένα σύνολο γωνιών “στόχων” όπου θα θέλαμε θεωρητικά να κάνουμε άλμα αμέσως, πρέπει να καθορίσουμε έναν τρόπο να κινήσουμε τους PST προς αυτόν τον στόχο, λαμβάνοντας υπόψη το γεγονός ότι το προαναφερθέν άλμα είναι σχεδόν αδύνατο. 

Εδώ, θα ανοίξουμε μια παρένθεση και θα συζητήσουμε εν συντομία γιατί δεν μπορούμε να εφαρμόσουμε ένα άμεσο άλμα γωνίας. Στην συγκεκριμένη περίπτωση που εξετάζουμε, ένα άλμα στη γωνία είναι τεχνικά αδύνατο λόγω του μηχανικού τρόπου με τον οποίο η συσκευή λειτουργεί. Ένας PST είναι συνήθως ικανός να αλλάξει τη γωνία του βαθμιαία, με έναν ενδιάμεσο χρόνο περίπου 5 δευτερολέπτων, που ποικίλλει φυσικά με την ποιότητα του εξοπλισμού. Επιπλέον, ακόμα κι αν υποθέτουμε ότι εφαρμόζουμε τον έλεγχο φάσεως με τη χρήση συσκευών FACTS, οπότε σ’ αυτή την περίπτωση δεν θα έχουμε τεχνικούς περιορισμούς στην εκτέλεση μεγάλων αλμάτων, αυτό το είδος λειτουργίας θα ήταν ούτως ή άλλως απαράδεκτο λόγω των πολύ αυστηρών μεταβατικών που οι άμεσες αλλαγές θα προκαλούσαν στο σύστημα. Κατά συνέπεια, ο περιορισμός του να μην μπορούν να επιβληθούν μεγάλες γωνιακές αλλαγές θα εξακολουθήσει να ισχύει ακόμα κι αν η μελλοντική ανάπτυξη του εξοπλισμού εξαλείψει την τεχνική πτυχή του. 

Η ερώτηση τώρα είναι πώς να διαταχθεί η μετακίνηση των PST για να φθάσουν στις επιθυμητές γωνίες. Λαμβάνοντας υπόψη το γεγονός ότι θέλουμε φυσικά να φθάσουμε εκεί όσο το δυνατόν γρηγορότερα (δεδομένου ότι δεν θέλουμε να λειτουργούμε υποβέλτιστα το σύστημα για μεγάλη χρονική περίοδο), η προφανής λύση είναι να κινηθούν ακριβώς όλοι οι PST συγχρόνως, κάθε ένας από τους προς την κατάλληλη κατεύθυνση, έως ότου φθάσουν στην επιθυμητή γωνία. Φυσικά καθένας που φθάνει θα σταματά την κίνησή του και θα περιμένει τους άλλους να φθάσουν. Εντούτοις, η προαναφερθείσα τεχνική αγνοεί μια σημαντική πτυχή του προβλήματος. Δεν εγγυάται ότι η λειτουργία του συστήματος θα παραμείνει μέσα στην εφικτή περιοχή (δηλ. καμία ροή ισχύος να μην παραβιάζει το όριο της γραμμής της) κατά τη διάρκεια της μετάβασης από τις τρέχουσες στις επιθυμητές γωνιακές ρυθμίσεις.

Ακόμα κι αν αρχίσουμε να κινούμε τις γωνίες των PST προς τη “σωστή” κατεύθυνση ελέγχοντας συγχρόνως ότι κάθε μετακίνηση δεν παραβιάζει τις θερμικές ικανότητες των γραμμών, μπορούμε ενδεχομένως να φθάσουμε σε αδιέξοδα από όπου καμία περαιτέρω μετακίνηση δε θα επιτρέπεται, εκτός φυσικά από το να πάρουμε πίσω μερικές μετακινήσεις (δηλ. να κάνουμε αντίστροφες μετακινήσεις των PST για να επιστρέψουμε σε προηγούμενα λειτουργικά σημεία).

Αυτό είναι ο λόγος για τον οποίο εφαρμόσαμε έναν ελεγκτή που “κοιτά περαιτέρω στο μέλλον” του συστήματος. Η ιδέα είναι να βρεθεί μια ακολουθία μετακινήσεων των γωνιών που οδηγεί το σύστημα όσο το δυνατόν γρηγορότερα στη βέλτιστη λειτουργία του χωρίς να παραβιάσει οποιαδήποτε στιγμή τα όρια των γραμμών. Για αυτόν τον σκοπό στηριζόμαστε σε μια προσέγγιση που εμπνέεται από τον Προληπτικό Έλεγχο βασισμένο σε Μοντέλο (Model Predictive Control). Αυτή η τεχνική, που χρησιμοποιείται ευρέως στη χημική βιομηχανία επί του παρόντος, συνοψίζεται περιληπτικά στο κεφάλαιο 5 του παραρτήματος.

Κεφάλαιο 6.  Υλοποίηση του ελεγκτή

6.1
Γενική Επισκόπηση

Κατά την ανάπτυξη του κεφαλαίου θα εξηγήσουμε, κατά μέρη και λεπτομερώς, τον τρόπο που ο ελεγκτής λειτουργεί. Πριν από αυτό, παρουσιάζουμε μια επισκόπηση του αλγορίθμου του ελεγκτή έτσι ώστε να καταστούν ξεκάθαροι στον αναγνώστη τόσο οι στόχοι μας όσο και οι σχέσεις μεταξύ των διάφορων μερών του ελεγκτή.

Κάθε 
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 δευτερόλεπτα ο ελεγκτής διαβάζει τις ενεργές ροές ισχύος που μετριούνται από τον εξοπλισμό που είναι εγκατεστημένος στις γραμμές. Η περίοδος δειγματοληψίας είναι ο χρόνος που απαιτείται, αφού υπολογιστούν οι νέες γωνίες, 1. για να σταλεί η διαταγή μεταβολής των γωνιών (οι PST είναι κατανεμημένοι μέσα στο σύστημα, ενώ ο έλεγχος είναι κεντρικός), 2. να εφαρμοστεί η διαταγή από όλους τους PST, 3. να περιμένουμε τα μεταβατικά φαινόμενα να εξαφανιστούν και φυσικά 4. να συλλεχθούν όλες οι νέες μετρήσεις ροών ισχύος στο κέντρο ελέγχου. Αυτή η περίοδος είναι τυπικά περίπου 10 δευτερόλεπτα. 

Έχοντας τις παρούσες τιμές των ενεργών ροών ισχύος, μπορούμε τώρα να ελέγξουμε σε ποιο είδος λειτουργίας βρισκόμαστε: ασφαλής κατάσταση ή έκτακτη ανάγκη; Αυτό καθορίζεται αντίστοιχα από εάν όλες οι γραμμές είναι φορτισμένες κάτω από τα όρια ασφάλειάς τους ή εάν τουλάχιστον η ροή ισχύος κάποιας είναι μεγαλύτερη από την ικανότητά της σε MW. Ανάλογα με το ποιο των ανωτέρω δύο συμβαίνει, συνεχίζουμε με μια διαφορετική πολιτική ελέγχου. Στην πρώτη περίπτωση ο στόχος μας είναι, όπως προαναφέρθηκε, να λειτουργούμε “βέλτιστα” το σύστημα, και αυτό θα συζητηθεί ακριβώς παρακάτω, ενώ στη δεύτερη περίπτωση ο στόχος είναι να επανέλθει το σύστημα στην ασφαλή κατάσταση λειτουργίας. 

Και οι δύο πολιτικές ελέγχου οδηγούν στον υπολογισμό ενός συνόλου μετακίνησης των γωνιών των PST που αναμένεται να οδηγήσει τη λειτουργία του συστήματος πιο κοντά στο στόχο της πολιτικής ελέγχου. Αυτές οι μετακινήσεις στέλνονται έπειτα ως εντολή στους διάφορους PST όπου εφαρμόζονται πραγματικά. 

Τώρα, ξαναδιαβάζουμε τις νέες ροές ισχύος και ο βρόχος συνεχίζεται απείρως με τέτοιο τρόπο.

Στα κεφάλαια 6.2 έως και 6.5 του παραρτήματος περιγράφεται αναλυτικά η λειτουργία του ελεγκτή. Παραθέτουμε εδώ τη μετάφραση του κεφαλαίου 6.6, που περιέχει μια περίληψη της λειτουργίας του συνοδεύει από ένα flowchart του αλγορίθμου ελέγχου.

6.6
Συνοψίζοντας

Προτού προχωρήσουμε στην παρουσίαση των προσομοιώσεων που κάναμε και των αποτελεσμάτων που λάβαμε, παρέχουμε στον αναγνώστη μια σύντομη περίληψη της λειτουργίας του ελεγκτή που έχουμε ήδη περιγράψει λεπτομερώς (βλ. παράρτημα), καθώς επίσης και ένα λογικό διάγραμμα του αλγορίθμου.

Περίληψη

Ο ελεγκτής παίρνει ως εισόδους τις παρούσες ροές ισχύος και ελέγχει εάν έχουμε υπέρβαση κάποιου ορίου γραμμής ή όχι. 

Στην πρώτη περίπτωση, όπου το βασικό μας ενδιαφέρον είναι βεβαίως να εξαλείψουμε την υπέρβαση, βγάζουμε από τους περιορισμούς τα όρια των παραβιασμένων γραμμών (κρατώντας ωστόσο τα όρια των άλλων γραμμών) και τρέχουμε μια διαδικασία βελτιστοποίησης που έχει ως στόχο να ελαχιστοποιήσει τις ροές ισχύος στις παραβιασμένες γραμμές. Δεδομένου ότι η λύση εφαρμόζεται βαθμιαία, όταν η ροή μιας γραμμής εισέρχεται στην ασφαλή περιοχή αυτό έχει ως συνέπεια ότι αυτή η γραμμή δεν θα ληφθεί υπόψη από την αντικειμενική συνάρτηση κατά τη διάρκεια της επόμενης επανάληψης, ενώ φυσικά το όριο μέγιστης ισχύος της θα γίνει μέρος των περιορισμών της βελτιστοποίησης. Τελικά όλες οι γραμμές θα έχουν περάσει στην ασφαλή περιοχή. 

Στη δεύτερη περίπτωση, καμία από τις γραμμές δεν είναι υπερφορτισμένη, έτσι ο στόχος μας είναι τώρα να κινήσουμε τις γωνίες των PST προκειμένου να οδηγηθεί το σύστημα στο επιθυμητή κατάσταση, που είναι πάντοτε  να λειτουργούμε το σύστημα κρατώντας τις γραμμές όσο το δυνατόν περισσότερο ομοιόμορφα μακριά από τα όριά τους. Σε αυτήν την περίπτωση αρχικά λύνουμε το στατικό πρόβλημα βελτιστοποίησης του να καθορίσουμε τις τελικές επιθυμητές τιμές των γωνιών των PST και έπειτα λύνουμε ένα άλλο πρόβλημα βελτιστοποίησης αυτό της εύρεσης της γρηγορότερης, αλλά μη παραβιάζουσας τα όριά μας, πορείας για να φθάσουμε βαθμιαία στις επιθυμητές τιμές. Έτσι, σε κάθε επανάληψη του ελεγκτή αποφασίζουμε εάν έχουμε παραβίαση ορίων ή όχι και εάν όχι υπολογίζουμε τις επιθυμητές γωνίες και εφαρμόζουμε μόνο το πρώτο βήμα της πορείας προς αυτές. 

Ο ελεγκτής κρατά επίσης ένα ιστορικό των μετρημένων ροών ισχύος για τις διαφορετικές γωνίες των PST και το χρησιμοποιεί για τους ακόλουθους δύο λόγους: 

1. Για να ελέγξει εάν έχουμε εισαχθεί σε μια κατάσταση όπου το σύστημά μας ταλαντεύεται μεταξύ δύο συνόλων γωνιών. Αυτό μπορεί να συμβεί λόγω διακριτοποίησης όταν είμαστε γύρω από τα όρια των γραμμών. Σε αυτήν την περίπτωση αυξάνουμε τεχνητά και προσωρινά για μια μικρή χρονική περίοδο τα όρια των γραμμών προκειμένου το σύστημα να είναι σε θέση να κινηθεί προς την επιθυμητή  κατεύθυνση. 

2. Για να διορθώσουμε τη μήτρα S που χρησιμοποιούμε. Διαιρείται σε δύο μέρη: Σε κάθε επανάληψη ελέγχουμε εάν κατά τύχη έχουμε στο ιστορικό μας μια περίπτωση όπου ένας PST έχει κινηθεί κατά δύο βήματα ενώ οι άλλοι παρέμειναν σταθεροί, έτσι διορθώνουμε την αντίστοιχη στήλη της μήτρας S. Επίσης, κρατώντας έναν μετρητή, κινούμε περιοδικά μόνο έναν PST κατά δύο μοίρες, επίτηδες και χωρίς αυτό να προτείνεται από τον ελεγκτή, προκειμένου να ληφθούν οι μετρήσεις που απαιτούνται για να διορθώσουμε μια στήλη του S. Η ιδέα φυσικά είναι ότι θέλουμε να έχουμε τη μήτρα S όσο το δυνατόν σωστότερη επειδή βασιζόμαστε στις πληροφορίες που αυτή μας δίνει για να κάνουμε τις βελτιστοποιήσεις μας, αλλά χωρίς να αναγκάζουμε το σύστημα  να κάνει πολλές άχρηστες κινήσεις.

Λογικό Διάγραμμα
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Στο 7ο κεφάλαιο του παραρτήματος παρουσιάζουμε τις διάφορες προσομοιώσεις που κάναμε για να ελέγξουμε τη λειτουργία του ανωτέρω ελεγκτή, μαζί βεβαίως με τα συμπεράσματα που προέκυψαν.

Κεφάλαιο 8.  Επίλογος

8.1
Κύρια συνεισφορά της εργασίας

Στο νέο απορυθμισμένο περιβάλλον ελεύθερης αγοράς στο οποίο τα συστήματα ηλεκτρικής ενέργειας λειτουργούν εφεξής, νέες προκλήσεις προκύπτουν όσον αφορά τη διαχείριση της συμφόρησης στις γραμμές μεταφοράς καθώς επίσης και την αντιμετώπιση των νέων θεμάτων ασφάλειας που εμφανίζονται λόγω της όλο και περισσότερο κοντά στα όρια λειτουργίας των συστημάτων.

Οι γραμμές μεταφοράς καλούνται να φέρουν όλο και περισσότερη ισχύ καθώς η ζήτηση αυξάνεται πολύ γρηγορότερα από ότι νέες γραμμές κατασκευάζονται με αποτέλεσμα να επιζητείται μέγιστη χρησιμοποίηση του πλέγματος. Συγχρόνως, οι συναλλαγές ισχύος γίνονται όλο και περισσότερο απρόβλεπτες, ενώ οι Διαχειριστές των Συστημάτων Μεταφοράς έχουν λιγότερη πρόσβαση στον έλεγχο της παραγωγής εξ αιτίας των μηχανισμών της αγοράς.

Οι Μετασχηματιστές Αλλαγής Φάσης (PST) είναι ένα γνωστό εργαλείο για ανακατανομή των ροών ισχύος και έχει χρησιμοποιηθεί ευρέως για αυτόν το λόγο. Η εναρμονισμένη χρήση των PST ενός συστήματος ηλεκτρικής ενέργειας ερευνήθηκε σε αυτήν την εργασία, από την άποψη είτε της βελτιστοποίησης της χρήσης του δικτύου είτε της διόρθωσης των καταστάσεων έκτακτης ανάγκης.

Πιο συγκεκριμένα:

· διάφορες εναρμονισμένες στρατηγικές ελέγχου υλοποιήθηκαν και συγκρίθηκαν στο πρώτο μέρος της εργασίας. Στόχευαν να βρουν τις βέλτιστες γωνιακές ρυθμίσεις του συνόλου των PST ώστε να επιτυγχάνεται ένας ορισμένος τύπος λειτουργίας του συστήματος. Αυτές οι στρατηγικές λειτουργίας υλοποιήθηκαν ως λύση σε ένα πρόβλημα βελτιστοποίησης, όπου η προς ελαχιστοποίηση συνάρτηση αντιστοιχούσε στην επιλεγμένη στρατηγική. Ενδιαφέροντα αποτελέσματα εξήχθησαν για την πιθανή εφαρμογή κάθε στρατηγικής. Πιο συγκεκριμένα, αυτή που εκφράστηκε με την αντικειμενική συνάρτηση F5, 
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, αποδείχθηκε κατάλληλη για να λειτουργούμε το σύστημα με έναν ασφαλή τρόπο, αυξάνοντας συγχρόνως την ικανότητα μεταφοράς του συνόλου των γραμμών

· το πρόβλημα του κάθε συμμετέχοντος να χρησιμοποιεί τους PST του για ιδιωτικούς λόγους χωρίς να λαμβάνει υπόψη του τις επιπτώσεις στο υπόλοιπο διασυνδεδεμένο σύστημα έχει αναφερθεί επίσης

· ένας ελεγκτής που χρησιμοποιεί τους PST του συστήματος με έναν εναρμονισμένο τρόπο προκειμένου να λειτουργείται το σύστημα με έναν βέλτιστο και ασφαλή τρόπο, όντας συγχρόνως ικανό να ανακουφίσει τις πιθανές υπερφορτίσεις, υλοποιήθηκε και εξετάστηκε στο δεύτερο μέρος της εργασίας. Ο ελεγκτής λειτουργούσε υπό την αντικειμενική συνάρτηση F5, που ερευνήθηκε στο πρώτο μέρος της εργασίας, κατά την ασφαλή κατάσταση λειτουργίας ενώ, μεταβάλλοντας τη στρατηγική λειτουργίας του, αποδείχθηκε αποδοτικός στο να ανακουφίζει γρήγορα τις υπερφορτίσεις. Ειδική προσοχή λήφθηκε προκειμένου να κρατείται πάντοτε όσο το δυνατόν σωστότερο το μοντέλο του συστήματος που χρησιμοποιείται από τον ελεγκτή.

8.2
Κατευθύνσεις περαιτέρω μελέτης

Διάφορες πτυχές αυτής της εργασίας αξίζουν περαιτέρω έρευνα. Κάποιες από αυτές αφορούν άμεσες βελτιώσεις του ελεγκτή, ενώ άλλες παραπέμπουν στο μεγάλο και προκλητικό θέμα του συντονισμού διάφορων διαχειριστών συστημάτων, κάθε ένας από τους οποίους εφαρμόζει τη δική του ανεξάρτητη πολιτική ελέγχου, λειτουργώντας σε χωριστά, πλην όμως διασυνδεδεμένα, συστήματα.

Όσον αφορά τη λειτουργία του ελεγκτή, ας αναφέρουμε τις ακόλουθες βελτιώσεις:

· Η τεχνική που χρησιμοποιείται για να παραγάγει το μοντέλο της παρούσας κατάστασης του συστήματος μπορεί να εξερευνηθεί περαιτέρω και να βελτιωθεί. Προς αυτόν τον σκοπό, η θεωρία προσαρμοστικού ελέγχου μπορεί να δώσει μια σημαντική ώθηση. Μια περιπλοκότερη λύση θα ήταν η προσφυγή στον τομέα της τεχνητής νοημοσύνης και ακριβέστερα στη μηχανική μάθηση (machine learning) και τις εφαρμοσμένες τεχνικές επαγωγικής μάθησης (applied inductive learning).

· Η ευρωστία του ελεγκτή πρέπει επίσης να ερευνηθεί περαιτέρω. Αυτό είναι ένα χωριστό από την ανωτέρω ερώτηση θέμα καθώς αναφέρεται όχι στην προσπάθεια να κρατηθεί σωστό το μοντέλο μας, αλλά στο να κάνουμε τον ελεγκτή να αντιδρά κατά τον επιθυμητό τρόπο ακόμα και όταν το μοντέλο έχει λάθη. Η αποδοτικότητα του βασιζόμενου σε μοντέλο προβλεπτικού ελέγχου (Model Predictive Control) σε αυτήν την προοπτική πρέπει να εξεταστεί περαιτέρω, καθώς η ευρωστία φαίνεται να παραμένει μια πρόκληση μεταξύ των ειδικών του MPC. Επιπλέον, η δυνατότητα του να μην καταφύγουμε στον MPC για την υλοποίηση του ελεγκτή θα μπορούσε επίσης να εξεταστεί, δεδομένου ότι έχουμε το συναίσθημα ότι η MPC προσέγγιση μπορεί να είναι υπερβολικά βαριά για τη φύση του προβλήματός μας. Έχει προταθεί για την επίλυση των προβλημάτων της Ευστάθειας Τάσεως [31-32] και του Ελέγχου Συχνότητας [33], αλλά όσον αφορά τον έλεγχο των ροών ενεργού ισχύος, η πραγματική πρόκληση είναι αυτή που περιγράφεται ακριβώς παρακάτω. 

Η μεγάλη πρόκληση για τους Διαχειριστές Συστημάτων Μεταφοράς, την οποία αυτή η εργασία θίγει μερικώς και που φαίνεται να είναι ένα όλο και περισσότερο εξελισσόμενο και αύξων πρόβλημα για τα συστήματα ηλεκτρικής ενέργειας, είναι η παρενέργεια που η πολιτική ελέγχου ενός TSO, που ασχολείται με το δικό του σύστημα και που χρησιμοποιεί φυσικά τις δικές του συσκευές ελέγχου (στην περίπτωσή μας τους PST), έχει στα υπόλοιπα συνδεδεμένα συστήματα.

Αυτό το πρόβλημα προβάλλει ιδιαίτερα στην περίπτωση του Ευρωπαϊκού διασυνδεδεμένου συστήματος, όπου ο TSO κάθε χώρας ελέγχει τους μετασχηματιστές αλλαγής φάσης του σύμφωνα με τα κριτήριά του, χρησιμοποιώντας στην καλύτερη περίπτωση μια προσέγγιση βελτιστοποίησης. Εντούτοις, η τοπική πολιτική ελέγχου ενός διαχειριστή συστήματος είναι πιθανό να είναι επιβλαβής για τη λειτουργία των γειτόνων του, προκαλώντας ανεπιθύμητες και απρόβλεπτες ροές στις γραμμές τους. Η κατάσταση επιδεινώνεται από το γεγονός ότι στο σύνολο του διασυνδεδεμένου ευρωπαϊκού πλέγματος, οι διασυνδέσεις μεταξύ των χωρών αποκαλύπτονται ως δυσχέρειες (bottlenecks) στο σύστημα. Αυτό οφείλεται στο γεγονός ότι κάθε χώρα έχει ένα καλά αναπτυγμένο εσωτερικό σύστημα μεταφοράς, που επιτρέπει διάφορες παράλληλες πορείες για τις ροές ισχύος, αλλά, γενικά, συνδέεται μόνο με μερικές γραμμές με τους γείτονές του.

Μια πολύ ενδιαφέρουσα επέκταση της εργασίας θα ήταν η μελέτη του πώς να καθιερωθούν μηχανισμοί υπό τους οποίους αρκετοί ελεγκτές ροής ισχύος, κάθε ένας λειτουργώντας με τους δικούς του στόχους και εξοπλισμό, θα επιτύγχαναν έναν συντονισμό στις διαδικασίες λειτουργίας τους ώστε να μην προκαλεί ζημιά ο ένας στον άλλο. Μια λύση σε αυτό το πρόβλημα μπορεί ενδεχομένως να περιλαμβάνει την ύπαρξη ενός ψηλότερου επιπέδου ιεραρχίας, ίσως μην έχοντας άμεση πρόσβαση στις συσκευές κάθε συστήματος, αλλά τουλάχιστον έχοντας την εξουσία να επιβάλει οικονομικές ρήτρες ως ποινές στις επιβλαβείς διαδικασίες ελέγχου και να ανταμείβει τις ευεργετικές. Φυσικά, αυτό περιλαμβάνει την ανάγκη να ποσοτικοποιηθούν κάπως οι όροι “ζημιά” και “όφελος”, καθώς επίσης και να βρεθεί ένας τρόπος σύνδεσης κάθε “επίδρασης” (π.χ. μια υπερφόρτιση γραμμών) με τον συμμετέχοντα που την προκάλεσε.
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Chapter 1.  Introduction

With the opening up of large electricity markets, in many countries, more and more power transactions have been established. Interconnections in particular have started to be more extensively used for trading (due to price differences on both sides of the border), increasing thus the size of the generation market. Besides, significant unidentified flows (stemming from trades between countries) have been observed in some systems (e.g. Belgium in June 1999 [1]). Obviously, system operation is pushed closer and closer to its limits. Moreover, power systems often operate in unforeseen conditions since transactions follow different patterns than those assumed in the planning stage. Accordingly, operation limits that were seldom met in the past could become more constraining in this new environment.

Actually, some power systems operated under rather stressed conditions even before deregulation. The last two decades especially were characterized by an important increase in electricity demand. At the same time transmission network expansion was slower and deterred by environmental, society and financial constraints [2]. 

The need to control the augmented volume of power transactions and to increase the transmission capacity of the system has led to use more intensively a device capable of controlling power flows without resorting to generation rescheduling. This device is the well-known Phase Shifting Transformer (PST). 

1.1
What is a phase shifting transformer and how is it used ?

The possibility of controlling load flow by phase shifter was recognized long ago [3-5], and the installation of phase shifters is considered to be one way of increasing the utilization of bulk power system facilities. 

The phase shifter transformer (PST) is a special equipment able to shift the phase angles of the voltage and the current by a prescribed value.

Phase shifting is normally implemented by a parallel connected 3-phase transformer, which generates a quadrature component of voltage. This can be inserted into the line via a series connected boosting transformer. An on-load tap changer can be used to change the value of the quadrature component in order to obtain the corresponding variation of the voltage phase angle [6].

In figure 1.1 we show the picture of a PST.
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fig. 1.1

Phase-shifting transformers offer the opportunity to partially control the flows in an electricity network. They are one of the principal control devices used in modern power systems to help direct electricity flows in local parts of the transmission system [7].

Adjustment of the phase angles of the phase shifting transformers is one of the methods of changing the line flow pattern in the system, the other methods being generation rescheduling and/or load curtailment [8]. However, shifting the generation moves the system operation away from the economically dispatched operating condition and results in increased operating costs. In some instances, it is even possible that generation shifts alone may not relieve the overloads. In addition, there may not be capacity available for required generation deviations. Obviously, load curtailment  is always a non favorable solution as system reliability is one of the first priorities of the operator.
Phase shifting transformers can provide another practical means of controlling network reliability and on-line operating procedures. The additional system benefit with phase shifter control is that the economic generator operating conditions are unaffected. Therefore, in an attempt to alleviate bulk system overloads and improve system security, phase shifters should be operated prior to the established generation shift procedures in order to avoid the economic penalties incurred by generation shifts. However, if the phase shifter operation alone is not sufficient to accomplish the required system relief, generation shifts should then be tried to relieve the remaining overloads.

Moreover, to meet the load demand in a complex interconnected power system and satisfy the stability and reliability criteria, either the existing transmission lines must be utilized more efficiently, or new line(s) should be added to the system. With the ever-increasing difficulties in obtaining new transmission line rights-of-way, the latter is often impractical. The first alternative provides an economically and technically attractive solution to the problem, particularly in view of the fact that many existing ac lines are being operated at power levels well below their thermal power carrying capability limits. Utilization of the unused power carrying capability may be achieved by proper use of phase shifting equipment, such as PSTs [9].
On the other hand, PSTs, through their angular control of line power flows, can 

1) provide for increased power transfer capabilities between areas of a system and/or between neighboring systems, 

2) delay the need for future transmission reinforcements, and 

3) provide for possible relief of overloaded transmission facilities in both their corrective and preventive modes of power system operation. [10]

2.1
Motivation of this work

The liberalization of the European Electricity Market brought major changes and new challenge to the TSOs’ environment. In this new context, each producer and consumer wishes restrictions on trade to be reduced as much as possible. Power flows become higher and change more often while a significant increase in congestion arises on the European grid when transmission line capacities cannot always cope with power flows.

Even though the operation in an international meshed electrical network gives all the TSOs a lot of advantages for the security in case of major disturbances, we must observe that topological modifications in major Extra High Voltage substations and large changes in generation localization that are not noticed to or not noticeable by any TSO, can produce unforeseen cross-border physical flows which could lead to severe issues for the reliability of the operation of the European transmission system.

Transmission System Operators have to ensure the n-1 security of the electric transmission system. In operational planning phase “today for tomorrow”, they have to predict the physical flows, check if they are beyond line capacities and manage the congestion if any. 

In the past, the localization of generation was most of the time (except for “special days”) very stable from one day (week) to the other so the physical flows were easy to predict. Each TSO could obtain a prediction of physical flows by updating a very simple model of neighbouring networks based on forecast balances of each “country” (control block). Moreover, the amount of electric exchanges was lower and the uncertainty on forecast physical flows was smaller than the remaining transfer capacity.

Nowadays, power flows become higher and more dynamic due to the increase of short term trading of electricity in Europe but also due to the increase of wind power generation [17].

In this context, it can be expected that the dominant trend should be to resort to preventive control to protect the system against the most credible contingencies, such as the (n-1) ones, and to rely on dependable and secure corrective controls to deal with more sever disturbances. Some authors even suggest to maintain sufficient security margins with respect to the most likely (n-1) contingencies only [18]. 

Let’s summarize the most important of the various reasons explaining the aforementioned changes:

· In a deregulated environment, the priority of the market competitors is to maximize their profit. Accordingly, preventive control could be felt as a brake upon business, since it prevents some transactions from taking place, to maintain security margins against hypothetical events.

· Power systems are operated closer to their limits, since there are increasing difficulties to build new infrastructures while, at the same time, the demand in power keeps on growing in most countries [19]. Therefore, it is more and more difficult to maintain large security margins.

· The scenarios to face are even less predictable than before, since the introduction of competition at the generation and distribution levels makes the patterns of energy transactions dependent upon market fluctuations. Therefore, it has become challenging to compute security limits in such a moving environment.

Under the above described stressed conditions, thermal overloads and voltage instability are pointed out as major threats to system operation [20] [21].

Thermal overloads is the earliest cause of insecurity in power systems. It is related to the maximal allowable current which can be transferred through an equipment without damaging it irreversibly nor causing dangerous conductor sags. Some transmission lines may be equipped with overcurrent protections that disconnect them after some time. Their tripping by these devices or by operator may cause the overload to be ‘‘redirected’’ to other system elements thus leading to cascade trippings and eventually to a blackout (USA 1965 and 2003, New York 1977, Italy 2003 etc.) [2].

From the above, the need of a mechanism that could handle in real-time the power flows and alleviate possible overloads is going to increase. As been shown, phase shifting transformers may aid considerably through this direction. Instead of being kept at fixed angle settings during the day, determined according to “today for tomorrow” operational planning, they can be used as on-line controls, changing in real time their angles in such a way that power flows are kept inside some predefined limits.

1.3
Purpose of this work

Nowadays, PSTs are controlled manually (by the operators of a control center) or automatically. In the latter case, however, the control law is most often local. For instance, the power flowing in the PST or in a neighbouring line is monitored and when it exceeds some limits, the phase angle of the PST is adjusted by a local device to bring the flow within limits.

With the increase in number of  PSTs, a situation which is emerging in the Western European system may occur; these devices are likely to start interacting. Indeed one can easily imagine that controlling each PST locally, thereby ignoring their mutual effects, can result in dangerous situations from the system operation perspective. This raises the question of controlling them in a coordinated way so as to avoid the negative effects of such interactions.

The problem is made even more complex when the PSTs belong to different companies, each with a different Transmission System Operator (TSO). There is a risk that each TSO controls his PST(s) according to its own objectives. This may result in a weakening of system security, not to mention some possible “predatory behaviours” [7].

On the contrary, a coordinated control of the PSTs may result in a better use of the network, and thereby it would allow to maximize the access to the transmission system, thereby meeting the recommendations of the European directive.

The purpose of this work is to investigate how a set of PSTs can be controlled in a coordinated way so as to improve system performance. We will first focus on the static aspect of the problem: how to determine the best settings of a set of PSTs ? We will then investigate how an automatic controller could dynamically perform this task. To this purpose we will pay attention to the design of a real-time control able to react to disturbances or changing operating conditions. For both static and dynamic aspects, we will consider both preventive and corrective modes of operation. In the former case, the objective is to maximize access to the transmission system while in the latter case, the PSTs are used to correct an emergency situation (typically a line overload) after some incident has occurred.

CHAPTER 2.  Static coordinated control of phase shifters

2.1
Sensitivity analysis

Control theory defines sensitivity as a measure of impact of parameter changes on quantities that characterize the system behaviour [11]. Sensitivity relationships are determined by how much changes in independent (control) variables will influence dependent (controlled) parameters. Conversely, sensitivity relationships can be used to determine the required amount of change in control variables that must be applied to reach desirable values of controlled parameters.

In practice, these relationships can be derived with the help of an experimental procedure known as sensitivity analysis.

The sensitivity analysis (SA) is the study of how the variation in the output of the system (numerical or otherwise) can be apportioned, qualitatively or quantitatively, to different sources of variation [11]. In other words SA is used for understanding how sensitive a system output is to changes in a system input values as well as for a highlighting of the most important processes in the system. If an average change in the input results in a relatively large change in the output, the output is said to be sensitive to that input.

2.1.1
Phase Shifter Distribution Factors

In our case we consider  the sensitivity matrix S which relates  the changes in PST angles (φ (ns-dimensional vector of PST angles, where ns is the number of phase-shifters in our system) to the resulting changes in line active power flows (p (nl-dimensional vector of line power flows, where nl is the number of lines in the system). In particular, we have the following system of equations:
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Knowing the present power flows p0, the S matrix provides us with the essential information in order to predict what will be the new flows p1 after a change Δφ of the PST angles:


[image: image57.wmf]100

pppp

f

=+D=+D

S


Conversely, knowing the present power flows 
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, we can, by solving an optimization problem, find out possible movements of the PST angles (of course the system will generally have more than one solutions) that result in a set of desirable new power flows 
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From the above it is easily understood that having determined in whatever way the sensitivity coefficients 
[image: image60.wmf][]

ij

S

,  
[image: image61.wmf]1,...,

s

in

=

, 
[image: image62.wmf]1,...,

l

jn

=

, we can use the changes in the PST angles as input (controlling) variables in order to control the active power flows of a system.

The coefficients of the S matrix are called Phase Shifter Distribution Factors (PSDF) and each of them is thus defined as the increase in line power flow for a unit increase of phase shifter angle [10].
There are several methods available in the literature for the calculation of the PSDFs.

A general method to perform a sensitivity analysis in an electric power system, reusing the Jacobian matrix of the standard  Newton method is presented in [12].

In [10] the PSDFs are calculated using outage distribution factors and either generation shift distribution factors or  the bus reactance matrix of the system. 

The above method is used as a reference in [6] which only uses the elements of the reactance matrix of the original network instead of reforming the matrix with the phase shifter’s line removed.

A new method using the results of a constant matrix load flow solution for computing the PSDFs is proposed in [13]. This method avoids modification of the bus reactance matrix for the changed system configuration as in [10] and [6].

In an appendix we present a method used in [14] based on the one in [12].

2.1.2
Calculation of the S matrix

Around an operating point 
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 , keeping the other PST angles constant, i.e. 
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As we did not have the appropriate software available in the instance, we calculated the S matrix coefficients using an “experimental” way, based on the aforementioned equation. In any case, this does not affect the implementation as we envisage to determine this matrix on-line from measurements taken after changes in PST angles, instead of computing it from a complete system model, which may not be available in real-time operation, especially within the context of multiple TSOs (see Section 1.2).

More precisely:

· 
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· The corresponding to each of the operating points system’s state 
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 is determined with the help of  a load flow program. 
· Once having all the necessary points 
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 we calculate the S matrix coefficients as shown:
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2.2
Static control

In the sequel we focus on the static control of a set of PSTs.

In other words, we do not deal with the way the phase shifter angles will change from their actual to their desired values, but rather with determining  these desirable angles, according to several criteria. 

It is very convenient to obtain those settings as the solution of an optimization problem. In the latter the objective function corresponds to different strategies, each with its specific merit.

We have considered the following objective functions:

F1.
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Where:
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is the number of PSTs 




[image: image84.wmf]l

n


is the number of lines 
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is the angle of the i-th PST
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is a reference value for the PST angles, practically their present one
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is the active power flow of the i-th line
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is the thermal capacity limit of the i-th line (in MW).

Functions F1, F2 and F4 require to use linear programming while the other three functions require to resort to quadratic programming.
Explication of the functions’ role

F1.
It minimizes the movement of the phase shifters around a given operating point (the one that corresponds to 
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). The idea is that we want to avoid unnecessary movements of the PSTs, as this causes wear to the PST itself as mechanical equipment but also introduces losses and transient phenomena to the system. The function is obviously expected to cause no movement at all when it is not forced by the optimization constraints (line thermal capacities). Of course in the case of an overload, the movement is necessary, but even in this case the operating strategy is to shift the angles as few as possible in order to bring the system to a safe state and give time for the problem that caused the emergency to be resolved. After the problem resolution, the operator will be able to reset 
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 to any desired value.

F2.
It minimizes the total power transfer in the system. The idea is that we want to satisfy the load demand by transferring as little power as possible. By so doing we expect to favour the direct power transfer and eliminate the loop flows.

F3.
Minimizing the sum of squares of the line active power flows in a system where all lines have the same resistance is equivalent to minimizing the system’s losses. We can account for different resistances by multiplying each line flow by the corresponding resistance. With respect to the previous function whose minimization is implemented through linear programming, F3 will lead to a quadratic programming problem. Hence, we expect the optimisation to distribute the effort among more phase shifters than with linear programming, which would primarily exploit the most efficient ones. We also expect a smoother distribution of the resulting power flows.

F4.
This function is similar to F2 with the only difference that it takes into account the capacities of the lines. The function looks at the absolute percentage of the lines’ loading so that those with larger capacities are favoured. However we recognise that the function may be also minimized by making the values of some lines (not necessarily those with high capacities) very close to zero. It seems to be a combination between the goal to equally distribute the power flows and the F2’s goal to minimize the total power transfer.

F5.
This is the function from which we actually expect to load the lines equally with respect to their capacities. The presence of squares somewhat prevents from having a heavily loaded line together with a few little loaded ones. In other words this objective will tend to keep all lines as far as possible from their limits. Also, as in F3, we expect to distribute the effort among the phase shifters.

All the objective functions have to be minimized under the following constraints:

· Equality  constraints: 
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 the vector of the line active power flows when the PST angles have the values described by the vector 
[image: image93.wmf]0

f

.

Here, using the sensitivity matrix S as the model of our system, we provide  the essential information about the system’s response to each different PST settings. We may say that the satisfaction of the following equation is the assurance that the physical (Kirchhoff) laws are taken into account in the optimisation process.  

· Inequality constraints: 
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where 
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 are the vectors of line power flows and line thermal limits (in MW), respectively, while 
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 are the vectors of PST angles and their limits, respectively.

The above inequalities ensure that the lines are loaded below their thermal ratings, and that the phase shifters cannot be adjusted beyond their maximum settings.

Chapter 3.  Results

The static control’s objective is to find PST angle values that make the system to operate in a more beneficial way. Having already proposed some strategies, expressed via the objective functions F1 – F5, of what kind of operation we may like the system to perform, we will implement into practice what we have until now presented theoretically.

The idea is to test the results provided by the several optimisation procedures; to point out each one’s advantages but also to reveal their weaknesses. We want to find out in which case should we use each operating strategy. More generally, we want to explore the effect that the integration of phase shifting transformers may have to a system. In which circumstances is it possible that they turn out to be a menace instead of a help to the system ?
Finally, as our approach is based on the use of the sensitivity matrix S as a model of the system, we try to discover what is its influence on the control procedure. Or, in other words, in what degree is the procedure depending on the S matrix.

3.1
Implementation

The system where we will be working on

In order to test our ideas and run simulations implementing them, we have built a simple transmission test system. It  consists of 5 buses, each of which either represents part of the whole transmission system with its proper loads and generation, or even may be considered as an independent electric system itself, in which case the 5-bus system may be regarded as the overall interconnection.

The system, shown in figure 2 just below, is equipped with 3 Phase Shifting Transformers which are installed in 3 out of the 7 electrical lines. The location of the phase shifters has been chosen so as to enable as much as possible flexible control of system power flows, while taking into account some scenarios where one or more phase shifters are considered to belong to a specific “company” owing a bus (in such scenario the bus of course is considered to be a generator or a load), or equivalently to belong to the system operator of the system that the bus is representing.

Generally, buses A and B will produce more power than consume while the opposite will hold true for buses C, D and E.

In the system shown in figure 3.1.1, we mark each line’s and each PST’s name as we will be using from now on. We also point out with arrows which is considered to be the positive flow for each line.
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fig. 3.1.1

We have chosen all lines to have impedance X = 0.05 pu and resistance R = X/10 = 0.005 pu. The reason why we chose such values is to make (in this artificial way) the action of the phase shifters more efficient. That is not at all unrealistic since, based on planning studies,  the PSTs are likely to be located on lines where they will have an important effect onto the system. In any case, we have no reason to be really interested in the actual, absolute values of the elements we are using (resistances, impedances, power flows etc), but rather in them being relatively realistic with each other. In other words, our system may not represent something specific, but it is a small analogy of reality where the phenomena we are interested on are more easy to be brought into surface due to the system’s simplicity. Thus, in general, the selection of the lines’ thermal capacities is made such that the PSTs to be able to vary the power flows exploiting almost all the feasible region defined by them (by the line capacities), while the generation – load relation is chosen so that the aforementioned choice for the lines’ limits is reasonably dimensioned (with respect to the notion that we construct lines capable to transmit the power needed but without oversizing them considerably due to economic restrictions). 
Programming Implementation

All information described theoretical until now is implemented using mainly two different software: 

· a programming environment, where we have implemented all our algorithms

· a load flow simulation program, which represented the existence of a real system

For the first purpose we have used the MATLAB programming environment, of which we also used the already existing optimization routines, while for the second we used the ARTERE software, developed by the University of Liège.

Thanks to the communication we established between the two software, our routines in MATLAB could call the execution of ARTERE, exchanging also information with it. More specifically, the system parameters are passed to the simulation program via an input data file while the output, which as far as we were interested are the active power flows, are written by ARTERE in an M-file at the end of the load flow computation. From the M-file they can be read and handled by our MATLAB code. Moreover, we have created a function that is capable of modifying the input data file. This is used to change the phase shifter angles as well as other system operating parameters (such as loads and generations).

Due to this interaction we have been able to compute the S matrix coefficients, to take the actual power flows that result from our optimisation procedures and most importantly, as we will see in the second part of the project, to test the controller we have implemented using ARTERE as simulator of a real system.

3.2
Simulation results

Now, we will present the simulations we made using the aforementioned objective functions to calculate the desirable – optimal values of the PST angles for several different configurations of our system. The topology of the system remains always the same, what we change during the tests is parameters like the generation-load distribution or the thermal limits of the lines.

Of course, each objective function implements different optimization criteria and as a result proposes different optimal PST angles. When we are referring to “the desirable values” or to “the optimal values” of these angles we always imply that they are the desirable according to the criteria of the specific objective function.

From now on, before each series of simulations we explicitly declare to which configuration of the system are they referring to. Some minor changes on the configuration (mainly changing of some of the line thermal limits) are announced clearly but without new presentation of the whole configuration to avoid useless heaviness of the text.

3.2.1
System Configuration 1

a)

First of all, in table 3.2.1, we present the system’s configuration on which we make our first simulations.

	Bus
	Generation
	Load
	Line
	From-To
	PST
	X

(%)
	R

(%)
	Th. Capacity (MW)

	A
	1800
	1000
	1
	A-C
	no
	0.5
	0.05
	500

	B
	1600
	1000
	2
	B-C
	no
	0.5
	0.05
	500

	C
	0
	300
	3
	B-E
	no
	0.5
	0.05
	500

	D
	0
	400
	4
	C-D
	no
	0.5
	0.05
	500

	E
	0
	700
	5
	A-B
	1
	0.5
	0.05
	500

	
	6
	B-D
	2
	0.5
	0.05
	500

	
	7
	E-D
	3
	0.5
	0.05
	500


Table 3.2.1

For the moment we are starting with all lines having the same thermal capacity, later on we change that in order to observe the performance of the functions that are supposed to be taking such differences into account (F4, F5).

We draw the reader’s attention to columns 2, 3 and 9 of the table, presenting the generation and the load of each bus as well as the thermal capacity of each line respectively. They are the parameters that will be changing during the simulations in order to test our functions’ operation under several different conditions. What is actually important for each bus is not the values of the total generation and the total load themselves, but mainly the difference between them, which defines the amount of power that this bus is exporting to or absorbing from the system. Thus we are always using round numbers for them in order to be easy to make the abstraction. In fact, buses A and B have always load of 1000 MW each, varying only the generation, while on the contrary, buses C, D and E have always generation equal to 0, varying only their load.

Calculation of S matrix

In table 3.2.2, the S matrix that represents the above system is presented. It has been calculated following the method described earlier in the project. As it is seen, we calculated several different S matrices, all of them around the operating point where all PST angles are equal to 
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in the second case (S from 
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etc, in the same way, for the other 2 cases (S from 
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The obtained matrices are showed in table 2.

It is clearly observed that the dependence of the sensitivity coefficients on the actual operating point (i.e. the actual angles of the PSTs) does not vary importantly in the space of the possible operating points, which is determined by the fact that the PST angles may not exceed their upper 
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As a result, from now on we will always use the S from 
[image: image120.wmf]0

o

  to 
[image: image121.wmf]5

o

 in order to represent our system.

(The more general approximation would be to have several different S matrices, each of them corresponding to a different operating point, and to switch to the right one with respect to the present values of the PST angles. Of course this would have made the process far more complicated – there are already 
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 operating points in our simple system, not to mention a more complicated actual one.)

In the continue of the project we will exploit further this almost linearity in the relation between power flows and PST angles, during the implementation of a power flow controller.
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Table 3.2.2

Results

In table 3.2.3 we present the results we got from the execution of the several objective functions to the system just described. The first two lines of the table are read horizontally, while the rest are read vertically. That is to say that for example the cell in line 6 and column 4 shows which was the power flow in line 3 when the PST angles where 
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	line
	P (MW)
	P (MW)
	P (MW)
	P (MW)
	P (MW)
	P (MW)

	1
	468.3188
	473.4945
	490.6732
	490.6732
	463.5027
	463.5027

	2
	93.7332
	103.8746
	-1.5482
	-1.5482
	118.5393
	118.5393

	3
	529.6171
	489.7000
	496.8332
	496.8332
	499.6137
	499.6137

	4
	250.6715
	265.6126
	177.0886
	177.0886
	270.5906
	270.5906

	5
	374.9095
	369.9994
	354.2002
	354.2002
	379.9292
	379.9292

	6
	344.5585
	369.5801
	452.6988
	452.6988
	354.5578
	354.5578

	7
	-184.4140
	-222.3001
	-215.5276
	-215.5276
	-212.8784
	-212.8784


Table 3.2.3

Of course, the objective functions which take into account the thermal limit of each line gave the same results as their equivalent without the limits. The reason is that for the moment all the lines had the same thermal capacities.

b)

Let’s suppose now that we have 2 lines that have larger capacities than the others. For instance, lines 2 and 5 are considered to be newer than the rest and designed to resist 1000 MW of active power flow each. Of course we would like to favour the strongest lines as to the flow distribution in the system.
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	Line
	P (MW)
	P (MW)
	P (MW)
	P (MW)
	P (MW)
	P (MW)

	1
	468.3188
	473.4945
	490.6732
	  157.6049
	463.5027
	  245.6098

	2
	93.7332
	103.8746
	-1.5482
	  285.1670
	118.5393
	  330.9688

	3
	529.6171
	489.7000
	496.8332
	  498.9987
	499.6137
	  500.4507

	4
	250.6715
	265.6126
	177.0886
	  137.4564
	270.5906
	  268.1063

	5
	374.9095
	369.9994
	354.2002
	  700.1913
	379.9292
	  605.9726

	6
	344.5585
	369.5801
	452.6988
	  491.3640
	354.5578
	  356.2163

	7
	-184.4140
	-222.3001
	-215.5276
	 -213.4597
	-212.8784
	 -212.0792

	System losses

	MW
	43.2
	43.5
	44.9
	57.8
	43.4
	51.6

	
[image: image145.wmf]±

%
	0
	+0.71
	+3.94
	+33.80
	+0.46
	+19.44


Table 3.2.4

In table 3.2.4 we show the new results we are getting from our several optimization functions. We provide also information about the effect that each one had on the total system’s losses.

It is clear that the two objective functions that are line limit dependent changed remarkably their results while the others remained completely unaffected. They would have changed only if the new configuration was violating their previous results (ex. if we had 
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We highlight an interesting result : function F5, compared to F3, succeeds in keeping line 1 away from its limit by exploiting another possible path (via lines 5 and 2). Of course this requires a bigger effort from the phase shifters, which means that we pay some losses in order to obtain more security.

In figures 3.2.1 and 3.2.2 we show the aforementioned change in power flows between the result derived by F3 (fig. 3.2.1) and the one from F5 (3.2.2).
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fig. 3.2.1
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fig. 3.2.2

3.2.2
System Configuration 2

a)

We will now change the load distribution of the system to observe if and what kind of changes do we have in the behaviour of the functions. The idea is that we have a big consumer, bus D, who is impossible to be supplied without the exploitation of the whole system. Generally the new system requires larger power flows than the previous one as it has 400 MW of total load more. The two most important lines are no 1 and no 6 which join generators A and B to consumers C and D respectively. In table 3.2.5 we present the new system configuration.

	Bus
	Generation
	Load
	Line
	From-To
	PST
	X

(%)
	R

(%)
	Th. Capacity (MW)

	A
	1800
	1000
	1
	A-C
	no
	0.5
	0.05
	500

	B
	2000
	1000
	2
	B-C
	no
	0.5
	0.05
	500

	C
	0
	600
	3
	B-E
	no
	0.5
	0.05
	500

	D
	0
	1000
	4
	C-D
	no
	0.5
	0.05
	500

	E
	0
	200
	5
	A-B
	1
	0.5
	0.05
	500

	
	6
	B-D
	2
	0.5
	0.05
	500

	
	7
	E-D
	3
	0.5
	0.05
	500


Table 3.2.5
Calculation of S matrix

As already discussed, from now on we are using the S matrix calculated from the angle setting of 
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 for each separate phase shifter of the system. So, first of all, we present the S matrix as calculated for the new configuration of the system.

S matrix is a model of the physics of the system. As a result we do not attend it to change significantly with respect to modifications into the generation and load localization. To show this we present in table 3.2.6 the results that we got for S so from the previous as from the new configuration. We observe that the S matrix remains practically unaffected from the power flow distribution of the system.
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	Previous configuration (1)
	
	Present configuration (2)

	  -13.2208
	   -3.2338
	   -1.6120
	
	  -13.1748
	   -3.1909
	   -1.6432

	    7.9753
	   -6.6781
	   -3.3934
	
	    7.9987
	   -6.6536
	   -3.4538

	    1.6252
	   -8.2808
	   13.3760
	
	    1.6723
	   -8.2075
	   13.4207

	   -4.7681
	   -9.7175
	   -4.9076
	
	   -4.7283
	   -9.4815
	   -4.9128

	   13.3585
	    3.4134
	    1.7648
	
	   13.3135
	    3.4090
	    1.7831

	    3.2037
	   18.2367
	   -8.2907
	
	    3.2245
	   18.1685
	   -8.2396

	    1.5360
	   -7.8599
	   12.6168
	
	    1.6052
	   -7.9052
	   12.8504


Table 3.2.6

The results of the several objective functions are presented in table 3.2.7.

	Objective function
	Physical flow distribution
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	Line
	P (MW)
	P (MW)
	P (MW)
	P (MW)
	P (MW)
	P (MW)

	1
	580.1275
	  495.1559
	  503.3176
	  503.3176
	  496.7792
	  496.7792

	2
	307.7251
	  411.7447
	  495.5228
	  495.5228
	  415.1969
	  415.1969

	3
	390.7214
	  453.9682
	  364.9445
	  364.9445
	  440.5198
	  440.5198

	4
	266.3231
	  286.1584
	  373.8856
	  373.8856
	  291.0103
	  291.0103

	5
	274.3875
	  361.4677
	  354.7287
	  354.7287
	  359.6429
	  359.6429

	6
	572.2047
	  489.2237
	  487.9829
	  487.9829
	  497.4610
	  497.4610

	7
	183.0935
	  243.6618
	  158.2857
	  158.2857
	  230.8157
	  230.8157


Table 3.2.7

As predicted, some lines are heavily overloaded (~ +16% each) in the operation without the aid of the phase shifters. Now we need quite an effort from the phase shifters to bring the system back into the feasible region. The fact that we are already in a stressed situation does not let observe great differences among the different functions, we do not have enough flexibility as to the possible feasible power flow distributions. We may notice however that the 
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 function tends to exploit all the capacity of line 2 additionally to lines 1 and 6 in contrast to the 
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 one that tries to achieve a more equal distribution. No function manages to remove lines 1 and 6 away from their limits as this is physically impossible.

This is a case were transmission capacity reinforcement in needed.

b)

We will check now how our functions would act if the system was naturally operating far from its thermal limits. To examine this aspect we set artificially the thermal limits of all our lines to 1000 MW.

In table 3.2.8 the several results are presented. We may observe the great difference that functions F2 and F4 have in their strategy, compared to F3 and F5. Given the fact that all lines have the same resistance in our system, we see that F3, min
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, now that it is not forced by the lines’ limits, moves almost nothing at all the phase shifters, as the ‘physical’ base case gives by itself minimal losses for the system’s operation.

	Objective function
	Physical flow distribution
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	P (MW)
	P (MW)

	1
	580.1275
	  580.1275
	  847.5466
	847.5466
	  585.2242
	  585.2242

	2
	307.7251
	  307.7251
	   -1.1956
	-1.1956
	  317.8530
	  317.8530

	3
	390.7214
	  390.7214
	  205.4292
	205.4292
	  385.6161
	  385.6161

	4
	266.3231
	  266.3231
	  209.9655
	209.9655
	  280.8598
	  280.8598

	5
	274.3875
	  274.3875
	   27.4797
	27.4797
	  269.4407
	  269.4407

	6
	572.2047
	  572.2047
	  823.1959
	823.1959
	  562.3378
	  562.3378

	7
	183.0935
	  183.0935
	    3.3184
	3.3184
	  178.1811
	  178.1811


Table 3.2.8

c)
Additionally we suppose the line capacities to be unequal, but always large enough in order the limits not to force a certain solution. We present, in table 3.2.9, the new system configuration, where the only difference is the line thermal capacities.

	Bus
	Generation
	Load
	Line
	From-To
	PST
	X

(%)
	R

(%)
	Th. Capacity (MW)

	A
	1800
	1000
	1
	A-C
	no
	0.5
	0.05
	1000

	B
	2000
	1000
	2
	B-C
	no
	0.5
	0.05
	1500

	C
	0
	600
	3
	B-E
	no
	0.5
	0.05
	1500

	D
	0
	1000
	4
	C-D
	no
	0.5
	0.05
	1500

	E
	0
	200
	5
	A-B
	1
	0.5
	0.05
	2000

	
	6
	B-D
	2
	0.5
	0.05
	1000

	
	7
	E-D
	3
	0.5
	0.05
	1500


Table 3.2.9

*Remark:

Even if the limits of some (the most loaded in our case) lines are not really less than the rest of the system, we can artificially give lower than the actual limits to the objective functions in order to force them alleviate the lines concerned.

We get the following results, table 3.2.10.

	Objective function
	Physical flow distribution
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	line
	P (MW)
	P (MW)
	P (MW)
	P (MW)
	P (MW)
	P (MW)

	1
	580.1275
	  580.1275
	  847.5466
	  702.0051
	  585.2242
	  373.5334

	2
	307.7251
	  307.7251
	   -1.1956
	   13.3954
	  317.8530
	  571.1516

	3
	390.7214
	  390.7214
	  205.4292
	  205.1650
	  385.6161
	  536.3955

	4
	266.3231
	  266.3231
	  209.9655
	   90.6415
	  280.8598
	  321.4003

	5
	274.3875
	  274.3875
	   27.4797
	  173.0965
	  269.4407
	  493.6293

	6
	572.2047
	  572.2047
	  823.1959
	  952.9875
	  562.3378
	  373.9506

	7
	183.0935
	  183.0935
	    3.3184
	    3.0671
	  178.1811
	  321.9914


Table 3.2.10

For one more time we see how the function 
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 alleviates the loading from the less capable lines, in our case lines 1 and 6, by dispatching the power flows trying to exploit the ones with larger capacities. The result is always a smoother distribution which keeps as possible all lines away from their limits.

In figures 3.2.3 and 3.2.4 we show respectively the system’s power flows for functions F3 and F5. Note how different is the distribution. F5 is exploiting all the lines equally in proportion to their thermal capacities. Now that the security limits are high enough not to impose the solution, the difference is very remarkable.
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fig. 3.2.3
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fig. 3.2.4

In table 3.2.11 the percentage of the loading of each line as well as its actual (MW) power flow is presented comparing to the function 
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 which just tries to equally distribute the line flows with the one that takes into consideration the limits of the lines. The difference is more than obvious.
	Objective function
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	line
	P (MW)
	% of th. capacity
	P (MW)
	% of th. capacity

	1
	585.2242
	58.5224
	373.5334
	37.3533

	2
	317.8530
	21.1902
	571.1516
	38.0768

	3
	385.6161
	25.7077
	536.3955
	35.7597

	4
	280.8598
	18.7240
	321.4003
	21.4267

	5
	269.4407
	13.4720
	493.6293
	24.6815

	6
	562.3378
	56.2338
	373.9506
	37.3951

	7
	178.1811
	11.8787
	321.9914
	21.4661


Table 3.2.11

3.2.3 System Configuration 3

Finally, we will test how our objective functions behave when the system is very close to its limits. For this purpose we will considerably decrease the thermal limits of almost all our lines. The new configuration is the one shown in table 3.2.12. (we decreased the load of D for 200 MW in order to be able to take feasible solutions – alternatively we could have considered a little larger capacities but we preferred to keep them to round, more realistic, numbers)
	Bus
	Generation
	Load
	Line
	From-To
	PST
	X

(%)
	R

(%)
	Th. Capacity (MW)

	A
	1700
	1000
	1
	A-C
	no
	0.5
	0.05
	500

	B
	1900
	1000
	2
	B-C
	no
	0.5
	0.05
	500

	C
	0
	600
	3
	B-E
	no
	0.5
	0.05
	400

	D
	0
	800
	4
	C-D
	no
	0.5
	0.05
	400

	E
	0
	200
	5
	A-B
	1
	0.5
	0.05
	500

	
	6
	B-D
	2
	0.5
	0.05
	400

	
	7
	E-D
	3
	0.5
	0.05
	300


Table 3.2.12

The S matrix of the system remains practically the same as previously.

We get the results of table 3.2.13

	Objective function
	Physical flow distribution
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	line
	P (MW)
	P (MW)
	P (MW)
	P (MW)
	P (MW)
	P (MW)

	1
	516.2283
	  497.0327
	  500.2163
	  500.2163
	  498.6583
	  499.8434

	2
	292.8945
	  357.1357
	  497.4680
	  497.4680
	  360.5681
	  430.8026

	3
	345.1445
	  400.1954
	  259.6897
	  259.6897
	  386.7462
	  316.3105

	4
	191.5294
	  235.4270
	  372.7968
	  372.7968
	  240.2804
	  308.8653

	5
	224.3406
	  244.7312
	  245.5809
	  245.5809
	  242.9323
	  243.0106

	6
	483.7966
	  384.3896
	  385.4152
	  385.4152
	  392.6495
	  392.9410

	7
	139.1896
	  192.1902
	   56.3188
	   56.3188
	  179.2697
	  111.3064


Table 3.2.13

It is interesting to point out that the function 
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 compared to the 
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 favourites the path B-C-D (lines 2 and 4) instead of the B-E-D (lines 2 and 4) in order to exploit its larger thermal capacity.

We can observe how the low limits of the lines affect the solution given by our last objective function by just doubling all the limits, so that their relative values remain the same as previously and compare the results we take.

	Objective function
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	line
	P (MW)
	% of th. capacity
	P (MW)
	% of th. capacity

	1
	  499.8434
	99.9687
	  540.1100
	54.0110

	2
	  430.8026
	86.1605
	  340.1797
	34.0180

	3
	  316.3105
	79.0776
	  298.1353
	37.2669

	4
	  308.8653
	77.2163
	  259.9017
	32.4877

	5
	  243.0106
	48.6021
	  201.1884
	20.1188

	6
	  392.9410
	98.2352
	  460.8374
	57.6047

	7
	  111.3064
	37.1021
	   93.6828
	15.6138


Table 3.2.14

3.2.4
Conclusions on the different objective functions

From the observation of the simulation results presented and from their mathematical form we may arrive to some useful conclusions regarding the relative merits of the various objective functions.
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 is very useful when we want just to move the phase shifters in order to alleviate an overload. This overload may not be real, but an artificial one after having determined security limits somewhat lower than the actual ones just to be sure we will not reach the latter. It does not distribute the power flows according to some specific logic, it just brings the system back into the feasible region, making the least “effort”. By the term “effort” we mean of course the active losses caused by the movement of the PST but also their mechanical wear. Of course the movement of the PSTs may obey a corrective control policy (move them when we face an actual overload) or a preventive one (move the PSTs in advance in the context of a contingency analysis in order not to have an overload if a predefined contingency occurs).
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 is not applicable in practice as it leads some lines to their thermal limits while leaving others almost unloaded. Although, introducing a reference power 
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 in the function, giving to it the formula 
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, it may be used to follow a contractual exchange of power, where 
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 would be the agreed power transaction. This kind of system operation is however not recommended, not to say practically impossible. For instance, we will use a slight modification of the function, considering only a subset 
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 of the system’s lines, having the objective 
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.  In this way one may control his lines (or more precisely the lines that he has the power to control, it is not obligatory that they “belong” to him) performing a predatory attitude. In section 3.3 we implement such a case, where the phase shifters are simulated in the concept of  being used for private purposes.
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 is proved to be totally useless as it also fails to distribute power flows in an desirable way while it cannot either provide us with some useful information about the system.

· 
[image: image203.wmf](

)

2

1

min

l

n

i

i

p

=

å

 tries to distribute more fairly than 
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 the power flows throughout the system while tending to use all phase shifters as equally as possible. This is the main difference between the quadratic functions and the linear ones, which try to exploit mainly the most efficient phase shifter. We prefer the “quadratic idea” of balancing the effort among all the participants, firstly because this is fare for the most efficient PSTs who do not want of course to carry the whole effort, but also because in a real-time environment we will not have very accurate sensitivity coefficients so what is considered by the optimization function to be the most efficient movement may not be the case in reality.

In our simulations, where all lines have the same resistance, this function gave very slight differences from the “
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 case” (no PST correction), provided of course it was not forced by the constraints. This happens because active losses are proportional to the 
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 of a line. By considering the approximation that 
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 pu. Thus, losses = 
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 (always in the per unit system of course).

More generally, when the line resistances are not all equal, which of course is the rule, if we want to minimize the losses we should use the function 
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. It is not however common to use the phase shifter to this purpose.
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 is our “best” function as it combines all the aforementioned advantages of the quadratic approach with the fact that it distributes the power flows over the lines in proportion to their capacities. This is very beneficial for system’s operation, not only because it keeps it away from possible emergencies, but also because it leads to a better and less harmful exploitation of all transmission capacities. When operating under this function, a future upgrade of a transmission line will lead to load alleviation in all the other lines, since the PSTs will make more power flow into the upgraded line. Admittedly this function moves the system’s operating point considerably away from 
[image: image214.wmf]o

f

=0

, but the benefits from such an operation are more profitable than the cost we have to pay, that is to say the augmentation in losses.

3.3
Minimizing loop flows

The operation of several market participants (countries or more generally ‘companies’) in the same interconnected system, with each of them owing its own control devices and performing its own control policy, is nowadays causing undesired side effects as the operating decisions of one participant may affect the operation of its neighbours. Particularly, the use of PSTs to redirect the power flows in your own system, may cause (and is actually causing) unintentionally, or even intentionally, unpredicted and undesired power flows to the neighbouring ones.

We will examine what is happening when the phase shifting transformers are used privately by their owners for their own benefit without regarding to the whole interconnected system.

3.3.1 Scenario

In the system configuration we will use, which we show in table 3.3.1, we take intentionally large thermal line limits in order them not to influence the solution.

	Bus
	Generation
	Load
	Line
	From-To
	PST
	X

(%)
	R

(%)
	Th. Capacity (MW)

	A
	1600
	1000
	1
	A-C
	no
	0.5
	0.05
	1000

	B
	1700
	1000
	2
	B-C
	no
	0.5
	0.05
	1000

	C
	0
	700
	3
	B-E
	no
	0.5
	0.05
	1000

	D
	500
	500
	4
	C-D
	no
	0.5
	0.05
	1000

	E
	0
	600
	5
	A-B
	1
	0.5
	0.05
	1000

	
	6
	B-D
	2
	0.5
	0.05
	1000

	
	7
	E-D
	3
	0.5
	0.05
	1000


Table 3.3.1

The concept is that bus D, which can be considered as an independent system, is producing all the power it needs and consequently it does not want to be involved in any power transactions. In other words D’ s operator does not want power that goes to systems C or E to pass from its own lines. We suppose three scenarios where D owes the PST2, the PST2, or both of them respectively. D will try to use his phase shifter(s) to provoke power flow to pass from its system. We will examine in what degree is it possible to achieve its purposes and what influence does this have to the system operation.

3.3.2 Implementation

To achieve the aforementioned using the Matlab functions that we already have, we do the following :

We will be solving the optimization problem of minimizing the sum of the absolute values of  the flows entering or leaving bus D, which is equivalent to minimize the flow passing from D.
We use the objective function  
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 , which minimizes the sum of the absolute values of the line power flows. However, we add some additional constraints in order to fit it to the particular case. So, we take the sum of only three lines; lines 4, 6 and 7 while totally neglecting the flows on the other lines, which is equivalent to minimizing the flows passing from D. This is easily implemented by setting to 0 the coefficients of the other lines inside the optimisation procedure and keeping to 1 only the coefficients of the lines we are interested in. Furthermore, we constraint the other phase shifter(s), apart from this/these that belong to D to keep their angle(s) constant and equal to 0 degrees (we will compare our results to the base case where all PST angles are equal to 0).
3.3.3
Results

The results of table 3.3.2 were obtained :

	PST owned by bus D
	None
	PSTs 2 and 3
	Only PST 2
	Only PST 3
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	Line
	P(MW)
	P(MW)
	P(MW)
	P(MW)

	1
	  437.9807
	451.0591
	480.3317
	415.3563

	2
	  248.6911
	267.9152
	328.8344
	197.7099

	3
	  416.4988
	618.1965
	517.0905
	618.2040

	4
	  -25.9908
	5.2117
	92.2310
	-97.5194

	5
	  189.5412
	183.4883
	152.0343
	217.7522

	6
	  222.5577
	-4.3499
	4.9421
	99.4618

	7
	 -192.1658
	-0.8783
	-96.2803
	-0.9637


Table 3.3.2

As we can see from the table, in the base case 223 MW were passing through D. By using both the possible phase shifters, thus having absolute control on the node D, the operator of D manages to eliminate the power flow from its system (the just 5 MW passing are due to the discrete nature of the phase shifters). Having only one PST in his possession he cannot of course obtain such perfect results but he manages in both cases to significantly ameliorate the situation for his own benefit (96 and 99 MW passing from his system with the use only of PST 2 and 3 respectively). 

Of course, in all cases the alleviation of the flow passing through bus D is done to the expense of the rest of the interconnected system. Take a look at lines 3 (in all cases) and 2 (in the case with only PST 2). Their power flow now is considerable higher. Generally, the control of one or more PSTs to achieve a specific result of “local” interest, such as the elimination of flows passing from bus D, will cause side effects to the rest of the system. Phase shifters do not generate neither absorb power, they just change redistribute its flow inside the system’s lines.

In figure 3.3.1 we present how is the power flow passing via bus D changing with respect to changes in the angles of PST2 or PST3. We observe that in both cases we have a minimum under which we cannot go down. The explication is that even if you try to eliminate the flow that passes from one line, maybe you may result in augmenting the flow that is passing from another line connected to the bus.

Of course with controlling both phase shifters, D has absolute control on the flow passing from the node, as controlling the power passing from two of the totally three lines results in controlling the power on the third line too (1st Kirchoff’s law).

[image: image217.emf]-25 -20 -15 -10 -5 0 5 10 15 20 25

0

100

200

300

400

500

600

700

power flow via bus D 

P (MW) 

versus the change in PST2 angle 

versus the change in PST3 angle 

phase shift of PST2, resp. PST3 (degrees) 


fig. 3.3.1

3.4
The PST fight

Let’s suppose now that Mr. D (we give this name to the operator of system D) owes PST 2 while Mr. E owes PST 3. We consider additionally that system E has most of its loads to the ‘south’ (i.e. from the side of D), so his operator prefers to receive the imported power from this side in order to avoid internal transmission losses.

Once again, starting from the base case where all PST angles are set to 0, we will firstly let E adjust its phase shifter to maximize its flow coming from the south, while in the continuity we will let D protect its own interests by using PST 2. We will examine the results of the aforementioned ‘competition’.

The way we implemented the idea is that in the beginning, keeping PSTs 1 and 2 constant and equal to 0, we minimize the power flow in line 3 (keeping it however more than 0) which consequently maximizes the power flow in line 7. Then we keep constant the value that we have found for PST 3 and we minimize the sum of absolute powers entering or exiting D, with only variable the angle of PST 2.

	PSTs involved
	Base case
	PST 3 by E
	PST2 by D and PST3 by E
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	Line
	P(MW)
	P(MW)
	P(MW)

	1
	437.9807
	482.3835
	556.9833

	2
	248.6911
	325.1200
	473.7396

	3
	416.4988
	115.8392
	294.8761

	4
	-25.9908
	90.5843
	303.9600

	5
	189.5412
	157.8281
	84.0636

	6
	222.5577
	415.6308
	15.0926

	7
	-192.1658
	-484.7838
	-309.4739


Table 3.4.1

Final results from the ‘competition’ : E receives 117 MW more from the south, while 87 more MW are passing from D. BUT other lines of the system (theoretically not participating to the problem) are loaded with considerable larger power flows, line 1 with +120 MW and line 2 with +225MW !

Illustration of the problem

The just presented example demonstrates a serious problem that may be encountered in the new deregulated, open market, environment, where different and independent participants, operating however in the same one interconnected system, have their own private devices and perform their own policies; a nefarious circle phenomenon may occur. 

Each PST owner may be using his device(s) to manipulate the power flows in a way it will be profitable to him. Other PST owners however may use their own phase shifters in order to cause the opposite effect, thus to alleviate the harm that the rest of the PST owners are causing to their system. Furthermore, some participants may choose to invest on the installation of more powerful PSTs in order to be able to force their rules onto the system. This will lead the rest of the participants to follow, installing also equally or even more powerful devices (for example with larger angle range, or installing a larger number of PSTs, we use the word ‘powerful’ in a general and abstract sense), trying to defend their interests.

As a result, we enter in a ‘cold war’ situation where each one tries to be more powerful than the other participants. This ‘PST fight’ leads only to economic disadvantages. The losses increase, while investments into new equipment are done without resulting in a change to the final result.

The aforementioned problem is not as much a technical one, as it is a matter of will to coordinate. The need of an independent and unbiased operator rises. Ideally, this operator should have the legal power to force its rules to all the participants, being responsible for the overall dispatching. In the European interconnected system for instance, such an independent operator would draw a kind of international dispatching. Apparently, some European countries do not agree with their system’s operation being “supervised” by a third.

An alternative would be to establish mechanisms that, by offering economic remunerations or charging for the problems caused, would give to the various participants incentives to operate in the desired way. As far as the European interconnected system is concerned, such rules should be set up by ETSO (Association of European Transmission System Operators) or UCTE (Union for Coordination of Transmission of Electricity). 

An interesting idea towards this direction is the one proposed in [15], where a methodology is presented for the phase shifter optimisation which leads to economic benefits in congestion management. The tap range of each phase shifter is split into two parts: one part is a range reserve to ensure a given MW margin on each interconnection and the remaining part is used to compute a tap position for each phase shifter such that the overall economic benefit is maximised. The phase shifter owners can be remunerated in proportion to their contribution to the increase of the overall benefit due exclusively to the optimal phase shifting. Similar economic mechanisms have been set up for Coordinated Auctioning [16].

3.5
Errors in the Sensitivity matrix

Until now we were using a very accurate S matrix, which was representing almost perfectly the system. Of course, the assumption that we may be able to have such a good S in practice is unrealistic as the sensitivity coefficients are calculated normally twice a day and of course, even if we suppose that the calculation is absolutely correct, the system configuration will change a lot during the day due to the load demand considerable perturbations, not to mention the possibility a contingency to occur. As a result, we are highly interested to know how sensitive our objective functions are to errors in the S matrix coefficients.

We will use the same system configuration that we have already used, with the exception that we add further capacity to line 7 in order to provide more feasible solutions to the functions and make the testing more efficient. Obviously, use of very low line limits will oblige the objective functions to give a specific, maybe unique, solution, while, on the other hand, very high limits will not let us observe the effect of the constraints to the several objective functions. We choose logically a median solution.

In tables 18 and 19 we show respectively the actual system configuration used during our experiments and the results obtained by the objective functions using the correct S.

	Bus
	Generation
	Load
	Line
	From-To
	PST
	X

(%)
	R

(%)
	Th. Capacity (MW)

	A
	1800
	1000
	1
	A-C
	no
	0.5
	0.05
	500

	B
	1600
	1000
	2
	B-C
	no
	0.5
	0.05
	1000

	C
	0
	300
	3
	B-E
	no
	0.5
	0.05
	500

	D
	0
	400
	4
	C-D
	no
	0.5
	0.05
	500

	E
	0
	700
	5
	A-B
	1
	0.5
	0.05
	1000

	
	6
	B-D
	2
	0.5
	0.05
	500

	
	7
	E-D
	3
	0.5
	0.05
	700


Table 18
We will add random noise to the S matrix coefficients and compare the results with the just presented ones which correspond to operation with the correct S. Furthermore we will test how do the functions react in case of using an S that corresponds to a slightly different topology than the actual one.
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	line
	P (MW)
	P (MW)
	P (MW)
	P (MW)
	P (MW)
	P (MW)

	1
	468.3188
	473.4945
	490.6732
	  157.6049
	463.5027
	  241.4355

	2
	93.7332
	103.8746
	-1.5482
	  285.1670
	118.5393
	  355.8412

	3
	529.6171
	489.7000
	496.8332
	  498.9987
	499.6137
	  470.5544

	4
	250.6715
	265.6126
	177.0886
	  137.4564
	270.5906
	  288.0262

	5
	374.9095
	369.9994
	354.2002
	  700.1913
	379.9292
	  611.4703

	6
	344.5585
	369.5801
	452.6988
	  491.3640
	354.5578
	  366.3242

	7
	-184.4140
	-222.3001
	-215.5276
	 -213.4597
	-212.8784
	 -240.5206


Table 19

3.5.1 Noise in the S coefficients

For each objective function we perform a large number of simulations, each time adding random noise to the correct values of the S coefficients. We present the statistical distribution that we obtain after each set of simulations.

A. We add noise 
[image: image225.wmf]20%
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 normally distributed around each S matrix coefficient. The noise added to each coefficient is independent from what is added to another one. Like that we produce a new incorrect S which is related to the correct one as following: 
[image: image226.wmf]=+

noisycorrect

SSN

, where N is the matrix with the noise percentages (normally distributed numbers between -1.2 and 1.2).

For each objective function we run 1000 times the optimisation procedure, each time using a randomly created new noise matrix N and we collect the results for the line active power flows. For each line we calculate the mean power flow that result from the wrong S matrices as well as the standard deviation (Std) too, in order to understand how sensible are the results to the errors. Furthermore we calculate what we call acceptance which is the percentage of cases where the resulted power flows remain inside a region of 
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 around the power flows produced by the use of the correct S.

In the following we present the results obtained from the aforementioned experiment and in addition we provide the histogram of the distribution of some lines’ power flows in order to visualise the results and to point out some conclusions:

F1.
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	line
	correct P (MW)
	Mean P (MW)
	Std (MW)
	Acceptance (%)

	1
	473.4945
	474.9787
	4.4748
	100.0000

	2
	103.8746
	101.3114
	4.0823
	83.9000

	3
	489.7000
	494.4763
	6.1368
	100.0000

	4
	265.6126
	264.4875
	2.0466
	100.0000

	5
	369.9994
	368.4784
	4.4843
	100.0000

	6
	369.5801
	365.9010
	4.8112
	100.0000

	7
	-222.3001
	-217.7608
	5.8322
	100.0000


Table 20

From the table we get the impression that this function works perfectly under the error case. We provide also the histograms of lines 2 and 3, the ones that seem to be the most affected by the errors in S. 
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fig 3.5.1
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fig 3.5.2

We can see that in the majority of cases the result remains practically unaffected from the error, while even in the rest of cases the difference is not large. In fact, we find out that the objective function results only in some specific angle settings as solution, that is why we get this kind of histogram. It is quite expected to take such behaviour from this function as its only concern is to move the phase shifters as little as possible, just to keep the system into the feasible region. The S matrix is used just to predict whether a set of PST angles will result in the system being in that region or not. The difference of F1 compared to the rest, which we present just above, is that by its nature it does not move the system far from where it is already (it gives just a slight or even not at all change in the PST angles), so it cannot produce very diverse results because of the errors.

F2.
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	line
	correct P (MW) 
	Mean P (MW)
	Std (MW)
	Acceptance (%)

	1
	490.6732
	465.9455
	35.3366
	74.2000

	2
	-1.5482
	2.0503
	22.5569
	6.5000

	3
	496.8332
	498.6379
	12.2597
	99.8000

	4
	177.0886
	157.0527
	42.0031
	49.2000

	5
	354.2002
	379.6112
	36.2563
	66.0000

	6
	452.6988
	471.6835
	40.8671
	75.9000

	7
	-215.5276
	-213.8163
	11.6413
	93.5000


Table 21

In this case we see that for some lines the results vary considerably while others are less affected by the errors. We ignore line 2 in which in any case the result remains a flow around 0 Mw and in figures 3.5.3 and 3.5.4 we present the histogram of the distribution for lines 4 (the most affected) and 3 (according to the statistics very little affected).
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fig 3.5.3
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fig 3.5.4

We see that in the case of line 4 the results may differ seriously from the expected (considerable amount of cases where the power flow arrives down to 100 MW instead of the “correct” 170) while in the case of line 3 the results are smoothly distributed around the expected one (almost all cases inside a 
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 from the correct one) without high frequency of extreme divergences. For the rest of the lines the results are something between those of line 4 and those of line 3. What is quite disappointing is that in some lines the mean value of the results differs not negligibly from the value of the correct power flow. For instance, in line 4 we obtain a difference of 20 MW, that is to say 11% from the correct, while in line 5 a difference of 7%.

F3.
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	line
	correct P (MW)
	Mean P (MW)
	Std (MW)
	Acceptance (%)

	1
	463.5027
	469.9315
	24.7111
	97.5000

	2
	118.5393
	105.0581
	44.7516
	21.3000

	3
	499.6137
	496.2318
	8.4780
	99.9000

	4
	270.5906
	263.2579
	36.6177
	54.2000

	5
	379.9292
	373.8133
	24.7836
	85.7000

	6
	354.5578
	365.5008
	34.4323
	72.7000

	7
	-212.8784
	-216.0939
	8.0683
	96.2000


Table 22

Looking at the statistical results of table 22 it is clear that function F3 reacts better to noise than F2. In figures 3.5.5 and 3.5.6 the distribution of the results obtained for lines 2 and 3, the most and the less affected respectively, are presented.
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fig 3.5.5
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fig 3.5.6

The results for line 3 are really good, we do not have large deviation while the majority of obtained solutions rest very close to the correct one. On the other hand, for line 2 the results deviate a lot around the correct value, showing its very high sensitivity to errors in S. What is comfortable however is that the resulting solutions approximate a lot to the normal distribution with a mean value (105 MW) not far from the correct one (118 MW). This is a general remark for function F3, even if in some lines we take a considerable amount of results that are far from the expected one, at least the mean value is always very close to the correct value of power flow. This is a characteristic that will be exploited further on in the project.
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	line
	correct P (MW)
	Mean P (MW)
	Std (MW)
	Acceptance (%)

	1
	157.6049
	286.7804
	133.8206
	43.5000

	2
	285.1670
	161.6125
	153.7583
	47.0000

	3
	498.9987
	502.7089
	13.4912
	98.4000

	4
	137.4564
	140.8966
	66.3913
	47.2000

	5
	700.1913
	565.9329
	139.7495
	47.9000

	6
	491.3640
	484.5536
	73.5964
	94.4000

	7
	-213.4597
	-209.9460
	12.7961
	92.9000


Table 23

From table 23 we may already observe that the results obtained for F4 are completely disappointing. In most lines (apart from 3 and 7) the Standard Deviation is so high that does not leave us any hope for something good. We present the histograms that derived for lines 5 and 2 in order to show some interesting information about what is happening.
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fig 3.5.7
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fig 3.5.8

We observe that the results are divided into different “groups” of solutions. There is always a group around the correct one, but we also receive very high percentage of solutions that have no relation to what we would like to obtain. Even with less error in the S coefficients the situation does not change considerably, as we have observed from further tests. This characteristic makes the function almost impossible to be used in real applications as if one thing is sure for them is that we will never have a completely correct model of the system.

Hopefully the function that showed the aforementioned characteristic had been already disapproved for other reasons also (see section 3.2.4), so we do not “loose” something really important (.

F5.
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As already highlighted, function F5 combines a series of very advantageous characteristics, such as distribution of the control effort among the PSTs and equal respectively to their capacity loading of the lines, and thus it seems to implement a profitable way of controlling the system. For this reason we are highly interested in finding out how does it react in case we do not have in our disposal the exact model of the system.

	line
	correct P (MW)
	Mean P (MW)
	Std (MW)
	Acceptance (%)

	1
	241.4355
	247.4740
	27.1331
	61.5000

	2
	355.8412
	344.9711
	64.9772
	41.5000

	3
	470.5544
	469.3213
	22.8357
	95.3000

	4
	288.0262
	283.1883
	45.2749
	46.7000

	5
	611.4703
	605.3679
	29.7731
	95.5000

	6
	366.3242
	372.6776
	34.8341
	72.0000

	7
	-240.5206
	-241.7214
	21.7817
	76.2000


Table 24

From a first view, we notice that we have a non negligible variation in the results, but hopefully their mean value is always very close to the correct one. 

In figure 3.5.9 we present as usual the histogram of the most and less affected lines, 2 and 5 respectively. Both of them have they same, close to the normal distribution, form. However, a look in the horizontal axis reveals that while in line have the vast majority of cases is kept around the correct value of 610 MW (almost all inside the 
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), in the case of line 2 considerable amount of received solutions abstain even a 
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 from the correct one. The case is similar for the rest of the lines whose distribution is something between the two extreme cases presented.

Also, and this is quite an important aspect, by making the same simulation procedure with less noise in the S matrix the results ameliorated in a considerable degree. As we are highly interested in knowing up to which degree of noise we may use satisfactorily the function, in table 24 we present a comparison of the results obtained with a noise of 20% to those obtained with a noise of 10%.

	line
	correct P (MW)
	Mean P (MW) 20% err
	Mean P (MW) 10% err
	Std (MW) 

20% err
	Std (MW) 

10% err
	Acceptance (%) 

20% err
	Acceptance (%)

10% err

	1
	241.4355
	247.4740
	  243.0554
	27.1331
	   14.3452
	61.5000
	   91.9000

	2
	355.8412
	344.9711
	  351.5978
	64.9772
	   34.5780
	41.5000
	   66.9000

	3
	470.5544
	469.3213
	  474.1668
	22.8357
	   14.0730
	95.3000
	  100.0000

	4
	288.0262
	283.1883
	  285.4545
	45.2749
	   23.9470
	46.7000
	   74.4000

	5
	611.4703
	605.3679
	  609.7089
	29.7731
	   15.9402
	95.5000
	  100.0000

	6
	366.3242
	372.6776
	  365.3205
	34.8341
	   17.1863
	72.0000
	   97.7000

	7
	-240.5206
	-241.7214
	 -237.0884
	21.7817
	   13.4090
	76.2000
	   95.2000


Table 24
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fig 3.5.9

General Overview and Remarks

From the just presented experimental analysis, some useful results may obtained as to the sensitivity of our several optimisation functions with respect to errors in the model they are using.

First of all, we should remark that F1 turned out to be extremely robust to the aforementioned errors. This is explained partially by the fact that by its nature the model does not affect very much the solution (we refer to the PST angle settings that result from the function) and partially by the fact that even if we obtain a wrong solution it will be very close to the correct one (as they will both be somewhere around the current operating point) and thus will have a slight influence on the values of the power flows. As mentioned in section 3.2.4 this function could be used in case we are just interested in alleviating an overload. However, as the function lets the power flows exactly on their limits it is imposed that we will have restricted it by some artificial line limits, some lower than the actual ones. In this concept we may be sure that function F1 will perform perfectly even with the use of a noisy S matrix.

On the other hand, this is not the case for the rest of our functions. The fact that they use an incorrect S, thus an incorrect model for the system, means that they are performing their calculations for a system different, but more or less (depending on the error in S) similar to the actual one. So it is of course impossible for the solution not to be affected at all, but what we are principally interested in is not this much the absolute accuracy but mainly to rest close to the correct solution.

In this aspect, as had been forecasted (see section 3.2.4), the two quadratic functions, F3 and F5, are proven to be more robust than the linear ones, F2 and F4. Their advantages are consisted by the fact that they result into smaller deviations around the mean value, but also by the fact that their mean values are closer to the correct power flows than those of the linear functions while the distributions are closer to the normal one. In the second part of the project we will exploit this characteristic of F5; to stay averagely around the correct value with respect to errors in the system’s model.

The greater effectiveness of the quadratic functions may be explained by the fact that they share the control effort among all the control variables (PST angles) of the problem, while the linear ones prefer to put the effort on the apparently most efficient variables. As a result, errors in S may result in changing the order of what movements are considered to be more efficient and, thus, in leading the optimisation procedure into wrong results.

3.5.2 Different topology

We will check how do our functions react in case that the S matrix used corresponds to a different from the actual topology. For this, we suppose a loss of one of two parallel lines joining two buses. In practice this means doubling of the reactance X between the concerned buses. (It also means of course dividing by two the line’s thermal capacity but we will not take that into account in order not to change the problem so that the results rest comparable.)

In the test we will perform, the actual state of the system is the one shown in table 18 with the only difference that line 4 has double reactance and resistance. In table 25 we present the new system configuration.

	Bus
	Generation
	Load
	Line
	From-To
	PST
	X

(%)
	R

(%)
	Th. Capacity (MW)

	A
	1800
	1000
	1
	A-C
	no
	0.5
	0.05
	500

	B
	1600
	1000
	2
	B-C
	no
	0.5
	0.05
	1000

	C
	0
	300
	3
	B-E
	no
	0.5
	0.05
	500

	D
	0
	400
	4
	C-D
	no
	1.0
	0.10
	500

	E
	0
	700
	5
	A-B
	1
	0.5
	0.05
	1000

	
	6
	B-D
	2
	0.5
	0.05
	500

	
	7
	E-D
	3
	0.5
	0.05
	700


Table 25

We will compute the optimal PST angle settings two times, one using the S matrix that corresponds to the system of table 18, and another time using the correct one, the S that corresponds to the actual system’s configuration, described in table 25. For both cases we order the obtained PST angles to the correct system and observe the power flows obtained.

In table 26 we present the correct results obtained for the system of table 25, while in table 27 we present the error occurred from the results obtained by using the wrong S compared to the correct ones.

	Objective function
	no
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	line
	P (MW)
	P (MW)
	P (MW)
	P (MW)
	P (MW)
	P (MW)

	1
	444.0023
	  450.1841
	  491.0407
	  146.0517
	  478.6455
	242.0878

	2
	42.4776
	   54.2422
	   -2.4880
	  294.2148
	  110.1588
	352.7015

	3
	555.5224
	  491.6028
	  497.5578
	  500.2207
	  498.8637
	472.7799

	4
	176.5596
	  194.1429
	  176.4937
	  134.8650
	  276.7341
	285.6349

	5
	401.6290
	  396.0902
	  355.5122
	  713.8413
	  368.9147
	615.1885

	6
	395.5976
	  442.4035
	  454.1316
	  493.7598
	  353.0867
	370.7283

	7
	-159.9197
	 -220.5032
	 -214.8313
	 -212.2991
	 -213.5799
	-238.4001


Table 26
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	line
	error (%)
	error (%)
	error (%)
	error (%)
	error (%)

	1
	 -0.56
	-3.52
	     -0.96
	 -8.67
	-11.91

	2
	 -8.64
	 1411.00
	    -12.72
	     -42.66
	-15.96

	3
	  5.19
	 3.54
	  2.61
	   5.75
	   5.79

	4
	 -3.64
	    -29.25
	    -28.02
	 -31.14
	-28.93

	5
	  0.54
	 5.01
	  0.18
	  10.78
	   4.37

	6
	 -4.24
	 7.62
	  5.18
	  16.01
	  14.59

	7
	     -10.99
	-7.79
	      -5.84
	 -12.73
	-10.93


Table 27

Chapter 4.  Introduction

4.1
Purpose of this 2nd part

In the previous part of the report we discussed how, nowadays, due to the advent of deregulation, systems are operated under more and more increasing stress with all market participants having open access to the transmission network. We showed that phase shifting transformers may be used to facilitate the access to the network and alleviate the loading of its lines, while, on the contrary, non-coordinated use of them may lead to uneconomic, or even dangerous, operation of the interconnected system.

We will now proceed with the implementation and presentation of a controller which meets a twofold objective, focusing both on preventive and corrective aspects. Namely, the objective is to keep the system far from its limits during normal operation, and to alleviate any line overload that may occur following some disturbance.

To this purpose, the controller uses the PSTs in a coordinated way, as this has been proven very convenient in manipulating the active power flows.

4.2
What we intend to do

As just specified, a real-time controller has been designed and implemented in the second part of this project. The controller is taking as inputs the actual values of the active power flows and provides as outputs an order for one or more phase shifters to move by one step, or more if technically possible and optimally desirable. The direction of the movement is obviously also ordered, while of course it is possible to have no movement at all.

The purpose of the controller is to keep the system’s operation inside a specified region, with regard to the values of the line power flows, when it is operating in a normal safe state, and to be able to bring the system back inside the feasible safe region if an emergency occurs.

It is based on the use of a system’s model, in the form of a sensitivity matrix, which allows to predict what influence the changes in the PST angles will have in the system’s power flows. In this concept, again by minimization of objective functions, the controller orders PST movements in order to achieve specified goals involving line active power flows.

In addition to what we have examined until now, in the designing of the controller we are highly interested in the effect that the dynamic, step-by-step, movement of the PST angles towards the desired values, has on the system’s operation. That is to say, we should take care that the phase shifters are moving as quickly as possible towards the desired angles, but ensuring at the same time that their movement does not cause undesirable line overloads.

Finally, the controller is designed taking into consideration the objective to be robust with respect to errors in the values of the sensitivity coefficients we are using. To this purpose, a mechanism is implemented that updates, in real-time, the S matrix coefficients using measurements collected from the system’s operation history.

Summarizing, we design a controller with the following objectives:

· Operate the system while keeping the lines loaded as conveniently as possible with respect to their thermal limits (in the latter we clarify what may be ‘convenient’ or not).

· Alleviate as quickly as possible overloads that may occur after a disturbance.

4.3
Operation of the controller, or, how we intend to do it

The principle on which the controller is based, is the separation between the calculation of the angle settings we would like to reach and the implementation of the required phase shifter movements to achieve the calculated goal.

In a first step, the controller, having received the current, measured, values of the line active power flows, calculates the PST angles that will lead to an optimal operation of the system according to an objective function. The idea is the same as that presented in the first part of the report, i.e. an optimisation procedure finds the values of the PST angles which minimize an objective function. We remind the reader that in order to represent the electric system, inside the optimisation process, we use the S matrix in addition to a starting operating point 
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 as a relation to PST angles 
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 are taken by the following equation, as already explained in section 2.1:
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The choice of the objective function to be minimized depends on the strategy the operator wants to use for controlling the system and does not influence the rest of the control procedure as will be shown later on.

The second step of the control procedure has to do with how the already found desirable PST angle change will be practically implemented considering the restrictions that the phase shifting transformer, as a mechanical device, imposes. Having calculated a set of “target” PST angles where we would theoretically like to ‘jump’ immediately, we need to determine a way to move the phase shifters towards this target, given the fact that the aforementioned ‘jump’ is practically impossible.

Here, we will open a parenthesis and discuss briefly why we cannot expect an immediate angle jump. In the particular case we are examining, a jump in the angle is technically impossible due to the mechanical way in which the device operates. A phase shifter is commonly able to change its angle gradually, step-by-step, with an intermediate time of approximately 5 seconds, varying of course with the quality of the equipment. Moreover, even if we suppose that we implement the phase angle control by using FACTS devices, in which case we will not have technical constraints in making big jumps, this kind of operation would be in any case unacceptable because of the very severe transients that immediate changes would cause to the system. As a result, the restriction of not being able to enforce large angle changes to the phase shifters will still hold time even if future development of the equipment alleviates its technical aspect.

The question now is how to order the phase shifters’ movement in order them to arrive to the desired angles. Given the fact that we want of course to arrive there as quickly as possible (as we do not want to operate sub optimally the system for a long period of time), the obvious solution is to just move all the phase shifters at the same time, each of them in the proper direction, until they arrive to the desired angle. Of course each one arriving will stop its movement and “wait” for the others to arrive. However, the aforementioned technique ignores an important aspect of the problem. It does not guarantee that the system’s operation will remain inside the feasible region (i.e. no power flow violating its line’s limit) during the passage from the current to the desired settings.

Even if we start moving the PST angles in the “right” direction checking at the same time that each movement does not violate the thermal capacities of the lines, we may possibly arrive to dead ends from were no further movement will be permitted, except of course taking back some movements (i.e. do reverse PST movements to return to previous system’s operating points). 

This is the reason why we implemented a controller that “looks further in the future” of the system. The idea is to find a sequence of PST angles’ movements that leads the system as quickly as possible to its optimal operation without violating at any time the line limits. To this purpose we rely on a formulation inspired of Model Predictive Control. This technique, widely used in Chemical engineering for instance, is roughly summarized in the next chapter.

Chapter 5.  Model Predictive Control

5.1
What is Model Predictive Control

We refer to Model Predictive Control (MPC) as that family of controllers in which there is a direct use of an explicit and separately identifiable model. Control design methods based on the MPC concept have found wide acceptance in industrial applications and have been studied by academia. The reason for such popularity is the ability of MPC designs to yield high performance control systems capable of operating without expert intervention for long periods of time [22].

Model Predictive Control (MPC) or Receding Horizon Control (RHC) is a form of control in which the current control action is obtained by solving on-line, at each sampling instant, a finite horizon open-loop optimal control problem, using the current state of the plant as the initial state; the optimisation yields an optimal control sequence and the first control in this sequence is applied to the plant.

This is its main difference from conventional control which uses a pre-computed control law. With the clarity gained by hindsight, it can be recognized that the raison d’être for model predictive control is its ability to handle control problems where off-line computation of a control law is difficult or impossible, although other features, such as its capability for controlling multivariable plants, were initially deemed more important. In fact, it is the ability of MPC to handle constraints that makes it so attractive to industry [23].

The essence of MPC is to optimise, over the manipulable inputs, forecasts of process behaviour. The forecasting is accomplished with a process model, and, therefore, the model is the essential element of an MPC controller. As discussed subsequently, models are not perfect forecasters, and feedback can overcome some effects of poor models, but starting with a poor process model is akin to driving a car at night without headlights; the feedback may be a bit late to be truly effective [24].
Model Predictive Control (MPC) techniques provide a methodology to handle constraints in a systematic way during the design and implementation of the controller. Moreover, in its most general form MPC is not restricted in terms of the model, objective function and/or constraint functionality [22].

5.2
Historical Background

The current interest of the processing industry in MPC can be traced back to a set of papers which appeared in the late 1970s. In 1978 Richalet et al. [25] described successful applications of "Model predictive Heuristic Control" and in 1979 engineers from Shell [26] outlined "Dynamic Matrix Control" (DMC) and reported applications to a fluid catalytic cracker. In both algorithms an explicit dynamic model of the plant is used to predict the effect of future actions of the manipulated variables in the output (thus the name “Model Predictive Control”). The future moves of the manipulated variables are determined by optimisation with the objective of minimizing the predicted error subject to operating constraints. The optimisation is repeated at each sampling time based on updated information (measurements) from the plant.

Thus, in the context of MPC the control problem including the relative importance of the different objectives, the constraints, etc. is formulated as a dynamic optimisation problem. While this by itself is hardly a new idea, it constitutes one of the first examples of large-scale dynamic optimisation applied routinely in real time in the process industries.

Even earlier, Propoi (1963) [27] proposed the moving horizon approach which is at the core of all MPC algorithms. It became known as “Open Loop Optimal Feedback”. The extensive work on this problem during the 1970s was reviewed in the thesis by Gutman (1982) [28]. The connection between this work and MPC was discovered by Chang and Seborg (1983) [29].
An excellent review on the literature regarding to MPC may be found in [22].

5.3
The model

We will briefly present the model of a MPC implementation.

Nowadays in the research literature MPC is formulated almost always in the state space. The system to be controlled is described by a linear discrete time model.
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 denote the state and control input, respectively.

A receding horizon implementation is typically formulated by introducing the following open-loop optimisation problem (see Garcia, et al., (1989)).
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 denotes the length of the prediction horizon or output horizon, and 
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 denotes the length of the control horizon or input horizon. (When 
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, we refer to this as the infinite horizon problem, and similarly, when 
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 is finite, we refer to it as a finite horizon problem). For the problem to be meaningful we assume that the origin 
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 is in the interior of the feasible region. 

Equations. (1)–(3) define a quadratic program for which many algorithms and commercial software exist. Let 
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 subject to the system dynamics (Eq. (1)) and the constraint (Eq. (3)). A receding horizon policy proceeds by implementing only the first control 
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. The rest of the control sequence 
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 is used to update the optimisation problem (Eq. (2)) as a new initial condition. This process is repeated, each time using only the first control action to obtain a new initial condition, then shifting the cost ahead one time step and repeating, hence the name receding horizon control. In the special case when 
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 as defined in (Eq. (2)) [30].

5.4
Robustness

While the problem has been studied and is now well understood, the outcome of the research is conceptual controllers that work in principle but are too complex to employ. Further research is required to develop implement able robust model predictive controllers [23].

Chapter 6.  Implementation of the controller

6.1
General Overview

In the development of the chapter we will explain, part after part, in detail, the way the controller is operating. Before that we present an overview of the controller’s algorithm so that the reader can make up his mind about our objectives and the relationships between the various components.

Every 
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 seconds the controller reads the active power flows measured by equipment installed on the lines. The sampling period 
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 is the time needed, once calculated the new PST angles, 1. to send the changing order (the PSTs are distributed inside the system, while the control is central), to have the order implemented by all PSTs, 3. to wait the transient phenomena to vanish and of course 4. to collect all the power flow measurements to the control centre. This time is typically around 10 seconds.

Having the present values of the active power flows, we may now check in which kind of operation we are found : safe-state or emergency ? This is précised respectively by whether all lines are loaded under their security limits or if at least one’s power flow is more than its MW capacity. With respect to which of the above two possibilities is the case, we go on with a different control policy. In the first case our objective is, as aforementioned, to operate “optimally” the system and this will be discussed just below, while in the second case the objective is to bring the system to the safe state.

Both the control policies result in calculating a set of PST angles movement that is expected to lead the system’s operation closer to the policy’s goal. This movements are then sent as command to the several PSTs where they are actually implemented.

Now we reread the new power flows and the loop is continuing infinitely in such way.

6.2
Safe-state operation

The heart of the safe-state mode algorithm is the separation of the problem into a static and a dynamic part, with the first referring to the calculation of the PST angles where we would like to arrive and the second to the way we will actually implement this transaction. The parts follow strictly each other, the second always after the first (which is indeed the reason why we call them like that), as for the calculation of the path (discrete step changes in phase shifter angles) the knowledge of the final objective is required.

We present the functioning of the two parts.

6.2.1
Calculation of the desired PST angles

Until now we were mystically referring to an abstract “convenient loading of the lines”, to a “specified region, with regard to the values of the line power flows” inside which the system should be kept, to the willing to operate “optimally” the system. It is time to clarify all these.

As we have mentioned, inside the controller two different and independent control policies are implemented. This is the part where the first of them takes action, the one that regulates the controller’s functioning when the system is inside the feasible region of operation.

The idea remains the same as what we have presented in the first part of the project. An optimisation problem is solved, using as model of the system the S matrix and having as constraints the limits of the lines’ loading and those of the PSTs’ maximum and minimum angle settings. The chose of the objective function to be minimized inside the optimisation problem corresponds to the control strategy we aim. For example, the use of the objective function F2 from the ones of the previous part would mean that the controller is trying to minimize the total power transfer in the system by loading mainly the most important, with respect with the fact that they join directly loads with generations, lines of the system.

In our case we decided to try to keep the system’s lines as equally far from their limits as possible. Ideally we would like them to be loaded in proportion to their capacities. The implementation of this strategy, on the one hand satisfies security criteria as no line is operating close to its limit, while on the other hand increases the power transfer capability inside the system for the reason that all lines have an exploitable margin before arriving to their limits.

The above idea is implemented by minimizing the objective function F5 from the ones tested in the first part of the project, which was proven to satisfy our just mentioned operation criteria.

It is important to notion that the desirable PST angles do not have to come out from the solution of an optimisation problem. This part is responsible to provide these angles to the continuity of the controller’s algorithm. It is an interface that takes as inputs the current power flows and PST angles as well as the current configuration of the S matrix (on the latter we will show how this is dynamically changing) and provides as outputs the new optimal setting of the PST angles. The exact way this output is calculated is an internal subject of this interface and does not interact with the rest of the controller’s actions.

An interesting amelioration of our implementation would be to add some contingency analysis to this part of the controller so that the calculated angle setting would have taken into account the notion of protecting preventively the system from an overload in case that a predetermined possible contingency occurs.

6.2.2
Path determination or “Assimilation of the MPC notion”

The second part of the safe-state control is responsible to implement in practice the suggestion about the PST angles that has derived from the first part. In other words, at each time step, to provide a command to each phase shifter that can be realized from the part of the machine as a possible movement of its angles.

Having already discussed the problem of finding the quickest but in the same time feasible way to implement the aforementioned movement (see section 1.3) we proceed directly to the solution we gave to this problem.

Model Predictive Control introduces a very convenient for our case way of handling the problem. The idea is that we do not just look at what seems to be right-now the best movement via the objective final angle setting, but on the contrary we face the problem as a finite horizon sequence of PST movements via the desired direction. The sequence being calculated, we implement only its first step.

From the previous part we have in our disposal the vector of the PST angles where we aim to arrive and which from now on we will call it 
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 is equivalent to trying to minimize the difference between our present 
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 from the 
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. When this difference is equal to zero, it means that we have accomplished our objective. However, in general, the horizon inside which we are calculating the path is not sufficiently long for the angle sequence to arrive until the 
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, so the objective function we are using (as we will solve the above in the form of an optimisation problem) gives the sequence that approaches most to the final goal 
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The optimisation problem is given by the following formulation :
Objective function :

F6.
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Inequality  constraints :
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Equality  constraints :
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where :
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, horizon’s length
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, vector of PSTs’ maximum movement capability

The control variable is the vector of all PST angle movements 
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 length. However, as already mentioned, from the solution we just keep the first 
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The selection of quadratic objective function was made mainly to provide more equally distributed change of the PSTs, thus smoother changing of the power flows. We want to penalise more the angles that are far away from the desirable values in order to bring them quickly near to the objective. Due to the continuously changing loads of the system and to the relevant uncertainty of out model (S matrix), it is more accurate to consider the 
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 as a pretty much good value around which we should operate the system, than as the absolute perfect objective. That is why we are more interested in those angles of the 
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 vector that are more far from the 
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. We do not however consider this selection too important as, in general, we attend the controller to lead all the angles simultaneously via the 
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 when this is permitted by the constraints of the problem.

6.3
Emergency operation

We will now see how we handle the emergencies. In case of a (or more) line overload(s) the controller has to be able to work in a corrective way in order to alleviate the overload(s).

The problem here is completed separated from the previous one. We just do not care to find a set of PST angles that lead to an optimal distribution of the power flows. The only concern is to use the PSTs’ power redistribution capability in order to alleviate the overload(s) and return to a safe-state operation.

For this reason we totally ignore the power flows in the non-overloaded lines and we use the phase shifters to decrease the power flow in the overloaded ones. Our only concern about the rest of the lines is actually to keep them inside their limits, that is to say that we do not want, trying to alleviate an overload, to cause another one in another position of the system. Once the overloaded line(s) return into the feasible region, the controller will turn for one more time to the safe-state control policy and will gradually lead the system to optimal operating mode.

To achieve the aforementioned goal we implement the following trick. We solve an optimisation problem where we minimize the sum of squares of the overloaded lines divided by the line’s capacity. The choice to divide by the line’s capacity is obviously justified by the need to take into account the how far from its limit is a line overloaded, while the choice of squares is made in order to favour the more overloaded lines, as they are in a more emerge situation. The control variables, with respect to which is done the minimization, are the movements of the PST angles 
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 (and not the PST angles 
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 themselves). Inside the optimisation  we keep as constraints the limits of the non overloaded lines, in order them not to be overloaded, but we ignore the limits of the already overloaded ones. Otherwise the problem would have generally been infeasible as nobody guarantees that the overloads will be alleviated by just one PST movement. In any case, the limits of the overloaded lines are actually treated inside the objective function. The MPC concept is used also here.

Thus, the optimisation problem is given by the following formulation :
Objective function :

F7.
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Inequality  constraints :
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Equality  constraints :



[image: image327.wmf]1

kkk

pp

f

-

=+D

S



[image: image328.wmf],1,...,

km

=








[image: image329.wmf]11

kkk

fff

--

=+D



[image: image330.wmf],1,...,

km

=


where :
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, horizon’s length
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, the subset of overloaded lines
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, the subset of non overloaded lines
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, vector of PSTs’ maximum movement capability

Although the choice of the objective function to be minimized seems to have a stupid objective as in long term basis it seems that it tries to make zero the flows of the presently overloaded lines, in practice this is not exactly the case. As our immediate control power is limited by the PSTs’ maximum moving capability, the lines are gradually unoverloaded step after step. However our controller’s algorithm checks before each step if we have any overloaded lines and which are them. So, when an ex-overloaded line enters back into its safe region after a successful movement of the PSTs’ angle settings, in the next control step it will not anymore be treaded as overloaded and, supposing that there are also one or more other overloaded lines, consequently, its power value will not be added inside the objective function F7, while its capacity limit will become a constraint of the optimisation problem. In this way the controller brings all the lines back to their safe region, but exactly on its limits. From now on is the safe-state control policy (see section 3.2) that will remove further the lines’ loadings from their limits.

6.4
Mention to the “oscillation problem”

We remind to the reader that we are handling discrete variables, the PST angles, while the optimisation procedures are made for continuous ones. As a result, the answer obtained after an optimisation procedure cannot be implemented as it is, thus we take care to discretise it. So, although inside the optimisation procedure F7 the solution cannot overload none of the rest of the lines, during the discretisation which we do after in order for the solution to be meaningful and implementable (what for example means a 0.4 movement of a PST?) it is possible that we lead a line to a very light overloading. In the next step the controller will alleviate the overload but we may return to the previous situation, from where we will take the same optimisation solution, we will do the same discretisation etc. getting into an infinite loop of oscillations.

To avoid such thing to happen, we check the history of the operating points, which in any case we keep as we use it to correct the S matrix as shown later, and if we discover the existence of such oscillations we artificially augment slightly the line limits in order for the system to get definitely into the feasible region, from where it will be leaded away from the limits as described in section 3.2. The augmentation of the line limits rests only for a few time steps and then we re-establish the actual ones.

The aforementioned problem is quite improbable to occur in reality as the loads are changing continuously so same PST angles will not generally lead to same power flows. However, as we faced it during our experiments (only in the begging where we were not simulating an actual dynamic system but we were just running the controller under a discrete series of different system configurations) and we had implemented the described solution, we let this aspect in the controller “just in case”.
6.5
Robustness

After having described the control procedure with all its aspects, we arrive to the most critical point of the implementation which will make the difference for the controller between actually working or not.

All our calculations in the several stages of the control sequence are based on the use of a model of the system which enables the controller to predict the effect that will have on the system each possible control action. As a result, use of a wrong system’s model will provide false information about the system’s response to PST movements and inevitably that will lead into ordering movements to the PSTs that do not bring the system to the desired operation, on the contrary they may even lead it to totally unacceptable operation, that is to say overloading of some lines.

So, the question that arises is, how can we keep our system’s model, in particular the S matrix, as correct as possible during the system’s operation and, furthermore, knowing that it is impossible to have continuously the exact correct S matrix coefficients’ values, how robust is the controller to errors in those values.

There are three places in the controller where we use the model of the system to predict its behaviour. The first two are in the safe-state part, in the calculation of the final, desirable PST angles settings (see section 3.2.1) and in the dynamic implementation of the movement path (see section 3.2.2), while the third is in the emergency handling (see section 3.3).

The second case, i.e. the ‘MPC’ implementation that moves the PSTs through the desired direction is little sensitive to the S matrix as it uses it only to find out whether some movements violate the constraints. The problem resembles to the sensitivity in errors of S of the function F1, which we discussed in section 3.4. Maybe, considerable errors in the S coefficients will lead the system to do some unnecessary movements or even to slightly violate some lines for a wile, but it will not cause severe problems to the system’s operation as the procedure will always be capable of leading finally the system to the operation point determined by the 
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 (which for the moment we consider to have calculated correctly).

This is not the case however in the first and third place in the controller where we use S. In both cases we are talking about actually the same function, the F5 from those we have tested in the first part of the implementation. In the safe-state case it is exactly the same as F5, while in the emergency one it just contains fewer terms and different limits for the control variables, as now they consist of the PST movements and not of the PST angles themselves. We have shown (see section 3.4) that this function is sufficiently robust in case of relatively small errors in the S coefficients, that practically correspond to different operating configurations of a system with a certain topology, while it does not succeed in giving good results when the errors become more severe, in practice this corresponds to changes of the system’s topology, for example line tripping.

From the above it comes up that in order to have a satisfactory operation of the controller we need to be keeping the S matrix more or less close to the correct one. However, and hopefully, there is no need to be absolutely correct. For this purpose, we are using the measurements that we have from the already implemented operating points, i.e. pairs of 
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 and 
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, in order to calculate on-line, periodically, the values of the S coefficients.

We use the same idea as we did in the first part of the project. We calculate each S matrix coefficient, corresponding to the change in a line’s active power flow derived from a change in a PST’s angle, as the division of the change in the line’s flow with the change of the corresponding PST’s angle keeping the rest PSTs’ angles constant (see section 2.1). In other words, in order to obtain useful information, we need a measurement of the power flows 
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 at a specific PST setting 
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 and a measurement of the power flows 
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 at another PST setting 
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, where all PSTs will have the same angle values except for one. From the above we can calculate a whole column of the S matrix, the one corresponding to the PST with the changed angle value, as following : 
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As the relation between the power flows and the values of the PST angles is pretty much linear, we exploit that in order not to be obliged to have big phase angle differences to perform the aforementioned calculation. Actually we use differences of 2 degrees as in the case of just 1 degree the change of the power flows due to the difference in the angles is not large enough so it is sensitive to noise. Of course if we could make the calculation for differences of more than 2 degrees it would be even better, but, as we will explain just above, it is practically difficult to have such cases.

The question now is how will we find such type of measurements. For each column, j, of the S matrix, we need two pairs of measurements, a 
[image: image344.wmf](

)

1

p

f

1

 and another 
[image: image345.wmf](

)

22

p

f

, where





  
[image: image346.wmf]21

kk

ff

=

        ,for  
[image: image347.wmf]1,...,&

s

knkj

=¹

,



  
[image: image348.wmf]21

2

kk

ff

=+

  ,for 
[image: image349.wmf]kj

=

.

We use two methods to find such cases, a random one and a more methodic one. The random tries to profit from each time that a situation like that arrives by chance during the controller’s operation. For this purpose, the controller checks at each time step the recent operating history to find points that fit to what is needed. The methodic one causes intentionally periodically the needed changes in the PSTs’ settings to obtain the necessary measurements. More precisely every certain amount of operating steps, the controller stops the control algorithm and moves one of the PSTs’ angle two degrees (if it is not possible to move directly two degrees it moves consecutively one and one) keeping the rest of them constant. Like that we obtain the necessary measurement to perform a column upgrading. After the time of the defined period of the methodic S matrix upgrading passes, we perform once more exactly the same thing but with another PST. Finally we arrive to having corrected all the S matrix coefficients, so we restart the procedure again from the first phase shifter.

The above implementation works perfectly in the unrealistic artificial case, which we created and simulated in a first testing step of the controller’s functionality, where we generally keep constant the loads and from time to time we perform whether a change in the generation – load distribution, or an emergency (ex. a line trip). In that case, as we will show in the demonstration of the results, the controller takes some time after each change to calculate the new S matrix and the it performs perfectly as it is using an exactly correct model of the system.

However, such kind of operation is totally artificial. In a real electric system loads are changing continuously (and of course the generation follows the load demand) around a base value which itself varies gradually during the day. So, there is no meaning in trying to have, not even in trying to define, an exact model of the system’s present situation. The idea is that we would like each time to have a model that describes, more or less but accurately enough to be able to perform predictions in the spirit of our objective functions, the present average situation of the system.

With the technique described until now, there is the problem that the measurements that we have for the point 
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do not correspond to the same system configuration as those that we already have for the 
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 as they have been taken in different instances and in the meanwhile the generation – load distribution in the system has changed, thus the power flows too. In order to face this inconvenience we do not base the S coefficients’ calculation just on the last set of measurements but we take into account the past too. In this respective, we calculate each S coefficient as the average among the last 
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 results that we already have collected. The depth 
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 should be neither too small, as then we will not be collecting a statistically sufficient set of measurements, but nor too large, as then we will be taking into account operating points that have nothing to do with the present configuration of the system. More details on this problem and its solution are presented in section 7.3, where we observe the problem in a simulation of a realistic power system.

6.6
Summarising

Before stepping on to the presentation of the simulations we performed and the results we obtained, we provide the reader with a brief summary of the controller’s operation which we have already described in detail, as well as a flowchart of the algorithm.

Summary

The controller takes as input the current power flows and checks whether we have a line limit violation or not. 

In the first case, where our main concern is of course to eliminate the violation, we reject the limits of the violated lines (keeping however the limits of the other lines) and we run an optimisation procedure that has as an objective to minimize the power flows in the violated lines. As the solution is implemented step by step, when the flow of a line gets into the safe region it has as a result that this line will not be taken into account by the objective function during the next iteration, while of course its power limit will become part of the optimisation constraints. Finally all the lines will have gotten into the feasible region.

In the second case, none of the lines is overloaded, so our objective now is to move the PST angles in order to lead the system to the desired state, which is to always operate the system keeping the lines as much as possible equally far from their limits. In this case we firstly solve the static optimisation problem of determining the final desirable values of the PST angles and then we solve another optimisation problem; that of finding the fastest, but not violating our limits, path to reach step by step to the desirable values. So, at every iteration of the controller we decide if we have violation or not and if not we calculate the desirable angles and we implement only the first step of the path through them.

The controller also keeps a history of the measured power flows for the different PST angles and uses this history for the following two reasons:

1. To check if we have entered into a situation where our system oscillates between two sets of angles. This may arrive when we are around the limits because of the discretisation. In this case we increase artificially and temporarily for a short period of time the line limits in order the system to be able to move through the desirable direction.

2. To correct the S-matrix we are using. It is divided into two parts: At each iteration we check if by chance we have in our history a case where a PST has moved by two steps while the others remained stable, so we correct the corresponding column of the S matrix. Also, keeping a counter, we periodically move only one PST by two steps on purpose and without that being suggested by the controller in order to take the measurements needed to correct a column of the S-matrix. The idea of course is that we want to have the S matrix as correct as possible because we are based on this information to do our optimisations, but without forcing the system to do a lot of useless movements.

Flowchart
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Chapter 7.  Simulation and Results

In this section of the project we will present the results obtained from simulations made in order to test and evaluate the efficacy of the controller described in the previous chapters. We will provide the presentation of several simulations where the controller was used to control a power system. In that case, we artificially change the loads or even cause emergencies to occur in the system in order to test the controller’s reaction.

7.1
Not time varying loads

In the following two sections we demonstrate the results obtained by several different tests of the controller in a dynamic environment. Since the purpose of the controller is to be able to perform successfully in a real system environment where loads and generations change dynamically through time, there was a need to simulate somehow the operation of a real power system.

In this section we perform a first test in order to check if the logic on which our controller is based is correct. For this reason, we test it on a simple, but non realistic, power system operation. The idea is that we make a simulation during which we change dynamically in fixed time intervals the system’s configuration. Of course the controller is always operating in the same way, like that we will see how it will react to the system’s changes.

We separate the simulation period into five equal parts. At each part the loads and generations of the system are different from the previous one. As the ‘power system’ is simulated by our load flow simulation program, ARTERE, change in the system configuration corresponds into changing the input data file from which ARTERE reads the system’s characteristics on which it will perform the load flow calculation.

In contrast to what we will do in the next section, 7.2, here we operate the controller without taking into account the past during the upgrading of the S matrix coefficients. That is to say, whenever we have the proper measurements we upgrade the respective column of S based only on them, in the way described in section 2.1.2, without taking into account the previous values of the coefficients, as generally we have described in section 6.5. This is done because, due to the static nature of each system configuration, a set of measurements in this case is enough to calculate correctly the S matrix for the present configuration. Of course, this will not be the case in the simulations of section 7.2.

7.1.1
Implementation of the simulation procedure

Apart from the load flow calculation program, which was ARTERE, all the other parts of our simulation procedure, that is to say the controller itself as well as the mechanism that changes the load – generation distribution (by changing the data files read by ARTERE) and stores the results for further treatment, where implemented into the MATLAB programming environment. All the source codes are available in the appendix at the end of the project.
Although we refer to time steps, in fact what we mean by this term is the execution of one iteration of our controller’s operation in MATLAB. So, each period (from the five that we remind to the reader that we have separated the simulation) consists of a specific number of controller’s iterations, which we call ‘time_depth’. In our case we chose this time_depth to be equal to 150 controller iterations or execution steps or, as we will call them from now on, although they do not necessarily last all the same time, ‘time steps’. Of course the larger the total number of time steps performed the more realistic and full of information the simulation is. On the other hand, large time step means more time needed to perform the simulation procedure and, after one point, too much information to be easily interpreted. With respect to the duration of the time_depth, 150 time steps per system configuration means a total simulation length of 750 time steps, we choose another parameter of the problem, the period 
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 of the methodical S matrix upgrading. This was chosen to be equal to 10 time steps, which means that each column is upgraded every 30 time steps, as every 10 steps we upgrade only one S matrix column. 

Generally, the period 
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 of the S upgrading is a parameter of the controller to be tuned in order to obtain optimal performance. Too large value for 
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 means that the controller is performing without having a correct model of the system, while too small 
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 means that the controller orders unnecessary movements to the PSTs.

We actually use three different system configurations, which we implement in sequence during the first three, of the totally five, periods of our simulation. In the fourth period we trip a line from the third period’s system while in the fifth and last simulation period we reactivate the tripped line.

The exact system configuration for the first three simulation periods is presented in table 7.1.1.

	
	Period 1
	Period 2
	Period 3

	Bus
	generation
	load
	generation
	load
	generation
	load

	A
	1400
	1000
	1700
	1000
	0
	400

	B
	1500
	1000
	1800
	1000
	1600
	1000

	C
	0
	300
	0
	500
	0
	600

	D
	0
	400
	0
	500
	1800
	1000

	E
	0
	200
	0
	500
	0
	400


Table 7.1.1

In periods 4 and 5 we have exactly the same system configuration as in period. The only difference is that in period 4 the line 4 is tripped. Also, we have the following line limits 
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 MW, which were chosen with respect to the PSTs effectiveness, as discussed in section 3.1 in the presentation of our test system.

The choice of the specific values for the system’s parameters was made according to the following principle : 

1. we start from a basic system configuration, 

2. we augment the total loads in order to cause congestion and to lead the system closer to its limits, 

3. we perform a generation reallocation in order to change completely the power flows and thus test how is the controller performing under such cases,

4. we trip a line, thus changing drastically the S matrix, and

5. we recuperate the line.

7.1.2 Presentation of the simulation

In the following figures we present the results obtained by the just described simulation. We show the power flows in 2 of the lines as well as the angle of one PST, all with relation to the time, = time steps.
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fig. 7.1.1
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fig. 7.1.2
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fig. 7.1.3

In figures 7.1.1 and 7.1.2 we present respectively the variation of the power flow in lines 4 and 7 during the simulation (the green line), as well as (red line) the amount of power that should ideally flow in the line according to the strategy dictated by the optimisation procedure (see section 6.2.1). This ideal power flow was calculated off-load by the use of the correct S matrix for each different configuration of the system, while of course the observed power flow is the one actually measured during the simulation. The two blue horizontal lines denote the line’s upper and lower limit.

In figure 7.1.3 we present the variation of the PST2’s angle during the simulation (blue line), as ordered and implemented by the controller. With the red line, we show the desired value of the PST2 angle as calculated of the relative part of the controller (see section 6.2.1) and was given as a command to the part responsible for the actual implementation of the angle changing path (the one described in section 6.2.2).

Remarks

We observe that after each change in the system configuration, the power flows remain for a short period of time different from the ideal ones, but then they become identical to them. This is explained by the fact that in the beginning of the period, the controller models the system using the S matrix corresponding to the previous configuration, while gradually, using the measurements collected from the operation under the new system configuration, the S matrix is corrected. From now on of course, and until the configuration changes for one more time, we have the exact correct model of the system so the actual power flows are equal to the ideal ones, as the controller may perform perfectly its control policy. The pikes observed periodically are due to the PST movements performed periodically by the controller trying to collect proper measurements to use for the upgrading of S. These movements can be clearly seen in figure 7.1.3, the controller gives the order to the angle to increase (or decrease) by 2 degrees in order to obtain the measurement, then of course the angle returns to each previous position dictated by the value of the desired angle (compare the blue to the red line). The reader may notice that the power flow pikes follow each other every 10 time steps (see section 7.1.1) and do not have all the same high or direction, as for every three pikes, each one is caused by the movement of a different PST. On the other hand the PST angle pikes are of course performed every 30 time steps.

We should draw the reader’s attention to the fact that when the configuration changes the lines power flow is sometimes in the beginning leaded through the opposite of the desired direction. This illustrates the effect of performing the control policy with a wrong S matrix.

An interesting remark is the fact that, after the recuperation of line 4 at time step 600, for the first approximately 50 time steps the desired PST2 angle (red line in figure 7.1.3) remains at its old value of 
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 instead of changing to the new one, 
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. This is explained by the existence of a line overload during this period, look at line 4 in figure 7.1.1. The overload results in the controller operating in the emergency-state policy, so it does not calculate a desirable set of PST angles as the only concern is to bring the system back into the feasible region and not to distribute optimally the power flows (this will be done after the overload alleviation, as explained in section 6.3).
7.2 Realistic simulation – final test

7.2.1 Presentation of the problem discussed in section 6.5

Until now we have shown that the controller, as a theoretical idea, works very well. It is able to lead the system to the desired operation, keeping it away from overloads.

However, although the example used offers with its simplicity the opportunity to point out the controller’s weaknesses and thus it is very useful during the process of designing the controller, it is not representative of a real power system. In fact, a power system’s operation is a completely dynamic phenomenon. The loads, and as a result the generations, change continuously during the day, making the system to be at each time instance different from what it was the previous one. This aspect poses an extra challenge to the controller’s operation as it means that it is not possible to handle the modelling of the system as we were doing until now.

As already mentioned in the first part of the project, in reality it has no meaning to declare that a model, in our case a specific instance of S matrix, is representing exactly the system’s present state. Not only because of the simplifications and the assumptions we make in the construction of the model, but also because of the fact that due to the continuous dynamic change of the system, we cannot define the notion of the exactly correct model for it.

As a result, the logic on which was based the almost perfect operation of the controller in the artificial simulation of section 7.1, is not the case when we are referring to a real power system. We will show that we cannot anymore be based on a unique set of measurements to upgrade the S matrix, as this measurements will correspond to different system configurations and thus will probably result in errors during the coefficients’ calculation.

We remind to the reader that, as explained in sections 2.1 and 6.5, the coefficients of the column j of the matrix are calculated by the relation :
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where of course 
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 is the vectors of the power flows observed when the PST angles where equal to 
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The problem now is that, due to the dynamic change of loads and generations, the difference 
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 of the above equation may be caused not only by the change 
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 of the PST angle but also by the aforementioned change in loads and/or generations. Of course this will lead to more or less severe errors in the calculation of the corresponding coefficient. More importantly, the load-generation changes will generally not cause changes of the same magnitude and/or direction in all lines’ flows. This may result into changing the internal relevant relation of the coefficients inside the S matrix, which by its turn may cause significant errors into the results obtained by the optimisation procedures.

For example, supposing that 
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, which means that PST1 has stronger effect on the control of line’s 1 power flow than PST2. It is possible that after a two step change in PST1’s angle we measure a difference of 20 MW in line 1, instead of measuring 
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. However, after a change of 2 degrees in PST2’s angle (which change in any case will be made after T/3 time steps, where 
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 is the period of the S updating, so referring to a different system configuration) we may possibly measure a change of 30 MW in the line’s 1 power flow, instead of 
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We can see how a slight change in the load-generation distribution has caused a quite severe change to the system’s model, as now PST2 is wrongly seen to be more efficient than PST1 in controlling line’s 1 power flow.

As theoretically proposed in section 6.5, the solution of the aforementioned problem could be to take into account not only the last set of measurements but a wider sample of the system’s operation history, when upgrading the system’s model. The way we will do that is by using only partially the information provided by each new set of measurements in the upgrading of S. Thus, each new column of S will be calculated as a weighted average of the last 
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 values that come up respectively from the last 
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 set of measurements. The notion that supports this idea is that inside a short period of time loads are changing randomly, without a certain logic or direction (not for example all of the them increasing), thus following approximately the statistical normal distribution. Of course during the day the loads follow a certain evolution but at each instance the changing is completely random (a TV is shut off, some lights are turned on etc). So, taking a kind of average value of the last measurements will result in the load variation effects to be pretty much reciprocally neutralised.

Furthermore, and particularly for our case, we remind to the reader the observation we did in section 3.6 that the objective F5 (which we use to compute to desirable PST angle setting – see section 6.2.1), when operated under errors in the system’s model, tends to result into power flows normally distributed around the flows taken by the use of the correct model. So, by keeping the S matrix close to its correct values by the just described technique, we may expect the power flows to vary slightly around the ‘correct’ optimal values.
In the following simulations we will test the controller’s operation for several different values of the length 
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. The system we will use is a realistic representation of a real power system, where we artificially perform some emergencies. It is presented exactly in the next section.

7.2.2 Implementation of the simulation procedure

We simulate the variation of load during a typical day. So we start from a base load for each bus, we increase gradually the total load arriving up to 25% more than the base case, then we decrease it with the opposite rate until –25% of the base case and finally we reincrease it in order to end exactly from were we had began. Also, at each time step we add some random normally distributed noise of 
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1% around each bus’ load. Then we repeat the same procedure with higher loads and generations in order to operate the system closer to its limits. Moreover, totally three times during the simulation we trip a line and after some time we recuperate it.

In table 7.2.1 we present the base cases of the two different system configurations, as well as the highest and lowest loadings they to which they arrive during the simulation.

	Configuration 1

	
	Base case
	Highest loading
	Lowest loading

	Bus
	generation
	load
	generation
	load
	generation
	load

	A
	1400
	1000
	1750
	1250
	1050
	750

	B
	1400
	1000
	1750
	1250
	1050
	750

	C
	0
	300
	0
	375
	0
	225

	D
	0
	300
	0
	375
	0
	225

	E
	0
	200
	0
	250
	0
	150

	Configuration 2

	
	Base case
	Highest loading
	Lowest loading

	Bus
	generation
	load
	generation
	load
	generation
	load

	A
	1700
	1000
	2125
	1250
	1275
	750

	B
	1400
	1000
	1750
	1250
	1050
	750

	C
	0
	350
	0
	437.5
	0
	262.5

	D
	0
	500
	0
	625
	0
	375

	E
	0
	250
	0
	312.5
	0
	187.5


Table 7.2.1

Each configuration lasts totally 600 time steps. The first 150 are dedicated to the load increase until its highest peak, the next 300 to the decrease (passing from the base case) until the lowest peak, and the final 150 time steps again to the increase until arriving for one more time to the base case. Totally four times we have a line trip, from time step 250 until 300, from 500 until 550, from 800 to 900 (this is the most severe one as it happens when the system is closest to its more stressed moment) and from 1100 to 1150. In all cases we have tripped line 4 as it is the only one whose the tripping does not make the problem infeasible in our particular system. Once again, as in the simulation of section 7.1, we have the following line limits 
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We should draw the reader’s attention to the ‘noise’ we, as mentioned, add to each bus’ load. For each bus it is independent from the others’ and also at each time step it is independent from the noise of the previous time step. It can be equally positive or negative, but never more than 1% of the present load value. This ‘noise’ simulates the random changes in the load demand mentioned in section 7.2.1 and it is a very important aspect for the simulation procedure as its presence makes the difference between having a realistic or unrealistic test, as discussed in the previous (section 7.2.1).

In figure 7.2.1 we present a graphical representation (without the noise) of the simulation procedure just described, in order to make it more clear to the reader. In red we show the time periods when the system is operating with a line tripped (of course that does not affect the load changes).
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fig. 7.2.1

7.2.3 Presentation of the simulation

First of all we run the simulation keeping the controller with the configuration of section 7.1, that is to say without taking into account the past when updating the S matrix, to check how is it corresponding to the new system operation. Then, we use the taking the past into account as a tuning parameter of the controller in order to explore if and when we may achieve to receive a satisfactory operation of the system.

Generally, the new S matrix derives from the previous ones and the present measurements according to the following equation:
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where
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is the depth until which we will take the past into account,
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is the last measured change in power flows, caused by 
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is the change in a PST angle in order to enable us to do the upgrading
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is the S matrix configuration before 
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 updates from now (for example 
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 is the previous, i.e. just before the update we are currently performing, S matrix)
The above equation is presented in a simplified way, in order to pass more clearly the idea. We should however clarify that it is actually referring to a column of S, the one that is being updated, and not to the whole matrix. In this sense, 
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 is the angle change (by default 
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 in our particular implementation of the controller) corresponding to the column being updated. The 
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 are independent from which column we are currently updating. They consist the importance we want to give at each time of the operating history.

For example, 
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 means that we take into account totally 4 measurements for the evaluation of each S matrix’s column; the present one plus the last three. In this case, supposing 
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 would mean that 50 % of the new values for the coefficients is derived from the difference in powers just measured and the rest 50 % from the last three values that they had in their past.

In table 7.2.2 we present the parameters 
[image: image401.wmf]n

 and 
[image: image402.wmf]i

a

 of the simulations, which we will present just after.
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	1
	0
	1
	-
	-
	-

	2
	3
	0.25
	0.25
	-
	-

	3
	7
	0.15
	0.15
	0.1
	-

	4
	15
	0.625
	0.625
	0.625
	0.625


Table 7.2.2

Obviously, we are interested in finding out how does the depth 
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 affects the controller’s efficiency. It is important to remind that those values should be regarded with respect to the simulation’s length, as is also the case for the updating period T. They do not mean something as pure numerical values.

In the following, in figures 7.2.1 to 7.2.12, we present how the power flows of some specific lines evolved through time under the effect of the controller during the simulation period. In order for the results to be easily and directly comparable, we chose to present the same three lines for all four simulations. Those lines are 1, 4 and 6, which we judged as more representative of the controller’s operation.

After the presentation of the results we will of course discuss on them and make the necessary comparisons in order to arrive to useful conclusions.

Simulation 1
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fig. 7.2.1
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fig. 7.2.2
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fig. 7.2.3

Simulation 2
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fig. 7.2.4
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fig. 7.2.5
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fig. 7.2.6
Simulation 3
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fig. 7.2.7
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fig.7.2.8
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fig. 7.2.9

Simulation 4
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fig. 7.2.10
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fig. 7.2.11
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fig. 7.2.12
Discussion on the results

The first thing we notice, from figures 7.2.1 – 7.2.3, is that in real system operation conditions, the controller in its simple form of section 7.1 (updating totally an S column every 
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 time steps) cannot work efficiently enough. The controller may generally make the power flows to follow the desired values, but performing not at all negligible oscillations around them, without them showing any tendency to vanish. This is explained by the fact that the controller is always operating using a quite wrong model of the system. Furthermore, this model, after each update, does not evolve through the correct one but it just changes randomly to another, also incorrect, model. As the “noise” on the load demand is random, so is the error in the update of S. Thus the solutions found based on this false model may lead each line sometimes to higher and other times to lower power flows, depending on the actual error in S. This is the reason why we observe these more or less balanced oscillations around the desired power flows, which is of course positive as the system is not leaded to completely “crazy” solutions. However, we are very unsatisfied by the magnitude of the oscillations. Firstly because we perform a lot of useless effort as the PSTs are in a continuous movement, obeying each time to a different system model. And secondly because these large oscillations may cause the system to exit per time to time the safe region without that been provoked by an emergency. The need to ameliorate the way we update S is imperative.

This amelioration has been already discussed and is the idea of updating S as a mean value of several previous measurements. Let’s therefore observe what did we take from three different implementations of his idea.

We will examine simulations 2 and 3 together as they gave very similar results, which is more than obvious that are the best that we achieved. It is interesting however to point out their slight differences. Some power flows obtained from these simulations are shown in figures 7.2.4 – 7.2.6 (simulation 2) and 7.2.7 – 7.2.9 (simulation 3).

Simulation 2 uses equally the last 4 measurements to calculate the new S matrix, while, in the case of simulation 3, S comes by 60 % from the last 4 measurements and another 40 % from the fifth until the eighth past measurement, thus taking a further look to the past of the system’s operation. In both cases we obtain very good results, as taking the mean of several S leads to an elimination of the error. If we want to point out a difference in the operation of the two controllers (we will call them c2 and c3 respectively), we may say that c3 manages to keep the system even closer than c2 does to the optimal operation, but on the other hand, c2 reacts a little faster to sudden changes such as a change in generation localization or a line trip. This may seen if we compare the flows in line 4 for the two simulations (figures 7.2.5 and 7.2.8 respectively). It is logical to obtain such behaviours as taking more the past into account (but not too much as we will sow just after) means that you eliminate more the error in S, but it also means that you add inertia to the model’s evolution through time.

The aforementioned discussion is clearly illustrated by the results obtained from simulation 4, in figures 7.2.10 – 7.2.12. The results themselves do not hold for serious examination: they are simply completely disappointing. What is interesting is that this configuration of the controller (c4) demonstrates an important aspect. We should be very careful when choosing the length 
[image: image422.wmf]n

 in the update_S procedure, as, very high values may result in the opposite to what we are aiming. In fact, this is logical because using a large value for 
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 means that we are taking into account measurements that do not correspond to the present system’s configuration.

The solution is found (as usually) in the middle; not taking the past into account makes the controller extremely sensible to random load variations, while taking it too much into account results in constructing a wrong model influenced by system’s configuration that are not the case any more.

Of course, as in the case of updating period 
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, the values of 
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 and 
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 that we found to work well in our simulations do not mean anything by themselves. They also are parameters to be tuned in order for the controller to work well for the particular system it will be used.

7.3
General Conclusions

A controller satisfying the criteria posed in the beginning of part 2 has been implemented. It has been successfully tested in an artificial, though realistic, power system. The main difficulty that may be encountered during its operation is the effort to keep the system’s model used always close to the actual system. For this reason, some parameters may be tuned in order optimal operation to obtained; the updating period 
[image: image427.wmf]T

, the length 
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 of taking past measurements into account and the weights 
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 according to which those past measurements will be evaluated. In out test system, correct tuning of those parameters led to very satisfactory results. More sophisticated techniques for updating the system’s model may be found in the adaptive control or in the inductive learning theories.

Chapter 8.  Conclusion

8.1
Main contributions of this work

In the new deregulated open-market environment in which power systems are henceforth operating, new challenges arise with regard to managing the congestion in transmission lines as well as facing the new security schemes that appear due to the more and more stressed operation of the systems.

Transmission lines are asked to carry more and more power as the demand increases much faster than new lines are constructed and maximum utilization of the grid as sought. At the same time, power transactions become more and more unpredictable, while the Transmission System Operators have less access to generation control owing to the market’s mechanisms.

Phase Shifting Transformers are a well-known tool for directing power flows and have been widely used for this purpose. The coordinated use of the PSTs of a power system has been investigated in this project, from the viewpoint of either optimizing the use of the network or correcting emergency situations.

More precisely:

· several coordinated control strategies have been implemented and compared in the first part of the project. They were aiming to find the optimal PST angle settings for a certain type of system operation to be achieved. Those operating strategies have been implemented as a solution to an optimization problem, where the function to be minimized corresponded to the selected strategy. Interesting results have been concluded about each strategy’s possible application. More specifically, the one expressed by the objective F5, 
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, turned out to be suitable for operating the system in a safe way, augmenting at the same time the transmission capability of the total of the lines.

· the problem of each participant using its PSTs for private purposes without taking the rest of the interconnected system under consideration has also been mentioned.

· a controller using the system’s PSTs in a coordinated way in order to operate the system in an optimal and safe way, being at the same time able to alleviate possible overloads, has been implemented and tested in the second part of the project. The controller was operating under the objective F5, investigated in the first part of the project, in a safe state situation while, changing its operating strategy, it has been proved efficient in quickly alleviating overloads. Special care has been taken in order to keep always as correct as possible the system model used by the controller.

8.2
Directions for future work

Several aspects of this work are worth being further investigated. Some of them relate to direct improvements of the controller, while others relate to the large and challenging subject of coordinating several system operators, each of them with each own control policy, operating in separate, though interconnected, systems.

As far as the controller’s operation is considered, let us quote the following ameliorations:

· the technique used to derive the model of the present system situation may be further explored and improved. To this purpose, the adaptive control theory may give a significant impulse. More sophisticated solution would be the resorting to the field of artificial intelligence and more precisely to machine learning and applied inductive learning techniques.

· The robustness of the controller should also be further investigated. This is a separate from the above question as it refers not to trying to keep our model correct, but to making the controller react desirably even when the model has errors. The efficiency of Model Predictive Control in this prospect needs to be further tested, as robustness seems to remain a challenge among the MPC specialists. Furthermore, the possibility of not resorting to the MPC for the implementation of the controller could also be considered, as we have the feeling that the MPC approach might be unnecessarily heavy for the nature of our problem. It has been proposed for solving the Voltage Stability [31-32] and the Frequency Control problem [33], but as far as the control of active power flows is concerned, the real challenge is the one described just below.

The big challenge for Transmission System Operators, that this project partially offends and which seems to be a more and more evolving and augmenting problem for power systems, is the side-effect that the control policy of a TSO, dealing with its own system and using of course its own control devices (in our case the PSTs), has to the other connected systems.

This problem is particularly raised in the case of the European interconnected system, where each country’s TSO controls its phase shifters according to its own criteria, using in the best case an optimisation approach. However, the local control policy of a system operator is likely to be harmful for its neighbours’ operation, causing undesired and unpredicted flows on their lines. The situation is worsened by the fact that in the total interconnected European grid, interconnections between countries reveal themselves as bottlenecks to the system. This is due to the fact that each country has a well developed internal transmission system, allowing several parallel paths for the power flows, but, in general, it is connected with only a few lines to its neighbours.
A very interesting extension of the project would be to establish mechanisms under which several power flow controllers, each operating with its own objectives and on its own equipment, would achieve a coordination in their operations in order not to cause harm one to the other. A solution to this problem may possibly involve the existence of a higher level of hierarchy, maybe not having direct access to each system’s devices, but at least having the authority to impose economic penalties to harmful operations and to remunerate the beneficial ones. Of course, this involves the need to somehow quantify the terms “harm” and “benefit”, as well as to find a way of relating each “effect” (e.g. a line overload) to the participant that caused it.
Appendix

Sensitivity Analysis

The Newton method is not only effective to solve the load flow equations but it also makes it possible to carry out a sensitivity analysis, as explained hereafter.

For the following developments, it is comfortable to present the load flow equations in the compact form:
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The following developments are used if the components of 
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 the solution of equation (1) for the value 
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 of parameters. Supposing that we cant to calculate how much would 
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 vary if we imposed a variation 
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 of the parameters and we recalculated the system’s state.

A “brutal” solution consists of solving the load flow equations for the new value of parameters, that is to say of researching the value 
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and of recalculating the corresponding value of 
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However, if we limit ourselves into small variations, it is possible to calculate directly the vector of sensibilities from 
[image: image451.wmf]h

 to 
[image: image452.wmf]p

:


[image: image453.wmf]1

0

1

0

lim

lim

m

p

p

p

m

p

p

h

h

h

D®

D®

D

éù

êú

D

êú

=

êú

êú

D

êú

êú

D

ëû

S

M


For this purpose, by replacing the finite variations 
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where 
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Supposing that the matrix 
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 is not singular, we take from (3):
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A linearization of function 
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which is, in matrix form:
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By introducing (5) into (4), we have:
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relation that directly serves the researched sensibilities:
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In practice, the procedure to calculate the sensibilities is the following:

1. calculate 
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2. the matrix 
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 being available in a factorised form at the end of Newton algorithm, solve the linear system:
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by substitution

3. calculate 
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As we see, it is possible to obtain the sensibility vector by carrying out a single substitution operation.

function [S,P0,phi0] = calculate_S

[b,s,e,phf,phi0] = init;

Ptot = loop (b,s,e);

[S,P0] = s_matrix (b,s,e,phf,Ptot);

function [b,s,e,phf,phi0] = init

b = -5;

s = 5;

e = 5;

phf = 5;

phi0 = [0; 0; 0];

function Ptot = loop (b,s,e)

for I = b:s:e,

    modify(I,44);

    for J = b:s:e,

        modify(J,59);

        for K = b:s:e,

            modify(K,74);

            !artere_c -v0 -tcommand.txt 

            P = csvread('results.m');

            for C = 1:7

                Ptot((I-b)/s+1,(J-b)/s+1,(K-b)/s+1,C)=P(C);

            end

        end

    end

end

function modify(x,y)

fid = fopen('command.txt','r+');

if x >= 0

    B = '+';

else

    B = '-';

end

fseek(fid,y,-1);

count = fwrite(fid,B);

x = abs(x);

B = char(floor(x/10)+48);

fseek(fid,y+1,-1);

count = fwrite(fid,B);

B = char(x-10*floor(x/10)+48);

fseek(fid,y+2,-1);

count = fwrite(fid,B);

st = fclose(fid);

function [S,P0] = s_matrix (b,s,e,phf,Ptot)

% calculates the s_matrix from point (0,0,0) to point (phf,phf,phf)

for I = 1:7

    P0(I,1)=Ptot(n(0,b,s),n(0,b,s),n(0,b,s),I);

    for J = 1:3

        switch J

            case 1,

                S(I,J)=(Ptot(n(phf,b,s),n(0,b,s),n(0,b,s),I)-P0(I,1))/phf;

            case 2,

                S(I,J)=(Ptot(n(0,b,s),n(phf,b,s),n(0,b,s),I)-P0(I,1))/phf;

            case 3,

                S(I,J)=(Ptot(n(0,b,s),n(0,b,s),n(phf,b,s),I)-P0(I,1))/phf;

        end

    end

end

function phi = opt (para,phi0,P0,Plim,S)

if para == 1

    [phi,P,cf_ind] = optim_lin0 (phi0,P0,Plim,S);

elseif para == 2

    [phi,P,cf_ind] = opt_lin_PdiaPmax (phi0,P0,Plim,S);

% elseif para == 3

%     [phi P cf_ind] = opt_quad_PdiaPmax_sq (phi0,P0,Plim,S);

elseif para == 4

    [phi,P,cf_ind] = opt_lin_P (phi0,P0,Plim,S);

elseif para == 5

    [phi,P,cf_ind] = opt_quad_P (phi0,P0,Plim,S);

% elseif para == 6

%     optim_quad

elseif para == 7

    [phi P cf_ind] = obj_fun (phi0,P0,Plim,S);

end

phi = treesearch (phi,phi0,P0,P,Plim,cf_ind,S);

function [phi,P,cf_ind] = optim_lin0 (phi0,P0,Plim,S)

% minimize the moving of the phase-shifter angles from their current position 

% under constraints on the lines

% indication of which cost function we will be using

cf_ind = 2;

% construction of new S matrix for the intermediate variables

Snew=[S -S];

% construction of vector f

clear f

f = [1 1 1 1 1 1];

% construction of matrix A

clear A

A = [Snew; -Snew];

% construction of vector b

clear b

for I=1:7,

    b(I)=Plim(I)-P0(I);

end

for I=1:7,

    b(I+7)=Plim(I)+P0(I);

end

% limits of intermediate variables

clear lb ub

lb = [0 0 0 0 0 0];

ub = [25-phi0(1) 25-phi0(2) 25-phi0(3) 25-phi0(1) 25-phi0(2) 25-phi0(3)];

% optimization

x = linprog(f,A,b,[],[],lb,ub);

% construction of variable phi

for I=1:3,

    phi(I,1)=x(I)-x(I+3)+phi0(I); % here is the heart of the algorithm, the reconstruction of phi

end

function [phi,P,cf_ind] = opt_lin_PdiaPmax (phi0,P0,Plim,S)

% minimize the sum of the absolute values of the line power flows divided

% by the line's capacity

% indication of which cost function we will be using

cf_ind = 5;

% the variables of the problem are given in the vector var:

% var = [P1+; P1-; P2+; P2-; P3+; P3-; P4+; P4-; P5+; P5-; P6+; P6-; P7+; P7-; phi1; phi2; phi3]

% finally the power flows are taken by the equation  Pi = Pi+ - Pi-

% construction of vector f

clear f

for i=1:14,

    f(i)=1/Plim(floor((i+1)/2));

end

for i=15:17;

    f(i)=0;

end

% f = [1/Plim(1) 1/Plim(1) 1/Plim(2) 1/Plim(2) 1/Plim(3) 1/Plim(3) 1/Plim(4) 1/Plim(4) 1/Plim(5) ... 

%         1/Plim(5) 1/Plim(6) 1/Plim(6) 1/Plim(7) 1/Plim(7) 0 0 0];

% construction of matrix Aeq

clear Aeq

Aeq(1,:) = [1 -1  0  0  0  0  0  0  0  0  0  0  0  0  -S(1,1) -S(1,2) -S(1,3)];

Aeq(2,:) = [0  0  1 -1  0  0  0  0  0  0  0  0  0  0  -S(2,1) -S(2,2) -S(2,3)];

Aeq(3,:) = [0  0  0  0  1 -1  0  0  0  0  0  0  0  0  -S(3,1) -S(3,2) -S(3,3)];

Aeq(4,:) = [0  0  0  0  0  0  1 -1  0  0  0  0  0  0  -S(4,1) -S(4,2) -S(4,3)];

Aeq(5,:) = [0  0  0  0  0  0  0  0  1 -1  0  0  0  0  -S(5,1) -S(5,2) -S(5,3)];

Aeq(6,:) = [0  0  0  0  0  0  0  0  0  0  1 -1  0  0  -S(6,1) -S(6,2) -S(6,3)];

Aeq(7,:) = [0  0  0  0  0  0  0  0  0  0  0  0  1 -1  -S(7,1) -S(7,2) -S(7,3)];

% construction of vector beq

clear beq

for k = 1:7,

    beq(k) = P0(k);

end

% limits of variables

clear lb ub

for i=1:14,

    lb(i)=0;

end

for i=15:17,

    lb(i)=-25;

end

% lb = [0    0    0    0    0    0    0    0    0    0    0    0    0    0    -25 -25 -25];

% ub = [Plim(1) Plim(1) Plim(2) Plim(2) Plim(3) Plim(3) Plim(4) Plim(4) Plim(5) Plim(5) Plim(6) ...

%       Plim(6) Plim(7) Plim(7)  25  25  25];

for i=1:14,

    ub(i) = Plim(floor((i+1)/2));

end

for i=15:17,

    ub(i)=25;

end

% optimization

var = linprog(f,[],[],Aeq,beq,lb,ub);

% construction of variables P and phi

for I=1:7,

    P(I,1)=var(2*I-1)-var(2*I);

end

for I=1:3,

    phi(I,1)=var(I+14);

end

function [phi,P,cf_ind] = opt_lin_P (phi0,P0,Plim,S)

% minimize the sum of the absolute values of the line power flows

% indication of which cost function we will be using

cf_ind = 1;

% the variables of the problem are given in the vector var:

% var = [P1+; P1-; P2+; P2-; P3+; P3-; P4+; P4-; P5+; P5-; P6+; P6-; P7+; P7-; phi1; phi2; phi3]

% finally the power flows are taken by the equation  Pi = Pi+ - Pi-

% construction of vector f

clear f

f = [ones(1,14) 0 0 0];

% construction of matrix Aeq

clear Aeq

Aeq(1,:) = [1 -1  0  0  0  0  0  0  0  0  0  0  0  0  -S(1,1) -S(1,2) -S(1,3)];

Aeq(2,:) = [0  0  1 -1  0  0  0  0  0  0  0  0  0  0  -S(2,1) -S(2,2) -S(2,3)];

Aeq(3,:) = [0  0  0  0  1 -1  0  0  0  0  0  0  0  0  -S(3,1) -S(3,2) -S(3,3)];

Aeq(4,:) = [0  0  0  0  0  0  1 -1  0  0  0  0  0  0  -S(4,1) -S(4,2) -S(4,3)];

Aeq(5,:) = [0  0  0  0  0  0  0  0  1 -1  0  0  0  0  -S(5,1) -S(5,2) -S(5,3)];

Aeq(6,:) = [0  0  0  0  0  0  0  0  0  0  1 -1  0  0  -S(6,1) -S(6,2) -S(6,3)];

Aeq(7,:) = [0  0  0  0  0  0  0  0  0  0  0  0  1 -1  -S(7,1) -S(7,2) -S(7,3)];

% construction of vector beq

clear beq

for k = 1:7,

    beq(k) = P0(k);

end

% limits of variables

clear lb ub

for i=1:14,

    lb(i) = 0;

end

for i=15:17,

    lb(i)=-25;

end

% lb = [0    0    0    0    0    0    0    0    0    0    0    0    0    0     0  0  0];

% ub = [Plim Plim Plim Plim Plim Plim Plim Plim Plim Plim Plim Plim Plim Plim 25 25 25];

for i=1:14,

    ub(i) = Plim(floor((i+1)/2));

end

for i=15:17,

    ub(i)=25;

end

% optimization

var = linprog(f,[],[],Aeq,beq,lb,ub);

% construction of variables P and phi

for I=1:7,

    P(I,1)=var(2*I-1)-var(2*I);

end

for I=1:3,

    phi(I,1)=var(I+14);

end

function [phi,P,cf_ind] = opt_quad_P (phi0,P0,Plim,S)

% minimization of the sum of squares of the line power flows

% indication of which cost function we will be using

cf_ind = 3;

% construction of matrix H

clear H

for i1 = 1:3,

    for i2 = 1:3,

        H(i1,i2) = 2*sum(S(:,i1).*S(:,i2));

    end

end

% construction of vector f

clear f

for k = 1:3,

    f(k) = 2*P0'*S(:,k);

end

% respect the limits of the lines:

% construction of matrix A

clear A

A = S;

% construction of vector b

clear b

for I=1:7,

    b(I)=Plim(I)-P0(I);

end

% limits of variable phi

clear lb ub

lb = [-25 -25 -25];

ub = [25 25 25];

% optimization

phi = quadprog(H,f,A,b,[],[],lb,ub);

function [phi,P,cf_ind] = obj_fun (phi0,P0,Plim,S)

% minimize the sum of squares of the line power flows divided

% by the line's capacity

% indication of which cost function we will be using

cf_ind = 6;

R = diag(1./(Plim.^2));

% construction of matrix H

clear H

H=zeros(10);

H(1:7,1:7)=R;

% construction of vector f

clear f

f=[];

% because we handle the power flows P as variables we add the following

% eqaulity constraints

% construction of matrix Aeq

clear Aeq

Aeq = [eye(7) -S];

% construction of vector beq

clear beq

beq = [P0-S*phi0];  % P0 = P current = P(phi=phi0), not P(phi=[0;0;0])

% limits of variable phi

clear lb ub

lb = [-Plim' -25 -25 -25];

ub = [ Plim'  25  25  25];

x0 = [P0; phi0]  ;

% optimization

clear val

[var,fval,exitflag,output,lamda] = quadprog(H,f,[],[],Aeq,beq,lb,ub,x0);

P = var(1:7);

phi = var(8:10);

function phi = treesearch (phi,phi0,P0,P,Plim,cf_ind,S)

% search for the best discrete values of the phase-shifter angles around

% the region of the continuous optimal values

best = 100000000;

for i = 1:3,

    st(i) = floor(phi(i))-1;

    if st(i)<-25

        st(i)=-25;

    end

end

for i = 1:3,

    en(i) = floor(phi(i))+2;

    if en(i)>25

        en(i)=25;

    end

end

phi=round(phi);             % we must assure that the phi that will exit after treesearch will be integer

for I = st(1) : en(1),

    for J = st(2) : en(2),

        for K = st(3) : en(3),

            P=S*([I;J;K]-phi0)+P0;

            for L = 1:7,

                if abs(P(L))>Plim(L)

                    violate=1;

                    break

                else 

                    violate=0;

                end

            end

            if violate == 0

                cf = cost_fun(cf_ind,[I;J;K],P,Plim);

                if cf < best

                    best = cf;

                    phi = [I;J;K];

                end

            end

        end

    end

end

phi;

function cost = cost_fun (ind,phi,P,Plim)

if ind == 1

    cost = sum(abs(P));

elseif ind == 2

    cost = sum(abs(phi));

elseif ind == 3

    cost = sum(P.^2);

elseif ind == 4

    cost = sum(phi.^2);

elseif ind == 5

    cost = sum(abs(P)./Plim);

elseif ind == 6

    cost = sum((P./Plim).^2);

end

function [S,P0,P0cor,phii,phii0tot,start,Pllim] = control_loop (ext_counter,int_counter,S,start)

persistent counter mem line phi0 phi0s phi m d Plim pos hist osci para f3 phi0tot Pstore

if start==1,

    [phi0 Plim para pos f3 m d osci counter line phi] = initialization;

    start = 0;

end

% if d>1 I will not change anything in time 9, I will just move the right

% PST 2 steps in time 10

if d>1,

    if counter == 10,

        [value choose] = min(line);         % choose = the column that hasn't been updated for the most time

        for i=1:3,

            if i~=choose,

                phi0(i)=phi0s(i);           % the other two PST must remain unchanged 

            end

        end

        if phi0(choose)>=phi0s(choose),

            phi0(choose) = phi0s(choose)+2;

        else

            phi0(choose) = phi0s(choose)-2;

        end

        if (phi0(choose)>25)||(phi0(choose)<-25),

            phi0(choose) = phi0(choose)+2*(phi0s(choose)-phi0(choose));     % we don't want to exceed the PST-limits

        end

        line(choose) = line(choose)+1;                  % we mark the (forthcoming) updatation of a column of the S-matrix

        counter = 0;

    end

else

    if counter == 10,

        for i=1:3,

            if i==mem(1),

                phi0(i) = phi0(i)+mem(2);   % we move the chosen PST another step through the right direction

                break

            end

        end

        counter = 0;

    end

    if counter == 9,

        [value choose] = min(line);         % choose = the column that hasn't been updated for the most time

        for i=1:3,

            if i~=choose,

                phi0(i)=phi0s(i);           % the other two PST must remain unchanged 

            end

        end

        if phi0(choose)==phi0s(choose),

            phi0(choose) = phi0(choose)+1;

        end

        if ((phi0(choose)>=25)&&((phi0(choose)-phi0s(choose))==1)||(phi0(choose)<=-25)&&((phi0(choose)-phi0s(choose))==-1)),

            phi0(choose) = phi0(choose)+2*(phi0s(choose)-phi0(choose));     % we don't want to exceed the PST-limits

        end

                                                        % in mem we store which line will be updated and ...

        mem = [choose phi0(choose)-phi0s(choose)];      % the direction in which we'll move the corresponding PST

        line(choose) = line(choose)+1;                  % we mark the (forthcoming) updatation of a column of the S-matrix

        counter = 10;

    end

end

phi0tot(ext_counter,int_counter,1:3)=phi0;

modify(phi0(1),44);

modify(phi0(2),59);

modify(phi0(3),74);

!artere_c -v0 -tcommand.txt

P0cor = csvread('results.m');

P0 = P0cor;

pos = mod(pos,50)+1;

hist(:,pos) = [phi0; P0];

if f3 >= 2,

    [S phieval] = robustness(hist,pos,S);   % inside robuustness we don't change the line vector in order to be sure that 

                                            % each S-matrix's column will be updated at least every 30 time steps

else

    phieval = 1;                        % we let artificially the phi to be evaluated

end

if (counter<9)&&(d==1)||(counter<10)&&(d>1),

    if f3 <= 4,

        f3 = f3+1;                      % the first 5 times we don't want to look the hist

    else

        if osci==0,

            [Plim Pstore osci] = oscillations(hist,pos,phi,phi0,Plim);

        else

            osci = osci-1;

            if osci == 0,

                Plim = Pstore;

            end

        end

    end

    violation = 0;

    for i=1:7,

        if abs(P0(i))>Plim(i),

            viol(i) = 1;

            violation = 1;

        else

            viol(i) = 0;

        end

    end

    if violation==1,

        [phi0 phi0s dphi] = emergency(m,d,phi0,P0,Plim,S,viol);

    else

        if (osci==0),

            phi = opt(para,phi0,P0,Plim,S);

        end

        [phi0 phi0s dphi] = safestate(m,d,phi,phi0,P0,Plim,S);

    end

counter = counter+1;

end

phii=phi;

phii0tot=phi0tot;

Pllim=Plim;

function [S,phieval] = robustness (hist,pos,S)

% we try to catch some cases that give us the possibility to upgrade a column

% of the S-matrix, we DO NOT check ALL possible cases as we don't want to

% make the mechanism too complicated by the time that we in any case

% upgrade each column of S every 30 time steps (look in control_loop)

phieval = 0;

for i=1:3,

    if abs(hist(i,mod(pos-1,50)+1)-hist(i,mod(pos-2,50)+1))==2,

        if hist(mod(i,3)+1,mod(pos-1,50)+1)==hist(mod(i,3)+1,mod(pos-2,50)+1),

            if hist(mod(i+1,3)+1,mod(pos-1,50)+1)==hist(mod(i+1,3)+1,mod(pos-2,50)+1),

                if hist(i,mod(pos-1,50)+1)>hist(i,mod(pos-2,50)+1),

                    S = update_S(S,i,hist(4:10,mod(pos-1,50)+1),hist(4:10,mod(pos-2,50)+1));

                else

                    S = update_S(S,i,hist(4:10,mod(pos-2,50)+1),hist(4:10,mod(pos-1,50)+1));

                end

                phieval = 1;

                break;

            end

        end

    elseif abs(hist(i,mod(pos-1,50)+1)-hist(i,mod(pos-3,50)+1))==2,

        if hist(mod(i,3)+1,mod(pos-1,50)+1)==hist(mod(i,3)+1,mod(pos-3,50)+1),

            if hist(mod(i+1,3)+1,mod(pos-1,50)+1)==hist(mod(i+1,3)+1,mod(pos-3,50)+1),

                if hist(i,mod(pos-1,50)+1)>hist(i,mod(pos-3,50)+1),

                    S = update_S(S,i,hist(4:10,mod(pos-1,50)+1),hist(4:10,mod(pos-3,50)+1));

                else

                    S = update_S(S,i,hist(4:10,mod(pos-3,50)+1),hist(4:10,mod(pos-1,50)+1));

                end

                phieval = 1;

                break;

            end

        end

    end

end

function S = update_S (S,j,P1,P2)

global Scur Sold Solder S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16

a=0.625;

permit = 1;

for i = 1:7

    if (P1(i)-P2(i))/2 > 50,

        permit = 0;

    end

end

if permit==1,

    for i = 1:7

        S(i,j) = a*S16(i,j)+a*S15(i,j)+a*S14(i,j)+a*S13(i,j)+a*S12(i,j)+a*S11(i,j)+a*S10(i,j)+a*S9(i,j)+a*S8(i,j)+a*S7(i,j)+a*S6(i,j)+a*S5(i,j)+a*Solder(i,j)+a*Sold(i,j)+a*S(i,j)+a*(P1(i)-P2(i))/2;

        S16(i,j) = S15(i,j);

        S15(i,j) = S14(i,j);

        S14(i,j) = S13(i,j);

        S13(i,j) = S12(i,j);

        S12(i,j) = S11(i,j);

        S11(i,j) = S10(i,j);

        S10(i,j) = S9(i,j);

        S9(i,j) = S8(i,j);

        S8(i,j) = S7(i,j);

        S7(i,j) = S6(i,j);

        S6(i,j) = S5(i,j);

        S5(i,j) = Solder(i,j);

        Solder(i,j) = Sold(i,j);

        Sold(i,j) = S(i,j);

    end

end

function [Plim,Pstore,osci] = oscillations (hist,pos,phi,phi0,Plim)

j=1;

for i=pos-4:2:pos,

    a(j,1:3) = hist(1:3,mod(i-1,50)+1)';

    j = j+1;

end

j=1;

for i=pos-5:2:pos-1,

    c(j,1:3) = hist(1:3,mod(i-1,50)+1)';

    j = j+1;

end

if (phi0'~=phi')&(a(1,:)==a(2,:))&(a(1,:)==a(3,:))&(c(1,:)==c(2,:))&(c(1,:)==c(3,:)),

    Pstore = Plim;

    Plim = Plim + 50*ones(7,1);

    osci = 4;

else

    Pstore = Plim;

    Plim = Plim;

    osci = 0;

end

function [phi0,phi0s,dphi] = emergency (m,d,phi0,P0,Plim,S,viol)

% minimize the sum of squares of the overloaded line power flows divided

% by the line's capacity

% construction of matrix H

clear H

H = zeros(13*m);

for i=1:7:7*m,

    H(i:i+6,i:i+6) = diag(viol'./(Plim.^2));

end

% construction of vector f

clear f

f = zeros(1,13*m);

% because we handle the power flows P as variables we add the following

% equality constraints

% construction of matrix Aeq

clear Aeq

Aeq = zeros(7*m+3*m,13*m);

for i=1:7*m,

    Aeq(i,i) = 1;

    Aeq(i,7*m+1+3*fix((i-1)/7):7*m+1+3*fix((i-1)/7)+2) = -S(mod(i-1,7)+1,1:3);

end

for i=1:3:3*m,

    Aeq(7*m+i:7*m+i+2,7*m+i:7*m+i+2) = eye(3);

end

for i=1:3:3*m-3,

    Aeq(7*m+i+3:7*m+i+5,7*m+i:7*m+i+2) = -eye(3);

end

for i=1:3:3*m,

    Aeq(7*m+i:7*m+i+2,7*m+3*m+i:7*m+3*m+i+2) = -eye(3);

end

% construction of vector beq

clear beq

for i=1:7:7*m,

    beq(i:i+6) = [P0-S*phi0];

end

beq(7*m+1:10*m) = zeros(1,3*m);

beq(7*m+1:7*m+3) = phi0;

% limits of variables P+, P-, phi and dphi

clear lb ub

for i=1:7,

    if viol(i)==1,

        ub(i:7:7*m) = inf*ones(1,m);

    else

        ub(i:7:7*m) = Plim(i);

    end

end

ub(7*m+1:13*m) = [25*ones(1,3*m) d*ones(1,3*m)];

lb = -ub;

clear x0

for i=1:7:7*m,

    x0(i:i+6) = P0;

end

for i=7*m+1:3:(7+3)*m,  

     x0(i:i+2) = phi0;

end

x0(10*m+1:13*m) = zeros(3*m,1);

% optimization

clear val

[var,fval,exitflag,output,lamda] = quadprog(H,f,[],[],Aeq,beq,lb,ub);

dphi = var(10*m+1:10*m+3);

phif = var(7*m+1:7*m+3);

phi0s=phi0;

phiterm = var(10*m-2:10*m);

for i=1:3,

    if dphi(i)>0

        phi0(i) = floor(round(phif(i)/0.0001)*0.0001);

    else

        phi0(i) = ceil(round(phif(i)/0.0001)*0.0001);

    end

end

for i=1:3,

    if abs(dphi(i))>d,

        if dphi(i)>0, phi0(i)=phi0s(i)+d; 

        else phi0(i)=phi0s(i)-d; 

        end

    end

    if phi0(i)>25, phi0(i)=25; end

    if phi0(i)<-25, phi0(i)=-25; end

end

function [phi0,phi0s,dphi] = safestate (m,d,phi,phi0,P0,Plim,S)

% minimize the sum of squares of the line power flows divided

% by the line's capacity

% inputs: P0, phi0, Plim, phi

% the variables of the problem are:

% the angles phi and the changes of the angles dphi

% var = [phi(1) phi(2) ... phi(m) dphi(0) dphi(1) ... dphi(m-1)]

% construction of matrix H

clear H

H = zeros(6*m);

H(1:3*m,1:3*m) = 2*eye(3*m);

% construction of vector f

clear f

for i=1:3*m,

    f(i) = -2*phi(mod(i-1,3)+1);

end

f(3*m+1:6*m) = zeros(1,3*m);

% because we handle the dphi as variables we add the following

% eqaulity constraints

% construction of matrix Aeq

clear Aeq

Aeq = zeros(3*m,6*m);

for i=1:3:3*m,

    Aeq(i:i+2,i:i+2) = eye(3);

end

for i=1:3:3*m-3,

    Aeq(i+3:i+5,i:i+2) = -eye(3);

end

for i=1:3:3*m,

    Aeq(i:i+2,3*m+i:3*m+i+2) = -eye(3);

end

% construction of vector beq

clear beq

beq = zeros(3*m,1);

beq(1:3) = phi0;

% respect the limits of the lines:

% we demand to satisfy the line limits at each step

% construction of matrix A

clear A

A = zeros(2*7*m,6*m);

for i=1:7:7*m,

    A(i:i+6,(3*i+4)/7:(3*i+4)/7+2) = S;

    A(i+7*m:i+6+7*m,(3*i+4)/7:(3*i+4)/7+2) = -S;

end

% construction of vector b

clear b

for i=1:7:7*m,

    b(i:i+6) = Plim-P0+S*phi0;

    b(i+7*m:i+6+7*m) = Plim+P0-S*phi0;

end

% limits of variables phi and dphi

clear lb ub

lb(1:3*m) = -25;

lb(3*m+1:6*m) = -d;

ub(1:3*m) = 25;

ub(3*m+1:6*m) = d;

clear x0

for i=1:3:3*m,

     x0(i:i+2) = phi0;

end

x0(3*m+1:6*m) = zeros(3*m,1);

% optimization

clear val

[var,fval,exitflag,output,lamda] = quadprog(H,f,A,b,Aeq,beq,lb,ub,x0,options);

dphi = var(3*m+1:3*m+3);

phiterm = var(3*m-2:3*m);

phi0s=phi0;

% with the following idea we implement the discretization, it works for any d

for i=1:3,

    if dphi(i)>0

        if phi0(i)==phi(i),

            phi0(i) = ceil(round(var(i)/0.0001)*0.0001);

        else

            phi0(i) = floor(round(var(i)/0.0001)*0.0001);

        end

    else

        if phi0(i)==phi(i),

            phi0(i) = floor(round(var(i)/0.0001)*0.0001);

        else

            phi0(i) = ceil(round(var(i)/0.0001)*0.0001);

        end

    end

end

% round(y/x)*x: Rounds y with decimal accuracy specified by x

% floor:        Round towards minus infinity

% ceil:         Round toward infinity

for i=1:3,

    if abs(dphi(i))>d,

        if dphi(i)>0, phi0(i)=phi0s(i)+d; 

        else phi0(i)=phi0s(i)-d; 

        end

    end

    if phi0(i)>25, phi0(i)=25; end

    if phi0(i)<-25, phi0(i)=-25; end

end
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