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Abstract
This research presents seven different control strategies for an inverter-based compensator used to
achieve fast-acting reactive current compensation. Two feedforward schemes and five
feedforward/feedback structures are analyzed. The first feedforward configuration uses phase-
shift control (or simply 8-control) and results from shifting the fundamental component of a fixed
pulse-width square wave an angle & with respect to the sinusoidal network voltage. The second
feedforward scheme uses phase-shift/pulse-width control (or simply /p-control) and allows, in
addition to the phase-shift, a variation of the pulse-width parameterized by p. One
feedforward/feedback scheme uses phase-shift control and the remaining feedforward/feedback

schemes use phase-shift/pulse-width control.

A linearized average model that only considers the fundamental components of the circuit
variables, and an exact model that takes into account all the non-linearities of the system are
developed. The former model is suitable for control synthesis and stability analysis while the
latter is used to benchmark the average model and to evaluate the effect of neglecting the

higher-order harmonics.

All the control structures are examined in dynamic conditions by analyzing the transition
from a capacitive to inductive mode of compensation, and vice-versa. The feedforward
structures are also evaluated under stationary conditions in inductive and capacitive
compensation modes. The performance achieved by each control strategy is evaluated by
examining the compensator’s dynamic response, using performance measures. The simulation
results indicate that the variation of the pulse-width enables keeping a constant link voltage, and

that the best performance is achieved with the 8/u feedforward /Is-feedback to 3 control.



Acknowledgments

I wish to express my sincere gratitude to Dr. Brian Perkins for his helpfulness during one
of the most difficult times in my life. His excellent advice, support, guidance and
supervision were crucial in making this seven-year dream a reality. [ am deeply grateful,

especially for his encouragement and help when [ was about to surrender.

[ owe a special debt of gratitude to Dr. Peter McLaren for his considerable respect for my
culture and me, for his kindness and excellent lectures during the Power System
Protection course. Dr. McLaren, thank you for your respectful treatment! [ also extend
my gratitude to Dr. Steve Onyshko. I greatly appreciate the technical assistance provided

by Mr. Irwin Dirks.

[ also must thank my father, Robinson Castro, the man who has brought me this far on his
shoulders and who has devoted his life to his wife and children. My mother Olga, has
also been the stone who supports me in my moments of weakness. [ thank Jaime, my
brother and my source of motivation and my sisters Tania and Glenna for their

continuous inspiration.

I am grateful to Albert Epp and his wife, my host family in Canada as well as Dr. Donald
Stewart for his counseling, which taught me to be more assertive and to value myself. My
dear friends Eilef, Erik, Gratton, Debbie, Magne, Veronica, Vanya, Kin, Juan Carlos and

all my colleagues at the power tower also deserve a special thank you gratitude for giving

me an enjoyable social life.



[ certainly appreciate the emotional support [ have received from my friends in Colombia
during my early days here.— Beatriz, “gracias amiga”, Vicky, Gloria C, Olga C, Cristina
H, Eduardo, Maria P. “mi muiieca linda”, Juan KK, Mauricio M, Jorge C, Jovan C, Jose
A, Oscar S, Claudia B “la otra muiieca linda”, Gilberto Giraldo “Gracias por tus
excelentes concejos”, Jorge D, Monica C, Luis Giraldo, “llegue a considerar que mi
amistad era valiosa para ti” and Jaime Blandon the manager of [EB consultants. My
Thanks you to all of you for your emotional support, especially for the letter on Friday,

December 18 1998. I still keep it!

Finally and most important, I want to thank my gorgeous princess Cinthya Parra, the
woman who made me believe in love again, the sweetheart behind my success, the
woman who brought serenity to my stormy days, light to my darkness, company to my

solitude and love to my heart. “Princesita, siempre te amaré!”

Milton David Castro Nuiiez.



TABLE OF CONTENTS

Abstract 2

Acknowiedgment 3

Table of CONLENLS ......ceievveiintcnsncestsnticcsssssisessssssssssssosssssssseansesssss 5
CHAPTER 1 INTRODUCTION 7
[.1I  BACKGROUND .......oocviiirerirenesserasaesssssesssessasssassessssssssssesensesasnss sons oo soresssns sosormstessmsssesmessassrnvsrans 7
L2 EXPANSION......cceeeiteeierteeeeseeecsotesamnaaeeeaaeassraraseesesanesssrosssernenesssenteress nsasssassasbassasssssssarasasesses 8
121 Implication of Another Control Variable .....................oc..conimicnriicnninreinnnceneceeneae 9
1.2.2 Development of an Exact Model and General Dynamic Transfer Functions ........................ 9
1.23 Detailed ROOI LOCUS ARGIVSIS........ooneeeonnoeeeneeeareceneeeeeeineeeeeeeeeee e ecvesessnsenensenioreorsenas 10
1.2.4 CONIPOI SIPQLEGIES ettt st e s st shs s s e n s 10
1.2.3 Signal Sampling Issues and Reference Values....................oeeueeeeecenvcnninnienriirenrnene 11
126 Model COPFIAUION............couereeeeeeeeeceererereeeecteeesesneeeetesasssesssnemaeatsse s aesasortneameeenonnnnns 11

1.3 THESIS OBIECTIVES ....ccoeecieiieereesitecnneeracsamenssesssssressesassssessasssasssasssnessssessesasesesarassasesasssscssnas 1t
14 OUTLINE OF THE THESIS ......cucueeceeureeeceenreensaetsesresensesaersessessossanssenssasessasossesssasmssseseonmsernensenneas 12
CHAPTER 2 SYSTEM MODELLING 14
2.1 SYSTEM DESCRIPTION........ocotirereeeieanniarteterserrensesesnsseessnsacassasnsesssnsssesossesnssssmnsesarsssmmeseneseenees 14
22 SYSTEMEQUATIONS ....uootitietitectiecee et et e e ste e sasetbe s e esbbes s benssesrasestessnessessee st snsanessaenas 16
2.3 AVERAGE MODEL ....uocuiiiiiiieeetiiecttnctm e rteee s rss e sraesease s eassasanssnassss sssbassasssanssenssnsnesnsansessasnsessss 17
23 STATIONARY SOLUTION ...coueiitienerieeiesnestesesasteseesssesaessesessasse sassssssssessssssmassansasss sesssenstonssses 19
2.5  LINEARIZED AVERAGE MODEL....cuiiiiiiiieiiiieeeecennsteeeesiesssan s sassatessensesnsansessetesaasssnnressrenes 20
26 DYNAMIC TRANSFER FUNCTIONS .......uoivuieieeieieieieniccnneseeteenseescessrevenesssnessessessasssesasssrsneseessean 22
2.7 EXACTMODEL..ouoeeieceeietietee e etceeeeves e sevessessessesrnes e seensn s sbansbastenbs s s e ensssessssaasensassessssan 24
CHAPTER 3 FEEDFORWARD CONTROIL 30
3.1 BENCHMARK SYSTEMPARAMETERS ......coooiiiiieiecetiieeieeeeeeesmsrreesssssssssrssesasanessnemsemasnsesasenees 30
3.2 THE & - FEEDFORWARD CONTROL.......ooouiieicrmiretremiistessersmnrcnsesessesassesasssansesnsesssesesvaseaseesns 31
321 CONPOl DESCHIDION..........oneeeiineneeicctresets st inseers st s e es e sermssesesssssananie 31
3.22 StAtoNAry BeRAVIOUE ...........o.o..oeeveneneeeeeeeeeeeeeeeeeeetrresensenessessesans b assansesemsateaneens 32
323 DYnamic BeRAVIOUE ..............c...o.eooenieeeerereceenerteeseneseasesates s cnaesseesnsanesssssssesssesaas 34
324 Performance MeASUTES.................ouweeeeeeeerueeeaemeeeeeeneeeneaemaeesseensasstsensn saesessbs sesmensnnessemnen 35
33 THES/ L FEEDFORWARD CONTROL.......oooeeeeeiceeeseceeeeeeceeeeee e e e eeeemeeemmees st essses e eteseeneeesremnrennn 37
3.3.1 CONOI DESCHIPION ...ttt te et eerame e e e e s eess s semese e seaesasasmenseanen 37
3.3.2 StABONAYY BERAVIOUE ...t e e e aesessee s ssessssessassaaaenene 38
333 DVNAMUC BORQVIOUE ......c.eooeeaaneoaeeneereeeeeeeceeeeecenseeessesesesssessst s sesanmeamsnseresssssassesssasse 39
334 Performance Measures ..................eeeeeeemeecaeeeeeeeeeneseenmeesasesssesseasseensensns 2

34  ROBUSTNESSISSUES ......uciitiici i eecicreeieereeeeseseeseasse s nseessm e eesmsrmesssoraseassnssseesssassanssrsstaen 43
341 Steady-State Error ............... o iierreeeeeeeeeerenancens .. 43
342 Parameter Variation............. ... o.eeeeeeeeeeeceeeeeeecssseseesesssssssssssessnses 45




CHAPTER 4 FEEDFORWARD/ Up- FEEDBACK CONTROL 47

4.1 MOTIVATION .....coovereerenreeceneeeseeecsessvessssnsmssnsessessnnsesssssssssssenseessressassssssssnsersnssmnesssensn 47
4.2 SAMPLED AND AVERAGE DC VOLTAGE ......uvouiuiermeeececrneeeesaecrmeseassmssesesesnsessent soemesscssssusnsrssscns 48
4.3  THES - FEEDFORWARD/ U0 ~ FEEDBACK CONTROL WITH p= 120°. eereeetaeeeeas ... 50
431 Control SIPUCHUTe................conereeeeeecrreeeeereceeneesersassaes 50
4.3.2  Root Locus Dynamical ANGIYSIS ...........cocoveenevroneoriecereeineeieecrerserereveressseseesseessansasenessons 52
4.3.3 Optimal Gain Determinalion.....................coocoveciiiecciencnerreenecssertsseressesesssssessaseesssesnens 35
434 LANM RESPONSE...........oeoorieenreneieenrieestinnereenseen e seeeeseseee saeaseraness s snesesases sasssassesssssensen 38
435 Exact Response and Comparison With the LAM Response.............c.cocoueveceeevncnnveaeneenn. 358
4.3.6 Performance MEASUFES ............eeeeeeeeveeecreceaereeseseseestesseessessessesssassessinsssensansssnnorsrensrneen 60
44  THES/ pFEEDFORWARD/ Ug— FEEDBACK TO S CONTROL.......ocevrerirerereenernsaessaensesersssessesseens 61
441 CONPOI SIPUCIUFE...............cooneeeerrieeeeeeieecetree et reetet s teseessastesse st e ssaasaness s ssansesrsasassennn 61
44.2 Root Locus Dynamical ARGLYSIS ...............coeeoeeeeuiieiieeienececeeereeeetesseas s e smssanessenns 63
4.4.3 Optimal Gain Determination...................c...coveucenereersrensiserrenesessssssssessesensessenssesesens 66
444 LAM RESPONSE..........ooneoneeenettteetc vt tes st s e st e s e sa et ens 69
4.4.5 Exact Response and Comparison with the LAM Response..................ocouueecereneeereeeennnnnn.. 70
4.4.6 PerfOrmanCe MEASUYES. .............c.eceeueeveereererereceerenireenreeseresseeesesessesee e seesseessseseeseeesasaees 71
45 THES/ pn FEEDFORWARD / UO — FEEDBACK TO [L CONTROL..........uoneneeeeeeeeeeceeeereeneeeeneeseenes 72
4.3.1 COMEPOI SIPUCIUFE ...ttt s e een s s sn e ees s ees e et e sts st s saneeenessarsneressens 72
4.5.2 Root Locus Dynamical ARGIVSIS ...............c.cooemeevinicereeeneceeereeecneerestee e s saesnsesssessees 73
4353 Optimal Gain DEIErMiNGLiON.................o.ccoeveeeerceririecentresessseeesstesmesreseeseesaesesessssssesesesens 76
4.5.4 LANMI RESPONSE.........eeeeeeeeeeeeeeee ettt ettt nes e s s s et e st e aserbe s sneeressreesssonsns 78
435 EXACERESPONSE..........oneeieeieereereneree ettt et e et en s ss e e st s eree s reresrenseeseans 79
4.5.6 Performance MRASUPES .................oeeeeecereeeeeeeceeevrereeeereeeteeesseeasee e sesrassemsersesessessesnens 80
CHAPTER S FEEDFORWARD/Is- FEEDBACK CONTROL 82
5.1 MOTIVATION ...ttt ercenee e eeeeese e st e se st et se e ek s bt e s et s hrbenbes s nsansssosssssaene 82
5.2 SAMPLED AND AVERAGE COMPENSATOR CURRENT ......ooovimemeereeieeetienee et ere v st nes s 83
53  THES/ uFEEDFORWARD/ I;— FEEDBACK TO S CONTROL .....ooneeieeeeeecteeeeeeeeeeeeeeeeee e 85
5.3.1 CONIOLSIFUCIUT ...ttt ettt e e et e s es e s e esaen 86
332 Root Locus Dyvnamical ANQIVSIS ........ou.eeeoeerenineieieeeeeeeceeeeeeeete ettt eens e 87
333 Optimal Gain Determination..................ccocc.cecoueemmmeverreeieessieeeseeseessseesesessesesseeeneasesnens 89
534 LAM RESPONSE............ovoiiteiet ettt esssts bt eae sttt ettt eane 91
333 Exact Response and Comparison with the LAM Response..................cooeeeeeeeevereeenn. 92
j3e6 Performance MeASUFEs ...................ccoveeeueeeeeereeirereesecereeees e eneseeeenestseseseeeseeseeeesesseeeeen 93
54  THES/ uFEEDFORWARD/ IS — FEEDBACK TO L CONTROL. ....ouveeeeeereeee oot eeeee e oo 95
541 COMIPOISIFUCHUTE ...t eee s et eeme s e eeee s ee et e sase e e s ee e e eneesnssseen 95
342 Root Locus DYNAMICAL ANGIYSIS ..............ccoooeemnmeinnniiiiereeeeeeeeeeeeeeeev e seeeee e 9%
5.4.3 Optimal Gain DeLErTUNGLiON................cc.oeenueeeeeeeereeeeeiecetereeeeesesesreeeceeeemeeeesesesesensesens 101
544 LANM RESPORNSE............coommieee ettt ettt ee e et ee e e s ens 104
345 Exact Response...............cnuuu....... reerreereetesse st et e nenennens 105
346 Performance MEASUFES ...............oe.eeeeeeeeeeeeemeeeeeeeeee et eeeeeeeeseeeeseseeeeseeeee e essseseeeesen 107
CHAPTER 6 FINAL REMARKS 109
6.1 CONCLUSIONS..........ocoimimeecmcmieeanienenscseessasenestesecetens e sassesesase e sesnssesresssensesensaeen 109
6.2 RECOMMENDATION FOR FUTURE WORK .....oovtneeeeeeeeieeeeeeeennn, 110




CHAPTER 1

INTRODUCTION

1.1 Background

The investigation of feedforward-feedback control of an inverter-based compensator
evolves from a previous investigation developed by [1]. In this research, an approximate
linearized model was developed in order to characterize the fundamental frequency
behaviour of the compensator. This average model uses one parameter of control,
denominated as d, and represents a phase shift between the network voltage and the
fundamental component of the inverter voltage. The control algorithm installed on the
actual laboratory prototype was implemented using a TMS320C30 digital signal
processor. The experimental results of [1] showed that the approximate average model
represented very well the fundamental frequency behaviour of the laboratory prototype
under stationary and dynamic conditions. Nevertheless, one of the problems found by [1]
in the laboratory prototype was the inability of the compensator to maintain a unique

constant value for the link voltage in all the operability range of 3.



1.2 Expansion

The present investigation explores strategies to overcome some of the problems
encountered in the compensator built by [1]. It also extends the theoretical knowledge
about the behaviour in stationary and dynamic conditions of the actual laboratory
prototype and explains in greater detail the results achieved by [1]. The drawbacks
encountered in the previous research are overcome by including one more variable of
control. Since the system is modeled not only by considering the fundamental frequency
components, but also by using other mathematical techniques that make no
approximation, the results achieved with the latter model validate the results obtained
with the former. Furthermore, when the parameters and control strategies of the resuitant
exact mathematical model are set equal to the actual laboratory prototype, the theoretical
results achieved with the former model agree with the results of the compensator
developed by [1]. This investigation expands the previous research in the following

topics:

Implication of including another variable of control.

¢ Development of an exact model considering all the non-linearities of the system.

e Development of general dynamic transfer functions from the average model.

¢ Detailed root locus analysis of the dynamics transfer functions.

* Analysis of seven different controls structures.

¢ Determination of best instant for current and voltage sampling.

¢ Development of equations to find the appropriate current and voltage reference values

e Variable correlation between the exact and the linearized average model.



1.2.1 Implication of Another Control Variable

The control scheme of the compensator studied in the previous work only used one
variable of control; therefore, only a feedforward phase-shift and feedforward/feedback
phase-shift control scheme were analyzed and implemented. The modelling in the
present work involves two variables of controls: One variable parameterized by p that
permits width variations of the square wave; the second variable parameterized by &
allows a phase-shift between the fundamental component of a square wave and the
sinusoidal network voltage. The use of the latter variable alone yields to a phase-shift
control strategy while the use of the two variables yields to a phase-shift/pulse-with
control strategy. The last type of control permits the investigation of another variable in
the behaviour of the compensator in dynamic and stationary conditions. It also gives

different alternatives for control schemes depending on the feedback loop signal.

1.2.2  Development of an Exact Model and General Dynamic Transfer Functions

In order to validate the results of the approximate linear, time-invariant LTI continuous-
time model, an exact model that considers all the non-linearities of the system is
developed. The mathematical development involves calculation of convolutions requiring
computer numerical compilations. Even though, the answer from this model is precise, it
is not useful for control synthesis. On the other hand, the average model is not precise
but permits the application of conventional control theory and it also allows state-space
representation. This mathematical representation of a multiple-input, multiple-output
system permits the development of several dynamic transfer functions, which facilitates

the analysis of the system by examining the resultant single-input, single-output systems



1.2.3 Detailed Root Locus Analysis
The behaviour of a control system can only be understood with the appropriate control
tool. Among the techniques available, the root locus method is simple, accurate and

precise for the present analysis. The method is used to accomplish the following:

o Obtain the critical and optimal gain of the system.

o Determine the dynamics of the system as the control variables are changed in all their
operability range.

o Comprehend the behaviour of the compensator in all its modes of operations.

¢ Resolve the dynamics of the closed-loop poles for a given optimal gain.

¢ Predict when possible, the response of the system to step changes in reactive current

from one mode of operation to another.

1.2.4 Control Strategies

Feedforward and feedforward/feedback controls are the two main control schemes of the
present research. The feedforward control structures are analyzed using two strategies:
the phase-shift control with p held constant at 120°, and the phase-shift/pulse-width
control. The feedforward/feedback schemes are analyzed using feedback voltage loop
and feedback current loop. Four of these structures are analyzed using of phase-
shift/pulse-width control and one using phase-shift control with u held constant at 120°.

In all cases, a proportional control law is implemented.

10



1.2.5 Signal Sampling Issues and Reference Values.

One of the problems encountered in the preceding research was how to calculate the
reference voltage value for the laboratory prototype. This probiem was solved by a
piecewise linearization of a nonlinear experimental curve [1]. The present investigation
presents precise equations to calculate the reference voltage and current values for the
exact model. This model is used to represent the actual laboratory prototype. It also
analyzes the consequences of sampling at the wrong time and suggests the appropriate

criteria to overcome this particular problem.

1.2.6 Model Correlation

Throughout this research, the correlation between the exact and the linearized average
model is discussed. These correlations include, among others, the relationship between
the input parameter values of the two models, reference values and step response. Due to
the solution dependency on software packages of the exact model, in many cases the
equations of the linearized average model facilitate finding new and less difficult
expressions for the exact madel. In other cases, the development of these expressions are
found by solving, first, the equations of the exact model with the aid of computer

programs and later finding analytical expressions to match the resuits.

1.3 Thesis Objectives
The main objectives of the present investigation are as follows:
o A solution to overcome the wide link voltage fluctuation of the inverter-based

compensator developed in [1], when submitted to step changes in reactive current.

11



o An analysis of different feedforward and feedback controls.
¢ A determination of the best control strategy using performance measures such as,

percent overshoot, time to rise, time to peak, steady state error and settling time.

1 4 Ontline of the Thesis

A brief introductory chapter provides the background, the objectives of the thesis and an

enlargement of the work in comparison to the previous investigation.

Chapter Two describes the mathematical modelling of the compensator using two
different approaches. The resulting linearized average model uses basic circuit theory,
Fourier analysis, linearization methods and state-space representation. On the other hand,
the exact model relies on the mathematical solution of the systems’ vector differential

equations.

The feedforward control strategies are analyzed in Chapter Three. Two strategies are
analyzed: the d-feedforward control and the &/u feedforward control. The chapter ends by
showing the correlation between the exact and the average model in terms of the variable

L.

In Chapter Four, the performance of the compensator, using voltage feedback loops is
analyzed. The three strategies implemented in the exact and the average model are the &-
feedforward /U,-feedback control with p=120, the &/p-feedforward /U,-feedback to &

control and the &/p-feedforward /U,-feedback to p control. All the control structures

12



involve the determination of the optimal control gain through root locus analysis. The
expressions to calculate the voltage reference values for the exact model are also
developed in this section. The system response is analyzed under stationary and dynamic
conditions and the performance measures are estimated by submitting the compensator to

step changes in reactive current.

In Chapter Five, the performance of the compensator using current feedback loops is
analyzed. The two strategies implemented in the exact and the average model are the
d/u-feedforward /I.-feedback to 8 control and the &/u-feedforward /I -feedback to p
control. All the control structures involve the determination of the optimal control gain
through root locus analysis. The expressions to calculate the current reference values for
the exact model are also developed in this section. The system response is analyzed
under stationary and dynamic conditions and the performance measures are estimated by

submitting the compensator to step changes in reactive current.

Chapter 6 provides the conclusions of the investigation and presents material for future

work.

13



CHAPTER 2

SYSTEM MODELLING

2.1 System Description

The switching sequence used to generate the 3-level voltage waveform, depicted in
Figure 2.1 as u,, is achieved by means of generic switching elements represented in the
graph as S;, Sz, S3.and S;. C,, Up, L and R, symbolize the other circuit parameters such
as the dc capacitance, the network voltage, the inverter-coupling inductance and its
associated resistance, respectively. The amplitude of the inverter voltage u, is determined
by the capacitor voltage U, and the input parameters & and p. The former parameter is
the phase angle between the fundamental component of us and the network voltage U,.
The parameter W is the width of the ac square wave generated by the switching devices.
¢ and @, fully determine the shape of the link voltage u;. They also integrate the input

parameters § and [.

14



The main objective of the present work is to investigate the controls of an inverter-based
compensator with the aid of the conventional control theory. Thus, in order to apply the
control concepts, the system is modeled only using the fundamental components of the
circuit variables. Nevertheless, the resulting average model does not take into account
the non-linearities; therefore an exact model that considers all the non-linearities of the
system is also developed. The exact model is used to evaluate the effects of neglecting

the high order harmonics and to benchmark the resuits of the control strategies obtained

with the average model.
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Figure 2.1. Circuit model of a single-phase inverter based compensator.
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2.2 System Equations
The steady-state operation of the system comprehends a cyclic process determined by the

switching scheme. When the switches S; and S; conduct, it can be seen from Figure 2.1

that the system can be described by the following equations:

L.vﬁ = —Rls + tUn
dt
2.1)
duo
0 = Ca
dt
(2.2)
When the switches S; and S; conduct, the system equations become:
Lxﬂ = —Ruis — lo + lin
dt
(2.3)
dito
is= Co
dt
(2.4)

The other combinations of switching states described in Figure 2.1 (Sz4 and Siy) yield
respectively to either the first set of equations or to the second set. Therefore, the system

can be described in terms of the circuit parameters by the following expressions:

L:ﬁ = —Reis = s + Un
dt
2.5)
du.
o = Co
B
2.6)

16



Here the state of the switching sequence in conjunction with U, and i, determines the

value of us and i,.

2.3 Average Model

In order to apply the control theory and to investigate the stationary and dynamic
behaviour of the system, an average model will be developed. The first step of this
pracess is to find the fundamental component of the ac square wave formed by the

switching devices depicted in Figure 2.1.

The expression for the fundamental component of the inverter voltage is as a function of

& and , as follows.

< U > = ﬁsin(ﬁ)sin(ax -0 )
i3 2
2.7
The application of Kirchoff’s current law yields the expression for the fundamental

component of the current, denoted by <is=>;.

5= o i ; — Yo insin—s -
<i (1) >;—L m st'(2)608(5 +sv)}vr(a1r)+[fr M sm(zlw(-c? @) |cosi@x)
(2.8)
Where:

ol
= tan"'(—=
@ ( R )

5

Equation 2.8 can be expressed as follows:

17



< islt)>, = Iusin(wt) + Lcos(wt)
(2.9)

This result shows that the current can be expressed as the summation of two components:
one in parallel with the network voltage and the other one in quadrature. It is convenient
to denote these currents as Ty for the former and Iy, for the latter. Iy can be thought as the

active current and [, as the reactive current.

Taking the derivative of Equation (2.19), equating the result with expression (2.5) and
collecting common terms in sin(ot) and cos(ot), yields the following non-linear

differential equations.

%I - -%1.. vl - ‘:i‘,’ sin(%)cos(&) +"Z"

(2.10)
ﬂ = -wln -—-&[L + 4Uo sin(ﬁ)sin(é‘ )
dt Ls ks 2

@.11)

Analyzing the behaviour of the capacitor permits the development of expression for the
capacitor voltage. Averaging the power delivered into the inverter terminals and dividing

by the dc component of U, results in the following expression.

(2.12)
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The above equation determines the average current into the capacitor, but this current can

also be found with the following well-known equation:

au
=C, —=2
IO o dt
(2.13)
Combining Equation (2.12) and (2.13) yields the following expression:
‘{zo =- Cf;r sin(%)[l ncos(d) — Isin(d )]
(2.14)

The average model is now fully represented by Equations (2.10), (2.11) and (2.14).
While the equations determine the behaviour of the compensator, it is described by a set
of non-linear differential equations; therefore, a linearized average model must be

developed in order to apply the conventional control theory.

2.4 Stationary Solution

[n steady state, at any given operating point associated with the parameters 6* and p* the
terms dIy /dt, dI/dt and dU, /dt, of Equations (2.10), (2.11) and (2.14) respectively, are
equal to zero. This yields a system described by a set of 3 equations and 3 unknowns.
Solving the resultant system yields the steady state operating point of the single-phase

inverter based compensator.

Un
* :———1—- *
[*n > [t - cos(26*)]

(2.15)
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I*t =2U—I;:sin(5*)
(2.16)

" Un cos(p —o0%)
yre= 4*.  cos(p)

(2.17)

Equations (2.15) and (2.16) show that both the active and the reactive current are
independent of the parameter u. On the other hand, expression (2.17) shows that the

voltage is a function of both parameters, & and p.

2.5 Linearized Average Model
So far the system has been described by Equations (2.10), (2.11) and (2.14). All these
expressions are functions of the active current I}, the reactive current I, the capacitor

voltage U, and the input parameters d and p. These equations are repeated here for

convenience.
d}n _ Rs 4o Y Un _
- =L In+ol — sin( 2)cos(é‘)+ - fUnIL,Uo 6, 1)
(2.18)
ddItL =-wlu —%[L + 4}5? sin(%)sin(5 )= fUIn,I,Ue, b, u)
(2.19)
d(}a 2 . M .
= - Lad1 )4 - = 4
" Con sin( 2)[ ncos(é) [wm(é‘)] S 1,Us,6, 1)
(2.20)

20



Since there is no general theory for the analysis and design of non-linear systems and it is
clear that the above is non-linear, it is necessary to obtain a linear model. The
linearization around an operating point can be found by obtaining the Jacobian of the

system, which bears the following results.

_ . -
- % w - n': sin(fl—) cos(d*)
A= —w -—LR': ”Z sin(E= )sm(é‘*)
2 u*
sm( )cos(5 *) - sin(— )sm(é‘ *) 0

Notice that the elements of this matrix are formed by circuit variables and/or the input
parameters 6 and p. It is also convenient to note that the variables I;; Ip and U, are not

part of the elements of this matrix.

* * L *
4(7:[: sin(‘%)sin(é‘*) Sy cos(6*) cos(‘%-)
* *
B= 4(’;‘ 2 sin(%—) cos(5*) 25; ® sin(8*) cos(‘uT)
u*
2 sin(‘u—*)[— Isin(6*)—1, cos(5*)] [1' (6*%) -1, si 6*)} Y
ra > 1 L 11 COS ¢ sin( <

The above result shows that, unlike matrix A, the elements of matrix B involve circuit

variable, input parameters and the variables I, Iy and Us,.
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An analysis of Equations (2.18), (2.19) and (2.20) in conjunction with the Jacobian

permits the representation of the system by the state space form.

I:I 131 -
% L|=AlL +B|:‘?}

Us Us H
(2.21)

Where [, represents the perturbation from stationary conditions (I 1), similarly for I,

and U,

2.6 Dynamic Transter Functions
The state-space model represented by Equation (2.21) describes a multiple input, multiple
output system where the perturbed state variables I"y;, 'L and U, form the state vector

and the perturbed input parameters 8™ and 1~ compose the control vector. & And p will be

also referred to as the control parameters. The system’s transfer function matrix is:

G, (s) G, (s) Gy (s )
Gu(s) Ga (s) Gu(s)|=(s7-4)'B
G, (S) Gy (s) G, (S)

The elements of this matrix relate the state variables with the control parameters §~ and
p. For instance, the element Gyi(s) relates the state variable 'y and the control

parameter &, while the element Gz(s) relates I';, and ™. The capacitor voltage is related
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to the parameter parameters 8~ and p~ through the elements Gsi(s) and Gia(s). The

following are the two last rows of the matrix operation described above.

I4) _ - Kl (KX, 00885 +(KoXsinS” — KRy c0s8” + Kl X 5ind s ~UpK: coss” + K Resind” + K1Y cos5’|

G.. = Y 2 2 2 2 2
o LB TATBRS T(KX, +2XB, + 28RS +RE:

(2.22)

- £73 kK,X,_vimS')s’ +(K, X cos 8"+ K,Rsind” + K. Xsind")s + K [Rssind™ + KI,.X ; cos é"]

Gots) = 1,(s) _
- 2X2B,s’ +4X BRs® +(K1X + LY(B, + 2B R))s + RK}

H(S)
(2.23)
G Yo - K JX2)s® + QX R s + (X2 + RO - KU, X, ]
" Gy 2XIBS® +4X B,R.sT +(KIX +2X B, + 2B,R)s + RK
(2.24)
K. vay 2 . PR ere
G B [ + QX Ry - KU X s+ + RO, - KUR,]
s)= == 3 o s 3 5
l ws) | LVGBS +AXBRS +(KX, +210B, + 2B R)s + RK;
(2.25)
where,

[,=1,sind +1, cosd

I,=1,co86 —1,sind
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The above set of Equations (2.22) to (2.25) describes the dynamic transfer functions of
the system. It can be seen that they ail have the same denominator. This result shows
that the open-loop poles of all these transfer functions are the same. Each one of these
transfer functions will be the base of the control structure in later chapters. The
applicability of each control structure will be determined by analyzing the behaviour of

the compensator when submitted to step changes in the reactive current set point.

2.7 Exact Model

For any power electronic circuit model consisting of interconnections of linear, time-
invariant (LTT) elements, ideal switches and ideal sources, it is straightforward to obtain
an exact mathematical representation of the evolution of the state variables describing the
circuit. [2]. An analysis to Figure 2.1 permits the determination of the evolution of the
state variables of the circuit. This progress can be found with the aid of Figure 2.2, which
describes the system’s states evolution. It can be seen that the circuit alternates between
two states and that due to the switching sequence, it is sufficient to analyze a complete
half cycle determined by the interval 0< @t <r. During this interval the system
progresses through two distinct states, represented in the graph by SB1 and SB2. State
SB1 is defined in the sub-interval 0< wt < @;, while State SB2 is defined in the sub-

interval 1< ot < Q1.

Using the fact that power electronic circuits are designed in a way that preserves
continuity of the state variables, the final state in the i-th configuration becomes the

initial state for the (i+1)-th configuration. [2]. Considering the cyclical behaviour of the
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system, it is straightforward to fully analyze the circuit using its two modes of operation

and Equations (2.1), (2.2), (2.3) and (2.4)

's

Y

Uo
wt
<— /7 T v v
0 % $2 m 2r
<—/rI 1 2 1
s S s
< ri——Y sy ——>
oY A
o :ﬁ-gs » __.__J*rv'r\j/\__
i Ls Rs
Ca ":Uu " *
- Unsin{wt) (W) Co== Uo Unsin{wt) ($)
State SB1 State SB2

Figure 2.2. System evolutions according to the switching sequence.

The first mode of operation defined by the state SB1 is described by Equation (2.1) and

(2.2). These equations allow the state-space representation given by the following

expression:

d |1 —-‘I;, 0 i‘+;\1—u
d(et)|u, | o' O."" 0""

Equation (2.26) has the solution given by:

(2.26)



) '
[ i, (¢1 )] — ec\o (t1-10) % Z(O) + Ie A.(ﬁ")Boun (Tyf
0

uo(?l)
where,
[ R
- 90
ey
L 0 0O
1
B, =| X,
| 0

%(0) denotes the initial condition of is and u,.

(2.27)

The second mode of operation defined by state SB2 is described by Equation (2.3) and

(2.4). These equations also allow the state-space representation given by the following

expression:
_R -1 :
d [is(¢z)]_ X, X, {l]
= = +| X, |u,
dnlue,)] | L o lu] |7
B,

Equation (2.28) has the solution given by:

i 2
[ls (‘Pz)] = ef\l(‘z"l)z(tl)+ Ie"'('z_')Blu" (‘t)dr
1

”a(?!)

(2.31)

(2.29)
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R, -1
Al= ‘lxx X:
—_ 0
L BO
[
B, = X,
| 0

and %(¢;) denotes the initial condition of is and u, at ©,.

The system returns now to the first mode of operation, but this time the initial conditions
are given at time @;. Therefore, the solution at the end of the interval is given by the

following expression:

]ty e m e
(2.34)

where,

x(p2) denotes the initial condition of is and u, at @-.

By piecing together the above solutions we can relate the extremes of the interval as

fallows:

1) =¢ £0)+&
2.31)
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g - e,\o(x—wz).e'\ (‘P:‘ﬁ)‘ Aglp-0)

e
(2.32)

Ly 1) T
E= e"‘"””).{e"'L o) Ie"""‘”’Bozl,,(r)dr-f- Je“"”""B‘un (r)dr} + Ie"'(”"’Boun (r)dr
9 [} Lol
(2.33)
The values of @, and @, are determined by the control parameters 8 and p. Thus § and £
are functions of  and p. At any permissible operating values of 6* and p* it is possible
to exploit the fact that under stationary conditions, is is an alternating current while the
voltage across the capacitor is a dc voltage. It follows then, from Equation (2.31) that the
value of the state variables at the endpoints of the interval are related by the following

equation:

r@-5 (o

(2.34)

Substituting Equation (2.34) into (2.31) and solving for the state vector at 0, yields to the

expression:

z*(0)=[[';1 ?]—4*]‘.«5*

(2.35)
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This mathematically rigorous approach makes no approximation and thus is generally
applicable, even in systems where the assumptions made in obtaining the averaged model
do not hold. [3]. Nevertheless, the solution is absolutely dependent on numerical

packages like MATLAB.
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CHAPTER 3

FEEDFORWARD CONTROL

3.1 Benchmark System Parameters

In this section the behaviour of the compensator is analyzed with the aid of the two
models developed in Chapter 2. The models are tested under stationary and dynamic
conditions. Two types of control strategy are implemented in each model--(i) the &
feedforward control developed also in a previous thesis, and (ii) the 8-u feedforward

control proposed in the present work.

In order to make a fair comparison between the two types, several performance measures
are evaluated. The estimation of these performance measures is achieved by submitting
the compensator to step changes in reactive current from inductive to capacitive and vice-
versa. These measures show the performance of the compensator under dynamic
conditions. Both models use the same circuit parameter values. The rating of the

capacitor is Co=2400 uF, Uo=450 V. The reactor rating is Ls=10 mH, Xs/Rs=7.2; note
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that the resistance is determined by the ratio Xs/Rs, which gives the quality factor of the
inductor. The network voltage is set to have a fixed value of Un=V2*120 V and the

system’s frequency is assumed to be 60 Hz.

8 - Feedfarward Control

LR =L P2 D)}

[ P¥]

2 Th

4 i

A close inspection of Equation (2.17) shows that holding p and U, constant indicates a
relation between the variables 6 and U,. This means that as soon as § is changed, the
correspondent value of U, is known. The knowledge of the amount of disturbance in
advance suggests the use of feedforward control in order to reduce the transient error.
The application of Equation (2.17) to the exact model will yield a response with an error

that will be analyzed in the last section of this chapter.

3.2.1 Control Description

The control structure implemented in the exact and in the linearized average model is
depicted in Figure 3.1. The upper scheme determines the control structure to be
implemented in the exact model while the lower scheme depicts the control structure for
the linearized average model. Matrix A corresponds to the Jacobian matrix of Chapter 2,
with u held constant at 120°. Matrix By is the first column vector of matrix B of Chapter

2, with it held constant at 120°.
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Figure3.1.  Feedforward (FF) control structures for the exact and linearized average
model.

3.2.2 Stationary Behaviour

The behaviour of the compensator in inductive mode with § = - 2° and p = 120° is
depicted in Figure 3.2. The solid line illustrates the result using the average model,
(Equations 2.15 to 2.17,) while the solution achieved with the exact model, (Equation
2.35,) is described by a dotted line. The operation of the compensator in capacitive mode
with 8 = 2° and p = 120° is also depicted in Figure 3.2. Both models show the
dependency of the capacitor’s voltage on the control parameter § when u is held constant
at 120°. This dependency can be clearly seen with the aid of Equation (2.17) in Section

2.4, which shows that when p and U, are held constant, the capacitor voltage U, is not
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only uniquely dependent on & but also directly proportional to cos(p - 8). Therefore,
when 8<0, the term cos(¢p - 8) is closer to 90° and the voltage decreases; on the other
hand, when 8>0, the term cos(p - &) is closer to zero and thus the voltage increases.

Figure 3.2 also shows how well the average model represents the fundamental frequency

behaviour of the compensator in stationary conditions.
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Figure 3.2  Stationary solutions for inductive mode (left) and capacitive modes (right),
achieved with averaged model (solid line) and exact model (dotted line).
When the system is analyzed with the exact model, even though the fundamental
component of the current is clearly a sinusoidal wave, regardless of the mode of
operation, the shape of the system’s current varies depending on the compensation mode.
The difference in the shape of the current signal will become a key factor in the analysis
of the control structures involving feedback current. It is also important to note that with
the exact model, the voltage waveform changes as well, depending on the mode of
compensation. Again, in the exact model, the difference in the shape of the capacitor dc
voltage signal will be a key factor when analyzing control structures involving feedback

voltage.
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3.2.3 Dynamic Behaviour

The response of the compensator to a step change in current from 11.31 A peak inductive
to 11.31 A peak capacitive, (holding p constant at 120°) is depicted in Figure 3.3. The
right side illustrates the response using the exact model, while the left describes the
response of both models but highlights the response of the average model. The current

evolution from inductive to capacitive mode is easily viewed on the graph by observing

its 180 phase-shift.
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Figure 3.3 Dynamic behaviour to a step change in current from 11.3 A inductive to
11.311 A capacitive obtained with the average model (left) and with the
exact model (right). (Step change in &)
The response of the system for the inverse transition, this is, from inductive operation at §
= -2° to capacitive operation at & = +2°, is described in Figure 3.4. Both figures highlight
the voltage dependence of the system on the control parameter & when y is held constant

at 120°. This voltage fluctuation not only forces the capacitor to operate at different

voltage levels, but yields to voltage reference according to the value of the parameter &.
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Thus, in order to maintain the voltage U, at a constant level, the parameter 1 must enter

into play.
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Figure 3.4.  Dynamic behaviour to a step change in 8 from +2° to -2° obtained with the
exact and average model (left) and with the exact model (right).

3.2.4 Performance Measures

The progress of the reactive current during the transients from inductive to capacitive and
vice-versa are depicted in Figure 3.5. This figure also shows the voltage transient across
the capacitor. The performance measures associated with these step changes in reactive
current are shown in Tables 1 and 2. Both tables show the performance measures for the
transients related to the voltage and to the current. The first table is associated with the

change from inductive to capacitive while the second is associated with the change from

capacitive to inductive.

An important feature of this type of control encountered by [1] and verified in this

section, is the voltage variation across the capacitor. In the present work, the inclusion of
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the control parameter | diminishes this voltage fluctuation, as will be seen in subsequent

sections.
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Figure 3.5.  Step change in current from inductive to capacitive (left) and for

capacitive to inductive (right).

Table 3.1 6 =-2°to 2° and u = 120°

VOLTAGE MEASURES CURRENT MEASURES
Time to rise [s] 0.281781 | Time to rise [s}] 0.278778
Settling time [s] 0.266266 | Settling time [s}] 0.469969
Steady-state error [%] | 0.804986 | Steady-state error [%] | 3.967796
Table 3.2 8 =+ 2°to—2° and p = 120°

VOLTAGE MEASURES CURRENT MEASURES
Time to rise [s] 0.282282 | Time to rise [s] 0.277778
Settling time [s] 0.332332 | Settling time [s] 0.469469
Steady-state error [%] | 1.347399 | Steady-state error [%] | 3.940048
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3.3 The & / u Feedforward Control

A close examination of Equation (2.17) shows that in order keep U, at a constant value,
the parameter in control pu must be allowed to change. This change yields a unique
correspondence between 8 and p. But it also suggests again the use of feedforward
control, since the undesired effect of the disturbance and its correction is known in
advance. In this section, the value of pu for the exact model is found with the aid of

Equation (2.17) and corrected using Equation (3.1) in Section 3.4

3.3.1 Control Description

The control structure implemented in the exact and in the linearized average model is
depicted in Figure 3.6. The upper scheme determines the control structure implemented

in the exact model while the lower scheme describes the control scheme implemented in
the linearized average model. Notice that in the exact model the value of p depends on
the variable U, and §". Matrix A is the Jacobian matrix of the system evaluated with the
proper values of d and p. Matrix By is the first column vector associated with Jacobian

matrix B. G, is the feedforward transfer function given by Equation (2.24).
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Figure 3.6.  &-p Feedforward control schemes for the exact and the linearized average
model.

3.3.2 Stationary Behaviour

The behaviour of the compensator with the 8-y feedforward control, under stationary
conditions is depicted in Figure 3.7. The first interesting result that comes to light is the
ability of the compensator to maintain the voitage at a constant level, regardless of the
mode of operation. The straight solid lines at 220 V on the upper graphs are associated
with the results of the linearized average model, while the dotted lines are associated with
the exact model; the effective voltage value of the response signal obtained with the exact
model is exactly 220 V. Nevertheless, in the capacitive mode, the peak voltage is higher
than in the inductive mode; therefore, care must be taken when defining the moment of

sampling when implementing feedback current loops.
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Figure 3.7.  Stationary behaviour of the compensator in inductive mode (left) and in
capacitive mode (right), obtained with the linearized average model (solid
line) and with the exact model (dotted line).

The behaviour of the system’s current is also depicted in Figure 3.7. It is clear from the
average model response (i.e., solid line) that the control parameter p has no influence on
the current, as was expected from the mathematical results in Chapter 2. On the other
hand, it is also clear from the exact model that the deviation of the control parameter p
from the value 120° increases the current harmonic content. Another interesting result
associated with the exact model response is the difference in the peak current, which in
inductive mode is about 20 A, while in capacitive mode is around 15 A. This difference is
not small and thus it cannot be neglected. In general, in the inductive mode, the peak
current is higher than in the capacitive mode. It will be shown in later chapters that there

is a dependency between the parameter & and the peak current

3.3.3 Dynamic Behaviour

The ability of the compensator to reduce the voltage fluctuation during a transition

associated with a step change in current from inductive to capacitive (and vice-versa,)
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when using the 8- feedforward control is depicted in Figure 3.8. The right side of the
figure shows the exact response of the compensator to a change in current from 11.311 A
peak inductive to 11.311 A peak capacitive. The left side shows the responses obtained
with both models but highlights the linearized average model. The voltage drop in the
capacitor can be explained with the aid of an RLC series circuit with a variable
capacitance. In stationary conditions, the voltage across the capacitor and the reactor are
fixed and their summation equals the network voltage. At the moment of the transition
the capacitive component current is increased and the inductive component of the current
is decreased. Since the current across the reactor is not allowed to change immediately,
the storage flux creates an electromagnetic force in order to maintain the inductive
current constant. This emf adds to the steady-state voltage across the reactor, thus
causing an increment in the voltage across the reactor and therefore a reduction in the
capacitor voltage. As the electromagnetic force decreases the voitage across the reactor
decreases and the voltage across the capacitor increases. These process takes places until

the emf is zero and the steady state is reached again.

The 180° phase-shift in the current permits the observation of the evolution of the
transient from inductive to capacitive; but unlike the response obtained with the 3-

feedforward control, the peak current does not reduce during the transient.
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Figure 3.8.  Dynamic responses of the compensator to a step change in current from
11.31 A peak inductive to 11.31 A peak capacitive, achieved with the
average model (left) and the exact model (right).

The response of the compensator to the inverse step change in current is depicted in

Figure 3.9. The voltage increment can also be explained with the aid of an RLC series

circuit. In this case, the compensator is working in capacitive mode and in the inductive

component the current is increased; this increase causes a reduction in the voltage across

the inductor due to the storage flux and therefore causes an increment in the capacitor

voltage.
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Figure 3.9.  Dynamic responses of the compensator to a step change in current from
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average model (left) and the exact model (right).
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3.3.4 Performance Measures

The performance of the compensator to a step change in current using the &-p
feedforward control is depicted in Figure 3.10. A comparison between this figure and
Figure 3.5 highlights the advantage of the 8-p control over the & control. Tables 3 and 4
summarize the performance of the compensator using the §-p feedforward control.
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Figure 3.10. Step change in current from inductive to capacitive (left) and for
capacitive to inductive (right) when the compensator uses the &-p
feedforward control.

These tables show that the percent overshoot has a high value when the compensator

changes its mode of compensation. This resuit has a significant impact on the power

electronic switching elements, as they must be able to withstand this amount of current
for a short period of time. Moreover, the rise time provides key information on the di/dt
that the electronic device must be able to withstand. These tables also show that the
over-voltage across the capacitor is no longer a concern. Comparisons between these two
tables show that the percent overshoot is lower for a step change in current from
inductive to capacitive, than vice-versa. This result indicates that, the system is more

damped in capacitive mode.
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Table 3.2 5 =-2°to 2° and p = f(5)

VOLTAGE MEASURESS CURRENT MEASURESS
Percent over-voltage [%] 7.756976 | Percent overshoot [%6] | 99.139231
Time to achieve the over-voltage [s] | 0.007752 | Time to peak [s} 0.007502
Settling time [s] 0.139035 | Time to rise [s] 0.004251
Steady-state error [%)] 0.009605 | Settling time [s] 0.396349
Steady-state error [%] | 0.047300

Table 3.3 8 = 2°to-2° and p = f(3)

VOLTAGE MEASURESS CURRENT MEASURESS
Percent over-voltage (%] 5.071162 | Percent overshoot [%] | 120.17049
Time to achieve the over-voltage [s] | 0.008002 | Time to peak [s] 0.007752
Settling time [s] 0.181295 | Time to rise [s] 0.004010
Steady-state error [%] 0.281235 | Settling time |s} 0.627407
Steady-state error [%] | 0.819052

3.4 Robustness [ssues

34.1 Steady-State Error

The results of the previous section along with the ones obtained in [1] justify the
necessity of the control parameter . According to Equation (2.17), the inclusion of this
new control parameter permits the development of a unique correspondence between §, p
and U,. Thus, it is now possible to maintain the voltage U, at a constant level
Nevertheless Equation (2.17) represents the average model; the exact model! has no easy
mathematical expression that relates directly the variables U,, 8 and p. Therefore the
consequences of applying Equation (2.17) to feedforward y to the exact model will lead
to steady-state error in the response of the system. Nevertheless, it will be seen later that

this equation will play a key roll in developing an expression for the exact model without
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resolving Equation (2.35). Figure 3.11 shows the consequences of using feedforward
control on the exact model with the erroneous p while operating in stationary conditions.
It is important to note that the parameter p only affects the voltage level and not the shape

of the fundamental component of the current.
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Figure 3.11.  Stationary responses of the compensator in inductive and capacitive mode
when the both models exact and average are feedforward with the same p.
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Figure3.12. Dynamic responses of the compensator in inductive and capacitive mode
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Figures 3.12 and 3.13 show the responses of the exact model under dynamic conditions
when the compensator uses feedforward control with the wrong p. Figure 3.12 shows the
transient performance from inductive to capacitive mode, while Figure 3.13 shows the
reverse change. Again it is important to note that the parameter p only affects the voltage

transient level and not the shape of the fundamental component of the current.
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Figure 3.12. Dynamic response of the compensator from inductive to capacitive mode
when both models are feedforwarded with the same p.

3.4.2 Parameter Variation

In order to find an expression to calculate the value of p for the exact model, Equation
(2.35) was solved iteratively with the aid of a computer program, setting U, constant and
solving for p while varying § at increments of 0.2° within the interval from —5° to +5°.
The recorded values of p were later compared with the values given by Equation (2.17)
and a seventh order polynomial was developed to calculate the amount of correction

needed to adjust the values given by Equation (2.17). The 7-order polynomial has the

following form:
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i, =0.000157 +0.00055° —0.00195° —0.00815* +0.03425° +0.03265* —0.43455 +3.4781
(3.1)

Figure 3.14 shows the difference between the values obtained with Equation (2.17) and
the values of p obtained with Equation (2.35). It also shows the amount of correction

achieved using the developed polynomial.
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Figure 3.13. Amount of adjustment needed in Equation (2.15) to feedforward
accurately the value of u to the exact model.



CHAPTER 4

FEEDFORWARD / U, - FEEDBACK CONTROL

4.1 Mottvation

This chapter is concerned with determining the optimal gain constant necessary for the
implementation of a proportional control law. The implemented control law uses the
voltage error to make the corrective action over the parameter of control, which might be

S or .

The influence of the negative feedback voltage-loop over the system’s transient response
is analyzed with the aid of two control strategies. One strategy uses 8 as the parameter of
control, while the other one uses p. Following the previous work done by [1], whereby
the parameter y is fixed, a third control configuration, wherein 8 is the controlled
parameter and p is held constant at 120° is also analyzed. The comparison between the

latter strategy and the former configurations wil! yield observation about the advantage of

having one more degree of freedom.
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The control schemes of this chapter are based on the open-loop transfer functions given
by Equations (2.24) and (2.25) in Chapter 2. The criterion to determine the optimal gain
constant is set after performing a detailed root locus dynamical analysis of the system’s
open-loop transfer function. Each control configuration is implemented in both the exact
and the average model. Finally, in order to benchmark the average model and to estimate
the performance measures, each model is submitted to step changes in reactive current,

from inductive to capacitive mode and vice-versa

4.2 Sampled and Average dc Voltage
The control structures defined in this chapter modify either the parameter of control, 8 or
u. This parameter is altered to a more adequate value by an adjustment factor, which is

determined by multiplying the optimal gain by the measured difference between the

voltage reference and the voltage output U,

For the linearized averaged model, the voltage reference is not a concern since the
mathematical modelling of the system gave an equation that relates the variables U,, p
and 8. Therefore, the system’s voltage reference can be predicted using Equation (2.17)
developed in Chapter 2. On the other hand, the mathematical method used to describe
the behaviour of the exact model did not give an expression that directly relates the

variables U,, 6 and p.

The implementation of the control law in the exact model yields an equation to calculate

the reference voltage, but the value of this voltage depends on when the voltage signal is



sampled. A close look at the results in Figure 3.7 indicates that the best moment to
sample the voltage U, is at the zero crossing of the network voltage. During this period,
the characteristic of the curve is flat and thus the chance of error is reduced. Figure 3.7
also shows that the voltage reference depends on the mode of operation of the
compensator. In the figure, the value for the reference in inductive mode is 219.79 V,

while the reference for the capacitive mode is 217.77 V.

Implementing a computer program to solve Equation (2.35) and to sample at the zero
crossing of the network voltage permits calculation of the exact values of the reference
voltages. These values are plotted and then an equation that matches this plot is found.
Figure 4.1 shows that Equation (4.1) describes reasonably well the exact voltage
reference values. It also shows that the maximum error when applying this equation is

less than 0.6V.

§<43°
- (-225+5.3)
U, =220—5.8¢""22°3
43<=§<=-23

U,y =222.7-0.89¢085

3>-23

= )
U, =220-0.88¢%
(4.1)
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Figure 4.1.  Exact reference voltage found by solving Equation (2.35) (solid left),
reference voltage using Equation (4.1) (dotted left), and the amount of
error when using the latter equation (right).

4.3 The & - Feedforward / Uo - Feedback control with p = 120°.

The mathematical analysis of the average mode! developed in chapter 2 describes a
relationship between the variable U, and the parameters of control § and p. This
relationship can be used to determine the steady-state operating point of the compensator
and the parameters of control. If p is fixed to the value of 120° then expression (2.17)
can be used to analyze the behaviour of the compensator as it was done by [1] and thus
gain a deeper understanding of the results obtained and to outline the benefits of

including the variable p.

43.1 Control Structure

This control structure uses § as the parameter of control with p held constant at 120°.
The configuration is depicted in Figure 4.2 and is composed of two diagrams. The upper

one describes the control scheme to be implemented on the exact model, while the lower
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one shows the control structure for the linearized average model, where the fixed value of

u is immersed in the open-loop transfer function G,.

Unl

n==8—> —lg

Figure4.2. & Feedforward / feedback control with u=120° structure for the exact and
the linearized average model.

The control law implemented in the exact model is easily seen by following the flow path
of Figure 4.2. Expression (4.2) describes the control law for the exact model, while

Equation (4.3) describes the control law implemented in the average model.
8=8" + K(Us - Uo) (4.2)

5=- KU, (4.3)

Both configurations show a negative feedback voltage-loop. In steady state, the variation
of § is zero and the system reduces to the & feedforward-loop control described in section

3.2. During the transient, § is either increased or decreased depending on the transition of
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the mode of operation. When a step change in current is made from inductive to
capacitive according to the results of Section 3.2.3 the output voltage increases; but, the
feedforward-loop adjusts U, to the desired final value making U, >U, and thus K(U,*-
Uo)> 0 so &(t) > &*, which means that the controller is increasing 8 in order to increment
the voltage and reach the desired set point U,. On the other hand, when the converse
change is made, the output voltage decreases; but, the feedforward-loop adjusts U, to the
desired final value, making U, <U, and thus K(U, -Uo)< 0 so o(t) < 8*, which means that
the controller is decreasing 8, in order to decrease the voltage and reach the desired set
value U,". The reference voltage for this type of control is determined for the two models
(i.e., exact and average) by Equation (2.17). This approach will introduce a small error

for the exact model, but it will help to explain the results obtained by [1].

4.3.2 Root Locus Dynamical Analysis

The numerator of the transfer function G, determines the positions of the open-loop poles
in the s-plane. Since the numerator of Equation (2.24), with p fixed at 120° corresponds
to the numerator of Gy(s), it becomes clear that the allocation of the poles in the s-plane
depends only on the variable 8. Figure 4.3 describe the position of the poles in the s-

plane while 8 varies within its operational range.
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The denominator of Equation (2.24) with p fixed at 120° corresponds to the denominator

of G, which determines the position of the open-loop zeros. Figure 4.4 describes their

dynamics as § varies within its full range of operation.
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Figure 4.4. Open-loop zeros dynamics as & and p change over their interval of operation.



The open-loop complex zeros represented in Figure 4.4 describe the operation of the
compensator in the inductive mode, while the real open-loop zeros depict the operation of
the system in the capacitive mode. As the system advances from inductive mode toward
the capacitive compensation mode, the imaginary part of the zeros increases until the
neutral mode is reached. Therefore, the complex open-loop zeros located at the extremes
(i.e., tail of the arrow) of quadrants II and III determine the operation of the compensator
in its maximum inductive mode. The nearest real open-loop zeros to the origin determine

the operation of the compensator in its maximum capacitive mode.

A close examination of Figures 4.3 and 4.4 permits the determination of the dynamics of
the root locus. In inductive mode, as the gain increases, the upper complex closed-loop
poles travel up right and then up left toward the complex open-loop zero. During this
process, it is possible for the closed-loop poles just to touch or even to pass through the
imaginary axis. The dynamics of the lower complex closed-loop poles are symmetrical to
the poles just described. In the capacitive mode, the complex closed-loop poles will
travel to the right, but this time they will meet each other at a point to the left of the real
open-loop zero located over the positive side of the real axis. Beyond this point, both
closed-poles will travel along the real axis but in the opposite direction -- one toward the
open-loop zero and the other to plus infinity. Since the system is composed of three
poles and two zeros, the root locus must have three branches, the above describing only
two of them. The third branch starts at the real open-loop pole. The behaviour of this
pole is independent of the mode of operation of the compensator. It always travels left; in

the inductive mode, it goes to minus infinity, and in the capacitive mode, it ends at the
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real open-loop zero located over the negative side of the real axis. Figure 4.5 depicts a

typical root locus for the inductive and for the capacitive operation.
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Figure 4.5. Typical root locus for inductive mode (left) and for capacitive mode (right).

4.3.3 Optimal Gain Determination

A simple analysis of Figure 4.5 shows that independent of the mode of operation, the
initial movements of the complex closed-loop poles are to the right, while the dynamic of
the real closed-loop poles is always to the left. Therefore, since they travel in opposite
direction, the optimal gain is achieved when the real and the complex poles align because
this will yield poles with about the same damping. Figure 4.6 depicts the values of the
optimal gain as well as the maximum gain; this latter has been achieved when the
complex closed-loop poles reach the imaginary axis. Notice that for values of §<-4.3, the
critical or maximum gain is infinity. Thus, for these values the system is always stable.

The values for the optimal gain range between [0.0041 , 0.0025] rad/ V.
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Figure 4.6. Critical gain (solid line) and optimal gain (dotted line).

The results obtained for the optimal gain guarantee the stability of the system; this means
that the maximum of these values can be set as the gain of the system. The reason for
choosing the maximum optimal gain as the gain of the system is based on the knowledge
that high values of gain improve the performance of a feedback control system.
Nevertheless, the consequences of setting just one value of gain for the whole range of
operation of the compensator will come to light when submitting the system to step
changes in reactive current. Figure 4.7 depicts the behaviour of one complex closed-loop
pole when the system operates in its full range, using three different gains. It is important
to observe how the closed-loop poles approach the imaginary axis, since this will permit
a prediction of the behaviour of the compensator. The figure suggests a less damped

oscillatory behaviour in capacitive mode.
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Figure 4.7. Dynamic of one complex closed-loop pole for three different gains.

According to the results of Figure 4.7, it can be seen that indeed k=0.004 gives the best
option for the gain of the system. With the other two values, the system either gets too
close to the unstable region or the gain is just too small. This figure, in conjunction with
Figure 4.4, permits prediction of the behaviour of the compensator when the system is
submitted to a step change in reactive current. When the system is working in inductive
mode and is asked to change to capacitive mode, the transient oscillation will be higher in
comparison with the converse change. This is due to the proximity of the closed-loop
poles to the imaginary axis in capacitive mode. This fact also permits a prediction that

the current settling time will be higher for the change from inductive to capacitive.
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434 LAM Response

The response of the linearized average model, when submitted to a step change in current
from 11.31A peak inductive, to 11.31A peak capacitive, is described on the left side of
Figure 4.8; the opposite transition is depicted on the right side. Notice that the transient
oscillation for the former change is higher than the transient oscillation for the latter one.
Also, notice from the system’s current comportment that the system is more damped in

the inductive mode that in the capacitive mode.
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Figure 4.8.  Linearized average model response for a step change from inductive to
capacitive (left) and vice-versa (right).

4.3.5 Exact Response and Comparison With the LAM Response

The left side of Figure 4.9 shows the exact model response to a step change in current
from 11.31A peak inductive to 11.31 A peak capacitive, while the converse transient is
described on the right. The comparison between the two models is depicted in Figure

4.10.
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Figure 4.10. Comparison between the exact and the average model for step changes in
reactive current from inductive to capacitive (left) and vice-versa (right).

The results in Figure 4.10 show that the average model represents reasonably well the

exact model; but, moreover the exact model developed in Chapter 2 indeed behaves like

the actual laboratory prototype developed by [1].



4 3.6 Performance Measures

The evolution of the reactive current during the transition from inductive to capacitive
and vice-versa is depicted in Figure 4.11, which also shows the capacitor voltage
transient. Notice that the reactive current oscillation during the transient is higher for the
step change from inductive to capacitive. The evaluation indices associated with both
step changes in reactive current are shown in Tables 4.1 and 4.2. The first table is
concerned with the change from inductive to capacitive, while the second is associated
with the change from capacitive to inductive. Both tables show the indices for the
transient related to the voltage and to the current. Notice that the settling time and the
oscillation are higher for the step change from inductive to capacitive in comparison with

the opposite, as predicted.

100 Inductive to Capacitive - Capecitive o Inductive
4 — — Y T ‘ Bl T \ T
10 —~ . un\'
o~ : i \\
/ H
s !
9_'“ o ! suué& .
EXTT] S . ERTIIY N
! [ ~
iiﬂ_, i 19 b\‘—n—_
a0 L . 4 1 " L . . : mo— i i " . s "
] : 2 1 0 1 ) ] [ ) 1] 1 1 1 3 4 O 4 ’ 0 [) []
ast/{ 1%} Cres) /(IR Cyoes)
0 - v v v ? -
N 1
: 1
. Yy L NP N NN
ap ;4\ AN .\_','\v ~ ! 1 ,..\
< u{\ [ '\l/ .I i ‘l
- ] ‘ ! - | \/\\ ~
[[] -\j 1 vmr_ s NP
1
I R _* xl R R .
¢ H 2 3 + b (] 4 1 3 19 L 1 H 3 4 ! 4 b [ 9 16
wot/( 2% Cyces | wbs{ I} Cweos)

Figure 4.11. Step change in reactive current from inductive to capacitive (left) and
from capacitive to inductive (right).



Table4.1 §=-2t0 2°

VOLTAGE MEASURES CURRENT MEASURES
Time to rise [s] 0.048549 | Time to rise [s] 0.061562
Settling time [s] 0.069070 | Settling time [s] 0.166166
Steady-state error [%] 5.1*10"-6 | Steady-state error [%] | 0.000118

Table4.2 6= 2°to -2

VOLTAGE MEASURES CURRENT MEASURES
Time to rise [s] 0.049550 | Time to rise [s] 0.048549
Settling time [s] 0.083083 | Settling time [s] 0.120621
Steady-state error [%] 3. *10"-6 | Steady-state error [%] | 8.7*10"-8

+.4 The & / u Feedforward / U, - Feedback to & Control

This section is concerned with the performance analysis of the feedforward/feedback
scheme using phase-shift/pulse-width control. The voltage feedback loop is used to

modify the parameter of control 3.

441 Control Structure

The &/u feedforward / U, - feedback to & control is shown schematically in Figure 4.12

and is composed of two diagrams. The upper one depicts the control structure for the
exact model and the lower one the control for the average model. The transfer function

used by the average model corresponds to Equation (2.24) (Gsi(s))
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The control strategy for the exact model is composed of one feedforward loop for the
parameter of control y, and one negative feedback control loop used to proportionally
modify the parameter of control &, depending on the difference between the voltage set
point and the output voltage. Equations (4.4) and (4.5) give the expressions for the

control laws applied to the exact and the average model respectively.

§=8" + K(U, - U,) (4.4)

8=- KU, (4.3)
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Notice that these equations differ from Equations (4.2) and (4.3), just by the value of K.
However, the open loop transfer functions are totally different. In steady state, the
derivative of 8 with respect to time is zero and the system reduces to the 5-p feedforward
control on section 3.3. In this scheme, the voltage reference is calculated differently for
each model. While Equation (2.17) gives the voltage reference for the average model,

Equation 4.1 calculates the voltage reference for the exact model.

4.4.2 Root Locus Dynamical Analysis

The position of the system’s open-loop poles and zeros are determined respectively by
the denominator and the numerator of the feedforward transfer function Gsi(s). In this
expression, both the numerator and denominator are functions of the parameters & and p.
Therefore, the dynamics of the open-loop zeros and open-loop poles depend on the values
of & and p. Figure 4.13 shows the movements of the open-loop poles while the

parameters of control vary within its full range of operation.

The points marked with an “x” in Figure 4.13 denote the position of the open-loop poles
when the compensator is working in its maximum inductive mode. The figure also
shows that as the compensator moves from inductive to capacitive mode, the complex

open-loop poles move closer to the imaginary axis, while the real open-loop pole moves

away from this axis.
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Figure 4.13. Dynamics of open-loop poles

The movement of the open-loop zeros is depicted in Figure 4.14. As expected, the
dynamic is very similar to the previous control structure. Again, when the system works
in the inductive mode, the open-loop zeros are formed by a real and an imaginary part,
the latter increases as § increases. When the systems work in capacitive mode, the open-

loop zeros are real and they approach the imaginary axis as & increases.

The dynamics of the root locus can be broadly determined with the aid of Figures 4.13
and 4.14. When the compensator is working in the inductive mode, the complex closed-
loop poles of Figure 4.13 travel toward the complex open-loop zeros of Figure 4.14. The
trajectory of this path may or may not cut the imaginary axis, depending on the start point
of the root locus. In the capacitive mode, the complex closed-loop poles travel right, to

meet each other at a point to the right of the positive real open-loop zero. Beyond this



point, one pole travels to plus infinity along the real axis, while the other travels toward

the real open-loop zero.
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Figure 4.14. Dynamics of the open-loop poles for the feedforward transfer function the
& / 1 Feedforward / U, - Feedback to & Control structure.

The above describes two of the three branches of the root locus; the third is composed by
the closed-loop poles that start at a real open-loop pole on Figure 4.13. The movement of
these poles is always to the left, independent of the compensation’s mode. However, the
distance traveled by these poles between two equal consecutive increments in gain is
different. In the inductive mode, the steps are larger than in the capacitive mode because
in the former mode, the poles must travel to minus infinity, while in the capacitive mode
there is always an open-loop zero over the negative real axis, which determines the end

point of the branch of the root locus.
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The comportment of these closed-loop poles will have a significant impact on the value
of the optimal gain. Figure 4.15 describes a typical root locus for the compensator
operating in the inductive mode as well as a typical root locus when the compensator is

operating in the capacitive mode.
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Figure 4.15. Typical root locus for inductive mode (left) and for capacitive mode (right).

443 Optimal Gain Determination

A simple analysis of Figure 4.15 shows that independent of the mode of operation, the
initial movements of the complex closed-loop poles are to the right, while the dynamic of
the real closed-loop poles is always to the left. Therefore, since they travel in opposite
directions, the optimal gain is achieved when the real and the complex poles align.
Figure 4.16 depicts the values of the optimal gain as well as for the maximum gain; this
latter has been achieved when the complex closed-loop poles reach the imaginary axis.
Notice that for values of 6<-4.3, the critical or maximum gain is infinity. Thus, for these

values the system is always stable. The values for the optimal gain range between [0.018



, 0.0025] rad/ V. Notice that for the majority of the inductive range the optimal gains are
higher than the maximum (or critical) gain in the capacitive mode; therefore, the system’s

gain will be limited by the maximum gain.
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Figure 4.16. Critigal gain (§olid line) and optimal gain (dotted), for the compensator
over its operating range.

Since not all the results obtained for the optimal gain guarantee the stability of the system

over its full operating range, the minimum critical gain is used as the optimal gain of the

system. Figure 4.17 shows the dynamics of one complex closed-loop pole when the

system operates over its full operating range using three different gains: 0.004, 0.005 (the

optimal gain for the system) and 0.006 [rad/V].

The results described by Figure 4.16 illustrates that the value 0.005 is the highest possible

value of the gain for the system in order to remain stable over its full operating range.
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Notice that Figure 4.17 shows that there are operating points in the capacitive mode
where the system becomes unstable with a gain value of 0.006 [rad/V]. From this figure,
in conjunction with Figure 4.13, it is possible to predict that the system will be more
damped and have less transient oscillation when the compensator moves from capacitive
to inductive in comparison with the opposite change. This finding again is due to the
proximity of the closed-loop poles to the imaginary axis when the compensator works in
the capacitive mode. Since in both modes of operation the dominant closed-loop poles

are very near to the imaginary axis, high values of percent overshoot are expected.
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Figure 4.17. Dynamic of one complex closed-loop pole when the system uses three
different gains.
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444 LAM Response

The results depicted in Figure 4.18 confirm the predicted behaviour of the compensator.
As can be seen, a step change in reactive current from inductive to capacitive produces a
voltage output less damped and with more transient oscillation than a step change in
reactive current from capacitive to inductive. This result also applies to the dynamic
behaviour of the reactive current, as will be seen in latter results. The figure describes the
behaviour of the voltage and the system’s current when submitted to a step change in
reactive current from 11.311A peak inductive to 11.311A peak capacitive, and vice-
versa. Notice that the voltage variation is far less with this control structure than with the

3 - Feedforward / U, — Feedback control with u = 120°.
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Figure 4.18. Linearized average model response for a step change from inductive to
capacitive (left) and vice-versa (right).
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4.4.5 Exact Response and Comparison with the LAM Response

The exact responses of the compensator to the same step change in reactive current are
depicted in Figure 4.19. The comparison between the exact and the averaged model for

the same step changes are described in Figure 4.20.

lndm uc:om Capaciive to Inductive
d 2af T — T

e -v. “-\‘ ".;“ 1'\..1 ) L_.”Lr I_} ‘;_\Lll\k_jr~ ‘ ¥ l‘.anu u""_\t‘ 33 ”"\l !
ghe '." T T Em'f b~ :
Yo B =27 oo 4
e L | U [y N N ST
i A . A Y S e j
1 H 1 3 < 3 4 14 t 9 H ] ] t 1 3 < 1 L} ! 3 » tu

@t/ 27} Crcies) @bt 2x) Cpctes;

1 T ™ v

L 1 ] p " .i
; '\ 1 ' '"& }‘J | 1‘"‘! "U‘ I"A; .‘U'- »ﬂi n P‘ \ | S i
< T “ . ‘l lI N { "h’ i '.--" —-sl' ' ’ll A\
L IR Y ‘ Wl e ! k{ lq A !' \| f ul
,xu!l\‘l,," ““ H I ‘{ J‘ ‘J " h -_,:[ ‘ Y’ \{ 1 \, H 1 v I\f zi I ' \‘ J
N . . -wp 'J v ') "' "" Vo
3 T ] ) > N B 0 0 1 N 0 45 ;l ] 3 . v ) 3 T

ot/ 27}(Cycles) @t/{2%])(Cyces)

Figure 4.19. Exact model response for a step change in reactive current from inductive

to capacitive (left) and from capacitive to inductive (right).
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4 46 Performance measures.

The evolution of the voltage and the reactive current during the transition from inductive to
capacitive and vice-versa is depicted in Figure 4.21. These results ratify the predicted
behaviour in voltage and reactive current when the system changes from one state to another.
Notice that during the transient from capacitive to inductive mode, the system is more
damped and it has also less oscillation than the converse transition. Therefore, the current
settling time is smaller for the transient from capacitive to inductive in comparison with the

opposite transient.

Notice also that the transient from capacitive to inductive gives the higher percent overshoot.
This effect is due to the influence of the open-loop zeros. The closer the open-loop zeros are
to the imaginary axis, the higher the percent overshoot. Figure 4.14 shows that in the
inductive mode, the real part of the complex open-loop zeros is closer to the origin than the

open-loop zeros in the capacitive mode.
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Figure 4.21. Voltage and reactive current evolution when the system is submitted to a
step change in reactive current from inductive to capacitive (left) and vice-
versa (right).

71



Table4.3 §=-2t0 2°

VOLTAGE MEASURES CURRENT MEASURES
Percent over-voltage [%] 7.447547 | Percent overshoot [%] | 129.641124
Time to achieve the over-voltage [s] | 0.007418 | Time to peak [s] 0.007585
Settling time [s] 0.041177 | Time to rise [s] 0.0040010
Steady-state error [%] 5.4*10"-5 | Settling time [s}] 0.18854
Steady-state error [%] | 0.001651
Table 4.4 6= 2°to-2°
VOLTAGE MEASURES CURRENT MEASURES
Percent over-voltage [%o] 4.770545 | Percent overshoot [%] | 131.137337
Time to achieve the over-voltage {s] | 0.007668 | Time to peak [s} 0.007835
Settling time [s] 0.027090 | Time to rise [s] 0.004084
Steady-state error [%] 0.000268 | Settling time [s] 0.100358
Steady-state error [%] | 0.0005329

4.5 The & / u Feedforward / Uo - Feedback to u Control

4.5.1 Control Structure

This control structure uses p as the parameter of control. The configuration is depicted in

Figure 4.22 and is composed of two schemes-- one for the exact model and the other for

the linearized average model. The upper scheme describes the control structure for the

exact model. The control law given in Equation (4.6) uses the error in the voltage to

modify the parameter u and is implemented in the exact model.

y =,U. —k(U,; "Uo)

(4.6)
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Figure 4.22. The § / u Feedforward / U, — Feedback to & Control, for the exact and for
the linearized average model.

The lower scheme depicts the control structure implemented in the linearized average
model. Equation (4.7) describes the control law applied in this model. The transfer
function used by the average corresponds to Equation (2.25) (Gs(s)). Notice that the
system is also described by its state space equation. Here By is the second column vector

of the Jacobian matrix B.

== KUo (4’7)

4.5.2 Root Locus Dynamical Analysis

The dynamics of the open-loop poles are exactly the same as those depicted by Figure

4.13. On the other hand, the dynamics of the open-loop zeros are totally different.



Figure 4.23 describes how the open-loop zeros move along the s-plane as the parameters

of control § and p vary within all their operational values.
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Figure 4.23. Zero dynamics of the compensator as the parameters 8 and p vary within
all their operational values.
The results on Figure 4.23 show an oscillatory behaviour on both open-loop zeros. In the
figure, the projection of the zero over the vertical axis gives the mode of operation of the
compensator while the projection over the horizontal axis determines the actual position
of the open-loop zero over the real axis of the s-plane. The amount of osciilation is
significantly different for both zeros and it has no obvious correlation with the mode of
operation of the compensator. Therefore, it is not possible to determine a rough sketch of
the compensator when working in either mode of operation. Nevertheless a close look at

Figure 4.23 in conjunction with Figure 4.13 indicates two distinct forms of the root locus.

It can be seen from Figure 4.23 that either the two open-loop zeros lay in the negative
real axis or each one allocates in different sides of the real axis. In either case, there is

always one zero on the s-plane very near to the origin in the negative side of the real axis.
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Therefore, if the open-loop zeros lay on opposite sides of the real axis, the real open-loop
pole and the positive real open-loop zero form one branch of the root locus. The
Complex closed-loop poles and the remaining zeros form the other two branches. These
branches have the starting point at the complex open-loop poles and as the gain increases,
the complex closed-loop poles travel to the left in the s-plane and meet each other at a
point to the left of the negative, real open-loop zero. At the point of encounter, the
closed-loop poles travel in opposite directions; one travels right toward the zero and the

other to minus infinity.

When both open-loop zeros lay in the negative side of the real axis, it is expected that the
real open-loop pole and the open-loop zero nearest to the origin form one branch of the
root locus. However, since in this case it is always possible to factorize a negative sign in
the feedforward transfer function, the rules to sketch the root locus for a negative
feedback system do not hold; therefore, the rules for a positive feedback loop must be
applied. This fact suggest that one branch of the root locus formed by a closed-loop pole
that travels to plus infinity with a start point at the real, negative open-loop pole. The
other two branches are exactly the same as the ones described when the two zeros lay on
different sides of the s-plane’s real axis; the only difference in this case is that one pole
will travel toward a zero, instead of minus infinity. Figure 4.24 depicts these two
situations; the lower graphs describe the sketch of the root locus for very small gains

(k<0.05)
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Typical root locus when both cpen-loop 2sros lay Typical root locus when both open-loop 2eros lay
on the real axis but in oppozite sides ofthe s-pisne. on the real mxis n the left-hand side of the s-pians

lrr T + — 2 =y r
H

(19 ; x - v § 4
:
2t fFr 34— e o -ees - [] -
Z 7
: : v 7 )

L : . R .
as a1 ‘\u ' '8 3 5 s

imag Ass

N : : N
EU) [Y] as 15 as ay a2 a1 e u
Seal Aas

Figure 424  Typical root locus of the compensator when 8 and u vary within all their
operational values.

4.5.3 Optimal Gain Determination

An interesting result that immediately comes to light from Figure 4.24 is the movement
of some closed-loop poles toward the positive side of the s-plane regardless of the mode
of operation; this comportment allows an immediate determination of the situation for the
smallest critical gain. As can be seen from Figure 4.13, when the compensator is
working in its most inductive mode, the real open-loop pole achieves the nearest position
to the origin. Thus, this situation allows finding the lowest critical gain. Figure 4.25

show the values of the critical gain according to the values of § and .

Since the minimum critical gain imposes the stability limit, the value of the optimal gain
arises immediately. From Figure 4.25 the value for the system’s optimal gain is 0.002
rad/V. This is a very low value for the gain and therefore the location of the closed-loop

poles of the system will not differ significantly from the location of the open-loop poles.
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Figure 425 Critical gain according to the values of & and p.

Figure 4.26 show the movement of one complex closed-loop pole and the dynamics of
the real closed loop pole when the gain is set to 0.002 rad/V. This figure also permits a
prediction of the general behaviour of the compensator when submitted to a step change.
Due to the proximity to the origin of all closed-loop poles a relatively large time constant
is expected; therefore, slow decreasing or increasing exponential will characterize the
feature of the responses. The settling time will be higher from inductive to capacitive
than for the converse change; this is due to the higher time constants on the former mode

of operation than in the latter.
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Figure 4.26. Closed-loop poles dynamics for a constant gain of 0.002 rad/V.

454 LAM Response

The response of the linearized average model when submitted to a step change in current
from 11.31A peak inductive, to 11.31A peak capacitive, is described in the left side of
Figure 4.27; the opposite transition is depicted in the right side. The results in this figure
ratify the previous analysis of the compensator when submitted to a step change. It can be
seen that in both changes, the system has a slow response; moreover, the response to a
step change from capacitive to inductive is slower that the opposite change. This is due to
the proximity of the closed-loop real pole to the origin in the inductive mode. The initial

high oscillation is due to the proximity to the imaginary axis of the complex closed-loop

poles.
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Figure 4.27. Linearized average model response for a step change from inductive to
capacitive (left) and vice-versa.

4.5.5 Exact Response

The response of the exact model when submitted to a step change in current from 11.31A
peak inductive, to 11.31A peak capacitive, is described in the left side of Figure 4.27; the
opposite transition is depicted in the right side. The results in this figure ratify the
previous analysis of the compensator when submitted to a step change. [t can be seen that
in both changes, the system has a slow response. Moreover, the response to a step change
from capacitive to inductive is slower that the converse change. A more interesting result
is the noticeable higher oscillation for a step change from inductive to capacitive mode
than for the converse change; this result again is due to the relative proximity of the
complex closed-loop poles to the imaginary axis. Figure 4.27 shows the comparison

between the two models
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456 Performance Measures

The evolution of the voltage and the reactive current during the transient from inductive

to capacitive and vice-versa is depicted in Figure 4.30. These results ratify the predicted

behaviour in voltage and reactive current when the system changes from one state to
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another. Notice that during the transient from capacitive to inductive mode, the system is

slower and it has also more oscillation than for the opposite transient.
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Figure 4.30. Step Change in reactive current from inductive to capacitive and vice-versa.

Table5.1 §=-2t0 2°
VOLTAGE MEASURES CURRENT MEASURES
Percent over-voltage [%6] 7.9340 Percent overshoot [%] | 104.658268
Time to achieve the over-voltage [s] | 0.008002 | Time to peak [s] 0.007502
Settling time [s] 0.172293 | Time to rise {s] 0.0040010
Steady-state error [%] 0.028417 | Settling time [s] 0.441610
Steady-state error [%] | 0.113363
TableS.2 6= 2°to-2°
VOLTAGE MEASURES CURRENT MEASURES
Percent over-voltage [%] 5.172864 | Percent overshoot [%] | 126.333355
Time to achieve the over-voltage [s] | 0.008002 | Time to peak [s] 0.00775194
Settling time [s] 0.327332 | Time to rise [s}] 0.004001
Steady-state error [%] 0.787218 | Settling time [s] 0.688922
Steady-state error [%] | 1.299649
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CHAPTER S

FEEDFORWARD / I, - FEEDBACK CONTROL

5.1 Motivation

The central idea behind the implementation of a proportional control law is to determine
the proportional constant. This chapter is concerned with the determination of the
optimal gain constant, using the current error in order to make the corrective action over

the parameter of control.

In order to analyze the influence of the negative feedback current-loop over the system’s
transient response, two structures of controls are defined. One structure uses § as the
parameter of control, while the other one uses p. Each control scheme is based on a
specific open-loop transfer function. The &/u feedforward /I;-feedback to § control uses
the transfer function given by Equation (2.22), while Equation (2.23) is the base for the

&/u feedforward /I,-feedback to pu control.
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The criterion to determine the optimal gain constant is set after a detailed root locus
dynamical analysis of the open-loop transfer function of the system. Since the exact
model does not have a mathematical expression for the reference current, an accurate
equation is developed with the aid of the reactive current of the linearized average model.
Each control configuration is implemented in both the exact and the average model.
Finally, in order to estimate the performance measures, each model is submitted to step

changes in current, from inductive to capacitive and vice-versa

5.2 Sampled and Average Compensator Current

As it was mentioned in the previous section, this type of control takes the current and
feeds it back to modify the parameter of control § or p. The difference between the
sampled and the reference current determines the amount of error. This error is then
modified by the gain factor k, to adjust the parameter of control to a more adequate value.
For the linearized averaged model the reference current is not a concern since the system
is mathematically modeled, and therefore the behaviour of the system can be predicted
using the equations developed in Chapter 2. On the other hand, the mathematical

expression for the exact model can only be solved with the aid of a compute program.

The implementation of the control law in the exact model yields two major problems--
one is to determine how and when to sample the current signal and the other is to find a
mathematical expression that can be used to calculate accurately the reference current

using the parameters d and p.
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Creating a phase-locked loop between the current and the network voltage solves the first
problem. This assures that the current is always sampled at the same position with respect
to the network voltage. A careful look at the system in stationary condition (Figure 3.7)
gives the right approach to solve the second problem since this value of the current is the
reference value for this mode of operation. Therefore, the process to find all the reference

values must be done under stationary conditions for all the parameters § and p.

Figure 3.7 also shows that the shape of the current signal depends on the compensator’s
mode of operation; this means that the moment of sampling is critical. Building a
computer program to solve Equation (2.35) and to sample every cycle at the zero crossing
of the network voltage yields the exact values for the reference current. These current

values are plotted and then an equation that matches this curve is developed.

In order to see the correlation between these values and the ones given by the averaged
model, both curves are shown in Figure 5.1. It turns out that modifying the equation of
the average model in the way described below yields an expression that permits obtaining

the reference current values with a high degree of precision.

la=A *Ic *exp(B*8)-C

Where:

Ic reference current of the average model.

A=1.114, B=2.75 and C=8.38.



Figure 5.1, shows the current found by the average model, the current obtained from the
exact model and the curve obtain with this mathematical expression. The graph clearly

shows how well this equation matches the curve obtained by the exact model.
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Figure 5.1. Reference current from average and exact model.

5.3 The & / u Feedforward / [ — Feedback to & Control

This section is concerned with the performance analysis of the feedforward/feedback
scheme using phase-shift/pulse-width control. The parameter of control & is adjusted
proportionally to the difference between the reference current and the feedback current

signal.
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5.3.1 Control Structure

The &/p feedforward / Is — feedback to & control is shown schematically in Figure 5.2.
The control structure for the exact model shows two positive feedforward-loops-- one for
8 and the other for u. The feedback current allows determining the magnitude of the
current error and consequently modifying the parameter of control § to a more adequate

value by applying the proportional control law.
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Figure 5.2.  The &/p feedforward / Is — feedback to & control implemented in the exact
(top) and in the linearized average model (bottom).

For the average model, the open-loop transfer function of the control is given by
Equation (2.22), which relates the variables § and reactive current I.. In the state space

notation the B4 corresponds to the first column vector of the Jacobian matrix B. The



expressions for the control laws are given by Equations (5.1) and (5.2) for the exact and

average model respectively.
6=80 + K(Is rer - I1) (5.1)
&=-KI (5.2)

5.3.2 Root Locus Dynamical Analysis

The open-loop transfer function of the & / u Feedforward / [s — Feedback to & Control
system given by Equation (2.22) determines the position of the open-loop zeros and the
open-loop poles of the system in the s-plane. Since this equation is a function of the
parameters & and p, then the open-loop zeros and the open-loop poles allocates in the s-
plane accordingly to the values of these parameters. Figure 5.3 describes the movement
of these open-loop zeros and the open-loop poles while & and p vary within all their

operational values.

In order to facilitate the analysis, the location of the open-loop zeros in the s-plane, are
represented in the graph by the lines united by a circle and a square. The circles show the
pair of zeros when the system works at the maximum inductive mode, while the squares
indicate the position at the maximum capacitive mode. The open-loop poles are
represented by the lines united by an ‘x” and a “*”. The ‘x’ show the open-loop poles
when the system operates at the maximum inductive mode, while the “*’ indicates the

location at the maximum capacitive mode.
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Figure 5.3.  Dynamics of open-loop zero and open-loop poles, for the &/p feedforward
/ Is — feedback to & control.
The figure shows that despite the mode of operation of the compensator, the angle
contribution of the zeros to one of the complex open-loop poles is almost cancelled by
the angle contribution of the remaining open-loop poles. This yields the determination
that the angle of departure of the complex open-loop poles is around 180, regardless of
the values of  and p. This figure also indicates that, despite the values of & and |1, there
is always one open-loop pole located over the negative side of the real axis. The
exclusive and permanent location of this open-loop pole assures that the section of the
real axis between minus infinity and this pole is always a branch of the root locus.
Therefore, considering all the above statements the dynamics of the root locus can be
established. Initially all the closed-loop poles travel to minus infinity as the gain
increases, but since the open-loop zeros define the termination of the root locus, and this

must be symmetrical to the real axis, the following must take place. The conjugate
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closed-loop poles will converge at a point over the negative side of the real axis and then
one closed-loop pole travels left, while the other one travels right. The closed-loop pole
that travels to the right meets now with the real closed-loop pole that has been travelling
left; at the point of convergence, one pole will travel toward the zero above the real axis

while the other travels to the zero below the real axis. Figures 5.4 confirm the above

statements.
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Figure 5.4.  Typical Root locus of the compensator system in inductive mode (left) and

in capacitive mode (right).

5.3.3 Optimal Gain Determination

Figure 5.4 shows that the system is stable for all values of 6 and p. Therefore, the issue
of stability is not a concern in this particular control structure and thus from this point of
view, there is no restriction for the gain. This figure also shows that initially all the
closed-loop poles move away from the imaginary axis until the point of convergence of

the complex conjugate closed-loop poles. Hence this point of convergence will serve as
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the first attempt to find the optimal gain. Figure 5.5 show the values of the gain at each

point of convergence.
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Figure 5.5. Gain for each point of convergence of the complex poles.

The above figure shows that the optimal gain for the system can be set to 0.127 rad/A.
Nevertheless, the use of excessive gain may cause the system to operate in its non-linear

regime or out of the system restrictions; therefore, a value of 0.0239 [rad/A] will show to

be adequate.

The dynamics of the whole system, when the optimal gain is set to 0.0239 rad / A is
depicted by Figure 5.6. The points highlighted in the graph by an “x” denote the
maximum inductive operating mode of the compensator. As the compensator moves to

its capacitive mode, the conjugate, closed-loop poles of the system move away to the left



from the imaginary axis and closer to the real axis. This suggests that the system will
have a higher percent overshoot when the step change in reactive current is made from
capacitive to inductive. Even though the behaviour of the conjugate, closed-loop zeros
have an opposite effect than the conjugate closed-loop poles, the latter behaviour of the
closed-loop poles prevail. Since the percent overshoot is expected to be higher for the

step change from capacitive to inductive, the settling time is also expected to be higher.
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Figure 5.6.  Dynamic behaviour of the whole system when the optimal gain is set to
0.0239 rad/A.

5.3.4 LAM Response

Figure 5.7 describes the performance of the linearized average model of the compensator
when submitted to a step change in reactive current, from inductive to capacitive and
vice-versa. Notice that the system response is very fast and that the percent overshoots

are small compared with the other control structures analyzed so far. The response in
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Figure 5.7 corresponds to a step change from 11.311A peak inductive to 11.311A peak

capacitive, and vice-versa.

Inductive to Capacitive Capachive to Inductive

i . SII) <
DN!¢ b P
iy 3

3 3

1) 13 I

H 3 1a
ot/ 28} Cycles) b /(2%)(Cyms)

- ~ — — r T T 2 T 1

.
|
.

I AR

L]

ot (2%}(Cyces) @t /{2 Cwces ) .
Figure 5.7.  Linearized average model response for a step change from inductive to
capacitive (left) and vice-versa. When the & / u feedforward / Is -
feedback to & control is implemented in the average model.

5.3.5 Exact Response and Comparison with the LAM Response.

The left side of Figure 5.8 depicts the exact model response to a step change in reactive
current from inductive to capacitive, while the right side describes the response to the
opposite change. The responses correspond to changes in reactive current from 11.311A

peak inductive to 11.311A peak capacitive, and vice-versa.
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Figure 5.8.  Exact model response for a step change from inductive to capacitive (left)
and vice-versa. When the 8 / u feedforward / [s — feedback to & control is
implemented in the average model.
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Figure 59.  Exact and average model responses for a step changes from inductive to
capacitive (left) and vice-versa. When the & / p feedforward / Is —
feedback to & control is implemented in the both models.

5.3.6 Performance Measures
The evolution of the reactive current during the transient from inductive to capacitive and
vice-versa is described in Figure 5.10. Notice that there is no oscillation in either

transient and that the response is so far the fastest. The voltage variation is also the
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smallest and the percent overshoot is among all the control structures analyzed by now,

the smallest.
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Figure 5.10. Step change in reactive current from inductive to capacitive and vice-versa.

Table 5.1 §=-2t0 2°

VOLTAGE MEASURES CURRENT MEASURES
Percent over-voltage [%)] 3.900649 | Percent overshoot [%6] | 24.978728
Time to achieve the over-voltage [s] | 0.007502 | Time to peak [s] 0.0052513
Settling time [s] 0.01875 Time to rise [s] 0.00300
Steady-state error [%] 0.00 Settling time [s] 0.0475
Steady-state error [%] | 0.00
Table 5.2 = 2°to-2°
VOLTAGE MEASURES CURRENT MEASURES
Percent over-voltage [%] 3.055172 | Percent overshoot [%] | 49.783942
Time to achieve the over-voltage [s] { 0.008752 | Time to peak [s] 0.006252
Settling time [s] 0.018255 [ Time to rise [s] 0.003251
Steady-state error [%] 1.2*10"-8 | Settling time [s] 0.071768
Steady-state error [%] | 3.262672
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5.4 The & / i Feedforward / [s — Feedback to p Control

5.4.1 Control Structure

=1 gt

4

I,

Figure 5.11. The &/ feedforward / Is — feedback to p control implemented in the exact
(top) and in the linearized average model (bottom).

The &/ feedforward / [s — feedback to p control is shown schematically in Figure 5.11.
The control shows two positive feedforward-loops— one for  and the other for n. The
negative feedback current-loop allows determining the magnitude of the error and
consequently modifying the parameter of control i to a more adequate value by the
proportional control law. For the average model, the open-loop transfer function of the
control is given by Equation (2.23), which relates the variables p and reactive current I;.

The expressions for the control laws are given for the exact and average model as

follows:
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p=p 0 + K(Is_rer-Ls) (5.3)

p=KI,. (5.4)

5.42 Root Locus Dynamical Analysis

The open-loop transfer function of the 8/p feedforward / L - feedback to i control system
given by Equation (2.23) determines the position of the zeros in the s-plane. Since the
numerator of this expression is a function of the parameters & and p, then each pair of
zeros allocates in the s-plane accordingly to the values of these variables. Figure 5.12
describes the movement of these zeros while § and p vary within all their operational
values. In order to facilitate the analysis, the zeros are represented in the graph either by
a square or by a circle. In this figure, the projection of each zero over the horizontal axis
gives the actual position of the zero in real axis of the s-plane; on the other hand, the
projection of the same zero over the vertical axis determines the mode of operation in

which the compensator in working.

In the inductive mode, for values of §<0, the zero represented by the square lies always
on the right hand side of the s-plane and moves to infinity as the inductive current
decreases to zero. Now, since this zero determines the end of one branch of the root
locus, one of the closed-loop poles will reach this zero as the gain increases. For a
particular value of the gain, this pole will cross the imaginary axis of the s-plane,
resulting in an unstable system. Therefore, under this mode of operation, at one point, the

system will become unstable.
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Figure 5.12. Zeros dynamic as the 8 and u change.

In the capacitive mode, for values of 8>0, this zero lies always on the left-hand side of
the s-plane and moves to minus infinity as the capacitive current decreases to zero. Since
this zero is always over the real axis on the left-hand side of the s-plane, its dynamical

position will not cause unstability, as the closed-loop poles approach this zero.

This figure also shows that for this open-loop transfer function, independent of the mode
of operation of the compensator, there is always one zero located extremely near the
origin of the s-plane. This is an undesired position for a zero, since it will create a slow
closed loop pole that will cause a long transient response and an increase in the percent
overshot. Nevertheless, this will also depend on how close is the traveling closed-loop
pole to this zero at a given gain, and its relative position with the other poles. A

particular mode of operation that deserves a close look results when §=0. An analysis of
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Equation (2.23), shows that for this particular condition, the numerator reduces to
polynomial of a first order of the type C,*s=0, therefore, on this mode of operation, the

system has only one zero located at the origin.

The poles of the open-loop transfer function determine the starting point of the root locus.
The position of these poles depends on the value of the parameters & and . Figure 5.13
shows the movement of these poles while 8 and p vary within all their operational values,
it also shows the direction of departure of the most relevant poles. In this figure, the
position of the one pole of the open-loop transfer function is evaluated for one specific

value of & and .
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Figure 5.13. Poles dynamic as § and pu change.

In the inductive mode, there is always one zero on the right hand side of the s-plane.

Therefore, the upper complex open-loop pole depicted in the figure by an ‘x’ will be the
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starting point of one branch of the root locus. The closed-loop poles will follow the
direction of the arrow as the gain increases. Since the root locus must be symmetrical
with respect to the real axis, the other complex open-loop pole will be the starting point
of other branch of the root locus. These two poles travel to the right hand of the s-plane,
and will meet at a point to the right of the zero located over the positive side of the real
axis. For greater values of the gain the closed-loop poles will travel along the real axis
but in opposite direction-- one toward the zero and the other one to plus infinity. Figure
5.14, shows a typically root locus of the system in the inductive mode for one unique set

of value of the parameters & and p.
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Figure 5.14. Typical Root locus of the system in inductive mode, §<0.

As 3 increases and approaches zero, two important and opposite things will happen. On
one hand, the open-loop poles get closer to the imaginary axis and therefore, the closed-
loop poles reach the imaginary axis with smaller values of the gain. On the other hand,
the zero located in the right-hand side of the s-plane moves further to plus infinity,

causing an increment in the angle of departure. As a result of this increment, now each
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time the closed-loop poles will reach the imaginary axis for bigger values of the gain; in
the limit, when 3=0, the angle of departure reaches 90 degrees and the system is always
stable regardless of the value of the gain. The latter effect over the gain is stronger than
the former. This result suggest that the maximum inductive mode of operation gives the
worst case scenario to determine the maximum value of the gain for the system to remain

stable for all values of & and p. Figure 5.15 shows the motion of the closed-loop poles

for this case.
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Figure 5.15. Root locus for maximum inductive operative mode with gain range from
of 0 to 0.089 rad/V.

The behaviour of the real pole is quite simple and is described in Figure 5.13. As §
increases, from the maximum inductive mode of operation to the maximum capacitive
operative mode, the real open-loop pole starts further to the left of the origin; but as the

gain increases, the closed-loop pole always travels to the right toward the zero located
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almost statically at the origin. In the capacitive mode, the zero is always over the real axis
on the left-hand side of the s-plane. Therefore, the closed-loop conjugate poles travel
now to the left, toward the zero that lies on the negative side of the real axis; this time
they meet at a position to the left of the zero. Beyond the point of convergence, the poles
travel along the real axis as the gain increases, but one travels to minus infinity while the
other one goes toward the zero. In this mode of operation, there is no restriction on the
gain since the system remains stable independent of the value of this variable. Figure
5.16, shows a typical root locus of the system in the capacitive mode for one unique value

of the parameters 6 and .
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Figure 5.16 Typical Root locus of the system in capacitive mode, §<0

5.43 Optimal Gain Determination

It was established before, that the maximum inductive operative mode gives the worst
case scenario to determine the maximum gain for the system to remain stable under all
circumstances. The gain value for this condition was found to be k = 0.089 rad / V,
which is relatively high but since high levels of gain improve the steady-state error,

disturbance response, parameter sensitivity and dynamic response, it seems to be
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reasonable to use this number as the optimal gain. Nevertheless a further analysis is
required before setting this value as the optimal gain. Figure 5.17 shows the dynamics of
the closed-loop poles when k=0.089 and & and p change within their operational values.
This graphs also shows that in the inductive mode, for some values of & and b, the
closed-loop poles are extremely close to the imaginary axis, thus compromising the
stability of the system. On the other hand, the use of excessive gain may cause the
system to operate in its non-linear regime or out of the system restrictions. According to
the control law if k=0.089 rad / V is taken as the optimal gain a step change in reactive
current from 11.3A in capacitive mode to 11.3A in inductive mode, will cause an output
value of 6=211.100, which by far exceeds the upper limit of 8. Thus, these results

suggest a different criterion is needed to find the optimal gain.

A closer analysis of Figure 5.13 suggests the right criterion. The figure shows how the
open-loop poles behave as the system operates from its maximum inductive operation
mode to its maximum capacitive operative mode. In the inductive mode, the open-loop
poles are further left than the open-loop poles in capacitive mode, but as gain increases,

the closed-loop poles move in opposite directions.
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Closed loop poles dynamic for k=0.089
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Figure 5.17 Closed loop poles dynamic for k=0.089.

Consequently in the inductive mode, the closed-loop poles will get closer to the
imaginary axis as the gain increases, while in the capacitive mode these poles will move
away from the imaginary axis. Thus the gain must be high enough to let the closed-loop
poles in capacitive mode move away from the imaginary axis, but low enough to avoid

the closed-loop poles in the inductive mode to get to close to the imaginary axis.

Figures 5.18 shows the dynamic of one of the two conjugate poles for specifics values of
the gain when the parameters p and 3 vary along their operational vatues. For k=0.005,
the closest pole lies slightly to the right of -0.128; for k=0.006 the closest pole lies

slightly to the left of —0.128 and for a gain of k=0.007 the closest pole lies slightly to the

left of -0.127.
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From this graph, it can easily be seen that k=0.006 gives the optimal value of the gain.
This gain permits to maintain all the closed-loop poles are far from imaginary axis. At
this point, it is important to note that even though, this is the best choice, these poles still
lie to close too the imaginary axis and thus an oscillatory behaviour is expected for a step

change in current, as well as high percent overshot and high settling time.
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Figure 5.18. Dynamic of the upper complex closed-loop pole for different gains.

5.44 LAM Response

Figure 5.19 shows the linearized averaged model response to a step change in current
from 11.311 A peak inductive to 11.311 A peak capacitive. The upper part of this figure
shows a large transient on the voltage; this is due to the slow pole located near the origin,
as was pointed before on previous sections. In the first cycle, the voltage drops from 220

V to 203 V, and oscillates for about five cycles before it starts to increase with a slow
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exponential toward the 220 V. The control takes about 8 cycles to recover the voltage to

its 97.7 %. This is to 215 V. The maximum voltage drop is less than 8%.
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Figure 5.19. Linearized average mode responses for step changes in reactive current
from inductive to capacitive (left) and vice-versa.

The lower part of this figure shows the behaviour of the current for this contingence. The

current initially drops to —21 A, but within the first 4 cycles, it almost recovers its desired

value. It is important to note that there is almost no distortion in the shape of the current

curve, for this step change.

5.4.5 Exact Response

Figure 5.20 shows the exact model response to a step change in current from 11.311 A
peak inductive to 11.3111 peak capacitive. The upper part of this figure shows a large
transient on the voltage; this is due to the slow pole located near the origin, as was
pointed out before and confirmed by the average and now by the exact model. In the first

cycle, the voltage drops from 220 V to 189.5 V, and oscillates for about five cycles
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before it starts to increase with a slow exponential toward the 220 V. The control takes

about 10 cycles to recover the voltage to its 97.7 %. This is to 215 V. The maximum

voltage drop is less than 14%. It is important to keep in mind that the average model does

not consider all the non-liberties, while the exact model does.
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Figure 5.21. Dynamic response of the compensator to a step change in current from

11.311A peak inductive to 11.31 A peak capacitive, achieved with the

average and the exact model.
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The lower part of this figure shows the behaviour of the current for this step change. The
current initially drops to a peak value of approximate —25 A, but within the first 4 cycles,
it almost recovers its desired value. It is important to note that for the exact model there is
also almost no distortion of the shape of the current curve, for this step change. Figure
5.21, shows the behaviour of the two models. It can easily be seen that the average model
is indeed a very good representation of the exact model, even though it does not takes

into consideration the non-linearities of the system.

5.4.6 Performance Measures
The performance of the compensator to step changes using the & / p feedforward / Is —
feedback to p control is depicted in Figure 5.22. Tables 5.3 and 5.4 summarize the

estimation of the performance measures.
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Figure 5.22. Current and voltage performance of the compensator, when submitted to
step changes in reactive current and using the 8 / p Feedforward / [s —
Feedback to p Control.
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Table5.3 §=-2"t0 2°

VOLTAGE MEASURES CURRENT MEASURES
Percent over-voltage [%] 7.597273 | Percent overshoot [%] | 104.8803
Time to achieve the over-voltage [s] | 0.007252 | Time to peak [s}] 0.007002
Settling time [s] 0.159790 | Time to rise [s] 0.003751
Steady-state error [%] 0.019652 | Settling time [s] 0.425106
Steady-state error [%] | 0.084583
Table5.4 6= 2°to-2°
VOLTAGE MEASURES CURRENT MEASURES
Percent over-voltage [%] 5.221592 | Percent overshoot [%] | 128.154858
Time to achieve the over-voltage [s] | 0.0072518 | Time to peak [s] 0.0072518
Settling time [s] 0.219805 | Time to rise [s] 0.003751
Steady-state error [%] 0.413257 | Settling time [s] 0.66067
Steady-state error [%] | 1.00754
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CHAPTER 6

FINAL REMARKS

6.1 Conclustions

There are many possible schemes to control an inverter-based compensator. In this
investigation, a total number of 7 different control structures have been analyzed,
evaluated and compared. These structures have shown a fairly large difference in terms
of dynamic performance. The simulation results indicate that the best dynamic
performance is achieved with the 8/p feedforward /Is-feedback to & control. The main
benefit of this structure is its low percent overshoot in voltage in current, but it is also
registers the lowest steady state error and fastest transient response (i.e., lowest settling

time)

This research has shown that by introducing another variable of control to vary the width
of the square wave generated by the switching devices, it is possible to maintain a unique

constant inverter voltage value over the operating range of interest.
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The Jacobian of the linearized average model allowed the discovery of the systems’ high
degree of coupling and thus avoided analysis of structures with a double feedback loop.
This linearized average indicated that it is not only very useful for control synthesis but, it
is also appropriate to represent the fundamental frequency behaviour of the compensator

in stationary and dynamic conditions.

This work has shown that with the appropriate modelling and detailed analysis it is
possible to achieve good performance of the inverter-based compensator by
implementing a simple control structure with just a proportional control law. The critical
and optimal gains, determining the dynamics of the system, comprehending the
behaviour of the compensator and even predicting the response of the system to step

changes in reactive current from one mode of operation to another.

In addition, this study verifies through the simulations that the developed equations in
order to find the reference value for voltage and current are indeed the appropriate values.

[t also reveals that it is better to control the phase-shift (variable 3) instead of the pulse-

width (variable p). Finally the methodology used in this work can serve as a basis for

analyzing future compensation models.

6.2 Recommendation For Future Work

The expansion of this work will involve the following aspects:
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. Decouple the system in order to avoid the interaction between the input and output
variables. Decoupling will allow the implementation of double feedback loops to
independently control each input.

. Analyze the impact of the delay in the feedback loop of the &/p feedforward /Is-
feedback to & control and investigate its influence over the stability of the system.

. Implement the &/u feedforward /Is-feedback to & control in the actual laboratory
prototype built in the previous investigation [1].

. Allocate the closed-loop poles to a desired position by using the pole placement
procedure and investigate the behaviour of the control structures analyzed in this

thesis.
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