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Notation

The following symbols and conventions will be used consigyethroughout the thesis.

identically equal
not identically equal
approximately equal

defined as
(>) less (greater) than
(>) less (greater) than or equal to

much less (greater) than
plus and minus

O N M T H AIAA >R
\J

for all
belongs to
subset of
intersected with
such as
— tend to
X' the transpose of a vectar
00 infinity
> summation
|X| the absolute value of
(|| the norm of a vectox
X/ p the p-norm of a vectax
[a,b] closed interval fronato b
{1,2,...,N} the set from 1 ta\
Xk discrete variable
q?! discrete-time delay or parameter, i%.,1 = q~ 1
R" the n-dimensional Euclidean space
R+ the semi-positive-dimensional Euclidean space
N the set of natural numbers
Z the set of integer numbers



Re z the real part of a complex variakde

(X,Y) metric space
In n-dimensional identity matrix
diagay, ..., an] a diagonal matrix with diagonal elemeratsto a,
O(+) order of magnitude notation
f:1§5—-S a functionf mapping a se§; into a setS,
% the Jacobian matrix
y the first derivative ofy with respect to time
4 the first derivative of with respect to time
Amin(P) the minimum eigenvalue of symmetric matrix P
P>0 a positive definite matrix
P> a positive semidefinite matrix P
e neperian number
S the Laplace variable
sign sign function
max maximum
min minimum
exp exponential function
sin sine
cos cosine
dist(p,M) the distance from a point p to a set M
limy_.c f(x) limit of f(x) asx approaches

M if x>M
sa! (x) isdefinedag x if m<x<M

m if x<m
% ois the convex hull of a set
roundx) is the nearest integer to
t denotes] (k+1)
(- denoteg] (k)
AETH—C the value of¢ in two consecutive sampling time
2 is the space ofx} with the norm:||x||3 £ STr_oX"x < e
Heo H-infinite method
O designation of the end of definition
[ | designation of the end of proof

[XX] see reference numbgexin the bibliography
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Chapter 1

Introduction

1.1 Introduction to power converters

Power converters are electronic circuits associated todheersion, control, and condition-
ing of electric power. The power range can be from milliwatt®bile phone, for example,
to megawatts, in electric power transmission systems.aBiéty of the power converters
become a key industrial focus. Electronic devices and obaircuit must be highly robust
in order to achieve a high useful life. A special accent messdt on the total efficiency of
the power electronic circuits. Firstly, because of the ecoic and environmental value of
wasted power and, secondly, because of the cost of energiypalisd that it can generate.
Even a small improvement in converter power efficiency tigtes to improved profitability
of the investment in the electronic market [33, 100].

Among all electronic converters, the most common technoisgwitched-mode power
converters (SMPC) [118]. They convert the voltage inputrtother voltage signal, by stor-
ing the input energy temporarily and then releasing thatggn® the output at a different
voltage. This switched-mode conversion has a particutarest due to the fact that it can
switch at high frequency in a very efficient way. Power is colted (even modified) by
controlling the timing that the electronic switches are™and “off”.

A much greater emphasis is required on achieving high-p@ffeiency in low-power
level electronic technology, since few low-power circwigs tolerate a power efficiency less
than 85%. Converters are used in these circuits in orderdangsthe supply voltage in the
blocks of the System on Chips (SoCs) according to performaaquirements, for power
efficiency reasons. Research have been focused on dewgklpotronic circuits that can be
employed as switches. e.g. approximating ideal closed@m spiitches, as the VVdd-hopping
converter [98].
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1.1.1 Converters classification

Power converters control the flow of power between two systeynchanging the character
of electrical energy: from direct current to alternatingreat, from one voltage level to
another voltage, or in some other way.

Here, some important way to classify the power converterslascribed. The aim of this
section is not to make a rigorous converter classificatidheeto make a state of the art,
because it is not the purpose of this thesis. It is only ddswainderstand some properties
of these kind of circuits.

The most common classification of power conversion systerhased on the waveform

of the input and output signals, in the case whether theylsmenating current (AC) or direct
current (DC) [33], thus:

DC to DC.

DC to AC. Inverter.

AC to DC. Rectifier.

AC to AC. Transformer.

At the same time, the devices within converters can be sedtch different ways [72,
79, 100]. If the devices switch at the line frequency (nol@&0Hz or 60HZ), they can
beline frequency convertel@aturally commutated converters)agh-frequency switching
(forced-commutated converters).

Depending on the character of the input source, they mayoliage-source converters
or current-source convertersvloreover, converters may be of low, medium or high voltage
and/or current level. Another sort of classification may beg@rmed according to the size
of the output signal obtained from the input signal; if thenoerter accomplishes a lower
output signal it is well known astep-downand if it obtains a larger signal, it is known as
step-ug2].

1.1.2 DC-DC converters

DC-DC converters are electronic circuits that change thedpg€rating voltage or current.
They have recently aroused the interest in the current mddesto its wide range of appli-
cability. Normally, they are designed in order to transfewpr from the input to the output
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in one direction. However, in the case of switches topoledige power moving may be also
bidirectional, being very useful to develop new converggraiogies for other applications,
as can be an inverter topology [25].

They have a particular interest in low-power circuits, diita phone and personal com-
puters (PCs). This sort of technology are composed of mamsauits that require an own
voltage level from an external supply (higher, lower or enegative) or battery. DC-DC con-
verters have a special role in these kind of systems, simgecidn be employed to change the
voltage from a partial lowered battery voltage therebysifibased on the Dynamic Voltage
Scaling technic (DVS) [27, 89, 136]. The main idea of DVS ivéoy the supply voltage in
order to consume a minimal amount of energy. This fact imgsdtie power efficiency and
saves space in spite of using multiple batteries to accsimfiie same voltage level [82].

1.1.3 DC-AC converter

DC-AC converters, or commonly named inverters, can obtaiertain amplitude and fre-
guency of the AC voltage and/or current without using notynaih intermediate DC stage.
This electrical device is a power electronic oscillator§L1An electronic oscillator is just
an electric circuit that produces a repetitive signal, ame-g/ave output signal. Generally,
they are SMPCs.

These kind of circuits require an efficient control for thatstves devices that, in many
occasions, can be quite complex due to system structurerefbine, to design a suitable
control law currently is a subject of much research [22,107]

1.1.4 AC-DC converter

The process that converts AC to DC is known as rectificatiemch, these converters are
also called rectifier. Among others applications, they aedun power supplies and detector
of radio signals.

The rectification can be half-wave or full-wave. In the firase (half-wave rectification),
only one half of the input waveform can be employed to reaetdt@sired output. Therefore,
only this half AC wave (positive or negative) is convertedheTefficiency will depend of
the kind of application. It is clear, that it is not useful fpower transfer. The full-wave
rectification can convert the whole of the input waveform thiave the constant output
signal. It becomes more efficient [59, 137].
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1.1.5 AC-AC converter

AC-AC converters are employed to transform an AC input digmanother AC output signal
with an arbitrary amplitude. Likewise, depending on thevaster complexity, the frequency
can be changed as well. The efficiency of these kind of systapsnds on the type of
circuit employed. It is clear that a higher power density eglchbility will be obtained with
a conversion in one single stage [139].

1.2 Research motivation

A lot of research has recently been focused on convertersadie increasing deal of in-
terest in power electronics. This is mainly caused by theaat applicability domain that
includes battery-operating portable equipment, compuigppliances, vehicles, industrial
electronic equipment, uninterruptible power suppliegedemmunication systems and much
more. This current research is specially focused on findigiglyr+efficient converter topolo-
gies for every system application and, on designing comthanisms that accomplishes
the converter objectives. On this way, one or more eledi@ameters can be regulated with
a high reliability and efficiency, e.g., the supply voltagean appliance, the temperature of
an oven, the speed of a motor, the supply voltage within talede of a SoCs [41, 141].

Tackling the control problem in detail for every converteout of the scope of a thesis.
That is why, among all variety of converters, this thesisosused on providing a control
solution for two converters topologies, which have somerggting properties and appli-
cations. The converters that will be dealt with are: firsélyswitch inverter topology; and
secondly, a DC-DC converter for low power application.

1.2.1 Boostinverter

As was said before, inverters are devices that obtain armuowgput signal capables from
passing through zero. The inverters are generally SMPGkthaair topologies are derived
from coupling one or more basic switch topologies. Amongrthi can be found the boost-
buck inverter [95], the buck-boost inverter [90], the bunkarter [127], the boost inverter
[25].

The first part of this thesis is focused on a boost invertsiiniierest is due to its step-up
property, which is achieved through a signal stage. In gectwo DC-DC boost converters
are connected with a load between them, thus it has a biginattcurrent [25].
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In this system, four switches have to be controlled by twotdrsignals, in order to
control the two output voltages of each DC-DC boost convelNet only the voltage ampli-
tude must be controlled, but the phase of both signal mustiascontrolled to achieve the
specified output voltage.

Several control laws have been designed for this convexer bther authors [25, 126,
149], applying different control strategies. In this tlsesi novel control strategy based on
energy shaping for generation of oscillations is employ€d38], being the control objective
a limit cycle. The novelty of this method is that it does noedé¢o track any reference signal
to achieve an oscillatory character in the output signal.

1.2.2 DC-DC Vdd-Hopping converter

The second part of the thesis is focused on a DC-DC convemgtoyed in low-power
applications. As mentioned, the demand for high efficienG¢DC converters is increasing
dramatically, especially in battery-operated deviceshsag cellular phones and personal
computers.

In SoCs, to extend battery life has a particular role. By avyiplg DC-DC converters
based on power-saving, power efficiency in SoCs can be signify increased, thereby
extending battery life. The goal of these efficiency DC-D@wters is to adapt dynami-
cally the supply voltage of the chip according to the reqiiperformance level. This is the
DVS idea mentioned before. Numerous DC-DC converters eyeplfor this aim have been
proposed over the years to increase the power efficiency 8o@s. The most commonly
used topologies in DC-DC converters in low-power eleccerare: continuous buck con-
verters [119, 143, 153], boost converters [36], buck-b¢b2®5, 142] converters and charge
pump [125], among others. However, while converters mayedse conduction losses, ad-
ditional losses can be added if switched devices are emglolyelow-power applications
where a high-efficiency is required, other different togas far from switched-mode are
employed.

In [98], a discrete DC-DC converter was proposed based onvithd-Hopping’ tech-
nique. This method is expired in scaling the voltage supfply in a discrete way, de-
livering two small voltage levels according to the optim¥gy required for every perfor-
mance [75, 106, 128]. Hence its name of ‘DC-DC Vdd-Hoppingvester’. Therefore, this
technique replaces the continuous adjustable voltagetgusvo set-points [83], so that it
reaches a high-efficiency and reduced size. Likewise, itvisrg simple system, becoming
easily controllable [55].

This converter is employed in a French gouvernement proyeith a very ambitious
objective: ‘to reduce the size of the SoCs t;mB2 For this, a new technology must be
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| Converter | Power level | Conversion | Scales | Model order |
Boost Inverter More suitable] DC-AC normal 4th
for medium
and high
power
Vdd-Hopping Converter Low power DC-DC micro- or| 1
nano-scales

Table 1.1 Main differences between boost inverter and Vdd-Hoppioigverter

developed, since the currently technology applied tad8an not be employed for physical
reasons. Here, the control may take a particular role sasaitable control law can achieve
the equilibrium and the demanded requirements, as wellinstance, it has to achieve the
highest efficiency (among other goals) to achieve the glptgéct objective.

1.3 Main objectives

The two selected converters have different natures andcagiphs, and hence, they may
have different control objectives. They covers a wide raoigiae power converter domain.
The boost inverter normally is applied to medium and high @olevel for normal scales;
and DC-DC Vdd-hopping converter is used in low-power tedbgy for micro-scales or
nano-scales. Likewise, conversions are DC-to-DC, and ®84a. The DC-AC converter
is based on the switched-mode classical topology, as isdbstlnverter; and the DC-DC
converter has a topology far from the common structures. cmeplexity of the systems
are quite different, from aStorder model in the DC-DC converter to 8-rder. Table 1.1
summarizes these differences.

That does not mean that these two applications completelgrcall power converter
domain. In fact, there are other features that have not beemntinto account, as is the
different natural- or forced-commuted characteristie,itiput sources, the level of the output
signal, among others.

These two converter applications, as for its work contexbags different characteris-
tics, have some different control objectives.
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1.3.1 Controlling a boost inverter

The first application is focused on controlling an SMPC baoeegrter. This converter is
particularly interesting because it does not only allowéoegyate an alternating current, but
it can also obtain an output voltage larger than the inputaiglt has a high efficiency due
to its switching character. Nevertheless, it has a nonmim phase, @-order model. In
addition, the desired behavior is not an equilibrium potrtdlimit cycle.

Due to all the mentioned boost inverter characteristios,ntiain objective is to design
a control law that guarantees not only the convergence taéleed limit cycle, but also
the stability of it, with the particularity that no externaference is applied to the system.
Likewise, the system has to accomplish right performant¢enly for known loads, but also
for unknown loads. Another important aim is to estimate ao$dtitial voltage and current
values, for which the system variables tend to the desired @iycles when the control law
before is applied to the boost inverter.

If all these objectives are achieved, a control system guees a stable and robust behav-
ior from an initial condition, which is within an estimatetfraction region. And, in addition,
the system is autonomous in the sense that no referencdssegaaneeded.

1.3.2 Controlling a DC-DC Vdd-hopping converters

The second application deals with the control of a discreéfel@C Vdd-Hooping converter.
This is a low-power converter with a high-efficiency. Furthere, it has nice properties, for
instance, it has a®torder and its control objective is an equilibrium. Nevet#ss, in low-
power technology, this level of efficiency may not becomeugyhaf certain requirements are
demanded (e.g. high energy-efficiency, small current paakiseduced space) to achieve a
certain objective. For this, to design a control law focusedchieving an optimal energy-
efficiency may be an attractive control problem in order tacrethis objective. Indeed, the
control problem of the Vdd-Hopping converter in this thesimes directly demanded by the
industry. Concretely, it is included in a French nationalject called ARAVIS, sponsored
by the global competitive cluster Minalogic

The main control objective of this converter is to guararited the system reaches the
desired equilibrium point, achieving certain requiredtfieas as: high-efficiency, stability,
low computational cost, robustness with respect to pammetcertainties and robustness
with respect to delays due to synchronization and compmutasisues [45]. In this way, the
control law must be designed taken these objectives intowsxtc

http://www.minalogic.com/
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1.4 Thesis structure

This thesis, as is noted above, is composed of two partsl Bavers Chapters 2 to 5 while
Part Il covers Chapter 6 to 10. Conclusions are drawn in @néait.

The first part deals with controlling the boost inverter. lhapter 2, the model of the
double boost converter (boost inverter) is presented.viige, the objectives are specified in
details, just as a particular solution is proposed in ordeesolve the raised problem. Chap-
ter 3 shows the general idea of producing oscillating bedrdy means of the generation of
a limit cycle through energy shaping. This idea yields a calar for the boost inverter, but
it is shown that the behavior is not acceptable due to a lasgéhronization. Therefore, a
phase controller is added to achieve the synchronizatiam éolated boost inverter as well
as the synchronization of the boost inverter with a pre4§ipecsignal. Chapter 4 deals with
the unknown-load case, which is solved by means of an ad@aptatechanism design. A
stability analysis for the full-system is also studied byngssingular perturbation analysis.
Chapter 5 is devoted to develop a method of estimating aactittin domain. This method
deals with control and state constraints. It is employedravide an estimated attraction
domain for the boost inverter.

The second part of the thesis is focused on controlling thelI@Cvdd-Hopping con-
verter. In Chapter 6, a summary of the ARAVIS project worktest, where this research is
included, is performed. Likewise, the control objectivequired for this DC-DC converter
in the ARAVIS project are defined. In Chapter 7, a set of cdlere are presented and dis-
cussed. From the control solution that offers the best pmidace, a controller is developed
in order to achieve the control objectives. For this, optiomatrol theory as well as adap-
tation methods are applied. Nevertheless, it has an imptadttawback, its implementation
is not simple, thus it is not suitable in the ARAVIS projecteXt, another controller is de-
veloped in Chapter 8. This proposed control solution is gex from the simplest control
implementation of the set of controllers presented in Gérapt This controller presents
good properties for the project. In Chapter 9, a rigoroubibtya analysis is developed for
the closed-loop system with this last controller. Chap@presents an optimal tuning mech-
anism for the control constants in order to deal with delaybs@arameter uncertainties. This
development copes with resolvingda problem, proposing some Linear Matrix Inequalities
(LMIs) developed from Lyapunov Krasovskii method.
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Chapter 2

Introduction

DC-DC power converters have a very large presence in alldfietectronic circuits, fromin-
dustrial applications (spacecraft power systems, DC ntbiges, telecommunication equip-
ment) to personal applications (PCs, office equipmentirtet appliance). These systems
provide a regulated DC voltage ley&l,) from an unregulated DC voltage lev@&k,).

High efficiency is the most important requirement for DC-Dd&heerters in a wide range
of load power, since it directly affects the battery lifeéifd2]. It can be achieved using
‘switched-mode’. A switched-mode power converter (SMPEEharacterized by rapidly
switching on and off some devices, transferring a rate ofggnieom the input to the output.
This rate of energy is controlled by a duty cycl® minimize the dissipated energy. The
switching effect is achieved by transistors, which diswpdittle power when it is outside of
its active region. In addition, SMPCs have an inductor, vehosin function is to limit the
current slew rate through the power switch. This action kelpnit the otherwise high peak
current. Moreover, the inductor stores the energy, whichlmarecovered in the discharge
phase [43,118]. This approach is also used in alternatimgicu(AC) applications.

The basic components of the switching circuit can be reggdrto form a:

1. Buck converter. It is a step-down: the output voltage is lower than the inmltage.
2. Boost converter.lt is a step-up: the output voltage is larger than the inpltage.

3. Buck-boost converter. It can be a step-down or a step-up. Its main characteristic is
that it inverts the polarity of the voltage.

4. Cuk converter. It has the same features that a buck-boost converter, whidr differ-
ent configuration.

Duty cycle is the fraction of time that a system is operated.

11



12 2.1. Boost inverter

5. SEPIC converter. It can be a step-down or a step-up, but it does not invert thag®
polarity.

From these topologies other converters can be obtained (9§,

A buck or boost topology, by oneself, can not achieve altergaurrent. Physical rea-
sons prevent the output current signal from passing thraegh. Hence, some topologies
have been proposed in order to obtain the alternating duccerdition.

Traditionally, DC-AC converters (or inverters) are basedtlioe buck topology. Never-
theless, this kind of configurations obtain an AC outputagé lower in amplitude than the
input voltage [90]. In applications that require a boostgput, this problem is solved by
using two-stages. One-stage to change the signal from DCCtoaAd the other stage, to
raise the amplitude [121]. These topologies have the drekvbaineeding more space and
dissipating more energy since they use more components.

In [25], a new inverter was proposed composed of two boostarter. It is known as
boost inverter. This inverter has as main advantage thanegates an AC output voltage
from a lower DC voltage in a single stage. As side effect, & hahigher efficiency and
a better signal quality with respect to the traditional buakerters [126, 147]. These nice
properties are only achieved with a suitable controller.néée to design an appropriate
control law has an important relevance for these kind ofutisc

The boost inverter may be used in diverse applications, aeXample in photovoltaic
system market. The solar cells can charge a battery up witl adltage of 48. When
they are used in domestic installations, a standard dooc&€tipower is required as power
supply [15, 29]. Therefore, a boost inverter provides irséhkind of applications a better
benefit. Its structure allows to isolate as well as to incze¢hs voltage. Moreover, it ensures
that the power conversion is done with reduced energy Id8sé% Figure 2.1 represents a
domestic photovoltaic installation.

2.1 Boostinverter

A boost circuit is usually employed as a DC-DC converternpeagspecially interesting be-
cause it generates an output voltage larger than its inpgiatga i.e., it is a voltage elevator.
In [46, 48], there is a proposition of using this boost cit@s a way to convert DC volt-

age into an oscillating voltage. However, alternating entrcannot be generated with this
converter, since the output current cannot change its signthis, an inverter is yielded by

duplicating the boost circuit [25].
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Figure 2.1 Domestic photovoltaic installation.

The boost inverter is made up of two DC-DC converaard a load connected differ-
entially across them, having a bidirectional current (sige £.2). Each converter produces
a DC-biased sine wave outpwt, andv,, so that each source generates a unipolar voltage.
\oltagesv; andvz should present a phase shift equal to,.80 maximize the voltage excur-
sion across the load. In this way, to generate an oscillaignyal without bias is possible.
The circuit implementation is shown in Fig. 2.3.

In order to simplify the analysis, a part of the boost inversereplaced by a constant
voltage source as is shown in Fig. 2.4. Once the desiredsem@l obtained, they are extrap-
olated to the full inverter. Note that, this replacementvehionore clearly the bidirectional
current of each boost DC-DC converter.

2.1.1 System description

Now, some assumptions about the boost inverter are presente

Assume that:

2Throughout this part of the thesis, each part of the boostrtev will be referred as ‘boost DC-DC con-
verter’ since each part is a normal boost converter thatrisnconly used as a DC-DC converter. Nevertheless,
it should be taken into account that, in the boost inverehegpart does not act as a DC-DC converter.
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converter
A

Figure 2.2 Basic representation of the boost inverter.

Vi

load

V2

converter
B

=

Q2 R
+ | +
Ci ™~V C'D \Y;

Figure 2.4: Boost inverter model with replacement of a voltage source.



Chapter 2. Introduction 15

all the components are ideal and the currents of the comaeecontinuous,

the power supply is constant and known,

the converter operates at a high-switching frequency,

the inductancek; = L, and the capacitanc€s = Cp, are known and symmetric,

v1 andv, are positive and sinusoidal voltages.

The circuit shown in Fig. 2.4 is driven by the transistor ORFOnputs,Q;. This yields
two modes of operation illustrated in Fig. 2.5. Formallystbircuit generates a switched
model. For control purposes, it is common to use an averagiehugscribed in terms of
the mean current and voltage levels [97]. This averaginggs® may reach an averaged,
smooth, nonlinear, continuous-time ordinary differeinéiguation (ODE), as will be seen
below.

+ Qi1 — ON
LT Q —OFF
Vi Cl C)\Lz
V,
_|_ (o] —
aAAY,
n R N Q1 —OFF
v =< G CDV_Z Q2 — ON

Figure 2.5 Operation modes.

If the control variableq, is defined ag) = 0 whenQ1 = OFF andQ, = ON, andq =1,
whenQ; = ON andQ, = OFF, the converter dynamic equations are

di
le—%[l = —V1+qvi+Vin (2.1)
de_ . .

Now, u; = 1—qis taken as the control action in equations (2.1)—(2.2)iolog

di

le—l;_l = —UyV1 +Vin (2.3)
dv i Vi V

Ci—r = Ui, — o + =, (2.4)
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whereuy, is the control variable, which can only take two valugsc {0,1}. However,
it is usual to consider its average valug(t) = % tTHl_Jl(S)dS whereT is the switching

period [97]. Thereforey; is a continuous variable defined ase [0, 1].

The full inverter structure according to Fig. 2.3 is

di

le—IEl = —U1V1 +Vin (2.5)
dVl . Vi Vo
0t =4 2.

Cy gt WL Rt+ R (2.6)
di

de—lf = —UxVo +Vip (2.7)
dv, . Vi W

CZE —u2|L2+ﬁ_§7 (28)

whereuy controls the other part of the full system (remember thatplairt has been replaced
by a constant voltage source).

The main difficulty of system (2.5)—(2.8) copes with its gohtbecause of:

e system nonlinearities. The control signals multiply thetestvariables. This kind of
system are more difficult to study [76].

e The linear part of system (2.5)—(2.8) is nonminimum phasabse it has poles in the
positive semiplane. Therefore, it is not stable in operpldd1].

e Itis 41" order, which is a relatively high order.

e The current signalis indirectly controlled. An alterngtturrent signal can be achieved
by a suited control-law that controls the voltage outpui.[48

e A phase shift of 180is not necessarily achieved. In order to reach a right perdoice
with this inverter, both voltages signals must presentghisse shift [25].

e Boostinverter is a double oscillator, thus it does not preseo equilibrium points but
two limit cycles.

e The control law variables are saturated because of dutie-sygnals [25].

e Loads in this kind of systems are unknown or/and slowly \@€$63].

2.2 Control problem objectives

As mentioned before, the main objective for the boost irreid to generate alternating
current. Hence, it can produce an oscillating voltage cedtaround zero, and thus, it can
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achieve negative voltages. Its main drawback, howevets isontrol due to the complexity
of the system structure.

The general control objectives for the boost inverter, Wwhace common in switching
electronics converters, are:

1. to generate a stable output voltage with an amplitudelequide desired voltage.
Furthermore, in certain applications, it is required tlineg butput voltage has a pre-
specified phase;

2. to ensure the performance for unknown or/and slowly Wégitbads;

3. inthe case that the control law does not guarantee gltddalisy, to study an attraction
domain composed of all initial conditions that ensure a eog@ncy to the system right
performance. This estimation of the region of attractioimportant for the design of
the starting phase.

In this thesis, these general objectives can be achievea particular solution made up
of some proposed specific objectives:

1. to design a suitable control law for the duty cycle by usngrgy shaping, without
introducing reference signals;

2. to achieve an anti-synchronizatfobetween the voltage signals of each side of the
circuit;

3. to propose an adaptive control to deal with unknown argléwly varying loads and,

4. to estimate an attraction domain for the resulting system

Figure 2.6 shows a block diagram of the solution proposeldigithesis for the boost in-
verter control problem. Note that the user has to specifgés&red amplitude and frequency
of the output voltage, as well as that the initial condititweong to an estimated attraction
domain to ensure the system convergency.

2.2.1 Control law

The control of switched-mode inverter is usually acconty@sby tracking a reference (sinu-
soidal) signal [20,35,126,150]. The use of this exterrgiial makes the closed-loop system

3In this thesis it is said that two sinusoidal signals of theedrequency are anti-synchronized, or in anti-
phase, when the phase shift between them is equal to 180
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Figure 2.6. General control problem.

non-autonomous in such a way that its analysis is more ir¢bilean if it were autonomous.
In these kind of systems, the control objective can be seémeageneration of a stable limit
cycle defined by a given amplitude and frequency. Figure Rowvs the control objective,
which corresponds to the valley of a certain surface with axMan-hat’ shape [115]. If
a control law is able to produce such a limit cycle, altemgtcurrent will be generated
without the need to introduce a time-dependent referergieaki The generation of limit
cycles to produce self-oscillations has been successipiiyied to electro-mechanical sys-
tems [56,57]. Applications to electronic devices are [B, Where a three-phase UPS and
a boost converter are controlled using this method. The bedwnd [19, 73] is similar but
there a sliding mode controller is proposed.

In Chapter 3, this approach is applied to a nonlinear boasriar [11]. Several ap-
proaches have been applied to control this topology of teveFor instance, in [25, 126],
sliding mode method is applied and, in [148], the controlasdxl on passivity. Nevertheless,
these methods need a reference signal.

Therefore, the main contribution in this part of the thesiticontrol the boost inverter
without using any reference signal, i.e., the system besam&onomous [24, 150]. Figure
2.8 shows the autonomous structure that replaces the stafedmiback control loop. This
is a sub-control problem, since both current and voltageadggare controlled by the same
control variable.
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Figure 2.7. Desired energy function: Mexican-hat shape.
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Figure 2.8 Autonomous feedback control loop.
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It is shown that the direct application of the approach psagn [16] and [58] does not
fulfill the objective due to the lack of anti-synchronizatibetween both parts of the circuit.
In order to achieve anti-synchronization, a phase comtrdfPHC) in an external loop is
added to the previous control law. This approach is alsoiegpb synchronizethe output
with a given signal. An example of such a configuration is §rechronization of the boost
inverter with the electrical grid (as in the photovoltaisegin order to achieve a satisfactory
power factor, which is shown in Fig. 2.6.

The circuit performance is validated in the simulation ofaqgtical case presented in this
chapter.

Previous results were extended to the case that the loadt ipunely resistive but it
is inductive, as is usually the case in industrial applarai In [10], the extension to the
controller based on energy shaping method considering @urctive load was presented,
taking also into account the PHC.

2.2.2 Adaptive control

Previously, a control law satisfying previous requirensenwts designed in Chapter 3. It
has been supposed that the load is known and constant. Howtegewell known in in-
dustrial applications that the load can be unknown or syféturbations. This problem
in switched-mode converters is usually dealt with by usidgpation mechanisms along
with other techniques such as feedback stabilization [@@lt-output feedback lineariza-
tion [64], backstepping [123, 135], grid-point modeled 2],0sliding modes [28, 134, 145],
predictive control [94] or fuzzy logic control [40]. In [108an adaptive control is obtained
for a part of the DC-DC boost converter, which is controllsthg the oscillation generation
approach mentioned before. This adaptive controller isprged using passivity arguments.
This approach is not easily applicable to the boost invéeause its model is more involved
than the converter of [108].

In Chapter 4, the goal is to design a load-adaptation meshafor the boost inverter
controlled by energy shaping methodology. In order to estitnthe load, a state observer is
designed for any system variable even when the state vasiabé measured (Fig. 2.6). This
provides a fast, successful adaptation of the load parauf¥gterhis approach is applied by
simulation to a real industrial case.

The stability of the full system is analyzed by singular pdsation analysis, [76,78]. For
the sake of simplicity, the phase controller is not congdean this analysis. The resulting
adaptive control is tested by simulations.

4In this thesis it is said that two sinusoidal signals of th@edrequency are synchronized when the phase
shift between them is equal t6.0
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The extension to case of unknown and non-purely resistiad lasing the adaptation
mechanism before is published in [12]. In this applicatimo parameters of the load are
adapted at the same time.

2.2.3 Attraction domain

In Chapter 3, a control law for the boost inverter is desigsatisfying its main objectives.
Ideally, the designed control law guarantees global staltnyy means of a Lyapunov func-
tion. In practice, however, the control law does not achgebal stability due to two rea-
sons: firstly, the ideal control signal cannot be implemeérmi®bally due to control signal
saturation; and secondly, the circuit imposes physicasttamts on certain state variables:
the capacitor voltages, for example, cannot be negativas€juently, it is necessary to es-
timate an attraction region for the boost inverter. Thisaation region is composed of all
initial conditions of the system that guarantee the coramecy to the right behavior. There
is a starting phase, which is very common in this kind of syst¢13, 91, 156], that must
bring the state of the system into a point inside this regidre attraction domain estimation
problem presents several difficulties. The main drawbadkescomplexity of the control
law, which is a rational function with a high degree polynahmumerator. Moreover, it is
necessary to highlight that the desired behavior does mo¢simond to an equilibrium point
but to a limit cycle. Therefore, to obtain an estimated attos domain for the boost inverter
can be quite involved.

There exist many published methods to estimate the regiaittraiction (see, for exam-
ple [54, 76] and the references therein). One example ofkihi$ of methods is based on
Lyapunov theory, in which closed Lyapunov-function leveifaces are employed to deter-
mine approximate sort of ‘conservative’ estimations fa tégion of attraction [76] (see Fig.
2.9). These methods often employ polynomial systems [85,1456].

Chapter 5 presents a method of estimating an attraction idomm@nsidering state and
control-signal constraints. This approach can be appbeal tlass of system, whose local
system stability was previously guaranteed by a Lyapunaetfan, as is the problem pro-
posed here. By means of employing this Lyapunov functionstimeate a ‘conservative’
attraction domain, a simple computational approach canebbergted, although the model
and/or control law have a relative high degree and complelxitorder to apply the method,
the closed-loop system must be in a polynomial form, in suetag that the problem is
transformed in a sum of squares (SOS) optimization problEli]f

This method is applied to estimate an attraction domainkertioost inverter. It is re-
marked, that the computed attraction region obtained fiomltyapunov function consid-
ers physical system constraints, containing control latnraions. The application of this
method is very simple and satisfactory results are obtained
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Figure 2.9 System attraction domain with constraints.



Chapter 3

Control of the DC-AC boost converter by
energy shaping

This chapter exposes a novel control strategy for nonlibeast inverter. Boost inverter is
nonminimum phase!@ order nonlinear system, which has not an equilibrium poirité
limit cycle. The control objective is not only to obtain ahigsystem performance, but also
to guaranty the system stability. In addition, it is necegsamention that it is a sub-control
problem. The control law has to control voltage as well asemnirsignal.

The idea behind is based on generating an autonomous sttdilator. The interesting
advantage of this method is that an external reference Isigmt needed. This aim is
achieved by using energy-shaping methodology with a dieitdamiltonian function which
defines the desired system behavior [44]. This approaclagties the system stability.

The only missed thing in the developed controller is to syontze the voltage signals
with a phase shift of 180 This is important in order to obtain the desired respons®. F
this, a phase controller is added to the control law in ordexchieve 180-synchronization
between both parts of the circuit, as is shown in Fig. 3.1. ddit#on, this idea is used
to synchronize the voltage output with a pre-specified $jgng. synchronization with the
electrical grid. The resulting control is tested by meansiwiulations.

3.1 Normalized average model

Assume system (2.3)—(2.4) is only subject to a resistive.ltmorder to simplify the control
study, a known change of variable is employed [18, 133], oteoto achieve a normalize

23
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Figure 3.1 Controlled boost inverter with PHC.
model:
1 /L1,
X1="1\/ =< (3.1
Vin C1
Vi
X2 = — (3.2)
Vin
1 /L.
XB=1/ =1, (33)
Vin V C1
V2
X4 =~ (3.4)
Vin

wherex; andx3 are the averaged currents agdand x4 are the averaged voltages. The
normalized time scale is

f=ant (3.5)
with
= — (3.6)
Vv0LiCr '

which yields
X1 = —UXxo+1 (3.7)
Xo = U1X1 — aXp + axs, (3.8)
X3 = —UxXg+1 (3.9
X4 = UpX3 + axp — aXq, (3.10)

wherea = %Q. /(":—i. Note thatw, is the natural frequency aradis twice the damping.
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Remark 3.1 X1, X2, X3 and x4 are time derivatives ofx X», X3 and x, respectively, with
respect td.

As mentioned in the chapitre before, for simplicity, the giifited boost inverter (2.3)—
(2.4) is dealt with and, later, the results are extrapolatdte full system.

Focussing on the simplified system. uf is eliminated in (3.7)—(3.8), next equation is
obtained

X1(1—X1) = Xo(Xo + ax — axq). (3.11)

This equation is an implicit equation, which relates theestariables Xy, X4) and their
time derivatives and does not depend on the control signdbte thatx, can be considered
an exogenous input in system (3.7)—(3.8). Equation (3.&t)o2 understood as the internal
dynamic of the system. Ix;'= 0 andx> = 0 is performed, the equilibrium manifold is
X1 = axp(X2 —X4). In this way, the internal dynamic of system (3.7)—(3.8)egi\by (3.11)
acts as a constraint on the system states.

From Eqg. (3.11), it is possible to see that givegnand only controllingg;, variablex,
can be indirectly controlled Moreover, the stability of the system is maintained [48].

3.2 Energy shaping control for generation of oscillations

3.2.1 Approach overview

The generation of alternating current in electronic cotarsrcan be achieved by generating
a stable limit cycle without the need to introduce a refeeesignal. To do this, an oscillatory
target system may be defined and by matching its equationsyateim equations (3.7)—(3.8)
a control law can be obtained. In order to define the targeesysconsider the following
energy-like function

1
Ho(n1,n2) = Zri(nl, n2), (3.12)

wheren; and n, are state variables arth(n1,12) £ w?(N1 — N10)? + (N2 — N20)% — L.
Parametersv, n1o, N20 andu > 0 should be chosen so that the closed cuirve- O defines
the desired behavior. This curve is an ellipse centered iat 9910, 720). A dynamical
system can be defined such that this closed curve is its lmhit Shis can be reached by

For the full system, it is hadk; (1 — X1) = Xo(X2 +a(X2 — X4)) andxg(1 —X3) = Xa(Xa + a(Xa — X2)). Thus,
controllingx; andxs, the desired behaviors fag andx, can be obtained.
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adoptingHp as a Hamiltonian function [16, 108], and defining the Hamilém dynamical
system

. 1 dHo
rll} . _kal [ an
- - 1 JH ) (313)
ARl
which, after using (3.12), results in
A= (N2 — N20) — Kay @* (N1 — N10)T 1 (3.14)
N2 = —w?(N1— N10) — Kay (N2 — N20)T 1. (3.15)
Taking into account that
Ho = —T2 (Kay 0" (N1 — N10)? + Kay (N2 — N20)%) <0, (3.16)

by using the LaSalle invariance principle it can be seen tbagll initial conditions except
the center of the ellipse, the trajectories of the systerd terthe curvd ; = 0. Figure 3.2

shows this energy-like function.
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Figure 3.2 Desired energy function: mexican-hat.

The behavior of the target systeim (= 0) corresponds to the desired sinusoidal behav-
ior for the DC-AC converter. Constants, nio, N20 and u are design parameters for the
frequency, bias and amplitude of the desired behavior,ethjlandk,, define the speed of

the transient response.

Note thatn; andn, are in this case time derivatives gf andn, with respect td, in
order to work with the normalized averaged model (3.7)3(3.8
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3.2.2 Controller design

System (3.7)—(3.8) can not be directly transformed to thenfof system (3.14)—(3.15), but
this can be done using the new change of coordinates givewbel

Q:ﬁ+@
2

{o = X1 — % + axx4 + {20 (3.18)

(3.17)

wheredyg is an offset term that will be a tuning parameter. From (3-{3)18), it is easy to
see that

?1 ={— {20 (3.19)
{5 = 1+ 2a°X5 — 3aXgX + @°XZ 4 aXpXg — U1 (X2 4 2aX1 Xp — @XgX1). (3.20)

It is not easy to obtain simple relationshigs= f ({1, {2) andx, = f({3,{s) from (3.17)—
(3.18) due to the quadratic terms. Nevertheless, this ghahgariables is a diffeomorphism
if and only if Xo 4+ 2axy X, — axqx; # 0, as follows from the inverse function theorem. In
Chapter 5 it will be seen that this constraint restricts tbmdin of attraction of the desired
limit cycle when the controller obtained below is applied.

Looking at target system structure (3.14)—(3.15) and comg@éd with (3.19)—(3.20) the
choicek,, = 0 is obvious, resulting in the target system

?1 ={— {20 (3.21)
(o = —w* (41— Q10) —kal1(82 — 20), (3.22)

where, for sake of simplicityka, has been denoted &5 The attraction of curvé = 0 can
still be proved by the LaSalle invariance principle.

The control lawy, that matches (3.19)—(3.20) and (3.21)—(3.22) is

1+ 2a2x5 — 38%X4%p + 82x3 + axpXq + kel 1({2 — {20) + w?({1 — {a0)

) 3.23
Xo + 2aX1 X2 — aXaX1 ( )

Uy

Indeed,u; varies dependently ox as can be noted from Eq. (3.17)— (3.18). This controller
has several problems. First, the denominator in (3.23) neagelo (this is the same neces-
sary condition for (3.19)—(3.20) to be a diffeomorphismyrtRermore, in other cases, the
resultingu; can violate the constraintQ u; < 1. In Chapter 5, an estimation for the region
of attraction of the desired limit cycle will be obtained kaking these problems into ac-
count. It is assumed that a starting strategy will bring tiagesof the system into this region
of attraction [13,91, 156].
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Parameterg)1o, 20 andu have to be defined as a function of the desired behavior. For
this, it is necessary to obtain an analytical expressioheftiesired objective curve in plane
X1 — Xo. Assume that the desired time evolutionsXgprandx, are

X5 = Asinwt + B (3.24)
Xy = —Asinwt + B, (3.25)

whereA, B and w take pre-specified values to obtain the desired evolutiovfandiy,
using (3.1)—(3.4), (3.5) and (3.6). In addition, note these desired evolutions allow us
to remove the bias in the output. The origin of time in (3.23)25) is arbitrary in such a
way that no phase shift value is imposed (signal synchrtioizavill be achieved below).
Assume that the desired steady statexioran be approximated by

X] = aap+ a1 coswt + B1 sinwt (3.26)

This assumption is very common in the field of electronics §048, 60].

By substituting (3.24)—(3.25) and (3.26) in (3.11)

. 1 .
ado + (B +adpaiw) sinwt + (a1 — adpByw) Coswt + éw(af — B?) sin 2wt

. 1 )
—a1Brwcos 2ot = aA? — 2aABsinwt — wABCcoswt + éwAzsm 200t — aA? cos 2ot.

If the second order harmonics are neglected, the correspgpodefficients can be equated:

adg = aA?
B1+aapa,w = —2aAB
o1 —adoBiw = —wAB.

When this system is resolved fap, a; and 3y,

g = A2 (3.27)
wAB(2a%A% + 1)
— 2
ag 1+ AR 2 (3 8)
aAB(w?A? - 2)
= 3.29
A 1+ a2Abu? (3.29)

The next problem is to show that the desired behavior{ioand (>, is an ellipse and
defining the ellipse parameter®,({10, {20 and ) in terms of the desired behavior f&s.
For this, it is necessary to obtain the desired evolutior{fand{, by applying the change
of variables (3.17)—(3.18) to (3.24)—(3.25) and (3.26).

{1= %[(aao+alcosa)t+ﬁlsina)t)2+(Asinwt+B)2] (3.30)

{> = aap+ ai coswt + fB1 sinwt — a(Asinwt + B)2 + a(—Azsin2 wt + BZ) +{2d3.31)



Chapter 3. Control of the DC-AC boost converter by energysita 29

Expanding these expressions in Fourier terms yields
4 —Z( +Z coswt+Z smwt+(1 coth)tJrZl 2) sin 2ct (3.32)
(o= ZZ +ZZ cosoot+Z2 smwt+(2 coth)tJrZ2 2) sin 2wt (3.33)
By equating (3.30)—(3.31) with (3.32)—(3.33) the follogiRourier coefficients, are obtained

70 _ 280§ + af + B+ A2+ 2B?
©—
4

™ = aaoay
4™ = acopy +AB
21 _af—Bf-A

4 i
Zl(22) _ 0!1731

{7 =420

52(1 =Qa1

7\'? = B, — 2aAB
ZZ21 _ aA2

z 2(22) _0

Assuming that the double frequency terﬁfgl Zl ZZ andZ2 can be neglected,
these expressions can be approximated by an elllpse ind@nedl, {» since (3.30)—(3.31)
yields

wi M = —gf? (3.34)
wg{? =M. (3.35)

The parameters of this ellipse are given by

Z10=2° (3.36)
l20=1 (3.37)
u= ()2 + (2. (3.38)

3.2.3 Control law for the full system

The boost inverter is composed of two DC-DC converters. dloee, it has two control
signals. For that, the previous control law, which is usedfpart of the system, is used in
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order to obtain the control law for the other part of the syste

By comparing the normalized full model Eqgs. (3.7)—(3.10) & 7)—(3.8) there is a sim-
ilar structure for the pairs of current and voltage of botb4td C-DC converters. Therefore,
the two control laws are easily obtained. Control laws obtained by using symmetry. The
control laws are

1+22(28 — %X+ X5 +XoXa) + kil 1({o — Lo0) + W?({1— (a0) &

= = 3.39
" Xo + 28X Xp — aXgX1 K1(x) (3.39)

_ 1+ a2(2X2 — 3XoXa + X5 + XaXo) + kol 2({4 — La0) + WP ({3 — {30) A

Up Xa T 280X — B = K2(x),(3.40)
where

M1(41,%2) = w?(31— 10)* + ({2 — Z20)° — (3.41)

[2({3,4a) = WP({3— {30)°+ ({a— La0)* — W (3.42)

The expressions for the time derivativesandx, are taken directly from the normalized
equations of the boost inverter.

The stability is proved taking:

1

whose differetation is:

H = —T7K({2 — {20)* — T5K({a — Za0)* < O.

3.2.4 Simulation results

The following simulation shows how the controller is apglie a practical case. Itis desired

to obtain an output voltagé, = 220% sin(50- 27t) from an input voltag&/, = 48V.

These simulations are performed considerReg; 100Q2, L = 250uH, C = 250uF. The
desired frequency and voltage amplitude &re % = 50Hz and 220/, respectively.

Notethat, wh=4-10°"" and w=2nf=314-10¢2 e, w,>5w and
2-001<1

ParameteA in Eqgs. (3.24)—(3.25) has to be the half of the desired owplige ampli-
tude, and is chosen so thab andxy are always positive. In order to obtain this voltage, the
parameters arA = 3.33 andB = 9.37 with w = 0.078 in the normalized variableg;(x>).
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Figure 3.3 shows the results of a simulation using a comnaumtétequency of 5BHz
and employing a sample time ofiT s (remind thal is the commutation frequency period).
Both DC-DC converters achieve the desired limit cycle.

a) b)
14 ; 3 ;
12} |
10¢
>?: i
<!
8 L
6 i .
v
: -3 -
-5 0 5 0 50 100
X1,X3 (1,43

Figure 3.3 a) Evolution of(x1,X2) (solid) and(x3,x4) (dashed); b) evolution df{;, {,) (solid) and
({3,4a) (dashed).

Figure 3.4 shows the boost inverter output voltage. Notettlesystem does not show
overshoot, converging to the desired behaviour very fastah be seen that the desired
amplitude is not achieved. The reason is that the previosgda&oes not force the phase
shift between signalg; andv, to be in anti-phase (18(phase shift). Figure 3.5 shows that,
as a result, this goal is not achieved. The next section aatighis problem.

The control signals are shown in Fig. 3.6. For the paramétesen in the application,
the control law signal oscillates betwee®® and 017. As pointed out by the jury member
this signal has values smaller thari Owhat is not good for the implementation. This is a
circuit design problem. If the circuit is designed for mougtable values of the duty cycle,
the proposed controller would also lead to satisfactoryltes
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Figure 3.4: Output voltage of the boost inverter.
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Figure 3.5 Output voltages of the first (solid) and second (dashed$tid€-DC converters.
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Figure 3.6 Time evolution of the control laws.

3.3 Synchronization problem

The controllers developed above for boost inverters do yndtgonize the two parts of the
circuit with a phase shift of 180since each one controls independently a DC-DC converter.
Therefore, in the above design, the voltage signal did negenmt the phase shift mentioned
before. In order to get the desired output voltage, it is sgagy to synchronize these signals,
in such a way that they present a phase shift t& 1B0this section, a phase controller (PHC),
inspired by the configuration of a phase-lock loop (PLL) {6d]], is added. The PHC allows
us to achieve the desired phase shift between the output dithDC-DC converters as well
as to synchronize the boost inverter output with respectdpezified voltage signal, as in
the case of synchronization with the electrical grid.

3.3.1 Boostinverter synchronization

The objective is to synchronize voltage signglandx, in anti-phase. The method is illus-
trated in Fig. 3.7. The normalized voltage of the second DT donverterxs, is taken as

a reference signal and the normalized voltage of the firstCeonverterxy, is the signal

to be synchronized witl, in anti-phase. These are the inputs to the PHC. The output is a
frequency variationg , which is added to the nominal frequenay, in the Control 1 block

and the resultant frequency is entered in (3.39). The owptlte converter is a sinusoidal
signal of that resulting frequency.
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PHC[Z
& X2 X4
Y L1
Control —|Converter |  |Converter—=| Control
1 -t 1 2 -« 2
A U1 u2 A
L @ |

Figure 3.7: Block diagram of boost DC-AC converter with output voltage anti-phase by the PHC.

The PHC block diagram appears in Fig. 3.8. The multiplierotst the producty, x X,
in such way that its output, once filtered by a low pass filtePK), is a measure of the
deviation of the phase shift with respect td’ 9[®6]. For this reason, one of the inputs of the
multiplier, e.g.X,, is obtained by passing voltaggthrough a high pass filter (HPF) in order
to eliminate its continuous component. Likewisg,is obtained after passing through
another HPF, changing its sign and integrating it.

In the following, an intuitive explanation of the correcthawior of the full system is
presented. It is assumed thatt) is small and varies slowly. Under this assumption it
can be expected that the introduction of the PHC does nattdfie normal behavior of the
controllers (3.39) and (3.40) (apart from the phase shtftbenx, andx, as desired). In this
way, it can be assumed that, after a transient pexpdndx, evolve as sinusoidal signals:

Xo = Asin((w+ @(t))t+ ¢/) + B ~ Asin(cwt + ¢i(t)) + B (3.43)
X4 = Asin(wt + 1) +B (3.44)

where the origin of time has been chosen in such a waydtfiat represents the phase shift
betweernx, and the desired behavior fgs. Note,§/ is constant. Likewise, it is desired that
¢; = 2nmtwith n € Z.

Assuming that both HPFs eliminate the bias terms, the ssghalk enter into the multi-
plier in Fig. 3.8 are

X, ~ Asin((ct + i (t))
Xﬁl = Acogq wt + 11) 4+ CpHc

whereCpyc is generated by the integrator, being eliminated by the LPF.

Assuming that the LPF filters out every sinusoidal signalrefiency greater or equal
thanw, then
AZK,q AZKyq

B(t) = =5 sin(gi(t) - 1) = —=sin(@y(1).
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LPF cI)

xo —| HPF )(ZL

x4 —>| HPF —» ol
X4

Figure 3.8 Conceptual block diagram of the PHC.

whereKq is a positive design parameter. In this expression,osinogf) = %(sin(a +
B)+sin(a — B)) has been employed. On the other side, from Eq. (3.43), itsg &aobtain
@i ~ @, and thus,

AZKyqg

o~ — > sin(¢i(t)).

Obviously¢;i(t) converges to &t with n € Z, which corresponds to the desired behavior.

Simulation results The previous values are used for the boost inverter parasanetde

high pass filter applied is:
1l4s

S+ w

The LPF is a second order Butterworth filter [69]:

1
(540.008*2 — ¥2]))(s+0.008( L + 2j))

(3.45)

The value of the PHC gain i, =5-10"%.

The results of the PHC application are shown in Fig. 3.9.adet/; andv, in anti-phase.
In Fig. 3.10 the boost inverter output voltage is represénte

Figure 3.11 shows the ripple in the inductance currentsghvisi quite acceptable.

The output signal has a total harmonic distortion (THD) be@022% for a 50-Hz output
voltage. Figure 3.12 shows the signal spectrum of the ssgaalndv,. As can be seen, the
harmonics of the fundamental frequency wave of the obtatugplut is quite satisfactory.

This result justifies the first harmonic approximations iearrout during the design of
the control law. Of course, this is only valid for the chosergmeters and it does not
prove the usefulness of the law in a general sense. In fagtapiproximation does not
work when the circuit parameters are not chosen adequdalyit is thought that, when
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the circuit is designed properly (taking into account thiéage, current and power levels),
the approximations will yield good results. Notice once entbrat these approximations are
common in the literature [47,48].

3.3.2 Synchronization with the electrical grid

In some applications, such as renewable energy plants,vanten is necessary to inject
energy from production plants into the electrical grid. histcase, the problem is to syn-
chronize the voltage output signals with the pre-specifigdad. For this, the normalized
voltage signals of both DC-DC converters,(X4) are treated with two PHCs, as is shown
in Fig. 3.13. x> is synchronized with the grid voltage using a phase shift&tf by using
PHC1, whose structure is shown in Fig. 3.14 and which is simd the PHC in Fig. 3.8.
Signalx4 is synchronized with the grid voltage using a zero phasé bjiineans of PHC2
shown in Fig. 3.15. In this casg,= £ sin(wt — ).

For simplicity, the stability analysis of the full systemnst delivered, which is similar
to the previous subsection.

Grid
O\
PHC1[S W ~| PHC2
A X2 X4 @y
Y E Y
Control > Convertef R Converte Control
1 | 1 2 - 2
A Uy uz2 )
L @ ]

Figure 3.13 Block diagram of boost DC-AC converter with output voltagygchronized with the
electrical grid.

Simulation results The grid voltage is

2
Vgrigd = 220— sin(100rt 3.46
grid \/é ( ) ( )

The values used in this simulation for the filter parametacsgain,K,q, are the same ones
used previously.
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Figure 3.14 Conceptual block diagram of PHCL1.
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Figure 3.15 Conceptual block diagram of PHC2.

The performance of the synchronization of the boost DC-AG/eder with the electrical
supply voltage is represented in Fig.3.16 showing satisfgdehavior.

3.4 Conclusion

A control strategy for the complex nonlinear boost invesgs presented. The method
is based on energy-shaping methodology, which generatesitacl/cle guaranteeing the
system stability. The obtained control law is a complex egpion. Nevertheless, it has
an important relevance: the system does not require anynaxkteeference signals. The
resulting controller achieves the objective by adding asph@ontroller. The same idea is
used in order to solve the problem of grid electrical synofzation.

The control laws designed in this chapter depends on the wdline resistive load, which
is not necessarily known. Next chapter will deal with unkmand/or slowly varying loads,
which are supposed to be constant.
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Chapter 4

Adaptive control

In the previous chapter, a control law for the nonlinear baogerter has been designed,
which guaranties the system stability. Likewise, a phasgrofier has been proposed in
order to achieve the desired phase in the output voltagalsiginis development has been
performed assuming known load. Nevertheless, it is ushal,the load is unknown or/and
change slowly.

In this chapter an adaptive control is designed for the biowstter in order to cope with
unknown and/or varying resistive load (see Fig. 4.1). This common problem in the field
of electronics. Different control strategies have beenliagdo provide a solution to this
standard problem in switched-mode converters [28, 63,484,3b]. Adaptation mechanism
for similar controllers, as the one presented in previowgptdr, were used in [108] for the
case of the boost converter. The fact that the boost comvaxddel is a 4-order system
makes the design of the adaptation law more involved. A siaserver for some of the con-
verter variables is designed even when the state varialdas@asured. In order to analyze
the stability of the full system singular perturbation as& is used [76]. For simplicity, the
phase-lock system is not considered in this analysis.

The resultant adaptive control is tested by means of sinonisit

4.1 Design of an adaptive control

An adaptive law (or a load observer) is proposed to cope widld lvariations and/or load
uncertainties. This observer is designed based only on &ided circuit, which contains
enough information to make this parameter observable.€fb, the study of the full two-
sided circuit is avoided due to symmetry considerations.

41
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Figure 4.1 Controlled boost inverter with observer.

The model problem for one-sided circuit (left part of the .F@3) (3.7)-(3.8), can be
rewritten compactly as:

X =Uix +aDy+E (4.1)
a=0 (4.2)
y=Xo—X4 (4.3)
Ym= MX (4.4)

with x = [Xl,Xg]T; X4 Ccan be considered as an input, and

0 —u 0 1
U = [Ul 01] Dy = [_1} B = [O] M =l2.2.

Note, thaty € R! andyn, € R?.

Remark 4.1 In what follows, it is assumed that both voltage and currggt,are measur-
able, and thus accessible for control use.

Remark 4.2 From remark 4.1, note thaf>and y are measurable variables.
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4.1.1 Adaptation law

The proposed adaptation law is comprised of a state obsEwene side of the inverter
boost, plus an adaptation law for parameter

From EqQ. (4.4):Ko(Ym— Ym) = Ko(Mx — MR) = K(x — %) whereKq,K € R?*2 are
constant design matrix.

Therefore, the adaptation law has the following structure:

X =Ux +aDy+E +K(x —X) (4.5)
a=pB(x,x%), (4.6)

wheref(x, %) is the adaptation law to be designedjs'the estimated state af andd'is
the estimated value @ From remark 4.2, the real statexpfandy in Eq. (4.5) can be used.
Note that even if is accessible, the adaptation law designed here requieeadtiitional
(or extended) state observer. This will become clear duhe@nalysis of the error equation
system, as will be shown below.

4.1.2 Error equation

Assume that is a constant parametea € 0) or that it changes slowlya(= 0) and define
the following error variables:

X =X —)“q, a= a—é, é: —a.
Error equations are now derived from (4.1)—(4.4) togethién (4.5)—(4.6)

% = —K% +8aDyy (4.7)
a=—B(x,R). (4.8)

Let K be of the form,
K2al, a>0

andP = | be the trivial solution oPK" + KP = —Q, with Q = 2al.

Now, introducing

V=x"P% +— (4.9)
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it follows that

: Tt a
V = —X|TQX| +2a (xlTPD|y+ ;/)

T e - a
=X Q% +24 <x,TPD|y— ;/) :
The adaptation law is now designed by canceling the termararpheses, i.e.

a=y(D/P%)y. (4.10)

4.1.3 Stability properties

The observer and the adaptive law error equations are ndydefined. These equations
are:

% = —K% +aDy (4.11)
A= —y(DPg)y. (4.12)
The stability properties of these equations follow from tlyapunov functionV, defined
above. Note that with choice (4.10), it follows
V=% Q%

From standard Lyapunov arguments [76], itis proved thatresriablesq"andd’are bounded.
Moreover, asymptotic stability is established by LaSall@variance principle [76]. For
this, consider the level s&t = V(%X,4,y) < ¢p for sufficiently largeco > 0 and where

V(%,8,y) <O0.

From Egs. (4.11)—(4.12), note_thé(%,é,y) IS negative everywhere, except on the line
X = 0. Note that = 0 that impliess; = 0, is only obtained if

&(t)Dyy(t) = 0. (4.13)

In addition, observe that if behaves as a sinusoidal (as is expected from the control
problem formulation) the unique asymptotic solution&as &= 0, as long ay # 0,Vt > 0.

Consequently, the maximum invariant setVig(%,4,y) = O corresponds to the single
point (X = 0,a= 0) Therefore, every solution starting¥ approaches this point &s— .

The following lemma summarizes the above results, assuthaty = 0. Note, that the
manifoldy(t) = 0 has to be carefully analyzed since can cause problemsitiesg;. 4.13).
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An intuitive explanation about the right system perfornmaas will be seen by simulation
below) is the PHC introduction, see Chapter 3. The PHC ot to achievex + x4 = 0,
thus avoidingy(t) = xo — X4 = 0. A rigorous explanation has not been possible to provide it
a cause of the system and control nature.

Lemma 4.3 Consider the open-loop system (4.1)—(4.4), and the obséive)—(4.6) with
K = ol such that K is a solution for PK+ KP = —Q, then the observer states have the
following properties:

i) The estimated state, & are bounded.
i) lime_eoX (t) = X(t).
i) limi_eoda(t) =a, ify(t) #0,vt > 0.

4.2 Stability considerations of the full closed-loop systa

In the previous section, the stability properties have lpgesented for the extended observer.
These properties are independent of the evolution of thesystate variables. The stability
of the complete system is analyzed in this section.

The open-loop two-sided inverter (3.7)-(3.8) plus (2Z)8§ normalized, can be com-
pactly rewritten as:

x=U(ug,u2)x+abDy+E (4.14)
y=X2—Xa (4.15)
with X = [xl,xz,x3,x4]T, and
O-u 0 O 0 1
lu 0 0 0 -1 _ o
U= 0O 0 0—uw D= 0 E= 1
0O O0u O 1 0

4.2.1 Tuned system

Thetuned systens defined as the idealosed-loosystem controlled by thieined feedback
laws U = k1(x,a") andu; = Kk2(x,a"), (from Eq. (3.39) and Eq.(3.40), respectively ), where
a* is theexactvalue ofa.



46 4.2. Stability considerations of the full closed-loop gyst

The tuned system given in (3.24)—(3.25) and (3.26) states

x=U(uj,u3)x+abDy+E (4.16)
=U(K1(x,@"), K2(x,a"))x+aDy+E (4.17)
2 f(x) (4.18)

and, it achieves an asymptotically orbitally stable padalution, i.e.

X (1) = X (t+T).

In Section 3, it has been shown that functibnsandl™, defined in (3.41)—(3.42) tend to
zero. They correspond to periodic sinusoidal solutionsesigal T = 271/ w. Consequently,
y* = X; —X; is also sinusoidal.

4.2.2 Closed-loop system

In practice, the control laws that are effectively appliexpeind on the estimatiom, Of
parameter. This control laws are denoted ags= k1(x,&) andu = K»(X, &), respectively.
Note that these control laws depend on stad@d not on their estimations,, because state
xis directly measured. The role gfis to make possible the design of the adaptation law for
parametea.

The closed-loop equation resulting from the usaipt="k1(x,8), U = K2(X, &), U; =
K1(x,a") andu; = ka(x,a*) is written as

X =U (0, U2)x+abDy+ E +U (ug,us)x— U (ug, u3)x (4.19)
= f(X) + [U (01, 02) — U (u7, u3)] X, (4.20)

Let us assume that< [4,, 8] and denot@ 2 a* — 4. Applying mean-value theorem [76]
yields

U (ui,u3) —U (G, 0p) = 7 (X)4&,

being

Jup o
0 I52 |4z

where,a takes any value belonging to the interval £ [min{a*, a,}, max{a*,a"}], and

s [0-1
H_LO]
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The term.7 (x)& captures the mismatch between the estimated and the tue ebthe
load. In view of the discussion above, this term has theWlg property:

Property 4.4 For small enough constangs > 0 ande&; > 0. LetM = {(x,&) : dist(x,x*) <
&, |8] < &3} be a compact domain that includes the asymptotic periodigisns from the
tuned system and the exact value of a i.e. Bhen,.7 (x)a hasV(x,&) € M, the following
properties:

i) itis continuous, analytic, and free of singularities

Putting (4.20) together with the observer error systendgi¢he complete set of closed-
loop equations, witly = y(X)

x= f(x) — .7 (x)8x (4.21)
% =—a% +aDy (4.22)
a=—y(DPR)y, (4.23)

remain thatK = al. The stability consideration discussed here will be basethe time-
scale separation. The main idea is that with the suitableetus gains (as discussed below),
observer equation (4.22)-(4.23) can be seen as the fagtstabsand equation (4.21) as the
slow subsystem. Note again that this time-scale separstionld be enforced by a particular
choice of the observer and adaption constangdy, respectively.

4.2.3 Singular perturbation form

In order to rewrite the system above in the standard singeldurbation form, it is necessary
to follow the next steps:

e introducea =

Qan

e selecty=a

o definee = 2
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With these considerations, Egs. (4.21)—(4.23) are reswritt

wheree > 0 is small parameter (for a larger valueaf. Note that, this particular selection
of gains imposes relative gains for the adaptatio@nd defines precisely, how the observer
gain is related tq.

Remark 4.5 The perturbed variable parameter— ¢(&), and for a side effect, the adapta-
tion gain, y, must fulfill

< min i }
w?’ k
y > max{w* Kk} .

These relationships with respect to the tuning parametan# desired frequencyy, ensures
the convergency of the observer and adaptation parameter, a

Lettingz= [X,a(&)]" yields the general form
x=f(x) — .7 (X)aa(8)x (4.24)
£z2=9(x,2) (4.25)

with x(tg) = X2, x € R4, z(tg) = 2,z R, and

According to the singular perturbation analysis, the neegps must be followed:

1. Find a stationary solution of tHastsubsystem (4.25) by finding the roots of the equa-
tiong(x,z) =0, i.e.z= @(x).

2. Replace this solution in treowsubsystem (4.24), and find the resulting slow system

x= f(x) — 7 (X)p(X)x.

3. Check the boundary layer properties of the fast subsyakeng one particular solution
of

x= f(x) — 7 (X)p(X)x.
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4.2.4 Slow sub-system

The previous step 1 requires to find the roots of

which means that ify = 0, there is one solution fox = 0, and infinite solutions foa.
However, ify # 0, for instance, in the particultmnedsolutiony* = Acog wt), then

~

z=@(x) = {GT)((L)} =0
becomes an isolated root.

Now, step 2 is considered. For the previous particular smiyaind taking into account

thata= ? =0, i.e.d= a, the slow model is written as:

x=f(x)—.7(x)-0-x= f(x), (4.26)

which is nothing other than the tuned system whose solusitins= x*(t) are sinusoidal.

4.2.5 Boundary layer fast subsystem

The next step is to evaluate the stability of the boundargraystem in the finite time inter-
valt € [to,t1]. This is obtained by evaluating the fast subsystem (4.25)gabne particular
solution of the quasi-steady-stadgt), and by re-scaling timeto the stretched time coordi-
natest = (t —tp)/€. The fast subsystem (4.25) evaluated along this trajecsory

d ) )

axll = _Xll

d . S o

EXIZ _X|2 - a(a>yp
d. -

Ea: Xpra

which can be rewritten as:
g2: Jyp)2=J(T,w,€)Z (4.27)
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with
-10 O
J=|0 -1-yp (4.28)
Oy, O
Under these conditions, system (4.27) is reduced to thenaatous linear system
d
ain(r,w,O)in(ypo)Z (4.29)

Consider theyp, € Zx, With Zx = {X: |y| = %2 — X4| > &}. The above system has the
following properties.

Property 4.6 The eigenvalues of(¥p), for [t,Xp, 7] € [to,ta] x Dx x R3, are all strictly nega-
tive, i.e.

A=-1 (4.30)
1+ /1—4y,?

)\2:Re{ il > Yp }<o (4.31)
—1—\/1—4y,?

)\3:Re{ > Yp }<o, (4.32)

wheregg > 0 is a constant.

ThereforeJ(yp) is Hurwitz in the considered domain. As a result, there exasmatrix
P(yp) = P(yp)T > 0 and aQ(yp) > 0 such that the standard Lyapunov equation holds:

P(yp)J(¥p) +I(¥p) TP(Yp) = —Q(Yp).

From standard Lyapunov arguments, it follows that fot allto, t1],

l2(t.e)]] < exp{—Amm<Q<yp>> (ﬂ) } .

£

Tikhonov’s theorem [76] can now be used to summarize theipuswesult.

Theorem 4.7 There exists a positive constagitsuch that for all y,, € %, and0 < £ < €*,
the singular perturbation problem of (4.24)-(4.25) has aque solution, &, ), z(t,€) on
[to,t1], and

X(t, &) —Xp(t) = O(¢) (4.33)
zZ(t,g) —zp(t/e) =O(¢) (4.34)
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hold uniformly for te [to,t1], wherezy (1) is the solution of the boundary layer model (4.29).
Moreover, given anyt> to, there ise™ < £* such that

Z(t,e) = O(¢)

holds uniformly for te [ty,t1] wheneverg < **.

In order to extend this result to an infinite time intervalisithecessary that the boundary
layer system is exponentially stable in a neighborhood efttimed slow solution,(t) for
allt > tp. This may not be a simple proof, and it will be left for futureestigation. Instead,
the effectiveness of this approach is shown below usingsition.

An intuitive yet not completely rigorous explanation foethesulting good behavior in
the infinite time interval can be given with the help of Fig2 ANotice that the Hurwitz nature
of Jacobian (10.13) is only lost when= xo — x4 = 0. Since the fast motiorz, evolves with
almost constany (vertical lines in Fig. 4.2)y will not reach the value zero during this
motion provided thay is initially far enough from zero. Once the slow manifoldésached,
the slow variable will evolve in the domai= 0. This domain corresponds to the case when
the adaptation mechanism has reached its objective anthpta® is correctly estimated.

In this domainy may reach the value zero but, intuitively, it is assumedtiasystem, once
the adaptation law has reached the correct value, will ptesbehavior that is similar to the
known load case, whose stability is proved in Chapter 3.

0.015
0.01

0.005

Figure 4.2 Evolution of two trajectories in the state subspakg>q,|/z||). The last part of the
trajectory is in the planéz|| = 0.
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4.2.6 Simulations

The inverter parameter values are the same as those for tdvenkoad case given in the
Subsection 3.2.4, where the load resistance has be@nabf, thereforea = 0.01. The
desired output is

2
Vo = 220—— sin(100rtt).
(0} \/é ( )

At timet = Os, the chosen value for the adaptation parametar=0.001 (which corre-
sponds tdRy = 1000, i.e. the relative error is 90%). Later, at timhe: 0.5s, a load variation
is produced fronR = 100Q to Ry = 1007, such that, parameteris again equal to.01

Once again, a commutation time oftol z is employed resulting a sample time oLl

Figures 4.3 and 4.4 show the evolution of the output voltagkthe voltages of every
boost DC-DC aftet = Os, respectively. Note that the circuit tends to the desirdthbmr.
During this period the adaptation mechanism does not déstathe system.

Figures 4.5 and 4.6 show the evolution of the output voltagkthe voltages of every
boost DC-DC arountl= 0.5s, respectively. Note that the circuit continues with theiices
behavior. The time scale is the real time scale before thegehaf variable. Note that during
this time, when the perturbation in the resistance and,, tthescorresponding adaptation
mechanism is activated, the output signal does not undergsignificant variation.

The adaptation of parametaiis represented in Figs. 4.7 and 4.8 where the load-change
instants in the transition and steady-state are zoomeecgggly. Note that the adaptation
is very fast relative to the time scale of the system. In eddhese graphs two evolutions
are presented for two different valuessofNote the smalleg is, the faster the adaptation is.

4.3 Conclusions

In this chapter an adaptation law is added to the previous@daw in order to deal with a
common and important problem in the field of electronicswjosarying and/or unknown
loads. For that, an adaptive control for unknown load is e, which adapts the load
very fast with respect to the time evolution of the systeme Tethod is based on using a
state observer on one-sided inverter and assuming thatateavariables are measured.

The stability of the complete system is proved by rewritimg $ystem in the standard sin-
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Figure 4.3 Output voltage with the adaptation of an unknown loatl4n0s.

t(s)

Figure 4.4: Output voltages of the first (solid) and second (dashed$tid€-DC converters with the
adaptation for an unknown load in= Os.
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—-100¢,

-200

=300}
0.45

d5 0.55
t(s

Figure 4.5 Output voltage with the adaptation of an unknown loati4n0.5s.

600

550

5 0.55

Figure 4.6 Output voltages of the first (solid) and second (dashed$tid€-DC converters with the
adaptation for an unknown load ir= 0.5s.
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a)
0.01 ‘
0.005
Ten 0
—0.005}
-0.01 :
0 2
t(s) x10"°

Figure 4.7. Time-evolution of the fast variabla With € = 0.01 ina) ande = 0.001 inb). The

perturbation is at = Os.
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-0.005¢

-0.01

Figure 4.8 Time-evolution of the fast variabla with € = 0.01 inc) ande = 0.001 ind). The

perturbation is at = 0.5s.
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gular perturbation form; hence some relationship betwieeadaptation gaity, the observer

matrix parametery, and the perturbed variable parametgrare achieved. Another impor-
tant relationship between the perturbed variable parairetand the system frequenay,

is achieved in the analysis of the boundary layer fast subsysFinally, the stability is es-
tablished by means of Tikhonov’s theorem [76]. The stabpioof extension for an infinite

time interval, will be an objective for further investigaii.

The assumption that voltage and current are measurablédifssthe observation prob-
lem. No persistant signals are required to prove the stalihd the no noise is included
in the measurable signals. As future work, an extensionisfdévelopment could be done
assuming that only the currents are measurable and ingudiperimental results in order
to validate all assumptions established in this work.



Chapter 5

Estimation of the attraction domain

In the previous chapter, a controller has been developéetiédnoost inverter. Global stabil-
ity of the closed-loop system has been guaranteed by a Lyapgunction. However, state
and control-signal constraints including saturationsehasen disregarded.

In this chapter, the objective is to estimate a satisfacatinaction domain for the boost
inverter taking into account physical system constraiotgtaining control signal satura-
tions. That s, to estimate a region composed of all inittedaitions corresponding to trajec-
tories that converge towards the right system behavior. siiseem will be driven into this
attraction domain by a starting phase; this is common on ¢e dif electronics [13,91,156].
This attraction region is estimated by using a novel metreeibped in this chapter.

Estimating an attraction domain may be involved if theredmgsical system constraints.
This problem may present a high degree of difficulty due tosy&tem and control-law
nonlinearities, including saturation-like constrainihe term saturation-like constraints is
used for non-linear functiong(u) that appear in the system model and they become the
identity, y(u) = u, in certain regions of the state space that include the etbsiehavior,
(those regions are referred to regions in which such canstrare not active). Functions of
this sort include typical control signal saturation as veallothers, such as rate limiters, for
example. Other constraints on the state variables can sdsyad as well.

There exist many published methods to estimate the regiattcfction (see, for ex-
ample [54, 76] and the references therein). A kind of suchhou is based on Lyapunov
theory: closed Lyapunov-function level surfaces enclasmgervative) estimations for the
region of attraction [76]. These methods often employ poigral systems [85, 124, 146].
There exist powerful mathematical tools that can be usetiercomputation of the maxi-
mum acceptable level for polynomial systems [32, 68, 111].1Some of these tools could
be further developed for application to non-polynomialtegss as well [31]. Application of

57
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these methods would imply to seek for Lyapunov functionsrateoto be able to deal with
the constraints. The search for a Lyapunov function by meétise numerical estimation
method may be seen as an advantage as the user would not bedeaqupropose a Lya-
punov function. In cases like these, however, the comprtatimethod has to solve a much
more difficult problem and it will be hard to tackle with syste of moderate complexity.
Furthermore, saturation-like functions, which are onehefiinost common nonlinearities in
practice, are usually out of the scope of these techniquesally saturation-like functions
are only considered in the case of linear systems [5, 21 ,1114],

A simple idea that solves the problem of estimation of theaation domain for poly-
nomial non-linear systems (and some others) with saturditte constraints and state con-
straints is presented. The idea is to take advantage of twnstrained global stability anal-
ysis and use this result to obtain a ‘conservative’ estiomatif the region of attraction for
the constrained case. Using the Lyapunov function of thadyess, there is no need to look
for a Lyapunov function while estimating the domain of attran and, thus, this problem
becomes much simpler. On the other hand, the estimatedtaitraegion is included in the
domain where the saturation-like constraints are not @ethd, therefore, the method intro-
duces a new source of conservatism. This obvious idea maydeessful in hard problems
when all other methods fail.

In this chapter, this approach is employed to the boost ievén estimate an attraction
region. The application of the method produces good, atlogiservative, results. However,
certain difficulties should be mentioned here: 1) the systqoations are quite involved and
can even present non-polynomial terms, namely rationaitions; 2) the desired attractor
is not an equilibrium point but a limit cycle. Both complicats make the use of any other
analysis method a formidable task.

For sake of simplicity, in the application of this method e tooost inverter, the phase
controller dynamic is not taken into account either the gatagn law.

5.1 Problem statement

In Section 3.2 a control law (Eqgs. (3.39)—(3.40)) for booserter not has been only de-
signed, but has been also proved that for all initial cond#iexcept the origin, the trajec-
tories of the system tend to the curdgs= 0 fori = 1,2. Nevertheless, there are several
constraints in the state variable that make this analystess from the practical point of
view. These constraints are of several types:

C1. Saturation-like constraint: %(ami) fori = 1,2, makes control law (3.39)—(3.40) not to
be feasible in the full state space. Therefore, this comstia'soft’ in the sense that if
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the system arrives at a point where the constraints aretethléhe analysis of Section
3.2 is no longer valid for the system with constraints. Thmpmay nonetheless still
lie inside the attraction domain of the desired limit cycl&erefore, these constraints
are saturation-like.

C2. Capacitor voltages must be strictly positive in thisait, which impliesx, > 0; 1=
2,4. This is a ‘hard’ constraint since this situation shouldaeided.

C3. Finally, the control law is not feasible when any of thaa®minators in (3.39)—(3.40)
are zero. This constraint is actually contained in C1, sde®ominators close to zero
would imply large (positive or negative) values fgr i =2,4.

The objective of this work is to obtain a (possibly consaxggtestimation for the region
of attraction of the resultant system taking these physicaktraints into account.

5.2 An approach of estimation of the attraction domain.

Normally, in every control system, the control signal isjegbto physical constraints such
as saturations, rate-limiters, etc. As for control desigugh constraints are typically dis-
regarded and the resulting control law is applied to theaotu In this way, if the de-
signed control law isly = a(x), wherex is the state variable, the actual control signal is
u=y(ug) = y(a(x)), wherey(-) is a saturation-like function. This approach is valid when
the actual expression far is used in the stability analysis of the resultant systemis It
however quite common to neglect the actuator constraintisarstability analysis so as to
simplify the analysis. In fact, the local stability propeis not usually affected by these
constraints, since in a neighborhogdof the desired attractor they are not active, that is,
y(a(X)) = a(x) Vx € 2. However, the resulting attraction domain may be affecteddn-
straintsy. This study deals with the estimation of this attraction donbased on a stability
analysis that neglects the constraints.

The analysis can also take into account state variable reomist in the following sense.
Assume that there exists a ‘forbidden’ region in the statesp This means that the system
state must remain within the boundaries of a pre-specifiedisgible (‘safe’) region. The
estimation of the domain of attraction should take into actthese constraints.

Formally, the problem can be stated as follows:

Actual system.Consider a control system type defined as such:

x = fa(x,u), (5.1)



60 5.2. An approach of estimation of the attraction domain.

wherex e . ¢ R", ue R™, Functionf, may include saturation-like functions. Furthermore,
due to physical considerations, the state of the systemmotigb out of an admissible region
. O

Unconstrained systemAssume that an approximate model of the system is
x= f(xu), (5.2)

where functionf : R" — R" and, besides, i, f(x,u) = fa(x,u). The reader can con-
sider that this approximate model includes neither theraatun-like functions nor the state
constraints. O

Assume that a control law= a(x) has been designed for the unconstrained model (5.2)
for a given control objective.

Remark 5.1 The control objective is not necessarily the stabilizatadnan equilibrium
point, but perhaps the stabilization of limit cycles, fost@ance, as seen in the examples
in Section 3.2, can be considered.

Assumption 5.2 There is a widely known radially unbounded Lyapunov fumctix), in
which a compact positively invariant 2t ‘% f(x,a(x)) <O0. Let.# be the largest invariant

subset of the set for whish= 0in Q.

By the LaSalle invariance principle, assumption 5.2 gu@esthat the trajectories of the
unconstrained model tend t&'. It is implicitly assumed that this is the desired behavior.
Notice that if the original Lyapunov theorem is used to prgi@bal stability, the previous
assumption is also fulfilled.

Assumption 5.2 also guarantees local stability for syster)( The problem lies in the
estimation of the domain of attraction.

The key is clearly to ensure that the system state remainntitle boundaries of the
region where saturations are not active, thus introducew constraints. A conservative
estimation of the region of attraction can then be easihaioled. The advantage of the
relative ease with which it is obtained, however, is compsah by the fact that it may be
far too conservative. Nevertheless, in many problems tmgple idea may give satisfactory
results.

Assumption 5.3 Consider system (5.1) with control law=ua (X). Let bes/ 29n 7, that
is, the intersection between the safe region and the regimrevthe saturation-like functions
are not active. It is assumed that this set can be estimateddey of inequalities ) > O,
where g R" — R,
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Now the problem can be transformed as follows:

Given a control system = f(x,u) with constraints in both the state variables
and the control inpug(x) > 0, assume that a control lawn= a (x) has been
designed such that global stability is confirmed when notaimgs are taken
into account. The problem lies in estimating a region obation for the real
system with constraints when this control law is applied.

A ‘conservative’ estimation for the attraction domain oé thystem with constraints is
given by the following theorem:

Theorem 5.4 Under assumptions 5.2 and 5.3, assume that there exists gtacdrc> 0
such that in the se®; = {x:V(x) < c}, the constraints (x) > 0 are satisfied. Then, all
trajectories of the system with constraints startingattend to.#Z N Q.

Proof: Since inQ. the saturation-like constraints are satisfied, the regoitthe un-
constrained system are valid . ThereforeV < 0 in Q; andQ. is positively invariant.
Furthermore, sinc¥ (x) is radially unbounded; is compact. The statement can be vali-
dated by applying LaSalle’s invariance principle. [ |

Remark 5.5 Since.#Z N Q¢ C .#, the theorem guarantees the desired asymptotic behavior
for the system with constraints.

Remark 5.6 As with other techniques for estimation of attraction domhie present method
is conservative. In this case the conservativeness is yndud to two facts:

e The estimation of the region of attraction is restricted tomdhins in which \< c.

e The method considers the saturation-like functions as bargstraints. Nevertheless,
there may be points where the saturations are active in tihgshattraction domain.

Using Theorem 5.4, the problem is reduced to finding a vatu® such thag(x) > 0 at
the points wher& (x) < c. In order to use numerical tools for the determinatiow,ats will
be seen in the next sections, the optimization problem catabed as follows:
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Problem 5.7 Maximize ¢

subject to:
V(X)—c)+pi(X)gi(x)—& >0 i=1,...,N, (5.3)

where p;(x) are unknown semi-definite positive functions a@d>0; i=1,...,N. The
purpose of constraint (5.3) is to validate the Theorem 1 thgms. To observe this, notice
that at the boundary of the s@t, V(x) = c and, thus, the above constraints are reduced to
pi(X)gi(x) > & > 0. As functionsp; > 0, the constraintg;(x) > 0 are satisfied at the points
on the boundary of2c. Furthermore, in the interior of this s&t(x) — c < 0 and, thus, these
constraints are also satisfied. Tpefunctions lend even more degrees of freedom, thereby
increasing problem feasibility. The smajlconstants are pre-specified and are necessary in
order to avoid problems at the points whegx€x) = 0. The introduction of; parameters
constitute a new source of conservatism.

Remark 5.8 The region of attraction is estimated without the necessittomputing/ .

In this work, sum-of-squares optimization is used in ordesdlve this problem. For this,
a new assumption is needed.

Assumption 5.9 Functions 1x,u) and gx) are polynomial.

5.2.1 Sum of squares optimization

Sum of squares optimization is an optimization techniqueetdaon the Sum Of Squares
(SOS) decomposition for multivariate polynomials. A meatiiate polynomialp(x) is said
to be a SOS, if there exist polynomidigx), ..., fm(X), such that:

and thereforep(x) > 0 [117].
A SOS program has the following form [117]:
Minimize the linear objective function

r'c,

wherec is a vector formed from the (unknown) coefficients of:
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e polynomialsp;(x), fori=1,2,...,Ng
e sum of squareg;(x), fori =Ny +1,....N

such that

N
go,j(X>+lei(X)gi,j(X):O forj=1,2,,...,My,
i=

N
go,j(X) + lei (X)gij(x) are SOS, fofj =M1+1,...,My,
i=

wherew is the linear objective function weighting coefficients togc and
0i.j (X) represent certain scalar constant coefficient polynomials

Currently, SOS programs are solved by reformulating therseasi-definite programs
(SDPs), which in turn are solved efficiently, e.g., usingimr point methods. Several com-
mercial as well as non-commercial software packages artablato solve SDPs. SOS-
TOOLS [116] is a Matlab toolbox that performs this convensamtomatically, calls the SDP
solver, and converts the SDP solution back to that of theisolwf the original problem.

The problem stated in the previous section can be addressgdgsthe following SOS
problem:

Problem 5.10 Maximize ¢

subject to:
(V(X) —c)+pi(X)gi(x) —& are SOS i=1,...,N, (5.4)

wherep; are unknown SOS polynomials. This problem is more resttitttan that presented
in the previous section. Nevertheless, any solution to S@®8lgm 5.10 is a solution to
problem 5.7.

Remark 5.11 Assumption 5.9 can be relaxed since other types of fun¢tsoieh as trigono-
metric functions [109] or rational functions (e.g., the digation examples in the next sec-
tion) can be considered.

5.3 Application to the boost inverter

The method developed before is used in order to obtain ama&tstin of the attraction domain
for the boost inverter when system physical constraintsaken into account. This method
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is useful because the model and control law have a relatyle tiegree and complexity.
Furthermore, the global stability proof for the unconsteal problem is available by means
a Lyapunov approach.

In Chapter 5.1 it has been proved that, under no constrailtsajectories (except the
one starting at the origin) of system (2.5)—(2.8) with cohtaws (3.39)—(3.40) tend to the
desired limit cycle. Remind that the Lyapunov function used

V=242 (5.5)

The constraints are (only constraints C1 and C2 are praséste; constraint C3 will be
discussed later):

u(x) <1 i=12

u(x) >0 =12

Xo >0

X4 > 0.

The expressions far; anduy, which are given by (3.39) and (3.40) are not polynomial but
rational functions. Nevertheless, writing them as qudixdpolynomialsu; (X) = nj(x) /di(x)

all the constraints can be formulated in standard form. Ba, it can be assumed that
polynomial d(x) does not vanish at any point of the objective cufyé) =0 i=1,2.
Otherwise, control laws (3.39)—(3.40) are not valid foistproblem. Therefore, the sign
of d(x) is constant alond’;(x) = 0 and, by continuity, in a neighborhood of this curve.
By numerical inspection, it can be checked that, for theuiirparameters given below,
d(x) > 0 onl;(x) = 0. With this consideration in mind, constraints (1)—(3) banwritten as
polynomial constraints:

°
'S
\
o

IS
\
o

Thus, the problem to solve is
minimize (—c) (5.6)
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subject to:
(V(X) =) + pa(x)(di(X) —m(x)) —€1> 0 (5.7)
(V(X) =€) + p2(x)(d2(X) —n2(X)) —€2 > 0 (5.8)
(V(X) —¢) + pa(x)m(x) —e3 = 0 (5.9)
(V(X) —¢) + pa(X)nz(x) — &4 > 0 (5.10)
(V(X) =)+ ps(X)x2 — &5 > 0 (5.11)
(V(X) =€)+ ps(X)xs — & > 0 (5.12)

Notice that constraints C3 are considered in the previousfseonstraints. Indeed, con-
straints (5.9)—(5.10) impliess; (X) > €3 > 0 andny(X) > & > 0, respectively, foW (x) < c,
while constraints (10.15)—(10.16) implid$x) > ni(X) + €1 andd(X) > nz(X) + &, respec-
tively, for V(x) < c. This implies thatd(x) > 0inV(x) < c.

The following analysis can be directly modified for the caseend(x) < O.
Results
The values of the circuit parameters are taken from Suluse8tR.4.

Software SeDuMi [144] was used as the SDP solver under SO&BOThe values for
parameters; are chosen equal to 1B while the chosen order for the unknown polynomials
pi is 3. The solution is obtained in approximately ten minutesaoPC (1.66 GHz Intel
Core2): 2326. This result is probably conservative as has been pomtiédn Remark
5.6. As a way to corroborate this result, by numerical inspacit has been found that for
xV=(0 —-01 02 58)T, which corresponds td(xV)) = 33.02, the constraint, > 0
is violated.

5.4 Conclusions

The problem considered in this chapter is the estimatiorhefattraction domain for the
boost inverter with the control law proposed in Chapter 3iciWlidoes not present a global
stability due to certain physical constraints. For this ahud for the estimation of the
attraction region considering general physical constsagpresented. This approach can be
applied to systems with a global Lyapunov stability achiew&thout considering saturations
and other kind of limitations. This is a common situatiorcginsaturations are neglected in
many stability analysis. The idea is to take advantage ofyiapunov level sets, finding the
maximum Lyapunov level in such a way that constraints ar@lad inside it. This makes
that the computed attraction domain is a ‘conservativairedion. This method is useful
even when the degree and complexity of the equations is high.
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For application of the method, powerful computational $oexist when the system is
polynomial, such as SOS. Therefore, the closed-loop systsds to be polynomial or ra-
tional (however, there exist cases where SOS programmwelieen applied to trigonomet-
rical and other terms [109]). Consequently, the problemaisdformed in a sum of squares
optimization problem. Conservativeness of the method Isasteeen discussed.

In the application to the boost inverter the system as thestcaints are rewritten in a
polynomial form, as the method requires. For simplicitysas neither phase controller nor
adaptive control has been taken into account.
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Chapter 6

Introduction

The development of low-power electronic devices has raiged recent years. Very-Large-
Scale Integration (VLSI) is mostly used in products reldatedhformation technology, such
as PCs, mobile devices and digital consumer equipmentsivaedl by the Moore’s law
and market evolutions [132], ARAVIS project (Architectuaeancée Re-configurable and
Asynchrone pour Video et radio logicielle Integrée Sucgusponsored by Minalodiclooks
for architecture and design solutions that allow the préidncof embedded computational
platforms in its scalability limit. It proposes a generalibn of certain techniques in order
to obtain a solution to the technology variability problem32nm, what will represent an
input toward the development of a new paradigm. This parhefthesis is included in the
ARAVIS project context.

Currently System on Chips (SoCs) technology: 90nm, 65nm eweh, 45nm can not
be applied any more to the technology of 32nm due to the semictior material behavior
in small scale. The main problem in this kind of scale is theunence of technology
variability phenomenon [154], that generates quite destgaperformances in a same chip.
Consequently, a new architecture must be developed in ¢odanswer to this issue. In
Fig. 6.1, an example of this problem is shown. It presentsilt ta low performance of a
computational nodein high speed.

The ARAVIS project is focused on three technology keys:
e re-configurable structure with respect to applicabilitgueements. It can be accom-

plished by programming the flexible interconnections betwthe clustered nodes of
the SoC computational unit [113].

Lhttp://www.minalogic.com/
2The common computational unit of a SoC is composed of cledteodes [74]
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Figure 6.1 Technology variability problem in a chip in a computatibnade working in high speed.

e Globally asynchronous locally synchronous method [92ruher to release the com-
munication constraints between remote points, and

e dynamic management of the power consumption and activitit véspect to con-
straints are achieved by control theory application [301@2].

The last key looks for achieving a good trade-off betweeivigtpower consumption and
Quality of Service (QoS), what is one of the challenges inifeitembedded architecture.
This dynamic management is especially difficult for 45nm @8dm, which are at the limit
of the scalability. Figure 6.2 shows chips integration im@2scale.

STn8820
64mm? in 65nm
180 MTx

STn8820 STn8820
32mm?2in 45nm 16mm? in 32nm

Figure 6.2 Integration of future 32 nm chips.

Advanced control strategies have, therefore, to be dedignerder to make the perfor-
mance fits the requirement, minimizing the energy lossesanmpa This second part of the
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thesis focuses on designing control strategies for celvaip of the chip that optimizes the
energy consumption.

6.1 Optimization of the energy consumption in SoCs

As has been mentioned before, one of the challenges in the/ARproject is the energy-

consumption reduction in SoCs, which can be got by meanstofraatic control methods.

Control loops can be applied in different architecture leveluster frequency and voltage
supply, cluster computational power and management of tlaéty of service provided by

the application [30]. Figure 6.3 shows these different cdrbdops.
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Figure 6.3 Sketch of the three control loops.

Generally, the power consumption can be reduced if the loaad voltage or/and the
clock frequency are decreased. For this dynamic contrg lodrequency and voltage is
more and more important in the embedded systems [122]. These control loops allow
the adaptation of computational power in the cluster lexati hence, the power-saving.
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Another control loop is used in order to achieve an energfepmance trade-off. The
system must not always work in the maximum power level if it erk in other lower power
levels. This is possible if each task is performed beforeettdamn deadline [45]. In [39],
a control solution has been presented, applying ‘robustrebn This solution reaches a
control that can reduce or, even, reject the influence of énility problem.

The last control loop employed in this kind of architectureHls for a trade-off between
QoS, computational limitations and global energy consumnpt

6.2 Vdd-Hopping DC-DC converter

Microprocessors in SoC have a computational load that regaitime-varying performance.
Consequently, the SoCs can achieve a substantial energgedly, if they reach to operate
at the minimum performance level required by the activevgmf processes.

Dynamic Voltage Scaling (DVS) is a known technique that ngg@sathe system power
consumption [27, 89, 136]. The operation principle is taiatfhe processor supply voltage
to the minimum level of performance required by the systeplieation. Therefore, DC-DC
converters are a key element in a DVS mechanism, since tmegdagpt this supply voltage.
However, these converters have a different structure tharstandards ones, because they
must change the operating voltage in a dynamic way [23].

A dynamic continuous buck converter for DVS systems wasqmntesl in [88], which
provides good performance. It, however, limits SoC scapragperties due to the size of
inductive component. In the framework of SoC miniaturiaatia Vdd-Hopping DC-DC
converter was developed, whose basic structure is show&eadtion 6.4. Note that this
converter is composed by two supply sources and a Power yB&etector (PSS) [99]. In
this structure, the inductive element is replaced by a sSBMDS transistors reducing the
converter required size.

Vdd-Hopping converter is specially interesting, becausmay deal with Local Dy-
namic Voltage Scaling (LDVS) [23, 157] adapted to GloballgyAchronous and Locally
Synchronous Systems (GALS) systems [92]. The main idea ArSssystems is to replace
the global clock by several independent synchronous bldekery synchronous block op-
erates with an own internal clock and they are communicatgdchronously by each other.
This mode of operation provides additional flexibility. $Hact allows to use energy-aware
converter structures such as DVS architectures. DVS isexpjpl every synchronous block,
that is why, it is called LDVS.

3p-channel Metal-Oxide-Semiconductor field-effect tratusi
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The Vdd-Hopping converter, as has been mentioned befdvasisally made up of a PSS
and two external supply voltages. A high voltage supgly,for a unit running at nominal
speed and a low voltage suppl, for a unit running at reduced speed; is the output
voltage of the system.

Set Pt

PMOS

Uf;

CLK ™ D J—
CONTROL

Uy

LPM

Figure 6.4 DC-DC Vdd-Hopping converter structure.

A PSS is constituted by a group of PMOS transistors connegtedrallel with common
drain, source and bulk, but separated gates in order to Swleutput voltage from a low
voltage level to a high voltage level (rising transientipdy and from a high voltage level to a
low voltage level (falling transient-period). Furtherrapthe PMOS transistor that connects
theV, to the voltage outpwt. is switched on whel, is the selected power supply. This
reduces the dissipated energy when the unit running is asp@&d. Other component in the
PSS is a control block that provides a control sigmnafor the PMOS transistors. Besides
it generates a reference sigwal Likewise, this control block has as inputs: a clock signal
(CLK), a local power manager signal (LPM), that orders to B&S to start the hopping
sequence and the error voltage signal from a compagator

Load model

The load model taken in this work is an impedance which dependhe core voltageg,
and sometimes, also on the clock frequenay[98]. In this thesis, the load model provided
in [98] is employed. This model approaches a low frequendymation of the core voltage,
thus the load only depends on the voltage It is composed of a current supplyeax, a
capacitanceC, and a dynamic resistancg,, representing the dynamic and short-circuit
consumption. It is shown in Fig. 6.5.



74 6.3. Non-linear control application to VVdd-Hopping DC-D@werter

l
.
]

Figure 6.5 Load model.

6.3 Non-linear control application to Vdd-Hopping DC-DC
converter

Control objective for this kind of discrete DC-DC converigto achieve the target voltage
providing a correct and reliable operation during the swiitg transitions, allowing to ac-
complish the main ARAVIS projet objective: SoCs miniatatibn. Therefore, the control
must achieve:

¢ high energy efficiency,

e system stability,

e small current peaks,

e fast transient periods,

e robustness with respect to parameter uncertainty,
e robustness with respect to delays and

e easy implementation.

Figure 6.6 shows the control problem for the DC-DC Vdd-Hogpzonverter.

A simple discrete controller was proposed in [99] to hanbd&etivo voltage levels of the
Vdd-Hopping technique. In this control structure only oramsistor can be switched at each
sampling time. This limits the ability of the converter to keafast transient-periods, and
hence the possibility to optimize the energy consumptinraddition, the employed voltage
reference was a ramp with a computed slope to obtain the sshalbssible current peaks.
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Figure 6.6 DC-DC Vdd-Hopping converter control problem.

6.3.1 High-performance controllers

In Chapter 7, a set of high-performance control laws for tke@C Vdd-Hopping converter
is developed, without the constraint that only one transisin be switched at each sampling
time. [8]. This allows to obtain a richer set of control segees and, thus, a better expected
performance with respect to the issues previously mentiombe controllers are developed
in order to improve the tracking capability and its reguatcharacteristic. As a side effect,
it is also observed that the transient current peaks areeediHowever, the computational
cost is increased.

The different controllers are compared in terms of: tramsresponse, quality of the
induced load current and power consumption. It will be seahthe most suitable controller
is the one based on Lyapunov theory. However, this contrigliEnhanced in order to achieve
a high energy saving, minimum current peaks and a suitabferpgance with unknown
load resistive parameter, which are very common properiése field of microelectronics
[70,103]. Firstly, an optimal evolution of the voltage nefece will be computed applying
optimal control theory [80, 86, 155]. This optimal voltagdarence is computed looking for
minimizing the current peaks as well as energy losses. Scam adaptive controller is
proposed for an unknown load resistive component, offesisgitable system performance
by simulation even if it is time-varying. Figure 6.7 showskatsh of this high performance
controller.
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In spite of the good advantages that this enhanced contiafiers, it presents much
more computational blocks (more complex implementatitiantthe controller proposed
in [99] and thus, although, it reduces notably energy condion, it does not corresponds
to a feasible solution for the ARAVIS project context. Foistranother controller is devel-
oped in Chapter 8 based on the one that presents the eagiésientation from the set of
controllers previously presented. This new developedrotiat must be easy to implement
and maintain all the good characteristics obtained by tiératber mentioned previously in
Chapter 7.

ADAPTIVE

™ CONTROL T

|

opTiMAL | VF | T CONTROL Vdd-HOPPING | Uc
—
REFERENCE CONVERTER

\/

Figure 6.7: Vdd-Hopping converter closed-loop with optimal refererand adaptation parameters.

6.3.2 Energy-aware controller

The previous proposed controller provides very suited @rigs. The only drawback is
that it has a complex implementation, what can exclude inftbe ARAVIS project scope.

Among the set of controllers presented before, there is otieavsimple implementation. In

Chapter 8, this controller is selected and developed takitogaccount the objectives given
before to obtain a suitable controller for the ARAVIS prdjec

The controller with a feasible structure is a ‘linear coitéip what makes it to present
a simple implementation. Hence, it takes a relevant interethe industrial applications
[17,84,87,120]. Nevertheless, this controller does notide the best system performance.
Now, from this structure, an ‘advanced linear controllerdeveloped in Chapter 8. An inno-
vative approach based on saturations with time-varyinggithat manages the current peaks
during the transient periods is proposed for this controfarthermore, energy-efficiency is
improved when a step voltage reference is used instead ofijavaltage reference. Conse-
guently, it does not only reduces the current peaks but eebi@so a fast transient response
and reduces energy dissipation. In summary, this prop@skéhced linear controller’ is fo-
cused on limiting the current peaks while transient perarésreduced, being energy-aware.
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Generally, controllers applied in the industry are impleited in discrete-time. Hence
that, the previous advanced controller is discretizeds €antrol law is patent pending under
the name of ENergy-AwaRe Control (ENARC) [6].

In order to show the consumption energy saving that thisrotbet may achieve, a com-
parison with a previous controller published in [99] is penied. It is shown that this con-
troller can diminish the energy consumption 96% with respedhe previous published
controller. In addition, other control objectives are &sfeid: faster transients, small current
peaks, and easy implementation. For the last characteiitss remarked that this controller
needs less computational blocks than the other contrgtlessented above. The stability
property is analyzed in Chapter 9. Thanks mainly to its irmtive current-peak aware the
ENARC control becomes attractive for industrial applioas.

These results will be validated in the ARAVIS project by @sWHDL-AMS# simulator,
since the Vdd-Hopping system with the load is an hybrid sydbetween analog and digi-
tal elements (the controller will be implemented digitallyt is expected that the ENARC
controller is physically implemented in the new generattbrsoCs of 45nm and/or 36nm
developed in the project context.

6.3.3 Approximate stability analysis for the energy-awarecontroller

In Chapter 9, an approximate global stability analysis ef éguilibrium is developed for
the Vdd-Hopping system with the continuous-time versiorined ENARC controller [9].
This controller coincides with the *advanced linear coltromentioned before. For sake of
simplicity, this analysis is performed in continuous-tiared it is not rigorous. This analysis
allows to have an intuition of the closed-loop system bemavwith the discrete ENARC
controller. This assumption is very common [71,152].

As the Vdd-Hopping model as the continuous-time versiomefENARC controller are
nonlinear. Among their nonlinearities, there is a satorawith limits depending on system
state. This makes the analysis involve.

For simplicity, a preliminary stability analysis is penfoed for the Vdd-Hopping system
with the ‘linear controller’ proposed in the set of high-fmemance controllers developed in
Chapter 7. This analysis is based on LaSalle’s invarianoeipie [76]. Then, it is extended
to the continuous-time version of the ENARC.

This continuous-time controller has a saturation mecastise system can work in three

41t is a hardware description language used in electroni@desutomation. It is capable to define the
behavior of mixed-signal systems, because it describémtégstems as well as analog systems. Thisis a very
used powerful software.
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operating-modes: non-saturated system (Region ), datlisystem in the upper limit (Re-
gion II) and saturated system in the lower limit (Region.llt)s proved that the equilibrium
is placed in Region I. The stability proof is performed in tparts. Firstly, it is proved that
the system in saturated mode converges to the non-satunaigel in finite time, and that, it
crosses the saturation limit to the Region | without beinig édbreturn towards the saturated
mode. Secondly, it is also proved that the system convemydsetdesired point in Region
I. This analysis applies LaSalle’s invariance principle obounded domain limited by a
Lyapunov level curve and the saturation limit lines. Figér@ represents this idea.

Once the global stability analysis is ensured for the ENARGtoIler, the control ob-
jective that must be dealt with are: the robustness undaydekesence and parameter un-
certainties.

€

Figure 6.8 Representation of the system operating regions

6.3.4 Advanced energy-aware controller

Previously, an energy-aware controller has been presemwtadh not only satisfies certain
requirements for SoCs, but their stability properties Hasen also proved. Now, in Chapter
10, this controller is improved in order to satisfy the cohtibjective of achieving robustness
with respect to uncertain parameters and delays. The dalaypresents in the input and
output of the control block for computational and synchration issues, respectively.

So far, delays and parameter uncertainties have not besideoad in the Vdd-Hopping
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system. In SoC, however, these issues are very usual [1QR, T4e controller presents
delays due mainly to two reasons: synchronization issudspawer-performance trade-
off [45]. In addition, another point to take into accounthe fparameter uncertainties, which
can cause an unpredictable impact on the power, perfornarteeliability of the system
[34,93].

In Chapter 10, the ENARC controller is improved dealing wdiglays and parameter
uncertainties. A sub-optimal ‘conservative’ control tagpiapproach for the control gains is
presented based on linear control theory. This method ioptilmal because, for simplic-
ity, it is developed for an approximate ENARC controllersien that does not consider the
current-peaks management. The sub-optimal control gaeénstaained solving Bl., control
problem [26, 53, 101]. This problem is dealt with Lyapunovakovskii theory [53, 138],
which provides some stability conditions through LineartNdalnequalities (LMIs). Con-
sequently, a robust equilibrium stability as well as a rollisturbance rejection under pa-
rameter uncertainties are ensured for a delay-time systam kind of approach are used in
industrial applications [14,129].

In this chapter, the robustness properties achieved byltsed:loop system with the
sub-optimal constants applied to the ENARC controller &g by simulations.

In summary, the ENARC controller with the sub-optimal cam$ applied to the Vdd-
Hopping DC-DC converter can satisfy all the control objessi mentioned before for low-
power technology. Therefore, it can have an important impathe recent trends in the
miniaturization of electronic devices.
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Chapter 7

High-performance control for the DC-DC
Vdd-Hopping converter

The development of low-power electronic devices has raipad recent years. Very-Large-
Scale Integration (VLSI) is mostly used in information teology related products, such
as PCs, mobile devices and digital consumer equipmentsSirsem on Chip (SoC), sev-
eral levels of supply voltages are required to reduce poaeswamption. It can be reached
applying the Dynamic Voltage Scaling (DVS) concept, whistan interesting method that
manages dynamically the microprocessor supply voltageaccording to various loading
conditions.

DC-DC converters may be used in order to apply the DVS concaptong this kind
of converters, a high efficiency discrete converter is fouhé DC-DC Vdd-Hopping con-
verter [99], which is implemented applying, as its namenegiees, the Vdd-Hopping ap-
proach [75, 106, 128]. This technic delivers two distinciafimoltage levels with a very
small current, according to the required performance l&@ehsequently, it achieves a high
energy-efficiency. Therefore, its operation principleoisary the voltage from a low voltage
level to a high voltage level, and reciprocally.

A controller for this DC-DC converter must be developedngkinto account the context
where it will be implemented. One of the main control problenow-power DC-DC con-
verters is to achieve a high energy-efficiency. Furtherpd@ DC Vdd-Hopping converters
must be able to adapt to various loading conditions and aeetigh efficiency over a wide
load-current range, which is critical for extended battifig. Moreover, to keep the rate
of change of the device voltage providing a correct and loiiaperation during the switch
transition is also important.

In this chapter, a set of controllers for the Vdd-Hoppingwater is developed, obtaining

81
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a high-performance. Among these proposed controllersorieethat offers a best transient
performance is selected and enhanced with the aim to ddatk@tunknown resistive com-
ponent of the load as well as to minimize the dissipated gnangl current peaks, what is
very important in the field of microelectronics. Current kgand power consumption are
minimized by computing an optimal evolution for the voltagérence. Likewise, an adap-
tive controller is proposed to deal with the unknown loadstase parameter. Consequently,
the obtained high performance controller can acquires b bapsideration on electronic
devices.

Generally, the power consumption in a SoC can be reduceckifdbal core voltage
or/and the clock frequency are decreased, that is why a GAk®Rm®s is developed in the
ARAVIS project where the Vdd-Hopping converter is embeddeitewise, the clock fre-
guency has to satisfy that the task (for instance, the exetof the control laws designed
here) is performed before a deadline and that the minimumined local clock frequency
that guaranties the critical path (longest path delay) efvthole chip is fulfilled [45]. Nor-
mally, in order to take into account all of these issues in & §Aystem when the frequency
and voltage have to rise, firstly the voltage is rising andrlétie frequency is rising. On the
contrary, when the frequency and voltage have to fall, fitsté frequency is fallen, and later
the voltage is fallen.

7.1 Mathematical model of Vdd-Hopping mechanism

The discrete DC-DC Vdd-Hopping converter presented in f8850Cs shows several ad-
vantages: high efficiency and reduced size, since it doeseaeat passive components. This
converter uses the Vdd-Hopping technique [75, 106, 128} deoto obtain a LDVS archi-
tecture for a GALS system. Figure. 6.4 shows this connectitiNopping structure.

7.1.1 Mathematical model for control design

For simplicity the low voltage supply, is disregarded for control design purposes (see
Fig. 6.4). The main objective is that the core voltagechieves the high and low voltage
levels by switching the PMOS transistors. In this configorat at least, one transistor must
always be switched on.

Figure 7.1 shows an electrical representation of the Vdggitg converter without the
low voltage supply, connected to the load that has been described in Section 6.2

Assumption 7.1 PMOS transistors are modeled as ideal resistors when theywaitched
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Figure 7.1 Vdd-Hopping, voltage supply and load.

on and as resistors with infinite resistance when they arécbed off. They are considered
to have the same electrical characteristic.

The voltage loop equation yields the relationship
Vh — Ve
Ry '

Uk is the number of transistors switched on, thyse %7 = {1,2,..N} and it is the control
variable. LikewiseRy is the PMOS transistor resistance. In this kind of systeroaiit be
assumed that all transistors have the same transistotaesER; = R = R, = ... = Ry.

where R, = ;& (7.1)
k

I (Ve) =

The current through the set of PMOS transisttyrsgdepends on voltage and control
signalug. Thus,l; varies during the hopping transients.

In this work, as mentioned in Section 6.2, the load modelgatx] in [98] is employed:

= f<VC7 f(:Ik) = |dyn‘|‘ Ishort + Istat + Icap (7.2)
ldyn = KaynfeikVe (7.3)
Ishort = Kshort feik (Ve — 2Vth)3 (7.4)
lieak = Kieak (7.5)
dvg
lcap=C—= 7.6
cap at’ (7.6)

whereC, Kgyn, Kstat and Kjeax depending on the real consumption estimatidy, is the
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threshold voltage, which must fulfill. > 2V,. And fgk, which represents the clock fre-
guency, may be approximated as a function of the core vqltgge

Figure 7.2 shows the representation of the load model ustdsinesearchr, represents
the dynamic resistance. For simplicity reasons, firstlycanstant average value of is
taken in order to design controllers. Later, the real timmeging parameter, , will be taken
into account.

The averaged load resistarReis given by

wheretg andt; are the initial and final time, respectively, in the risingrsient period.
Assume thaR_ has the same value in the falling transient period.

IMPEDANCE

Icap ]dyn + ]shortl

C TL Ileak

Figure 7.2 Load model.

Let us combine the specific form of the load, Egs. (7.2)—(#&h system (7.1). The
voltage equation can be expressed as

Ve = —BVe + b(Vh — V) uk — 9, (7.7)
where
e B£ k- >0ands £ leak . 0 depend on the load.
e b2 L > 0depends on PMOS resistanBg, and on load parametex.

CRo

Define the voltage error ag£ v, — v, wherey, is a voltage reference. Thus, the asso-
ciated error voltage equation is

é= —pe+b(vy —Vh)ux — bue+ Bv, + &+ ;. (7.8)
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7.2 Control laws

The objective of this section is to present some high-peréorce control laws for the Vdd-

Hopping converter, fulfilling the requirements mentionexddoe. All these controllers are

designed to provide stable behaviors, and different comethodologies are used in each
case.

Some simulations are performed, such that the behavioreotltsed-loop system with
the different controllers are shown. In these simulatidhs; 24 is taken as the total number
of PMOS transistors in the model shown in Fig. 7.1. Note thtlgast, one active transistor
must be always switched on. The voltage supplyis= 1.2V. The reference signai;,
follows a linear time evolution between the low voltage leye= 0.8V and the high voltage
level Vg, = 1.2 — An. This signal has a slope specified by the designer, whichsigiried
by [99].

Remark 7.2 For physical reasons, the maximum voltage achievgdnust be Y =V, — A
whereAy € R and is small. Ay, depends on the voltage supply, PMOS resistance and load
parameter.

The system resistances &g = 27.7Q and Ry = 31.41Q, the capacitance € = 9nF
while Kjgak = 1.67- 1073, the threshold voltage i¢,, = 0.4V, and system clock frequency
is wy, = 500MHz The sampling frequency has the same value that the clogkdrey. The
difference between the high voltage supply, and the high core voltag¥gy,, is A, = 0.08V
and the slope of the reference signgl,is L067- 10°V /s.

7.2.1 Control proposed in [99]

The development of the set of the high performance contsofta the Vdd-Hopping con-
verter is inspired by the ‘intuitive control’ used in [99]nder the form:

ug = saf {1 +sign(e)} (7.9)

In this law, no more than one transistor switches at each lsagnjime according to the
sign of the voltage error. Previously to the works developethis thesis [8, 9], control
(7.9) was the only published controller. Therefore, thistodller has the limitation that
one only transistor can be switched on or off at every sargflme. Figure 7.3 shows the
implementation of this controller. Likewise, Fig. 7.4 st®a simulation for this controller
by using Matlab. Note that the performance presents anlaecy behavior, with important
current peaks.
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Figure 7.3 Intuitive control from [99].

In what follows, other control alternatives are proposethaut the constraint that only
one transistor can be switched on or off, as long as the nupfliesnsistor is limited by 1
andN. This introduces a saturation in every control law for thel\Hiopping converter.

Remark 7.3 Every control law is designed in such a way that the desiregpudwoltage
corresponds to one of the saturation bouddsr N, since they corresponds to the lower or
higher voltage level, respectively.

Assumption 7.4 The sampling time is chosen in such a way that the contrditatzind
observability properties are preserved.

Control laws will be designed using directly the nonlineanttnuous-time equation
(7.8). This will lead to a continuous-time controller exgg®on that will be approximately
discretized. This approach is very common in the field of eaattic control [71,81]. The
implementation of these discrete-time controllers arevshioy block diagrams.

The time evolution for the reference signal employed in [@3aintained in the sim-
ulations of each developed controller in this section. Hamwvelater, it will be seen that,
by means of choosing an suitable reference, the closeddgsiem performance can be
enhanced.

7.2.2 Controller No. 1: linear controller

The first proposed controller is based on a linear structnaenely a Pl (Proportional-
Integral) controller. This controller is the most commodustrial control solution [17, 84,
120]. It has to be designed to cope with possible steadg-stabrs.
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Figure 7.4 Intuitive control. Evolution of: a) number of PMOS trarsiss switched on, by,
(dashed) and (solid), c) currentl;.
The proposed control law is:

uk = saf'round{K e+ K,0}, (7.10)

whereo corresponds tg}f”sedtand beingls = % the sampling time.

The constant&; andK; are tuned off line. The tuning process must take into account
the sampling frequency, low and high voltage level, numlieramsistors, load parameters
and PMOS resistance.

A tuning method is proposed to ensure the right system pednoce. For this, the closed-
loop system is linearized around a set point, such tat, [K1,Kp] are defined by ensuring
thatA+ BK is Hurwitz. This tuning mechanism is

_ 2&wn — (ub+B)

K1 T (7.11)
_oh
Kp = AR (7.12)

beinguy the minimum value of transistors that have to remain swdab, i.e., the mini-
mum value ofuy, uy = 1, andé is a design parameter. In Chapter 9, constraint§ @me
obtained, such that, the closed-loop system is asympligtstable to the equilibrium point
[e.0]=10,0].

The closed-loop system with control (7.10) can suffer wiupd- This phenomenon has
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not been studied and it is a future work. It is highlighted thathe performed simulations
this effect has not displayed.

The discretization of this controller is:

U, = sat) {u_1 + round KiAe + Ko}, (7.13)
where
_ K
Ki2Ky— ?2 (7.14)
Ko 2 KyTs. (7.15)

Equations (7.14)—(7.15) are common relationships betveeeninuous- and discrete-
time system [104].

Next up, Fig. 7.5 shows the approximate discretization ¢ tontroller, for digital
implementation.

CONTROL

Uk

ot N
round™ batl

\J

Figure 7.5 Digital PI controller.

Figure 7.6 shows a simulation of the system (7.8) with cdr{td.3). In this simula-
tion is chosen as design parameter vafue 0.05. The intervall defined in Lemma 9.1
(in Section 9.1) resultf0.01,0.08]. Therefore, the equilibrium stability will be able to be
guaranteed according to Chapter 9. This controller coulthbemost suitable for physical
implementation not only because it requires a reduced nupflemputational blocks, but
also because it does not require model information. Mone@agdat can be seen in Fig. 7.6, it
provides better performance in both voltage and curremabkes with respect to the intuitive
controller. Nevertheless, it still presents some peakkercturrent signal.
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In summary, this control law can make that the system achieysuited stability prop-
erties, as will be seen in Chapter 9, with the characteristrequires a reduced number of

computational blocks.
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Figure 7.6. Control No.1. Evolution of: a) number of PMOS transistovgtshed on, b) they;
(dashed) and (solid). c) the current;.

7.2.3 Controller No.2: feedback linearization

The second proposed controller is designed by using fe&dimearization technique. This
leads to a continuous-time linear system in closed-looge dim of this method is that the

closed-loop system becomes
e= —Ksze— K40,

which achieves the suited properties of a stable lineaesysRemind that = ft”Ts edt

The controller has the following form:

L KeetKe S edt+ B —€) + V% + 8
k _

e (7.16)

whereKs andK,4 are positive constant.
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Note that, ifK3 andK, are positive and the next Lyapunov function is chosen:
&€ (ST Tsedt)?
Viin = = + Kg=t——
lin 2 + K4 2 s
which differentiation is _
Vin = —K3€? <0,
then the equilibrium stability with control (7.16) is guataed.

For physical implementation, the controller (7.16) hasrtbet discrete-time approxima-
tion,

Ka(ex — 1) + Kaex + BTs(Vr, — &) + Vi, — Vi, , + OTs
bTS(Vh + & — Vl’k>

uy = saf’ round{ } (7.17)

whereKs andK, follow the similar change of parameter given #r andK» in Controller
No.1 (Egs (7.14)—(7.15)), i.e.:
Ks 2 Kg—% (7.18)
Ka 2 KygTs. (7.19)

Note that, the saturation and rounding functions are nacssonsidered in the discrete-
time controller.

Figure 7.7 shows the implementation of the approximatereliseime controller No. 2,
Eq. (7.17).

The performance of the control (7.17) wita = 2.4 andK, = 1.44 is displayed in Fig.
7.8. These constants have been tuned by ensuring that teddloop system is Hurwitz.
Observe that the current peaks have been reduced with tdspée ‘intuitive controller’,
obtaining a smoother current signal. Moreover, the voltegalves towards the voltage
reference with hardly oscillations. As a consequence, isgmhted energy will be reduced,
as will be shown below. Nevertheless, this controller has tnawbacks, it directly uses
model parameters and needs a larger number of computalilmeéis.

7.2.4 Controller No.3: Lyapunov-based design

The last controller is designed guarantying closed-loggpiuynov stability conditions for the
equilibrium,e= 0. Once again the design is performed employing the contisxtione error
equation (7.8).
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Figure 7.7 Digital feedback linearization control.
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Figure 7.8 Control No. 2. Evolution of: a) number of PMOS transistovdtshed on, b) thev,
(dashed) and (solid). c) the currenk;.
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Consider the following Lyapunov function candidate

e
Vlyap: E

Its time derivative is
Viyap = —B€ + (B(V; — Vi) — buge+ Bv; + 5+ )e. (7.20)

The negativeness &f can be assured canceling the undesired terms. This can leebgon
choosing
BVr +Vy 40
U = — 0, 7.21
“" b(Vht+e—v) (7.21)
then Eq. (7.20) will be _
Vlyap = _Bez <0

Thereforee = 0 is asymptotically stable.

The approximate discrete-time version of Eq. (7.21) carsig) the saturation and
rounding function for physical implementation purposes is

BTsVry + Ve, — Vi, + 5Ts}

7.22

u, = saf’ round{

Figure 7.9 shows a block diagram of this discrete-time aleir.

CONTROL

Ur
\>—>round* sat{v —‘k>

Figure 7.9 Digital Lyapunov control.

The performance of this controller is displayed by simolatin Fig. 7.10. Note that,
the application of this controller to the Vdd-Hopping cortee reduces the current peaks,
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obtaining smoother voltage and current evolutions. No&t the obtained performance is
similar to the one obtained with the feedback linearizatiomntroller (see Fig. 7.8). However,
this controller presents less computational blocks. Compay 7.7 and Fig. 7.9.
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Figure 7.10 Control No. 3. Evolution of: a) number of PMOS transistongtshed on, b) they;
(dashed) and (solid). c) the current;.

7.3 Performance evaluation

In this section a performance evaluation is performed ferrésulting voltage and current
signals, after applying the previous controllers. The agdt signal performance is evalu-
ated by computing the mean and variance of the voltage drikewise, the current signal
performance is evaluated by computing the maximum curreakp produced as well as its
Power Spectral Density (PSD). This PSD is computed usindp@ltecorded data, since this
decomposition is computed after the simulation.

Table 7.1 presents the mean and variance of the voltagesgrmal and maximum peak
of the current signal.

Note that, all the new proposed controllers improve theesygierformance with respect
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Mean Error| Var. Error | Max. Curr. Peak
Intuitive 332102 | 6.59-10°° 4.0.102
Contr. No. 1| 24.10° | 254.10° 2.5.102
Contr. No. 2 | 252-10°2 | 4.66-10° 0.5-10°7
Contr. No. 3| 2.24.10°° | 3.37-10°° 0.5-10°2

Table 7.1 Performance evaluation.

to the solution given in [99]. Furthermore, equilibriumtstay has been guarantied for Con-
troller No.2 and No.3 in the previous section. Likewise, igguum stability of Controller
No.1 will be proved in a chapter dedicated to such purposef@n 9) because of its com-
plexity. From this point of view, among these new proposeatr@diers, the most interesting
one is Controller No.3, since it provides the best voltage @nrent performance. This can
be observed in Table 7.1 and in Fig. 7.11. Observe that dtettdo.3 ((d) in Fig. 7.11)
provides a PSD smaller than the other controllers (seel(pand (c) in Fig. 7.11).

7.3.1 Energy evaluation

In the set of PMOS, the accumulated dissipated energy imdahsient period depends on the
control law employed, i.e., on the switching sequence. Rstance, undesirable oscillatory
current profile can be obtained with certain controllers.isTion-smooth behavior of the
transient current may result in a higher energy consumpiibe purpose of this subsection
is to evaluate the energy cost associated with each one obtitllers presented in previous
section.

The estimation of the dissipated energy in the PMOS tramsisturing the transient-
period is

t
Eq= / f(Vh—V(;)hd'[

to

wheretg is the initial time and; is the final time in such transient period. Figure 7.12 and
Tab. 7.2 show the dissipated energy during the rising teswgieriod.

Note that the energy consumption for all controllers presgmbove is improved with
respect to the intuitive controller. This is due to the srheobehavior of voltage and current
signals obtained with these controllers. Likewise, notg,tthe smallest dissipated energy is
achieved with Controller No.3, since it provides the bestggenance.
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Figure 7.11 Power spectral density.

DISSIPATED TOTAL ENERGY {1J)
Intuitive control 7.2
Controller No.1 6.8
Controller No.2 6.2
Controller No.3 4.8

Table 7.2 Total energy dissipated in rising transient period.

7.3.2 Summary

The intuitive control proposed in [99] provides a reasoaabhcking at the expense of an
oscillatory behavior due to its own limitation. This invely that the current signal time
profile presents a high frequency behavior with some subataeaks, in particular when

the total PMOS parallel resistances are larger. This seerbs the main cause of a larger
dissipated energy.
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x107°

Intuitive

Control No.1

4+ Control No.2

Control No.3

Figure 7.12 Energy dissipated during the rising transient period.

Linear control (Controller No.1) does not need model knalgk This controller also
reduces the current peaks with respect to the intuitiverotbat. The dissipated energy
reduction according to this intuitive controller is 5%.

Control by linearization (Controller No.2) yields a smatleairrent and voltage time-
profiles, reducing the current peaks. However, it direcieds system knowledge and
presents more computational blocks. In terms of energywupson, this controller im-
proves the ‘intuitive control’ by 14%.

Lyapunov’s controller (Controller No.3) requires also mb&#nowledge and a certain
number of computational blocks. The highlight of this coiiér is its energy consumption
reduction, which is due to the smoother behavior of the geltand current time profiles.
This involves that the controller reduces by 32% the eneogygamption with respect to the
‘intuitive control’.

Although the Lyapunovs controller presents very nice ctterestics, they may be en-
hanced by changing the voltage signal reference and adagbknresistive load parameter.
Firstly, a signal reference can be computed looking for mining the dissipated energy
and the current peaks as well. And secondly, note that, thealter depends directly on
the resistive load parameter. Therefore, an adaptive @srtcan be designed to cope with
variations and/or uncertainties on this load parametees&hwo issues will be seen in the
next section.

Generally, the power consumption can be reduced if the looad voltage or/and the
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clock frequency are decreased, that is why a GALS systemevislaped in the ARAVIS
project where the Vdd-Hopping converter is embedded. Téguency is chosen in such a
way that the task (for instance, the execution of the cotawe$ designed here) is performed
before a deadline and that the minimum required local cloegudency that guaranties the
critical path (longest path delay) on the correspondinglctiomain [45]. Normally, in order
to take care of this issue when the frequency and voltage toanise, firstly the voltage is
rising and later the frequency is rising. On the contraryemwthe frequency and voltage have
to fall, firstly the frequency is fallen, and later the volkeag fallen.

7.4 Advanced Lyapunov’s controller

The Lyapunov’s controller (Eq. (7.21)) presents very sugeoperties for the Vdd-Hopping
converter. However, this controller can be improved.

On the one hand, minimization of energy consumption andectippeaks are desired.
This can be achieved finding an appropriate evolution forvitieage referencey;(t), by
applying optimal control theory [80, 86, 155].

On the other hand, note that the Lyapunov’s controller ddpem the resistance load
parameterf3. However, this parameter is, in many occasions, difficugsbmate and may
change with time, as mentioned in Section 7.1. Thereforecarsl objective is to design an
adaptation law in order to obtain an estimatfifor the unknown parameter.

The proposed control architecture including the optim&nence and the adaptation
mechanism is shown in Fig. 7.13.

ADAPTIVE

CONTROL ‘T

B |

v

/

|4
v u Ve
REEEPI:RE&Q(L:E > CONTROL |—k 3 sysTEM

\J

Figure 7.13 Vdd-Hopping closed-loop with optimal evolution of the esfnce and adaptation pa-
rameter.
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7.4.1 Optimal voltage reference computation

Assume that the desired voltage is constant. The problembeadgrmulated as to find a
continuous-time voltage reference trajectory from a \g@tanitial valuevc(tp) to set-point

Vy, minimizing current peakd\l, and the dissipated energy. This problem will be addressed
applying continuous-time optimal control theory [80, 8651

In order to optimize the current peaks, time derivative ef¢hrrenti; is included in the
performance index. In every sampling time, a certain nurob&rnsistors will be switched
on. The total number of PMOS transistors switched on at teeipus sampling time is
denoted by, , and the total number of PMOS transistors switched on atithreist sampling
time is denoted bylk+. Consequently, the number of PMOS transistors switched offf i
every sampling time is given byu, = u — u, .

The current peaks are due to the sudden change of the PMQ&nes at the sampling
times. These peall; = Iﬁ — I, are given by

Vh — Ve

Ro

Vh — Ve

Al = (U —u) =

Auy.

The same notation given above fgf andu, is used here for variablg. Therefore, the
continuous-time approximation for the current peaks is
L Vh _VC .

Ro

Another way to achieve this same expression is taking tinneate/e of I, given by Eq.
(7.1). Rigorously, the time derivative of this current is

- Vh—Ve. WV
I = hRo Cu—éu.

Nevertheless, it can be shown by simulation that during a&@gransient-period, the last
term is very small (see Fig. 7.14). This simulation is parfed using the same parameters
given in Section 7.2. This graph supports the previous aeguim

Take the following performance index

T
J= / L(e,u,t)dt, (7.23)
0

where the final time is free and the Lagrangidi{e, u,t) is chosen in order to penalize:

e Voltage error,
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Figure 7.14 Current time-derivative terms.

e dissipated powel = (V, — v¢)l; and

e current peaks.

For this, the following Lagrangian is chosen

_ 2 \?2 _ 2
L=qe’+q <WU> +(\$u) , (7.24)

whereq; and g, are positive weighting constants. The first term of Eq. (Y 2&nalizes
the voltage error, the second one penalizes the dissipateerpn the set of transistors and

2
the last one, the current peaks. This dissipated power i®laddsR, = %u, where
VC — Vr —e

Let us consider a 2-dimensional optimal control probles e, u] with x = [&, V], where
v £ (. Thus, the Hamiltonian function is

H =& +a

Vh—Vr +42 V-V +e \2
h % : ( . R0r+ V) +A1[b(—Vh+Vr —e)u+ B + 3]+ Azv.

(7.25)
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Solving the algebraic equation

oH (e7 V7A17)\2)
ov

-0,

V=v*

Ut — —A2 Ro 2
2 Vh—Vr+e ’

which gives the optimal Hamiltonian expression

the optimalv*(x,A) is

. - (Vh— V¢ + )2 ASRS
H*(e,A1,A2) = €° + 0 = 2(Vh—vr+e)2+)\l[b(vr Vi —e)u+ B+ ).
(7.26)
The optimal solution is associated with the set of diffei@r@quations:
oH* :
=bvi —Vh—eu+pB+5=¢ (7.27)
oA1
OH*  —Ap R\ .
a2 <Vh—vr+e) =u=Vv (7.28)
oH* (Vh—Vvi +€)3 (A2R)? :
— 2g1e+ 4 —buA; —BAL = Ay (7.2
Je — 2he+4q R U v 197 buAi — BA; 1 (7.29)
OH*  2qpu(Vh —Vr +€)* o
3= = +bA(Vy —Vh—€) = —Ay (7.30)
with the boundary conditions,
e(0) =v; —Vv¢(0) (7.31)
e(1)=0 (7.32)
u(0) = number of transistors switched ontig-= 0. (7.33)
u(t) = number of transistors switched ontig- 1. (7.34)
and, the transversality condition
H*(1) = 0. (7.35)

Note that, this is a nonlinear Boundary Value Problem (BVRha transversality condition,
since the final time is unknown.

Solving (7.27)—(7.35), yields*, from which, the optimal voltage evolutiori = v, — €*
can be derived. This evolution can be employed as referemdbd controllers developed in
Section 7.2.

Numerical solution
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The problem raised before: finding a solution for (7.27)3%y with (7.31)—(7.34) and
(7.35), is acomplex problem because it is a nonlinear BVR aibur dimensional character
and it has a transversality condition. For this, a numesoAltion is proposed. Nevertheless,
finding this numerical solution is also an involved task. fEhis not so many tools that cope
with this kind of problems. In this case the Matlab functiovp4c’ has been employed.
Function bvp4c [130] combines the solution of Initial ValBeoblem (IVP) for Ordinary
Differential Equations (ODES) and the solution of algebeguations, being a non-shooting
code. The nonlinear algebraic equations are solved Nefgtby linearization, providing an
initial guess over a mesh and taking into account the boyrmatarditions. This is due to the
fact that can have more than one solution and, thus, a gueisefdesired solution must be
provided by designers, which includes an initial mesh f@s tlesired solution.

Function bvp4c controls the error of the numerical solutad adapts the mesh in every
iteration to obtain an accurate numerical solution with adest number of mesh points.
Thus, obtaining an ‘residual’ error is common. If the residerror is small, then the solution
provided by function bvp4c is a good solution.

Function bvp4c is not directly applicable for the presemtybem since it cannot handle
the transversality condition. Thus, this function has besed iteratively in order to obtain
a solution that fulfills condition (7.35). The system par&ng given in Section 7.2 are
reported. Furthermore, it is considered the rising trarigeriod, i.e, when output voltage
goes from the low voltage level to the high voltage level. rEf@re, the next boundary
conditions are selected:

e(0) = vy —Vv¢(0) (7.36)
e(1)=0 (7.37)
ui0)=1 (7.38)
u(t)=N (7.39)
The following values for the weighting constants are chébsen
01 =0.64 (7.40)
0. =0.32 (7.41)
Using as initial guess
e(t) = 0.3e10%
u(t) = 24— 23~ 10
A(t) =10°t +10°

Aa(t) = —3.2-10t2 —3.2- 10"t + 100,

1As usual in optimal control problems, they have been chosentiial-and-error procedure, checking by
simulations the solutions obtained.
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Note that this initial guess has a complex form and, becausasibeen difficult to obtain.
As mentioned before, this problem is a complex problem, amdirfg a solution has been
very involved. However, with the future numerical methats expected that new tools for
this kind of problem will be researched and developed.

The nonlinear BVP (7.27)—(7.30) with the specified boundamyditions (7.36)—(7.39)
reaches the numerical solution shown in Fig. 7.15. Note thatboundary conditions in
e* andu* are satisfied when = 23.3- 10 %s. Frome*, the optimal evolution of the voltage
references* can be obtained.

Figure 7.16 shows the evolution Bif, whose value at = 23.3- 10 %sis close to zero,
fulfilling the transversality condition.

Notice that, this voltage reference has been computed éotidging transient period. For
the falling transient period, a similar procedure can bdiagp

a)

s %10
d)

-1000}
*
~"'-2000}

-3000

: : -4000 : : : :
1 15 2 25 o 05 1 15 2 25
1s) x10° 1(s) x10°°

0 0.5

Figure 7.15 Optimal numerical solution. a) error evolution, b) coth&golution, c)A; evolution and
d) A, evolution
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Figure 7.16 H* evolution.

7.4.2 Adaptive feedback control design

The Lyapunov’s controller (Section 7.2) has been desigmeteuuthe assumption that the
parametef is known. In this section, an adaptive law is proposed in or@eope with the
case when the load paramefers unknown.

Let us denotq@ as the estimated value for the load parameter. This esthpat@meter
will be used in control law (7.21) instead of its real valueheTapplication of this law to
system (7.8) yields .

é=—pe+ v — PBv;. (7.42)

Let us assume thdi is a constant parameter which invol\ﬁ& 0 (the case whep is
time-varying will be discussed in next section) and define

B:B_ﬁ7 é:_ﬁ

For the adaptive control system, the next Lyapunov funatenmdidate is proposed

¢ B
W=+ (7.43)

wherey; is a positive design parameter that may define the adaptspiesd.
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DifferentiatingW with respect to time, yields

W= B+ (vre+ B).

A

Note thatf > 0, as has been seen above. The adaptive law is designed [®licgribe
term in brackets, i.e.:

[3 =—-B=wnve (7.44)

This achievesV = —B€2.

Asymptotic stability is established by LaSalle’s invagarprinciple [76]. For this, con-
sider the level sét, =W (e, ) < ¢y for sufficiently largecy > 0, wheréW < 0. This set is
compact and positively invariant.

Note thatW = 0 one= 0. Furthermore, note from Eq. (7.42), that

et)=0 = &t)=0 = p[(t)=0.

Therefore, the maximum invariant set\Vi4 with W = 0 corresponds to the single point

P. = (e= 0,3 = 0), thus, every solution starting M approaches the desired potas
t — oo,

7.5 Simulation of the advanced Lyapunov’s controller

In this section, some simulations using the parameter ptegdén Section 7.4 are performed.

The resulting controller (7.22) is

(7.45)

ug = saf’ round{

B TS\/;kk + V;kk B V;‘kkfl +0Ts
bTS(Vh + & — V;'kk>

wherey;, andv;,_, comes from the discretization of the optimal voltage refees which has

been previously obtained. For implementation, the valdeg aan be stored in a table. In
the same wayf is adapted by the discrete-time approximation of the adiaptéaw (7.44):

B = Bc-1— TslV;. &



Chapter 7. High-performance control for the DC-DC Vdd-Hioyggronverter 105

The data reported in Section 7.2 are used in the simulationerder to perform more
realistic tests, a more precise model for the load is consttim such a way thg® depends
onry, i.e., itis time-varying. The bounds ghare: Bmin = 1.38- 10 for ve = andBmax=
5.9-10’ for v¢ = Vi, As initial estimated values is takefi:= 0.

Figure 7.17 shows the closed-loop performance by employiagptimal voltage ref-
erence and the adaptation mechanism. Note that when thé&atidapmechanism is imple-
mented the system can achieve a similar performance to seeaf&nown load. Although,
the adaptive control introduces a delay in the system resp@mall current peaks and faster
transient periods are obtained.

In addition, thanks to the obtained voltage reference tleegynconsumption is reduced.
The accumulated dissipated energy in the rising transenmgis 48uJ using the Lyapunov
controller (Eq. (7.22)) and.BuJ using the advanced Lyapunov controller (Eq. (7.45)). That
means 90% energy saving. Likewise, the transient pericetigaed to 23ns

a)
U) T T
S 20Ff ' '
= 18’
Z 1 1 i i
0 0.2 0.4 0.6 0.8 1
t(s) -6
x 10
b)
1.2 :
< 1r I\
> 0.8 ‘ - :
0 0.2 0.4 0.6 0.8 1
«s) x10°°
C)
< 0.05} L
=" | ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1
1(s) x 10°

Figure 7.17 Vdd-Hopping with control (7.45) and adaptatiﬁn Evolution of a) number of PMOS
transistors switched on, b) (dashed) and. (solid) and c) current;.

The adaptation of the load resistive compong@ris shown in Fig. 7.18. Note thg@
approaches its real value, in spite of the fact fhas$ time-varying. Observe that the time-
evolutions of3 andf are superimposed.

Consequently, the reliability and efficiency of the coriep(7.45), which uses the opti-
mal voltage reference and the adaptation mechanism, hasvaédated. Besides, the fact,
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Figure 7.18 Time-evolution of[? (solid) andg (dashed).

that there exists a time-varying load resistive comporgnbt relevant for the right system
performance. In addition, this controller has a small epegnsumption as well as small
current peaks and faster transient-periods.

7.6 Conclusion

In this work, a set of controllers has been designed for a Mdgping converter. Most
of these controllers improve performance over the one usd@4d] in terms of transient
responses, as has been seen in Section 10.5. This consdlgery simple controller with

a strong limitation: only one transistor can be switched pofbin every sampling time.

The good results obtained with the set of controllers dgxesdain this chapter come from
applying control theory as well as the possibility to letlsgontrollers to switch more than
one transistor at once.

In a performance evaluation presented in Section 10.5 teeh@f controllers, it has
been concluded that the best one seems to be Lyapunov'ottentrThis is not only for
a better signal performance but also for a better energyuropgon. Nevertheless, this
controller can be enhanced, if both optimal and adaptiverobare developed. These control
approaches allow to diminish energy consumption and cupesks and deal with unknown
load parameters, respectively.

A method to obtain an optimal reference has been developggtiag optimal control
theory [80, 86, 155]. Nevertheless, the problem statednigrmethod presents a high com-
plexity, because it is a BVP with transversally condition £04"-order optimal problem.
Hence, that an optimal reference has been computed fromsoptbblem. This numerical
solution has been obtained using the Matlab function bvjtdas been a involved task, and
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it is expected that new mathematic tools will be developedh&ixe easier to compute this
voltage reference. This result achieves a reduction okatipeaks and 90% energy saving
with respect to the previous Lyapunov controller. This faeikes that the total energy saving
with respect to the intuitive controller used in [99] is 93&6luction.

In addition, an adaptive strategy is developed in order &l dath the load modeling
error. Moreover, in order to prove the reliability of thisagdive controller, it has been
introduced by simulation that paramefgrs time-varying, as is common in practice.

The suited performance of the results in the Vdd-Hoppingeder has been shown by
simulations.

In summary, an advanced controller which does not need lauye of the load resistive
parameter has been obtained. This controller reducesyoengumption as well as current
peaks and transient-periods. Nevertheless, it presenty@ complex physic implementa-
tion, since it requires more computational blocks.

Next chapter, a new controller will be developed to coves thiawback, at the same time
that all nice achieved properties are maintained.
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Chapter 8

Energy-aware controller for the
Vdd-Hopping converter

In the previous chapter a set of high-performance contrbbs been designed for the DC-
DC Vdd-Hopping converter. From the set of controllers, the that provides a better per-
formance has been selected and some developments havednedo tulfill with low-power
technology requirements. Nevertheless, it presents sammder of computational blocks,
what can be translated in a complex implementation in aertadustrial applications, as in
the ARAVIS project. That is why the controller with presetiie less number the computa-
tional blocks from the set of controller proposed beforehissen and enhanced in order to
accomplish all control objectives. It is based on a Pl stmef84, 120].

From this controller, an optimal nonlinear energy-awanetiler is obtained. The pro-
posed solution is a discrete-time control mechanism, whass not need to track any time-
indexed voltage reference. This control law only needs toankthe set-point. As an im-
portant innovation, the proposed a control introduces @argadn with time-varying limits,
which reduces the current peaks. These facts involve anrtantodiminishing of energy
consumption. Moreover, its computing cost have been retlutkeis patented under the
name of ENergy-AwaRe Control (ENARC) [6].

In the ARAVIS project, this controller will be simulated inHDL-AMS. In addition,
it is expected that it is implemented in the innovated 45nfarat 36nm SoC developed in
ARAVIS.

109
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8.1 Control design without current-peak managing

In this section, a controller based on linear control thesryesigned to cope with possible
steady-state errors [105]. The relevant characteristibisfcontroller is that presents a rela-
tive low number of computational blocks. This makes it iag#ing in industry. Previously,
it has been enhanced assuming that more than one transisteitched at once and, deal-
ing with a tracking problem. Now, let us consider a stabil@apoint problem. Therefore,
the reference will be constant, i.e., a step. This looks fakimg faster transient periods.
Nevertheless, important current peaks can be generateg akie to damage the system.

The ‘linear control’ proposed in Section 7.2 (Eq. (7.10)3 baen:
u = saf’ {roundKie+K0)}, (8.1)

wherea corresponds tdy' " " edt, which can be considered as a new variable that augmentes
the system dimension. ConstaiisandK, are chosen with the tunning mechanism (7.11)—
(7.12).

Figure 8.1 shows a simulation to display the stability praipe of this control law. The
data reported in Section 7.2 are employed in this simulafidre time-varying reference is
changed by a step reference, what makes to obtain fasteidrarperiods. Nevertheless,
the constant reference generates a no-desired importaahtyeak (as has been predicted
before), which may increase the dissipated energy as wedlradamage the physical system.
Note that this current peak is not symmetric when systemllisdgadown. It is due to the
current definition (Eqg. (7.1) in Section 7.1). Observe thatent variable directly depends
on the number of PMOS transistors switcheduthat is, smaller current for lower voltage.

8.2 Control redesign with current-peak managing

The controller presented before is modified in order to aghaehigh-performance from a
point of view of current-peaks. Current-peaks can be mahbhgéntroducing a pre-specified
maximum admissible current-peak constraint, e.g., inteaty an on-line saturation mecha-
nism. This current-peak constraint is defined in the Vdd{blog system byl ..

In Section 7.4, an expression that relates the currentti@risvith the number of tran-
sistor switched on or off in every sampling time has beenrmgive order to make easier the
reading, this expression is here advocated

Al = Vh — Ve

Au. (8.2)
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Figure 8.1 Control (8.1) with step reference. Evolution of a) numbEPMOS transistors switched
on, b)v; (dashed) and (solid) and c) curreni;.

It comes from the discrete property of the Vdd-Hopping cotarewhile that its core voltage
is a continuous-time variable, as is seen in [99].

Assume that a maximum admissible current variation for B®)(is defined aAl, ., in
such a way that
Vh — Ve

Al < Aug <Al .. (8.3)
This constraint can be introduced in the system by satgdhiea maximum and minimum
PMOS transistors that can be switched on or off and every Bagime, i.e., the maximum
in minimum admissibléuy, are

Auft = v _ch.max 2 oM (8.4)
Aug' = _VhRiochl'max £ ay, (8.5)

being a|'(V' > 0 anday" < 0. Note that the saturation limits depends on the outputgelt
Thus, control (8.1) is modified in order to consider currpeéks

ug = saf’ {rounc(saﬂ%: (Kie+ Kzo))} , (8.6)
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where the current-peak constraints are employed accotdingxt expressions:

o_rl'(\" 2 U1+ C(ll(v' (8.7)
ag = u 1 +ap (8.8)

Remark 8.1 The current peak constraint must allow to switch, at leasg wansistor in or-
der to guarantee that the system achieves the desired edkagl. Therefore, the admissible
current peak constraint has to be larger than a minimum bogumaranteeing this condition.
From Eq.(8.3), it can be obtained

Vi

Al > Vch_i
Ro

: Ve, — Vi
ow mln(AUk) _ Ch low

Ro

wheremin(Auy) is the minimum number of PMOS transistors that can be swdtoneor off
in every sampling time. Asus determined by a rounding function, the minimundAuy)
must be larger or equal thahin order to have that the constraif,,_, allows switching at
least one transistor.

1

The aware management of the current-peaks makes Cont&lt(Bbe an innovated
controller for the Vdd-Hopping converter. As a side effeat, important reduction of the
dissipated energy is achieved by means of a trade-off betfester transient period and
small current-peak as will be shown below. The optimizabbthe energy dissipation is a
crucial point in the miniaturization of microsystems.

8.2.1 Time discretization

Usually, the controllers are implemented in discrete-timibat is why control (8.6) is ap-
proximately discretized, yielding the structure

Y/ I— _
U = sali\‘ {ukl + rounc(sag'in (K1Ae + KzeK))} , (8.9)

whereK; andK; follows the transformation givenin (7.14)—(7.15) in Senti’.2, and where
ay andorl'(\’I are given in Eqgs. (8.4)—(8.5).

This controller is patent pending under the name of ENergygfRe Controller (ENARC)
[6].

The structure of the ENARC controller is shown in Fig. 8.2isl¢ontroller is composed
of:
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e two gains,K; andK», adjusted by a tuning method given by Eqgs (7.11)—(7.12), in
such a way that asymptotic stability of the equilibrium oé ttlosed-loop system is
guaranteed. The stability will be analyzed in Chapter 9.

e A current limit mechanism, that computes on-line the maxmand minimum number
of PMOS transistors switched in every sampling tirﬂel,'l" and Auy', respectively.
The limits over the switched-transistor variation are 13seey in order to ensure that a
maximum admissible current peak., is respected.

e A saturation mechanism that limits the maximum and minimuwriched-transistor
variation computed before.

¢ A rounding for digital control signal and

e an output saturation mechanism, that limits the minimummaadimum PMOS tran-
sistor number switched on at every sampling time.

1. Error Tracking Filter

1
1
1
1
]
e — Aup 2T T A
. K; ‘ L2k g 3. On—l}ne | k
m 1 i saturation ¥ ____
X :_Il’lefh_aI_IiEInS | Y, Rounding:
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1

imechanism

Aug 5.0utput saturation
AuM Al - — = 4 Jmechanism _ _ |
. X !
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[ O . k=1 Memory|,
>: 2. On-line ! T 1
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jcurrent limits | 1k !

Alma > . ! I
> mechanism 1 1 1 s
""""" I | k
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Figure 8.2 ENARC structure patented in [6].

8.2.2 Simulation of ENARC controller in the Vdd-Hopping sysem

Now, some simulations are performed to display system bigv@utions. The reference
signal is a step, as has been chosen in Section 8.1. For iraptation, some values of"
amdal'(\’I can be stored in a table. For this, the reported parameteesy&iom Section 7.2 are
chosen. Consequently, from Eqgs. (7.14)—(7.15) and Eqk1)#(7.12)

Ky =-193 (8.10)
K, = 39.27. (8.11)
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The maximum admissible current peak constraint is choseording to the equation given

in Remark 8.1
VCh _\/|

Ro

Al; = 0.6.

Figure 8.3 shows a simulation of the resultant closed-lombesn with Eq.(8.9). Note,
that the system response obtains faster transient percbcednces considerably the current
peak with respect to the previous controller (see Fig. 8.1).
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Figure 8.3 ENARC with step reference. Evolution of the: a) number of®Mtransistors switched
on, b)v; (dashed) and (solid), c) currentl,.

Energy-consumption evaluation.

Now, let us discuss the main objective concerning to therotiat: the energy consump-
tion.

The cumulated dissipated energy in the set of PMOS duringgshmeg transient time de-
pends on the type of control law employed, and thus, on thiking sequence. Remember
that in the control structure published in [99] only one #iator can be switched at each
sampling time and a ramp reference has been employed. Howetle the ENARC con-
troller more than one transistor may be switched in everypsiaigr-time and a step reference
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has been employed. The energy consumption during the risangient time has been re-
duced from 72uJ (with the control published in [99]) to.Q6uJ (with ENARC), i.e., 96%
reduction.

The energy consumption is much higher using the ‘intuite@ntroller than using the
ENARC controller. Note, thus that, a non-smooth behavidghefcurrent signal and a larger
transient time may result in a higher energy consumption.

8.3 Conclusions

In this chapter, some important advances have been dedefopéhe ‘linear controller’
(Controller No.1, in Section 7.2) proposed for the Vdd-Hiogpsystem. The ‘linear con-
troller’ has a relevant interest due to its simple implera&on, since it requires a relative
low number of computational blocks.

A nonlinear discrete-time controller has been designethimsvdd-Hopping system with
the aim of reducing the dissipated energy. This controléer dm energy-aware management
of current-peaks in the set of PMOS transistors. In additiostep reference has been used,
thus, it only needs to know the two desired voltage levelds Tésult comes from the pos-
sibility to control more than one transistor at once, i@ switch more than one transistor in
a same sampling time. As a side effect the transient-pedaoeldiminished. This controller
has been compared with the ‘intuitive’ control used in [98)}. this context, the ENARC
controller reduces the energy consumption a 96%.

The ENARC controller does not only have the same propetisie high-performance
Lyapunov controller developed in Chapter 7; but it also hasrgle implementation. And
thus, it may present special interest for industrial agicns in the fields of microelectron-
ics.

This mechanism is an innovative controller for the dischédel-Hopping converter ap-
plied in the ARAVIS project. It is focused on achieving th@ject global objective.

The features that have not yet been studied are the preskdelap as well as parameter
uncertainty, which will be taken into account in Chapter 10.addition, the closed-loop
stability of Vdd-Hopping with ENARC will be studied in nexhapter.
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Chapter 9

Approximate stability analysis of the
DC-DC Vdd-Hopping converter

In Chapter 8, a controller has been developed based on a $treature. This is a nonlinear
discrete-time energy-aware controller called ENARC, Whizay fulfill most of the specific

control objectives for the Vdd-Hopping converter, menédnn Chapter 6. Among them
its low computational cost can be highlighted. This chamastic makes it attractive for
industrial applications [17,84,120]. However, in that ptes, the equilibrium stability of the
system with the ENARC has been not studied. Therefore, theetgence and stability of
the equilibrium of the closed-loop Vdd-Hopping is not réla

This chapter focuses on studying the stability of the n@dmsystem (7.7) with the
ENARC controller developed in Chapter 8. As Vdd-Hopping ®ldd continuous, the sta-
bility analysis is performed in continuous-time, assuntimag the ENARC stability property
is ensured through its continuous-time version (this cwdus-time version of the ENARC
has been presented in control (8.6)). This is a very commsumagtion [71, 152].

For simplicity, a preliminary equilibrium stability anais of the closed-loop system is
studied when the controller does not consider the curreat pgsues. This controller has
been the ‘linear controller’ presented in Section 7.2 (EqlL@)). Then, a stability analysis is
performed when control (8.6) is employed. This controliéroduces a type of nonlinearity:
a saturation with dynamic limits. This fact makes that thalmear closed-loop system
works in three operating-modes: non-saturated systemmatat system in the upper limit
and saturated system in the lower limit. It is seen that theliegum is in non-saturated
mode. The stability analysis is based on LaSalle’s invagaprinciple [76].

The stability analysis presented here is not rigorous Iscdus based on some system
approximations in continuous time. The complexity of thecdete system with the ENARC

117
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does not allow to find another simple way to prove the glokaisty.

9.1 Stability with control (7.10)

In this section, a stability analysis is performed for thelimeear model (7.7) of the Vdd-
Hopping converter with control (7.10) developed in Sec8dh For simplicity, the saturation
that limits the number of the PMOS transistors switched owelbas the rounding function
are disregarded. This analysis is based on LaSalle’s aaveei principle [76].

To help the reading of the thesis, the equation of the corgn@called,
U = Kie+ Koo (9.1)

Remember thatr = ftt”s edtand the control parametelks andK5 are constant and chosen
according to the tuning mechanism (7.11)—(7.12) desciib€thapter 7. These tuning equa-
tions depend on a design paramefeil he following lemma deals with tuning the parameter
¢, such thatK;, andK»> have certain desired properties.

Lemma 9.1 Consider the interval

ugb-+pB ugb+pB h
200 20n  2(bug+B) |

If ¢ is chosen in |, then the following inequalities are satisfied

Ki>0 and K(bu,+pB)—Ks<0,
where y, is the upper-bound ofwii.e., 4, = N.

Notice thatk, > 0 from Eq. (7.12).

Remark 9.2 The term
h

2(bug, +B)
Is always positive from the parameter properties given icti8a 7.1, thus it is clear that the
interval | is not empty. Then, there is always a possibilityibd the suitable values for the
control parameters Kand K.

Assume that the tuning of these control parameters is asthiaccording to the previous
rules. The next step concerns the stability analysis of libsed-loop system. The following
theorem establishes the global stability of system (7.dguthe control law given in (9.1).
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Theorem 9.3 Consider system (7.7) with the controller (9.1). Then,ifakd K, are posi-
tive, the equilibrium of the system is globally stable.

Proof: From the dynamics of system (7.7), its equilibrium satidfiesequation
0= (\y —Vh)buk+ Bv; + 9.

Thus, an expression of the control input at the equilibrigrstraightforwardly obtained:
=———— =Ko, (9.2)

whereve and g are the equilibrium values of; and o, respectively. Note thaty corre-
sponds to the saturation bounds 1 ahavhen the set point is the lower and higher values,
respectively, as has been defined in Remark 7.3. Now, the agablewy, which represents
the difference between the contigl considered at any position and at the equilibrium, is
introduced:

Wké Uk—U_k. (9.3)

Rewriting the dynamic of system (7.7) using this new vaealplelds:
é=—(B +buw)e+ (v —Vh) bW + (vy — Vi) buk + Bv; + 9, (9.4)

Substituting the expression af from (9.2) into the right-hand side of (9.4), the following
equation is obtained
é= —(B+bu)e+ (v — Vi) bwi.

According to the assumption of the theorem, the control & is positive. More-
over, from Section 7.1, the positivity ¢ andb is guaranteed. Since the contrglis equal
to saj/{roundKie+K,0)}, itis clear that is positive and consequently sqdst bu + Ko.

The next step of the proof is based on the Lyapunov’s theof@omsider the Lyapunov
function candidate of the form:

& (0—0)?
bVh—v) 2

V(e7 0) = K27

Notice that, the reference voltageis constant. From the system properties, the high voltage
W is greater than the reference voltageAs has been seen just befobds positive. Thus,
V is indeed a positive definite function eindo.

Thanks to (9.1) and (9.2Y, can be expressed as follows

e U — Uy — K1€)2
+(k k 1).

V(€)= o) 2K,

(9.5)
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The differentiation of the functiod along the trajectories of (9.1) leads to

(BT w))e
A B

1 . . _
re [(Ki&é+Kze) — (K1é+Kze)] - [(Kie+ Koo) — Koo — K €.

Introducing(—K1€? + K1€?) in the previous equality and assuming that the differeiotienf
uy from EqQ. (9.1) is
U = Kie+Koe.

Then, the differatation of the function can be expressed as:

o ((B+Db(Uk+wk))
v_—( bV V1) +K1)e2. (9.6)

Note thatk; andK, have been assumed positive, aRd-= u, + W is assumed be positive,
thus,

V(eo)>0
V(e 0)<0.

Asymptotic stability is established by LaSalle’s invagarprinciple [76]. For this, con-
sider the level se@; =V (e 0) < ¢, for sufficiently largec; > 0. This set is compact and
positively invariant. This is represented in Fig, 9.1.

From Eqg. (9.6), notice thaY(e, 0) is negative everywhere, except on the lme- 0,
whereV (e, g) = 0. Unlesso = g, this is impossible from the closed-loop system (7.7) with
control (9.1), since

et)=0 = €ét)=0 = 0=-—(» —Vy)bKeo+Bv;+9.
The last equation is satisfied in

g=__ 0T o _ o
o (Vh — V¢ )bK2 ’

Consequently, the maximum invariant setd with V(e, o) = 0 corresponds to the
single point?, = (e= 0,0 = 0). Therefore, every solution starting {4 approache®, as
{ — oo,

In summary, the global stability of the Vd-Hopping with E§.X) has been established.
In next section, this result will be employed to analyze tlubdgl stability with control (8.6).
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Qv

Figure 9.1 Representation of the compact §at

9.2 Stability with control (8.6)

Based on the previous study, the objective of this sectido isxtend the proof before to
control (8.6). Note that, it is the continuous-time versadrthe ENARC controller, and it is
nonlinear due to control saturations. Here, the saturdtiatlimits the number of the PMOS
transistors switched on as well as the rounding functioraése disregarded for simplicity
reasons. An added difficulty is that the limits of the saiioreg depend on the stage

The equation of control (8.6) is expressed here, to makeets reading:

Ug = saﬂ:'g (Kie+Ko0), (9.7)

with
a' =+ o = uk_1+Vh_VCAI|max (9.8)
al'=u 1+ ag = uk_l_vh—chI'maX’ (9.9)

as has been defined in Egs. (8.4)—(8.5) and Eqgs. (8.7)—(8t®).stability analysis comes
from dividing the spacée, 0) in three regions (see Fig 9.2):

e Region I, where the system does not saturates.
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e Region I, where the system saturates in the upper limit.

e Region Ill, where the system saturates in the lower limit.
Remark 9.4 The equilibrium of system (7.7), i.ey & U, is in Region |.

This is easy to see from Eq.(9.2) and Egs. (9.8)—(9.9):

_ K25+¥A|max
k=sat _ &*° " (K:0),

KZO‘* WA' max

Notice thatvy, — . andRy are positive as it has been defined in Section 7.2 andMhakis
also positive according to Section 8.2. ThghﬁjTCAlmax> 0.

The proof will be defined in two parts. In the first part, comgarce to the non-saturated
region in finite time will be proven. In the second part, cagesce to the desired point,
once the system is in Region | is proven.

For the first part, two properties are performed for the sadar cases (Region Il and
[l1), which define the convergence to the non-saturatedore¢fregion 1). These properties
are based on the variahlg, since it is directly affected by the saturation limitg'(e) and
aM(e).

Assumption 9.5 For systen{7.8)with a suited sampling time, next expression in continuous-
time can be taken into account

~M
Oy = sargEn (Ki&+Kze). (9.10)

Equation before comes from Eq. (9.7) and Egs. (9.8)—(9.9)

Firstly, next property is defined for Region II:
Property 9.6 In Region I, if K is constant and positive, system (7.7) satisfies

o U >aM(e) >0

A KiAlmax _
= C —

o Uixy<eu<O0 being &n constant

e e>0
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Region III

o

Figure 9.2 Representation of the system operating regions.

wherea)! (e) is defined by Eq. (9.8) and & v; — e (as has been seen in Section 7.1). Be-
sides gy comes from differentiating, and employing the definition aﬁ" (e) from Eq. (9.8).
Parameters C andlax are positive according to Section 7.2 and Section 8.2, iespdy.

Remark 9.7 ug is decreasing with time derivative that is bounded away fm®ro, as is
shown in Property 9.6, and hence it will reaotﬁ/'(e) (see Eq. 9.8) in finite time.

Secondly, the following property is defined for Region llI:
Property 9.8 In Region lll, if K; is constant and positive, system (7.7) satisfies

o U< ay(e)<0
o Ui >en>0 bein 2 Killmax _
> Em g &m . constant

e e<O0
wherea(e) is defined by Eq. (9.9) and & v; —e (as has been seenin Section 7.1). Besides,

gm comes from differentiatingx and employing the definition af'(e) from Eq. (9.9).
Parameters C andlax are positive according to Section 7.2 and Section 8.2, iespdy.
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Remark 9.9 Uy is creasing, with time derivative that is bounded away frenozas is shown
in Property 9.8, and hence it will reaah"(e) (see Eq. 9.9) in finite time.

These properties and remarks about the different regidéms & prove the convergence
of variableuy to the saturation limits. For this, next lemma can be stated
Lemma 9.10 If the next conditions are satisfied:
Ki>0, Kx>0 and K(bu,+B)—K><0,
and taking into account the Assumption 9.5 then, systemwiti7 controller (9.7) saturated

in the upper or lower saturation limit converges to the natdsation region in a finite time.

Proof: Firstly, Region Il (see Fig.9.3) is studied, i.e., the cabemsystem saturates in
the upper saturation limit.

Employinguk which is affected directly byalﬂ"(e), as has been seen in Eqg. (9.10). Itis
desired to prove that:

O — a' ()

Figure 9.3 Region Il in the representation of the system operatingreg
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For this, the following Lyapunov function candidate is stéel:
W = U — o} (€) = Kie+Koe—ap (e) > 0.

Differentiating
ay’ (e)

W=Ke+Kob+—K "7 @

Next up, from Eq. (8.4)aM (e) is differentiated

- . aMe \.
W = —b(Vh — Ve)K —Ky(b Ko+ K" )& 9.11
(Vh—Ve) 1Uk+( 1(buc+B) + 2+Vh—vr+e) (9.11)
Note thatb and(V, — \¢) are positive from Section 7.2. Besides, from the statentenpos-
itivity of K is also established. And Property 9.6 maintaips- O in this region. Therefore,
the first term on the right-hand side is negative for everyetinstant. For simplicity, this

first term is defined as
¢(e) = b(Vh —Ve)Kqly > 0. (9.12)

Rewriting EqQ. (9.11), such that the next inequalities atstad

W= —g(e)+ (—Kl(buk+l3> + K2+\%) e

<—¢(e)+ (Kl(buk +B)—Ky— v C_’k\(/:%)Jr e) If(zle
G UCN L

<0.

The first inequality comes from applying = K;e+ Kse > 0, thus—é < %e Furthermore,
form Property 9.6, it is known tha < 0. A maximum bound ofy, uy, is taken in the
second inequality.

From Lemma 9.10K1 (bug, + ) — K2 < 0 is fulfilled, then the last inequality is satisfied
W < 0.
In addition, from Property 9.6, it is ensured thgtconverges to the boundary.

The proof for Region Il (see Fig. 9.4) is symmetric to the aleveloped before for
Region Il, applying Property 9.8. [ |
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Region III

Figure 9.4 Region lll in the representation of the system operatingoires.

Finally, from the lemma stated before about the convergentiee saturated region to
the non-saturated region, the equilibrium localizatiovegiin Remark 9.4 and the global
stability property of the Region | established in Theoref) fiext theorem ensures the global
stability property of the system (7.7) with controller (.7

Theorem 9.111f K1 and Ky are positive, and K(bu, + ) — K> < 0, then the equilibrium
of system (7.7) with controller (9.7) is globally stable.

Proof: There exist two state space regions corresponding to theewhen system
saturates in the upper limit (Region 1), and when the syssatarates in the lower limit
(Region 1ll). By Lemma 9.10, the system operating in Regiaor Il converges to the non-
saturated region (Region 1) in finite time. In addition, Redfes 9.6 and 9.8 guarantee that
the system once is in Region | can not cross this saturates iowards Regions Il or Ill.

Now, the proof is concluded by using the assumptikpnsandKj, that are constant and
positive,Ky (bu, + ) — K2 < 0 and by advocating the La Salle’s invariance principle.réhe
exists a sef), limited by the level curvé/ (e, o) = c; for sufficiently largec; and the sat-
uration limits, which is compact and positively invariaftigure 9.5 represents the <ej.
From Lemma 9.10 the state of the system rea€hem finite time.

As has been seen in Section 9.1, the maximum invariant seW{& o) = 0 corresponds
to the single poinf, = (e = 0,0 = 0). LaSalle principle establishes that every system
evolution inQ, approache®, ast — oo.
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Figure 9.5 Representation of the invariant $e4.

9.3 Conclusions

In this chapter the equilibrium stability of the nonlineadd/Hopping system when control
(9.1) has been analyzed . This controller does not managectharence of current peak
in the system. The proof of this stability analysis has beased on LaSalle’s invariance
principle.

Next up, the analysis has been extended to prove equilistablity with the innovative
nonlinear controller (9.7). This controller manages auirggeaks through saturations. The
saturation limits depends on the system state, making wlific prove global stability. The
rigorous global stability analysis deals with three opagatnodes: no saturated, saturated
in the upper limit and saturated in the lower limit. It has heasured that the equilibrium
is located in the non-saturated mode. When system is satliiitvill converge to the non-
saturated mode in finite time without being able to returnhi® non-saturated case. This
analysis follows LaSalle’s invariance principle for a domiounded by Lyapunov level and
the saturation lines.

The analysis presented here has been performed for a consifiitme version of the
ENARC controller. It has been assumed that the stabilitype@rty is maintained for the
discrete-time ENARC controller. This kind of assumptiangery common in control theory
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[71,152].

The only control objectives that have not yet been constier¢éhe equilibrium robust-
ness in view of delays presence and parameter uncertaimdiethe system can suffer. These
issues will be seen in Chapter 10.



Chapter 10

Sub-optimal control considering delays
and parameter uncertainties

In Chapter 8, an energy-aware controller has been desigmédd \Vdd-Hopping converter.
This converter satisfies control requirements for this fpwer converter implemented in the
ARAVIS project context. Furthermore, in Chapter 9 a st&p#inalysis of the equilibrium
has been performed. In order to cover all control requirdmspecified in Chapter 6, this
chapter focuses on system robustness with respect to defaygarameter uncertainties in
the Vdd-Hopping system at the same time that the stabilgyeranteed. They are common
issues in SoC [112,140].

Figure 10.1 shows Vdd-Hopping mechanism including delday®& system has a compu-
tationalhy-sample-period delay at the control block input requiredrisure that the system
is synchronized with the cluster clock [77]. Likewise, thés a computationdi;-sample-
period delay associated with computational issues in thealdblock output. The size of this
last delay depends on a trade-off between power consumgidiperformance. Generally,
the power consumption can be reduced if the local core wltaand the clock frequency
are decreased. However, this fact produces that the cotigmabspeed diminishes, in such
a way that the size of the existing delay decreases. Therdfeh,-sample-period delay de-
pends on the local clock frequerdid8]. In many cases, applications do not require the full
computational power at any time. The performance requinemsehat the task is performed
before a deadline. Therefore, it is possible to have a logueacy, which ensures system
performance, and hence, to allow reducing the power consamn the other hand, there
is a minimum required local clock frequency that guarantiescritical path (longest path
delay) on the corresponding clock domain circuit [45]. Thatvhy, a low frequency of
200MHzis taken here, for the local clock. This frequency introduae one-sample-period
delay in the control block output. In some cases, it is cargd that the delays are fixed and

The higher the clock frequency is, the longer the delay is.

129
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known.

The other relevant issue in low-power technology are thampater uncertainties, which
can generate a non-desirable performance and lack of iteliads the system [34, 93].

In summary, delays presence and parameter uncertaintisisbmwonsidered in the de-
sign of the controller.

The control design procedure given in Lemma 9.1 providesga®f values for param-
eteré that guarantees equilibrium asymptotic stability for eys{(7.7) for fixed parameters.
This stability analysis has been performed in Chapter Shalgh this tuning method deals
with the current peak management, it does not consider dina¢ System parameters may be
uncertain. Likewise, perturbation rejection and delaysawmt considered either.

In order to ensure the robustness of the Vdd-Hopping coewevtth respect to un-
certain parameters and delays presence, a ‘conservatiedtimal tuning approach for
K1 andKj; is now developed for an approximate ENARC controller verditat, for sim-
plicity, disregards the current peak management. For thes,system is rewritten into a
suitable state-space form to formulate a roldst problem that can be solved by using
Lyapunov-Krasovskii theory [53, 62]. In this process, thtusation in the controller is con-
sidered [26, 50]. The designed controller guarantees atiogtability, disturbance rejec-
tion as well as robustness of the system with respect to sl@lag uncertain parameters. The
problem is expressed in terms of Linear Matrix Inequalitledls). Likewise, an attraction
domain is estimated in such a way that a regional stabitindor the saturated control is
guaranteed.

The robustness properties of the closed-loop system watisub-optimal control tuning
design applied to the ENARC controller are tested by sinmuiat In these simulations is
taken into account that the load dynamic parameter is nadtaatR , but is time-varying
r., as mentioned in Chapter 7. Remember that for control pepds has been taken as
constant in Section 7.1.

v+ e [, JCONTROL |y [© ;1  |Vdd-HOPPING  LOAD | Uc
Tl K Ky [P Ry T RyC

Figure 10.1 Sub-optimal control tuning for the ENARC controller.

An evaluation of the two control tuning approaches develadpethis part of the thesis
for the ENARC controller is performed.
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10.1 Problem statement

In this section, we are going to formulate the problem reagithe system (7.8) in an approx-
imate discrete-time form considering both delays and uaceparameters. This approxi-
mate time-discretization is performed by using forwardeewhethod [104], by assuming
that the sampling time is small enough to the system evailutickewise, for simplicity, an
approximate version of the ENARC controller is taken.

From Fig. 10.1, note thdt; andhy are the number of sampling periods in the input and
in the output of the control block, respectively. Takingsthbtation and considering a small
sampling period]s, the associated approximated discrete-time voltage eqoation after
employing forward Euler method is

&1 = (1—TsPB)ex+ Tsb(Vr —Vh) Uk, + Ts(BVr + ) — BTl &- (10.1)

Remember that the sampling frequency takes the clock frelynealue,Ts = %

Considering the statg = [ex  &_1]', the applied control law is
Uk—h, = saﬁ‘{ukflfhl + KXk,h}, (10.2)
whereh 2 h; +hy andK = [K; Ky,
The parameterR_, Ry andC that correspond t@, b andd andw, that defines thds in

model (10.1), can be considered uncertain. Each uncemsamgeter is within an uncertainty
interval, whose corresponding extremes are

o Uy € U, =1, u, =N,
e R € [RVRY,

o Ro € [RO,RY),
o Tse [TsmstM]'

Remark 10.1 The asymptotic stability of system (10.1) is guaranteed poiat within an
uncertainty interval for the low level voltage, and within an uncertainty interval for the
high level voltage,#,, bounded by

» [RMuVh — RY'Kieak)  RI(U Vi — R§Keak)

j'_{ uRM+RY u, R+ Ry ] (10.3)
N RII\_/I (Uthh - R'(\)/I KIeak) Rﬁ" (Uthh - I:\)81}<Ieak)

fh—[ WRIRY 1 uRITRD } (1049
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Other added problem is that the system can suffer some egogelisturbances.

Consequently, the main objective is to find the optimal gain Kuch away that Control
(10.2) is robust with respect to delays as well as paramet@rtainties. Likewise, this opti-
mal K must guarantee asymptotic stability and disturbagejgtion for the known constant
delays h; andh,.

10.1.1 Alternative representation for the saturated contol (10.2) and
the error equation (10.1)

Firstly, some lemmas are given to rewrite the saturatedab(it0.2) and an alternative form.

Lemma 10.2 [67], for xi in %", assume that there exist & € 22" such thatl < Uk—1—h, +
GX—n < N, then

sa {Uk_1-n, +KXe_n} € Co{a(m) (Uk_1-hy + KX n) + (L —a™)(uc 1 n, +Gxcp), m=12 } :

Lemma 10.3 Assume that there exists@&Z1*", P2 > 0 € #™" and ¢> 0 such that for
any x € X, where
X={X X P <c i},

then,1 < ux_1-n, + GX_n < N, and Control10.2)admits the following representation

2
Uchy = D Amk [(a(m)(uk—l—hl +KXen) + (L= ™) (U_gn, + GXk—h)]
m=1
2
= > Amc[ue1n + 0 ™K+ (1-a™)Gx )|
m=1

beingy 2, ; Amk = 1, with Apy > 0, for all k > 0.

Then, defining
2

2
Q2 S A@™, for all 0<Am <1, Ak = 1
2 2
where the vertices of the polytope are givendd{, Eq. (10.1) can be rewritten
6+t = (1= TsB) e+ Tb(Vr — Vi) (-1, + @™ Kxp
+(1—a™)Gx_n) + To(BVr + &) — bTelc_1h, & (10.5)

form=12

2P is a positive matrix defined to guarante system stability.
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10.1.2 State-space representation

The saturated control and error equation, as redefineddyefibow to system (10.1) rewrite it
in a state-space form. For this, an expression for the dympart of the controllen_1_p,,
is obtained.

Next expression is achieved from (10.1)

&1 (1-TsB)ex — Ts(BVr + O) + bTsUk_n, &
1 st(Vr —Vh) ’

Uk—h

and it is delayed one sampling period

&— (1-TsB)ex—1— Ts(BVr +9) +bTslk—1-h, &1
Tsb(vr —Vh) .

Uk—1-h, = (10.6)
Now, Eq. (10.6) is applied to (10.5) obtaining

&1 = (2—ToB)ex— (1 —TsB)ex 1+ Tsb(vr — Vi) (a ™K + (1 — a™)G)x_n
—Tsb(Uk—h, & — Uk—1—h, E—1), m=12 (10.7)

This can be rewritten in the following matrix form:
X1 = AUy, U1y )X+ BOL™, m=1,2, (10.8)

where

1 0
B [TSb(Vb - Vh)}

A= |:2 - TSB - stLk—hl TSB -1 + TSbu(1h1:|

)

beingu}ff)h = (@MK+(1—aM)G)x_p for m= 1,2, with a(™ = [0,1]. ug_n, andu_1_p,
are treated as uncertain parameters, whose values willdideinhe uncertainty interval
[1,N].

10.1.3 Stability and disturbance rejection problem

Equation (10.8) can be rewritten in the following explidibged-loop form with an%’, per-
turbation added, in such a way thatla problem can be formulated.

X1 =A%+B(a MK+ (1—a™)G)x n+Bawk m=1,2, (10.9)
=@, Vle[-hQ0 (10.10)
Zc = l2X, (10.11)



134 10.2. H« control design

with

By — {bwll bwlz} ,

Bw,1 Bw,2

wherexy, z, wx € #Z" are the state vector, controlled output and exogenousatae input,
respectivelyg is the initial condition andh > 0 € % is a fixed and known delay. Moreover,

Problem 10.4 The problem is to find &(Py,c), a vector G and K such that,

a) Lemma 10.3 holds and, hence, the closed-loop sydter®)and

b) there exists a Lyapunov-Krasovskii functionglv0, such that Y, 1 — V along the
solution of (10.9)fulfills

Vi1 — W <0, (10.12)
when the system is not perturbed, and for any perturbatipatinthere exists a min-
imum disturbance attenuatiogp; > 0, such that, for ally > y* the % gain between

the perturbation vector yy and the output vectols less or equal ty. i.e.

|23 = Vw2 < 0, Vwk € .22
for @=0, —-h<I<O0. (10.13)

The solution to this problem guarantees the system stabiitwell as the disturbance
rejection for the time-delay system (10.9)—(10.11).

10.2 H, control design

In order to cope with this problem a mathematical manipafatf Eq. (10.9) is performed
via a descriptor model transformation [51]. The descripfgwroach is just a variable change,
which makes easier to work with Lyapunov-Krasovskii fuoogl [52].

10.2.1 Descriptor model transformation

Equation (10.9) is manipulated in order to achieve the previobjectives. For this, a de-
scriptor model transformation is applied.
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Considering:

A a < .
Yk = Xk41— Xk, W= Z Yi-
i—=k_h

Next, Eqg. (10.9) is rewritten in the descriptor form [51]:
Xet1| _
0

Yk + Xk

Fromx,_h = Xk — Wk, this system can be compactly written as:

_ — 0
EXir1 = AX— [
where

0
B(a(m)KjL(l_a(m))GJ e+ [Bw} Wg, m=12
A { 12

A+B(a™K +(1—a™)G) -1,
m=172

[I>

I

9 .

Yk

10.2.2 Condition for state-space representation

to guarantee & u!

+Gx_h<N,fori=12, whereul((izlfhl =
(10.3), it is necessary that next equations are satisfied

Firstly, the condition a) of the Problem 10.4 is dealt withorf [49], it is seen that, in order
k—1—hy

2N > N(1+eX_Pixicn) = 2(U;_p, +Gxen)
2< (1+ox_nPxicn) < 2(uf)
which correspond to

(10.15)
N —2u) e { 1 }
1 X k-1-h >0, 10.17
[ &m}[ ALY | (10.17)
for (10.15) and
(i)
—1+2u G
[1X1—h] :‘th
for (10.16).

(10.18)

These matrices can be rewritten in a suitable form by empépthe Schur's comple-
ment. Likewise defininy = GQy, applyingP; = Q1P1Q1 and pre and post-multiplying by
diag{1,Q1}, next LMIs from (10.17) and (10.18) are obtained
c Y_

e (N2—2Ny) P
respectively.

c Y
>0 - -1 >0, iI=12 10.19
>0, L (—1+2u|((')1h1)P1] >0, 2, ( )

_yk+AXk_Xk+B(a(m)K+(1—a(m))G)Xk—i—BWWJ ) =12

(10.14)

| E2daglzon 72 [
—12

{1,N} ¥x € X givenin

135
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10.2.3 Control design

Now, the condition b) of the Problem 10.4 can be formulatetenms of Linear Matrix
Inequalties (LMIs) [53]. Fulfillment of condition (10.12)ys condition (10.13) is looked
for.

Takel 2 [x W w7, then objective (10.13) is satisfied if

Vicr1 — Vi X — YW Wi < Tl < 0. (10.20)

PP

; A
DefineP = [PzT 0

} , beingP, Hermitian.

For this purpose, as Lyapunov-Krasovskii candidate is icensd

Vi = Vg +Vak +Vak, (10.21)
being
Vik=X EPEX%, Pi>0 (10.22)
h k-1
Vo =y ; YRy, R>0 (10.23)
n=1li=k—n
k-1
Vak = g X S%, S>0, (10.24)
i=k—h

whereVy , guaranties asymptotic stability of system (10.14) withdelalys. Delay-dependent
as well as delay-independent criteria are consider&f grandVs i, respectively [53, 62].

Next, a sufficient condition for asymptotic stability angtirbance rejection is derived.

Theorem 10.5 Consider system (10.9)—(10.11) with energy-boundgdnd control law
U_p = aMKx_p + (1 — aM)Gx_p, for m= 1,2, where h> 0 € Z is a known constant
delay and KG € 2", If there exist SR P, > 0 € ™" such that the LMIZ10.19)plus
the following LMIs are satisfied:

— = : — 0 S| ~.[0
T _ _ AT T
e ATPA—EPE+diag{lp,hR} —ATP B(a(m)K+(1—a(m))G)]+ [o] A P[BW] o
- * —tR-S 0
* * —y2|n
(10.25)

form=1,2,, then the equilibrium of the closed-loop system (10.9)4(I)ds asymptotically
stable and there is a valug such that fory < y* condition (10.13) is fulfilled.
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Proof: The goal is to satisfWi 1 — Vk + 2 z — YWk wi < O for both disturbance
rejection and asymptotic stability of the equilibrium fgisgem (10.14).

Lyapunov-Krasovskii method yields:

Viki1—Vik =X, 1EPBXci1 — X EPEX
_ {xﬂk*AT—wlI[o aMKTBT + (1— aM)GTBT] + w0 BVTV]}

XP{AX"_ a(m>BK+(1—a(m))BG} Yht {BW] Wk}_xkEPEXk
=X [ATPA—EPEJXc + M+, m=1,2.
where
— O —
Nk = —X; AP {a(m)BKJr(l_ a(m))BG} W— 0 aMKTBT + (1—aM)GTBT]PAX
m=12.

e—wl[0 BIJP { 0 W+ w[0 BYJPAY,

Bw} Wk—i-X_IP_\P[ 0

o
T Lo 7100~ 1 1

Vo1 —Vok = hy Rk — nzlykfnR)k—n <X ohR| %~ Hwk Riic

This inequality is obtained developing Eq. (10.23) and gippl Jensen Inequality [61].

Va ki1 —Vak = Xg S% — Xp_nS%_h = Xg Sk + Y Sk — Wl Sk

These developed expressions are applied to inequalit@),0in such a way that the
LMls (10.25) are obtained. [ |

10.3 Robust control tuning

Now, in this section, the uncertain parameters given ini®ed0.1 are taken into account,
guarantying the properties achieved above, stability dsasalisturbance rejection for the
time-delay Vdd-hopping system. That means, to obtain astobaturated control under
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parameter uncertainties, satisfying those properties.ttis, Theorem 10.5 is extended in
the case of polytopic uncertainties.

Denote
Q2/A BK By a Ucn, Uci1n]

and assume th& € ¢o{Q;, j=1,...,128}, namely

n
Q=% AjQj, for some 0<A;<1 HAj=1
=1

M-

J

and being the vertices of the polytope describe@by= [AD) BUK B a) UI(<j—)hl

uy p ] for j=1,2,...,128.

Pre and post-multiplying LMI (10.25) b = diag{Q1,Q1,Q1,Q1,In} and takingQ; =
P{l > 0 andP; = Q1P1Q1, R= Q1RQ;, S= Q1:SQ, the following sufficient condition is
achieved:

Theorem 10.6 Consider system (10.9)—(10.11) with energy-boundeana the control law
Uk—h = Kx_h Where h> 0 € # is a known constant delay and & € A", |f there exist
T.YcZ " and Q € Z”"withK=TQ[*, G=YQandR P;,S> 0 #™" for j =
1,...,128such that the LMI$10.19)and

r_(lj) - r;” B —aWBIT —(1—aBUY+S BQ:
Fi)a | * P, —2Q; +hR _a(J)B(J)Tt(l:a(J))B(J)Y B,Q1 <0, (10.26)
* * —%—S“) 0
* * * —V2Q1
j=1,..,128

where
r 2 QA0 + ADQ, — 20, +aDTTBI 1 (21— aW)YTBD' 4 oBIIT
+(1—a)BYY +1,
e P+ QAN — 20 +aBDT (21— a)yyTBDT,

are satisfied. Then, in the vertices j and i, the equilibrisrasymptotically stable as well as
the disturbances are rejected in the entire polytope.

Proof: This is an extension of Theorem 10.5 for a polytopic unceti@s with some
mathematical manipulations. Therefore, this theorenovadl Theorem 10.5 proof. [ |
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Remark 10.7 This robust control tuning method is conservative due tadifenition of the
matrix P, as well as, the attraction domai#,

Corollary 10.8 Gain K, obtained from T and {Qn Theorem 10.6, fulfills Theorem 10.5 and
consequently guaranties both robust stability and robustudbance rejection for a fixed
delay.

The extension of this approach considering the saturatieahamism of the ENARC
controller is open for future work.

10.4 Sub-optimal control result

In this section, the previous sub-optimal control tuningpplied with the data reported in
Section 7.2. Now, the clock frequency is takk = 200MHz. This frequency introduces
an one-sample-period deldy (= 1) in the control block output due to a power-performance
trade-off. Likewiseh, = 2, thush = 3.

The uncertain parameters take the following ranges:

transistor characteristi®y, from 25XQ to 38Q,

load dynamic resistanck_, from 5553Q to 7246Q,

load capacitanc&;, from 1pF to InF and

clock frequencywy,, from 125ViHzto 60(MHz

Then, LMIs (10.6) are resolved, obtaining

Ky=—7179 (10.27)
Ky =12114 (10.28)

0.0004 Q0008

This was obtained far=7.56,P; = [O 0008 1931} .10 andG = [_35_09 73645} )

In this computation, any perturbation was not taken intaaot. However, this method
can be applied for any, exogenous disturbance.

Note that even if the control constant tuning is consereativere is a feasible solution.
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10.5 Simulation Results

In this section some simulations are performed in order twsthe properties that the
closed-loop system can achieve when the sub-optimal daydanos are used in the ENARC
controller. Likewise, a comparison between the perforreaachieved with respect to the
control gains obtained by the previous control tuning giw@rsection 7.2 K; = —19.3
and Ky = 39.27), and the gains got by the sub-optimal control tunikg £ —7179 and
Ky, =12114) is made.

For these simulations, the parameters values given in@eci?2 and the data given above
are taken. We want to remark that in the following simulasiothe delay i$ 1 = 3 and the
load dynamic resistanc®_, will be time-varyingr.

10.5.1 Uncertain clock frequency.

In this kind of systems, clock frequency can be changes. Tdsed-loop system robustness
(with Ky = —7179 andKy; = 12114) is displayed when the sampling frequencyis=
200MHzin Fig. 10.2 andw, = 400MHzin Fig. 10.3. Observe that the effect of the delay
Is shown in system response. Note that the equilibrium isisbWith respect to parameter
uncertainties and delay.

10.5.2 Uncertain PMOS resistance

In this first evaluation, it is assumed that the electricaralteristic of the PMOS can suffer
changes. For this,.BRy% and 12Ry% is changed. This is shown in Fig. 10.4 and 10.5,
respectively.

Note that the system in the low voltage level converges®&®/ and 0797, which are
inside the interval given by (10.3y} =[0.675/, 0.799]. Likewise, the high voltage level
converges to .33V, which is inside the interval given by (10.4¥%, = [1.132/, 1.155/].
Therefore, system converges to the uncertain intervalesdtiests show once again the
system robustness.

10.5.3 Uncertain load parameter

Finally, an example shows that system performance is $emnsitk; andKo.
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The capacitance employed in the previous simulations haee®= 1nF. In the follow-
ing, it is desired to validate the system robustness whenlpF, i.e., 1000 times smaller.
The lack of knowledge of the load in the real applicationsh&fse systems may achieve
this change of three order of magnitude. Some simulatiomsgusoth the original and sub-
optimal control tuning are made.

In Fig. 10.6, it can be seen a wrong behavior of the contralteen the previous control
tuning given in Section 7.K; = —19.3 andK; = 39.27 are used. Nevertheless, Fig. 10.7
shows the simulation employing the sub-optimal controirignK,; = —19.3 andK, = 39.27.
Note that in Fig 10.6, the system does not respond to voltagation. However, in Fig. 10.7
the system performance is satisfactory.

This example shows the great robustness of the system wlesutiroptimal control
tuning is employed.
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Figure 10.6 C = 1pF andK; = —19.3 andK, = 39.27. Evolution of the: a) number of PMOS
transistors switched on, ) (dashed) and. (solid), c) current,.

10.6 Evaluation of the tuning methods

In this section, we want to perform an evaluation of the twotod tuning approaches pre-
sented in this part of the thesis.
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The first tuning method for the ENARC controller was presénteChapter 7. It was
developed focussed on ensuring the equilibrium converanocund of a set point for the
linearized closed-loop system. Later, in Chapter 9, an@pprate stability analysis for
the nonlinear system and the approximate continuous-tiNERE controller with this first
tuning approach was performed. Consequently, this tuniaghanism takes into account
the management of the current peaks and the fast transigntdpen such a way that a
high energy efficiency is achieved. However, the saturaiotine total number of PMOS
transistors, system delays and parameter uncertainttesiod been studied .

The second tuning method was developed in this chapter. dtdggeloped taking into
account the saturation of the total number of transistas, transient periods, delays, per-
turbation rejection and uncertain parameter as well aslisgabsues. Moreover, the closed-
loop system with this method also offers a high energy efiwye For this, it was called
sub-optimal control mechanism. Nevertheless, in this@ggr was not considered the man-
agement of the current peaks. An estimation of an attract@mmain, that ensures a maxi-
mum variation of the switched transistors in every sampgiimg, could guarantee that these
current peaks are small. As future work, it is desired to rcktthis result regarding the
saturation mechanism that manages the current peaks.

This last control tuning takes into account more controéoblyes, and thus, it consideres
a closed-loop system closer of the real one. In order to besathieved properties, some
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simulations are done employing the ENARC controller (itlee, controller with the current
peak management) with this sub-optimal tuning approachbaritbe seen, the right system
behavior.

10.7 Conclusions

An energy-aware control has been developed for the Vdd-kgpg/stem. This controller
achieves almost of the control requirements for SoCs tdolggo Nevertheless, parameter
uncertainties and delays have been disregarded. Gendnadlkind of systems have delays
due to synchronization issues and performance constraiugthermore, parameters can
change due to task requirements or can be varying on time.

In this chapter, these important issues have been dealt withsub-optimal ‘conser-
vative’ control tuning approach has been developed for tRARC controller in order to
achieve a robust closed-loop system with respect to thenges uncertainties and delays.
For this, the system is rewritten in a state-space form. Tmrol has been based ¢,
theory applied to time-delay systems [26, 53, 101]. For,te@me LMIs have been de-
veloped following Lyapunov-Krasovskii method. Consemtess of the method for the
Vdd-Hopping system has been discussed. This kind of methtuhe a linear controller are
employed in industrial applications [14,129]. System ihess has been showed by means
of some simulations.

An evaluation of the two tunning methods presented in this gfathe thesis have been
performed taking into account the approximations emplogdabth approaches.

A future research will be performed, in order to extend thsult considering the current
peak management in the control signal.

Therefore, with this development, all control requirensespecified in Chapter 6 have
been achieved. A controller, pending patent under the naARE, was designed for the
Vdd-Hopping system with the aim of reducing the dissipateergy. This controller has an
energy-aware management of current-peaks in the set of Pivé@Sistors. In addition, a
step reference is used, thus, it only needs to know the twpaets. This result comes from
the possibility to control more than one transistor at onee,to switch more than one tran-
sistor in a same sampling time. As a side effect the trangienbds are diminished. These
improvements make that system is more energetically efficia a comparison performed
with an ‘intuitive’ controller published in [99], it has beeshowed that energy-consumption
is reduced a 96%. Furthermore, it presents a relative lowbeuraf computational blocks,
what makes this controller feasible for industry applicas. Finally, the closed-loop system
has a robust equilibrium stability with respect to paramateertainties and delays.
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In summary, in this work a controller for the Vdd-Hopping ®m has been obtained.
This controller has the next properties:

¢ high energy efficiency,

e system stability,

e small current peaks,

e fast transient periods,

e robustness with respect to parameter uncertainty,

e robustness with respect to delays and

easy implementation.

Hence, it achieves an interesting relevance for SoCs atjglits and, thus, in ARAVIS
project implementation. An implementation of the ENARC tolter in VHDL-AMS will
be performed in the project context, in order to validatgpéagormed.



Chapter 12

Conclusions and future work

12.1 Conclusions and contribution summary

This thesis contributes to provide nonlinear control peablsolutions to several classes of
power converters. Specifically, this thesis deals with a AXCeonverter for applications
of medium or high power, and a DC-DC converter for low-powpgplecations. The first
problem was developed in the ‘Departamento de Ingeniexi&idstemas y Automatica’ at
the ‘Universidad de Sevilla’ (Spain). And the second elmatr application was raised in a
project of the French government, sponsored by the int@maltcompetitiveness pole Mina-
logic, called ARAVIS. The control problem was tackled in tb&partement d’Automatique
de GIPSA-Lab’ at the ‘Institut Polytechnique de Grenobledat the ‘Institut National de
Recherche en Informatique et en Automatique de Grenobtah(€). Both converters are
regarded with respect to their work contexts, and thus, $se@ated control objectives are
different.

Due to the dissimilar natures of both applications mentiobefore, the thesis is com-
posed of two parts. The first part is focused on the contrddlpra of the DC-AC converter.
Its structure is based on a double DC-DC boost converteajmmiby a boost inverter. It is
no-minimum phase'# order nonlinear system. Its main objective is to achievedémsired
voltage with a suitable control law, that does not requing rfierence signal. Furthermore,
other problems, as no purely resistive and known loads, leag@roposition of an estimated
attraction region have been coped with. The second paredhisis is devoted to a discrete
DC-DC converter for low-voltage application in SoC. Itaustiure is the result of employing
DC-DC converters in this kind of technology. It is based oa Ydd-Hopping technic in
order to fulfill Dynamic Voltage Scaling, hence, it is call&td-Hopping converter’. This
system is a ¥ order nonlinear system. Although, its simple model may reoatiractive
for control applications, it has relevant interest in theddidue to the project context, where

147



148

12.1. Conclusions and contribution summary

it is dealt with. The control objectives come from the ARAB®ject. In this context, the
relevant aim for this DC-DC converter is to achieve a hidiircigincy, while the current peaks
and the transient periods are minimized. This must be rebwefith a controller that ensures
the convergence to the desired equilibrium points, glotaddibty and robust behaviour with
respect to delays and parameter uncertainties.

Next up, the most important contributions of this thesisraghlighted.

For the first part, i.e., controlling the boost inverter aitcthe most important contribu-

tions have been:

1. A control law for the boost inverter has been designeddasen energy shaping ap-

proach for oscillation generation. This method provideslemant property, the system
iIs autonomous, and hence, its analysis and implementateoaasier, since the sys-
tem needs no reference signal. Furthermore, the energynghapproach employed
to obtain the control structure ensures global stability.

. A phase controller inspired by a phase-lock loop is priesem order to synchronize

the two output voltages of both parts of the system. This idextended to synchro-
nize the circuit with an external signal, as for examplehwite electrical grid.

By means of developing a control adaptive for the unknowanal slowing varying

load connected to the boost inverter, the desired outpuagelis always achieved.
This control adaptive needs of a state observer for somablas, although all vari-
ables are measured. Global stability of the full system a/@d by using singular
perturbation method, for this, the system is rewritten i@ $luitable form by using
time-scale separation.

The previous problems dealt with before have been extetadeload that is not purely
resistive but also has an inductive component. These daeselworks, have been not
considered in this thesis to make a simple reading, singedhe just an extension.
However, as the inverter control law as the adaptive cdetrdeveloped for the boost
inverter with an inductive load were published in [10] andi], respectively.

. The last issue considered has been the estimation ofrantath region for the boost

inverter. It provides a set of initial conditions corresdomg to trajectories that con-
verge towards the desired system behavior. This problenesdmom the real nature of
the boost inverter, which has several constraints, inolyidaturations. This makes that
the system has not global stability with the Lyapunov fumctobtained from energy
shaping approach.

Inspired by this estimation problem of an attraction redionthe boost inverter, a
general estimation method for this class of problem has pegmosed. It takes ad-
vantage of certain defined Lyapunov function, that ensul@sad) stability, raising a



Chapter 12. Conclusions and future work 149

simple optimization problem. This fact makes that the estiom is ‘conservative’.
This problem is resolved rewriting it as a sum of squareswigation.

This method is applied to the boost inverter. For this, tlevimus Lyapunov function,
has been employed. The method provides a good ‘conservastienation for the
inverter.

The second part of the thesis is focused on the control pmoloiethe DC-DC Vdd-
Hopping converter. Here, the provided contributions hasenb

1. A set of high-performance controllers has been propoBeese controllers have been
developed by applying several control theories focuse@aching the desired equilib-
rium point by the closed-loop system. From the set of colers| the one that provides
a best performance is selected. In order to satisfy the tgs¢c some developments
have been made to this controller, applying optimal and &gapontrol theory. This
control solution in spite of providing nice properties te thidd-Hopping converter
behaviour, has a relevant drawback: its computationalisog&ry large. Therefore, it
is not a suitable solution for the ARAVIS project.

2. An innovative controller for the DC-DC Vdd-Hopping comiex has been developed
based on the control structure with the smallest compurtakioost from the set of
control solutions proposed before. This controller haslwksigned based on energy-
aware concept. Its originality is due to its current-peakatang through saturations
with dynamic limits depending on the state of the systemchiieves the desired equi-
librium points increasing the energy saving, reducing threent peaks and diminish-
ing the transient periods. It covers almost all requiremémtow-power technology.
In addition, its simple structure is remarkable for indiztapplications.

3. A global stability analysis of the nonlinear model of theédvHopping converter with
the nonlinear controller presented before has been des@ldhe stability analysis of
the closed-loop system has been involved due mainly to thesden limits depending
on the system state. The global analysis is ensured by legSaiVariance principle.
For simplicity, this analysis has been performed in cordgimitime. It is assumed that
the stability properties in discrete-time are conserveds @ommon in control.

4. The last contribution is performed with respect to delayparameter uncertainties.
On the one hand, some delays can be presented due to theeggak context of
the Vdd-Hopping converter. They may be caused by synchatinizissues, as well
as, by providing an energy-performance trade-off. Thet®ydecan be considered as
one only constant delay. On the other hand, depending onpenafie application,
the system parameters can be diverse and time-varyingglthrentransient periods,
as well. Consequently, the problem is to find the optimal gdor the controller.
For this, an optimal tuning mechanism for these control g&iased orH,, theory
is proposed. They are obtained resolving some Linear Matexjualities (LMIs),
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which have been developed by Lyapunov Krasovskii metho@s&h.MIs ensure the
equilibrium robustness with respect to delays and parametertainties.

Finally, it can be concluded that nonlinear control theodan be powerful tools to pro-

vide solutions of several natures in industrial appliaagian such a way that global stability
of these systems is guaranteed.

12.2 Future work

Following the investigations described in this thesis,nbet future work will be taken up:

In the boost inverter:

1. A physic implementation of the boost inverter will be maderder to test the per-

formance of the control law proposed from applying energpstg. In addition, this
will allow to compare this control law with other controltethat have been already
published for the same inverter.

An extension of the proposed adaptive control can be padgd considering that not
all the states are measured.

In the case of the global stability analysis to the systeath the adaptive controller,
to extend this analysis (which has been performed emplogingular perturbation
analysis) for a infinite time.

To find a less conservative solution to estimate the aibracegion by employing
another advanced tool to solve the sum of squares optiraizptoblem.

In the Vdd-Hopping converter:

An implementation of the controller proposed in this thesill be performed in
VHDL-AMS, in order to test its real approximate behavioufdre to implement it
in SoCs.

A better numerical solution to obtain an optimal voltag&erence for the Lyapunov
controller will be performed with another advanced mathgratool.

Extension of the stability analysis of the closed-loogteyn in discrete-time.
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4. Extension of the sub-optimal tuning approach for the mdrgains considering the
saturation of the current peak management.
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