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RESUMO
Conversorexhaveados sao sistemas amplamente utilizadas em aplica¢des industriais. Tais
sistemas operam via controle em malha fechada e, dessa forma, os aspectos de estabilidade ¢
desempenho em malha fechada devem ser assegurados pelo projetista. Recentemente, C
empego de sistemas com multiplos conversores vem se tornando comum em uma ampla gama
de aplicac@es. A interacao entre os sistemas de controle os multiplos conversores pode levar o
sistema a operar com reduzidas margens de estabilidade ou com um baixo desempen
dindmico. Portanto, a estabilidadedimsistemacom conversores operandm cascata é uma
grande preocupacéao para aplicacoeis.réanstabilidade em sistemas em cascata podeer
devido a carga de poténadanstante (CPL), que é um comportametus conversoreguando
se encontrameguladosAs CPLs exibem comportamento de resisténcia negativa incremental
causando um alto risco de takilidade em conversores interligadbDgssa formaa mitigacao
desse problema é uma questdo importante no prdgetfonte de alimentac@mmutada de
multiplos estagiasde modo ajarantir a estabilidade de todo o sistema. No entafgomas
dificuldades estdo presentes além da CPL, por exemplo, ndo linearidadesdévigds a
presenca do elemento indutivo, aléas incertezagm relagdo aosalores nominais dos
componentesdiscretos que compdem o sistenNeste trabalho é realizado um estudo
experimental dalesempenhdas metodologiade controlerobusb paramétrico aplicadas ao
problema demitigar o efeitoadverso de cargas do tigoPL, em um sistema com dois
conversores buck operando em cascata (sistemaduegl. Varios testes foram desenvolvidos
utilizando tanto uma planta experimentguanto via simulagdo computacional ématlab/
Simulink, quando o sisima multconversor buclbuck é submetida uma variacao deoténcia.

Os resultados mostram o melhor desempenho das metodologias propostas.

Palavrachave: sistema mititonversoy controle robusto paramétrico CPL; variacdo
paramétricateorema de estabilida de kharitonov; Teorema de Chebyshev.
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ABSTRACT

Multi-converter electronic systems are becoming widely usathimy industrial applications;
therefore the stability of the cascaded system isigconcernto reatworld power supplies
applicationsInstability in cascaded systemsay occurdue tothe constant power load (CBL)
which is abehavior of the tightly regulated converte@PLs exhibit incremental negative
resistance behavior causing a high risk of instability in interconneotectrtersthereforethe
mitigation of this problem is an important issue in the muligtége switched mode power
supply designThus, it is importanto guarantee stabilitgf the whok systemHowever,some
difficulties remans besides the CPL, e.gqonlinearities due to the inductive element and
uncertainties due tonprecision of mathematical models and/or variation of nominal values of
the discreteelements that compose the DC/OfDck converter.Aiming to evaluate the
performance of the proposedbust methodologies in this work to mitigate the instability
problem caused by a CPL, several tests were developed by usaxpenmental plant and
Matlab/Smulink, when the multconverter buk-buck system is subjected a variation of power

referenceThe results show thienproved perforrance of the proposed methodologies

Key-word: multi-converter systenrobust control; robust parametric control; constant power

load; mrametric variationbuck converterkharitonov stabilittheorem; chebyshatheorem.



CHAPTER 1
INTRODUCTION

1.1 STATEORTHE-ART

Nowadays, DEDC converters are increasingly used in industrial applications due to
their simplicity in structure, high power efficiency, low cost and high reliability [1], [2]. Some
modern industries, whose processes demand high dynamic performancegtiadedsferent
types of converters for applications such as in variable speed DC motor drivers [3], renewable
energy systems [4pB], transportation systems [7], [8], hybrid energy storage system [9], [10],
communications systems [11h several of thes applications, converteese controlled by
switching through Pulse Widthlodulation (PWM)to transfer powefrom a power sourcto
loads having a&onstant powecharacteristicBecause of switching, the converter converters
have some inherent nonlineataviors [12], [13]. Therefore, it is a challenging task to ensure
the stability transient performancand higher efficiency of such converters [13]. The-non
linear behavior, due to switching operatitvas been usuallgeglected Wwile designing the
conveter [Z. One importantconvertertopology isthe DGDC buck converters where the
required output voltage is lower than the source voltageDB®uck converters are typital
dynamical nonlinear systems and their control problems are well ackaged asa
challenging issue [14]L6]. The main reasonare: bad variations, power source variations,
inevitable parameter uncertainties and exogenous disturbakitéisese uncertaintiesould

lead to instability and performance degradation

On the other hand, cascaded converters have a basic configuration that consists of two
converters in series connection, where the firatssurce convertawhile the seconaneis a
load converterThe source converter maintaia regulated dc voltage @he intermediate bus,

and the load converter convert the intermediate bus voltage to tightly regulated outputs for the



nextsystemnstage or load/Vhen a converter tightly reguks its output, it behaves as a Constant
PowerLoad (CPL), so load convertestaas a CPL when tightly regulated [18]d its dynamic
response is faster than the dynamic response of the source cofviréesource converter is
faster than the load convertéinen it will compensate for disturbances and will regulate its
outputbefore the feedback loop of the load converter reacts to disturbances. Therefore, the load
converter will not act as a perfect CPL for the feeding convgr®8¢[25]. Different from a
resistive load, CPL is a nonlinear load with variable negative impeddraracteristics, i.e. the
input current increases/decreases with a decreasss®& in its terminal voltage [E25].
Because of the negative impedance characteristics of tG@lsystem may become unstable,
which may lead the system into oscillation failure, and stress or damage the system
equipment when feeding a CP21]-[25]. For this issue, CPLs areceiving more attention of

researchers to give solutioasning atto cancel or compensate the instability caused by CPL.

1.2 MOTIVATION AND JUSTIFICATION

Traditionally, the stability analysis and controller design of cascadelt donverters
is carried out by using the impedance criterion appliedé¢oaged and linearized models [23]
[26]. The load converter under a tight control is convarally modeled constant power load

(CPL) for stability analysisrdfor controller design [2]-[26].

In order to mitigate the destabilizing effect of CPleveal methods have been
proposed, suchsapassive and active damping [229], Lyapunov redesig control [8],
nonlinear feedback linearization [3{83], sliding mode control (SMC) [34], [35], fuzzy
control [36], and robust control [37], [B8In addition, therobust parametric control

methodology can be found in the literattwecontroldc-dc powerconverterg39]-[41].

The controller design is usually based on the linear approximation of nonlinear

dynamics of the converter. Linear controllers are usually useegtdate the output voltage



[14], [42] of converters. Howevergconventional controlleramay experience a sensible
performance deterioration under varying operating conditions[f39] In order to assure
robustness against parameter uncertaitresgr controllersnust be designed by using robust
control theory. Therefore, the controllercbe designed to cope with a4specified range of
parameter uncertainties, load variations, or a wide variation of operating points. Besides of that,
the performance of the DDC converters is also affected by external disturbance, which may
cause instaility that usually appearwt to the measurement noises]{fl]. Therefore, the

controller design process must ensure the performance robustness.

In research on dynamic systems with parametric uncertainties, the techniques that deal
with this problem hee been studied extensively over the #&years [42], [4B In this contet,
control strategieswhich aim to implemenadaptive, predictive and fuzzypntrol algorithms
have been widely studied for the resolution of control problems of systems watmegiec
uncertaintiesHowever,thesestrategies, being able to offer efficient and satisfactory results,

can make the implementation and operation of the process more cgd#plex

Within the context ofolutions for process control, one of the areastthgereceived
great research efforts from the scientific communityRa@bust Parametric Control (RPC)
Theory. Such classes of robust control approaches take into actwurgvailableapriori
informationabout possible range of plant’s parameters, artheidrespective nominal values
[45]. TheRPC gained greater attention framademia since the 1980s because of Kharitonov's
work, whodeveloped the soalled seminal Kharitonov stability TheoreAmong the several
methods of solution to the problem adntrolling plants with parametric uncertainties, in the
presentwork, are highlighted the use of Linear Programming (BPproach 46] and the
Chebyshev TheorerdT]. These methodsyhen combined, serve to design optimal and robust

controllers.



In this work a design trend is presented for ProportidngdgralDerivative (PID)
contr ol | er s @ardmetrtirdbyst cdnaostieedry. ©he controller designafdpsed
to a sourceconverterin a multtconverter system to suppreskoscillations effectglue to
constant power loads in muttonverter buclbuck systemsaiming to reduce the control effort
when the system igperating outside its nominal operating point. The motivadiases from
the difficulty of relating parametric robust conttbkeoryto conventional design methods. In
conventionamethods, the goal is to design a controller with figacthmeters from a plant with
fixed parameters too. Howeveopust parametric control presents a different form of controller
development, in which the adelling of the systems developed with the plant parameters
represented by reahtervals (not fix).From the method presented in J4@ is possible to
develop controllers designed for an interval donaaid still with fix parameters. The reason
for choosing thecontrollers of the PID family is justified by the fact that it is thest popular
controller in the industrial environmentd§ In [46] and [49, alinear programming approach
is used togprovide necessary conditions on the fbarder contrder design for robust stability
of the closedoop systems. In [40the design of a robust controller via linear programming is
presented in comparison to a conventional design techm@ippked to the output voltage
control of a DGDC buckconverter. Irthese works, only linear programming approaalnsisd

to solve the optimization problem proposed for tuninthefcontrollers parameters.

Theoretical contributions of the RPC combined watdmventional control techniques
emphasize the importance thfe RPC in different curreinapplications such as drones [50
industrial processes [R139] and power systems [pZ hereforejn this worka control strategy
is proposed combining the lingarograming approach [46] with Chebyshev Theoren), [ib7
optimizethe parameters of an interval robust controfpeoyiding better control performance.
In addition, robustontroller design is presented with robust stability guarardeedrding to

Kharitonov Theorem.



1.3 DEFINITION OF OBJECTIVES
1.3.1GeneralPurpose

To evaluate robustontrol strategies applied somulti-converter buclkbuck system in
order to stabilize the oscillations of whalgstemcaused by a constant power load.

1.3.2Specific hjective

1 To analyze the ddc buck converter dynamics by feedingoastant power load.

1 To carry out an experimeritand simulation evaluation of robusbntrol strategies
applied to thenulti-converter buckbuck systemwhen it issubjectedo a variation of
power reference.

1 To carry out theevaluation of théntegral Sgare Error (ISExost function, in order to
verify the robustness and performance of the control strategies evalwatstthe

multi-converter buckbuck systenis subjectedo a variation of power reference.

14 OUTLINE

The remainder of this woris organized as follows: Chapt2rpresents a brief review
about theanulti-converter buckbuck systemChapte presents a brief review about parametric
robust control backgrounth addition to thedesign methodolags for robust controllers.
Chapter 4presaits the methodologiedeveloped in this study, describing the simulation
environment, as well as the experimental environment, and then the expsrimebe
performed in this worlare desribed Chapter Jpresents an assessment of the simulation results
and experimental data. Finally, ChapterpBesents th&nal considerations of the dissertation

and recommendations for future works



CHAPTER 2
SYSTEM DESCRIPTION

2.1 INTRODUCCTION

In a DC network, the operation of B@C power converters is similar teansformers
in AC networks, that is, increase or decrease the input voltage, generating an output power
equal, in ideal conditions, without the use of external power. These converters present six main
topologies:Buck, Boost, BueBoost, Cuk, Sepic e Zetar some derivations of theft2]. In
addition, they can be unidirectional, with only a conduction sense, or bidirectional, whose
conduction sense can be reversed. Accordiragdbitectureof the filters, it may be classified

them accating to their orde[54].

Multi-converter cascading power systems are very common in most application in
industry [3}[11]. When a power converter tightly regulates its outpbghaves as@PL[18].
CPLs have a negative incremental resistance, which teddstabilizeéhe power systerf23]-

[25].

In this chapter, the study system is presented. First for a buck converter, the topology,
operation and conduction modes and dynamic are analyzed. Then the cascaded converter

system is presented, analyzing its dynamig$iastbility issue due to CPL

2.2DC-DC BUCK CONVERTER

DC-DC converters are electronic devices that convert a direct voltage or a direct current
value to a different level. This conversion can be obtained with the combination of an inductor
and/or a capacitpand a soliestate device operating in the high frequency switching mode

the buck converter case, also called Sdepvn or voltage drop, the output has a lower voltage



than the input voltageA typical topology ofouck converter showim Fig.2.1. ‘Qis switch,0
is inductance) is capacitanceQ is freewheel diod€Y is load resistancéQis the current of

inductance) , w is input voltagep is outputcapacitovoltage

Buck converter operation can be analyzed in two altestates for each period of the
digital control signal [SB[54]. First state occurs whewOSFET,0 , is "on" anddiode, O , is
"off", causing the energy transfer from the source to the inductor, capacitor and load, charging
the inductor and capacitor, eell as feedig the load. In second stagge, is "off", andO is
"on", so that the inductor current behaves as the power source for the load, causing its gradual
discharge. When inductor current becomes smaller than drained lopdhesistor, capaair
startsa dischargéo suppy it. At the end of a period) is "on" and the cycle is restartéthe

time in whichO is "on" or "off" is controlled by PWM

Q1 rp L

PA AM_(M_._

qT T

Vi — d IDl C::UC éRL

Figure 2.1. Buck converter topology

2.2.1 Conduction modes of Buck Converter

According to inductor current variation, buck converter can present three different

conduction modescontinuousgdiscontinuous and criticalonduction53], [54].

In continuous condiion mode, Buck Convertaassumes two states pgwitching
cycle.First,ON state iswhe i s f o0® & sa migdicfordcurrent’® flows from the
input sourceg, through0 and tooutput capacitor and load resistor combination. During the

ON state, thevoltage applied across the inductor is consgantt increases linearly.eond,



OFF statéswhend i s fo®f & #ormgithe OFF state, the magnitudetaf voltage
applied across the inductor is constaaintaining thesame polarity convention, this applied
voltage is negative (@ppasite in polarity from the applied voltage during the ON time). Hence,
theinductor current decreases during the OFF tifnsimple linear circuit can represent each
of the two states where the switches in the circuit are replaced by their equivralgitg during
each state. The circuit diagram for each of the two states is shéwmn 2.2. Theincreag and

decrease in inductor current, during and "Y  respectively, arélustrated in Fig2.3.

Q4 Ty L
O_C ' AM_M“ .
Loy llﬂl i
+ +
ON v . > R
State i == ps Dy C =7 3 L
@ L
L
Q4 Ty
O C @ lM_rYWL._
Loy l‘th i
+ +
OFF v > R
State [ e ”D1I D, C=—= "7 3 L
@ @
Figure 2.2. Buck Power Stage States
The ON statalurationis©O —— where D is the duty cycle, set by tbentrol circuit,

expressed as a ratio of the switch ON time to the time ofomplete switching cycléy. The
OFF statadurationis called’Y where"Y p O"YhO p O. Sincethere are only
two states per switching cycle for continuous moteese times are showalong with the

waveforms in Fig2.3.



Figure 2.3. Typical waveforms for Buck Power Stage States

In DiscontinuousConduction Mde (DCM), inductorcurrent is zero for a portioof
switching cycledue to the reduction of the load current below the critical current level
(nonsynchronous) buck power stage, if the inductor current attempts to fall below zero, it just
stops at zero (due to theidimectional current flown ‘O ) and remains there until the beginning
of the next switching cycleA power stage operating in discontinuaenduction mode has
three unique states during each switching cycleo@sosed to two states for continuous
conducton mode. The load currecbndition where the power stage is at the boundary between
continuous andliscantinuous mode is shown in Fig.4. This is where the inductor current

falls to zero and the next switching cycle begins immediately after the cuesaitezero.

Figure 2.4. Boundary between Continuous and Discontinuous Mode
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Further reduction in output load current puts the power stage into discontinuous

conduction mode. This adition is illustrated in Fig2.5.

A

Figure 2.5. DiscontinuousCurrent Mode.

The power stage assumes three unique stiiesg discontinous current mode
operation. FirstON stateiswhet® i s fo@ o sdmodf Second, OFF st a
fi o fahd® i s .MAodfivally, IDLE statethat is when botld andO a r e .t firbt o
two statesare identical to those of the continuous medsee and the circuits of Fig.2 are
applicable excepthat™Y p O"Y. The remainder of the switching cycle fetIDLE
state. In additiondc resistace ofthe output inductoutput diale forward voltage drop, and

power MOSFET ORstate voltage drop are all assumed to be small enough to omit.

ON statedurationis O'Y Y ,where D is the duty cycle, set by tbentrol circuit,
expressed as a ratiotbie switch ON time to the time of onemplete switching cycléy. OFF
state duration i§Y ‘0 "Y. The IDLE time is the remainder of the switching cycle and is

givenasO Y “Y “Y Y . These times are siwo with the waveforms in Bi 26.
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Vp

1 —

vﬂ - -

\4

Figure 2.6. DiscontinuousMode Buck Power Stage Waveforms

whereQ is the peak inductor current.

It should be noted that the buck power stage is rarely operated in discontinuous
conduction mode in normal situations, but discontinummrluction mode wilbccur anytime

the load current is below the critical level.

In critical conduction mode, inductor current reaches the zero value at the exact moment
of a new switching cycle, immediately increasing agdimus, abuck power stage can be
designed to operate in continuous mode for load currents above a certain level usually 5% to
10% of full load. Usually, the input voltage range, the output voltage and load current are
defined by the power stage specification. Té&ves the inductor value as the design parameter

to maintain continuous conduction mdéd].
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2.2.2 Dynamic of Buck Converter

As shown inFig. 2.1, the model of buclconverterin Continuous GnductionMode

(CCM) can be written as follows:

,.aQo0 L v e s

U —— Qow L O 1 Qo0

1'v QO

\ (2.2)
:s,”,,,'Q‘) 0 Q¢ 0 O

. 0— (0] —_—

w Qo0 Y

Considering the presence of energy storage elements in the circaytsttiemodeling
must be based on the differential equations that determine the behawsostate variables,
the voltage in the capacitar | andthe current in the inductoi(d), and its organization in state
equationg[55], and(Q 0 ) is the duty cycleDue to the nodinearity introducedby static
switching, the analysis can be divided into two different operation intervals for each a®riod
discussed above in the continuous operation mbkerefore, ON stagayhent o "Y ,
MO MO MO,V 0 w UL 0, and Q0 p. Thus for the ON stage state

equations are given guationg2.2) and (2.3).

‘aQ o i ‘00 p - @

Q0 5 5 0 (2:2)
Q 0 P P ..

a6 &0 Y&~ ° 2:3)
v g)\ 'l (94 l,— ,E I,H . 1 s p I:I
||'QO|’| 11 v v il X ::'_‘ I,I'
1 i I s v :,:00 (2.4)

NIOVINY 1P P -
uQel  wds  Ysw U Ty

For the OFF stage, whély o0 Y, Q0 ™Q0 ™Qo,0L O 0 0, and

Q0 1 The state equations that represent this stage are shown below,

aQo i . P,
. o BU 0 (2.5)
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(2.6)
~ ]

1 T 2, )

] 20

11 T |"| (2'7)

Y& W U u U

Equations (2.4) and (2.7) represent the mathematical model in the state space of the buck

converter in CCMTherefore, the dynamic behavior of the converter can be approximated by a

switching cycle as shown in equatsd2.8) and (2.9),

aQqQ .
ov— |1

11 'Q(‘jl’l
"YQI Il
QD n
uQoU

aQo .
ny
11 'Q b "
11 !
1 o n
u Qo U

'aQ
11 Qo
Qo0 JYQ,
Q)
uQo
A
i1 0 0
11
1P p
u o Y &

Il N’Q'Q Il

" 11 Q (‘) 1 (28)
1 p ’Q C‘) O'YQ | )

Il Q) n

Yy uQoU

> > v, 1

|l’||lwl Q b r’:l ! I,E‘ ':'

a0 00 (2.9)
¥l |l‘_) O 1 I I,I

. . mn

W Uy ©

Considering the practical interest of controlling the converter output by switching

applied to gate of power transistand defining the capacitor voltage as output of the

system,w 0, the transfer function for voltage control, described in (2.12), can be calculated

by equation (2.11).

Qo

Wo m p
U O

@ i 0 Di "O0 D O

—— 0 Di 0

Oi

w1 0 0

oi ; Pl P i
Y& U 00 YD

(2.10)

(2.11)

(2.12)
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2.3 CASCADEDDC-DC BUCK CONVERTERSYSTEM

A multi-converter system comprised @fscaded converters have a basic configuration
that consists of two or more converters in sas@section, where the first is a source converter
that maintains a regulated dc voltage the intermediate bus whileemaining are load
converters that convert the intermediate bus voltage to tightly regulated outputs for the next
system stage or load. éncascaded buck converter syseefarge variety of dynamic and static
interactionsare possible and these can lead to irregular behaviorcohwerter, a group of
converters or the whole systeAtypical cascaded system withDCi DC buck converters

shown inFig. 2.7(A). Fig. 2.7(B) shows a generic configuration for voltage control for ttle k

converter.
v, + 1st Buck :(l) 2nd Buck :(2) ........ :(N—l) N-th Buck ;—(N) :: R,
_ Converter | _° Converter | _° _€ Converter |_° <
L J (. )
——
Source Converter Load Converters
(A)
0 7, @) LW
[
+
(k1)
(4
[

(B)

Figure 2.7. Buck Converter systemin series connection(A) Cascaded system with Monverter.
(B) Voltage modecontrol for the k-th converter.
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As mentioned earlier, when a load converter is tightly regulated and its switching
operation frequency is faster than source converter, load converter behavior will be as a CPL
As a result, in CPL, inpuwturrent increases when input voltage decreases,ieadersaCPL
approximation modedlescribe the behavior at the input terminals of the load converter allows
to capture its performance in a frequency range where itslopprgain is high and an input

voltage span where its controller is within its dymanange.

2.3.1 Buck @nverterwith constant power load

Cascaded buck converter system and its representation witra@Pthown irFigs.
7.8(A) and7.8(B), respectivelySource and load converter are in voltagegr@bmode as shown

in Figs.7.8(C) and7.8(D).

Load

(1) (1) (@ :(2) (1) (1) Converter
i i, i; i, i i r—1

— _— — — —> — |
+ Source Load Source |+ I I_JI]

+ > + <
(2 R V== SR
_ | Converter Converter ff D ! Converter| Ve ' ! :CPL

| |

I <

(B)

Q@ r, @ L3

>

© (D)

Figure 2.8. Cascaded buck converter with two power stagefA) Diagram of the cascaded
converters (B) Source cowerter loaded by a CPL. (Q Voltage modecontrol for source
converter. (D) Tight regulated load converter.

CPLs introduce interestingpnlinear behavior to conventional bucinverter dynamics
but this behavior only exhibit above a certain voltégge Fig. 2.9)Fig. 2.9 shows the input

AM O charact er i st ihensheioputvdltage af theload comvertere ris W
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lower than " Q , the load converter behavior will be as the resistive load. Therefore,

in this range of operation, load converter will be operate in a constant resistor zone (CRZ). On

the other hand, whain is higherthan v Q , the load convertdsehavior will be as

a CPL, thusload converter will be operate in a constant power zone (CPZ).

dfsgu: maximun duty cycle of the load converter

iim :input current of the load converter

i (2) A
l.i::u :maximum input current of the load converter
igz:'g :input opetation current of the load converter
i(zj . ;
I v 'V input voltage of the load converter
vgij'g: input operation voltage of the load converter
.(2)° i P sz:'D :tight regulated output voltage of the load converter
L. o
I = fpe=ve=scssscafeccscscs L ]
P,: opetation power of the load converter
Constant Constant
Resistor Power
Zone Zone
: >
@° 1)°
p@° L0 e
(2)
d‘max
Figure29 . | Wpluda ciharacteristics of the

For a CPLjn order to maintain a constant power levelload converterinputcurrent

increases when input voltage decreases, and vice, geits& product of the input current and

input voltage of the load converteBA0 "Q is a constant and the instantaneous

value of the load impedance positive i ‘Q 1t . However, the incremental

impedance is always negatifiee., Yoy YO 1) due toonce appearing any disturbanteys

operating pot will leave from previous pot and never returnThis negative incremental
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impedance haa negative impact otihe power quality and stability of tisystem.The curve,

in Fig.2.10, showsthe negativencrementalmpedance behavior of CPL

AV N\ ar =0

—> |<— >
Al I

Figure 2.10. The negative incremental impedance behavior of CPL

2.3.2 Instability in a DEDC Buck nverterwith constant power load

The sysem (see K. 8(B)) is usedto show thanstability of a dedc convertewith a

constant power loadlo obtain the largsignal behavior of the load converter, 6L is

represented by a dependent current sQiixe 0 ——, sothe total instantaneous current

drawn from source converter given by

0 6 , : (2.13)

Qo Q o0 0 o (2.14)

where,0 in the output power of the converter that is constant.

Dependingn switching of the source convertdreiargesignal model of the converter

in CCM can be obtained based on the followaggations
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whereQ @ ¢ TY are the duty cycland switching period of the source converter, respectively.

Using the statspace averaging methoi4], [40, [41], the buck converter dynamic can be

written as

v aQ o i 0 ¢ p S0

T 5 0 5 W U O

. (2.17)
I P \ \ . 5

I’I’Q), ‘o "p a6 "p U! o] V)

y QO 0 o] Y O o

Consider small perturbations in the state variables dsmadl disturbances itihe input

voltageand duty cycle

W

0O
; @ 0 (2.18
rQ O 7]

c o e

where,w, O ,®w , andO are the average values@f 'Q ,0 and”Q , respectively.
Substituting (2.18) ir{2.17) and neglecting the internal resistance of the inductor to simplify

the calculationsthe buck converter dynamic becomes
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v 20 P v 0 o
T v
. (2.18
1 P 5o
Py O
y Q0 © w
Note that the following approximation was madg¢2.18),w ! wandw |1 0
The transfer functions of theystem can be obtained from (2.&3)follows:
\ )
1P o v | , 00
Q i L P
Y ' To!' U8
i (2.19)
O i 0O
0 06
LY W i i L . P
w 0w 00

Due to CPL, the transfer functions in (2 1fave poles in the right hgtfane, thusthe

system is unstable.

Linear controllers can be designed to stabilize slistem around a specific operating
point based on a linearizedhallsignal modg such as that described in (2.19pweverwhen
the operating point (i.e., the input voltageor the loadpower0d ) significantly changes, the
system, which still containsnstable poles, may not be able to be stabilized by usirgathe

linear controller.

24 STABILITY ANALYSIS OF MULTI-CONVERTER BUCKBUCK SYSTEM
2.4.1 Stability of multiconverter buclbuck system

In order to perform a local stability analysis of the system, the system is constituted
operating at a certain operating point, see Table 3.1, which presents the parameters value and

the operating point to which the system is linearized.
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Table 2.1 Values for the physical parameters of the multiconverter buck-buck system

Par. Unit val Description
nom.
@ 6 6,0 Output voltage of source converter (outpult
0 15303} 0,5 Output power of load converter (output 2
W 6 15,0 DC input voltage
Y m 4,0 Load Resistance of source converter
Y m 4,0 Load Resistance of load converter
o) & 2000 Capacitor of source converter
0 (& 2200 Capacitor of load converter
0 I ( 2,0 Inductance of source converter
0 I ( 2,0 Inductance of loadonverter
i 0.05 Internal resistance af
1 m 0.05 Internal resistance af
0O p 424 Operational point for duty cycle obitput 1
0O % 60.0 Operational point for duty cycle obtput 2
Q E(U 1.0 Switching frequencyf source converter
Q E(U 5.0 Switching frequencyf load converter
0 7 20.0 Maximum power

All the roots of the characteristic polymaal of the system are obtainemverify if all
the roots of system are located in the left half of the imaginary plane. In the case that at least
one root is in the right hafflane, the entire system is considered uns{ablg[56], [48]. Table

2.2 shows the eigenvalues of the Anegedmulti-converter buckuck system
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Table 2.2 Eigenvalues of the linearized multiconverter buck-buck system

Source Converter
P T E wipy
O® T Er wdpy

Load Converter

UVTTT

UTTT

All eigenvalues of the system have a negativepad| thus, the system is stable for this

point of operation as shown in Tabl@.2.

2.42 Phaseplane analysis of muktonverter buclbuck system

A system can be analyzed by a phpeme analysis, solving (plotting) the system
differential equationgiving an insight about how the $gm dynamics evolve with time [25],
[57], [58]. This technique can be us#al study global closéoop behavior of the converter
feeding a CPLThe phaseportrait of source converter feeding a CPL is shown in Fig.\®itti
the physical parametespecified in Table 2.1The pinkline is the load line of the CPL; the
blue and redlines representhe trajectory of the state variabléQ 0 ; the grayarrow
indicates the evolving direction of the trajectoffe state plane is divide into two regions by
the separatrixblack line) the left region of the separatrix is an unstable region, and the right
region of the separatrix is a stable region. Moreover, when the state variable is irblhe sta
region, the trgectory will convergeo a limit cycle On the other hand, when the state variable
is in unstableregion, any controller cannot guarmnt ee t he c onhthephaser 6 s

portrait of load conerter is shown in Fig. 2.1¢hecking the noinearity ofload converter



Phase-portrait of an ideal buck converter loaded with a CPL
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Fig. 2.11. Phaseortrait of source converter loaded with a CPL N,
CPLPower|. 818184 i &, F 9.
Phase-portrait of an ideal buck converter in CCM
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Fig. 2.12. Phaseportrait of load converter (Input DC voltage N,

. 818184 T & F 9.

22



23

24 CONCLUSION

In this chapterthe mathematical model that describes the behavior of a-cwitrerter
buck-buck system were present, with its operation and behavior characteristics. The instability
problem caused by a CPL in a midtinverter system was described. In addition, the system
stability analysis was performed with the operating conditions described in this chdgter.

robust controller design methodology will be presented in the next chapter
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CHAPTER 3

ROBUST PARAMETRIC CONTROL: THEORY AND
APPLICATION IN THE DESIGN OF ROBUST
CONTROLLERS

3.1INTRODUCCION

Control systems are usually constituted aiming tenak certaircloseloop performance
desired characteristick general, to meet these desired conditions a set of process variables is
forced for obtaining the dynamibghavior previously established, thus complying with certain
restrictions such agero steadistate error, time and frequency requir@tsein order to obtain

a gooddynamic performance.

The controller design is usually based on a linear approximatieondhear dynamics
systems However, conventional controllers may experience a sensible performance
deterioration under varying operaj conditions [14] In order to assure boistness against
varying operating conditionginear cotrollers maybe desiged by using robust control they.
Robust Parametric Control (RPC) Theory, which emerges as asetlefn control techniques,
aimingto avoid the negative effects caused by the uncertainties present in the syateaigra
[45]. The RPC gained greatattention from academia since the 1980s because of Kharitonov's

work, who developed the smlled seminal Kharitonov stability Theorem

In this chapter, some methodologies, for designing of robust parametric controllers, are
presented, taking into accouat parametric variation in a certain region of uncertainties

previously determined by the designer.
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3.2 BRIEF REVIEW OF ROBUST CONTROL THEORY

Mathematical models naturally present errors that are neglected, depending on the type
of study. An importantonsideration in modddased control systems is to keep the system
stable, subject to parametric variations. However, generally in the classic controller design,
models that ignore uncertdéies are used [46]n this way, it is common to use a nominal
transfer function for the controller design. Although the controller is developed based on a
nominal transfer function, the real system must be stable for all kinds of transfer functions that
represent the whole set of uncertaintilsereby, uncertainty of system can be classified as

unstructured (noparametric uncertainty) and structured (parametric uncertgigy;)[45].

Robust parametricontrol techniques are useful for stability and control analysis of
systems subjected to uncertainties in the parameters of the representative models (structured

uncertainty).

3.2.1 Robust Stability Analysis

A system withinterval parametric uncertaintieis generallydescribed by uncertain
interval polynomialsB(s) and A(s), restricted within prespecified closed real intervalas

shown in (3.1]45].

G(9 =

B(s) _< o@ ﬁ (3.1)
8

A( S) a ea a +

Many robust stability tests under parametric uncertaintybasedon analysis of

uncertain characteristic polynomedsumed aan interval polynomial family [45 such as
P(s p= ? er. P @ (3.2)

where p:(gpo’, R gRe N --gR SER )‘is a vector of interval elements.
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Polynomial P(s,p is stable if all its roots are contained the lefthand side of the
complex planes-plane Then,P(s,p is robustlystable if all its polynomials are stable for a set
of operatingpoint different from the nominal operating point withinmgimum and raximum

limits [49].

Thus according to [45]two definitions can be defined that characterize the stability

concept of the families of polynomials.

Definition 3.1 (Stability): A fixed polynomialP(s) is stable if all its roots are strictly

located in the left halplane of the complex plane.

Definition 3.2 (Robust Stability):A certain family of polynomial$(s,p is robustly
stable ifP(s,p is stable for alkoM R, i.e., all the roots of(s,a)arelocatedstrictly in the left

half-plane of the complex plane.

3.2.2Kharitonov Stability Theorerf#3]

The Kharitorov Theorem is a test usedrwbust controtheoryto evaluate the stability

of a dynamic system whose parameters wvdtlgin a closed real interval as follows:
dis)= g +,9 +3d #$d--+ 8 (3.3)

n

where the coefficient vector/ =[ ¢ ,.d,, 4.---¢ ,]is delimited by:
g , -
D =% g g’ d- n 8 (3.9

where, d, and a’: represent the lower and upper limit respectively. Therefore, the Kharitonov

polynomials are defined as:
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Ki(s) = d(-) + dS +2‘¥

8 5d  $d, S -d
K,(9=d, +ds +& +& ,od .$d,sd 5)
Ki(S)=d) +ds +,& 3¢ ,5d .$d, s -d
K,(S)=d, +ds +& +& ,4d .$d,sd

Theorem 3.1(Robust Stability):The interval polynomial familydelimited by mis
robustlystableif and only ifits four Kharitonov polynomialsare stablg¢45], [59], i.e., all roots

of the interval polynomial are in the left hapthneof the complex plane

3.3SISO ROBUST CONTROLLER DESIGN VIA INTERVAL POLPLACEMENT

To design the controlleg region of uncertaintysipreviously definecconsidering that
the uncertainty is contained in the parameter variation of thepladé!l Therobust controller
design uses two different proceduemsidering the closeldop control system in Fig. 3.1
The first is the toodeveloped in [4h associated with a linear goal programming formulation,
which will lead to a set linear inequality constraints. The second procedure is the Chebyshev

theorem, develagd in [47, which provides a maximum stability region, characterized bl

of centerxc and radiunR, whose norm is Euclidean.

r@® + y(t)
C(s,x) | G(s,p)

Figure 3.1 Closedloop system blockdiagram.
whereG(s,p is the uncertain plant of ordarandC(s,x)is the controller of order, defined in

(3.5) and (3.6)yespectively Note thata and b define thebox region of uncertaintiedenoted

bya ¢g ¢g'andb ¢b dgfor i=12,..0; j=12...m.

_n(9 _bs"+. - H s ki
(s p)_d(s) s+agl + &;s @

(3.5)
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_N(9 xS+x%8' +- %k,S x
C(s = 3.6
9 d(9) SHUST +- ¥is W (36)

Let p be the vector of paramegethat represent the plant ardhe vector of real
parameters representing the contratlefined in (3.7 and (38) respectivelyIn addition, p°

represents the nominal value of plant parameters definedox region of uncertainties
p=[a b -~ B, B a a - a, 4 37

X=[% % = X, X ¥ % - Yi M (3.9

According to[60], [61], the solution of the Diophantinequation (3.psummarizes the

pole-placemenproblem.
di9=d9d( 3 +0pd) (3.9)

where d(9) is the closedoop characteristic polynomialherefore, the parameteds the

closedloop characteristic polynomiake represented as follows

d=d(x p (3.10)
Assuming that the desired dynamoicclosedloop systemis represented by

D,(9 =% AS' -+ [as (3.11)

wheref, represent the parameters of the clelesgp desired polynomial

Aiming of tuning thecontroller, the closetbop parameters obtained are compared with
the parameters of tl@osedloop desired polynomialvhich represent the desired dynamics of

the system as a result Eq. (3.12

d(x P)=F, i42,..)| (3.12
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This problem can beritten in its matrix format, presenting the following relationship:

&x, 9

8] 0 - 0 0 | 1 0 - 0 0 % 4
ée] [B] -+ 0 1 fa] 1 i 0 gi Ufl[a]
€: o] . o i | i [a] . o i B, udr-lal
dh. ¢ ] o Ifa] ¢ . 1 0 fix Y€
glod] [b] - [o] [6] 1 [a] [a] - [4 1 §- #dilfa] (313
¢o o] = ¢ bl 1 o [a] = i [a] §% uglful
PR S NP I N AT L
€0 : . Io] [b,,] | © s Ja) [ay, Je ¢n
60 0 - 0 [b) 1 0 0 - o [a] Pty
~— —— — gy, gu ©°

0 ®

When the system is subject to parametric uncertainties, the controller performance may
deteriorateTherefore, the controller must guarantee robust performance within an acceptable
region of closedoop parameters variation, so that the clelegh poles are located in a certain

region.Thereby, a desired region is defined as follows
For o of (3.19

Therefore, acording to[49], replacing the parameters of equation (3.14) in equation
(3.12) it is possible to formulata linear inequalities set, which restrictia@ controllerand
desired polynomial coefficients in tipeedefinad intervals, as shown in Eq. (3)1F hus, the
closal-loop system has its poles within the rogpsice of intervatlesired polynomial, ensuring

therobust stability{60].
fed(xp ¢ i B2, (3.15)

The condition in Eq. (3.15) can be illustrated by Eq. (8.88suring stability and

performance requiremenis0].

A(d(9)1 A R9) (3.16)
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where A (d(s)) denotes the roots spacepmiynomial polef d(s) and A( Q(s)) denotes

the roots space afesired polynomial familyD, (s) .

The solution of this problem can be idealized, as a solution to a linear programming
problem, therefore different techniques can be used to solve it. However, its stahasd so
is sometimes efficient and fast, so that this problem can be rewritten as a problem of local
minimization, subject to restrictions, acding torelationsdefined in[46], [43], [45][39], [40],

and [41].

3.3.1 Linear ProgramingasedoiK har i t onovdés Rectangl e

The coefficients of vectoX can be calculated by using tii@ear programming

technique as shown beld49],

X :arg( min f (X))
Ave o8 BI) (317

e
St & é )
&A,. 0 &B()

where,

e o 0 ] 1 0 0o o0
i o0 | a1 0,
< b, . 0 | ¢ a o iy
D0 0 B0 | gy i 1 o}
oo =S, B o BT BTl g g, g 1l (3.18)
€o b, © b | 0 a gl
¢ o0 by, | 0o " a, iU
¢o b, by | 0 a, a,l
g0 0 0 b, | 0 O 0 au
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R 0 0] 1 o0 0 o0
é . : -
ébz b 0 | a 1 Og
e : . : - u
é: b, 0 | @ a 0 N
Aww =80, By . B b | 3 @& . a 18 (3.19

é ' : : U
éo by, : b, | O Poay
g 0 b, f | P 0 oa, iy
g0 by bn | O &, A
€0 O 0 b, | 0 0O 0 gl

& -a 8 ¢ra

.- €fa,

é u é

*_€e., .u ; é .

B(f )=é-a U B(7) =gf a, (3.20

e . é

é€f, U é £

e . u é

é u é -

é .+ U Y

& fn 1 -

3.32Linear Programing based @hebyshev Theorem

The Chebyshev Theorem demonstrate that it is possible to find the large3tdfall
centerxc and maximum radiuR, whose norm is Euclidean, which is contained in the polytope
P, described by the set of linear inequalitesstraints. The ball centegis called Chefshev

Center, as shown in Fig. 347].

Figure 3.2. Largest ball B inscribed in P.

whenthe setP is convex, the computing of become a convex optimization profeMore

specifically, suppose P R' is defined by a set of convex inequalities, i.e.
P:{ax ¢h, i &1,.. rr} If R2 0, it can be found. by solving the Linear Programming

acording tofollowing relations
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Xi:arg( min f (X ))

& B(f)
s A : (322)
st g "™ it g B
€ M U S 0
where,
ex
Xi: Z (323
&R
¢ A |al
Aj :g A |a] . |a] is the norm of coefficients of (3.23)
g0, -1
e A, |a.
¢
A =6 A, |2, (3.24)
g0, -1
2 AOWE[ alower
Aiwer = é -AOWQT | aowef (3'25)
g 0, -1

3.3.3 aimmary of the methodology

Fig. 3.3 llustrates asimplified flowchart of themethodology for designinthe robust
controller based onintervals poleplacement The adopted strategy is an adaptation of the
algorithm propsed in[39]. The processtarts in stefd, by defining the nominal plant with its
operating conditions; in step &e box region of uncertainties is built baseda pr&iously
specified uncertainty range delimited by thesigner. The closeédop polynomial is obtained
by usingthe controller parameter and tim@minalmodelselectedn step 1, then byeplacing
the nominal and intervalalues, defined in step 2, the intal closedioop polynomialis
calculated (step 3)In step 4,the desiredperformance polynomiamust bechosen.The

optimization problenis selectedn step Sandin step 6 isolved. In step @A), the cost function
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is defined as the suwf controller gains and the parameter vecfatontains thecontroller
gains.In step §B), the cost function is defined as the safhtontroller gainsvith the radioR
andthe parameter vectof contains thecontroller gainsand the radio o€Chebyshesptere

The feasible solutioX* (obtained in step 5) is used tt $she control structure (step. 7

Select the plant defining
the nominal G(s) with its @

operating conditions

4
Define uncertainties box region

A= 85,821 X [67,67] % X [8, 5] @

P:={p(A) | p;<p;<p/,i=12,n}

Define the closed-loop interval polynomial

Py =[di(X,p) dp(X,p) - dper(X,P)]
Where, X arte the controller parameters @
XoST + x5+ ok Xy S+ X,

€& =" /T SR L

\ 4
Define the desired performance region

@ =57+ [Qr, ¢ Is™ T+ o+ [y ]S + [P D7 @

m=n+r

Where:

¢ <di(X,p) < ¢

Linear Programing by CKR Select the Linear Programing by CCS
CKR - Control based on optimization CCS - control based on
Kharitonov’s Rectangle problem Chebyshev’s Sphere
A 4 Y
Write the following Write the following
optimization problem min f (X) optimization problem
X = arg(min f (X)) L—— (X)) =A(@X X' =arg(maxf(X")) 5
) B(¢
A(p) B(¢™) f(X) < B(¢) A'(p) X _
st [Lag 1< scon ] st [ gl = B
| Where:
: Ap) lla@)l
‘v A'(p) = |-A@E) lla@)
len 1
max f(X,R) X
F&R) = A@)X +la@)IR| | ¥ =[}]

J(X,R) = B(¢)

@

xoST + x5 L4t x, s+ x, [
STy ST e s+ Yy

Tuned Controller

A 4

c(s) =

Figure 3.3 Flowchart of methodology for designing of robust controllers.
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3.4 CONCLUSIONOF THE CHAPTER

In this chapter, some different design methodologésrobust controllers were
presented. Brief theoretical and mathematical concepts of robust control theory were also
introduced. The next chapter will present the methodology used for the development of this
work, as well as the development of the simalatand experimental environment for the

realization of the study.
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CHAPTER 4
DESCRIPTION OF TEST ENVIRONMENTS

4.1 INTRODUCCION

In this chapter, the methodology adopted to carry out this study is discussed, as well as
the tests developed in the systemaimalysis, a muliconverter buclkuck system. It also
presents the computational environment and the experimental environment of the developed

system.

4.2CONTROLLER DESIGN BY CLASSICAL POLEPLACEMENT

To tune the controller by Classical Pé#acement(CPP) methodthe performance
specificationsrelated to the settling timéY) and maximum overshoob () were used as a
restriction for the design of the controlldiable 4.1presents the performance specifications
values for the development of the control desmnVoltageMode Gntrol (VMC) of source

converter

Table 4.1 Performance specifications for the controller desigmf source converter

Design specifications  Symbol Unit Design restriction
Settling Time Y a i p T TT
Overshoot 0 = v

Table 4.2presents the performance specifications values for the development of the
control designfor Power Mode ©ntrol (PMC) of load converterTable 4.3presents the

controler parameters values based on @R¥#hod.
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Table 4.2 Performance specifications for the controller design of load converter

Design specifications  Symbol Unit Design restriction
Settling Time Y a i U T
Overshoot 0 =) 0]

The desirea¢tharacterist pdynomial iscalculated by théesign specificationand the
system parameters values used in there@soperation point (see Tablel}® locating an
auxiliary pole where this pole is a ndominant pole of systentherefore theicharacteristic
do not influence irthe system behavipas presented in Equation 4dd 4.2. Equation 4.1 is
for VMC of source converter, and Equation 4.2 isPdC of load converterThe location of

these no dominamtoles is at the discretion of desagn

P(9=(s+a.)( 3% 2, s %)

(4.1)
P(9=(s #40)( $ 2(0.1519)(503.285 503.2}

P(9=(s+a,)( 8 2, s %

(4.2)
P(9=(s#40)($ 2(0.8)(500)s 500)

4.3ROBUST CONTROLLER DESIGN BY INTERVALPOLEPLACEMENT

To tune the controller by interval pepgacement, it is necessary to define the
uncertainties region in which the plant paeders will be subjeted. Table 4.3resents the

uncertain parameters value adopted for the development of the robust controller design
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Table 43. Values for the physical parameters of the multiconverter buck-buck system with its
parametric uncertainties for the experimental tests.

Var. Val. Val. Val.

Par.  Unit %) nom. Max. Min. Description
) 6 8.0 Output voltage of source converter
0 B8 0,4 Output power of load converter
W 6 15 15,0 17,25 12,75 DC inputvoltage
Y m 50 4,0 6,0 2,0 Load Resistance of source convert
Y m 4,0 Load Resistance of load converter
0 [ & 2000 Capacitor of source converter
0 & 2200 Capacitor of load converter
0 I ( 2,0 Inductance of sourasonverter
0 i ( 2,0 Inductance of load converter
| m 15  0.05 0,0425 Internal resistance af
i 0.05 0,0575 Internal resistance af
O p 74.4 Operational point for duty cycle of
O % 63.2 Operational point for duty cycle of
Q E(| 1.0 Switching frequencwf source
Q E(! 5.0 Switching frequencyf load converter
0 7 20.0 Maximum power

Thereby, the gains of the naft controller can bduned as presented by the
methodology described in chapter 3 Cont r ol based on Khariton
Control based on Ch. erable sAdmesénts thes gaimse valae of theC S)
controllers designed for the three methodologies evalustehis study using the continuous

PID controller stucture.

ue ks +ks+k

Cop(9) = o3 S

4.3
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Table 4.4 Parameters value for the designed controllers.

VMC 0 i PMCO i

CPP CKR CCS CPP

pg mdo P8t L Py P8P Ao | ¢8 wwh ¢
TMIMwwd TIpmTyYPp TippyYp TBIC LT (

Q @pow| cHXYo WPTMW| UVLAWOW

In order to develop the digital application of the controllers designed by the methods
addressed in this study, applied in thaltmconverter systemit is necessary to obtain the
discret equivalent of the controllery then implement therm computerizedchardware, by
equation to differenced.hereby, an indireanethod of controller design issed, in order to

obtain the controller in the discrete domain through an approximation

In order to obtain the discrete equivalent of the designed controllers, the ZOH method
[48], [55], [56],was used to perform the discrete approximation, using as a selection criterion
of sampling frequency between 2 to 10 greater than the frequencybsystem, the period

was selected sampling rate ok

Equation 4.4reserdthe generic form for obtaining the discrete gains otliggal PID
controller. Table %4 presents the discrete controller gains value for each methodology discussed
in thisstudy, based on the indirect method of controller dddi§h [55], [56].

2
rz°+nz +,

- (4.3)
- Z

Cop(2 =
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Table 4.5 Discrete parameters value for the designed controllers.

VMC § & PMC& &

CPP CKR CCS CPP

i TIPpPOoULY TMACTNYT TYAICT W T X ¢ p w(

i TMIpYXx o] MBropww| MBocpe| ™M@ XTTP

i Mrpnngd MTpnu Py MIpTpxXq T T WWP G

4. 4PRESENTATION AND DESCRIPTION OF THE SIMULATION ENVIRONMENT OF
THE MULTI-CONVERTERBUCK-BUCK SYSTEM

For the development of tmeulti-converter buckbuck system, two SISO controllers are
used to regulate system outputs, the first one to control the output voltage of source converter
and the second one to control the output power of load convéige®.1 presents aontrot
generéized block-diagram applying to muktonverter buclbuck system, using filters in the
outputs of system to avoid that ripples of the outputs interfere in the performance of the
designed controllerThese filters must be designed so that they do not atfecsystem
dynamicsFig. 4.2 presents the electric circuit of the mualtinvertetbuckbuck as well as the

application ofrobust controto system.

+_ ul VCl
Vier | Ci(z) —»{ Source Converter —»| Filter

+ u, Vez ) P,
P . Ve
ref » C,(z) —»| Load Converter ——| Filter 9] B

— Ly

Figure 4.1. Control-generalized blockdiagram applying to multi-converter buck-buck system
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Figure 4.2 The electric circuit of the multi-converter buck-buck system

4.4.1Simulation environment of the multionverter buclbucksystem

Simulation iscarried out in Matlab/Simulink computational environment in order to
simulate the multconverter buckbuck system with its nehnear characterics. The
controllers design iperformed for the system linearized around a certain operating point, and
the discrete equivalent of the controllers is used for all the tests in simulation environment.
However all experiments in comfational environment are performeith simulations of the
nortlinear modelof the multiconverter buckbuck systemFig. 43 (A) presents the bloek
diagram developed in Matlab/Simulink for the Aorear simulation of the muktonverter
buck-buck system. The scalled powersim toolbox is used, which allows the use of electrical
and electronic components for system developnitegi5.3 (B) and (C)respectivelypresent
the control subsystems 1 and 2, thereby, to apply the control into static key, two systems are

developed to generasawtooth waves with a frequew of 1 and 5 kHz, respectivelyh&n a





















































































































