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Modeling and control of emerging DC-DC topologies for
renewable energy applications
by
Carlos Alberto Villarreal Hernandez

Abstract

Renewable energy is attracting investigation and investment worldwide. This can be
notice by studying cases of countries such as, Germany, China or Sweden , which are making
big investment in this field, brief information about these and other European countries that
are in the top ten of the renewable energy generation are presented.

The main topic in this dissertation is the penetration of renewable energy into the grid,
since it has been increasing considerably over the years. In this topic, it is involve the study
of DC-DC and DC-AC power conversion. In this dissertation the DC-DC power conversion
stage is studied in detail. Conventional DC-DC topologies are used in the industry in this
DC-DC power conversion stage, however, these topologies have some limitations. For that
reason, new topologies have been emerging, their characteristics represent an improvement
over the limitations of conventional DC-DC topologies. Considering that, in this dissertation
some of the emerging topologies, their modeling and control are studied. Moreover, it will be
discuss how the interconnection of the renewable energy source is usually made, and how a
stepping-up converter is incorporated into the system, and what are the main characteristics
of this converter in order to have proper exploitation of the source. Also, it is considered that
renewable energy sources are intermittent sources, which is undesirable since it may imply
interruptions to the electrical supply, to overcome this issue, a set of controllers are proposed.
Finally, not only the theoretical aspects are discussed, but also the hardware implications. A
brief explanation of the chapters included in this dissertation is presented next:

In Chapter 2 a novel control technique "Minimum Current-Ripple Point Tracking” is
presented, which is an output current/voltage control for interleaved DC-DC converters with
dual switched input-inductors, i.e., interleaved input inductors controlled by independent
switches. The controller for the interleaved converter encompasses three control stages: cur-
rent stabilization, output-voltage regulation and minimum input-current-ripple control. In
contrast with the two first loops, the latter is a novel stage introduced in this work to allow
operation with minimum input-current-ripple in the whole operating region. That is, even
though the converter has been designed for operation with minimum ripple in a given operat-
ing point, the scheme is able to dynamically deviate from this point to a new one where the
ripple is minimized and the output voltage remains constant.

In Chapter 3 it is shown how this new MCRPT control strategy is applicable to the study
of double dual boost converters, in which discrete-time linear and non-linear controllers are

presented. Under the proposed linear control technique, a new stability condition and gain
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tuning methodology are presented. Moreover, a nonlinear discrete-time controller is proposed
in case of requiring performance optimization over a wider signal range.

In Chapter 4, the MCRPT control strategy is tested in a Proton-Exchange Membrane
Fuel Cell (PEMFC) . A discrete-time controller is selected for this purpose. In this way, the
converter can mitigate the harmonic distortion on the current extracted from the PEMFC,
which is beneficial to improve the efficiency and lifetime of the cell.

In Chapter 5 the MCRPT control technique is combine with a nonlinear controller.

In Chapter 6 a strategy to regulate the charge and discharge of ultracapacitors in electric
vehicles applications is explained.

In Chapter 7 a controller that is able to stabilize DC-DC converters feeding a constant
load is studied.

Chapter 8 explains in detail the modeling of a DC-DC, this converter has the necessary
characteristics for renewable energy. Finally, in Chapter 9 the conclusions of this disserta-
tion are presented. The proposed controllers for the DC-DC converters are validated with
experimental results, in which scale prototypes were designed.
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Chapter 1

Introduction

High-power converters started with gate-turn-off (GTO) thyristors with the commercial devel-
opment of 4500 volts switching devices. These GTO devices became the standard until the de-
velopment of the high-power insulated-gate bipolar transistors (IGBTs) and gate-commutated
thyristors (GCTs) in the 1990s. These switching devices have improved switching character-
istics, like reduced power losses, ease of gate control, and snubberless operation, which make
them optimal for high-power applications [1]. Out of the development in the high-power
switches, power electronics is an area in constant development, nowadays it is involved in
many applications, such as automotive, illumination, battery backup systems, renewable en-
ergy sources and many others.

In this dissertation, the DC-DC converter, which is a power electronics component, are
studied, and how it improves the penetration of renewable energy into the grid. These DC-DC
converters are a part of the hybrid inverter, the latest is usually incorporated to have a proper
interconnection between the renewable energy source and the grid. A lot of topologies of DC-
DC converters are available in the literature, depending on the application, each topology has
advantages over the others. Considering that the application of the hybrid inverter previously
mentioned is for renewable energy, their main characteristics needs to be considered.

Firstly, it is common that renewable energy is generated at low voltages, which makes it in-
convenient to have a direct connection with the grid. Then a DC-DC topology with the ability
to increase the input voltage is required. For this reason, some DC-DC converters have been
proposed to step-up voltages in an efficient and reliable way [4—6]. Among the desirable fea-
tures of such converters are the use of moderate duty cycles to maintain high-efficiency.
Added to this, this step-up stage has an inherent characteristic associated, which is the input
current ripple [2,3]. This ripple is undesirable, since it represents a low efficiency and a decay
in the lifetime of some sources. Renewable DC sources such as fuel cells and solar panels are
between the sources that produce low output voltages and are affected by this input current
ripple.

Secondly, renewable energy such as solar or wind has a fluctuating output voltage, due to their
own nature, for this, the converter must be incorporated with a control stage. The principal
objective of this controller is to maintain a constant output voltage under disturbances of the
system, either if it is a input voltage (as a consequence of renewable energy variations) or a
load variation (as a consequence of the demand that the system may have). In this dissertation
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the control design considers that a fixed operation point is required, but also a system with a
wide operating range is studied.

Common solutions for these inconvenient features of renewable energy are commercially
available, nevertheless, the use of conventional topologies is highly extended. The incon-
venient with these conventional topologies is that they deliver a restricted output voltage, that
is, they have limited gain. Moreover, the input current ripple cancellation is also limitated to
a specific point, which is a disadvantage considering that renewable energy sources are not
constant. For these reasons, in this dissertation, instead of conventional topologies, emerging
topologies for renewable energy applications are considered. These emerging topologies have
some advantages over the conventional, like a higher gain and a better ripple cancellations
characteristics. The use of these emerging topologies imply some challenges, like their mod-
eling and control. For this, in this dissertation, a proper modeling technique and a adequate
control strategy are proposed.

1.1 Motivation

Since 2000, the production of renewable energy has been increasing over the years worldwide,
as can be appreciated in Fig. 1.1, these data was obtained from [7]. In this graph it can be
appreciated how the wind and solar energy production are becoming relevant. Nevertheless,
hydropower is by far the most common renewable energy source.

Renewable energy generation, World Our World

in Data
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Figure 1.1: Renewable energy generation worldwide.

To have a better understanding on the distribution of this renewable energy production,
Fig. 1.2 is shown, in this figure a world map where each country is colored according to the
amount of renewable energy production is shown. It can be appreciated how the blue countries
are between the most contributors to this matter. Most of the blue colored countries are due to
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the hydraulic reserves they have. But other countries colored in green, such as some European
countries, are increasing their solar and wind energy production, i.e. Germany or Sweden.

Share of electricity production from renewables, 2019
Renewables includes electricity production from hydropower, solar, wind, biomass. and waste, geothermal, wave and -
tidal sources.

s S .=
T L@ty
.

',

<0%6 40% 80%
No data 20% 60% >100%

Figure 1.2: Share of electricity production from renewable energy worldwide.

A constant increase in the global consumption of energy must be a concern for all coun-
tries all over the world. Some countries have a better progress in this matter like it was
appreciated in Fig. 1.2. This environmental compromise is recorded by the Energy Trilemma
Index, a document that the World Energy Council updates every year. In 2016 the three first
places were: Denmark, Switzerland and Sweden, respectively, while Mexico was in the 52
place [8]. In the year of realization of this dissertation (2020), the top ten of the rank is still
dominated by OECD countries, whit the top three as follows: Switzerland, Sweden, Den-
mark, while Mexico is in the 45 place. The top ten of this ranking is dominated by European
countries, this top ten rank illustrates the benefit of longstanding active energy policies [8].

It can be appreciated how the European countries become the leaders in renewable en-
ergies, particularly from wind generation. From this top three, it can be appreciated the case
of Denmark, which is a great example of how the fossil fuels can be replaced by renewable
energy sources. Denmark is a leader in generation of power from wind, it is far away from
his nearest rival, which is Ireland, the latest have 28% of its power from wind generation,
while Denmark recorded a 47% of power generated by wind [9]. It is surprising how these
European countries from the top of renewable energy generation accomplished their goals,
that is the case of Sweden, which is a country in constant growing with the objective of 100%
of renewable energy production by the year of 2040, which may be seem so ambitious, but
considering that in 2012, Sweden reached the government’s objective of 50% [10], it seems
to be plausible.

But renewable energy can also be obtained from the sun. A remarkable example on
solar energy is Germany, which is also in the top ten of the Energy Trilemma Index, as can be
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appreciated in the Fig. 1.3, which was obtained from [11], most of the installed capacity are
solar and wind energy.

Installed net power generation capacity in Germany 2002 - 2019. [Enroy |
Data: Fraunhofer ISE 2019. m
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Figure 1.3: Installed net power generation capacity in Germany 2002-2019.

It is possible to continue remarking the best countries in renewable energy exploitation,
but it is clear that clean energy is the global tendency around the world. Or eventually will be
for some countries that are not still compromise with the environment.

1.2 Problem Statement and Context

We have seen how the energy industry is making big changes due to new technologies and
new environmental concerns, this implies new challenges to the electrical industry. The in-
corporation of these new technologies into the existing electrical system is the main objective
of recent studies.

While studying renewable energy sources incorporation to the grid, the power transfer
is one of the main objects of study. This is, how to improve the efficiency of the system to
exploit the maximum power from the source. As was previously discussed, renewable energy
sources have some inherent characteristics that limits their exploitation; one of these is the
low voltage that these sources produces, to solve this issue, extra components need to be
included in the system, the most common solution for this, is the use of power transformers.
Nevertheless, in the area of power electronics, analogous devices to power transformers are
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object of study, namely the power converters. One of the main advantages over the classical
power transformers, is the possibility to convert direct current to direct current (DC-DC). A
variety of power converters are available, this variation is a result of how the components are
connected to form each topology. Since our primary objective is to increase the voltage of the
source, topologies with this ability are desired. The basic step-up converter is the well-known
boost converter, shown in Fig. 1.4. Nevertheless, as shown in Fig. 1.5 [2] the output voltage
of this boost converter, which can be refereed as a conventional topology, is limited. As the
output voltage of the converter increases (i.e. the duty cycle of the converter reaches value
of 1) the gain (V,,:/V,) tends to zero. Then, a proper topology, with the basic principle of
stepping-up the voltage as the boost topology does, but with a higher gain at the same duty
cycle, in order to avoid extreme duty cycles, needs to be selected to overcome the low voltage
of the renewable energy source.
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Figure 1.4: Boost converter.

In addition to the low output voltage of conventional topologies, the input current ripple
of these topologies tends to be unacceptable to have a proper utilization of the energy avail-
able from the power source. A typical waveform of this ripple is shown in Fig. 1.6 [2]. In
this figure the input current ripple expected from a conventional boost topology is assigned
as Aiy. As previously said, this ripple is undesirable because it represents the wasted energy
from the source, also it affects the efficiency and lifetime of some renewable energy sources,
such as solar panels or fuel cells. This decrees in efficiency of solar panels was recorded
in [12], the result can be appreciated in Table 1.1, where an open loop experiment was carried
out and Table 1.2, where the results of a closed loop are shown. The input current ripple
cancellation is a common topic in the literature, some of this literature use the conventional
topology in combination with extra components, like passive filters or coupled inductors. In
this dissertation non conventional topologies are selected to overcome this input current ripple
cancellation.

The use of new topologies imply new challenges, like their modeling. The modeling
of conventional topologies is well documented. Averaging is a recurrent modeling technique
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Figure 1.5: Output voltage vs duty cycle in a boost converter.

with a lot of advantages to avoid dealing with differential equations. Nevertheless, this tech-
nique is not applicable in some cases, for example when capacitors are in parallel connection.
These parallel capacitors are essential in DC-DC converters with multiplier stages. Then new
modeling techniques need to be performed.

As was previously discussed, the DC-DC converter must have a proper control to deal
with intermittences to the system, while maintaining constant output voltage. Since some of
the step-up converters are a result of the main principle of the conventional boost topology,
they share a non-minimum phase characteristic with respect to the output voltage, that is, the
transfer function has a zero in the right half plane. This characteristic limits their control
bandwidth, to deal with this non-minimum phase, a proper controller needs to be selected.

I.(t)

Figure 1.6: Input-current ripple of a boost converter.

In this dissertation these drawbacks of renewable energy sources are solved, first by
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| Open loop | | Closed loop |
% Isc P,y % eff %Isc  Puyy % eff

5 1333 98 5 1323 973

10 127.7 939 10 1299 955

20 118.1 86.8 20 127.6 938

30 109.5 80.5 30 1222 898

40 102.8 75.6 40 1162 855

50 97.6 718 50 1103 81.1

60 92.8 68.3 60 103.3 76.0

70 89.1 654 70 96.7 71.1

80 81.9 60.2 80 747 549

90 77.6  57.1 90 414 304
Table 1.1: Relation between input ripple Table 1.2: Relation between input ripple
current and the solar panel efficiency. current and the solar panel efficiency.

selecting a topology that is capable of producing a greater output voltage than conventional
topologies, and second, the input current ripple is minimized, in this way the lifetime and
efficiency of the renewable energy source are improve. Added to these improvements, in
this dissertation, the control of the power converter is designed in such way that even when
some of the renewable energy sources are intermittent, the power transfer is able to be in a
continuous form.

1.3 Objectives

The objectives of this work can be summarized as follows:
e Develop modeling techniques applicable to emerging DC-DC topologies.
e Study and develop control strategies considering the necessities of renewable energy.

e Develop new control tuning techniques applicable to the topologies used in this disser-
tation.

e Propose and develop a ripple cancellation technique according to the topologies used in
this dissertation.

e Develop the ability to test and corroborate theoretical results via hardware implementa-
tion.

e Prove that the proposed techniques are useful in real renewable energy applications.

1.4 Solution overview

The main challenges of renewable energy sources and their implications on the DC-DC topol-
ogy were discussed in previous sections. The necessity for high gain, the input current ripple
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cancellation, new modeling strategies, and a proper control are the primary objectives of this
dissertation.

Instead of using the conventional boost topology, along this document, two emerging
topologies with the desired ccharacteristics for a proper exploitation of renewable energy, will
be discuss; firstly, a topology named “Interleaved Multilevel Boost Converter”, and secondly,
a topology named ”Double Dual Boost Converter”; these two topologies selected, have in
common a high gain property, and a input current ripple cancellation capability. For the mod-
eling of these topologies, along this dissertation a continuous mode of operation is considered,
that is, the current of the converter is greater than zero all the time. An important contribution
for the modeling of these emerging topologies, is that they were analyzed in such way, that
even when the number of components in the converter increases with respect to conventional
topologies, the resultant model is quite similar in complexity. The control for these topologies
was designed considering the non-minimum phase characteristics previously discussed, then
a minimum-phase variable was selected to implement the control, that is, the input current of
the converters, nevertheless, since the variable to be controlled is the output voltage, then an
external control loop is added to the first current control loop, in that way, the converter is
stable and the output voltage remains constant.

Since all of the proposed techniques of this dissertation needs to be implemented, the
discrete-time modeling of these topologies is studied. In this dissertation, an approximate
discrete-time model is proposed, in which a nonlinear set of equations are employed. This
modeling allows the use of a nonlinear controller, that is also exposed.

Along this document, some publications are presented. Each of these publications deals
with a specific issue previously described.

e In Chapter 2, the "Interleaved Multilevel Boost Converter” is presented, its modeling
strategy is discussed, and the topology is combined with a new control strategy, that
ensures an active minimization in the input current ripple.

e In Chapter 3, a linear and a nonlinear discrete-time controllers are presented. In this
article an approximate discretization process is presented. Also, a new stabilizing con-
dition is discussed as a new tuning control technique. These two contributions are
demonstrated on a "Double Dual Boost Converter”, which is an emerging topology
with a ripple cancellation capability, reason why an implicit current ripple cancellation
technique is considered.

e In Chapter 4, the input current ripple cancellation control strategy presented in Chapter
1 is tested under the operation of a fuel cell, moreover, the control strategy is performed
in discrete-time. The main objective of this article, is to proved how the technique
improves the extraction of energy from a fuel cell. That is, the proposed techniques are
applicable to real renewable energy sources.

e In Chapter 5 the ripple technique presented in Chapter 1, is combined with a nonlinear
controller, proving that it is possible to combine this technique with another type of
controllers.
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e In Chapter 6 a strategy to manage the energy available in electric vehicles is presented.
Due to the penetration of hybrid electric vehicle in the electrical system, it is an impor-
tant topic to deal with.

e In Chapter 7, the study of DC-DC converters feeding constant power loads is presented.

e In Chapter 8, the modeling of the "Interleaved Multilevel Boost Converter” is discussed
in detail and the control,of this topology, which is a topology with proper characteristics
for interconnection of renewable energy sources, is presented.
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Chapter 2

Minimum Current-Ripple Point Tracking
Control for Interleaved Dual
Switched-Inductor DC-DC Converters

Summary of the chapter

In this chapter a research journal that presents a novel output current/ voltage control for
interleaved DC-DC converters with dual switched input-inductors, i.e., interleaved input in-
ductors controlled by independent switches is presented. The proposed approach is able to
guarantee a minimum input-currentripple point tracking (MCRPT) despite of variations on
the operating point. The controller encompasses three control stages: current stabilization,
output-voltage regulation and minimum input-current-ripple control. In contrast with the two
first loops, the latter is a novel stage introduced in this work to allow operation with minimum
input-current-ripple in the whole operating region. That is, even though the converter has
been designed for operation with minimum ripple in a given operating point, the scheme is
able to dynamically deviate from this point to a new one where the ripple is minimized and
the output voltage remains constant. The proposed scheme is experimentally validated using
a laboratory prototype of a high-gain interleaved multilevel boost converter.
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'Minimum Current Ripple Point Tracking Control
for Interleaved Dual Switched-Inductor
DC-DC Converters

Carlos A. Villarreal-Hernandez
Gerardo Escobar

Abstract—This article presents a novel output cur-
rent/voltage control for interleaved dc-dc converters with
dual switched input inductors, i.e., interleaved input induc-
tors controlled by independent switches. The proposed ap-
proach is able to guarantee a minimum input current ripple
point tracking despite of variations on the operating point.
The controller encompasses three control stages: current
stabilization, output-voltage regulation, and minimum input
current ripple control. In contrast with the two first loops,
the latter is a novel stage introduced in this article to allow
operation with minimum input current ripple in the whole
operating region. That is, even though the converter has
been designed for operation with minimum ripple in a given
operating point, the scheme is able to dynamically deviate
from this point to a new one where the ripple is minimized
and the output voltage remains constant. The proposed
scheme is experimentally validated using a laboratory pro-
totype of a high-gain interleaved multilevel boost converter.

Index Terms—Control, current ripple, interleaved dc-dc
converters, modeling.

|. INTRODUCTION

ENEWABLE dc sources such as fuel cells, solar panels,
R etc., usually produce low and fluctuating output voltages,
that are not suitable to directly feed grid-tied inverters. Con-
sequently, dc—dc converters with high input-to-output voltage
gain are required [1]-[3]. Among the desirable features of
such converters, the use of moderate duty cycles to maintain
high-efficiency is required, which is not possible to achieve
with traditional converters. Another relevant issue in renewable
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energy applications is the converter’s input current ripple [4],
which is an inherent component in boost converters playing a
major role in efficiency and life-time of, e.g., photovoltaic (PV)
panels and fuel cells (cf. [5], [6]).

It is precisely this issue that has motivated the flourishing
of ripple-cancellation strategies where interleaved topologies
(see e.g. [7]-[16]) are the most appealed solutions. However,
it has been noticed that high input-to-output voltage gain solu-
tions and input current ripple cancellation topologies are topics
commonly studied separately (with a few existing plausible
rounded approaches, e.g., [17]). In addition, a common short-
coming in interleaved converters is the restriction of having a
fixed operating point at which the current-ripple is perfectly
cancelled. This restriction implies that the duty cycle, and con-
sequently the converter gain, cannot be freely selected, usually
D = 0.5. Hence, the current-ripple is reduced but not cancelled
out outside a relatively small neighborhood of the zero current-
ripple operating point. The following are examples of this
restriction.

In [7]-[9], the authors propose controllers based on current-
balancing and output voltage regulation with a restricted oper-
ating point. In [17], a linear controller for a double-dual boost
converter is implemented, where duty cycles of the transistor
stages are required to be equal. The work in [18] presents a linear
controller that achieves perfect cancellation at a constrained
operating point, with equal inductor currents. In [19], a linear
closed-loop implementation that requires equal duty cycles is
presented. In [20], a controller that involves proportional values
duty cycles is presented. Needless to say, the closed-loop oper-
ation of the converters is crucial to deal with variations of, both
input-voltage and load that are present in any realistic scenario
(see e.g., [7], [18]-[21]).

In some cases, the aforementioned constraint is enforced by
interleaved topologies, where, although their input inductors are
controlled by different switches, such switches cannot adopt
arbitrary duty cycles. This is the case of, for example, the
traditional two phase interleaved boost converter. However, there
are other modern topologies that contain dual input inductors,
where inductors are independently controlled, as in double dual
boost converters (see [17], [22]). This is also the case in many
other topologies, see e.g., the review of interleaved converters
in [23]. Motivated by this issue, the pivotal argument in this
article, is that there is no compelling reason to keep constraining

0278-0046 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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the duty cycles in modern interleaved converters. Instead, this
article proposes to exploit their emerging freedom coming from
duality, to increase the current ripple cancellation capabilities of
converters over a much wider operating region.

From the literature review, it has been observed that high
input-to-output voltage gain converters, input current ripple
mitigation and the appropriate control design are relevant topics
for which there is still room for improvement. This article
presents a complete solution for the above discussed issues,
which comprises an interleaved topology of two multilevel
dc—dc boost converters together with an appropriate controller
overcoming disadvantages of some high input-to-output voltage
gain topologies, and featuring input current ripple mitigation at
any desirable operating region. It is shown that all these are
achieved by the proper sizing of inductors and a suitable control
law that minimizes the input current ripple in an active way.

In particular, a new control strategy is proposed, which is able
to simultaneously regulate the output voltage and actively miti-
gate the input current ripple despite of variations in the operating
point. Out of this, a new concept referred to as minimum current
ripple point tracking (MCRPT) for interleaved converters is
introduced. That is, the proposed control scheme steers duty
cycles to a particular steady-state value, where the minimum
possible input current ripple is guaranteed with respect to any
operating point of a voltage-regulated converter. In order to do
so, we provide the characterization of converter gains that ensure
stability in terms of easy-to-construct LMIs, for which effective
computational tools to find solutions can be used, such as the
MATLAB toolbox Yalmip. The proposed scheme and the main
theoretical achievements are validated via experimental results.

Il. MAIN CONTRIBUTIONS

The contributions of the proposed MCRPT controller can be
outlined as follows.

1) Active minimization of the current ripple is achieved.
Which permits to operate the converter over a region
instead of only an operating point, which is the traditional
point of view in passive strategies.

2) The proposed control is dual. i.e., it permits to indepen-
dently set up the controllers, which drops the restriction
to use a single time constant. This permits a greater
disturbance rejection capability since one controller is
able to respond faster than the other, out of which the
lagging effect of the dominant (slowest) time constant is
bypassed.

3) Stability is rigorously guaranteed. This is supported via
the above Lyapunov analysis and the fact that the pro-
posed converter has only one equilibrium point (charac-
terized by the gain equations), i.e., given a single equilib-
rium, local stability implies global stability.

4) There is room for accommodating further current/voltage
regulation strategies. i.e., it is possible to replace cur-
rent/voltage loops by other strategies or to select the gains
in adifferent way. This can be done if additional objectives
or optimization strategies are of special interest for a
particular application.

Fig. 1. (a) Multilevel boost converter. (b) Three-switch high voltage
multilevel converter.

5) Further performance specifications can be easily accom-
modated. The proposed controller gain computation in
terms of linear matrix inequalities (LMIs), permits to
add further restrictions in the sense of optimal control.
For instance, the LMI representation of functionals to
enforce energy, time response, voltage/current variable
relationships, and so forth.

[lI. INTERLEAVED MULTILEVEL BOOST CONVERTER

This section deals with the introduction and the modeling of
anonconventional switched-capacitor topology, where standard
modeling techniques, such as averaging (in the sense of [24]),
cannot be directly applied. This is a known shortcoming that is
extensively discussed in [25]-[27]. To deal with this issue, we
resort to a special nonstandard averaging technique based on
a reduced-order modeling approach (see [27]-[29] with other
plausible variations) that is instrumental for control purposes.
The proposed interleaved topology is based on the combination
of the multilevel boost converter proposed in [30] [see Fig. 1(a)]
and a multilevel circuit derived from the Cuk converter pro-
posed in [31] [see Fig. 1(b)]. These are hybrid topologies as
they both comprise a step-up converter and multilevel stages
based on switched capacitor multiplier cells. The resulting con-
verters feature high gain, small size, high power density, and
light weight due to the low voltage stress across (small size)
components.

A. Interleaved Multilevel Boost Converter

By interleaving the configurations in Fig. 1, the topology
shown in Fig. 2 is obtained, which is referred to as the interleaved
multilevel boost converter all along the article. The modeling of
these type of topologies involves several challenges. First, an
increased number of stages implying an increased number of
equations; and second, a switched-capacitor dynamics, which
cannot be modeled right away by averaging (cf. [32]), as ex-
plained in [25], [27] and [28].

For instance, according to [25], an average-loss approach
can be alternatively used to model the converter in Fig. 1(a),
where the equivalent switch resistances denoted by Ry, are
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Fig. 2. Interleaved N; 4+ N2 multilevel boost converter.

explicitly used in the modeling process. By inspecting Fig. 1(a)
the following set of equations are obtained as follows:

d
L%Z =Vin — (1 - D)VCI
d . Ve, = Ve
Crg Vo = (1= D)i— W_*ZVC% 1
d VC — VC VC - VC
v, = 1 2 p) 3
2 dt C2 Req1 Rqu
d VC —VC VC VC
C *V — 2 3 _ 3 4 V
3 dt Cs Req2 CC|3 Z Cart
Cian EVC = Van-—3 = Veyy s . Veon 2 = Voon
(2N-2) dt 2N-2 ReqN72 ReqN,l
C iv _ Voan s = Vean _l i V. 1
(2N-1) dt Con-1 = Reqn 1 R ] Cop-1+

where the parameter N denotes the number of multiplier levels,
and R.,, represent equivalent resistances inducing (average)
losses due to the energy transfer among capacitors (see [25], [26]
for further details). To avoid the use of such an excessive number

of variables and equations, it is proposed to reduce the model
order by assuming that every capacitance has the same value
C,ie., C;:=C,i€{l,2,...}; and that the (average) voltage
across capacitors is always the same. This approximation is
justified by the self-voltage-balancing property of the converter
(see [27] for further details), i.e., it is assumed that

N

VO = ZVCQ’“*; VCl ~ ch ..
k-1

~ Veoun 1 - )

As a result, the derivative of the voltage across the capacitors
(that serve as energy transfer elements in Fig. 1, e.g., Cy and
Cson—2) is equal to zero, i.e., the voltage across such capacitors
is practically constant, which is a common assumption whenever
the switching frequency is sufficiently high (see, e.g., [27]).
Then, by adding up the equations of the output capacitor volt-
ages, the following reduced-order model is obtained as follows:

d

—i = —(1—-D

dtZ V ( )VCI
N d 1 N
Sol =(1-D)i— .
kZICdtVC%q ( )Z R e VCQk—l (3)

By considering (2) and (3) can be expressed as follows:

d (1- D)
Lgi=Vo-—x Y
d . Vo

Notice that this model is similar to that of a conventional boost
converter, i.e., for N = 1. Following the same considerations,
a reduced-order model for the converter of Fig. 1(b) can be
obtained. In fact, both models have identical structure. Conse-
quently, an index term j € {1,2} [j = 1 for Fig. I(a)and j = 2
for Fig. 1(b)]is introduced to distinguish the effect of each model
after the overall interleaved composed converter shown in Fig. 2.
By adopting the notation of the general circuit in Fig. 2, then the
overall model will remain for the rest of the article as follows:

d 1-D,
LI =Vy— IV, je{1.2
il =W (Nj )VJ,JE{,}

d Vo
N;C = Vi = (1= Dj)l; = N; <R> Q)
where [, := I; + I> represents the fotal input current, and
V, := Vi 4 V5 represents the total output voltage.
It can be easily verified that the total steady-state gain of the
converter is given by
Ny No

GZ:l—D1+1—D2' 6)

B. Sizing of the Inductors

One of the main interests while implementing interleaved
converters is the mitigation of the input current ripple denoted
by Aly,. This is usually achieved by a convenient switching
coordination between the involved converters. For instance, a
perfect ripple cancellation is achieved when using complemen-
tary duty cycles and complementary switching signals as those
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Fig. 4.  PWM signals with overlapped switching functions.

shown in Fig. 3. In what follows, it is shown how this can be
achieved for any desirable operating point provided an adequate
inductors size specification.

The pulsewidth modulation (PWM) signals of the converters
are generated by two triangular carriers, each of them associated
with different duty cycles, see Fig. 3. The phase among triangular
carriers as well as among firing signals is 180° degrees. In an
ideal case, for a certain duty cycle, the input current ripple can
be completely suppressed, this is shown in Fig. 3, in which
D; = (1 — D5) and vice-versa.

In some cases, either the switching functions can be over-
lapped at certain values of duty cycles, or the value of duty cycle
can produce dead times. The current waveforms corresponding
to the former and the latter cases are illustrated in Figs. 4 and 5.

Consider the interleaved converter shown in Fig. 2. If the
PWM carriers maintain a 180° phase shift with respect to

1t “ “

Fig. 5. PWM signals when switching functions are separated by a
dead time.

each other, then the total current ripple can be computed as
Afin = AIl — AIQ, i.e.,

VD1 ViDe
C2fily 2fily
From (7), it can be noticed that in order to obtain Al;, =0
(perfect ripple cancellation), it is required either to constrain the
values of duty cycles D, and D, which consequently will limit

the gain of the converter (as usually done in traditional inter-
leaved converters), or to design inductors L; and Lo satisfying

the following relation:
D,
Lo=L1 (=] . 8
2 1 < D1> ()

Al (N

This allows to select any pair of arbitrary duty cycles and to
compute the corresponding value of L;, i € {1,2}. The latter
yields a design approach that, first, does not restrict the gain
of the converter and, second, allows a free selection of the
operating point with A, = 0. This idea has been exploited
in [33] for an open-loop operation, and its advantage against
traditional approaches is illustrated in Fig. 6. For example, there
is not any restriction to select and deal with a gain induced by
Dy = 0.713, which may come out of a given specification. In
general, there is a significant improvement in ripple cancella-
tion around a selected operating region with different induc-
tors, as compared to the current ripple obtained by traditional
approaches.

In this article, this current ripple cancellation approach as-
sociated with the design of converters is the pivotal figure of
the proposed MCRPT control technique. The following section
provides the details of the closed-loop analysis.

[V. CURRENT AND VOLTAGE CONTROL DESIGN

This section studies the dynamics of the converter for the
design of stabilizing controllers.
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A. Modeling Specification

As discussed in the previous section, the proposed converter
is designed to operate under a fixed (but otherwise arbitrary)
operating region, for which the input current ripple is minimized.
Hence, we use the linear version of the model in (5) in order to
design controllers able to guarantee stability and performance
over such desired region. The model is now formulated in terms
of incremental variables in state-space form, which yields

0 (1_51’)

4 [AL =D TAL [
dt = (1-D,) N T A
AV N.;’CJ Rfé]‘ Av; <
=:A; =:B;
€))

where Al; :=I; — %j is the incremental value of the variable I},
with respect to its desired value i; at steady state, with j = 1, 2.
The rest of the variables are thus defined analogously.

B. Input Current and Output Voltage Control

The controller must guarantee regulation of the output voltage
toward a constant or variant reference. However, it is well-known
that boost converters have a nonminimum phase characteris-
tic with respect to the output voltage, i.e., the corresponding
duty cycle-to-voltage transfer function has a zero in the right
half plane. This situation implies a reduction on the controller
bandwidth, which limits the parametric selection of closed-loop
gains (see [34, Sec. 5.6]) and acts as a potential instability
mechanism (see [32], [35]). An alternative, which is usual in
practice, consists in indirectly regulate the output voltage by
directly regulating the inductor current which is of minimum
phase.

The input current control loop is implemented by the follow-
ing PI controllers for both converters:

ADj = —k‘j71l‘j — k‘j@AIj; j = 1,2 (10)

where k; 1, kj o are the controller gains; x;, is the integral of
the error of the variable AI; with respect to a reference i ;,
j = 1, 2; and whose state-space equation is given by

d
T = AIJ - Z'ref,j; ] = 1,2 .

(1
The output-voltage loop is analogously defined in a nested form
in order to ensure voltage stabilization at the desired operating
point, i.e.,

—gj1%2; — 2j2AV; j=1,2 (12)

where g; 1 and g; 2 are the controller gains, and z;, j = 1,2, is
the integral of the error variable AV, = V; — V; with respect to
zero; or equivalently the integral of the error between the voltage
V; and its desired reference Vj, 7 = 1, 2; and whose state-space
equation is given by

d

ﬁ,Z]:AVvJ:V;—VJ, ]:172

lref,j =

13)

C. Controller Gain Tuning to Ensure Stability

Once the controller scheme has been proposed, the con-
troller gains are tune to guarantee stability in terms of a set
of LMIs derived from the Lyapunov stability theorem (see [36],
Section 7.4).

Using (9) and the controller (10), (11) and (12), (13), the
model can be reformulated with an extended state space as
follows:

Al AL
4 lav, Aj = kj2Bi[1 0] —kj1B; 0Oz AV
dt = (1 gj2l 0 g1 ’
€L T;
[0 1] 0 0
Zj ~ Z;
=:A;
(14)

with j = 1, 2; hence the closed-loop system can be represented
by the matrix A;. As stated in [36, Theorem 7.4.4, pp. 263-264]
this closed-loop system is asymptotically stable if there exists a
matrix P; > 0, j = 1, 2, of suitable size such that

Qj=A] P+ PjA; <0; j=1,2. (15)
Since the parameters of both P; and Aj (the controller gains)
are unknown, condition (15) is a bilinear matrix inequality, for
which iterative algorithms can be employed to find suboptimal
solutions (see [37]). This is actually a straightforward matter for
solvers such as Yalmip.

Since the inequality (15) provides a family of solutions cor-
responding to different left-half plane eigenvalues and conse-
quently different time constants; we now provide a way to
characterize all solutions. This is possible since according to
[38, Theorem 3.3], there exists a positive constant ¢; such that

Qj — 2€ij <0; 7=1,2. (16)
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Since P; > 0, then it can be factorized as P; := N, Nj, where
N is square and nonsingular. Consequently, inequality (16) can
be written as

NTQiN; — 26,1 <0; j=1,2 (17)

Hence, ¢; < —%)\max, where —A .y 1S the largest eigenvalue of
N;TQJ- Nj, j = 1,2in (17). Consequently, €; must necessarily
belong to an interval [0, —3Amax]. In short, by modifying the
value of €, we obtain different solutions of (15) from which
we can chose the most suitable time constant for A;, j = 1,2,

according to our desired dynamic response.

V. MINIMUM CURRENT RIPPLE POINT TRACKING

The control set-up, introduced in the previous section, can be
used to implement any technique currently available in the liter-
ature for interleaved converters, e.g., current balancing, equal, or
complementary duty cycles, etc. We now introduce an additional
control law that is able to guarantee input current minimization.
This is in sharp contrast with the rest of the schemes whose
operating point cannot be freely chosen and whose controller
does not minimize the current ripple when the converters deviate
from such point.

This strategy is called MCRPT technique. Based on the find-
ings presented in Section III-B, it is proposed an implementation
that adds additional constraints to the controllers introduced in
Section IV, i.e., to achieve input current stabilization and output-
voltage control, while featuring the least possible percentage of
input current ripple at any operating point.

This technique can be applied to any interleaved topology with
dual input switched inductors, i.e., converters with the following.
1) Two input inductors controlled by different switches.

2) Switches are able to adopt different duty cycles.

This is the case of plenty of emerging topologies (see, e.g.,
the case of double dual boost converters [17], [22] and the
compendium of topologies included as a review in [23].

Based on this premises, we consider an interleaved converter
whose inductances have a relationship given in (8), and whose
PWM carriers are in counter phase. This yields the following
relationship:

_Lh_ Dy
Ly Dy
The concept of MCRPT follows from (18), which establishes
the following duty cycle relationship:

Dy = kDs.

k- (18)

19)

Fig. 7 depicts curves that show the zero ripple points in terms of
the design parameter &, and how the ripple level increases when
the operating point moves away. Notice that the small amount
of ripple on the input current is an advantage that follows the
design of the converter according to a preselected minimum
ripple point, while the condition (19) can be satisfied via an
active MCRPT technique that “chases” the curve.

For the MCRPT application, an additional controller is con-
sidered to link both multilevel converter controllers to guar-
antee output voltage regulation, plus an additional condition
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Fig. 7. MCRPT curves according to inductors relationship, i.e., curves

of input ripple as a function of the duty cycle for different values of k.

satisfying (19). To implement the MCRPT scheme (the third
stage), the following control law is introduced:

d
Sw=D, —kD
T 2

where w is a variable that implements the, so called, MCRPT.
The following additional term is introduced to the output-voltage
loops as follows:

(20)

Iret, = — g1, V1 — 2,21 + g3w

Irefy, = —g1,V2 — g2,22 — g3w. (2D
Notice that, based on (21), the currents set-points are function
of both the output voltages and w. The MCRPT law steers the
duty cycles to a point that satisfies condition (19).

The rationale behind the proposition of (20) is the accom-
plishment of condition (19), which is possible in steady state
[(20) becomes (19)] as long as the gain g3 is suitably selected in
such a way that the whole closed-loop system is asymptotically
stable. In order to guarantee such stable operation, we can simply

further extend the models (22) by including (20), which yields

AL - 0 17 (AL
AV ~ AV;
! A1 Ogxa —g3 2
1 091 €1
Z1 ) ) z9
ALl = [0 ]| |Ar (22)
i 2| = N 1
AV, Oaxa A g3 AV,
T2 [ O2x1 | x1
Z2 _ - %)
W | D1 —kDs 0 | i |
=A
where
D1 L= [—kl’g 0 — k171 0]
Dg L= [—k272 O — k271 0]
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Fig. 8. Proposed control strategy encompassing current/voltage loops
and MCRPT.

Note that an important implication of (22) is that the resulting
full closed-loop system (including the MCRPT loop) is au-
tonomous. This means that the future of the system is completely
determined by its past, i.e., the system is causal (see [36, Sec.
3.2]). Consequently, although the duty cycles are involved in
the computation of the control law, its implementation can be
carried out as in any other traditional closed-loop controller,
where current initial conditions are used to compute future input
values.

Finally, the full set of gains can be computed in an analogous
way as in Section IV, i.e., by finding a matrix P > 0 of suitable
size, such that

Q=A"P+PA<O. (23)
which can be easily done by using Yalmip. Finally, we illustrate
the the full schematic of the controller in Fig. 8.

A. Other Configurations: Current Control and MPPT

In some cases, we might be interested in the combination
of the MCRPT technique with a MPPT algorithm, as in the
case of photovoltaic systems. In this case, any MPPT can be
used. The diagram in Fig. 8 is simplified to adopt a current
control mode. The current control is thus driven by the selected
MPPT technique while maintaining the same rationale of gain
computation. The resulting configuration is illustrated in Fig. 9.

Note that both voltage regulation (see Fig. 8) and MPPT (see
Fig. 9) act upon a current controller, as well as the proposed

]

:_
=
'—.'
fly

——————— -

~1
1
1

(PV)

Fig. 9.

Proposed MCRPT control strategy simultaneously operating

with any suitable maximum power point tracking (MPPT) technique for a
photovoltaic system with current i,y and voltage vpy.

TABLE |
PARAMETERS OF THE EXPERIMENTAL SETUP

Parameter Value

Ly 237 nH

Lo 90 nH

C 10 pF
Mosfets TREFP250
Diodes BYW29E-400
Resistance 500 Q

N1, N2 2

PWM frequency 50kH z

ADC sampling 200k H =
Integration step  5us

Vi 24V

Vout 192V
k=11/Lo 2.633

D1, Do 0.627,0.238
Vi, Vs 128.97V, 63.02V
11, Io 2.064, 1A

MCRPT control. Consequently, it is possible to interchange
objectives that define a current reference without conflict.

VI. EXPERIMENTAL SETUP AND VALIDATION

The proposed controller was validated using an experimental
prototype of a four-level version of the converter in Fig. 2, i.e.,
Nj = 2and Ny = 2. Itcomprises an electronic load at the output
and a digital signal processor TI TMS320F28335 as the control
platform. The parameters of the converter as well as other useful
information about the implementation are shown in Table I.

In order to avoid compromising the stability properties and
the performance of the controller that were achieved in the
theoretical analysis, it must be guaranteed that the Nyquist
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frequency criterion is satisfied, namely, that the continuous-
time signals are sampled at a frequency that is at least twice
the value of the switching frequency (see [39, Sec. 2.2]). In
this case, the digital signal processor set-up permits a sample
frequency equal to 100 kHz, i.e., twice the switching frequency.
The controller gains were obtained by solving the inequality
(23) using Yalmip. The controller gains used in this work
are: k11 = 0.198, k10 =0.112, 911 = 18,9120 = 18.8, k21 =
0.038, k22 = 0.012, g2 1 = 3.5, g2,2 = 6.3, and g3 = 1100.
As previously stated, the main advantage of the presented
controller is its ability to reach an operating point such that

Experimental results at Vi, =24 V of input current ripple cancellation using the proposed MCRPT (left) and without it, by applying

Output voltage N

Input current

\/A\/\ \/%\/A\ /\\/ ﬁ.\v ﬁ\//x\"

208, tsov $1a

Experimental results at Vi, = 30 V of input current ripple cancellation using the proposed MCRPT (left) and without it, by applying

the minimum ripple condition is guaranteed, while preserving
voltage regulation. For validation purposes, a controller fea-
turing the traditional approach, namely, current balancing (cf.,
[7]1-[9]) is implemented and compared with the propose MCRPT
controller using the same converter. To corroborate that the
proposed MCRPT control strategy always achieves minimum
ripples, the topology is operated under variations of the input
voltage: 20 V, 24 V, 30 V, which involves a significant change
in the input current due to the high voltage gain of the converter.
The results are shown in Figs. 10—12. The experimental results
also contain the output voltage ripple to corroborate that it is
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Fig. 15.  Dynamic response from zero initial conditions.

not affected by the current ripple cancellation technique. Notice
that although both controllers achieve the same output voltage
200 V, only the MCRPT is able to minimize the current ripple by
searching for the minimum ripple condition Dy = kDs, despite
of input voltage changes.

In Fig. 13, we show the full dynamics of the converter to
validate its robustness of the output voltage regulation against
continuous variations in the input voltage between 20 V- and
40 V and 20 V= and 30 V. Moreover, the robustness of the
MCRPT algorithm to search the optimal current ripple cancella-
tion condition. Notice that the steady-state traces (zooming in)

correspond to the results previously shown in of the steady-state
experiments previously shown in Figs. 10-12. Finally, Fig. 14
depicts experimental results show that the dynamical response of
the converter with respect to abrupt load changes. We start with
a nominal value R = 400 €2 and then we change repeatedly to
180 € and 40052, which corresponds to variations of 45 to 100%
of nominal load and vice versa.

In order to show the dynamic performance of the converter,
we present the initial transient from zero initial conditions with
an output voltage set point equal to 200 V and an input voltage
equal to 24 V, see Fig. 15.

VII. CONCLUSION

In this article, a MCRPT control scheme was proposed. Such
control law contains a correction term that gradually deviates the
operating point of duty cycles toward a point where minimum
input current ripple can be achieved. That is, a new approach
was adopted to guarantee current ripple cancellation for which
duty cycles were not constrained as in the strategies currently
available in the literature. We showed that the active minimum
input current ripple point tracking implementation permits a
minimum current-ripple despite of a variable operating point.
Experimental results showed that the proposed scheme was
able to simultaneously achieve input current stabilization, output
voltage regulation and input current ripple minimization despite
of disturbances such as input voltage and load changes.
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Chapter 3

Discrete-time Modeling and Control of
Double Dual Boost Converters with
Implicit Current-Ripple Cancellation
over a Wide Range Operating Range

Summary of the chapter

This chapter introduces discrete-time controllers for double dual boost converters in, that
are suitable for renewable energy applications. The proposed schemes are based on a current
ripple mitigation technique, which enables an unconstrained input-to-output voltage converter
gain. This is in contrast with classical interleaved topology implementations, where duty
cycles are restricted (e.g. to 50%). A discrete-time small-signal controller is proposed for
those applications that require nominal specifications. This control strategy is based on a novel
linear difference system approach, while gain tuning is performed via numerical computation
of linear matrix inequalities (LMIs). In addition, a discrete-time large-signal controller is
proposed for those applications that require trajectory tracking. The proposed controllers,
their stability, performance and ripple cancellation properties are validated via experimental
results.
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Abstraci—This article introduces discrete-time con-
trollers for double dual boost converters, suitable for re-
newable energy applications. The proposed schemes are
based on a current ripple mitigation technique, which en-
ables an unconstrained input-to-output voltage converter
gain. This is in contrast with classical interleaved topology
implementations, where duty cycles are restricted (e.g., to
50%). A discrete-time small-signal controller is proposed
for those applications that require nominal specifications.
This control strategy is based on a novel linear difference
system approach, whereas gain tuning is performed via
numerical computation of linear matrix inequalities. In ad-
dition, a discrete-time large-signal controller is proposed
for those applications that require trajectory tracking. The
proposed controllers, their stability, performance, and rip-
ple cancellation properties are validated via experimental
results.

Index Terms—DC-DC converters, discrete-time control,
double dual boost converter, interleaved converters, ripple
cancellation.

[. INTRODUCTION

OMMONLY, renewable energy systems require a dc—dc
C conversion stage to step up the generated voltage, as a
preamble for dc—ac conversion for grid integration. Conse-
quently, boost-type converters are often implemented [1]. In
this type of applications, the input current ripple of the dc—dc
converters is undesirable, since it produces a negative impact on
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renewable energy sources (e.g., solar panels and fuel cells), in
terms of their lifetime and efficiency [2]-[4].

Consequently, the development of input current ripple can-
cellation techniques has become a very active research field
in the last years, reporting a significant number of contribu-
tions [5]-[12]. In [5], Mazumder et al. used a filter based on
coupled inductors to deal with this issue. In [6], an interleaved
structure was combined with coupled inductors. Unfortunately,
coupled inductors require a tailored design, which undermines
the use of off-the-shelf components. In [7], Rana et al. proposed
atristate boost converter to improve the dynamical performance.
However, the input current ripple is higher in comparison with
an interleaved converter. In [8], a linear controller was designed
to induce ripple cancellation. However, a restriction of equal
duty cycles limits the operation of the converter due to a fixed
voltage gain. This is not a sheer coincidence, since literature in
interleaved topologies shows a common inclination to the use
of restrictive duty cycles; consequently, the converter gain is
restricted by the topology, not by the application requirements,
see, e.g., [13]-[15]. For instance, if a different gain is required,
then the topology is typically modified by adding more switched
inductor phases, see, e.g., [16]. In [10], Soriano-Rangel et al.
proposed an improvement for the technique presented in [9],
where an unconstrained duty cycle relationship is presented.
However, this novel condition is only devised for open-loop
stand-alone implementations.

Among current trends, the use of interleaved converters is
identified as a highly suitable choice to mitigate input current
ripples, see, e.g., [7]-[12]. However, there is still significant
room for improvement in terms of unconstrained operation, i.e.,
free selection of voltage gain and closed-loop implementations.
Control design of dc—dc converters is usually carried out by con-
sidering continuous-time variables. This is a common practice,
since the assumption of continuous-time facilitates the devel-
opment of control strategies, although a digital implementation
is usually required anyway. On the other hand, despite the fact
that control design analysis might be more involving in discrete
time, it permits to obtain a reduced computational cost, in terms
of sampling frequencies [17]. Moreover, we are able to bypass

0278-0046 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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the requirement of numerical integration, which is replaced by
recursive easy-to-implement summations [18]—[20].

In some applications, closed-loop dc—dc converters are de-
signed to operate under nominal conditions, i.e., a fixed oper-
ation point is required (e.g., voltage regulation). Consequently,
this has motivated the use of a small signal approach, which en-
ables powerful tools of linear control design, such as frequency
domain analysis, robust control, convex optimization, etc., see,
e.g., [21]-[23]. On the other hand, some applications require a
variable operating region, e.g., the implementation of maximum
power point tracking schemes, where currents and voltages vary
over arelatively large range. In this case, a large-signal approach
can be of interest, which involves nonlinear control [24].

Motivated by the aforementioned trends in high-gain and
current ripple cancellation topologies and their control, we
introduce novel digital control strategies for interleaved double
dual boost converters [8]. We introduce both, a small-signal
(linear) and a large-signal (nonlinear) settings that can cover a
wide application of modern scenarios that require high-voltage
gains and current ripple cancellation. These strategies include
an implicit condition to current ripple mitigation, that permits to
arbitrarily select the converter gain, which is in contrast with the
current state of the art. This condition is based on the application
of an inductance ratio and a new modeling specification for
the converter. Then, a closed-loop implementation is performed
directly in discrete-time terms.

[I. MODELS OF POWER CONVERTER DYNAMICS

In this section, we examine several approaches to power
converter modeling. These models, in particular those in discrete
time, will be instrumental for the development of the control
strategies developed in this article.

A. Continuous-Time Piecewise Linear Dynamics

DC-DC converters exhibit piecewise linear trajectories of
voltages and currents. For simplicity, we often consider that
dynamics are generated by two modes (ON/OFF), constant inputs,
and ideal switches. Then, we can use the following structure:

%x:ij—l—Bj;j:l,Q (1)
where z(t) € R"™ is called state function; A; € R™*™ and B; €
R with 7 =1, 2, are matrices that describe the physical laws
of the dynamic modes.

A switching signal s : R — {1, 2} determines the value of j,
which is an index term that denotes which of the two modes is
active due to the position of diodes and transistors.

A traditional pulsewidth modulation is based on a periodical
switching signal defined as

ey j=1, tp <t<tp+dT )
j=2, th+dT <t<ty+T

with tg := 0, the1 = tg + T,k=0,1,2,...; where d € [0, 1]
is called duty cycle and T is the switching period . In this
article, we use the “:=" to denote a definition.

B. Continuous-Time Large-Signal and
Small-Signal Dynamics

We can approximate the instantaneous piecewise linear dy-
namics of the converter into “average” ones, by involving the
duty cycle in the description of the system (1). The averaging
technique yields the following structure:

d

Zr=[dA + (- dA]e+dBi+(1-d)By  (3)

=:f(z,d)

where z(t) € R™ is an averaged state function." This mod-
eling specification is predominant in the analysis of power
converters (cf., [25]). Common names include average model,
nonlinear/large-signal model, and small-ripple approximation.
Typically, converters are designed according to nominal spec-
ifications, i.e., they work around a bounded operating region. For
this reason, small-signal models (cf., [25]) become of interest.
These models permit to represent the dynamics of the system in
an accurate way while enabling linear tools for control design
and optimization [24]. A small-signal model can be obtained
from (3) by defining a nominal (equilibrium) specification for the
state and the duty cycle, i.e., (T, d). Then, incremental variables,

Az :=x — 7 and Ad := d — d, are used to obtain
d

aAac:K-Aa:—i-E-Ad 4)
where
5. Of(@.d) 5. Yd) |
Oz =%, d=d. ad =%, d=d.

This description is called small-signal continuous-time model.

C. Discrete-Time Small-Signal Model

The linear model (4) admits exact discretization (cf., [17]),
with respect to a sampling period h. Since the time-domain
solution of the state-space system (4) is given by

_ t
Ax(t) = At Ax(0) + / ATB L Ad(t)dr
0
= A AZ(0) + A (A - DB A (5)

then assuming that h is small enough, such that the values of
Az and Ad remain about constant, we obtain

Az(h) = A Az(0) + A (A — 1)B - Ad(0) .

This equation can be generalized for any arbitrary sampling
time ¢; € R, and initial condition x(t;), with t;+; = t; + h,
1=1,2,3,.... This yield

Aztisg) = A Az(t) + A (A — DB - Ad(t:) .

Finally, we can formulate the following small-signal state-space
model:

oAx=F - Az +G-Ad (6)
IFor ease of exposition, in this article, we adopt the same notation for =

in continuous/discrete piecewise/average domains, whereas the elements and
operators in the model permit to avoid ambiguity.
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Fig. 1. Double dual boost converter topology.

where the incremental state and duty cycle are now discrete-time
functions, i.e., Az : N — R™ and Ad : N — R; o denotes the
shift operator acting on Ax(t;), defined as ox:(t;) := ox(ti11);
and F := el G = Xﬁl(eAh —I)B.

D. Discrete-Time Large-Signal Model

In some cases, power converters are designed to operate on
different operating points, then large-signal models are of inter-
estto model a dynamic behavior over wide variations of voltages,
currents, and duty cycle. We can construct a model via approxi-
mate discretization based on a continuous-time average model.
Using the elements of (3), define A; := dA; + (1 — d) Ay and
By :=dB; + (1 — d)Bs. Then, by following an analogous pro-
cedure as in (5), we obtain the following time-domain model:

x(t) = eAat . x(0) + Adfl(eAdt —1)By .

Considering every solution of the aforementioned equation with
respect to a small sample time /, an equation analogous to (6)
can be hence expressed as

ox = ety + A A — I)By . (7)

Finally, by considering the approximation e?4" ~ I + Ah,
which correspond to the most significant components of an
infinite Maclaurin series; and after straightforward algebraic
manipulations, the following large-signal discrete-time model
is obtained:

or = (I + Agh)x + Bgh . (3)

In the following sections, linear (small-signal) and nonlinear
(large-signal) controllers are designed to guarantee a constant
output voltage, despite abrupt variations on the load, the input-
voltage and the desired set-point.

I1l. CLASSIC OPERATION AND STEADY-STATE ANALYSIS OF
DouBLE DUAL BoOST CONVERTERS

In this section, the main properties of the double dual boost
converter [8] are examined. The topology and a typical input
current operation are depicted in Fig. 1. The traditional approach
consist in the use of complementary duty cycles whose carriers
have 180° phase shift. In this standard setting, the point of perfect
cancellation occurs when the duty cycle of each transistor holds

I I

(@) ®)

Fig. 2. Double dual boost converter switching states.

d := d; = dy = 0.5. This is the common practice for this and
other similar topologies (see, e.g., [8], [13]-[16]).

The input current is equal to the sum of both inductor currents
minus the output current. This can be observed in Fig. 1, from
the reference node of the input power source, ¢y = 7., + %r,,. The
current 7,, comes from a supernode comprised by the transistor
and diode S; and S, and capacitor C';. From this supernode,
ig =11, — tout. Then, the input current can be expressed as
ig = ir, + iL,%u. During the traditional operation, duty cy-
cles are complementary. This allows to achieve perfect input
current ripple cancellation with duty cycles at 50%, though as
argued afterward, this is not the only condition to achieve ripple
cancellation.

To analyze the topology at steady state, continuous conduction
mode (CCM) is considered. The components are designed in
such a way that the ripple can be neglected, which allows to
consider an average analysis as in (3). The ON/OFF operation
modes of the converter are shown in Fig. 2.

Aninstantaneous (piecewise linear) model asin (1) is obtained
by defining x" := [i, ve, 4L, veo,|T,with the matrices

0 0 0 0] -
0 —1 0 —1 1
— RC RC — | RC
=g N0 | BE D
L L-
0 -1 1 7% 12
— RC2 CQ RC2— RCZ
r -1 . 1
0 z 0 0 L—l
1 -1 5 =1 1
_ _ | RC
Ay = C(')l Rgl 0 RgH , By = Ll Vg - 9)
Lo
—1 -1 1
L 0 RC> 0 RC, 4 RC,

By involving the duty cycle d, we can construct an average
model as in (3) using (9). Then, equilibrium quantities can be
obtained, which are denoted by Z and d. Then, using the steady-
state condition f(Z,d) = 0, we obtain

- = @out R — Ug
=T = R ia
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Fig. 3. Double dual boost converter topology with complementary duty
cycles different than 0.5.

where Vo = Ve, + Uc, — Uy. This yields the input-to-output
voltage gain
_ —2
G — Vout — 1 *é

v, Q-dp

This converter exhibits a compelling high voltage gain and is
able to cancel out the input current ripple. To do so, the switching
signals of each transistor are 180° shifted with respect to each
other, and their duty cycles are typically equal to 0.5. However, if
adifferent gain is required, the use of complementary duty cycles
is detrimental for the current ripple cancellation, as illustrated
in Fig. 3.

In the following section, we discuss a method to overcome
d = 0.5 restriction. It is desired to select any voltage gain and
simultaneously achieve perfect ripple cancellation and mini-
mization over a region. The method is implicit, which means
that it requires an inductor design procedure and a new model-
ing specification. Then, it can be implemented using a control
strategy for voltage/current regulation.

[V. IMPLICIT CURRENT RIPPLE CANCELLATION STRATEGY

The topology used in this article is designed in such way that a
minimum ripple input current can be achieved despite of moving
the operation point. This technique considers equal slopes for
the inductors but with opposite sign. As a result, a cancellation
of the input current ripple is achieved.

Consider average modeling using (9), though this time using
different duty cycles for each transistor, which are denoted by d;
and d,, whereas their steady-state value is expressed as d; and

ds. Define a duty cycle matrix D := [g; I; Si 72]. Then, compute

d
—r = [DAl + (.[4 — D)AQ} r+ DBy + (.[4 — D)BQ .

7 (10)

Peak-to-peak current ripples of 41, and iy, are given by

. Vg = . Vg =
L, (ripple) = ?gfdl y Ly (ripple) = KgfdQ (11)
where f is the switching frequency. Note that the converter oper-
ates in CCM, as long as the dc component of the current through
inductors is greater than or equal to half of the peak-to-peak

~
S
|

S
|

k=1 (traditional operation) \

Voltage Gain
SN
|

> k=0.75

+ | | | | | | | | | |
0 01 02 03 04 05 06 07 08 09 I
Duty Cycle

Fig. 4. Relation between the gain of the converter and the duty cycle
for various values of k.

current ripple, which can be expressed as

12)

As long as the switching signal associated to each duty cycle
has a carrier shifted 180° with respect to other, one converter
exhibits a positive slope, whereas the other one is negative.
Consequently, perfect ripple cancellation is in general achieved
whenir, (ripple) = L. (ripple) - According to (12), this is equivalent
to

dy Ly
ag L2 .
Consequently, inductors can have different values by design,
which are selected in such way that their ratio coincide with

those of the duty cycles’. The latter can be expressed as
dy

Then, the condition of perfect cancellation can remain implicit

in the design of the converter, as well as in its model. To do so,
define d := d; = kds, forthe duty cycles and d := d; = kd; for
their steady-state value. Notice that if £ = 1, then duty cycles for
the interleaved converter are the same, and the converter operates
in the conventional operating point for interleaved converters,
i.e., dy = dy = 0.5. On the other hand, if % is selected in such
way that L; # Lo, then the operation point of the converter can
be arbitrarily moved as well as the perfect ripple cancellation
point. In this way, it is possible to achieve the freedom to select
the gain of the converter, which is now given by

k 13)

G Tou _ 1—kd .
Uy 1—d(1+k)+kd

(14)

In Fig. 4, we illustrate the voltage gain of the converter with
respect to several values of duty cycle and the implicitinductance
relation k = Ly /Lo.
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The advantage of this implicit approach is illustrated in
Fig. 5. Note that the original constraint of a fixed duty cycle
at 0.5 undermines the possibility to achieve higher voltage
gains (using a higher duty cycle), without inducing a high
input current ripple percentage. However, this point can be
now arbitrarily moved with complete freedom to achieve high
voltage gains and a minimal current ripple in a significantly wide
neighborhood.

For design purposes, it can be of interest to have a formula
to compute the nominal duty cycle d, with respect to a desired
voltage gain G. This is obtained from (14), i.e.,

4
E:H’/l_m.

> 15)

In Sections V and VI, the main contributions are introduced.
In particular, two digital control strategies that operate along the
implicit current ripple cancellation approach, described in this
section, are introduced.

V. DISCRETE-TIME SMALL-SIGNAL CONTROL DESIGN

In this article, we use elements of behavioral system theory
[26] to develop stability tests, as well as a discrete-time linear
control technique for a double dual boost converter. We provide
some preliminary background material of linear systems and
Lyapunov stability in discrete time.

A. Linear Difference Systems

In general, a linear difference system can be expressed as

Row + Ry(ow) + -+ Ry(cNw) =0 (16)
where w : Ny — RY is a vector of discrete-time functions; N
is the maximum degree of a shift operator ¢; and R; € RP*9,
with7 = 0,1,..., N. Equation (16) can be also represented as
R(o)w =0 (17)
where R(o) is a polynomial matrix in o. Stability properties
of linear difference systems can be studied in terms of func-
tionals called quadratic difference forms (QdFs) [27], which are

functionals of w and its time shifts, i.e.,

w
ow

Qp(w) = [wT ow' O’NU}T:| P . (18)
oNw

where P is called coefficient matrix. Analogous to

the derivative operator in continuous time, the rate
of change VQp of a functional Qp is defined as
VQp(w)(t) = oQp(w)(t) — Qp(w)(t).

Using QdFs, we can apply Lyapunov conditions to stabil-
ity [28], which, in this article, are used to develop further
algebraic specifications for stability and control design. For ease
of reference, we recall these conditions.

A system represented by (16) is asymptotically stable if there
exist @ p such that for all w that satisfies (16), it holds

Qp(w) >0;

A QdF @ p that satisfies the aforementioned inequalities is called
Lyapunov function.

VQp(w) <0. (19)

B. General Condition for Stability

A stability test using linear matrix inequalities (LMIs) can
be obtained from conditions (19). To do so, note that such
conditions are satisfied if there exists Q p > 0 and polynomial
matrices V(o) and M (o) of suitable sizes such that

oQp(w) — Qp(w) +w' R(o)"V(e)w+w'V(e) R(o)w
=—w'M(c)" M(co)w. (20)

This can be accounted from the fact that for every w that satisfies
R(o)w = 0, it follows that

oQp(w) = Qp(w) = —[|M(o)wl3

=:VQk

21

which corresponds to a strictly negative rate of change, as
required in (19).

C. Control Synthesis

In general, a linear feedback controller can adopt the follow-
ing structure:

cz=Az+Bu; y=Cz+ Du (22)

where z:N = R", Ae€R™", BeR™, (CecR>,
and D € R*™, A state-feedback controller can be established
by considering

y:=Adand u:= Az . (23)

The control design problem can be thus reformulated to finding
matrices (A4, B,C, D) such that the converter has an asymp-
totically stable equilibrium (7, d). To do so, consider (6), (22),
and (23), that correspond to the closed-loop system. Then, the
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following linear differential structure as in (17) can be obtained:

ol -F -G Opxr Onxn  Onx1 Az
Orxn Opx1 ol, —A —B 0O, Ad

01><n 01><1 _C -D 1 z =0.
O1><n -1 ler 01><'rL 1 U
_In Onxl Onxr In Onxl Y

——
=:R(0o) =w
(24)

Note that the variables of interest in w include now the
converter variables as well as those of the controller.

To develop an LMI equivalent to (21) that permit a numerical
computation of the controller matrices (A, B, C, D), we factor-
ize a matrix of coefficients R from (24) as

Royw=[Ry R |" (25)
ow
=R
where
—F -G Oner Opsxn Opxi
Orxn Opx1 —A =B 0px
Ry := |01xn 0152 —-C =D 1
01><n -1 O1><r O1><n 1
—In Onx1r Onxr In Opsa
I Onxi Onxr Opxn Ot
Orxn Orx1 Ir Opxn Opxa
Ry:=101xn O1x1 Oixp O1xn O
Oixn 0 O1xr O1xn O
Onxn Onxt Onxr In Opxa

Similarly, the coefficient matrix of V(o) in (21) can be
congruently defined as V= {VO Vl} .

Then, using these coefficient matrices as well as the definition
of a QdF in (18), (20) can be expressed as

T T
w Ogxg Ogxq| | w w P Ogxql| | w
ow Ogxqg P ow ow Ogxq Ogxq| |ow
T T
+ Rv Y|+ VTR <0 (26)
ow ow ow ow

where P > 0 has dimension g X ¢, with ¢ := 2n + r + 2; and
the inequality “<” accounts for the negative element at the right-
hand side of (20). Then, by standard linear algebra principles,
the control synthesis problem is reduced to finding a matrix
P =P" >0 as well as the controller matrices (A, B, C, D)
implicit in E, and a matrix V that satisfy the following LMI:

P 04xq

Oqu

Oaxq +RV+VTR<0. (27)
Ogxq P

Oqu Oqu

Note that matrices P, V and the unknown elements in R can
be numerically computed using standard LMI solvers, such as
Yalmip.

Remark 1 (Robustness): The solution of (27) is robust with
respect to the system and controller parameters. Consider (20).
This equation has many solutions for different Lyapunov func-
tions Qp(w) and polynomial matrices M (o). A polynomial
approach to compute them is based on spectral factorization [29],
i.e., by evaluation the aforementioned equation using ocw' =
—X and ow = A, with A € C, this yields

R(=2)"V()+ V(=2 "R = M(=x)"M(n) .

Here, we can identify the maximal Q) p, and the minimal solution
for Qp thatcorrespond to the Hurwitz and anti-Hurwitz spectral
factors M (A), i.e., those with det(M (1)) # 0 with A < 1 and
A > 1, respectively [29].

Then, any Lyapunov function Qp satisfies Qp < Qp <
Qp, . Moreover, a Lyapunov function Qp can be computed as
the convex combination of the extremes, i.e., Qp := aQp, +
(1 -a)Qp, with a > 0. Due to (27). The family of solu-
tions parameterized as a convex polytope also applies for the
right-hand side of the equation, namely, the system and con-
troller parameters. We conclude that the closed-loop system is
a robust. |

Remark 2(Generality as a Further Advantage): There are
many LMI approaches to power converter control in the
literature, see, e.g., [30], [31], which are based on a state-space
setting (first-order difference/differential equations). In our
case, we use a linear difference approach that also admits sets
of higher order and zeroth-order equations as well. Moreover,
the traditional Lyapunov-based LMI for state-space discrete
time systems A" PA — P < 0 is a special case in this approach.
To show this, compute the state-space realization of the
interconnected system (24). To do so, compute a state map X (o)
(see [32]), which induces a state vector 2 = X (¢)w. Compute
o X (o) modulo R(c), this means computing 0 X (¢)R(c) "t =
P(o) + S(o), where P(o) is polynomial, whereas S(o) is
strictly proper. Then, we obtain, for a square matrix A, the
following equation AX(o)w =o0X(0)w+ B(o)R(0)w,
where B(0) :=lim, oo 0 X (0)R(c)™!. It can be easily
verified that if R(o) contains only first-order elements, then
B(o) is constant, denoted by B. This induces a classical
autonomous state-space linear difference equation, now notice
that substituting (Az) " PAz — 2" Pz < 0 yields the following
equation that can be compared with (20):

o(x"Pz)— 2" Pr+w'R(0) ' B"Px+2 " PBR(c)w < 0.

cQp(w)-Qp(w) w'R(o)"V (o)w w'V (o) " R(o)w

In the state-space case V(o) = B' PX(o)w and Qp(w) =
w' X (o))" PX (0)w. While in our case, V(o) has an arbitrary
degree, which permits to include many other scenarios. The
proposed approach is modular, i.e., it permits independent
modeling of the plant and the controller with any structure
and their interconnection is made via simple algebraic rules
as in (22). This simplifies the analysis, which only requires to
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directly add equations of arbitrary order without the need to
construct a state-space model. |

D. Application on the Double Dual Boost Converter

Note that this general specification in terms of matrices
(A, B,C, D) admits any P, PI, PID, state- and output-feedback
configuration. Nevertheless, although any computation of con-
troller derived from (27) will guarantee stability, we might be
interested in a particular structure that bring further desired
specifications, such as time-response, disturbance rejection,
controller order, etc.

In the case of the double dual boost converter, the correspond-
ing small-signal discrete-time model can be obtained from (10),
as specified in Section II-C, using the same incremental notation
Ax = x — 7, and the implicit input current cancellation strategy
d := d; = kds, then AzT = [A@-Ll A’Ucl AiLQ A’UC2]T
with respect to an average equilibrium

r ﬁOut - EOU[

I, = ——=—; i, = ——=—

BT AR T 1-kR
_ v _ v
e R v

The corresponding small-signal discrete-time model is thus
computed as in (4), this yields

—(1-d) oy

07 —I 0 0 L,

. (1-d) -1 0 -1 L —lLy
A = Ch RC4 R017 B = 701
0 0 0 —(1-kd) | ’ VCy

Lo Lo

0 -1 1-kd -1 “iry

RC> Cs RC> Cs

Then, we compute F = A" and G = Al (eAh — I)B.
In addition, the following controller structure is proposed:

Ad = —k1(AiL1 + AiL2 — ’I")

r= 7]'{}22 — kg(Avcl + Al}cz) .
0z =z+ (Avg, + Avg,)

(28)

Note that the controller in (28) can be accommodated in terms
of the matrices (A, B, C, D) that are used in (25) and (27), i.e.,
A:=1,B:=[0 1 0 1], C:=ko,and D :=[-ky ks -—
ky  ks).

Consequently, the value of gains k;,7 = 1, 2, 3, can be numer-
ically computed by solving (27). The diagram of the controller
is shown in Fig. 6, where £ is the relation between inductors, as
defined in (13).

VI. DISCRETE-TIME LARGE-SIGNAL CONTROL DESIGN

In this section, a (nonlinear) large-signal controller is intro-
duced. The control design also considers the implicit current
ripple cancellation strategy introduced in this article. The large-
signal controller can be used in those cases where the converter is
required to operate over a wide operation range, e.g., in trajectory
tracking.

Fig. 6.
loop.

Linear control loop comprising a current loop and a voltage

A. Control Design

Consider the discrete-time large-signal model obtained from
(10) in an analogous way as in Section II-D. Taking into account
(9) and condition d := dy = kds, we can defined a matrix

I
K = 2
0252

022
ks

and the matrices Ay 1 := KAy, Ay 2 = KAy, By := KBy,
and By o := K By. Then, the following discrete-time large-
signal model is obtained:
ox = (I, + Ap2h)x + By 2
+ [(AkJ — Akg) hx + (Bk’1 — Bk;,2) h] d . (29)

We can transform the system into input—output coordinates by
defining a minimum-phase variable (cf., [24]) denoted by y, i.e.,
y = Hx, with H € R*™, Using (29), we compute
oy=cHx = H(I, + Ak 2h)x + HBj 2
+ H [(Ak,l — Ak,Q) hzr + (Bk71 — Bk72) h] d. (30)

A general structure of the dynamics of a feedback controller is
given by 0z = (x, z). Hence, define a rarget system that will
determine the desired closed-loop performance of the converter

o 1Y = o(x, 2)
z Bz, 2)|

Then, by comparison of (30) and (31), solving for d, we obtain
d = ¢(y7 Z) — H(In + Ak,2h)x — HBk',2

" H[(Ag1 — Akz) ha + (Br1 — Bra)h]

Finally, although the freedom of choosing any pair of nonlinear

vector spaces ¢ and 3 that satisfy these conditions is enabled,
for easy of exposition and performance design, we can simply

select
H " (33)
z

with y* == —[ks k3 ["*], where k; > 0, i = 1,2, 3; Lz with
L € R™™ is the to-be-controlled variable and r* is its desired
reference trajectory.

3D

(32)

Ow,2) = —kaly—y')s Blo,2) =L 1]
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Fig. 7. Nonlinear controller comprising a current loop and an external
voltage loop.

B. Stability Conditions

To guarantee global asymptotic stability, two steps are pro-
posed. First, guaranteeing input-to-output stability, which in-
volves stabilization of the minimum-phase variable. Internal
stability is proved by the analysis of the zero dynamics (cf., [24])
of the closed-loop system.

1) Input-to-Output  Stability: Consider the system
oy = —ky1y + k1y*. This system will be stable as long as y* is
bounded (internal stability of x and z) and —k; corresponds to
a stable pole, i.e., 0 < k; < 1 while estimating its best value
in terms of, e.g., time response, can be given by the traditional
relationship with the time constant 7, such that k; = e
(see [17]).

2) Internal Stability: The zero dynamics of the system, i.e.,
y(t;) = 7 for all ¢;, applied to the system (31) must guarantee
limg, oo Lz(t;) = r*. In the case of the double dual boost
converter, it can be easily verified that internal stability is
achieved by selecting H =[1 0 1 Oand L=[0 1 0 1],
which correspond to the selection of the sum of inductor cur-
rents as minimum phase variable and the output voltage as the
to-be-controlled variable.

C. Application on the Double Dual Boost Converter

Consider the large-signal discrete-time model (29) con-
structed with matrices (9). The proposed nonlinear control de-
sign yields the duty cycle

(LlLQ)(¢($, Z) - ’il — ’LQ) -+ hLQUCl — (kLl -+ LQ)@Q

d= ;
h(LQ'UC’l — k‘Ll’UC2)

with ¢(z, z) as in (33). The block diagram of the control loop is
shown in Fig. 7.

VII. EXPERIMENTAL RESULTS

In this section, experimental validation using a 300-W pro-
totype is presented. An image of the experimental prototype is
shown in Fig. 8. To show the advantages of the proposed con-
trollers with the implicit current ripple cancellation technique,
we also implement the traditional approach with constrained and

DSP
20F28335
g "

Voltag urrent sensor
|
=S

Fig. 8. Experimental prototype of double dual boost converter with
DSP TMS320F28335. The implementation has the following nominal pa-
rameters: input voltage v, = 60 V, output voltage vyt = 210 V, switch-
ing frequency 50 Khz, sampling time 10 us, Lq4p0 #H, Lo = 230 uH,
Cy1 =8uF, Cy = 4.7 uF, converter gain G = 3.5, and inductor relation
k=18.
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Fig. 9.

Steady-state responses with R = 1402 under: (a) the pro-
posed input ripple cancellation strategy, and (b) a traditional current-
balancing approach of: (from top to bottom) i, (y-axis 5 A/div), ir;
(y-axis 5 A/div), iro (y-axis 5 A/div), Vout (y-axis 100 V/div) (in all cases,
x-axis 20 p s/div).

complementary duty cycles (see e.g., [8], [13]-[16]). Moreover,
we also change the operating region of the converter in both
approaches to show the robustness as well as the current ripple
cancellation capabilities of the controllers, which were imple-
mented using a DSP TMS320F28335 with 100 kHz of sampling
frequency. The gains for the controller in Fig. 6 are k1 = 0.001,
ko = 0.0105, and k3 = 0.0430, whereas those of the controller
of Fig. 7 are k1 = 0.1, ko = 0.081, and k3 = 0.644.

1) Small-Signal Current Ripple Cancellation Under Nom-
inal Conditions With R =140Q: In Fig. 9, the converter is
tested under the nominal power with the load resistor R = 140 )
(i.e., P = 315W). Fig. 9(a) depicts the proposed (small-signal)
closed-loop voltage regulation and input-current cancellation
technique. Fig. 9(b) shows the traditional approach without the
proposed implicit current-cancellation technique and comple-
mentary duty cycles. Note that under the traditional current
approach, the input current exhibits a considerable current ripple
14, whereas under the proposed ripple cancellation technique, the
ripple is practically cancelled.

2) Small-Signal Current Ripple Cancellation With
R =1009Q: A similar result is obtained with the converter
operating at different point than the nominal, we use R = 100 €2,
i.e., 440 W, this is shown in Fig. 10. Fig. 10(a) depicts the
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Fig. 10. Steady-state responses with R = 1002 under: (a) the pro-
posed input ripple cancellation strategy, and (b) a traditional current-
balancing approach of: (from top to bottom) i, (y -axis 5 A/div), i1 (y
-axis 5 A/div), 115 (y -axis 5 A/div), Vot (v -axis 100 V/div) (in all cases,
X -axis 20 ps/div).
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Fig. 11. Steady-state responses with R = 74 Q) under: (a) the pro-
posed input ripple cancellation strategy, and (b) a traditional current-
balancing approach of: (from top to bottom) i, (y -axis 5 A/div), ir1 (y
-axis 5 A/div), i o (¥ -axis 5 A/div), Vout (¥ -axis 100 V/div) (in all cases,
X -axis 20 ps/div).

proposed (small-signal) closed-loop voltage regulation and
input-current cancellation technique. Fig. 10(b) shows the
traditional approach. Note that under the traditional approach,
the converter operates with a considerable input current ripple
14, whereas the proposed technique maintains good cancellation
despite of the fact that the converter is operating significantly
above its nominal power specification.

3) Small-Signal Current Ripple Cancellation With R =
74 Q2: The controller was also tested at twice the nominal power
(i.e., P =600W), using R = 74(); the results are shown in
Fig. 11. Note that in the previous cases, and although the
converter and the controller are operating in an extreme operat-
ing point of twice the nominal design, the proposed technique
exhibits a good ripple cancellation profile on 7, while the tradi-
tional approach exhibits poor cancellation.

4) Large-Signal Current Ripple Cancellation With R =
74 Q2: The nonlinear controller was also tested at the same points
of operation, the result at the input current ripple i, is very
similar to the liner case. In Fig. 12, the converter operates
with R = 1402, which is its nominal value. In Fig. 13, the
converter operates at 430 W under a load of R = 100 (2. Finally,
the converter at twice the nominal power (i.e., P = 600 W),
with R = 74 Q) is shown in Fig. 14. Note that the large-signal
controller exhibits current ripple cancellation capabilities, as
suitable as its small-signal counterpart. This is possible even
under extreme variations on its nominal operation. Steady-state
operation and current ripple cancellation are in completely
agreement with the small-signal counterpart. Experiments are

Fig. 12. Steady-state response under the nonlinear controller at a load
of R =140 of: (from top to bottom) i, (y -axis 5 A/div), i1 (y -axis
5 A/div), iro (y -axis 5 A/div), and Vo (v -axis 100 V/div) (in all cases, x
-axis 20 ps/div).

Fig. 13.  Steady-state response under the nonlinear controller at a load
of R =100 €2 of: (from top to bottom) i, (y -axis 5 A/div), iz, (y -axis
5 A/div), iro (y -axis 5 A/div), and Vo (v -axis 100 V/div) (in all cases, x
-axis 20 ps/div).

Tokstep i

Fig. 14. Steady-state response under the nonlinear controller at a load
of R =74 of: (from top to bottom) i, (y -axis 5 A/div), iz (y -axis
5 A/div), iro (y -axis 5 A/div), and Vot (v -axis 100 V/div) (in all cases, x
-axis 20 us/div).
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Fig. 15. Transient responses under the linear control against stepwise
load changes from 200 to 150 2, to 1002, to 750, to 1002, to 1502
and, finally, to 200 Q2 with a set-point of Vg, =210V of: (from top to
bottom) i, (y -axis 5 A/div), iz, (y -axis 5 A/div), irs (y -axis 5 A/div),
and Vot (¥ -axis 100 V/div) (in all cases, x -axis 2 s/div).
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Fig. 16.  Transient responses under the nonlinear control against step-

wise load changes from 200 to 150 (2, to 2002 in each voltage refer-
ence with changes in the voltage reference from Vot = 210 V to Vot =
170 V, to Vout = 210V, to Vot = 230 V and, finally, to Vot = 210 V of:
(from top to bottom) i, (y -axis 5 A/div), i1, (y-axis 5 A/div), iy o (y -axis
5 A/div), and Vot (v -axis 100 V/div) (in all cases, x -axis 2 s/div).
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Fig. 17. Transient responses under the nonlinear control against step-
wise load changes from 200 to 1502, to 1002, to 75€, to 1002, to
150 ©2 and, finally, to 200 2 with a set-point of Vot = 210 V of: (from top
to bottom) i, (y -axis 5 A/div), i1,1 (y -axis 5 A/div), iz (y -axis 5 A/div),
and Vot (¥ -axis 100 V/div) (in all cases, x -axis 2 s/div).

anyway included to illustrate the capabilities of both controllers
to operate over a wide operating region.

5) Small- and Large-Signal Controller Dynamic Re-
sponses With Respect to Abrupt Control Reference and
Load Variations: In Fig. 16, the controller was tested under
changes in the voltage reference, whereas in each new voltage
reference, load changes were applied, voltage steps of +10%
were applied together with load changes between 200 and 150 €2.
Note that the output voltage remains at its reference value
even when load changes are applied. In Fig. 15 and Fig. 17,
the response of the linear and nonlinear controller was tested
under different loads, moving stepwise adopting several values
between 200 and 75 2. Note that despite of load changes, which
induces different operating region, far away from the design
point, the input current ripple remains always small. The same
voltage reference steps were applied to the nonlinear controller,
voltage steps of £10% were applied together with load changes
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Fig. 18.  Transient responses under the nonlinear control against step-

wise load changes from 200 to 150 ©2 to 200 2 in each voltage reference
with changes in the voltage reference from Vot =210V, to Vout =
170 V, to Vout = 210V, to Vot = 230 V and, finally, to Vot = 210 V of:
(from top to bottom) i, (y -axis 5 A/div), iz, (y -axis 5 A/div), if,» (y -axis
5 A/div), and Vot (v -axis 100 V/div) (in all cases, x -axis 2 s/div).

between 200 and 150 2. Similarly, in Fig. 18, we show the
nonlinear controller response under the similar steps changes.
The output voltage remains practically constant while the input
current ripple maintains a minimum value.

VIII.

The main contributions found in this article were as follows.
An implicit current ripple cancellation technique was introduced
and we showed that an unconstrained selection of the converter
operating region can be achieved, without affecting the current
ripple cancellation property. New small-signal and large-signal
discrete-time models were introduced. These models guaranteed
current ripple cancellation when combined with current/voltage
controllers. A novel linear difference system approach was
introduced. This setting permits to incorporate discrete-time
converter models and controllers in a modular way, admitting
high-order as well as zeroth-order equations in the closed-loop
modeling. New stability conditions in terms of LMIs were
proposed. These were based on Lyapunov stability theory for
QdFs and were used for gain tuning purposes. The proposed
controllers were able to work over a wide operating region.
The linear controller was robust with respect to nominal pa-
rameter specifications, whereas the nonlinear controller worked
intrinsically over a large-signal domain. The current ripple
was minimized even over significantly parameter, power, and
set-point variations. The ripple cancellation technique implicit
in the controllers also holds under extreme circumstances, as
illustrated in the experimental results.

CONCLUSION
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Chapter 4

A Double Dual Boost Converter with
Switching Ripple Cancellation for
PEMFC Systems

Summary of the chapter

This chapter presents an article in which a current-based control for a proton-exchange mem-
brane fuel cell using the so-called double dual boost topology is studied. In particular, we
introduce a discrete time controller that, in coordination with a particular selection of induc-
tors and capacitors, minimizes the switching ripple at the input port (current ripple) and the
output port (voltage ripple) of the double dual boost converter. This converter has a particular
characteristic, in contrast to the classical interleaved boost topology, in the double dual boost,
the phases of the converter can have different duty ratios. The freedom to choose the duty
ration for each phase can be used to select the operative point in which the input current is
equal to zero. However, if individual controllers are used for each branch of the converter, the
equilibrium after a transient can differ from the minimum ripple operation point; the proposed
scheme regulates the output voltage and, at the same time, ensures the equilibrium remains
in the minimum ripple operation in steady state. In this way, the converter can mitigate the
harmonic distortion on the current extracted from the proton-exchange membrane fuel cell,
which is beneficial to improve the effciency and lifetime of the cell, and on the output volt-
age delivered to an output direct current bus. The results of the experiment are presented to
validate the principles of the proposed system.
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Abstract: This paper presents a current-based control for a proton-exchange membrane fuel cell
using the so-called double dual boost topology. In particular, we introduce a discrete time controller
that, in coordination with a particular selection of inductors and capacitors, minimizes the switching
ripple at the input port (current ripple) and the output port (voltage ripple) of the double dual
boost converter. This converter has a particular characteristic, in contrast to the classical interleaved
boost topology, in the double dual boost, the phases of the converter can have different duty ratios.
The freedom to choose the duty ration for each phase can be used to select the operative point in
which the input current is equal to zero. However, if individual controllers are used for each branch
of the converter, the equilibrium after a transient can differ from the minimum ripple operation point;
the proposed scheme regulates the output voltage and, at the same time, ensures the equilibrium
remains in the minimum ripple operation in steady state. In this way, the converter can mitigate the
harmonic distortion on the current extracted from the proton-exchange membrane fuel cell, which is
beneficial to improve the efficiency and lifetime of the cell, and on the output voltage delivered to an
output direct current bus. The results of the experiment are presented to validate the principles of the
proposed system.

Keywords: DC-DC converters; power electronics; PWM converters; current ripple cancellation

1. Introduction

Fuel cells (FCs) and other renewable energy sources are a compelling alternative to conventional
pollution-prone power sources [1-4]. However, there are additional relevant challenges that must
be solved to propagate them. For instance, the requirement of voltage or current regulation under
wide ranges of operating conditions using power converters. Another important challenge is related
to the low amplitude of the output voltage; the output voltage of the fuel cell must be increased and
regulated to feed a grid-tie inverter. For instance, the voltage of a traditional fuel cell (FC) stack can be
in the order of dozens of volts, while the DC bus voltage requirements for a grid tie inverter are several
times higher [1,2]. Furthermore, the input current of some power converters can be a discontinuous
signal or a continuous signal with a large switching ripple (variations due to the switching action).
This current is drawn from the fuel cell, with a negative impact on the lifetime and performance of fuel
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cells, as mentioned in several investigations [1,2]. The negative effect of distorted current signals on
fuel cells has motivated new investigations [5-9]. It is recommended that the FC current ripple must
be lower than 5% to have a good performance. In order to overcome this challenge, new topologies
have been designed to operate with lower current ripples than traditional topologies and to provide
high voltage gains [3,4].

Several converter topologies can overcome the discussed challenges; for example, quadratic-gain
converters ([10,11]) achieve a large voltage gain. The large voltage gain can be used to increase the
voltage provided by the fuel cell; the main disadvantage of quadratic converters is the voltage stress
across their transistor; this produces a relatively large amount of switching power losses.

Another solution to provide a large voltage gain are multilevel topologies [12,13], which have
lower voltage-stress on transistors; on the other hand, multilevel converters contain a significant
number of semiconductor devices.

Switched inductor topologies [14,15] and coupled inductors [16,17] have been are also used.
Another solution involves switched-capacitor topologies [18,19], which overcome some of those
challenges; they feature small size/weight and high power density; however, their best performance
and efficiency are obtained in cases in which there is no voltage regulation.

A topology option with large voltage gain and switching ripple cancellation is the one introduced
in [20], where it was called the double dual boost converter (DDBC) [20-23]. In general, it has been
shown that the DDBC can achieve input current ripple cancellation and overall satisfactory performance
in experimental implementations [20-23].

This article presents the implementation of a fuel cell generation system. The base of the
generation system is a de-dc converter of a topology called double dual boost converter. The system
implementation includes the design of the converter and its experimental validation. The system also
includes a closed-loop digital controller. The controller, in coordination with a particular selection
of inductors and capacitors, minimizes the switching ripple on the topology, both switching ripples,
the input current ripple, and the output voltage ripple. The work includes a hardware-in-the-loop
closed-loop implementation, rather than passive based with respect to a fixed operating point, as in
the current literature.

This article describes a fully integrated solution to the described challenges. It comprises the
hardware in the loop interconnection of two independently controlled systems (the fuel cell emulator
and the double dual boost converter). The obtained experimental results involve the design and
validation of an FC emulator and a correct selection of passive components (capacitors and inductors) for
the converter, along with the controller design in discrete time, which ensures the active minimization
of switching ripples. Experimental results are provided to validate the principle of the proposition.

2. Methodology

This article is focused on the dc—dc converter, with particular hardware design and a particular
digital controller; the converter is suitable for their use in a fuel-cell based generation system; in order
to corroborate their operation, this work started with the design and implementation of a fuel cell
emulator based on the hardware in the loop philosophy.

Figure 1 shows the fuel cell emulator, which is based on a controlled dc source, an FPGA-compact
Rio 9039 (from National Instruments, Austin, TX, USA) data acquisition system, and a computer
with LabView software; the computer program is based on a fuel cell mathematical model which is
described on Section 6 of this article. The emulator was built and validated before their connection to
the dc—dc double dual boost converter. The power controlled source used for the fuel cell emulator
was the Keysight N6953A model (from Keysight Technologies, Santa Rosa, CA, USA).
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Figure 1. The full hardware in the loop system developed for this article.

The output of the fuel cell emulator is connected to the double dual boost converter; this
particular topology of the converter is described in Section 3 of this article; the experiment was
designed in order to validate the implementation of the proposed discrete-time controller under a
realistic scenario.

The particular hardware design of the converter is discussed in Section 4 of this article, and the
digital control loop is described in Section 5 of this article. The digital controller was implemented on
a Texas Instruments TMS320F28335 digital signal processor (From Texas Instruments, Dallas, TX,
UAS), see Figure 1.

After the fuel cell emulator was build and tested (some experiments in the experimental results
demonstrate their operation), the DDBC was designed, implemented, and tested in open-loop mode.
Once the converter operates properly in open-loop mode, a digital controller was designed and
tested. To control the converter, the Texas Instruments TMS320F28335 digital signal controller was
used.

Finally, the complete system was integrated, and proper operation test was carried out; the two
independently controlled systems operated correctly, as shown in the experimental results section,
which is Section 7 of this article.

3. The Double Dual Boost Converter (DDBC)

We briefly discuss the main features of the DDBC [20-23], which is depicted in Figure 2. The
DDBC is based on two boost sub-circuits that are connected in input parallel and output series. The
difference of this section with most descriptions of the converter in the state of the art is that we are
not assuming that both sub-circuits have the same duty; they actually have different duty cycles. The
sub-circuit that contains Li, C1, S1, and S, is called the upper switching stage, while the lower
switching stage contains L2, Cz, S2, and S,.

Higiree2 Theetegsbisgyob adiiibeednad aass cesrwestes: (IR0



Electronics 2020, 9, x FOR PEER REVIEW 4 0of 16

For ease of exposition, the converter is assumed to operate in continuous conduction mode.
Consequently, when the upper diode is closed, then the upper transistor is open and vice versa; the
same consideration applies to the lower switching stage.

The converter operates with the Pulse Width Modulation PWM, which can be explained in the
following manner: a defined and constant switching frequency for transistors. The inverse of the
switching frequency is the switching period. A duty ratio or duty cycle is the relation among the time
a transistor is closed, divided over the total switching period. Figure 3a shows the relevant
waveforms when operating with a dutv cvcle D=0.7.
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period can be observed from switching functions, and it can also be expressed as the relation among
the constant signal D, divided over the peak value of the triangular carriers.
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period can be observed from switching functions, and it can also be expressed as the relation among
the constant signal D, divided over the peak value of the triangular carriers.

Both inductors have the same inductance, and the same duty cycle is used for both switching
stages. Note that the input current is equal to the sum of the current through both inductors minus the
output current. The input current ripple is thus smaller to the sum of inductor currents. In former
studies ([20-23]), transistors are driven by the same duty cycle. However, the converter sub-circuits
can have different switching functions without restrictions on the duty cycle.

The input-to-output voltage gain of the DDBC converter is now computed. We use the notation
Dj to refer to the duty cycle of the upper switching stage, and D, is used for that of the lower one.
This time there is no restriction for D; to be equal to Dy. The mathematical model of the converter can
be obtained with the traditional averaging technique and described as Equations (1)—(4).

di
Ll% = d1viy + (1 -dy) (vin —vc1) (1)
do, . .
Clwa = (1 - dl)ZLl — lout 2)
di
Lzﬁ = dyvy, + (1 -d2) (Vi —vc2) 3)
do, . .
C27C2 = (1—da)iro — dout 4)

On Equations (1)—(4) as well as in Figure 2, v;, is the input voltage, L1 and L,, inductors 1 and 2
respectively, C; and C, capacitors 1 and 2 respectively, d; and d, duty cycles for transistors s; and s,
respectively, i1 and i are the currents through inductors L; and Ly, and v¢q and vy are the voltages
across the capacitors C; and C,. Finally, iy is the output current of the converter.

Another important equation, which is related to the input current ripple cancelation that will
be further explained, is the definition of the input current in terms of the summation of the current
through inductors and the output current.

lin = i1 + 12 = fout ©)
In steady state, considering that voltage in capacitors and current through inductors comply with
the small ripple approximation, the average voltage across the inductors. This yields to

Vin n Vi
1-D;  1-D,

4 1-D1D5
"1-Dy—-Dy+ DD,

Vour = Vo1 + Ve = Vi = V=V (6)

Tout Vout
b= = 0
—Dd;  (1-Dj)R
The difference from upper case to lower case in all variables, for instead from d; to Dy, indicates the
operation regime. The upper case shows the steady-state value, which means no transient or

perturbation is present, while the lower case shows the large-signal value, which includes transient
behaviors. That is the reason why Equations (1) to (4) are all in lower case, while (6) and (7) are upper
case. For example, V- represents the steady-state component of vc.

As a special case in this approach, which leads to the traditional approach, if D; = D, = D in (6),
then the well-known gain of the double dual boost converter is obtained.

The voltage rating in transistors (the voltage transistors block when they are open) can be expressed
as (8).

Vin Vi

Vs1 = 1Dy’ Vo = 1-D,

®)
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4. Input Current and Output Voltage Ripple Minimization

Though perfect cancellation of input—current-ripple is a desired characteristic in interleaved
converters; it is well-known that this condition is only achievable at specific gains in traditional
designs [20-23]. In contrast with traditional approaches, as mentioned before, in the DDBC, the desired
duty cycle can be arbitrarily selected according to the nominal voltage gain, e.g., the case when the
duty cycles are linearly dependent; this issue is elaborated in the following: Define D as the base duty
cycle for the converter, i.e., D = Dy; both D1 and D5, can be expressed as a function of the duty cycle D,
as shown in Equation (9).

Dy =D; Dy =kD ©)

Duty ratios D; and D, take values between 0 and 1, at any time. Equation (6) can be written as
Equation (10) after substituting Equation (9).
_ Vout _ 1 1

— 1 (10)

G Vi, 1-D 1-kD

Being G, the topology voltage gain and k is the constant factor that relates the duty cycle D of
the converter to the individual duty cycle of each phase D; and D,. Equation (10) can be written as
Equation (11) after substituting Equation (9):

 Vow 1-kD?

G =
Vie  1-D(1+k)+kD?

(11)

In order to achieve a total ripple cancellation, there are two conditions that must be satisfied:
(i) the current positive derivative of one inductor should be equal to the current negative derivative
of the other inductor and vice versa; (ii) the total current ripple of both inductors must have equal
magnitude shifted 180°. The second condition can be expressed as:

Vg Vg
A1 = =3DiTs = Ajjp = —3D, T, (12)
L Ly

where Aip; and Aip; are the inductor current ripples, and T is the switching period of the converter.
Using (12) and (9), we can conclude that L, = kL;. Considering that D; and D, are complementary for
an operating condition with complete cancellation, this yields:

1-D*
D>(—

Vg * _ Vg * _
ApT,= 2(1-D)T,=k=

L kL, (13

Note that D* represents the nominal duty cycle at which the current ripple is completely mitigated.
D*is constant, D can adopt a value among 0 and 1. The duty ratio in (10) is obtained from (13), for a
certain gain G as:

1+ {1- ¢

D = ——— (14)

Note that (14) has two solutions. The one associated with a minus before the square root would
lead to a different k and D*. If this value is used, the same result is obtained in terms of current ripple
cancellation, but the role of the switching stages would be inverted. The designer must consider the
power distribution among the different phases of the converter; the designer selects the power rate of
the components during the design state. For simplicity, we will follow only one root of (14). Note that
k has a minor impact on the gain, which mainly depends on D.

The output voltage switching ripple cancellation is the other crucial characteristic of the converter.
Similar to the current ripple cancellation, the current I, charges the capacitor C; during the time DT,
and at the same time, the capacitor C; is being charged with the current equal to I — Ioyt. Moreover,
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during the period of time (1 — D)Ts, capacitor C; is discharged by means Iy, and C; is discharged due
to a current equal to Iy — Iy To accomplish the output voltage ripple cancellation, we can establish
two conditions. (i) The positive voltage derivative in one capacitor must coincide with the negative
voltage derivative in the other, and vice versa; (ii) The total voltage ripple of both capacitors must have
the same magnitude. The first is satisfied when D = D*. For the second condition, by considering the
voltage ripple equation, we have:

IOM

I
Aver = 2LD'T, = Avey = 224(1- DY) T, (15)
G G,

From (15), we can conclude that the relationship between C; and C, is given by

C1 D* 1
d__Z _C 16
C 1-D &k (16)
Then, in order to achieve the simultaneous output voltage ripple and input current ripple
cancelation, capacitors must be selected in a way that C, = kCy, as well as in inductors.

5. Digital Control of the Converter with Switching Ripple Cancelation

This section focusses on the dynamical behavior and the switching ripple cancelation to design a
closed-loop controller with the desired characteristics. The dynamic model of the converter is described
by (17). The model (17) considers Equations (1) and (2) as well as the constant k that is determined by
design using (13) and (16).

le‘% = vip — (1 =d)ocy
Lz% = vy — (1 = kd)vcy

, o (17)
C1dz% = (1-d)ipg — UC]H;gz Vin
dv . vc1+H0c—0;
C2TC2 — (1 —d)le _ Za Rcz in

where vc1, Uc), ip1, ip2 are the state variables, vj, is a non-controller input of the system, which is also
a variable, and d is the control input of the system, the variable that we can change to control the

output voltage.
From (17), the small-signal linearization technique can be applied to get the small-signal model,
which is expressed as:

D) cl
oiry 0 L 0 0 bir L
. 0 0 0 _(1-kD) - Ve

dl sip |_| 0 mo |l o B lsp (18)
dt| d6vey (D) 1 0 _1 0vcy I
50 Ci RC; _ RCy o0 G
€2 1 (1-kD) 1 2 li/F
0 -rg o “RG =

This model in (18) is expressed in incremental variables, where 6I]~ =1I - Tu is the increment
of I11 in reference to the equilibrium reference value I} 1, and so on for the other variables. In the
following, we consider the discrete-time version of (18), which can be obtained by standard methods.
Then, we obtain a state-space linear difference system of the form

diry(n+1) Sipq (1)
Sipa(n+1) | | Sira(n)

soe(n+1) | =2 svey(n) | TP (19)
dvca(n+1) dvco (1)

where n represents the time; and A and B are constant matrices of dimension 4 x 4 and 4 x 1, respectively.
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We aim at guaranteeing the regulation of input current. Hence, a current control-loop is realized
with the controller in Equation (20).

D(1) == —kyx(n) — ko (8ipa () + dir2 (1)) (20)

where ki, k are the controller gains; x1, is the error-integral of (6i1(n) + 0ip(n)) in which the state-space
expression is (21).
x(n+1) = x(n) + (6ip1(n) + dirz(n)) (21)

Now that the controller was defined, the controller gains can be computed; it is important to
guarantee the stability in terms of the Lyapunov stability theorem [24] (Section 7.4).
Using Equations (18), (20) and (21) the new extended state-space model can be formulated as:

x(n+1) x(n)
Ol (1’1 + 1) Oirq (i’l)
Sipp(n+1) | = (A-BK)| 6ira(n) (22)
ovci(n+1) T | odvci(n)
dvcp(n+1) =A dvcp(n)

where K = [k kj k3 k4 k5] are the controller gains. If the system is characterized with the matrix A]-.
As recalled in [24] (Th. 7.4.4, pp. 263-264), then it is asymptotically stable if a symmetric matrix P > 0
exists, in a way that

Q:=ATPA-P<0 (23)

The simultaneous computation of P and the controller gains can be obtained by iterative algorithms
(see [25]), which is a straightforward matter for solvers such as Yalmip.

6. Fuel Cell Mathematical Model

The realization of the fuel cell model is based on the Nernst reversible voltage equation and is
composed of four voltage stages [26-28], i.e.,

Vfc = ENgrnst - Vact - Vconc - Vohm (24)
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The Nernst vsltage or the reversible voltage corresponds to the patential at the gutptt of the Fe
witheut iead: In [38] is presented a modified version of the equation of this voltage drep with a term
that takes into account the temperature, while Po2 and Pw2 are the partial pressures of oxygen and
hydrogen, respectively. The equation from [28] is:

E

Nernst

=1.229-0.85x107 (7T —298.15) +4.31x IO‘ST[ln(PHz)wL%ln(POZ )} (25)

where T is the temperature.
Activation voltage losses have a greater impact when low currents circulate through the cell [29].
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that takes into account the temperature, while Pp; and Py are the partial pressures of oxygen and
hydrogen, respectively. The equation from [28] is:

ENernst = 1.229 — 0.85 x 1073 (T — 298.15) + 4.31 x 10°T|In(Ppp) + % In(Poo) (25)

where T is the temperature.

Activation voltage losses have a greater impact when low currents circulate through the cell [29].
The Tafel equation is employed to describe the connection between current density and activation
losses. This equation is valid if i > i,.

Vaet = =[é1+ ET 4+ E3TInCop + E4T In(Ixc)] (26)

where V¢ represents the activation loss, T is the temperature of the fuel cell, Ir¢ is the fuel cell current,
and the &’s represent the parametric coefficients for each cell model, the oxygen concentration Cpy can

be calculated as:
Pop

Co2 = ( 498 )
5.08 x 106 T
Concentration or diffusion losses occur when there is a change in the concentration of reactants,

on the contrary of the activation losses, this has a greater impact at very high current, according to the
following equation

(27)

Veone = —B ln(l _J ) (28)
max
where Vo represents the concentration loss, B is a parametric coefficient which depends on each cell,
] is the current density of the fuel cell, and Jmax is the maximum current density of the fuel cell.
The ohmic losses occur because of electrode resistance, current collectors, and polymeric membrane.
They are proportional to the current that circulates in the fuel cell.

Vohm = IFC (RM + RC) (29)

where V,,,, represents the ohmic losses, Irc is the fuel cell current, R¢ is the resistance of the transfer
of protons through the membrane with a value of 300 uQ2 and Ry, is the resistance of the membrane
calculated by:

(30)

(]

A

The polarization curve of the fuel cell is shown in Figure 5. This type of graphic indicates the
different voltages in the fuel cell model (see Figure 4) vs. the current density [30]. When the current
density at the fuel cell changes, the Nerst voltage stays constant, but the fuel cell voltage V¢ decreases
as the current density is increasing. The different voltage drops—activation, concentration, and ohmic
losses are also represented in Figure 5, to have an idea of their behavior. The parameters of the Avista
fuel cell stack 500 W are shown in Table 1.
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Table 1. Avista 500-W Fuel Cell stack parameters.
Param. Value Param. Value
N 32 & —-0.948
T 333 K &2 0.00286 + 0.0002InA + (4.3 x 10-5)InCh2
A 64 cm? &s 7.6 x10°5
L 178 um & -1.93 x 10
Pr2 1 atm 4 23
Po2 0.2095 atm ]mnx 469 mA/cm2
B 0.016 V In 3 mA/cm?
RC 00003 Q Tnax 30 A

7. Experimental Results

In this section, we show the experimental results of the proposed controller using the hardware-
in-the-loop FC implementation. In Figure 6, we show a picture of the experimental prototype and the
DSP that implements the proposed discrete time input current controller. The full set of parameters
of the experimental setup is shown in Table 2.

Figine 6. Rirttre o the impRmeakion of the propeed inpwt current contrelier:
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Table 2. Experimental setup parameters.

Parameter/Component Value/Information
Maximum power 300 W
Frequency 50 kHz
Input voltage range 20 V40V
Output voltage range 80 V-150 V
Converter nominal gain 4
Constant k 0.6
MOSFET S1 and Sz IRFP4127 (200V, 75 A)
Diode LXA20T600 (600 V, 20 A)

Film capacitor Ci

8 uF, 300 V, ESR =4 mQ

Film capacitor Cz

4.7 uF, 300 V, ESR =4 mQ

Inductor L1

430 uH, 7 A, ESR = 64 mQ)

Inductor L2

240 puH, 10 A, ESR =27 mQ

Controller gains ki, k2, ks, ks, ks

0:0005; 0:0008; 0:0008; 0:0001; 0:0001

We first proceed to validate the hardware-in-the-loop implementation of the FC described in the
previous section. In Figure 7, we show the dynamic response of the implemented FC with respect to
continuous load variations. Several experimental measurements were performed to validate the
corresponding values of the characteristic curve of the FC. These measurements are illustrated in
Figure 8. Moreover, experimental measurements of some of the points A, B, and C in Figure 8 are

shown in Figures 9-11, respectively.
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Figure 7. Dynamic response of the Fuel cell (FC) with respect to load variations.
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Experimental results of the proposed current-controller with simultaneous cancellation of input
current and output voltage ripples are shown in Figure 12 for an input current set-point of Iin=8 A.
As can be seen, the current from both inductors and the input current of the converter (output current
of the fuel cell) is shown, the input current (I;;,,) is almost pure DC component; this is the result of the
design of the converter and the control loop, which ensures that the duty cycles preserves the relation
“k”. A comparison between Figure 3, where equal inductors are considered, and Figure 12, where
the proposed design and control scheme is employed, the improvement in the input current ripple is

clear.
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Figure 12. Graphic of currents through inductors and the input under the proposed input current

control and ripple cancellation with Ii» =8 A as set-point.

Figure 13 shows the output voltage of the converter, the output of each capacitor is shown since
capacitors of the prototype have the relation “k” between them, similar to the input current ripple

the output voltage (Vo) is a pure DC component.
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8. Conclusions

This paper presented the immplennentation of & fiiell calll ganeratiion ssisdem. The base of the
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ergesigperimbratiderlidasiah ot she exar eiengaloiny tvéthadig nlepignaivhviohdsfticioatd dlasedilciex
digitadiden tihlerd ddigsledignedrodieiroifer o edenstinationtivith papeiviidataseelasborodfimdludions and
capacitors, minimizes the switching ripple on the topology, both switching ripples, the input current
ripple and the output voltage ripple.
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programmed in [LabWiaw. THhewtpipnuf ohdiacfuel lcethelatolatordsreanaetethéad thb Rallpde biost
bonsketary ettier;phisipaltictdpotogylog ycohventeer ieropideidasladaegevoleding ggiincomnppatel to the
traditional boost converter and a smalllet injpiudt cutemt tipiplie.

The double dual boost converter was designed with a particular hardware design and operated
wilth & paticulir WML add g ted Iconvitediés rwassidweldppd d do thisia pphtatitinand dnpleleertet doa
TeResdndtutroenes SMY33020B2853bi ditgitaigighprpeessasor.

The full experiment was developed in order to demonstrate that the double dual boost converter
under e pratitaldahhadavere o ekigigand thehdetelapegediglipl einivatiolienblabddnteiact ithvaithed
¢alllandlpaadidasgades pesbet penier mhavcopdiated pea feé! welkrfagddetiebgygbreratign gysteation
system.

The developed digital controller considers the relation among duty rations, contributing to the
switching ripple minimization in both the input current and output voltage, the control must be
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The developed digital controller considers the relation among duty rations, contributing to the
switching ripple minimization in both the input current and output voltage, the control must be
coordinated with the selection of passive components (inductors and capacitors). This technique
encompasses both a design procedure and a PWM strategy for which the designer can freely select the
gain at which the input current ripple is canceled. We presented the procedure to achieve this ripple
cancellation and showed that an unconstrained selection of the operating region of the converter could
be achieved. This technique encompasses both a design procedure and a novel control constraint using
the PWM strategy. The control loop was designed considering a small-signal discrete model, and PI
converters were tuned according to a Lyapunov stabilization condition that ensures the robustness of
the system against disturbances.

The proposed scheme was tested using a fuel cell emulator using Labview in a hardware-in-the-loop
fashion. Experimental results from this emulation are presented to corroborate that the behavior
is close enough to a real fuel cell. It is demonstrated how the control loop ensures that the ripple
mitigation technique is achieved even when the system is subjected to disturbances.
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Chapter 5

Minimum Current-Ripple Point Tracking
for Renewable Energy Applications

Summary of the chapter

This chapter presents an article in which a novel output voltage control of a high-gain inter-
leaved DC-DC converter that is able to track a minimum input-current ripple. The controller
encompasses three stages: a current stabilization loop, an output-voltage controller and a min-
imum ripple point tracking control law. The latter is a novel stage that enables a full operating
region for which the input-current ripple is minimized. The proposed scheme was validated
by implementing experiments in closed-loop operation. In this way, the DDBC is able to both
mitigate the harmonic distortion on the current extracted from the PEMFC, which is beneficial
to improve the efficiency and life-time of the cell; and on the output-voltage delivered to an
output DC bus.
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Abstract—This paper presents a novel output voltage control
of a high-gain interleaved DC-DC converter that is able to track a
minimum input-current ripple. The controller encompasses three
stages: a current stabilization loop, an output-voltage controller
and a minimum ripple point tracking control law. The latter
is a novel stage that enables a full operating region for which
the input-current ripple is minimized. The proposed scheme was
validated by implementing experiments in closed-loop operation.
In this way, the DDBC is able to both mitigate the harmonic
distortion on the current extracted from the PEMFC, which is
beneficial to improve the efficiency and life-time of the cell; and
on the output-voltage delivered to an output DC bus.

Index Terms—Interleaved DC-DC converters, renewable en-
ergy, current ripple, control, modeling.

I. INTRODUCTION

Renewable energy sources that deliver a low output voltage,
according to the requirements of the grid, such as batteries,
fuel cells, solar panels, etc., require a DC-DC converter with
high input-to-output voltage gain [1], [2].

Also another desirable feature in this DC-DC converters is
the high efficiency by avoiding working with extreme duty
cycles. Many DC-DC converters have been proposed to step-
up voltages. For example, quadratic boost converters (see e.g.
[3], [4]); other high-gain topologies based on multilevel stages
have been also proposed, see e.g. [5], [6]; high-gain inductor-
based topologies, such as switched inductors [7], [8] and
coupled inductors [9], [10] are also used.

After weighting the advantages and disadvantages of the above
topologies, they all can be considered suitable for renewable
energy applications, due to their high-voltage gain. However,
input-current ripple is an inherent converter’s characteristic
[11], which is an issue in such renewable energy applications
because this ripple affects them directly in their efficiency and
lifetime,(cf. [12]).

This issue has motivated ripple-cancellation contributions
based on coupled-inductors (see e.g. [13]) including inter-
leaved topologies (see e.g. [14]). Furthermore, the control
design is a relevant issue in DC-DC converters, because the
converter has to deal with the input-voltage and load variations
that are present in any realistic scenario (see e.g. [15]-[19]).

Besides the fact that high-gain and ripple mitigation are topics
that may seem apart from each other, some papers studied
them on the whole [20]. As can be seen, interleaved converters
are a solution for such high-gain and ripple (see e.g. [20]).
An ordinary restriction in interleaved converters is their fixed
operating point at which the ripple is mitigated. A result
of this, is that the duty cycle and gain of the converter is
restricted, therefore the current ripple cancellation is poor
operating in a different point than the design one.
For instance, a linear controller with a constraint point of
operation is proposed in [15]; equal duty cycles is a constraint
in [16], in which a linear controller is implemented for a
double-dual boost; similarly, with equal inductors a perfect
cancellation with a linear controller at a restricted point of
operation is presented in [17]; a closed loop controller is
implemented in [18], with the same characteristic of equal
duty cycles; and [19] presents a linear control for which duty
cycles are required to keep a proportional value.
From the literature review, it is clear that high-voltage gain
converters, input-current mitigation and their control are rele-
vant issues for which there is still room for improvement.
For this reason, this paper show that it is feasible to achieve a
single implementation of a closed-loop high gain interleaved
DC-DC converter, overcoming disadvantages of some high-
gain topologies, and featuring input-current ripple mitigation
at any desirable operating region.

An active way of minimizing the input current achieved by
a control law, considering a proper sizing of the inductors.
In contrast with previous approaches (e.g. [15]-[19]), the
proposed controller is nonlinear; consequently its performance
is guaranteed over a full operation range.
In particular, a new closed-loop strategy that is able to
simultaneously regulate the output-voltage, and mitigate the
input-current ripple is proposed. In order to do so, a concept
of minimum ripple point tracking (MRPT) for interleaved
converters is used. This concept, is presented first in [21],
where a three stages controller is presented, an a linear
controller is implemented.
In sharp contrast with such contributions, a control scheme



that mitigates harmonic distortion by steering duty cycles
to a particular steady-state value is proposed, using a state
space nonlinear structure as a modeling specification, that
involves the minimum possible current-ripple with respect to
any operating point of a voltage-regulated converter. Control
scheme and theory demonstrations are validated via experi-
mental results.

II. INTERLEAVED MULTILEVEL BOOST CONVERTER

This paper uses an interleaved multilevel boost converter
based on the topology proposed in [22] shown in Fig. 1a) and
a multilevel version of the converter proposed in [23], which
is shown in Fig. 1b). These are topologies based in step-up
converters in combination with a capacitor-diode arrangement
which function as a multiplier.The main advantages of these
arrangement is the capacity to obtain high output voltages with
small components, hence with a small size. By interleaving the
configurations the topology in Fig. 2 is obtained. To model
these topologies there are several changes that need to be
considered, one associated to the increased number of stages
that imply also and increased number of equations; and a
second issue related to switched-capacitor dynamics, which
cannot be modeled right away by averaging (cf. [24]).
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a) Multilevel Boost Converter b) Three-switch Multilevel Boost

The modelling of a switched-capacitor based for control
purposes involve several challenges, one associated to the
increased number of stages that impply also and increased
number of equations; and a second issue related to switched-
capacitor dynamic, which cannot be modelled right away by
averaging. Considering that, a large-signal modeling scheme,
that will be eventually validated in closed loop operation, is
proposed. For instance, an average-loss approach to model the
converter in Fig.1 a) can be used as in [19], where equivalent
switch resistances denoted by R, are used.

In [19], N refers to the number of levels of each converter,
and R, is used (o express the average losses due to the energy
transfer between capacitors (see [25]). Due to the resultant
complex expression for the model, a reduced-order model is
proposed. In this model it is assume that every capacitor has
the same value C, ie. C; := C, i = 1,2,...; and that the
average voltage across capacitors is always the same, thanks to
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Fig. 2. Interleaved Converter

the inherent voltage balancing of the converter this is perfectly
justified (see [26]). Hence, a reduced-order model is obtained
by considering

N
Vo= Voo VieVare Vo, o (D)
k—1

As a result, the derivative of the voltage across the capacitors
that serve as energy transfer elements, which is a common
assumption when the switching frequency is sufficiently high.
Then by adding up the equations of the output capacitors, the
model can be reduced to

d
Ld—z’ =Vin—(1-D)Vg, ,
Ny 1 N 2)
Z CEVC(WHU - (1 - D>7/ R Z VC(Qk—l) .
k=1 k=1
By considering (1), equations (2) can be expressed as
1-D
1diov, LDy
dt N (3)
d , Vo
NCE‘/O— (1—D)’L—N§ .

In (3) the model proposed is similar to the boost converter
steady state equations, i.e. such classic model corresponds
to the special clementary case N = 1. Under the same
considerations, a similar reduced order model for the converter
of Fig. 1b) is obtained. It can be easily verified that both
models have identical structure. Consequently for ease of



exposition, an index term j = 1, 2 to emphasize the duality of
the models is used. Hence obtaining

d . 1-D;
Lj%Zsz‘< N_J>Vjv
J

4
d . Vs @
N;C= Vi == Dy)ij = Nj {5 ) 5
with 5 = 1,2. Moreover, the fotal input-current as the sum
of the input-current through both converters and an analogous
definition for the case of the output voltage is defined, i.e.
Iin, =11 + 13 and V,, := Vj 4 V5 respectively.
Then the gain of the converter is given by
N- N.
L 2
1-Dy 1—Ds
A. Sizing of the inductors

G:= %)

The principal reason to consider interleaved converters is
their possibility to mitigate the input current ripple. In this
paper this task is achieved by a proper sizing of the inductors,
and it is show how this selection method is applicable to any
operating point. Consider an interleaved converter as in Fig.
2, their triggering signals are 180° phase from each other. In
this way, the total input current is the sum of both converters,
in this way the ripple can be expressed as AL, = Aiy — Aio,
ie.

o ‘/anl ‘/;nDQ

stl st2 ’
In order to achieve perfect ripple cancellation, i.e. Al;;, =0,
from (6), it is concluded that

D
LQ:M<59.

In this paper, this current ripple cancellation approach to
the design of converters is the pivotal figure of the proposed
minimum ripple point tracking (MRPT) control technique. In
the following section the details of the closed-loop analysis
are introduced. Note that (6) is satisfied either by constraining
the duty cycles (and consequently the converter’s gain), as
usually done in interleaved converters, or by selecting any
pair of arbitrary duty cycles and computing the corresponding
value of L;, ¢+ = 1,2. This yields a design approach that
does not restrict the gain of the converter and permits to
select freely the operating point at which Al;, = 0. This
idea was presented in an open loop operation before in
[27], the main advantage against traditional ripple cancellation
techniques is illustrated in Fig. 3, where a freely selected
gain that involves Dy = 0.713 as a given specification can
be selected. Around a preselected region, the improvement
of using different inductors with respect to the percentage
of current-ripple that is obtain by the traditional approach is
significant.

In this paper, this current ripple cancellation approach to
the design of converters is the pivotal figure of the proposed
minimum ripple point tracking (MRPT) control technique. In
the following section the details of the closed-loop analysis
are introduced.
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Fig. 3. Ripple level comparison under different design conditions

III. CURRENT AND VOLTAGE CONTROL DESIGN

The reduced-order model presented in Section II enables
the design of a nonlinear controller. In the following, an
input-output feedback linearization (cf. [28]) that will be
instrumental for the development of our full control scheme is
presented. First, by using the following state space nonlinear
structure as modeling specification.

9= f(@) + g,

dt (8)
y = h(z).
Note that the derivative of y in (8) can be computed as
d  Oh(x) Oh(x)
Sy =2 pw)+ 2 gy ©)
th(x) Lgh(m>

where Lyh and Lgh denote the Lie derivative of I along f
and g respectively (see [28]). Note that if Lyh(z) = 0, the
resulting description of the output y does not depend on input
u. Consequently, in order to obtain an input-output description
the process must be repeated until the input appears in the
equation, e.g. by computing a second derivative of y as

d’ OLsh
Y= 8;7 [f(z) + g(x)u] = L3h(x) + LeLyh(x)u . (10)
A generalized form of equation (10) is given by
v o p—1
Y= Lih(z) + LgLy ™ h(z)u (11)

where p is called relative degree and LgL?_lh(z) # 0. From
equation (11) it is easy to verify that selecting the input

v — Lih(w)

U= ——= 7 (12)
LoL5 ™ h(x)



then the following linear input-output expression is obtained

dr

! =
where v can be selected as a new input that is defined e.g.
by a linear controller. In order to apply this theory to the
interleaved topology under stu%y, (4) is expressed as in (8),

with u; 1= Dy, z; 1= [ij VJ} ,j=1,2, and

13)

Vin Vi

| Li NiLj| | | NiLy
fitws) = | v, NCHES |0

N,C  RC N,C

A. Current Control

Although, for practical purposes, the variable to remain con-
stant under disturbances is the output voltage of the converter,
it is well-known that boost converters have non-minimum
phase characteristics with respect to such variable, i.e. the
output voltage cannot be directly controlled (see [24], [29] for
further details). Alternatively, the input-current is stabilize to
ensure stability. For this reason the selected output of each
converter is selected as y; = hj(z;) = i;, with j = 1,2.
Then, using (12) and (14), the duty cycle of each converter
can be defined as

N
Dj = -7

V.
V. <Uij = Vin + #) ;
J J
with 0 < D; <1 and j = 1,2. Consequently, the equations
that describe the input-current through each converter can be
expressed as

(15)

gij:uj; ji=12. (16)
The new inputs u;, 7 = 1,2, can be generated by feedback PI

controllers defined by
d_ . )
Exj =1~ lref;
uj = —kij — ke, ;5 -

a7

where Z; denotes the state variable of the integrator of each
controller; k]i , kgj are the controller gains; ..y, is the input-
current reference for each converter; and j =1, 2.

Note that the value of the gains k‘17.7]€2j, 7 = 1,2, can be
computed in a standard way for linear systems, for example
since (16)-(17) can be expressed as

el = ) 2] e =i
N———

Aj

it is enough to select k1;, k2, in such a way that the matrices
Aj, j = 1,2, have stable eigenvalues (see [24], [29]). In order
to add further performance specifications such as the time
response of the converters, the time constants 7;, j = 1,2 are
considered, and the eigenvalues of A; as 0 :=1/7;, j = 1,2
are defined.

As discussed in Sec. II-A, it is possible to choose different
inductances for our implementation, which implies that the

converters that are being interleaved have in general different
natural time-constants. Consequently, the time-constant of the
controllers can be selected taking into account this character-
istic in the following way. If it is assume that both switches in
Fig. 2 remain closed, which corresponds to the fastest possible
way to achieve any given input-current value as reference,
the corresponding time-constants can be obtained from the
following implication.

Ay Li ns,
IAL; Vin 9
where Ai; represents the change in the charging current with
respect to the difference of time At;; and j = 1,2. According
to (19) the controllers time-constant, represented by 7;, j =
1,2, must satisfy 57; > Atj. Given this relation, the pole-
placement technique can be applied to compute the feedback
gains ki, ko, j = 1,2 for the current loops.

= Vi = At = (19)

B. Output Voltage Control

Once the input-current of the converters is on a stable
condition, the output voltage can be regulated (see [24],
[29]). From this viewpoint, it is desirable to define a further
control action by regulating the value of each current-source
to achieve a desired output voltage value. In order to do so, the
current control loop is extended by implementing the following
controllers

bref; = =91, Vi = 92,2 5

[ (20)

Ezj =V, - Vref .
where g1, g, are the output-voltage control gains; z; is the
state variable of each of the integrators; V.. is the desired
reference for the output voltage; and 7 = 1, 2. These feedback
gains are set in an analogous way as in the case of the current-
control loops.

IV. MINIMUM RIPPLE POINT TRACKING

Based on the theory discussed in Sec. II-A, an imple-
mentation that adds additional constraints to the controllers
is proposed, to achieve input-current stabilization and output
voltage control, featuring the least possible percentage of
current-ripple at any operating point.

First, consider an interleaved converter whose inductances
satisfy by design the relation given in (7) and whose PWM
carriers are in counter-phase. Then, define the following rela-
tion I
_L_D @1

Ly D
For the MRPT application it is considered that the relation
between inductors size and duty cycles must be equals at
all time from equation (21), which establishes the duty cycle
relation as

k:

Dy = kD . (22)

Equation (22) means that the rising slope for both inductors
have the same value, and as a consequence for not being
complementary, during a period of time, both switches are on



or off, for that reason a small amount of ripple is present in
the input current, though it is always less than in the case
of complementary duty cycles. In Fig. 4 some curves are
shown, that according to the design parameter k, express the
minimum ripple point and how the ripple level increases only
slightly when moving away from a desired operating region.
The MRPT technique follows a specific curve according to the
k selected. Using this curve according to a selected minimum
ripple point, the design of the converter has a significant
advantage over traditional approaches, which is the small
amount of ripple on the input current. Furthermore, the main
condition (22) can be achieved by a control technique that
follows the curve.
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Fig. 4. MRPT curves according to inductors relation

For the MRPT application a nonlinear controller is consid-
ered for each multilevel converter and an additional steady-
state condition that satisfies (22). In other words, the MRPT
technique is accomplished in a steady state, i.e. during the
dynamic state, the ripple is not minimized in order to reach
the output voltage reference, which makes the converter ro-
bust against disturbances, while a minimum ripple point is
gradually achieved with time.

Now the improvement obtained with the MRPT technique
against a linear control technique is presented, in which
complementary duty cycles are considered, this comparison is
shown in Fig. 3. Both techniques have equal minimum ripple
point. It can be appreciated that when moving from that design
point the MRPT technique carries the ripple level to a less
percentage in comparison with the linear control.

A. MRPT control loop

When the output voltage has reached the set-point, the
MRPT control steers the duty cycles to a point of op-
eration that satisfies the condition (22). This is accom-
plished by setting the MRPT controller gains slower than

the current and output voltage controllers. That is, the con-
troller priority as Current Control — Voltage Control —
MRPT implementation via a suitable selection of controller
time-responses.

During this third phase of the controller, the incorporated
condition for the current control loop is that duty cycles must
satisfy the relation k, expressed in equation (22), which in
terms of an integrator can be expressed as follows.

In order to implement the third stage of the controller the
following control law is introduced

d
Zw=Dy—kD
dtw 1 2

where w is the variable that implements the minimum ripple
point tracking error. In order to take advantage on the dynamic
of each converter a controller for each one is designed, as a
result of this, to get a proper response from the converter the
sign of w of the converters are opposite as shown in equation
(24), in that way, the fastest converter tends to reach a lower
duty cycle value and vice-versa. The current controller with
the integrator for the MRPT is expressed in equation (24).
Then an additional element to the output-voltage loops in (20)
is included as

(23)

Irefy, = —g1, V1 — 92,71 + gaw ,
Urefs = —91,V2 — 92,722 — 3w ;
Note that given (24), the current set-point is a function of the

output voltage value and the MRPT error. The full schematic
of the controller is illustrated in Fig. 5.
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Fig. 5. Control Loop

V. EXPERIMENTAL RESULTS

In order to validate the proposed controller an experiment
was carried out on a four-level version of the converter,
ie. Ny = 2 and Ny = 2. The experiment was performed
using a prototype of the converter, an electronic load and
a digital signal processor TI TMS320F28335 for the closed
loop implementation. The prototype/controller parameters are
summarized in Table I.

The controller was tested under input voltage step variations,
and abrupt load changes.
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Fig. 6. Interleaved converter prototype

TABLE 1
DATA OF THE EXPERIMENT

Parameter Value
I 330 nH
Lo 820 uH
C 10 uF°

Mosfets IRF P250
Diodes BYW29E-400
Resistance 500 Q2
Ny, N2 2
Fs 50 kHz
Vin 24V
Vo'u,t 192V
ki, k1, —5e3
2, —5et
k22 —562
g1, _ 1
190
91z —@
T
2 800
g3 i

80

A. Steady-state validation

As stated on previous sections, important advantages of
this topology include a high gain and ripple cancellation;
consequently, experimental validation of both features are
presented. Moreover, the principal benefit of the proposed
controller, is its flexibility over the operational point while
searching a minimum ripple condition. In order to provide a
fair comparison, a controller featuring the traditional approach
is implemented, using the same converter as in [19]. In this
way, it is corroborate that the proposed MRPT control strategy
produces minimized values. Considering this, the topology is
operated far away (i.e. Viei—point = 192) from the design
point (Vgesign = 230V). The results using a traditional control
technique with a traditional approach (with constrained duty
cycles) is shown in Fig. 7. As expected, the total input current
(green line) has an excessive ripple level, nearby to a 15% of
the input current value.

Using the same reference for the output voltage, the new
MRPT controller is implemented. Experimental results are
shown in Fig. 8. The implementation of the MRPT control
accomplished a ripple value nearby to 3% percent.
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Fig. 7. Closed-loop operation using the traditional approach
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Fig. 8. Topology working with the MRPT controller

B. Dynamic (tracking) validation

In Fig. 9, the experimental validation for the MRPT theory
is presented in dynamical terms. Due to the big difference be-
tween the set-point and the instant voltage value, the controller,
having a quick response, carry the duty cycle of the fastest
controller to a high value, giving a time to the other converter
to reach the set-point. This case, where duty cycles cross their
respective values is so particular, however, when turning on the
converter it can be appreciated. Fig. 9 has four traces, the blue
line corresponds to the current of the upper converter (the one
in Fig. 1 a)), which in our prototype is the fastest converter.
The red line corresponds to the other converter (the one in
Fig. 1 b)) that constitutes the overall interleaved topology. The
total input current is marked in green, and the output voltage
is presented as a purple line. It is easy to verify that during
the dynamic state, the upper converter current takes a higher
value than the one in steady state. Note also that the total input-
current ripple is dynamically mitigated as ¢ increases, i.e. the
converter is tracking the point of minimum ripple, while the
output voltage is able to reach the set-point simultaneously.
Finally, in steady state the converter remains under a minimum
ripple condition.
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Fig. 9. MRPT experimental validation

C. Control validation under disturbances

Since a controller must be capable to provide a quick
response under disturbances that may affect the output voltage,
e.g. load changes or voltage input changes; these scenarios
are also validated. Fig. 10 depicts the controller action when
a load change is applied to the converter, in this case, the
resistance value is dropped from 1200 €2 to 400 2. Note that
one converter is always faster than the other in order to achieve
the fastest possible response against disturbances.
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Fig. 10. Controller action under a load change

In Fig. 11 a voltage step down of 20% V;,, was applied
to the converter. A similar compensating behavior, as in the
load-change case, is observed on the input currents.

VI. CONCLUSIONS

A new control strategy for interleaved converters is intro-
duced, by using a topology with compelling features such as
high gain, high efficiency and input current ripple cancellation,
which makes it suitable for renewable energy applications.
A new approach to current ripple cancellation for which
duty cycles are not constrained was adopted. This approach
is the pivotal figure of a control technique with an MRPT
implementation, which permits a low current ripple level even
with a variable operating point. Experimental results proved
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Fig. 11. Controller action under a voltage-step

that the proposed controller allows an output voltage regulation
and an input current ripple minimization under disturbances
like load changes.

[1]

2

—

3

[

[4

=

[5]

[6

[

[7

—

[8]

[9]

[10]

(1]

[12]

REFERENCES

O. Hegazy, J. V. Mierlo, and P. Lataire, “Analysis, modeling, and
implementation of a multidevice interleaved dc/dc converter for fuel
cell hybrid electric vehicles,” IEEE Transactions on Power Electronics,
vol. 27, no. 11, pp. 4445-4458, Nov 2012.

D. Vinnikov, A. Chub, E. Liivik, and I. Roasto, “High-performance
quasi-z-source series resonant dc-dc converter for photovoltaic module-
level power electronics applications,” IEEE Transactions on Power
Electronics, vol. 32, no. 5, pp. 3634-3650, May 2017.

J. Leyva-Ramos, R. Mota-Varona, M. G. Ortiz-Lopez, L. H. Diaz-
Saldierna, and D. Langarica-Cordoba, “Control strategy of a quadratic
boost converter with voltage multiplier cell for high voltage gain,” IEEE
Journal of Emerging and Selected Topics in Power Electronics (In press),
2017.

O. Lopez-Santos, L. Martinez-Salamero, G. Garcia, H. Valderrama-
Blavi, and T. Sierra-Polanco, “Robust sliding-mode control design for
a voltage regulated quadratic boost converter,” IEEE Transactions on
Power Electronics, vol. 30, no. 4, pp. 2313-2327, April 2015.

A. Gandomkar, A. Parastar, and J. K. Seok, “High-power multilevel
step-up dc/dc converter for offshore wind energy systems,” IEEE Trans-
actions on Industrial Electronics, vol. 63, no. 12, pp. 7574-7585, Dec
2016.

A. Nahavandi, M. T. Hagh, M. B. B. Sharifian, and S. Danyali, “A
nonisolated multiinput multioutput dc-dc boost converter for electric
vehicle applications,” IEEE Transactions on Power Electronics, vol. 30,
no. 4, pp. 1818-1835, April 2015.

M. Lakshmi and S. Hemamalini, “Non-isolated high gain dc-dc converter
for dc microgrids,” IEEE Transactions on Industrial Electronics (In
press), 2017.

L. S. Yang, T. J. Liang, and J. F. Chen, “Transformerless dc-dc convert-
ers with high step-up voltage gain,” IEEE Transactions on Industrial
Electronics, vol. 56, no. 8, pp. 3144-3152, Aug 2009.

X. hu, j. Wang, L. Li, and Y. Li, “A three-winding coupled-inductor dc-
dc converter topology with high voltage gain and reduced switch stress,”
IEEE Transactions on Power Electronics (In press), 2017.

M. Muhammad, M. Armstrong, and M. A. Elgendy, “Modelling and con-
trol of non-isolated high voltage gain boost converter employing coupled
inductor and switched capacitor,” in 2016 International Conference for
Students on Applied Engineering (ICSAE), Oct 2016, pp. 312-317.

B. Wu, S. Li, and K. Ma Smedley, “A new single-switch isolated
high-gain hybrid boosting converter,” IEEE Transactions on Industrial
Electronics, vol. 63, no. 8, pp. 4978-4988, 2016.

M. V. Naik and P. Samuel, “Effect of duty ratio on fuel cell ripple
current, power losses and converter efficiency,” in 2017 IEEE PES Asia-
Pacific Power and Energy Engineering Conference (APPEEC), 2017, pp.
1-6.



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Taewon Kang and Yongsug Suh, “Optimized coupling factor design of
multiple-phase coupled inductor for minimum inductor current ripple
operation in ev charger systems,” in 2017 IEEE 3rd International Future
Energy Electronics Conference and ECCE Asia (IFEEC 2017 - ECCE
Asia), 2017, pp. 1178-1183.

M. Schuck and R. C. N. Pilawa-Podgurski, “Ripple minimization
through harmonic elimination in asymmetric interleaved multiphase
dc—dc converters,” IEEE Transactions on Power Electronics, vol. 30,
no. 12, pp. 7202-7214, 2015.

R. Saadi, M. Bahri, M. Y. Ayad, M. Becherif, O. Kraa, and A. Aboubou,
“Implementation and dual loop control of two phases interleaved boost
converter for fuel cell applications,” in 3rd International Symposium on
Environmental Friendly Energies and Applications (EFEA), 2014, pp.
1-7.

N. Genc and I. ISkender, “An improved zero-voltage-transition inter-
leaved boost converter with high power factor,” in 2009 International
Conference on Electrical and Electronics Engineering - ELECO 2009,
2009, pp. 1-432-1-436.

B. Lin and C. Huang, “Interleaved zvs converter with ripple-current
cancellation,” IEEE Transactions on Industrial Electronics, vol. 55,
no. 4, pp. 1576-1585, 2008.

H. Y. Kanaan, G. Sauriol, and K. Al-Haddad, “Small-signal modelling
and linear control of a high efficiency dual boost single-phase power
factor correction circuit,” IET Power Electronics, vol. 2, no. 6, pp. 665—
674, 2009.

C. A. Villarreal-Hernandez, J. C. Mayo-Maldonado, J. E. Valdez-
Resendiz, and J. C. Rosas-Caro, “Modeling and control of an interleaved
dc-dc multilevel boost converter,” in 2017 IEEE 18th Workshop on
Control and Modeling for Power Electronics (COMPEL), July 2017,
pp. 1-6.

E. S. Garcia, J. A. Pomilio, and G. Spiazzi, “Modeling and control design
of the interleaved double dual boost converter,” IEEE Transactions on
Industrial Electronics, vol. 60, no. 8, pp. 3283-3290, Aug 2013.

[21]

[22]

[23]

[24]

[25]

[26]

(271

[28]

[29]

C. Villarreal-Hernandez, O. F. Ruiz Martinez, J. C. Mayo Maldonado,
G. Escobar, J. E. Valdez-Resendiz, and J. Rosas-Caro, ‘“Minimum
current-ripple point tracking control for interleaved dual switched-
inductor dc-dc converters,” IEEE Transactions on Industrial Electronics,
pp. 1-1, 2020.

J. C. Rosas-Caro, J. M. Ramirez, F. Z. Peng, and A. Valderrabano, “A
dc-dc multilevel boost converter,” IET Power Electronics, vol. 3, no. 1,
pp. 129-137, 2010.

D. Zhou, A. Pietkiewicz, and S. Cuk, “A three-switch high-voltage
converter,” IEEE Transactions on Power Electronics, vol. 14, no. 1, pp.
177-183, Jan 1999.

H. Sira-Ramirez and R. Silva-Ortigoza, Control design techniques in
power electronics devices.  Springer, 2006.

S. Ben-Yaakov, “On the influence of switch resistances on switched-
capacitor converter losses,” IEEE Transactions on Industrial Electronics,
vol. 59, no. 1, pp. 638-640, Jan 2012.

J. C. Mayo-Maldonado, J. C. Rosas-Caro, and P. Rapisarda, “Model-
ing approaches for dc-dc converters with switched capacitors,” IEEE
Transactions on Industrial Electronics, vol. 62, no. 2, pp. 953-959, Feb
2015.

J. C. Rosas-Caro, F. Mancilla-David, J. C. Mayo-Maldonado, J. M.
Gonzalez-Lopez, H. L. Torres-Espinosa, and J. E. Valdez-Resendiz,
“A transformer-less high-gain boost converter with input current ripple
cancelation at a selectable duty cycle,” IEEE Transactions on Industrial
Electronics, vol. 60, no. 10, pp. 4492-4499, Oct 2013.

H. K. Khalil, “Non-linear systems,” Prentice-Hall, New Jersey, vol. 2,
no. 5, pp. 5-1, 1996.

J. C. Mayo-Maldonado, R. Salas-Cabrera, J. C. Rosas-Caro, J. D. Leon-
Morales, and E. N. Salas-Cabrera, “Modelling and control of a dc-dc
multilevel boost converter,” IET Power Electronics, vol. 4, no. 6, pp.
693-700, July 2011.



Chapter 6

Energy Management Strategy for
Ultracapacitors in Hybrid Electric
Vehicles

Summary of the chapter

This chapter is intended to Electric Vehicles (EV). EV are attracting attention due to their
environmentally friendly operation; they market penetration may require the installation of a
large number of charging stages, which is expensive and challenging from the logistic point
of view. Hybrid electric vehicles HEV, may get charged from different sources which makes a
flexible operation, the combination of a fuel cell, a battery, and an ultra-capacitor represents a
plausible solution, ultracapacitors provide the power density required for the acceleration, and
the fuel cell provides the energy density required to have a good autonomy. This manuscript
proposes a fussy-logic-based energy administration strategy for an HEV feed by a set of a fuel
cell, a battery, and an ultra-capacitor. The proposed strategy controls the state of charge of
the ultra-capacitor, considering their superior energy storage capability. Experimental results
demonstrate that the proposed strategy reduces the waste of energy by 14%. This leads to
energy savings, the vehicle consumed 218 Wh per km without the proposed strategy against
192 Wh per km without it, for the same example of the driving path; the estimated fuel
efficiency increased 96 to 109 miles per gallons.
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Abstract—Electric vehicles EV are attracting attention due to
their environmentally friendly operation; they market penetration
may require the installation of a large number of charging stages,
which is expensive and challenging from the logistic point of view.
Hybrid electric vehicles HEV, may get charged from different
sources which makes a flexible operation, the combination of a fuel
cell, a battery, and an ultra-capacitor represents a plausible
solution, ultracapacitors provide the power density required for
the acceleration, and the fuel cell provides the energy density
required to have a good autonomy. This manuscript proposes a
fussy-logic-based energy administration strategy for an HEV feed
by a set of a fuel cell, a battery, and an ultra-capacitor. The
proposed strategy controls the state of charge of the ultra-
capacitor, considering their superior energy storage capability.
Experimental results demonstrate that the proposed strategy
reduces the waste of energy by 14%. This leads to energy savings,
the vehicle consumed 218 Wh per km without the proposed
strategy against 192 Wh per km without it, for the same example
of the driving path; the estimated fuel efficiency increased 96 to
109 miles per gallons.

Keywords—Energy administration strategy, hybrid electric
vehicle, fussy logic.

1. INTRODUCTION

One of the most promising renewable energy sources are
Fuel Cells FCs, operate with low noise, and their emissions are
environmentally friendly they portability and energy density
make it a good option for Hybrid Electric Vehicles HEV,
among the different types of FCs, the ones based on Proton
Exchange Membranes PEM, utilize an electrolyte membrane
made from a solid polymer, their main advantage is their low-
temperature operation, PEM-FCs are considered the most
suitable for HEVs [1]-[3].

Despite the benefits of PEM-FCs, it has limitations, such as
a slow response to a step demand of power [2]-[5], required for
vehicle acceleration; furthermore, they do not support
bidirectional power flow, which is a requirement for electric
vehicles applications due to the regenerative braking. A feasible
solution to the discussed limitation is the combination of the FC
with an energy storage device such as capacitors, ultra-
capacitors, flywheels, batteries, etc. [6].

Batteries, ultra-capacitors, and other Energy Storage
Systems ESS can provide a fast response for the vehicle
acceleration power demand [6]-[9]. Batteries and ultra-capacitor

share some similarities, but batteries have a larger energy
density compare to the ultra-capacitors, for the same volume,
batteries can provide a larger autonomy, in the other hand, ultra-
capacitors have a larger power density, and then can provide
faster response, under a step power demand. Ultra-capacitors
have a larger useful life compared to batteries, which lose their
performance after some thousands of charge-discharge cycles
[10], against the one million cycles supported by ultra-capacitors

[11].

Several works in state of the art have studied combined
systems with fuel cells and batteries, or fuel cells and ultra-
capacitors, the main performance indicators studied are fuel
economy, performance, optimization during design and control
strategy [6-9]. Several configurations of power trains have been
also analyzed [12-16]. A system made with a fuel cell combined
with a battery or an ultra-capacitor, can provide a high-power
density and a high-energy-density, good efficiency and dynamic
response, and would be capable of performing the regenerative
braking [13]-[20].

The main objectives when hybridizing the power system of
an electric vehicle, with fuel cells and an energy storage device
is to optimize the volume, weight, cost, acceleration, and
autonomy. The energy administration strategy FEAS is
responsible for ensuring their adequate operation [18]-[20], and
to coordinate the power system operation with several control
loops and the electronic supervisory system [21]-[24].

This paper introduced a new Energy Administration Strategy
EAS for the power system of an HEV the system is comprised
by all three: fuel cell, battery, and ultra-capacitor, the proposed
EAS is designed for a particular topology in which the ultra-
capacitor is directly connected to the direct current dc system
bus. It aims to control (in an indirect manner) the charge of the
ultra-capacitor (by controlling the power flow in the /'C and the
battery) to take advantage of its capability to store energy and to
improve the vehicle autonomy. The strategy is based on fuzzy
logic. Experimental results demonstrate that the proposed
strategy reduces the waste of energy by /4%. This leads to
energy savings, the vehicle consumed 2/8 Wh per km without
the proposed strategy against /92 Wh per km without it, for the
same example of the driving path; the estimated fuel efficiency
increased 96 to 109 miles per gallons



II. DESCRIPTION OF THE SYSTEMS AND THEIR REQUIREMENTS

Fig. 1 shows a diagram of the power system under study, the
battery and the FC have their own dc to dc converter to get
connected to the main dc bus, which is usual in this kind of
applications [25]-[28], in the other hand, the ultra-capacitor is
directly connected to the dc bus, the benefits of this
interconnection are: (i) Since the ultra-capacitor is connected
directly, losses for their charge and discharge are minimal. (ii)
No capacitor bank is required at the dc bus since the ultra-
capacitor can store energy and absorb any variation of the dc
bus. (iii) The direct interconnection of the ultracapacitor ensures
their fast interaction with the motor driver, with no delay related
to a dc to dc converter.
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Fig. 1. Hybrid Power system configuration used.

The objective of the EAS is controlling the HEV energy
consumption to have optimal use of the available energy, which
is restricted to the hydrogen available quantity, due to the
operation of the system with the ultra-capacitor connected to the
dc bus, the dc bus voltage requires a range of operation I which
the voltage may vary, to take advantage of the charge and
discharge of the ultra-capacitor, this variation must be restricted
to safe operation for the entire system. The EAS would define
the long-term utilization of the available energy, including the
regenerative braking, and must be able to operate for
unpredicted driving paths and conditions. The EAS operates by
changing some parameters, that are related to the charge and
discharge of the battery and ultra-capacitor, and the
administration of the energy available from the FC, along with
the vehicle and driving parameters: the velocity, acceleration,
and temperature.

Different EAS can be categorized by whether they need
future information, which is designated as causal strategies, or
non-causal strategies (for those strategies that do not need future
information about the power demand). Non-causal strategies
may be based on mission profile estimation. Despite the
feasibility of non-causal strategies, they are not easy to
implement due to their nature and computational cost. The main
difficulty is the unpredictable nature of future power demand, a
percentage of the demand can be estimated for certain
applications, such as delivery vehicles with a well-planned path
(including slopes, desired speed, etc.).

Expert-based and heuristic strategies usually have better
results under unpredicted or real-time conditions in E4S; those
kinds of strategies may be implemented with fussy systems
based on Boolean-logic. Different objectives can be followed to
maximize the performance of the HEV, for example: minimizing
the hydrogen consumption [4], [6], [7], maximizing batteries
lifetime [3], [5], [6], maximizing the use of ultra-capacitors
energy [5], [9]. This last goal is of particular interest in this work,
since the power system configuration (the ultra-capacitor is
connected to the dc bus). The idea of this last strategy is to
maintain the ultra-capacitor state of charge at a level in which it
can accept or deliver energy.

Therefore, the objective of the proposed EAS is taking
advantage of the ultra-capacitor capability to store energy and to
maintain enough capacity to accept energy during regenerative
braking, and enough energy to deliver during vehicle
acceleration.

Most battery-powered EV, use a depleting-charge strategy,
which considers that the final State of Charge SOC in the battery
is lower than the initial SOC. But, for the system shown in Fig.
1, a sustain charge strategy for the ultra-capacitor may be more
beneficial, which means the strategy considers ultra-capacitor
SOC is maintained within a specific range.

III. PROPOSED ENERGY ADMINISTRATION STRATEGY

The proposed EAS aims to improve the response of the
vehicle under acceleration by maintaining a certain ultra-
capacitor SOC and by increasing the vehicle autonomy by
ensuring the SOC level is able to receive energy from the
regenerative braking.

The initial step is defining input and output variables for the
control system; in this case, the input parameters are the vehicle
velocity and the ultra-capacitor SOC. Since the ultra-capacitor
has no dc to dc converter but a direct connection to the dc bus,
their energy must be indirectly controlled by controlling the
power interchanged by the fuel cell and the battery. A first
Kirchhoff current law expression of the system is (1):

ip(t) = ipc(t) + ipge () + iy (£) vt (D

Being ip the current demand, mainly from the motor drive,
but includes auxiliary subsystems in the vehicle, ir is the FC
current, ip, is battery current, and i,. is the ultra-capacitor
current. From (1), the ultra-capacitor current can be expressed
as (2):

e (®) = ip(8) = (ire(®) + ipae () vt )

From (2), it can be observed that the current in the ultra-
capacitor can be controlled with the current through the battery
and the F'C (the demand cannot be controlled). A scalar factor
fe can be defined to express the percentage of the demand that
is cover by the battery and the FC.

(ifc + ibat) =feip (3)

The rest percentage of the demand, not covered in (3), would
be provided by the ultra-capacitor, and then it can be expressed
as (4).

e = (1= fip (4)



The current i, would depend on f. and the current demand.
If £.> 1, i, becomes negative, and the ultra-capacitor is getting
charged, if fc<1, i, is positive, and the ultra-capacitor is getting
discharged. The idea to maintain the ultra-capacitor SOC at a
defined level to be able to provide or receive energy can be
expressed as a balance among the kinetic and electric energy in
the vehicle, as is equation (5).

Euc + Exin=x (5)

Being E.., the energy stored in the ultra-capacitor, and Exi,
the HEV kinetic energy, x is a variable defined to balance the
equation.

Then we can use input and output variables to implement the
EAS based on the fuzzy logic theory. That theory was chosen
since its heuristic and non-causal nature (ideal for this
application).

A. Fuzzy-logic-based system

This section presents the Fuzzy Inference System FIS,
developed to instrument the proposed EAS. Among the
different FIS available in the literature, such as the Tsukamoto,
Mamdani and Sugeno. This work uses the Mamdani FIS since
its capability to use either numerical data or verbal formulated
rules, furthermore, the Mamdani FIS has a simple and intuitive
implementation and requires a low number of parameters.

A fuzzification process is used to map the input parameters,
the vehicle velocity, and the ultra-capacitor SOC into fuzzy
sets. An inference machine is then used to evaluate the sets with
condition-consequence control rules. A fuzzy set is obtained as
an output of the evaluation, and it is finally, defuzzied to get a
numerical value. The FIS output is the scalar factor f., used to
control the ultra-capacitor SOC.

The structure of the FIS is composed of a set of rules, a
database (containing the Membership Functions MF), and a
reasoning mechanism (to perform the interpretation of the
defined rules) and the given facts to obtain a conclusion or
output. The FIS rules used were obtained from empirical
reasonings about the energy consumption of the system. The
postulates are:

(i) If both the velocity and the ultra-capacitor SOC are high,
f must be reduced to reduce the ultra-capacitor SOC.

(i) If both the velocity and the ultra-capacitor SOC are low,
fo must be increased to increase the ultra-capacitor SOC.

Fig. 2 shows the fuzzy logic process of inference.

Speed
P Fuzzification Infereflce Defuzzification f
SOC Machine e

Fig. 2. Process of fuzzy inference.

B. Linguistic input-output variables and numerical ranges

linguistics variables are composed by the variable named x,
the set of values 7(x), the universe X, the syntactic G which
produces T(x) values, and a semantics rule M associated with
each linguistic value B where M(B) is a fuzzy set in X.

The used FIS contains two input linguistic variables: the

velocity(s) and the ultra-capacitor SOC, a set of linguistic values
for those variables can be expressed as (6) and (7), respectively.

X, = [0,60] (6)
Ysoc = [0,100]  (7)

T (velocity) = {low, medium, high}.
T(50C) = {low, medium, high}.

The output linguistic variable is expressed as equation (8)
along with its numerical range.

T(scaling factor) = {very small, small, medium, very big}.
Z, =1[0.5,1.5] ®)

C. Input-output variables Membership Functions MF

The fuzzy sets or MF are conventionally provided by
mathematical formulas, triangular and trapezoidal; in this case,
they are easy to represent and require a low computational
effort to get evaluated, and then they are perfect for real-time
applications. Each semantic rule defines one MF for each
linguistic value. In the velocity case, the function is expressed
as equations (9), (10), and (11).

M(Low) = Trapezoidal(x;0,0,6,27)

0, x<0
1, 0<x<6
M(Low) = 2% <27 9
27-6
0, 27 <«x

M(Medium) = Trapezoidal(x; 18,27,33,42)

0, x <18
| 222 18<x<27
27-18
M(Medium) { 1, 27 < x < 33. (10)
l X 33<x<42
42-33
0, 42 <x
M(High) = Trapezoidal(x; 33,54,60,60)
( 0, x <33
x-33
X5 <x<
M(High) ={ sia @ 33SXS3% (11)
| 1, 54 <x <60
(o 60 < x
The described velocity MF is shown in Fig. 3
Low Medium High
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Fig. 3. Velocity MF (input variable).



The MF of the second input variable, the ultra-capacitor SOC

was defined as in equations (12), (13) and (14).
M(Low) = Trapezoidal(y; 0,0,15,45)

( 0, y<O0
1, 0<y<15
M(Low) = B2 15<y<4s (12)
0, 45<y
M(Medium) = Trapezoidal(y; 25,45,60,85)
0, y <25
y-25
| =, 25<y<4s5
M(Medium) = 1, 45 <y <60. (13)
85 60<y<85
85—-60
L o, 85<y
M(High) = Trapezoidal(y;55,85,100,100)
( 0, y <55
y—55
X722 <y<
M(High) =! Bss 0=V S8S (14)
1, 85<y<100
0, 100 < y
The described MF for the SOC is shown in Fig. 4.
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Fig. 4. SOC MF (input variable).

Finally, the MF assigned to the output linguistic variable

"Scaling factor" is expressed by equations (15) to (19)
shown in Fig. 5.
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Fig. 5. Membership function of scaling factor output variable

M(Very low) = Trapezoidal(z; 0,0,0.55,0.65)

( 0, z<0
1, 0<z<055
MVery low){ 065-z 055 < 7 < 0.65" (15)
0.65-0.55" U7 T T T 7
0, 0.65<z

M(low) = Trapezoidal(z; 0.6,0.75,0.9)

( 0, z<06
o) 027;"'26, 0.6 <z<075 6
M(low) = PO .
9972 ' 0.75<2z<0.9
0.9-0.75
0, 09<z

M(Medium) = Trapezoidal(z;0.75,1,1.25)

( 0, z<0.75
: ) j‘EZi 075<z<1 1
M(Medium) = sy . 7
12572 1<2z<125
1.25-1
0, 1.25<z

M(High) = Trapezoidal(z;1.1,1.25,1.4)
{ 0, z< 11
Z21 0 11<2<125

M(High) — 1.25—_1.1‘ ]
142 25<z<14
1.4-1.25

0, 14<z

(18)

M(Very high) = Trapezoidal(z; 1.35,1.45,1.5,1.5)

( 0, z <135

z—-1.35
- - <z<
M(Very high) = 1.45-1.35’ 1355z 1'45.
1, 145<z<15

0, 15<z

(19)

D.Fuzzy rules

The FIS utilized in this work is based on the enlisted rules,
which were selected according to the previously described
heuristic of the problem.

If velocity is Low and SOC is Low, then f. is Very high

If velocity is Low and SOC is Medium, then f. is High

If velocity is Low and SOC is High, then f. is Medium

If velocity is Medium and SOC is Low, then f. is High

If velocity is Medium and SOC is Medium, then f. is Medium
If velocity is Medium and SOC is High, then f. is Low

If velocity is High and SOC is Low, then f. is Medium

If velocity is High and SOC is Medium, then f. is Low

If velocity is High and SOC is High, then f. is Very low

Each rule, which has two antecedents, have the form: "if x is
A and y is B, then z is C" which can be written as A x B — C.



This can be transformed into a three elements relationship as
follows:

R,(AB,C)=(AxB)xC
Rin(A,B,C) = [ua() AugW) Apc(2)/(x,y,2) . (20)
The resulting set C’ can be expressed as:
C'=(A"XB)o(AXB - (). (21)
The total response is given by:

e (z) =
Viey [ar () A g D] A [pa () A pup(0) A pc(2)].
Vaey (e () A g (V) A pa(x) A g D13 A e (2).
{ Ve [ () A pa GO AV, (s, (0) A s DI} A e (2).

@1 woy

te(z) = (w1 A wy) A uc(z). (22)

Force

Where w; and w, are the maximum values of the
membership functions MFs AN A" and B N B’, respectively.
w1 indicates the compatibility degree among A y A’, the same
happens for w,. Since the antecedent is comprised of the
connection "and", wq Aw, is called the fuzzy rule
accomplishment degree. The resultant MF C’is equal to the MF'
of C cut it by the force w = w4 A w,.

Since the utilized fussy inference system is made by nine
rules, several fuzzy relations must be joined related to them. For
instead:

Premise 1 (fact): "x"is A’ and "y" is B’
Premise 2 (rule 1): If "x" is A; and "y" is B; then "z" is C;

Premise 3 (rule 2): If xis A,and "y" is B, then "z" is C,
Consequence(conclusion): “z” is C’
To verify this inference procedure, be:
R, =A, XB; - (;
R,=A,%xB, > C,

Being R; and R, rules / and 2, respectively. The resultant set
is expressed as:

C'=(A"xB") o (R, UR,).

C'=[(A"xB)oR;JU[(A" X B") o R,].

C'=(A"xXBY)o(R,UR,). (23)
Where €'y y C', are the fuzzy sets obtained from rules one

and two, Fig. 6 shows a graphic illustration of the fuzzy system
with several rules and several antecedents.

E. Defuzzification

The fuzzy system output may be comprised of several
numerical values, as in this case, but sometimes, as well as in
this case, the control system requires a single numerical value,
which is f. in this case, there are several ways of extracting a
single numerical value from a fussy system output comprised

by several values, among those methods, the centroid was used,
based on equation (24).

_ Jna(@)zdz (24)

Centroid, = [P

The variable u,is the system output. A decision surface is
shown in Fig. 7 in which all possible input combinations are
evaluated to show how the output would be.
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Fig. 6. Fuzzy system with several rules and several antecedents.

14
13

= i
oo~ ~ N

Scaling factor f,

0.8

=
~

0.6

90 100

30 40 50 60 70 80
SOC (%)
Fig. 7. Output (decision) surface of FIS for input combinations.
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I Results from the experiment

The proposed EAS was applied to a laboratory experimental
test bench, which is shown in Fig. 8. Table 1 shows all
parameters of the emulated HEV. The ultra-capacitor voltage
has been limited to a safe maximum voltage lower than its real
maximum limit. The driving path chosen for the experimental
test is ECE-15, an urban cycle path, usually used for utilitarian
vehicles test.

Initially, the system has a ran test without the proposed E4S.
Fig. 9 shows the results of this initial test, Fig. 9(b) shows the
ECE-15 cycle, which maximum velocity is 50km/h, the test was
repeated five times. Fig. 9(a) shows the power send by the ultra-
capacitor; the peak power delivered from the ultra-capacitor is
near 7kW, the maximum recharging power is around 3kW. Fig.
9(c) shows the ultra-capacitor SOC; the SOC reaches values
over 100%. When this happens, the dynamic braking (power
resistors) dissipate the exceeding energy.

The same test (same parameters) was done with the proposed
EAS. The results are shown in Fig. 10. Ultra-capacitors are



required to deliver more energy, which leads to deeper
discharge, maintaining a larger availability to receive the
charge from the regenerative braking. Fig. 10(s) shows the
ultra-capacitor SOC, which reaches lower values compared to
the former case. The capacitor SOC is limited by the DC-bus
minimum voltage.

Table. 1 Parameters used for the test.

Parameter | Value
HE Vehicle
Weight of the HVE (kg) 1000
Aerodynamic coefficient 0.5
Drag coefficient 14x1073
Area of the front (m?) 3.225
The radius of tires (m) 0.3
Maximum velocity (km/h) 50
Maximum acceleration (m/s°) 0.7
Fuel Cell Emulator (programable DC source)
Nominal power (W) 3000
Nominal voltage (V) 100
Maximum current (4) 30
Battery
Capacity (Wh) 4000
Nominal voltage (V) 100
Maximum discharge current (4) 150
Maximum charge current (4) 75
Ultra-Capacitor

Capacity (Wh) 112
Maximum voltage (V) 96
Voltage limit (V) 80
Usable energy (Wh) 100
Maximum discharge current (4) 1000
Maximum charge current (4) 1000

Transmission

DC-Motor/Load

Torque & speed sensor
Fig. 8. Experimental testbed.

Driver & traction motor

Finally, Fig. 11 shows the energy burned by the dynamic
brake (resistive load) for both operations modes. The energy
savings in the experiment is around /60 Wh; this is /4% of the
total energy used in the test. The proposed EAS for the 6 km test
was 1.15 kWh, in contrast to the 1.3/ kWh, used without the
proposed EAS. The energy consumption by km is 192 Wh/km
with the proposed EAS against 218 Wh/km without the proposed
EAS. This produces the vehicle to drive /09 miles per gallon

mpg with the proposed EAS against 96 mpg without the
proposed strategy.

a)

Power (kW)
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Speed (km/h)
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SOC (%)
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Fig. 9. Experiment without the proposed EAS: a) ultra-capacitors power, b)
ECE-15 drive cycle (5 cycles), ¢) ultra-capacitors SOC.
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Fig. 10. Experiment with the proposed EAS: a) ultra-capacitors power, b) ECE-
15 drive cycle (5 cycles), ¢) ultra-capacitors SOC.

b
S

IV. ACKNOWLEDGMENT

Dr. Rosas-Caro would like to thank the support of the
Universidad Panamericana, through the program “Fomento a la

Investigacion UP 20207, and project “Analisis de convertidores
duales dobles”.

V. CONCLUSIONS

This article proposed a new Energy Administration Strategy
EAS for a Hybrid Electric Vehicle HEV, which power systems



is composed of a fuel cell, a battery, and an ultra-capacitor. The
strategy is based on the fuzzy logic approach. The proposed
EAS was able to control the ultra-capacitor state of charge and
take advantage of its superior energy storage capability.
Experimental results showed that the proposed strategy reduced
the waste of energy, which in other conditions would be burned
in the dynamic brake, and at the same time, it satisfies the
acceleration requirements imposed by the drive cycle ECE-15.
Results show an energy saving of /60Wh in the 6km drive cycle
test. The energy consumption decreased from 218 Wh/km
without the proposed EAS to 192 Wh/km. The estimated fuel
efficiency also increased from 96mpge to 109mpge.

= With the EMS

= Without the EMS

Energy (W/h)

f i i i i
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Fig. 11. The energy dissipated by the dynamic brake.
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Chapter 7

Energy-based Stabilizing Controllers for
DC-DC Converters Feeding Constant
Power Loads

Summary of the chapter

In this chapter an article intended to study the instability problem caused by the interconnec-
tion of DC converters with constant power loads (CPLs)is presented. A linear and a nonlinear
energy-based approaches are proposed. Without the presence of CPLs, the stability of the
DC-DC power converter is intrinsic, while with CPLs the stability must be induced, a task
that is not easy with traditional control approaches. This paper shows that the stabilization of
the power converter can be achieved in pure physical terms, using power and energy as the
primary objectives, which can be done in a linear and a nonlinear approach. Also, considering
the energy as the perspective for the problem provides a physical explanation to the stability
issues, furthermore, it provides a clear practical solution, because now it is possible to link
the parameters of the controller to nominal specifications that are used for power converter
design. In this way, the strategies based on the power and energy are now based on known ap-
proaches, which is a difference to known approaches, whose stability are based on frequency
domain, eigenvalue and immittance criteria. Experimental results are presented to corroborate
the theoretical analysis.
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Abstract—In this paper is studied and presented the solution
for the instability problem caused by the interconnection of DC
converters with constant power loads (CPLs). A linear and a
nonlinear energy-based approaches are proposed. Without the
presence of CPLs, the stability of the DC-DC power converter
is intrinsic, while with CPLs the stability must be induced, a
task that is not easy with traditional control approaches. This
paper shows that the stabilization of the power converter can be
achieved in pure physical terms, using power and energy as the
primary objectives, which can be done in a linear and a nonlinear
approach. Also, considering the energy as the perspective for the
problem provides a physical explanation to the stability issues,
furthermore, it provides a clear practical solution, because now
it is possible to link the parameters of the controller to nominal
specifications that are used for power converter design. In this
way, the strategies based on the power and energy are now
based on known approaches, which is a difference to known
approaches, whose stability are based on frequency domain,
eigenvalue and immittance criteria. Experimental results are
presented to corroborate the theoretical analysis.

Index Terms—DC-DC converters, constant power loads, sta-
bility.

I. INTRODUCTION

The design and testing of switching DC converters are done
in stand-alone operation with a passive (resistive) loads. Result
of this, is their unpredictable response during their intercon-
nection with active devices that prevents DC-DC converters
to achieve an equilibrium. In particular, instability problems
have been identified in the context of DC buses [1], due to
the negative impedance characteristics of regulated devices,
i.e. while the rate of change of voltage with respect to current
in passive loads is positive, in the case of a regulated device,
it is negative. This behaviour is characteristic of a case of
instability generated by power converters acting as constant
power loads (CPLs) [2]-[5].

Several studies on DC bus stablity are available, [6]-[8].
Nevertheless, after an extensive number of contributions on
the DC bus stability topic, it is still a topic for study due that
there are no a universal solution yet, existent contributions in
[6]-[9] demonstrate for stability purposes only the condition
of sufficiency. Stability margins are also frequently revised in

[1], [10]. Some solutions have an impact in efficiency and
power density. Since they involve the use of passive compo-
nents to achieve stability [11], [12]. Another disadvantage of
current solutions is that some require additional hardware. For
example, the use of auxiliary shunt circuits to induce stability
on the DC bus in [9], [13], [14], involving additional costs.
Some solutions require energy storage systems. This is a very
plausible and practical solution in modern scenarios [14]—
[18], though these components are not always available in DC
networks for these particular purposes. Stabilizing controllers
can be in conflict with other control objectives. Stabilization
via controller design for source converters might score low
in modularity, i.e. the lack of freedom in controller selection
yields a risk of conflict with maximum power point tracking,
optimal control and the hierarchical control of smart/micro
grids in [6], [19], which potentially limits their application.

Feedback control for stabilization is the main study of this
paper, by endowing stabilization properties to controllers, this
paper proposes a set of controllers to induce bus voltage
stability, which are validated theoretically and experimentally.
Motivated by the increased interest in the development of
DC network interfaces for renewable energy integration, (on-
board, grid connected and islanded) micro grids, modern
energy distribution networks, etc.

The current stability conditions for DC grids propose dif-
ferent stabilization strategies based on abstract mathematical
domains e.g. frequency domain criteria, Lyapunov approaches,
eigenvalue- and impedance or admittance characteristics- anal-
yses [13]-[18], however they do not propose an explanation
to the physical problem, the unstable performance of power
converters is the result of the power imbalance generated by
non-passive loads, so, stabilization is the mechanism to induce
a balance. The proposed solutions are based on a physical
parametrization of the converter such as energy, power and
nominal operation, since they are important parameters for
power converter design. Thus, stabillity can be prognosticated
by the user based on the energy and power specifications,
which is not an easy task where stability is purely associated
to other abstract mathematical domains.



Theoretical analysis for the development of the stabilizing
linear and nonlinear energy controllers are validated by exper-
iments.

II. SYSTEM MODELING AND NOTATION

This paper notation is as follows, (A, B) are used to
represent matrices in which the A is obtained by stacking it
over B; I,, is the identity matrix with the number of rows
and columns equal to m; 0,x, is used to express a matrix of
zeros with p rows and ¢ columns; and the matrix AT is used
to express the transpose matrix.

In this paper, to represent a proper procedure for the results
of the controller, the modeling specification is as follows:

dr aN
Dou+"'+DLCZTLU=H)1U+“'+PNWW (D
where D; € RP*Y, § = 0,...,L, and P; € RP*9, j =

0,...N, u := (u1,us,...,uy) are external variables and
w = (w1,ws,...,w,) are latent variables; This group of
equations can be accommodate as

d d

where D (%) is a polynomial matrix with dimension p x (L+
1)q and H () is a matrix with dimension p x (N + 1)g. If
D (i) is a full row rank or a singular matrix, then

dt
d
U = P(dt) w ; 3)
——

D(%) H(F)
where D (4)" is the left inverse of it D (). If the system
is controllable, then the equation (3) can be obtained, it is
“called image representation” [20]. In this representation the
system can be divided in inputs and outputs, as follows

\E2L==‘£§5Eg§iliu; “)
- =P(%)

where w and o have the same number of components.
Note that (4) is similar to the concept of the transfer function
(Y (5)O(s)™h).

Applying this concepts to our purpose, it is possible to
model power converters with input and outputs with the same
number of variables, whose product is equal to the power of
the converter.

III. ANALYSIS IN TERMS OF ENERGY

By considering the image representation it is possible to de-
scribe the dynamics of power converters in terms of power and
energy. This can be achieved via the input-output separation,
u = (V,I), where, with the same number m of components,
V and I denote the voltage and current vectors, respectively.
In this way, the input power will be

I,

Qp(u) == %uT |:I?n 0 } u=V"I.

Considering (3), it is possible to obtain the following
1 d "o 1, d
=0 =5(P(%)) | lr(E)e
&)

Where @), is the supply rate.

A. Passive systems

Passive circuits which are linear systems, can not have
a transfer function with elements in the right half plane,
otherwise it would be unstable, which means that variables
as voltages and currents are able to increase without limit
even without a power source. Passive systems are input-output
stables ( [21]). This means that for a bounded input they
always provide a bounded-output.

Energy storage in passive circuits is denoted by @) g, which
can not be greater than the input power denoted by (), this
can be expressed as

d
Qp > %QE (6)

Where the energy storage must be greater than zero, i.e.
Qe > 0.

From (6) it is easy to conclude that the portion of the
energy has been dissipated, and the other has been stored.
This dissipated energy is denoted as g4, then the following
expression is valid

d
Qp = @QE + Qd . (7)

where, for example, the energy that has been dissipated is the
result of a resistor in a passive circuit.

B. Energy-based linear stabilization

Instability usually manifest in the form of voltage oscilla-
tions, mainly in DC buses. The main study of this paper is
on CPL producing this effect and how to avoid it by power
balancing, but first it is convenient to describe the DC bus in
the form of some equations underlying its capacitor

C%'U = iin - iout ) (8)
where v is the DC bus voltage, i;, is the input current to the
bus and 7., is the output current of the bus. A consequence
of (8), is that the voltage is constant if the right side of the
equation has no change, which means that

€))

equation (9) express an equilibrium achieved in steady state.
An expression for the power of the DC bus is easily achieved
just by multiplying (8) by the voltage v as follows

d 1

UC%U = 50%1)2 = Viin — Viout ;

If the bus is feeding a passive element, such as a resistor,
then the output current will be i, = 4, as previously
mentioned, this case is an enough condition for passivity and

Lin = lout

(10)



for input-output stability. From (7) it can be noticed that
QE = %CU2 >0, Qp = Vi, and Qd = Viput = U_I; > 0.

Even when the previous condition is ideal to an input-output
stability, if a CPL is present in the circuit, then vi,,; > 0 is
not a dissipation function, E)ecause it is not been satisfied at
any time, as in the case of “z > 0. Stable operation of a power
converter is easy to ensure without interacting with a CPL, but
in a network operation, where CPLs or another elements are
presents, this stability is not always guaranteed.

If the power delivered to the CPL is denoted by Qcpy, it
is possible to express (8) as

‘ 1.,d 5 .
Vijy = §CEU + Viout ,
Qp o QcpPL

#QE

The interconnection of the power converter with the CPL
can be induced by adding an additional term, this term is the
dissipation, such that (7) is satisfied, resulting in

d
Qp_EQE_QCPL:QdZO~ (11)

From (11), it is possible to conclude that it is possible to
induce stability in power converters by adding the additional
term, then it can read as: "if the dissipation is greater than
the power delivered to the CPL, stability is achieved”.

C. Energy-based stabilization via LMIs

A method to achieve stability is presented in this section,
based on linear matrix inequalities (LMIs). In order to do so,
note first that since

N

d d
Pw = Pow—i-Ple—}—...—i-Pth—Nw,

where P;, i = 0,..., N are ¢ xm block matrices of coefficients.
It is possible to factorize as

(12)

Pw:[Po P1 PN]

dN
av W

Matrix of coefficients ¢ x (N + 1)m is defined as

P:=[R P Py] . (13)

The following factorization of the energy function is possi-
ble due to the general principle that every system in which the
supply, is a power rate, energy is in function of state variables.
According to this, the following is obtained

w
- i
Qp(w) = [wT LuwT - AZWTIK| |
o
av-TW

where K = KT > 0 is an Nm x Nm constant matrix. By
considering (14) and defining

T L-1
ul = |:wT d, T d T

dt wr—TwW | >

it is possible to obtained the derivative of the energy

d d d d
—EB(w)=— (v'Kv) = —v'K TK—v.
a7 W) = g (v ) = Go Kut ol Ko
Consequently, we can express (11) as
Qp
lvTﬁT |:Om><m I, :| 13’[)
2 I, Omxcm

T Omem Omxm T 0Lm><1n K
—v v—0 v
|: K OLme:| |:Om><m OmXLm
,%E

—v" Rv >0;

——

—QcpL

(15)

where @Qp > 0 is achieved by establishing “> 0” which is
a consequence of the dissipation condition, and Q¢ py, is the
power extracted by the CPL as a linear approximation in the
form of a constant matrix R and the latent variable w.

It is possible to reduce (15) to just find a matrix K = KT >
0 that satisfies the following expression

1~+10 1 = O x N 0
_PT mxXm m P— mxXNm mxXm
2 |: Im Omxm] |: K Omem
0 K (16)
Nmxm 53
— —R>0;
|:0m><m OmXNm:| -

which is the energy stabilization condition, an expression
that can be obtained by standard LMI solvers as the Yalmip
toolbox of Matlab.

IV. POWER-BASED LINEAR CONTROL DESIGN

In this section the control designed is developed. For this
purpose, a boost converter feeding a CPL will be considered
as is shown in Fig. 1. This selection is made due that it is an
interconnection potentially unstable.

L1 Dl
[T T e
V: — L .
‘"T [+ s, " Te, =7

Fig. 1. Boost converter feeding a CPL.

The equations of the converter are

Lil = —(]. — d)’l) + szn

d .
C’EU—(l—d)z—zo



where ¢ is the current through the inductor and and v is the
voltage of the capacitor C. V;,, is the input voltage; d is the
duty cycle; P is the output power of the boost converter; and
1, 1s the output current of the converter that flows through the
CPL.

A. Small signal controller

In this section a small signal controller is proposed, ac-
cording to equations (17). The notation used to describe the
controller is as follows, incremental variables are designed by
Ax := x — T, where x is the original variable and T is the
desired equilibrium point. If (17) is expressed according to
that small signal representation, the following is obtained

1
U= (1 E) Vin
) 1 (18)
1= ——=1
(1-d)
Then the small signal model is obtained as
d _
L—Ai=—(1—-d)Av+7Ad+ AV,

C%Av = (1 —d)Ai —iAd — Ai,

where Ai, = —%Av.

In this section energy based controllers for the input current
and the output voltage are used to induce stability, for this, they
are defined next. For the current controller the control law is
defined as

Ad = —klitl — kgAl N (22)

where z1, is the result of the integral of the error, and ki, ko
are the controller gains. The equation of the integral, which
tracks the reference r is given as follows

%x =Ai—r. (23)
The output voltage controller is defined as
ri=—g1T2 — 2 AV ; 24)

where x5, is the result of the integral of the error Av = v —7,
which in the ideal case it must be zero, and g;, g2 are the
controller gains. The equation of the integral, which tracks
the reference Av = is given as follows

d
%‘TCQ =Av.

Using previous equations, the small signal model can be
obtained in the form of (2), in which external variables are
u = (AVjy, Ai,, Ai, Av) and the latent variable are w :=
(21, 2), the result is as follows

(25)

1 0 —L4—ko —(1-4d
_lo1 —a-d) ki CcL |
D=0 4 . o ; (26)
0 0 0 1

ko 0

oo [P 27)
@ 91
0 d

dt

The image representation of P := D~1'H, is shown in (20),
and its coefficient matrix is shown in (21). The output power of
the DC bus, which is the same the CPL consumes, is expresses
as Ai,Av = —%Avﬂ, which can be written in terms of the
latent variable using (25), i.e.

P(d \’
Qepr(z) = 2 <dtﬂ€2> ;
then the coefficient matrix R in (16) is given by
000 O 00O
000 O 00O
~_ {000 -%L 0o
= 000 O 00O (28)
000 O 00O
000 O 00O

The controllers for stabilization are form by obtaining the
gains ki, ko, g1, g2 and obtaining K in (16). The control loop
is shown in Fig. 2.

V. NONLINEAR ENERGY-BASED CONTROL DESIGN

This section describes a stabilization control scheme based
on a energy storage analysis; this is a more suitable approach
for the nonlinear case. In addition, the difficulties of non-linear
control of DC converters feeding CPLs are presented. And
thus, it is shown that it is possible to carry out these problems
more easily with the help of scheme based on a energy storage
analysis.

A. Design complications in classic current control

The non-minimum phase behavior of DC converters leads
to stabilization by means of current control and, as a matter of
fact, a voltage compensator loop is added which allows voltage
regulation under input voltage variations [22]. This point of
fact can be analyzed by means of (17).

To induce input current stabilization, the following duty
cycle equation can be used

d::l—%[k:(i—r)—i—Vm] ,

since

where k and r are a positive gain and the reference, respec-
tively, and which can induce stability. In order to guarantee
stability at the origin, zero dynamics definition is employed for
validation, this condition establishes that a system is stable if
any path of v has an input d = 0 and a initial condition
i(0) = 0. Using the following equation, the trajectories can be

generated
d
C&’U = —io ;
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Fig. 2. Energy-based linear controller diagram.

this is satisfied when the converter operates in stand-alone
mode with a resistive load, such that 7, = %. Nevertheless,
when connecting a CPL as load is not satisfied, since its zero
dynamics condition holds that
d P
C—v=——;
dt v’
since discontinuity exists and has no solution to zero when
v tends to zero.

B. Nonlinear controller for energy-based stabilization

To overcome the complication of designing controllers for
output voltage and input current, we resort to a physical
analysis based on the energy stored in the converter, this is
represented by

QE:QL+QC7

where Q; = 1Li%> and Qc = $Cv?%. Recall that the power
flow in these converters is only in one direction, in other
words, 7 > 0 an v > 0.

Then, performing a nonlinear transformation the observable
pairs ((Qr,1) and (Q¢,v)) are obtained, this implies any path
of one is equal to a single path of the other. In this way, a single

equilibrium point can be achieved and stabilization properties
can be shared between them. Recall that the current and the
voltage from the inductor and capacitor, respectively, describes
the stored energy in the system and vice-versa.

If state variables are defined from energy equations, (17)
and i, = —£ can be transformed into

d o d . . )
%QL = zL%z =—(1—-d)vi+ Vi

29
d d .
aQC = ’UO&U = (1 - d)’UZ - P

To induce stability, it is proposed the following controller
based on the energy from the inductor

1
d:=1-— E [k‘l(QL —’I“) —l—‘/;nl] R
what results in

%QL =—ki(Qr—r);

where k; and r are the gain (positive) and the energy
reference from the inductor, respectively. As in the previous
case, it is also used the zero dynamics definition to verify
stability.

d
had —_pP-
dtQC ;

which guarantees stabilization at the origin, due to P(must be
positive). By setting r as the input current reference, output
voltage stabilization can be achieved

r:= —kox ,

where k2 and z are a gain and the solution of capacitor energy,
respectively, notice that the reference is defined by the chosen
output voltage equilibrium point v, i.e.

Fig. 3 depicts the the developed controller. This control
approach is able to guarantee stabilization of voltage bus when
power converters feeds a CPL. Both control approaches were
designed in terms of power and energy, the advantage of linear
control lies in its ease of implementation due to the linearity
of its structure, while non-linear control can be optimized in
the large signal space.
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Fig. 3. Energy-based nonlinear controller diagram.

VI. EXPERIMENTAL RESULTS

This section presents the experiments needed to corroborate
the controller design presented for both linear and non-linear
cases. The experiments were performed using two boost
converters, one operating as a source and the other as a CPL.
The control algorithm for both cases were tested using DSP
TI28335 with a sampling frequency of 100 kHz to acquire the
voltage and current signals. The signals for the Mosfet gate are
at 50 kHz. The converter operating as CPL feeds an electronic
load BK8616. The information related to the experiments is
shown in Table I. As aforementioned, the constant power load
operates using a boost converter and a discrete-time controller
is implemented running at 50kHz, the gains for this controller
are k; = 0.033 and k5 := 0.043. Fig. 4 illustrates the diagram
of the experimental hardware setup. Experiments for both
controllers are presented in the following subsections in more
detail.

Fig. 4. Controller diagram used in the experimental setup.

A. Experimental results for the energy-based linear controller

Fig. 2 shows the linear controller implemented in this test,
the gains of this controller were calculated by the solution
of (16) with the help of Yalmip toolbox, which resulted in
the following gains ky := 0.0213 , ko := 0.0804 , ¢; :=
7.0221 , go := 5.7691. The first experiment starts with an
open loop test with a continuous duty cycle of d := 0.5, with
this configuration, the oscillatory behavior of the system can
be observed, after a certain time, the proposed linear controller
is activated where stabilization can be observed. The behavior
of the system in this experiment can be seen in Fig. 5.

TABLE I
IMPLEMENTATION PARAMETERS

Parameter Description Value/Part
Vi Converter nominal input voltage 50V

Ver Converter nominal output voltage 100V

L1, Lo Inductors 1 and 2 240pH

Cy, Co Capacitors 1 and 2 10pF

S1, S2 MOSFETs 1 and 2 IRFP264pbf
D1, Do Diodes 1 and 2 MBR40250G
R Resistor (Electronic load) 15092

fs Sampling frequency (controller) 100k H =z

fe Switching Frequency 50kH z

P Nominal power of CPL 200W

«———open—loop ! closed — loop—}

i

s

| ‘ | Output voltage
LA A Ao

20V/div Input voltage
_sov

20 ms/div
ottt ‘ I =
A et A | Input current
il WLILLLLLIL o
5 A/div
Fig. 5. Experimental results of the energy-based linear controller

activated at a certain time.

B. Experimental results for the energy-based nonlinear con-
troller

This subsection describes experiment carried out to show
the behavior of the proposed nonlinear control scheme, the
controller implemented is illustrated in Fig. 3. The computed
gains from the corresponding analysis are k; := 50000 and
ko := 800 .

As in the previous case, this experiment starts with an
open loop test with a continuous duty cycle of d := 0.5, the
oscillatory behavior of the system can be observed, and after
a certain time, the proposed nonlinear controller is activated
where stabilization can be observed. The behavior of the
system in this experiment can be seen in Fig. 6.

VII. CONCLUSIONS

In this work, two novel control approaches were developed
to deal with the stabilization problems generated by the
interconnection of power converters with CPLs. The proposed
control schemes are based on the physical design parameters
(power and energy) of the converter. This fact, gives the user
the possibility to predict and interpret the stability margins
of the system by means of physical (energy and power)
specifications. The experimental tests show the stabilization
benefits of both controllers.
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Fig. 6. Experimental results of the energy-based nonlinear controller
activated at a certain time.
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Chapter 8

Modeling and Control of an Interleaved
DC-DC Multilevel Boost Converter

Summary of the chapter

In this chapter, an article to study the modeling and control of an interleaved DC-DC multi-
level topology that exhibits a high-voltage gain and a minimum ripple point design. In this
configuration, the current ripple cancelation point can be arbitrarily defined according to a de-
sired specification, which represents an advantage with respect to classical topologies whose
minimum ripple point is constrained (e.g. by a duty cycle equal to 0.5). We present a gen-
eralized model for the converter that is valid for any number of levels and useful for control
purposes. Experimental results of the ripple cancelation as well as a closed-loop implementa-
tion is presented.
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Abstract—In this paper we study the modeling and control of
an interleaved DC-DC multilevel topology that exhibits a high-
voltage gain and a minimum ripple point design. In this
configuration, the current ripple cancelation point can be
arbitrarily defined according to a desired specification, which
represents an advantage with respect to classical topologies
whose minimum ripple point is constrained (e.g. by a duty cycle
equal to 0.5). We present a generalized model for the converter
that is valid for any number of levels and useful for control
purposes. Experimental results of the ripple cancelation as well
as a closed-loop implementation is presented.
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multilevel converters, switched capacitors.

I. INTRODUCTION

The inclusion of renewable energy generation in electric
distribution systems has been significantly increasing in the last
years. In particular, renewable sources such as solar panels are
getting increased attention due to their continuously decreasing
prices. However, this kind of energy has some features that
complicate its exploitation, such as low voltage of generation
and intermittence. Moreover, it is well known that the
discontinuous nature of the input current ripple of converters
that are connected to photovoltaic panels, affects the efficiency
and lifetime (see [1]) of the cells, consequently the
implementation of converters with ripple cancelation
characteristics is highly desirable.

Several DC-DC converters topologies presenting voltage
step-up solutions have been proposed in literature, for this
purpose transformers and coupled inductors are a common
solution, in [2] a coupled inductor boost topology is proposed
to have a high output voltage, similarly in [3] is presented a
ripple passive filter using coupled inductors, nevertheless
coupled inductors and transformers represent an increase in
weight and size of the converter. This is why topologies
without coupled inductors are desirable, for instance, in [4], is
presented a topology which has an high gain compared to a
regular boost topology, also provides a ripple free input
current, but such topology has a fixed operation point, in such
a way that a duty cycle can only adopt a nominal value equal to
0.5. Another topology with high voltage gain is presented in
[5], where a multilevel topology is proposed without the use of
transformers or extreme duty cycles, also, this topology has no
restriction in the number of step-up voltage levels, nevertheless
the input current ripple is still present in this topology. An
improvement to this multilevel topology is presented in [6],
where an inductor is added to the topology in order to have a

resonant switching which improves the efficiency of the
converter, however, the input current has no ripple cancelation.

The interleaved multilevel boost converter studied in this
paper offers compelling features for applications such as
renewable energy systems, e.g. characteristics such as high
input-to-output voltage gain, input-current ripple mitigation,
small-size components due to its multilevel structure, a
modular structure that facilitate further upgrades in voltage
gains, etc. (cf. [7]- [8]). Although this is a switched capacitor
converter that enables such compelling features, its modeling
and control is not a straightforward matter. For instance, it is
well-known that the traditional state averaging technique is not
applicable in topologies with switched capacitors (see [9],[10]).
Moreover, the advantage of a modular structure of the
converter yields a major challenge to its analysis since the
complexity of the dynamic model increases when new stages
are connected, which corresponds to mathematical descriptions
with an excessive number of variables and equations.

The issue of dynamic modeling and control using a large
signal dynamic model based on instantaneous values of a
multilevel boost converter and an early approach of a reduced
order dynamic model of this converter for control purposes has
been studied in [11]. A novel averaging approach to the
modeling of the multilevel boost converter has been reported in
[12], where a plausible nonlinear framework that considers the
average losses of the converter is proposed. Nevertheless, the
development of nonlinear control techniques to deal with the
resulting highly nonlinear structure is still an open problem.
Naturally, the complexity of the converter increases when we
consider an interleaved version of this converter.

Prompted by these issues we propose a generalized model
to deal with its underlying switched capacitor structure
exhibiting the lowest possible dynamical complexity, even for
the interleaved version of the converter, that is suitable for
control purposes either in a linear or nonlinear setting. The
proposed analysis is validated in closed-loop operation under
typical disturbances.

II. MODELING OF THE INTERLEAVED TOPOLOGY

In this section, we employ a reduced-order approach (cf.
[9]) to obtain approximate average dynamic model of two
topologies, a multilevel boost converter (see [8]) in Fig. 1 a)
and a single-inductor multiplier Cuk converter (see [13]) in
Fig. 1 b). Then we combine both models with a minimum
ripple point design in order to develop the model of the
underlying interleaved topology (see e.g. Fig. 1 c)).
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Fig. 1. a) Nx Multilevel boost converter; b) Nx Single-inductor Multiplier
Converter; ¢) 4x Interleaved Multilevel Boost Converter

A. Multilevel Boost Converter

We now introduce a generalized model for this topology,
i.e. a model for an arbitrary number multiplier stages and
capacitors, using a reduced number of variables and equations.
In other words, we show that although the multilevel boost
converter can have a fixed but otherwise arbitrary number N of
output capacitors, the complexity of its dynamic equations is
analogous with respect to that of the basic boost converter
which has only one capacitor.

The electric diagram of an Nx multilevel boost converter is
shown in Fig. 1 a). In order to emphasize the motivation of a
reduced-order model and as a preamble for the derivation of
such model, we first consider a state-space averaging modeling
approach that has been developed for switched-capacitor
converters in [12]. By inspecting the equivalent circuits when
the switch is open and closed in Fig. 1 a), we can obtain the
following dynamic model.
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where N corresponds to the number of capacitors at the output
of the converter, and the expressions involving the parameters
Reqiare accounted for the average energy losses of the

converter due to the energy transfer between parallel capacitors
over a switching period (cf. [12]). Note that while the main
advantage of the multilevel boost converter is its high input-to-
output voltage gain, which can be increased by adding
switched capacitor levels at the output, there is a major
problem in adding stages, since each switched capacitor level
implies the addition of three dynamic equations to its model.
For this reason, the derivation of a reduced order model results
of central importance.

In the following, for the simplicity of exposition we assume
that the value of the capacitors of the converter have the same
value C, moreover we define the output voltage of the Nx
multiplier boost converter as

N
V, = Z Vok—1 = NV, (2)
=1

with i =1, ..., N, corresponding to the sum of the voltages
across the capacitors at the output, which are approximated to
have the same average value due to their voltage balancing
property (see [9]). Consequently, by substituting the following
relationships

V=V, (3)
and

Vo =NV, (4)
with i,j =1,...,2N — 1, in (1) we obtain a reduced order set
of dynamic equations.
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Note that the complexity of the model in (5) is the same as the
one of the traditional boost converter. Moreover, it can also be
noticed that the traditional average model of the boost
converter is a special case of the one in (5) when we consider
only one level, i.e. N=1.

B. Single Inductor Multiplier Cuk Converter

We now introduce a model for a single-inductor multiplier
Cuk converter which is depicted in Fig. 1 b). For simplicity of
exposition we assume that every capacitor has a value C.
Consequently, using the same rationale as in the previous
section, we obtain the following reduced-order model.
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C. Interleaved Multilevel Boost Converter

The main idea of interleaving the previously studied
converters is to achieve a total input current ripple
cancellation. When interconnecting the converters in an
interleaved way, the model of the overall topology can be
easily obtained as shown in (7). For simplicity of exposition,
we assume that both converters have the same number N of
stages, corresponding to a total gain of 2N the input voltage.

L1%’1 = Vin_(lNiDl)Vl
2N -1 d N
( N )CEV1 = (1-D)I _E(Vl +V5)
d (1-D,)
LZEIZ =Vin _T(V1 +V2) (7)
d N
NCEVZ =(1-Dy)I, _E(Vl + V)
Iy =1, + 1,
Vo=V +V,

This can be achieved by producing input currents for each
converter in such a way that while the current through one
inductor is rising, then its dual (i.e. the current through the
other inductor) is falling at the same rate (see e.g. [13]). It can
be easily verified that the slope of the current ripple of each
converter can be computed as

74
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and
V.
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L,

Then for desired voltage gain we can select nominal duty
cycles as complementary, and consequently,

D, =(1-Dy) (10)
then we can achieve a minimum ripple point by imposing

Al = Al (11)

and selecting L; and L, in such a way that they satisfy such
constraint, which can be equivalently expressed as

Dy (12

III. CONTROL DESIGN

In this section, we use the model that has been derived in
the previous section for a closed-loop implementation. We aim
at compensating disturbances around the nominal minimum
ripple point that has been used to design the converter. This
implementation has potential applications in battery-fed
systems, PV panels, constant power loads, and so forth. In
order to design a controller, it is enough to derive a small-
signal model that is able to predict the dynamics around the
nominal minimum ripple point. This model can be obtained by
the approximate linearization of the converter around the
operating point, adopting the form

d
—3X =Ax + B
i (13)

and the to-be controlled output as

y=V,+7,, (14)

where ~ characterizes (small-signal) incremental values.

In order to compensate steady-state disturbances, we can add
an integrator of the form
d (15)
ac® ™Y
In this way, we will have a matrix for each converter in terms
of the state variables as shown in equation (13)
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From (7) in steady-state we can obtain the nominal minimum
ripple point for each converter and those values are the
references for the control loop.

Then we can define a state space feedback for each converter,
e.g.

D, = —kyw — kI, — sV, (17)
And analogously for D,. The gains can be easily computed by
applying any linear control technique. According to these, the
final control implementation is shown in Fig. 2.



Fig. 2. Final control implementation

IV. SIMULATION RESULTS

In this section, we present the validation of the topology
through simulations, presenting the total gain of the converter,
the ripple cancelation, and the control theory. As we can see in
Fig. 3, the output voltage is almost ten times the input voltage
(Vin=24 V), which is a high gain for a converter. According to
the equation (12) the value of the duty cycle is calculated from
the inductors values, which are obtained considering a
continuous mode of operation, in that way the point for a total
cancellation in the input current ripple is when D; = .287,
nevertheless at this point of operation the output voltage
differs from the reference, so the control moves the operation
point, as we can see in Fig. 4, at this duty cycle the input
current is almost ripple free, this is presented in Fig. 5.
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The controller implemented must be capable of responding
over disturbances at the input voltage, as the source is expected
to be a solar panel as we mentioned earlier. For this we also
present a simulation where the control is validated under step
disturbances, in order to see the worst case and the transient
response of the system. This is presented in Fig. 6. Where we
can see the time of stabilization of the output voltage and the
input voltage.
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Fig. 6. Output voltage stabilization under a step disturbance

V. EXPERIMENTAL VALIDATION

In order to validate the usefulness of the model and the
proposed controller we implemented the topology in hardware,
as shown in Fig. 7. with the list of parameters presented in
Table I. We implemented the controller using a Digital Signal
Controller (DSC) TI TMS320F28335. The controller gains are
obtained by matrix (17) and (18), using pole placement in
MATLAB, setting the poles values according to the system
eigenvalues. So, the controller gains for each converter are

K; =[.0001,—-.0101,—.0104],
K, =[.0002,—-.0027,—.0016].



Table 1

Experimental parameters
Parameter Value
Input voltage 24V
D, 287
Output voltage 232V
Fs 50 KHz
L, 330 uH
L, 820 uH
C 10 pF
Mosfets IRFP250
Diodes BYW29E-200
Resistance 475 Q
N 2

Capacitors

Fig. 7. Hardware photograph

Setting those gains to the control loop shown in Fig. 2, the
system is controlled. In Fig. 8. we show the experimental result
of the closed-loop system being under disturbances at the
input-voltage, which are compensated by the controller in order
to maintain a constant output voltage. As we can see, the step
up was made from 24 V to 38 V, as a result the controller
changed the duty cycle have a constant output voltage. At the
nominal point of operation of the converter the input current
should be ripple free, but as mentioned before the control
moves this point in order to set the output voltage to the
reference, as shown in Fig. 9. we can see an almost ripple free
input current at the new point of operation, also the current
from each converter is shown with their respective average
values.

We can see the operation region for the converter
graphically in Fig.10. where two lines showing the percentage
of input current ripple are presented, one for the ripple
cancelation for the traditional topologies, where the cancelation
point occurs at D=.5, and the other for the topology presented
here. As we can see, at the operating region, for which the
converter was designed, the percentage of input current ripple,
always is less than 4%, unlikely from a traditional topology
where the percentage of input current ripple is more than 10%.
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Fig. 9. Experimental results of closed-loop operation of the interleaved
multilevel boost converter under step disturbances on the input voltage.
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Another advantage of the topology presented is that the
operating point is selectable, it means that according to the
design parameters, the duty cycle will change, also changing
the gain, in traditional topologies, where inductors sizing is
equal, means moving from the optimal point where we have
free ripple input current, thus limiting the gain of these
topologies, nevertheless the optimal operating point of the
presented topology, which depends on the inductors relation,
can easily move in order to continue having the free ripple
input current.

VI. CONCLUSION

We presented a generalized model for an interleaved
multilevel boost converter that exhibits high input-to-output
voltage gain and current ripple cancellation at a selectable duty
cycle, these features make it ideal for renewable energy
sources. The interleaved features plus the relation within
inductors allows selecting the duty cycle, so the input current
ripple is almost zero. The proposed model exhibits low
complexity which makes it suitable for control design. The
model was validated via experimental results of a closed-loop
operation, where we obtain an input current with no ripple, and
a constant output voltage under step disturbances.
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Chapter 9

Conclusions

Along this dissertation the modeling and control of emerging DC-DC power converters, con-
sidering their application to renewable energy sources were presented. This dissertation was
not limited to a single topic, making it a compilation of applications in the power electronics
field to renewable energy.

The hybrid inverter DC-DC conversion stage was improved by considering emerging
topologies instead of conventional topologies. Nevertheless, the use of these emerging topolo-
gies brought challenges associated with their modeling. Added to this, the own nature of re-
newable energy demands the incorporation of a proper output voltage controller. The output
voltage controllers presented in this work, proved that even when the system is subjected to
disturbances, the output voltage value remains constant. The controllers employed were de-
signed in continuous and discrete time. In the latest, for the discrete-time controller, a new
tuning methodology technique was discussed, ensuring the stability of the system. Finally,
the proposed techniques were proved in a fuel cell. The results obtained from this fuel cell
represent an improvement to renewable energy exploitation.

An emphasis was made in the current ripple cancellation, since it is a pretty common
problem when dealing with these sources. Different controllers were applied to the DC-DC
converters proposed, the experience gained in this process is invaluable, since it allow to have
a good understanding of the control design. The laboratory work done to have these experi-
ments allow the author to have a complete understanding on the design considerations to take
into account in the power electronics field.

The computational resources used in this dissertation allow the author to have a complete

experience, starting from the design point and finishing in the experimental set-up. All the
experimental results proved consistency with the theoretical findings presented.

9.1 Contributions

The main contributions of this work can be summarized as follows:

e A new approach was adopted to guarantee current-ripple cancellation for which duty
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cycles are not constrained as in the strategies currently available in the literature, in this
technique it is proved that the active minimum input-current-ripple point tracking (MR-
CPT) implementation permits a minimum current-ripple despite of a variable operating
point.

A new stability condition and a gain tuning methodology for the controller were design
in such way to guarantee stabilization and constant output voltage.

The proposed ripple cancellation technique was proved in a fuel cell emulator, demon-
strating that the technique is applicable to renewable energy, with the advantages of
improving the lifetime and efficiency of the system.

The proposed energy administration for electric vehicles improved the utilization of
ultracapacitors. Helped in both, to reduce the waste of energy, and in the acceleration
process.

DC-DC converters under instability conditions, like feeding a constant power load, was
also studied. It was proved that is possible to have a stable system by means of a
controller action.

The modeling of DC-DC converters that are suitable to renewable energy is studied in
such way that, even if the number of components increases, the model of the converter
is similar to the very basic form of the topology. Reducing the complexity of the model.

Future work

Some future work for the topics of this dissertation are presented below:

The proposed techniques shown in this dissertation were applied to a step-up stage,
however, the same techniques are applicable to another type of converters, i.e. step-
down converters or power converters that change polarity.

The efficiency of the converters, and the overall system while using MCRPT technique
was not recorded. Since efficiency is one of the main motivations when a real imple-
mentation is develop, this parameter must be registered when using this technique.

The Minimum Current-Ripple Point Tracking (MCRPT) technique may find more ap-
plications. The condition that this technique implies, is applicable to the output voltage
of converters, by designing the output capacitors in a similar way a ripple-free output
voltage can be obtained.

The MCRPT technique has been never tested using a real solar panel, and it will be in-
teresting to test it in combination with the well-known Maximum Power Point Tracking
technique.

The MCRPT technique was applied to a interleaved converter form by two converters. It
may be interesting to explore the possibility of doing a similar controller for interleaved
converters with more stages.



9.2. FUTURE WORK 101

e Since it is possible to combine the MCRPT technique with other control strategies, it is
still an open topic to prove this technique with other type of controller.

e In the renewable energy technology field, the Modular Multilevel Converters MMC
have gain attention in recent years. In this topic, these converters present advantages
like the modularity, a low THD, the lack of a boost capacitor at the input, between
others. Recently this MMC topology has been combined with storage system devices,
in consequence a DC-DC converter is incorporated on each submodule of the MMC,
in such case the MCRPT technique may be applicable to improve the efficiency of the
overall system.

e The author is motivated in the MMC study field and is looking forward to work in this
matter in the future.
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