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ABSTRACT

DESIGN AND IMPLEMENTATION OF AN ULTRACAPACITOR TEST
SYSTEM

Eroglu, Hasan Hiseyin
M.Sc., Department of Electrical and Electronics Engineering
Supervisor: Assist. Prof. Dr. Ahmet M. Hava

July 2010, 189 pages

In this thesis, a test system is designed and implemented in order to evaluate the
basic electrical performance and determine the parameters of ultracapacitors (UC).
The implemented UC test system is based on power electronics converters and it is
capable of charging and discharging the UC under test with predetermined current
profiles. The charging operation is provided by a configuration involving the AC
utility grid, a step-down transformer, a diode bridge, and a DC bus filter capacitor
followed by a step-down DC-DC converter. The energy stored in the UC under test,
as aresult of the charging operation, is discharged to a resistor bank through a step-
up DC-DC converter and a DC chopper structure. The charging and discharging
current applied to the UC under test is provided by means of current mode control of
power electronics converters. The control mechanism of the power electronics
converters and the transition operations between the charging and discharging phases
of the test system is realized via a microcontroller supported hardware structure. In
the scope of the thesis study, a UC module composed of five serially connected UC
cells is constructed. Constant current and constant power tests are applied to the

constructed UC module. The performance of the implemented UC test system is



investigated by means of computer simulations and experimental results. Further,
basic electrical behaviour of the constructed UC module is evaluated and the

parameters are extracted experimentally.

Keywords: Energy storage devices, ultracapacitor, step-down DC-DC converter,
step-up DC-DC converter, current mode control.
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BIR ULTRAKONDANSATOR TEST SISTEMININ TASARIMI VE DENEY SEL
GERCEKLENMESI

Eroglu, Hasan Huseyin
Y Uksek Lisans, Elektrik ve Elektronik Muhendisligi Boluimu
Tez Yoneticisi: Yrd. Dog. Dr. Ahmet M. Hava

Temmuz 2010, 189 sayfa

Bu tezde, ultrakondansatorlerin (UK) temel elektriksel ozelliklerini degerlendirmek
ve guc elektronigi uygulamalarindaki kullanimlarint deneysel olarak 6grenmek
maksadiyla bir test sistemi tasarlanmis ve Uretilmistir. Gergeklestirilen UK test
sistemi, guc elektronigi donustUrtctleri tabanli bir sistem olup, test edilecek UK'yi
istenilen akim profilinde doldurabilecek ve bosaltabilecek bir sistemdir. Doldurma
islevi; AA akim sebekesi, bir alcaltici trafo, bir diyot koprisl, bir DA barasi
kondansatori ve bir acaltictc DA-DA doniUstUricust vasitasiyla saglanmaktadir.
Doldurma islevi sonucunda test edilen UK (zerinde depolanan enerji ise bir
yukseltici DA-DA donusturicust ve bir DA kiyici yapisi kullamlarak bir direng
grubu Uzerine bosatilmaktadir. Doldurma ve bosaltma islevleri gerceklestirilirken,
test edilen UK’ ye uygulanan akim guc elektronigi donUstiriculerinin akim kontrollt
olarak denetlenmesiyle saglanmaktadir. Test sisteminde yer alan guc elektronigi
donusturiculerinin denetimi ile doldurma ve bosatma fazlar arasindaki gecisler
mikroislemci destekli bir donamm yapisi vasitasiyla gerceklestirilmistir. Tez
calismasi kapsaminda 5 (bes) adet UK hiicresinin seri baglanmasiyla bir UK modul i

olusturulmus ve olusturulan UK modult, UK test sistemi vasitasiyla sabit akimda ve

Vi



sabit gucte doldurma ve bosaltma testlerine tabi tutulmustur. Gergeklestirilen UK test
sisteminin basarim bilgisayar benzetimleri yardimiyla ve deneysel olarak ortaya
konmus, olusturulan UK modulinin temel elektriksel davranisi deneysel olarak

gbzlemlenmistir.

Anahtar Kelimeler: Enerji depolama birimleri, ultrakondansatér, alcaltici DA-DA

donusturict, yukseltici DA-DA donusturict, akim kontroll U denetim.
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CHAPTER 1

INTRODUCTION

11 Energy Storage

In the recent decades, the storage and use of electrical energy efficiently has gained
considerable importance in a wide range of applications due to the developments in
electronic device, electric vehicle, and industrial system technologies. The scope of
the energy storage issue can be classified with respect to the power and energy
requirements of applications in many different forms. Portable energy sources for
electronic devices like cell phones, digital cameras, laptop computers, auxiliary
sources for uninterruptible power supplies (UPS), and secondary sources for electric
vehicles are afew examples in this domain. High energy and power density, low cost
in terms of installation and maintenance, high performance in terms of operating
conditions, long lifetime, and ease of implementation are accepted as the main
criteria of energy storage applications.

When the issue is considered from the energy storage device capability point of
view, it is seen that meeting the electrical power requirements of applications with a
single energy storage device structure has become very difficult in terms of size,
cost, and maintenance. The main approach for supplying the electrical power
requirements is to divide the requirements into two parts as average power
requirements and peak power requirements [1-2]. Energy storage devices like
batteries and fuel cells are widely used to provide the average power requirements of
applications. On the other hand, it is very common to use capacitors to meet the peak

power requirements of applications since the power capability of these devices are



very high [1]. However, pulse duration of peak power requirements has an increasing
trend which could not be met by conventional capacitors since these devices have a
limited energy density. Therefore, it could be inferred that there is aneed for adevice

that could both deliver high power and store large amount of energy.

Ultracapacitors (UC), also known as supercapacitors or electric double layer
capacitors (EDLC) are relatively new energy storage devices that could meet the
power and energy requirements of peak power applications. A UC isaspecial type of
capacitor with high capacitance, low equivalent series resistance (ESR), and low
rated voltage values. The most attractive property of UCs is their high capacitance
value which is expressed with a thousand of farads scale in UC product datasheets
[3-6]. When the high capacitance values of UCs are compared with the capacitance
values of conventional capacitors, which are commonly in micro farad or milli farad
range, it is seen that the capacitance of UCs is at |least a thousand times greater than
the capacitance of conventional capacitors. Low ESR values of UCs, is the other
advantage of UCs for energy storage applications, since the maximum power that
could be drawn from an energy storage device is limited with the ESR value. In UC
product datasheets, it is reported that the ESR values of UCs are smaller than one
milli ohms [3-6]. The ESR values of UCs are also at low levels when compared with
the ESR values of conventional capacitors[7]. The main disadvantage of UCsistheir
low rated voltage values which are at 2.5V level for most of the commercial UC
products with organic electrolytes [3-6], [8-12]. For this reason, UCs are connected

in seriesin order to obtain UC modules that have higher voltage ratings [9-10], [12].

When UCs are compared with conventional capacitors by considering the
capacitance and rated voltage parameters together, it is seen that the energy storage
capacity of UCs for unit volume or mass is higher than conventional capacitors. The
stored energy in a capacitor is related with the square of its rated voltage and rated
voltage levels of conventional capacitors are higher than UCs. However, the
enormous capacitance of UCs brings up the high energy storage capability to UCs
despite their low rated voltage values. On the other hand, if the comparison is
repeated by considering the ESR and rated voltage parameters, it is seen that the



maximum power capability of UCs is lower than conventional capacitors. The low
rated voltage value of UCs brings up this result since the maximum power that could
be drawn from an energy storage device is proportional with the square of its rated
voltage and inversely proportional with its ESR value [2]. It could be stated that,
UCs are connected in series in order to achieve higher rated voltage levels and the
ESR value of the serially configured UC module increases proportional with the
number of UC cells which will have a decreasing effect to the maximum power
capability of the UC module. When the energy storage and maximum power
capabilities of conventional capacitors and UCs are compared together, it is seen that
UCs are good candidates for supplying the energy requirements of high power
applications in a relatively long time period, whereas the conventiona capacitors

could only deliver electrical energy in asmall time period.

In most of the energy storage applications, batteries are the main choice since they
can store large amounts of energy in asmall volume and weight [1], [13]. Moreover,
the cost of using batteries in energy storage applications is very low. On the other
hand, the maximum power capability of batteries is at low levels since the ESR of
batteries is high. Therefore, it could be concluded that batteries are energy storage
devices with large energy storage and low power capability. In this sense, from the
energy storage and power capability point of views, it is reported that UCs fill the
gap between batteries and conventional capacitors [8], [10], [14].

Batteries are good options for most of the energy storage applications. However,
electrochemical energy storage mechanism of batteries limits the cycle and shelf life
of the device [1]. During the charging and discharging processes of batteries,
oxidation and thermal impacts of electrochemical reactions deteriorates the cycle life
of the device. Moreover, when batteries are left unused for many months, corrosion
effects are seen due to the self discharging process which reduces the shelf life of the
device [1]. On the other hand, the energy storage mechanism of UCs is fully
electrostatic and it is not based on electrochemical reactions [12]. Therefore, cycle
and shelf life of UCs are better than batteries.



UCs are promising alternatives to battery technology. However, the main limiting
factor for practical use of UCs in energy storage applications is the low energy
storage capability of UCs in terms of unit volume, mass, and cost. In this sense, it
could be said that the use of UCs will become widespread if the energy storage
capacity of the device isimproved in terms of unit volume, mass, and cost. Although
the structural evolution of UCs is not finished, the use of UCs is very common in
memory back up applications. Furthermore, UC manufacturers recommend using the
device in many applications. Supplying the power requirements of an electric vehicle
(EV) in the case of acceleration and storing the regenerative energy appeared in the
case of braking, supplying the power requirements of portable electronic devices,
starting internal combustion engines, supplying the bridge power requirements for
UPS systems, compensating voltage sags for adjustable speed drives (ASD) are afew
examples of UC assisted energy storage applications[12], [15].

1.2  Outlineand Scope of the Thesis

In Turkey, the common energy storage device used for energy storage applicationsis
battery (lead-acid, lithium ion, Ni-Mh ext.) and up to the present day, no commercial
products have been developed utilizing UCs due to the high cost of the device. On
the other hand, there is not sufficient knowledge about how and where to use UCs
although it is required to develop more robust energy storage systems for most of the
applications such as UPS and ASD systems. Moreover, if it is amed to develop an
EV as a home product, the use of UCs will also be required. Therefore, in this thesis
study, it is aimed to learn the characteristics and use of UCs experimentally for

energy storage applications.

Standard measurement devices like LCR meters are not sufficient for observing the
UC characteristics experimentally. For example, the measurement range of standard
LCR meters for capacitance measurement is much narrower than the capacitance
value of UCs. Furthermore, these measurement devices have limited energy. Most of

them are battery powered. Therefore, these devices can not change the stored energy



in a UC. For this reason, a power electronics converter based UC test system is built
to measure the characteristics of UCs experimentaly. In the implemented test
system, charging and discharging energy management procedures are applied. By
this way, it is also learned how to utilize UCs with power electronics converter
structures. The control methods and hardware design approach used in this study are
focused on constructing a UC test system. However, the implemented test system
could also be used as a reference design in power electronics applications involving
UC utilization or other energy storage-transfer applications, since the approach is
general.

Thesis study has been conducted in a step by step approach starting from the genera
properties of UCs up to a detailed hardware design and UC performance evaluation
part. In this sense, the outline of the study could be expressed as follows:

In Chapter 2, basic electrical and structural properties of UCs are reviewed. General
information about the design criteria and typical applications of UCs together with
the comparison of UCs with other energy storage devices issue are aso covered in
this chapter.

In Chapter 3, performance evaluation of UCs is discussed. UC testing requirements
from the manufacturer and customer point of views, requirements and building
blocks of a UC test device, and some of the UC test procedures are discussed in this
chapter.

In Chapter 4, power electronics converter structures are investigated for performing
the charging and discharging operations of UCs which are the basic operations of a
UC test system.

In Chapter 5, design and implementation of a power electronics converter based UC
test system is covered. In this chapter, implementation details in terms of

microcontroller and mixed signa hardware considerations are shown. The



performance of the implemented test system is put forward by means of computer

simulations and experimental results.

In Chapter 6, basic electrical parameters and electrical performance of a UC module
which consists of five serially connected UC cells are extracted by the help of the test
results obtained as an output of the implemented UC test system. The results of the
tests are also compared with the datasheet parameters of the UC cells.

In Chapter 7, the thesis work is summarized, important aspects of the test results and

hardware design part are mentioned, and future work is discussed.



CHAPTER 2

CHARACTERISTICS, PERFORMANCE, AND DESIGN CONSIDERATIONS
OF ULTRACAPACITORS

21 Introduction

A UC isaspecial type of capacitor based on electric double layer (EDL) mechanism.
The storage mechanism of UCs is an electrostatic process where no electrochemical
reactions are involved [12]. EDL based energy storage mechanism together with the
unigue internal structure of UCs resultsin very high capacitance values. On the other
hand, properties of the materials used within the device affect the UC specifications
such as the rated voltage and equivalent series resistance (ESR) [8]. Therefore, to
design a UC assisted energy storage application, it is necessary to investigate the
energy storage mechanism and internal structure of UCs. By this way, basic design
criteria of UCs that are critical for energy storage applications could be understood
easily. In the scope of the thesis, it is aimed to implement a UC test system for the
evaluation of UC performance and to see how this energy storage device could be
utilized in power electronics applications. Therefore, in this chapter basic structural
and electrical properties of UCs are reviewed by considering the design criteria from
the application perspective. Comparison of UCs with other energy storage device

types and typical UC applications are also covered.



2.2  Capacitive Energy Storage Method

The energy storage mechanism of UCs has the same properties with conventional
capacitors in terms of mathematical formulas [16]. Therefore, it is proper to review
the capacitive energy storage method before going into the details of UCs. Capacitive
storage method is one of the most common forms of electrical energy storage where
electrical energy is held in a device caled capacitor. The internal structure of a

capacitor is shown in Figure 2.1.

Dielectiric
Material

+Q

00000
ceo 0o
O

Efield

Figure 2.1 Internal structure of a capacitor.

Asshown in Figure 2.1, a capacitor consists of two conducting plates separated by an
insulating component called dielectric material. When an electrical potential is
applied between the terminals, electrica charges within the device start to
accumulate near the plates according to the polarity of the applied potential. By this
way an electric field is created inside the capacitor. The net electrical charge
accumulated on the plates (Q) and the corresponding electrical potential (V) are
related with a parameter called capacitance (C) asgivenin (2.1).

_Q
c=2 2.1)

In order to express the capacitance in terms of dimensions of the device, uniform
electric field approximation within the device could be used, since the surface area

(A) of the plates is much greater than the length of the dielectric material (d). With
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this approximation it could be said that, permittivity (¢) of the dielectric material
determines the magnitude of the electric field inside the device. On the other hand,
permittivity of a materia is the distance passed by an eectric charge with a unit
electric field and expressed as relative permittivity () according to the permittivity
of air (o) asgivenin (2.2).

e=ey € (2.2)
If the distribution of electrical charge on the plates of the device is also considered

uniform in addition to the uniform electric field approximation, the magnitude of the
electric field could be expressed in terms of charge density (D) and permittivity as

givenin (2.3).
Q
E :g :A:A,ie (2.3)

After inferring the electric field expression, the electrical potential inside the device
could be expressed as the line integral of the electric field within the dielectric length
(d) asgivenin (2.4).

o

.D. D" d “d
V :0g dz = o :S, A (24)

o

If (2.1) and (2.4) are considered together, it is seen that the capacitance of the device
is related with the surface area of the plates, permittivity, and dielectric length of the

insulating material as givenin (2.5).

c-8 A (2.5)



To obtain the energy change expression (AE) inside a capacitor, (2.1) should be

organized as given in (2.6).
Q=C'V (2.6)

If the both sides of (2.6) are differentiated with respect to time, current expression is

obtained asgiven in (2.7).

o odv()
i(t)=C 5 (27)

In the next step, instantaneous power expression is obtained by multiplying the

current expression with the capacitor voltage as given in (2.8).

P(t)=C’ %' V(1) (2.8)

As alast step, instantaneous power expression is integrated with respect to timein a
time interval (to-t;) to obtain the energy change expression of the capacitor within

thistimeinterval asgivenin (2.9).

DE:%' ¢’ [vt)? - vito)?] 2.9)

By the help of the energy change expression, the stored energy in a capacitor at a
time instant could also be expressed as given in (2.10).

E(t) = % C’ V(t)? (2.10)

The stored energy expression given in (2.10) shows that, the stored energy inside a
capacitor at atime instant is related with the capacitance and instantaneous voltage of

the device. Therefore, the maximum energy that could be stored inside a capacitor is
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related with the maximum voltage that could be reached within the device. This
maximum level is commonly known as the voltage rating (Viaeq) Of @ capacitor
which is limited with the breakdown voltage of the dielectric material. The
breakdown voltage expression (Vyg) of adielectric material isgivenin (2.11).

Vpg = Eg " d (2.12)

According to (2.11), it is seen that, breakdown voltage is related with the dielectric
length and dielectric stress (Egs) of the material which is defined as the magnitude of
the electric field in order to make an insulating material totally conductive. When
(2.5), (2.10), and (2.11) are evaluated together, it is seen that capacitors with higher
dimensions have a larger energy storage capability. This result shows that capacitors
have a low energy density trend where energy density (Edyo, Edny) could be defined
according to the volume (Vol) or mass (m) of the device asgivenin (2.12) and (2.13).

1. ...,»2
E C Vrated
Edyy = —Vol (2.12)
1, ..
5 C Vr%dted
Ed,=5——— (2.13)
m

When capacitors are investigated in terms of maximum power capability, it is seen
that the most important term is the equivalent series resistance (ESR) of the devices
which represents the ohmic loss. The equivalent circuit model of a capacitor in

discharging mode is shown in Figure 2.2.

11



— W

+
Vc(o): Vrated ;: C %Rd

Figure 2.2 Electrical equivalent circuit of a capacitor in discharging mode.

In Figure 2.2, Rs represents the ESR of the device, whereas Ry represents the
discharging resistor. The maximum power that can be drawn from a capacitor can be
obtained by applying the maximum power transfer principle to the circuit shown in

Figure 2.2. The maximum power expression isgivenin (2.14).

2
— Vrated

Prax —ﬁ (2.19)
The circuit shown in Figure 2.2 could also be analyzed according to discharge
efficiency () considerations as it is shown in [2]. Discharge efficiency is defined as
the ratio of the power dissipated on the discharge resistor (P.) with the power
supplied by the capacitor (P;) asgivenin (2.15).

.2

A
£° Ri*Rp
h=P - Ry =R (2.15)
R, V2 Ry +Ry
Ry + Ry

By rearranging (2.15), the power dissipated on the discharging resistor could be
expressed in terms of capacitor voltage (Vc), ESR, and discharge efficiency as given
in (2.16).

V2

P.h)=h"@-h) i (2.16)
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The load power expression given in (2.16) could a so be reorganized according to the

volume (Vol) and mass (m) of the device asgivenin (2.17) and (2.18).

h’ (1-h)’ \;

P (1) = —— 2.17)
h" (1-h)’ VR

Pmh)= — (2.18)

The load power expression given in (2.16) could be averaged with respect to constant
current discharging assumption, where the voltage of the capacitor decreases from
Viaed level 10 Viaed/2 level linearly with respect to time under this assumption. The
average load power (P_ ay) expression obtained as a result of this approximation is
givenin (2.19) [1].

2

R abh)= %h (1-h)’ “;zd (2.19)

The variation of average load power with respect to discharge efficiency is shown in
Figure 2.3 where the maximum power expression given in (2.14) is taken as

reference.
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Figure 2.3 Variation of average load power with respect to discharge efficiency.

According to Figure 2.3, it is seen that the maximum discharging power condition
occurs for 50% efficiency case where the load resistance is equal to the ESR of the
device. It is also observed that as the discharge efficiency increases, discharging
power decreases. Therefore, it could be concluded that it is required to limit the

discharging power in applications where efficiency isimportant.

2.3  Ultracapacitorsand Their Internal Structure

After reviewing the capacitive energy storage mechanism in a general perspective, it
is appropriate to continue with the properties of UCs. The internal structure of UCsis
based on electric double layer (EDL) mechanism. For this reason, UCs are
commonly known as electric double layer capacitors (EDLC). To understand the
behavior of these devicesit is necessary to investigate the EDL structure.
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2.3.1 TheElectric Double Layer (EDL) Structure

When a charged conductor is immersed in a solution, the electric charge carried by
the electrons and holes of the conductor and ions within the solution start to
accumulate in the contact surfaces of the conductor and solution. The accumul ated
charge on the conductor and solution sides constitutes the EDL structure which is

shown in Figure 2.4.

+

Electric Double Layer

e o e ST S

Charged Conductor

Figure 2.4 EDL structure.

The EDL structure in Figure 2.4, can be described by a three layer model which is
shown in Figure 2.5. In this model, the first layer is the space charge layer (SCL)
constituted by the excess carriers within the conductor, the second layer is the
Helmholtz layer constituted by the adsorbed liquid molecules, and the third layer is
the Gouy layer (GL) constituted by the ions within the solution. In Figure 2.5 (a), it is
seen that the charge carriers are at highest concentration at the boundary of the SCL
and GL. The carrier concentration decreases as the distance from the boundary of the
SCL and GL increases. In Figure 2.5 (b), it is seen that the inner potential inside the
EDL structureis at highest level in the SCL and shows a decreasing characteristicsin
the HL and GL, respectively. The working principle of this model is similar to a
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passive electric component composed of three serially connected capacitors as shown

inFigure 2.5 (c) [17].

CS OHL
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Figure 2.5 Three layer model of the EDL structure: (a) variation of excess charge

density, (b) variation of inner potential, (c) capacitor model [17].
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In [17], it is stated that the thickness of HL (dy) is related with the size of the liquid
molecules and generally this distance is between 0.5-1 nm. On the other hand, the
thickness of SCL and GL are related with the charge carrier concentration where
their thickness decreases with increasing carrier concentration. The thickness of SCL
and GL are at least 10 times higher than the thickness of HL [17]. Therefore, the
capacitance of HL is dominant in the serially configured capacitor configuration
shown in Figure 2.5 (c), since the capacitance is inversely related with the thickness
of the dielectric material. According to the dominating capacitive characteristic of
HL, the EDL structure could be represented by single a capacitor, where the
capacitance value is dominated by HL [17]. As a conclusion, it is seen that the
nanometric dielectric length property of the EDL structure results in very high
capacitance values and low voltage ratings when the equations for capacitive energy
storage section are revisited.

2.3.2 Ultracapacitors

A UC is a specia capacitor type based on EDL mechanism and it can be considered
as a composition of many EDL structures. The capacitance and voltage rating
information of some commercial UC products is shown in Table 2.1. As shown in
Table 2.1, it is seen that the capacitance range of the commercial UC products varies
between a few farads level and thousands of farads level and it can be inferred that
these capacitance values are extremely high when compared with the capacitance
values of conventiona capacitors (e.g. aluminum electrolytic capacitors) which are
commonly in pF and mF scale. On the other hand, it is also seen that the voltage
rating levels of the commercial UC products varies between 2.3-2.7V for the devices
with capacitance values in thousand of farads scale (e.g. Maxwell, Nesscap, ext.) and
the rated voltage level reaches the 5.5V level for devices with lower capacitance
values (Cap XX, Nec-Tokin).
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Table 2.1 Product information of some UC manufacturers

Company Country Capacitance | Voltage
Range (F) Range (V)

Maxwell Technologies | USA 10-3000 2.5-2.7
Nesscap Co.Ltd. Korea 5-5000 2.3-2.7
LS Mtron Ltd. Korea 3-3000 2.5-2.8
loxus Inc. USA 100-5000 2.7
Tecate Industries USA 0.5-300 2.7
Vinatech Co. Korea 3-350 2.5-2.7
Cap-XX Ltd. Australia 0.075-24 2.3-55
United Chemicon Japan 350-3200 2.3-25
Nec-Tokin Corp. Japan 0.047-1 3.5-55

2.3.3 Internal Structure of Ultracapacitors

UCs consist of two electrodes, a separator, and an electrolyte that fills the space
inside the device [8]. Theinternal structure of aUC is shown in Figure 2.6.

Seperator

Electrolyte

+t+ 4+ £

Current
Collector

Activated Carbon Based Porous
Electrode structure

Figure 2.6 Internal structure of aUC [§].
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The electrodes of a UC consist of highly conducting metallic current collectors and
an activated carbon part with a porous structure. The porous structure of activated
carbon increases the contact surface between the electrodes and electrolyte which
results in very high capacitance values, since the capacitance increases with the
surface area of the electrodes [1], [8], [12]. Basically, it could be thought that the
capacitance of a UC increases linearly with the increasing contact surface between
the activated carbon and the electrolyte according to the parallel plate capacitor
theory. However, in practice the pore sizes of the electrodes should be taken into
consideration. Because, effective surface area of the devices with very small pore
size is lower than the original surface area due to the insufficient electrostatic effect

between the electrolyte and small pores of the activated carbon [8], [17-18].

The electrolyte type of UCs affects the ESR parameter and determines the voltage
rating of the device. The most common electrolyte types used in UCs are aqueous
(KOH, H,SO4) and organic types [18]. There is a tradeoff between the use of
agueous and organic electrolytes in terms of ESR and voltage rating of the device.
When the two electrolyte types are compared according to ion conductivity, it is seen
that the conductivity of agueous electrolytes is higher than those of organic
electrolytes. Therefore, ESR of devices with aqueous electrolytes is lower than the
ESR of devices with organic electrolytes [8]. However, from the voltage rating
perspective, it is seen that decomposition voltage of organic electrolytes (~2.5V) is
higher than the decomposition voltage of agqueous electrolytes (~1.25V) [8].
Therefore, UCs with organic electrolytes tend to have a higher energy density
compared to UCs with agueous electrolytes when the stored energy expression
shown in (2.10) is reconsidered. For this reason, in most of the commercia UC

products organic electrolytes are used [3-6].

When the electrode and electrolyte properties of UCs are considered together, it is
seen that the capacitance of UCs with agueous electrolyte types tend to have a higher
capacitance value for the same UCs with organic electrolytes. Burke explains the
reason of this situation according to the larger size of the ions in organic electrolytes

compared to the ions in agueous electrolytes [1]. Therefore, it could be concluded
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that the electrostatic effect between the electrode and electrolyte structure is lower

for the organic electrolyte case due to the large ion size.

The separator is a structure that prevents electrical conductance between the two
electrodes of the device. On the other hand, it permits ionic conductance. Therefore,
it is important to select a proper separator material according to the electrolyte
properties, since separator should permit the ion transmission within the electrolyte.
For aqueous electrolytes, glass fiber or ceramic separators are used, while polymer or
paper based separators are utilized for devices with organic electrolytes [8]. For the
UC products of Maxwell Technologies, polypropylene or cellulose separators are
used [19].

24  BasicElectrical Propertiesof Ultracapacitors

Modeling the terminal electric behaviour of UCs is very difficult due to their
complicated internal structure. However, in order to utilize UCs with full advantage,
it is needed to put forward the most consistent electric circuit model of the device
[20]. In this study, it is aimed to investigate the basic electric behaviour of UCs by
means of utilizing power electronics converters. Therefore, only the basic RC

equivalent circuit is considered which is shown in Figure 2.7.

ZLIC

Figure 2.7 Basic electrical equivalent circuit of aUC [21-22].
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In Figure 2.7, Cy represents the device capacitance, Rs represents ESR, and R,
represents equivalent parallel resistance (EPR) of a UC. Capacitance values of UCs
are very high compared to conventional capacitors which show that the energy
density of the device is high [3-7]. On the other hand, ESR represents the ohmic loss
within the device and it is a resultant value of the contact resistance of electrodes and
electrolyte. ESR of a UC determines the maximum power rating of the device and it
is given for DC and AC (100Hz or 1kHz) cases in product datasheets [3-6]. The
immediate rise and fall of the terminal voltage of a UC when the charging and
discharging operations are initiated or stopped are also resulted from the ESR of the
device [22]. The other loss component is EPR. It represents the static loss due to the
leakage current of the device and determines the self discharge rate in resting
condition. EPR values can be obtained from product datasheets by dividing the
voltage rating (Vraed) Of the device with the leakage current parameter (ljeakage) as
givenin (2.20) [21].

EPR = Vraied (2.20)
I leakage

Considering the model shown in Figure 2.7, important parameters of some
commercial UC products are listed in Table 2.2 according to [3-6]. As shown in
Table 2.2, it is seen that the investigated commercial UC products have enormous
capacitance values (1500F-5000F), low rated voltage ratings (~2.7V), and low ESR
values (0.25-0.5 mQ [DC]). It is also seen that the calculated EPR values of the UC
products are in 0.415-0.9 kQ range since the leakage current of the devices are in
3-6.5 mA range. When the energy density of the UC products in Table 2.2 is
considered, it is seen that the energy storage capability of the selected UC products
are above 15 kJkg and 15 kJ/I level. On the other hand, the power density of the
selected UC products is above 7.5 kW/kg and 10 kW/I level in terms of gravimetric

and volumetric considerations, respectively.
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Table 2.2 Important parameters of some UC products

_ Power Density
Product C Viaed | ESR EPR | Mass | Vol | Energy Density
Manufacturer (Prrax)
Part Number (F) V) (mQ) (kQ) (9) (ml)
(kikg) | ()| (owikg) | (KWl
0.47 (DC)
Maxwell BCAP 1500 1500 | 2.7 0.9 320 325 |17.1 16.81 16.27 16.02
0.35 (1 kH2)
ESHSR-
0.41 (DC)
Nesscap 1200C0- 1600 | 2.7 0.9 335 242 16.70 24.084 | 16.00 22.15
0.34 (100 Hz)
002R7A5
| 0.4 (DO)
LS Mtron HV Series 3000 |28 0.56 630 469 18.68 25.09 7.78 10.45
0.5 (100 Hz)
0.25 (DC)
loxus RSCZRTS08SP | 500 | 2.7 0415 |840 |768 |2171 | 2372 |1085 |1187
0.20 (1 kH2)




In many studies, it is reported that the model shown in Figure 2.7 does not represent
the terminal electric behaviour of UCs accurately [20], [23-24]. In [23], Zubieta and
Bonert state that there are considerable differences between the actual terminal
electric behaviour of UCs and the terminal electric response of the basic electrica
equivalent circuit model of UCs when the charging and discharging operations are
stopped or initiated and they proposed a detailed electrical circuit model for

expressing the terminal electric behaviour of UCswhich is shown in Figure 2.8.

il[C
+ —»
Ri § Rd § Rl

2T Ca T~

TN\ Ci[ X I/UC

Figure 2.8 Detailed electrical equivalent circuit of aUC [23].

According to [23], each RC branch shown in Figure 2.8 represents the electric
behaviour of UCs at different time scales. The first branch is composed of a series
resistor (R) followed by two parallel capacitors (Cio, CiixVic) Where this branch is
effective in a time scale of seconds. Different from the model shown in Figure 2.7,
this branch includes a voltage dependent capacitor (Ci1xVyc). The capacitance of this
component increases as the terminal voltage of the device increases. This voltage
dependent component is put into the model in order to reflect the rapid rise and fall
behaviour of the UC termina voltage when the charging and discharging operations
are initiated or stopped as it is explained in [23]. The second (R4 ,Cq) and third
(R, C) branches are composed of series RC configurations with different time
constants which represents the UC behaviour in minutes scale and longer than ten
minutes scale, respectively. The function of the last component (R,) is the same as
the function of EPR defined for the model shown in Figure 2.7.
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When the models shown in Figure 2.7 and Figure 2.8 are compared, it is seen that the
model shown in Figure 2.7 represents only the basic electrical behaviour of UCs
where the model shown in Figure 2.8 represent the UC behaviour more accurately.
However, it could be inferred that, simplicity of the model shown in Figure 2.7
seems as an advantage from the analysis and computational perspectives [20].
Furthermore, in this study it is aimed to learn the basic characteristics of the device.
Therefore, throughout the thesis study the simple model shown in Figure 2.7 is
utilized.

25  Design Criteria of Ultracapacitors

In order to integrate UCs to power electronics applications it is required to consider

the design criteria of UCs which will be discussed in this section.

25.1 Voltage Rating and Power Requirement Based Criteria

2.5.1.1 Voltage Window

Miller and Burke define the voltage window as the voltage range in which the
capacitor could be operated [21]. There are two reasons for considering the voltage
window in UC based designs. The first one is the rated voltage and the second one is
the minimum voltage level that will be used in the design. The voltage rating
criterion is the key parameter of the designs. Because, when the termina voltage of
UCs goes above the rated level, mafunctions are started to be seen. Maxwell
Technologies reports that if the terminal voltage of a UC goes above the rated level
for along duration, the device starts to be affected negatively in terms of decrease in
capacitance and increase in ESR. On the other hand, it is also mentioned that voltage

spikes for short duration are tolerated by UCs [12].
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From a practical point of view, discharging of UCs to zero voltsis not possible when
they are used in a constant power discharging application. Barrade et al. describes
this situation in [25]. They consider a constant power discharging application and
state that the current provided by the UC increases as the terminal voltage of the
device decreases during the constant power discharging process. They aso mention
that the discharging current should be limited by determining a minimum voltage

level for UCs under discharging process [25].

2.5.1.2 Polarity

Positive and negative terminals of UCs are made from the same materias. Therefore,
theoretically it could be thought that there is no need for defining positive and
negative terminals for UCs as it is expressed in [26]. However, positive and negative
terminals are clearly expressed in al of the commercia products and it is
recommended not to use the device in opposite polarity [3-6]. The reason for this
recommendation is explained in an application note of Maxwell Technologies as
follows: “If the UC has been conditioned for charge in a certain direction and then is

changed, the life can be reduced due to this conditioning [26]”.

2.5.1.3 Sizing of Ultracapacitorswith Respect to Application Requirements

UCs should be connected in series in order to achieve the voltage rating requirement
of applications that is usually much higher than the rated voltage of a single device.
On the other hand, UC modules constituted by serial connection may be insufficient
for the energy storage requirements of some applications. The solution for the
mentioned requirement is to connect extra serially configured modules with the same
number of devicesin parallel with the previous module. By this way, an NxM matrix
formed module is obtained. The schematic representation of amodule in NxM matrix
form is shown in Figure 2.9 and the properties of UC modules are summarized in

Table 2.3. When modules in Nx1 and NxM forms are compared with respect to
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failure consideration, it is seen that NxM formed modules are more reliable. Because,
the worst conditioned UC becomes dominant in Nx1 formed modules. For example,
if aUC cell fails and becomes open circuit, the whole module in Nx1 form will show
open circuit behaviour. On the other hand, the remaining M-1 branches will be
effective if an open circuit condition occurs for one branch in an NxM formed

module.

Iy
] | |
il |1 i
ucy; T ucy; T UCiym T
i1 i
ucy; T UC, T UCopy T
Vin _
| | |
i i i
UCN] UCN? uCNMT

Figure 2.9 Schematic representation of an NxM matrix formed UC module.

Table 2.3 Properties of matrix formed UC modules

UC (1x1) | Module (Nx1) | Module (NxM)
Voltage Rating | V V XN V x N
Capacitance C C/N CxM/N
ESR Rs Rsx N RsxN/M
Sored Energy | E ExN ExNxM

In many studies and manufacturers’ application notes, sizing algorithms and methods
are given for determining the appropriate size of NxM formed UC modules [27],
[28]. According to the sizing method shown in [28], UC voltage window with respect
to the application needs, amplitude and duration of power pulses are reported as the
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key parameters. Flowchart of a UC module sizing algorithm is shown in Figure 2.10
according to the method expressed in [28]. The first step in this agorithm is the
calculation of average discharging current (l,,) with respect to the amplitude of the
power pulse (P) and the voltage window of the application (Vi) as given in
(2.21)-(2.24).

Viw =Vinax = Vinin (2.21)
| max = Vr:n (2.22)
|in = ﬁ (2.23)
loy = w (2.24)

After calculation of |, the parameter N which represents the number of series
components within a branch of a UC module is calculated with respect to the rated
voltage of the application (Vagp) and asingle UC cell (Viaed) as givenin (2.25).

V
N=_—2 (2.25)

Vr ated

In the next step, M which represents the number of parallel branches is initiated as
one and voltage change of the module (AV) is calculated by considering the
capacitance and ESR parameter of the module according to the values shown in
Table 2.3, pulse duration (At), and 15, asgivenin (2.26).

| Dt )
DV = —+la R (2.26)
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After this calculation, AV is compared with V. If AV is higher than V,,, M is
increased by one and the same procedure continues. On the other hand, if AV is

lower than or equal to Vi, then the current values of N and M are accepted as the
dimensions of the matrix formed UC module.

START

A

CALCULATE [, =— 7V,

A

DETERMINE N
M0

v
i
:

CALCULATE
C, ESR

A

CALCULATE AV

Yes

No

NAND M
DETERMINED

A

FINISH

Figure 2.10 Flowchart of a UC module sizing algorithm.
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2.5.1.4 Voltage Balancing Structures

When UCs are utilized in a module form composed of serially connected devices, the
voltage of individual UCs shows diversity due to the differences in capacitance and
EPR of each device [9-10], [29]. Linzen et al. state that voltage differences between
the individua UC cells have to be minimized by utilizing voltage equalization
circuitsin order to provide along life expectancy for the UC module [29]. According
to the same reference, voltage balancing structures are classified into four groups as
paralel resistor, zener diode, switched resistor, and DC-DC converter based
balancing structures [29]. The schematic representations of balancing structures are

shownin Figure 2.11.

Ry

Uuc; A~ R, uc;—~ &D, uc; 1~ uc; A
R,

UCH < R, uc,~ KD, UC) < Uucy) 1~

> DC

Yl

DC
DC

DC
Ry DC
UCN T~ R, ucy—~ &D, Ucy Ucy —~ e
J Sy
Passive Resistor Zener Diode Switched Resistor DC DC Converter

Figure 2.11 Schematic representations of voltage balancing structures[29].

The first voltage balancing circuit is the parallel resistor structure. Its operation is
based on current diversion from the individual UCs in resting condition. Therefore,
the terminal voltage of the UC module is distributed between the individual UCs
with respect to the current drawn by the parallel resistors. If, the values of these
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resistors are equal, terminal voltage of the module will be distributed equally. The
selection of balancing resistors determines the speed of voltage balancing operation.
With low valued balancing resistors, fast self discharge rates are obtained. Therefore,
equalization of the individual UCs' terminal voltage will be fast. On the other hand,
low valued balancing resistors increase the power loss of the module. Therefore, it
could be concluded that there is a trade of between the balancing speed and power

loss of the module [30].

The second balancing structure is based on zener diodes. In this structure, when the
voltage of an individual UC goes above the voltage rating of the zener diode, voltage
regulation is provided by the corresponding zener diode via diverting current from
the individual UC. This structure is aso based on power loss and temperature

dependence of zener diodesis reported as a disadvantage of this structure [29].

Switched resistor configuration is the third balancing structure. The operating
principle of this structure is based on diverting current from individual UCs when
their voltage goes above a predetermined level [11]. To implement the control of this

structure, hysteresis based voltage control mechanism which is shown in Figure 2.12

could be applied.
+ € € ]
Vyes ol - Switch
- N Control
AN
VUC

Figure 2.12 Block diagram of switched resistor control structure.

Switched resistor structure is amore efficient configuration when it is compared with
the parallel resistor structure. However, voltage measurement and switch control

requirements are the disadvantages of this structure [29].

The last voltage balancing configuration is the DC-DC converter based structure. In
this method voltage equalization is obtained by means of energy transfer between the
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individual UCs with respect to their voltage level. The most obvious advantage of
this structure over the previous ones is the higher efficiency, since the power losses
are subjected only in the DC-DC converters. On the other hand, integrating DC-DC
converters to the module adds an extra cost to the system and it is difficult to
implement this method when compared with the previous structures [29].

25.2 Thermal Criteria

UCs could be utilized in a wide temperature range since their energy storage
mechanism is not based on electrochemical reactions [12], [26]. Operating and
storing temperature range of some commercia products with organic electrolyte is

summarized in Table 2.4 [3-6].

Table 2.4 Operating and storing temperature range of some UC products

Manufacturer Product Operating Soring
Part Number Temperature Range | Temperature Range
Maxwell BCAP 1500 -40°C to65°C -40°C to 70°C
ESHSR-
Nesscap 1200C0- -40°C to65°C -40°C to 70°C
002R7A5
LS Mtron HV Series -40°C to60°C -40°C to 70°C
loxus RSC2R7508SP | -40°C to 70°C -40°C to 70°C

In the product guide of Maxwell Technologies, it is reported that the capacitance of
their products remains constant within the full temperature range and ESR of their
products increases as the temperature reduces. The increase in ESR for low
temperatures is resulted from the reduction in the mobility of ions at low
temperatures [12]. From the lifetime perspective of UCs, it is stated that capacitance
decrease and ESR increase will be seen if the devices are kept at rated voltage and
high temperature limit for long time duration and it is also recommended to maintain

the device temperature at low levels for increasing the lifetime of devices[12].
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According to the reported temperature effects, it could be concluded that temperature
of UCs should not be kept very near to the high temperature limit for a long time.
Therefore, UCs should be utilized with thermal management. The basic parameter of
UCs that could be used in thermal management is the thermal resistance (Ry,) value
given in product datasheets. Temperature rise of the device (AT) could be expressed
as afunction of Ry, ESR (Rs), magnitude (1), and duty cycle (d) of the applied current
as given in (2.27) and this equation should be considered for the thermal design of
UC based energy storage systems[12].

DT=12"R," Ry d (2.27)

253 Cycling Criteria

It is reported that 20 % reduction in capacitance will be encountered in one million
charging and discharging cycles for the UC products of Maxwell Technologies [12].
This reduction in capacitance is accepted as the end of lifetime of the devices [3].
Since UCs could be utilized for a large number of cycling process, these devices
could be easily integrated to the applications that require a large number of charging

and discharging cycles.

26  Comparison of Ultracapacitorswith Other Energy Storage Devices

Since UCs are relatively new devices, it is proper to compare them with other energy
storage devices. In most of the studies that make comparisons between UCs and
other energy storage devices, energy and power density, charge and discharge time,
and cycle life parameters are taken into consideration. It is also important to compare
UCs with different energy storage devices with respect to the cost consideration. UCs
are compared with lead acid batteries and conventional capacitors in Table 2.5 by

utilizing the information given by Maxwell Technologies [31].
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Table 2.5 Comparison of UCs with other energy storage devices[31]

. Conventional
Lead Acid _ _
Parameter Ultracapacitor | Capacitor
Battery )
(Electrolytic)
Charge Time 1-5h 0.3-30s 10°-10°s
Discharge Time 0.3-3h 0.3-30s 10°-10°s
Charge/Discharge
o 0.7-090 |0.85-0.98 >0.95
Efficiency
Energy Density (Wh/kg) | 10— 100 1-10 <01
Power Density (W/kg) <1,000 <10,000 <100,000
# of Cycles <1,000 >500,000 >500,000

2.6.1 Energy and Power Density

In Table 2.6, different energy storage devices are compared with respect to the
energy density parameter and it is seen that UCs are not an alternative to battery
technology according to the energy density parameters presented in this table. On the
other hand, it is also seen that the energy density of UCs are higher than conventional
capacitors (e.g. electrolytic capacitors). From the power density point of view, it is
obvious that power density of UCs is higher than batteries. On the conventional
capacitor side, it is seen that power density of UCs are lower than power density of
conventional capacitors. As a conclusion it could be said that UCs are suitable for

applications that require high power pulses for long time duration.

It can aso be concluded that, in some applications where large energy storage
devices with high energy density are required, UCs may not be favorable. Energy
storage device types like NaS batteries, li-ion batteries, fuel cells are good options for
large energy storage applications. On the other hand, UCs can be viewed as a
complementary technology for energy storage applications when high power density

of UCsis considered.

33



43

Table 2.6 Comparison of different commercial energy storage devices with respect to energy density

) Energy Density
Device Manufacturer | Part No Energy (J) | Volume (ml) | Mass(Q)
(J/ml) (Jo)

Sodium Sulfur NGK
(NaS) Battery NAST5 Cdll [32] 4521600 33.508.475 | 5500 1349.39 | 82211
Li-lon Battery | M axell |CP803443AR 17982 11.09 25 1621.46 | 719.28

Panasonic CGR18650CG 29160 17.72 45 1645.32 | 648
Ni-Mh Battery Panasonic HHR900D 35640 52.194 170 682.84 | 209.65

GP GP1000DH 43200 51.34 175 841.45 246.86
Lead Acid
(LA) Haze UPS140 1416960 4056 11110 349.36 127.54
Battery Panasonic LC-P127R2P 311040 973.95 2500 319.36 124.42
Ult " Maxwell BCAP1500 5467.5 325 320 16.82 17.085

racapacitor ESHSR-1200-C0-

Nesscap 002R7AS 5832 242 335 24.1 17.41
Aluminum
Electrolytic CDE 38LX273M100B102V | 135 41.250 325 3.27 0.411
Capacitor




2.6.2 Chargeand Discharge Time

When UCs and batteries are compared with respect to charge and discharge time, it is
seen that UCs have shorter and symmetric charge and discharge time values.
Therefore, it could be said that UCs can be both charged and discharged with high
current levels which is not possible for batteries. On the conventional capacitor side,
it is seen that charge and discharge time of these devices are extremely lower than

UCs and batteries due to the low energy and high power density of these devices.

2.6.3 CycleLife

Charging and discharging process of batteries is maintained by means of
electrochemical reactions. Therefore, deformation effects are commonly encountered
for batteries due to the oxidation and thermal impacts of electrochemical reactions.
With this deformation effects, energy storage parameters of batteries start to
deteriorate as they are being used [1]. On the other hand, deformation effects due to
the charging and discharging process is lower for UCs compared to batteries since
the energy storage mechanism of these devices is not based on electrochemical
reactions. Therefore, cycle life parameter of UCs is higher than batteries. Similar
explanation is also correct for conventional capacitors from the cycle life point of

view.

2.6.4 Cost

The cost of the energy storage devices per unit energy storage capability is very
important for the practical use of the energy storage devices. In this sense, a
comparison of four different commercia energy storage devices is shown in
Table 2.7 with respect to the unit cost and the energy storage capability of the

devices which are obtained from the Digi-Key Corporation web site.
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Table 2.7: Comparison of different commercial energy storage devices with respect to device cost (* www.digikey.com)

Device Manufacturer | Part No Energy (kJ) Cost ($) | Cost/Energy
LA Battery Panasonic LC-R127R2P 311.040 351 | 0114
Li-lon Battery | Panasonic BR-CSSP 54 10.2 0.19
United
uc _ DDSC2R5LGN242KS4BS | 7.5 1375 | 1833
Chemicon '
Al.Electrolytic | United
. _ ESMH101V5N682MAS50T | 0.034 6.1 179.41
Capacitor Chemicon '



http://www.digikey.com)

According to Table 2.7, it is seen that the cheapest energy storage device is the lead
acid battery and this result explains why the use of lead acid batteries is very
common in many energy storage applications. It is seen that the cost of the UC per
unit energy storage capability is higher than the cost of batteries per unit energy
storage capability. Therefore, it could be concluded that the use of UCs in energy
storage applications will be common if the cost of the device decreases. On the other
hand, it is aso seen that the cost of the UC per unit energy storage capability is
almost ten times lower than the aluminum electrolytic capacitor. Therefore, it could
be concluded the use of UCs is cheaper than the use of aluminum electrolytic

capacitors in energy storage applications.

2.7  Typical Applications of Ultracapacitors

In the present day, UCs have been started to be integrated to the systems with proper
sizing in order to provide the whole or part of the power and energy requirements of
applications. Due to the maintenance free structure and life increasing effect for other
system components by supplying pulse power requirements, UCs are observed as
devices that increase the reliability and performance of systems. Therefore, UCs are
started to be used in applications such as consumer electronics, industrial systems,
transportation engineering, and so on [12]. In general typical applications of UCs are
classified as pulse power, bridge power, power quality, main power, and memory

back up applications[12].

2.7.1 Pulse Power Applications

Since UCs are devices with low ESR and high capacitance values, these devices can

supply the long duration pulse power requirements of applications as it is mentioned

in the previous sections. A typical load profile of a pulse power application is shown
in Figure 2.13.
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Figure 2.13 A typical load profile with pulse power requirements.

In applications that have aload profile similar to the one shown in Figure 2.13, itisa
common practice to supply the average power requirements from devices like
batteries, generators, or fuel cells and pulse power requirements from UCs [1]. Using
UCs in order to supply the pulse power requirements prevents the aging of the

devices that supply the average power requirements [12].

Supplying the pulse power requirement of an electric vehicle in the case of
acceleration and storing the regenerative energy appeared in the case of braking is
one of the most attractive applications of UCs in pulse power domain [12]. The use
of UCs in these applications is provided by means of bi-directional DC-DC
converters [33-34]. In these applications bi-directional DC-DC converters provide
both charging and discharging operations of UCs. Block diagram of a UC assisted
electric vehicle application is shown in Figure 2.14.
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Figure 2.14 Block diagram of a UC assisted electric vehicle application.

UCs could aso be utilized in variety of pulse power applications rather than the
mentioned electric vehicle application. Supplying the pulse power requirements of
portable electronic devices, starting internal combustion engines are some of the

other UC applicationsin pulse power domain [12], [15].

2.7.2 Bridge Power Applications

Bridge power is a concept on providing power from an auxiliary supply in a
transition period between the primary and secondary supplies. In this transition
period, auxiliary supplies perform a bridge like operation. When energy and power
density of UCs are considered, it is seen that these devices are capable of supplying
the bridge power requirements of applications. Using UCs in uninterruptible power
supplies (UPS) is one of the most common applications in this area [12]. In Figure
2.15, a UPS topology is shown where an internal combustion engine (ICE) alternator
set is used as a secondary source and a UC module is used as an auxiliary source
[35].
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Figure 2.15 Block diagram of a UC assisted UPS application [35].

When the AC line is interrupted in the UPS structure shown in Figure 2.15, ICE-
alternator set becomes effective and supplies the critical loads. However, a response
time is necessary for the ICE-alternator set to fully regulate the system. In this
topology, the power requirement of the system in the critical response time of 1CE-
aternator set is provided by means of the UC module which has a faster response

time.

In conventional UPS systems, bridge power requirements are provided by means of
battery blocks. However, battery blocks need to be maintained in predetermined time
periods since the energy storage mechanism of these devices is based on
electrochemical reactions. This situation increases the service cost of the UPS system
in long time perspective [36]. On the other hand, service cost of a UC assisted UPS
system is reduced since the aging behaviour of UCs is significantly slower than

batteries.

2.7.3 Power Quality Applications
Today, inverter based motor drive systems are commonly used in most of the

industrial processes [37-38]. The electrica power supplied to the motor drive
systems should meet the power quality standards in order to obtain high quality
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products from the output of industrial processes. One of the most common problems
in this areais the voltage sag situation which is defined in IEEE Standard 1159-1995
“Recommended Practice for Electric Power Quality” as 10-90 % reduction in supply
voltage in an half period of supply voltage waveform up to one minute. This
condition is commonly encountered in industrial areas when the motor starting
operations take action [39]. The mentioned short term decrease in supply voltage
reduces the quality of manufacturing outputs. For example, in textile plants defected

products are manufactured due to the voltage sags [39].

Voltage sags should be compensated in order to prevent faulty manufacturing
outputs. This compensation concept is commonly known as “Riding Through
Voltage Sags’. Therefore, if the motor drive system is integrated with a riding
through compensation system better manufacturing results could be obtained. A
riding through system is composed of a voltage sag sensing unit and an auxiliary
source controlled by a power electronics converter [39]. UCs could be used as
auxiliary sources in this perspective [15]. Block diagram of a UC assisted riding
through system is shown in Figure 2.16 where the DC bus voltage is regulated by a
UC module in the case of voltage sag.

Primary Source: AC Line Inverter

R_ |
?ACDC Vi 4( @

Auxilary source: UC Module
. DC
T Dpe

Sensing
Unit

Voltage Sag
Compensator

Figure 2.16 Block diagram of a UC assisted riding through system.
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2.74 Main Power and Memory Back Up Applications

UCs could be used as a primary source in applications where the charge and
discharge time values are small and power is required for short time durations.
Supplying power to toys, flashlights, and emergency door power applications are the
common examples in this area [12]. Besides the use of UCs as a primary energy
source, another important area is the use of UCs in memory back up applications.
UCs could be utilized for a memory backup purpose by means of maintaining them
in a fully charged state to supply the memory units in critical conditions. In this
sense, UCs have started to find application in automated meter reading (AMR),

microcontroller and board memory areas [12], [15].

2.8 Conclusion

After investigating UCs from a structural and application based point of view, it is
seen that these devices have started to find many applications due to the advantages
of the devices in terms of energy, power, and cycle life considerations. However,
distinctive properties of UCs such as voltage rating, thermal, and cyclic behaviour
should be taken into consideration while designing UC based energy storage
systems. On the comparison side, it is seen that UCs are between the conventional
capacitors and batteries in terms of power and energy density. The advantages of
UCs over batteries are aso mentioned. Finaly, typical applications of UCs are
discussed by the help of information given in previous sections of this chapter.
Given the basic background about UCs in this chapter, the performance evaluation of

UCswill be covered in the next chapter.
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CHAPTER 3

PERFORMANCE EVALUATION OF ULTRACAPACITORS

3.1 I ntroduction

UCs are relatively new devices compared to conventional technologies like batteries
and conventional capacitors. Therefore, testing the performance of UCs is very
important for both manufacturers and customers. From manufacturer point of view,
product specifications should be expressed in datasheets and other documents with
high reliability before they put their products into the market. On the customer side,
UC performance should be evaluated before using. To evaluate the performance of
UCs, many methods are put forward by researchers and manufacturers [21-22],
[40-41]. The recommended tests for UCs are very similar to each other. However, to
compare different products with each other, it is needed to standardize the test
methods constituted by different manufacturers and researchers [21]. The

standardized test methods should also be easy to apply.

Standard measurement devices like LCR meters are not sufficient for observing the
UC characteristics experimentally. When the measurement probes of a digital LCR
meter are connected to the terminals of a UC, commonly over range message is
displayed on the measurement result screen of the digital LCR meter. Thisis resulted
from the narrow measurement range of LCR meters. At this point it could be
concluded that the signals applied by an LCR meter will not be adequate to create a
measurable change in the terminal voltage of the UC under test that the measurement

mechanism of LCR meters could sense.
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In this study, experimental performance evaluation of UCs is realized by means of
applying large DC current signals in order to measure the terminal electrical response
of the UC under test. In this sense, to perform the UC tests based on applying large
DC current signals, atest system that is capable of applying large DC current signals
to the UC in charging and discharging modes is required. In this chapter, the
necessary properties of a UC test device and test procedures put forward by
researchers and manufacturers are investigated in order to mention the importance of
UC testing.

3.2 Requirementsof an Ultracapacitor Test Device

Basically, a UC test device could be defined as a device that has the ability of
applying large DC current signals to UCs as it is a'so mentioned in the introductory

part. The requirements of a UC test device are summarized in the following sections.

3.21 Voltage Range

Voltage rating is the most critical parameter of a UC. Therefore, a UC test device
should apply the tests to the UCs within the voltage window of the devices and the
terminal voltage of the UCs under test should not exceed the voltage rating during
the tests. On the other hand, voltage range of the test process should be adjustable for
testing products with different voltage ratings.

3.2.2 Applied Signal

The output of a UC test device is a large DC current signal in order to create a
measurable difference in the terminals of a UC. Adjustment of the applied signal
parameters and control of the applied signal in terms of dynamic and steady state

performance parameters are very important for a UC test device. UC test devices



should adjust the amplitude and test profile of the applied signa in order to apply
predetermined current profiles to the UCs under test. The current control method
used inside the test device should create output current signals with low steady state
error and the dynamic behaviour of the applied current in terms of rise and fall times
should be fast enough. Also a current limiting function should be included within the

test device for safety reasons.

3.2.3 Cycling Property

A UC test device should be capable of putting UCs in a test process where thermal
and cyclic behaviour of the devices could also be observed. The number of test
cycles that will be applied to the UCs should be adjustable in order to observe the
cyclic behaviour of UCsfor different test cycles.

3.24 Measurement, Data Acquisition and Parameter Evaluation

A UC test device should measure the terminal voltage, current and temperature of
UCs under test. The measured signals should be recorded and transmitted to a digital
platform that has the ability of performing calculations to generate the results of the
tests. Test results should include at least the basic electrical parameters of the UCs,
such as capacitance, ESR and EPR. More detailed calculations could also be
included such as energy and power density. One of the key properties of this part is
to use a measurement system with proper sampling time and proper data acquisition
system.

3.2.5 Documentation

In order to achieve the test results, a UC test device should generate the results of the

testsasahard copy or in adigital format.
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3.3  Building Blocks of an Ultracapacitor Test Device

Based on the requirements mentioned in section 3.2, a UC test device is composed of
a charge and discharge energy management system, a parameter adjustment part, a
measurement and data acquisition system, and a digital platform. Block diagram of a
UC test deviceis shownin Figure 3.1.

Measurement D C.”fl_
System Acquisition
System
\/\ A A
VIN|iA)|T 0
A —
Parameter | 4>, | Charge/Discharge P ———
Adjustment : Energy Management * 1 ]
Part : System Vie| T —
Av uc
» 0 = =
Digital Platform

Figure 3.1 Block diagram of a UC test device.

3.3.1 Chargeand Discharge Energy Management System

Charge and discharge energy management system is the main part of a UC test

device. By means of this part, predetermined current profiles are applied to the UCs

under test.

3.3.2 Parameter Adjustment Part

Parameter adjustment part is a peripheral unit that provides the information about the

tests. Test information varies according to the properties of the UC test device. At
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least magnitude and profile of the applied current, type of the UC test, and number of
test cycles information should be adjusted by means of this part.

3.3.3 Measurement System

By means of a measurement system, current, voltage, and temperature variation of

the UCs under test are measured and fed to the data acquisition system.

3.3.4 DataAcquisition System

By means of a data acquisition system, measurement information is sent to a digital

platform to obtain the results of the tests.

3.3.5 Digital Platform

Digital platform is the part where calculations are performed in order to generate the

test results. This part also achieves the test resultsin adigital format.

34  Test Proceduresfor Performance Evaluation of Ultracapacitors

Both manufacturers and researchers propose large signal DC tests for performance

evauation of UCs [21-22], [40-41]. The recommended tests in manufacturer

application notes and researcher studies show how basic electrical parameters such as

capacitance, ESR, and EPR as well as some performance parameters like energy and

power density, thermal, and cyclic behaviour of UCs can be evaluated. In this

section, some of the test procedures of UCs are reviewed by the help of the methods
shown in[21] and [41].
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3.4.1 Congant Current Tests

Constant current tests are used to evaluate the constant current charging and
discharging characteristics of UCs [21]. As a result of constant current tests,
capacitance and ESR parameters of UCs could be obtained. In this test method, UCs
are put into a constant current charging and discharging cycle between the rated
voltage (Vraed) and half of the rated voltage (Vaed/2). The test procedure could be
explained according to the information given in [21] and [41]. The first step of the
procedure is short circuiting the UC to which the test procedure will be applied and
keeping it at zero charge level for at least one hour before starting the tests. After this
operation, the UC is charged with constant current from zero volts to the rated
voltage. As soon as the terminal voltage of the UC reaches the rated voltage level,
charging current is interrupted and no current is applied for at least five seconds in
order to stabilize the terminal voltage of the device. After the resting time required
for voltage stabilization is passed, UC is discharged with constant current until the
terminal voltage of the device reaches half of the rated voltage level. As soon as the
terminal voltage of the UC reaches half of the rated voltage level, discharging current
is interrupted and no current is applied for at least five seconds in order to stabilize
the terminal voltage of the UC. After this operation, charging and discharging
process is continued for the number of cycles determined before the test. Constant

current test procedure mentioned in this section is shown in Figure 3.2.
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Figure 3.2 Constant current test procedure.




In order to obtain the results of constant current test procedure, voltage and current
variation of UCs should be recorded. A typical voltage and current profile of a UC

under constant current test is shown in Figure 3.3.
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Figure 3.3 A typical voltage and current profile of a UC under constant current test.

The capacitance (C) and ESR (Rs) parameters of UCs can be evaluated by
considering the profile shown in Figure 3.3. The capacitance parameter is calculated
by considering the linear portions of the terminal voltage variation (AV;), magnitude
of the applied current (1), and the time period of the linear voltage variation (At) as
givenin (3.1). ESR of the UC module is calculated by means of dividing the voltage
difference (AV2) occurred when the current is applied or terminated by the magnitude
of the applied current (1). The sudden voltage difference (AVy) is calculated by means
of subtracting the UC terminal voltage before applying or terminating the current
signa (Vo), from the UC terminal voltage after applying or terminating the current
signal (Vo*) asgivenin (3.2).
|~ Dt

C= 3.1
o (31)

_[DVy| _ M* Vo ‘

| | (3.2)

R
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It is recommended to evaluate the capacitance and ESR parameters for both charging
and discharging cases and observe the repeatability of the constant current test

procedure for different cycles of the test [21].

3.4.2 Constant Power Tests

Constant power tests are used to evaluate the constant power discharging
characteristics of UCs [21]. In the Electric Vehicle Capacitor Test Manual prepared
by Miller and Burke [21], it is recommended to charge the UC with constant current
and discharge it with constant power for realizing the constant power tests. The
remainder of the test procedure is similar to the flowchart shown in Figure 3.2. By
the help of the constant power tests, round trip cycle efficiency () of UCs could be
obtained by integrating and proportioning the recorded voltage and current profiles
of the discharging and charging phases as given in (3.3). Round trip cycle efficiency
is defined as the ratio of energy expressions in discharging and charging phases

which is an important parameter for electric vehicle applications [21].

Dldischarge

C\yuc(t), iuc(t), dt
0

hy = (3.3

Dicharge
Quc(t) iy (t)” dt
0

3.4.3 LeakageCurrent Tests

The leakage current parameter given in product datasheetsis an indicator of the static
loss of UCs in resting condition [21]. The leakage current parameter is modeled as
the EPR in the electrical equivalent circuit model shown in Figure 2.7. The schematic
representation of a leakage current test circuit suggested in [21] is shown in
Figure 3.4.

ol



— A
L A
R
L1
Vrated “e T
_ uc

Figure 3.4 Schematic representation of aleakage current test circuit.

The leakage current test procedure expressed in [21] could be summarized by
utilizing the test circuit shown in Figure 3.4. In this procedure, the UC that the
leakage current test will be applied is charged from a constant voltage DC supply
with a series charging resistor (R.,). The supply voltage is set to the rated voltage of
the UC (Vrated), Where as Ry, i's chosen with respect to the current rating (1syppiy) Of the
supply asgivenin (3.4).

V,
Ry = Ifa_ted (3.4)
supply

When the terminal voltage of the UC reaches its rated voltage, Ry, is bypassed by a
switch (). Finally, the current in the bypassed branch is measured as the leakage
current (lieakage) Measurement. The total measurement period is proposed as three
hours and it is recommended to record measurements at every one minute for the
first hour and record measurements at every five minutes for the remaining two hours
[21]. The EPR (R,) parameter could be obtained by means of dividing the rated
voltage of the UC with the measured |eakage current value as givenin (3.5).

R, = Mrated (3.5)
I leakage
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3.4.4 Self Discharge Tests

Self discharge tests are performed to evaluate the self discharge characteristics of
UCs after they are charged to the rated voltage level [21]. Self discharge test
procedure could be summarized by utilizing [21]. In this procedure, the UC to which
the test procedure will be applied is charged to its rated voltage level and then held at
this voltage level for 30 minutes as the initial step. Then, the UC under test is open
circuited from the supply and voltage variation is investigated for 72 hours. Self
discharge value (SD(Volts), SD (%)) and self discharge loss factor (SDLF) of the UC,
that will be obtained as a result of the mentioned test procedure are given in
(3.6)-(3.8).

SD(Volts) = Vingy - Vraed| (3.6)
Ving -V,
SD(%) =[100" 1l - Trated (3.7)
Vrated
2V, 6
DLF =1- ¢ e = (3.9)
Viated @

345 CycleLifeTests

Cycle life tests are performed in order to evaluate the cycle life of UCs. Cycle lifeis
a very important parameter, since UCs should be replaced before the end of their
cycle life. For this reason, it is proper to evaluate the cycle life of UCs and use this
value as a design criterion. To perform cycle life tests, constant current charging and
discharging process is applied to UCs and it is recommended to select the magnitude
of the test current such that it is able to charge the UC from V,aed/2 level t0 Viaied
level in several tens of seconds [21]. During the tests, a predetermined number of

charging and discharging cycles are applied. The capacitance and ESR should be
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investigated periodically during the test. The cycle at which the capacitance is
reduced 20 % should be recorded as the cycle life of the device [21], [42].

3.4.6 Temperature Performance Tests

The purpose of temperature performance tests is to observe the performance of UCs
at different temperatures. Temperature performance tests are realized by putting UCs
in a temperature controlled chamber. Miller and Burke recommend repeating the
tests mentioned in this chapter at temperatures 25+3°C, -30+3°C, and 65+3°C [21].

3.4.7 Aging Tests

Aging tests are performed in order to evauate the performance of UCs under
accelerated aging conditions. Aging tests are realized by means of putting the UCs
that are charged to the rated voltage level in a temperature controlled chamber of
70°C. The terminal voltage of UCs should be maintained constant at rated voltage
level during the tests. UCs are left in the accelerated condition for predetermined
time intervals and at the end of each time interval test procedures mentioned in this

chapter are repeated [21].

3.5 A Commercial Ultracapacitor Test System

In the previous sections, UC testing issue is covered in terms of UC test device
requirements and UC testing methods. To evaluate the performance of UCs, test
devices that are capable of performing high resolution measurements with fast and
reliable data acquisition are needed. Furthermore, automatic parameter calculations
based on the UC measurements is a good option. At this point, it could be concluded

that, state of art UC test systems are necessary to perform advanced studies on UCs.



For this reason, a commercial UC test system “ARBIN Supercapacitor Testing
System (SCTS)” isinvestigated in this section.

ARBIN Instruments is a company specialized on testing equipments for energy
storage devices such as batteries, fuel cells, and UCs. Their product, SCTS which is
shown in Figure 3.5, provides good options for UC testing [43]. ARBIN presents
SCTS in three circuit technology options as linear bipolar, linear unipolar, and pulse
width modulation (PWM). They also claim that SCTS could be configured according
to customer requirements. The specifications of a standard SCTS product are
summarized in Table 3.1 with respect to the information given in the product
brochure [43].

Figure 3.5 ARBIN Instruments SCTS [43].
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Table 3.1 Specifications of ARBIN Instruments SCTS [43]

User Defined Procedures

Current Range 1 uA - 2000A
Current Rise Time 20us - 2ms
System Voltage Range 0- 56V
Specifications Power Range 0 - 60kW
Maximum Number 20 or 48 channels
of Test Channels (independent)
ADC/DAC 16 bits
o Voltage Clamping Time | <1ms
Control Circuitry,
Leakage Current 0.02-0.2 uA
Measurements
Measurement Accuracy | (for aFSof £10-100uA)
AC Impendence
200Hz, 500Hz, 1kHz, 2kHz
M easurements
Standard Procedures Constant Current-Power ext...
Test Modes Simulation Regime

Mathematical Formula

Digital Platform

Built in Software

MITS Pro

Calculations

ESR, EPR, Capacitance,
Power, Energy, and user

defined routines

3.6 Conclusion

In this chapter, UC testing issue is investigated in a general perspective. It is seen
that, performance evauation of UCs is important for both customers and
manufacturers. Besides, the requirement of specialized test equipments for testing of
UCs is shown, since standard measurement devices are not sufficient to perform the
UC tests based on applying large DC signals. It can also be concluded that, to obtain
the UC performance more accurately, state of art UC test equipments could be
utilized.
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CHAPTER 4

POWER ELECTRONICSINTERFACESFOR ULTRACAPACITORS

4.1 I ntroduction

Constructing a UC test system is important for the evaluation of UC performance
parameters as mentioned in Chapter 3. On the other hand, designing a UC test system
could be viewed as the primary step to see how these new energy storage devices
could be utilized in applications. If the issue is simplified from the application point
of view, it is observed that the basic operations are charging and discharging of UCs
with respect to the given specifications. At this point, it is seen that power electronics
converters could be utilized to control the charging and discharging processes of
UCs. Therefore, in this chapter the use of power electronics converter topologies is

investigated in order to perform the charging and discharging operations of UCs.

4.2  Charging of Ultracapacitors

Charging of UCs is the primary operation of UC test systems and UC based
applications and it has some unique characteristics. The first characteristic is about
the symmetric charging and discharging rates of the device. UCs could be charged
with high current levels unlike batteries [44]. High RC time constant property of UCs
should aso be taken into consideration while designing a charging supply. Because,
during the charging operation, the voltage difference between the input and output of
the charging supply will be very high. Therefore, linear regulators could not be used
for charging of UCs [44]. Another important property of UC charging issue is the
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short circuit behaviour of UCs at zero charge level. For this condition, charging
equipment should have a current limiting function [44]. One more important property
of the charging supplies is the adjustable charging current requirement from the UC
testing point of view. The last and most important property of the charging supplies
is the requirement for continuous terminal voltage monitoring in order to prevent
overvoltage conditions. To fulfill these requirements of UC charging operation,
DC-DC converters could be utilized which is aso recommended by the UC
manufacturers [44].

4.2.1 Charging Circuit Topology

The step-down DC-DC converter is commonly used for UC charging applications
since the charging current of this topology has a continuous characteristic. This
property is very important for a UC charger that will be used in a UC test device
since the adjustment of charging current is required. The schematic representation of

a step-down DC-DC converter based UC charger is shown in Figure 4.1.

Mia M

1Y7

N +
I/in C> D sd ZX Cuc AT~ Vuc

Figure 4.1 Schematic representation of a step-down DC-DC converter based UC

charger.

The operation of the step-down DC-DC converter is based on pulse width modulated
(PWM) operation of the controlled switch Mgy. The operating modes of the
step-down DC-DC converter are shown in Figure 4.2 and a typical steady-state
charging current waveform (i) in continuous conduction mode (CCM) together with
the duty cycle signal (d) is shown in Figure 4.3.
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Figure 4.2 Operating modes of a step-down DC-DC converter based UC charger:

(a) Mgy isin conduction mode, (b) Mg isin blocking mode.
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Figure 4.3 A typical steady-state charging current waveform of a step-down DC-DC

converter based UC charger in CCM: (@) charging current waveform, (b) PWM
signal.

According to Figure 4.2 and Figure 4.3, rise and fall rates of the charging current
(diy/dt) and the steady-state charging current ripple (DI ) are expressed in (4.1)-(4.3)
with respect to the steady-state value of duty cycle (D) and switching period (Ts).

di uc (t) — Vin (t) B Vuc (t) ;

ek i during DT (4.2)
diuc (t) - Vuc(t) ; _

i during (1-D)Ts (4.2)
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Dl = Vin(t) ‘LVuc (t). DT, = VLL(t)' (1- D)T (4.3

Asgivenin (4.1) and (4.2), the charging current (iy) rises when Mg isin conducting
mode and falls when My is in blocking mode. It is also seen that, the steady-state
charging current ripple (41) could be decreased by selecting high values for the

inductance (Lsi) and switching frequency.

When the two operating modes of the UC charging structure and the total parasitic
resistance value of the converter inductor and UC (Re;) are considered together, an

average model shown in Figure 4.4 is obtained.

Lsd Req
W
iuc
Veer (%) S R =V

Figure 4.4 Schematic representation of the average model for the UC charging

structure.

In the model shown in Figure 4.4, reference voltage parameter (V) represents the
average value of the input voltage of the RLC circuit constituted by the converter
inductance (Ls), total parasitic resistance (Reg), and the UC capacitance (Cyc). In this
configuration, V¢ is generated by the step-down DC-DC converter. The model
shown in Figure 4.4 could also be simplified to a first order model, if the terminal
voltage of the UC (V) is assumed constant within a switching period (Ts) and
included inside a new reference voltage (Vi ) value. This is a valid assumption,
since the variation of V. is very small in a switching period. V& could be viewed as
the voltage value that is necessary to put the charging current in a predetermined

profileand itisgivenin (4.4).

Viet ' =Vret Ve (4.4)
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If the duty cycle parameter is adjusted according to Vref* value as given in (4.5), it

could be concluded that the simplification processis completed.

(4.5)

The first order decoupled model of the UC charging structure obtained by means of

the simplification process is shown in Figure 4.5.

Vi () /TN

Figure 4.5 Schematic representation of the first order smplified model of the UC

charging structure.

4.2.2 Control System of the Charging Circuit

Control system of the charging circuit should be based on current control since it is
needed to put the charging current in a predetermined current profile. In other words,
the charging current should track the current profile determined by the users. Block
diagram of a current control structure for the simplified first order model is shown in

Figure 4.6.

. e V., v..| 1 |'p oL
lref{i)—’» Controller if»:?—'@f» 19 » PWM —» M,
in
A A
Luc Vuc /T
Vin

Figure 4.6 Block diagram of a current control structure for a UC charger.
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As shown in Figure 4.6, the first step of the control process is the calculation of the

current error (e) between the reference current (i) and the measured charging

current (i, ). After the error calculation, g is fed into the controller. The function of

the controller is to generate a voltage reference signal (Vi) with respect to g. If iAuC

Is higher than i, Ve IS reduced, whereas V¢ is increased for the opposite condition.
In the next step, the voltage reference signal is added with the measured UC terminal

voltage (V) to decouple the effect of UC termina voltage from the current control

system. By the help of thisload voltage decoupling mechanism, the voltage reference
signal of the first order model (Vi ) is obtained. After the determination of Vi«
duty cycle of the system (D) is calculated by proportioning Vig¢ with the input

voltage (V;,) by means of a scaling operation in order to provide line voltage

regulation.

The input voltage scaling part shown by a division operation in Figure 4.6 is one of
the most important operations of a current controlled UC charging circuit. Because,
to design a suitable UC charging structure the variations in the input voltage should
be taken into consideration, since the rise and fall characteristics of the charging
current is dependent on the input voltage (Vin). In practice, the input voltage is
provided to the charging structures by means of unregulated DC power supplies. In
this sense, AC utility followed by a step-down transformer, a diode bridge, and a
large valued filter capacitor could be used to supply the input voltage requirement of
the charging circuit as shown in Figure 4.7.

Lsd i
YYD e

g + +
AC@ %X Cin = Vi T Dy /) Cuc /1~ Vi

Figure 4.7 Schematic representation of a UC charger supplied by an unregulated DC
supply.
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The input voltage (Vin) of the UC charger shown in Figure 4.7 decreases as the power
drawn from the input is increased. Therefore, it is needed to consider the decrease in
Vin inside the scaling part of the control structure shown in Figure 4.6. The necessary
operation isto increase D as Vi, decreases. After the scaling operation, D isfed into a
pulse width modulator (PWM) to generate the switching signal responsible for the

control of Mg as afinal step of the current control process.

For the controller structure shown in Figure 4.6, proportional integral type (Pl)
controllers could be used due to easiness of implementation. The implementation

details of the charging control structure are expressed in Chapter 5.

4.3  Discharging of Ultracapacitors

Discharging of UCs is the other basic operation of UC test systems and UC based
applications. UC discharging issue has also some unique characteristics. In this
sense, the first property is the high current handling capability of UCs. Therefore,
UCs could be utilized in high current discharging applications. Another property of
UCs during the discharging process is the decrease of their termina voltage.
Therefore, the discharging system should adjust its operation according to the
decrease in the terminal voltage of UCs. Monitoring the terminal voltage during
discharging operation could also be necessary for some applications. Because, the
stored energy inside the UCs may not be adequate to fulfill the discharging
requirements under certain state of charge levels. The last property of UC
discharging issue from the UC test system point of view is the requirement for
adjusting the system operation with respect to the user defined current profiles. To
provide these requirements of UC discharging operation, DC-DC converters could be
utilized.
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4.3.1 Discharging Circuit Topology

Step-up DC-DC converters are commonly used for the discharging operation of UCs,
By using step-up DC-DC converters, continuous discharging current requirement of
UC test systems and high voltage requirements of applications are fulfilled together.
The schematic representation of a step-up DC-DC converter based UC discharger is
shown in Figure 4.8.
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Vuc AT~ Cuc ﬁ Mu Cout AT~ out Rout

Figure 4.8 Schematic representation of a step-up DC-DC converter based UC
discharger.

The operation of the UC discharging circuit is provided by means of controlling the
switching signal of Mg,. The operating modes of the step-up DC-DC converter based

UC discharging circuit are shown in Figure 4.9.

/ Lsu D / ; y
lye — out e
= .
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Figure 4.9 Operating modes of a step-up DC-DC converter based UC discharger:

(&) Mg isinconduction mode, (b) Mg, isin blocking mode.

A typical steady-state variation of discharging current waveform (i) in CCM for
PWM operation of Mg, is shown in Figure 4.10 together with the duty cycle signal

(d).

64



Iue(t)
a) (

dt)

b) H

|
1
e
DT, (I-D)T; "1
|
|

Figure 4.10 A typical steady-state discharging current waveform in CCM for PWM
operation of step-up DC-DC converter based UC discharger: (a) discharging current
waveform, (b) PWM signal.

According to Figure 4.9 and Figure 4.10, rise and fall rates of the discharging current

(diyc /dt) and the steady-state current ripple (DI ) are expressed in (4.6)-(4.8) with
respect to the steady-state value of the duty cycle (D) and switching period (Ts).

dl uc (t) - VUC (t)

during DT 4.6

dt L e 49

di uc (t) — Vuc (t) B Vout (t) during (1-D)Ts (4_7)
dt L

DI :_VUT_ ® pr, = Vou (t)L Vie® - 1 py 4.8)

As given in (4.6)-(4.8), discharging current rises when Mg, is in conducting mode
and falls when Mg, is in blocking mode. It is also seen that the steady-state current
ripple (41) could be decreased by means of selecting high values for the inductance
(Lsy) and switching frequency.
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4.3.2 Control System of the Discharging Circuit

A current controlled system is necessary for a UC discharging system in order to
provide the adjustable discharging current requirement. Block diagram of a current
control structure for a UC discharging system is shown in Figure 4.11.

. e Vir | 1 | D s
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Figure 4.11 Block diagram of a current control structure for a UC discharger.

The first step of the control structure shown in Figure 4.11 is the calculation of the
current error (g). After this operation, a voltage reference parameter (Vi) iS
generated by the controller with respect to e. The operation principle of the
controller is similar to the one shown for the charger case. If the discharging current
is higher than the reference, Vi is reduced, whereas V¢ is increased for the opposite
condition. After the calculation of V¢ , duty cycle value (D) is calculated by means

of proportioning V.« with the measured UC voltage (\7uc). This part is very

important for proper operation of UC discharging circuit since the terminal voltage
of a UC decreases during the discharging process. As a final step, D is fed into a
pulse width modulator (PWM) to generate the switching signals responsible for the
control of Mg,. For the current controller structure, Pl controllers could be used due
to easiness of implementation. The implementation details of the control structure are
expressed in Chapter 5.

To obtain better performance from a current controlled UC discharging system, the
effects of output voltage variations should be minimized. Because, the input voltage
varies as the discharging process continues. If the output voltage also varies in
addition to the variation in the input voltage, controlling the discharging current
could be difficult in terms of rise and fall characteristics. Therefore, using a load

structure that has the ability of maintaining the output voltage constant will be proper
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for a step-up DC-DC converter based UC discharging system. In this sense, a DC
chopper structure could be utilized at the output of a step-up DC-DC converter based
UC discharging system as shown in Figure 4.12.
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Figure 4.12 Schematic representation of a step-up DC-DC converter based UC
charger with a chopper structure.

By controlling the switch (Meyp) of the chopper structure, the output voltage of the
UC discharging circuit (Vo) can be maintained constant. For the control mechanism,
a simple hysteresis based voltage control method which is shown in Figure 4.13
could be applied.

Vset jQQ» ’J;» chp
A
Vout

Figure 4.13 Hysteresis control structure for the chopper.

In the method shown in Figure 4.13, if the measured output voltage (V) is higher

than the set voltage (vs«), the switching signal of M, is made high in order to
reduce the output voltage and the switching signa of M, iS made low for the

opposite condition.
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4.4 Bi-Directional DC-DC Converter Structure

In Section 4.2 and Section 4.3, step-down and step-up DC-DC converter structures
and control methods are investigated in order to realize the charging and discharging
operations of UCs. However, in most of the UC assisted applications, a single power
electronics converter structure that is capable of performing both charging and
discharging operations is required to interface UCs to the whole system. For this
requirement, the use of a bi-directional DC-DC converter is suggested in [45-48].
The schematic representation of a bi-directional DC-DC converter interfacing a UC
to an energy storage device, that has a higher voltage rating than the rated voltage of
the UC, isshown in Figure 4.14.
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Figure 4.14 Schematic representation of a bi-directional DC-DC converter

interfacing a UC to an energy storage device.

As its name implies, bi-directional DC-DC converters are capable of performing
bi-directional energy transfer between a UC and an energy storage device. The
energy storage device shown in Figure 4.14 represents the high voltage side. The
operation principle of the bi-directional DC-DC converter is based on switching
operation of the controllable switches (Mpg1, Mpg2) Separately for the charging and
discharging phases of the UC. In the charging phase of the UC, Myq; is controlled
and the gate signal of Mpg, is made low. The operating modes of a bi-directional

DC-DC converter for the charging phase of the UC are shown in Figure 4.15.
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Figure 4.15 Operating modes of a bi-directional DC-DC converter for the charging

phase of the UC: (8) Mpa1 isin conduction mode, (b) Mpg isin blocking mode.

As shown in Figure 4.15, the bi-directional DC-DC converter operates like a
step-down DC-DC converter in the charging phase of the UC. Therefore, the
operation principle of the bi-directional DC-DC converter in the charging phase of
the UC is the same as the operation principle of a step-down DC-DC converter based
UC charger.

In the discharging phase of the UC, My, is controlled and the gate signal of Mg IS

made low. The operating modes of a bi-directiona DC-DC converter for the

discharging phase of the UC are shown in Figure 4.16.
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Figure 4.16 Operating modes of abi-directional DC-DC converter for the

discharging phase of the UC: (a) Mpg2 isin conduction mode, (b) Mgz isin blocking

mode.
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As shown in Figure 4.16, the bi-directional DC-DC converter operates like a step-up
DC-DC converter in the discharging phase of the UC. Therefore, the operation
principle of the bi-directional DC-DC converter in the discharging phase of the UC is
the same as the operation principle of a step-up DC-DC converter based UC
discharger.

45 Power Electronics Converter Structure for an Ultracapacitor Test
System

To evaluate the performance of UCs, atest system that is capable of performing the
charging and discharging operations of UCs is necessary. When the power
electronics converter structures given in this chapter are considered, it is seen that
two methods exist for realizing a power electronics converter based UC test system.
In the first method, UCs are charged by a step-down DC-DC converter supplied by
the AC utility grid followed by a step-down transformer, a diode bridge, and alarge
valued filter capacitor configuration. On the other hand, the energy stored in UCsis
discharged to a chopper controlled resistor by means of a step-up DC-DC converter
in this method. The schematic representation of the power electronics converter
structure for this method is shown in Figure 4.17 which is the composition of the

structures shown in Figure 4.7 and Figure 4.12.
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Figure 4.17 Schematic representation of the power electronics converter structure for

aloss mechanism based UC test system.

In the second method, the charging and discharging operations of UCs are realized
by means of a bi-directional DC-DC converter. For the high side of the bi-directional

DC-DC converter, an extra energy storage device is necessary to store the energy
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discharged by the UC in the discharging phase of the UC test system and to release
the energy back to recharge the UC in the charging phase of the UC test system. In
this method, the initial charging operation for the UC and the extra energy storage
device is provided by a step-down DC-DC converter supplied by the AC utility grid
followed by a step-down transformer, a diode bridge, and a large valued filter
capacitor configuration asin the first case. The schematic representation of the power

electronics converter structure for the second method is shown in Figure 4.18.
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Figure 4.18 Schematic representation of the power electronics converter structure for

M, Ly Lyg

abi-directiona energy transfer mechanism based UC test system.

Different energy storage device types could be utilized for the structure shown in
Figure 4.18. The energy storage device used in this topology should have a high
cycle life in order to redlize the cycling tests of UCs. Therefore, batteries are not
suitable for this structure. On the other hand, an extra UC module with a high voltage
rating and energy storage capability could be used for the energy storage device
requirement since the cycle life of UCs are very high. However, the use of a UC
module for the energy storage device requirement will increase the cost of the

system.

When the power electronics converter structures shown in Figure 4.17 and
Figure 4.18 are compared, it is seen that the second method is more efficient than the
first method. However, the cost of the second method is higher than the first method.
Therefore, the structure shown in Figure 4.17 is chosen for the thesis study.
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4.6 Conclusion

In this chapter, power electronics converter structures for implementing the charging
and discharging operations of UCs are reviewed. It could be concluded that current
mode control structures could be utilized for both charging and discharging
operations. While investigating the control of charging and discharging circuits, it is
seen that the control structures should be supported with complementary mechanisms
in order to decouple the effects of voltage variations in the input and output of the
charging and discharging circuits.

After investigating the charging and discharging structures, the properties and
operating principles of abi-directional DC-DC converter are reviewed. It is seen that,
this topology is the composition of step-down and step-up DC-DC converters and by
means of this topology both charging and discharging operations of UCs could be

performed which is very important for most of the power electronics applications.

In the last section of this chapter, two power electronics converter structures are
shown in order to realize an UC test system. The first structure is based on charging
UCs from an input supply and discharging it to a resistor. On the other hand, the
second structure is based on energy transfer between the UCs and an additiona
energy storage device. However, the requirement for an additional energy storage
device increases the cost of the system. Therefore, the structure based on loss

mechanism is chosen for the thesis study.
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CHAPTER 5

HARDWARE DESIGN OF A MICROCONTROLLER BASED
ULTRACAPACITOR TEST SYSTEM

51 Introduction

In Chapter 3, the UC testing issue and the necessary components of a UC test device
were reviewed, whereas in Chapter 4, power electronics converter topologies were
investigated in order to realize the charging and discharging operations of UCs. In
this chapter, design of a microcontroller (uC) based UC test system is conducted
based on the information given in the previous chapters. The information given in
this chapter includes full description and operational details of the laboratory
constructed UC test system. The performance of the designed UC test system is

demonstrated by the help of computer simulations and experimental results.

52 General Structure and Components of a Microcontroller Based
Ultracapacitor Test System

The implemented UC test system is composed of a charge and discharge energy
management system supported by a measurement and data acquisition system which
is shown in Figure 5.1. The charge and discharge energy management system is
based on power electronics converters which are controlled by a mixed signal
hardware structure as shown in Figure 5.1. Inside the control hardware, voltage and

current variations of the UC under test and power electronics converters are
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measured and conditioned to a suitable level consistent with the analog to digital

(A/D) converters of the digital controller.
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Figure 5.1 Structural diagram of a microcontroller based UC test system.
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By interpreting the measured values inside the digital controller, switching signals
are generated for the power electronics converters to manage the charging and
discharging processes. For evaluating the performance of UCs, measurement and
recording devices are used. These measurement devices are supported by a personal
computer (PC) to manage the test data effectively. The operationa details of the

implemented test system are summarized in the following sections.

5.2.1 Chargeand Discharge Energy Management System

The charge and discharge energy management system is the main component of the
UC test system that applies predetermined current profiles to the UCs under test
within selected voltage limits of the UC termina voltage. It consists of power
electronics converters, gate drive circuits, measurement circuits, current protection

circuits, and a microcontroller based digital controller.

5.2.1.1 Power Electronics Converters

The charging and discharging phases of the UC test system is provided by the power

electronics converter structure shown in Figure 5.2.
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Figure 5.2 Schematic diagram of the power electronics converter structure.
As shown in Figure 5.2, the UC under test is charged from an AC utility grid, a

step-down transformer, a diode bridge, and a filter capacitor configuration followed
by a step-down DC-DC converter. On the other hand, the discharging process is
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provided by means of utilizing a step-up DC-DC converter and a DC chopper
configuration. The parameters of the power electronics converter structure are shown
inTable5.1.

Table 5.1 Parameters of the power electronics converter structure

Transformer 220V/24V, 250V A, 50Hz
Eggt'iﬁgrdge Diode 50V DC Blocking Voltage
(KBPC1000/W [49]) 10A Average Rectified Output Current
Cuc 27.2 mF

Ciow 2.2mF

Chiqh 6.8 mF

Lsd 1mH

Lsy 1mH

Lac 0.5mH

Renp 3.13Q

faw (for Mgy and My)) 50 kHz

In the design process, the power electronics converter selection is realized according
to the continuous current requirement of the charging and discharging phases of the
test system which was aso expressed in Chapter 4. The reason for using a DC
chopper at the output of the step-up DC-DC converter is to maintain the output
voltage of the step-up DC-DC converter constant which simplifies the controller
design of the step-up DC-DC converter. The controlled and uncontrolled switch
requirements of the power electronics converters are fulfilled by utilizing MOSFETS.
For the diode operation, body diodes of the MOSFETS are utilized. The reason for
using a MOSFET body diode for the uncontrolled switch requirements is due to the
high current handling capability of the device within a small package (T0O220) which
Is very important for printed circuit board (PCB) layouts and preventing device
compatibility problems by utilizing the same components for both controllable and
uncontrollable switch requirements. The chosen component for the switches of the
power electronics converters is IRF2807 from International Rectifier. Major
electrical characteristics of IRF2807 are summarized in Table 5.2 [50].
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Table 5.2 Mgjor electrical characteristics of IRF2807 [50]

Drain to Source Breakdown Voltage Verpss | 1DV
Satic Drain to Source on Sate Resistance | Roson) 13 mQ
Continuous Drain Current [0 82 A
(at Vos =10V, T.=25°C) D( ©)
Continuous Source Current (Body Diode) ls25°0) 82 A
Body Diode Forward Voltage Vs 1.2V

5.2.1.2 Gate Drive Circuits

Toshiba TLP250 opto-couplers [51] are used for the gate drive requirements of the
controllable switches of the power electronics converters (Mg, Mgy, and Mgpp).
Isolated ground requirement of the high side switch My is fulfilled by using an
isolated power supply for the bias input of the corresponding opto-coupler. The
schematic diagram of the gate drive structure is shown in Figure 5.3.
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(ISOLATED)

Figure 5.3 Schematic diagram of the gate drive circuit.

The parameters of the gate drive circuits are shown in Table 5.3. As shown in Figure
5.3, the switching signals generated by the digital controller are applied to the input
of the opto-couplers viathe input resistors (R,). The levels of the applied signals are
increased to VCC (12V) level by means of the opto-couplers. The level increased
switching signals are applied to the gate of the MOSFETSs via the gate resistors
(Roate)- The anti-parallel diodes (Dgae) discharge the gates of the MOSFETs when the
switching signals are made low. The function of the protection diodes (D) is to
protect the gate of the MOSFETS for overvoltage conditions and the parallel gate to

source resistors (Rys) are utilized to stabilize the switching waveforms.
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Table 5.3 Parameters of the gate drive circuits

Rin 100 Q
200 Q (for Mgy)
Ryate 56 Q (for Mg)

56 Q (for Mcnp)
Dygae (High Speed Diode) | 1N4148

Dyt (Zener Diode) 1IN4109 (15V)
Rys 10 kQ

The selection of gate resistance (Ryae) Values is very important for the gate drive
circuit structure shown in Figure 5.3. If gate resistance values are lowered, the
MOSFETSs show fast turn on behaviour. This fast turn on behaviour increase the
magnitude of oscillations in the Miller plateau level which will cause undesired
switching noise in the DC-DC converter output. It is needed to increase the gate
resistance values in order to slow down the turn on behaviour of MOSFETSs which
will also reduce the switching noise. On the other hand, higher gate resistance values
result in increased switching loss since the switching loss of a MOSFET is related
with the turn on time. Therefore, it could be concluded that there is a trade-off
between the generated switching noise and switching loss of the MOSFETSs when the

selection of gate resistance issueis considered.

Gate resistance values are selected by utilizing an experimental approach. Gate
resistance values are increased until the switching waveform oscillations are lowered
to a suitable level. The temperature of the corresponding MOSFETS is also
measured. For the high side MOSFET (Mgj), a gate resistance value of 200 Q gives
sufficient performance, whereas a gate resistance value of 56 Q gives sufficient
performance for the low side MOSFETS (Mg, Mcnp). During the experiments it is
observed that the switching noise generated by the high side MOSFET is higher than
the low sside MOSFETs when the voltage on the UC is investigated. Turn on
characteristics of the high side MOSFET for a gate resistance value of 200 Q is
shown in Figure 5.4.
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Figure 5.4 High side MOSFET turn on characteristics for a gate resistance value of
200 Q: (@) turn on characteristics obtained for atime scale of 1 ug/div, (b) turn on

characteristics obtained for atime scale of 250ns/div.

As shown in Figure 5.4, there exists an oscillating behavior in the Miller plateau
level. When the gate resistance of the high side MOSFET is lowered the magnitude
of the oscillations in the Miller plateau level grows up and the increased oscillations
cause switching noise in the step-down DC-DC converter output. The switching
noise is experienced as immediate voltage spikes in the step-down DC-DC converter
output voltage waveform. It is observed that the magnitude and frequency of the
immediate voltage spikes is decreased as the gate resistance is lowered and a gate
resistance of 200 Q gives sufficient performance for the step-down DC-DC

converter.

For the step-up DC-DC converter and DC chopper configuration, a gate resistance
value of 56 Q gives sufficient performance and no immediate voltage spikes are
experienced during the operation of this configuration. Therefore, it could be
concluded that the gate drive circuit design for ground referenced MOSFETS is
simpler than designing the high side MOSFET gate drive circuits.
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5.2.1.3 Current and Voltage M easurement Circuits

Current measurements are performed by utilizing LTS25-NP Hall Effect current
transducers manufactured by LEM. The major advantages of LTS25-NP current
transducers are excellent accuracy and linearity, unipolar power supply requirement,
insulated plastic case, PCB compatible structure, and its 0-5V output signal range
which is compatible with the A/D of microcontrollers. Schematic diagram of the

current measurement circuit is shown in Figure 5.5 [52].

OUT (to the A/D
. W‘. input of a uC)
1) @?DJ —«GND
IL» +
° Virer I

Figure 5.5 Schematic diagram of the current measurement circuit [52].

The nominal input current rating of LTS25-NP is £25A and by using this current
transducer, current levels up to £75A could be measured. However, the current rating
of the implemented UC test system is 15A. Therefore, number of primary turns of
the transducer is made three in order to increase the output voltage of the transducer
which aso improves the measurement accuracy. With the increased number of turns
configuration, the input to output relationship of the current measurement circuit is

givenin (5.1).

Vo =25+1;,” 0.075 (5.1)

Voltage measurements are performed by a simple structure composed of resistive
dividers followed by operational amplifier (TLC272 [53]) based buffer circuits.

Schematic diagram of the voltage measurement circuit is shown in Figure 5.6.
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1kQ

480nF = Vo

Figure 5.6 Schematic diagram of the voltage measurement circuit.

Input to output relationship of the voltage measurement circuit isgivenin (5.2).

Vout — RZ (52)
V R+ R

5.2.1.4 Current Protection Circuits

One of the important properties of the implemented UC test system is safety and the
most obvious parameter for providing the safety is the current measurement signals
(VLem) provided by the current transducers. In the implemented system, current
measurements are utilized to block the switching signals of the power electronics
converters when they are above the maximum limit determined by a reference signa

(Vr&). Schematic diagram of the current protection circuit is shown in Figure 5.7.
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Figure 5.7 Schematic diagram of the current protection circuit.
As shown in Figure 5.7, Vi em is compared with Vg with an analog comparator
(LM393 [54]). The output of the comparator is fed to a D type flip-flop and the

output of the D type flip flop is put into alogical AND operation with the gate drive
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signals that controls the MOSFETs of the power electronics converters. When Vi gu
is above V¢, corresponding gate drive signal is latched to a digital zero value which
disables the corresponding MOSFET and thus provides over current protection.

5.2.1.5 Control Hardware Structure

Control of the implemented UC test system is maintained by means of utilizing two
microcontrollers («C) in master and slave configuration. The chosen microcontroller
type for the test system is PIC18F452 from Microchip Technology Inc [55]. Major
properties of PIC18F452 from the UC test system perspective is summarized in
Table 5.4. Microcontrollers of the test system are used with a 10 MHz high speed
oscillator in 4 x Phase Locked Loop (PLL) mode. Therefore, 40 MHz operating
frequency is obtained. Since an instruction cycle consists of four oscillator cyclesin
this microcontroller type, 100ns instruction cycle is obtained with this configuration
[55]. Input-output (1/O) diagram of the microcontroller based digital controller
structure is shown in Figure 5.8.

Table 5.4 Major properties of PIC18F452 [55]

Word Length 8 Bits
Operating Clock . .
Up to 40 MHz operation with 4x PLL
Freguency
Hardware Multiplier | 8 bits x 8 bits
8 A/D Channels
A/D module 10 Bits A/D Results

Linearity <1 Least Significant Bit (LSB)
2 PWM outputs

PWM module Accuracy: 8 hits (156 kHz range)
Accuracy: 10 bits (39 kHz range)

82



Mg

|

M chp

|

Ms,

|

Gate Drive Circuit

Gate Drive Circuit

RS

Gate Drive Circuit

RS

R

o o

o
'
b

1

uc

b CHOPPER PAWM
(BUFFERED) (BUFFERED) (BUFFERED)
Current Protection Buffer Circuit Buffer Circuit Current Protection
Circuit Circuit
PROTECTION EN/DIS EN/DIS| PROTECTION
D" Q - - - -
: 1 1
wQ
RESET
N A J A A A A
luc RESET PWM CHOPPER PWM RESET
N N
Measurement Circuit luie | lue
ouc o uc UCZ {
&, : ~  (Save) =
h - 6 g B
0 (Master) o
Lyl dep. -«

7

LED Indicators

S
P

[ VR

Test Program
Sdlection Inputs

-~

LED Indicators

W
/

[ VI

Measurement Circuit

L

Lol

Figure 5.8 1/0 diagram of microcontroller based digital controller.
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As shown in Figure 5.8, the harmony between the two microcontrollers is provided
by means of a six bit communication channel and these microcontrollers generate
switching signals (PWM, CHOPPER) for the controllable switches of the power
electronics converters (Msy, Msy, Meyp) according to the current and voltage
measurements. Selection of the test program parameters such as current profile (iye)
and number of cycles of the charging and discharging procedure (N) is provided by
utilizing a peripheral unit which consists of three micro switches. Reading three bit
digital information generated by the micro switch configuration allows selecting
eight different test programs. The other peripheral unit of the digital controller is the
output unit configured by light emitting diodes (LED). The controller generates

outputs and illuminates the LED indicators according to the process information.




Another important function of the controller structure is to reset the current
protection circuits which operate independent from the microcontrollers. At the
beginning of the control process, the latches of the current protection circuits should
be initialized by means of sending an active low digital signal. The last point about
the controller structure is the availability of enabling and disabling signals for gate
drive circuits. When a fault condition such as an over current measurement is
detected by the microcontrollers, gate drive outputs of the controller structure are
disabled by the help of disabling signals.

The microcontrollers are programmed via C programming language. The code
efficiency of the software structure is sufficient for the application by the help of C
compiler optimized architecture of PIC18F452 microcontrollers [55]. Inside the
microcontrollers, all the calculations are realized by utilizing unsigned 16 bit integers
and division operation is not used in order to reduce the calculation time. Instead of
division operation, right shift (>>) bitwise operation is utilized. Inside the
microcontrollers built in A/D clock is set to the slowest value in order to increase the
signal to noise ratio (SNR) of the measurements. This configuration increases the
update time of the control loops inside the microcontrollers. On the other hand, if
A/D speed is increased, SNR of the measurements decreases. Therefore, it could be
concluded that there is a trade-off between the chosen A/D speed and SNR of the
measurements. With the chosen A/D clock rate and calculation types, 200 us control

loop update capability is obtained.

The control process of the charge and discharge energy management system is
shared between the two microcontrollers. The first microcontroller also mentioned as
the master controller manages the step-down DC-DC converter in charging process,
whereas the second controller mentioned as the slave controller manages the step-up
DC-DC converter in discharging process. The chopping action to provide a constant
voltage at the output of the step-up DC-DC converter is also controlled by the master
controller in discharging process in parallel with the step-up DC-DC converter

control provided by the slave controller. Inside the microcontrollers, an automated
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algorithm is realized to synchronize the master and slave operation. Flowchart of the

program flow inside the microcontrollersis shown in Appendix E.

5.2.2 Measurement and Data Acquisition System

As shown in Figure 5.1, a Fluke 43B power quality analyzer and a Tektronix
TPS2024 digital storage oscilloscope are utilized in order to measure and record the
terminal behaviour of the UC under test according to the applied current profiles.

Both measurement devices are supported with a PC.

With the implemented test system, long term data for the UC terminal voltage and
applied current is obtained by means of Fluke 43B power quality analyzer and Fluke
i30 AC/DC current probe configuration. The recorded data of Fluke 43B is the
terminal voltage of the UC under test and the RMS value of the applied current. The
recorded data can be sent to the PC with a built-in RS232 interface via Fluke View
Software. By means of the data obtained from Fluke 43B power quality analyzer,
constant current and constant power characteristics of the UC under test could be

observed.

To measure the dynamic performance of the test system and see the instantaneous
variation of the UC terminal voltage, a Tektronix TPS2024 digital storage
oscilloscope is used with the Tektronix TCPA300 AC/DC current measurement
system. By means of the oscilloscope and probe pair, waveforms that describe the
dynamic and steady-state performance of the UC test system could be obtained and
ESR measurements of UCs could be performed. Test waveforms obtained as
oscilloscope output are stored in a memory card and the data stored inside the

memory card could be viewed with the PC by means of a USB interface.
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5.3  Ultracapacitor Charging System

Circuit topology and basic control structure of a UC charging system composed of a
step-down DC-DC converter was described in Chapter 4. In this section,
implementation details of a UC charging system is expressed in terms of
microcontroller hardware considerations. Performance of the proposed control
structure is demonstrated by the help of computer ssimulations and experimental

results.

5.3.1 Microcontroller Based Ultracapacitor Charging System

Current programmed control is utilized for the control of the UC charging system in
order to apply a predetermined charging current profile to a UC under test. In
Chapter 4, afirst order model of a UC charging system was derived and the basic
control structure for this system was presented. In this section, a proportional integral
(Pl) type current regulator is integrated to the charging control structure shown in

Figure 4.6 with a microcontroller based design perspective.

State variables of a microcontroller based UC charging system are UC current (i),
UC termina voltage (vi), and DC bus voltage (V4c) measurements, whereas the
output generated by the system is the PWM signal which will be applied to the
controlled switch (Mg) of the step-down DC-DC converter. Block diagram of the
charging structure is shown in Figure 5.9 and operational details of the UC charging
system are summarized in Table 5.5.
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Table 5.5 Operational details of the microcontroller based UC charging system

PWM Frequency 50 kHz
Full Value (Count) of the Duty Cycle 200
(Correspondsto d=1.0)
Current Loop Update Period 200 ps
Current Measurement 10 hits
: UC Voltage Measurement | 8 hits
Analog Readings DC Bus Voltage .
8 hits
Measurement

Inside the controller structure, digital equivalents of the measurement signals are
utilized. However, measurements read by the microcontroller are not with the same
scaling and offset factors. Therefore, input to output function of each measurement

process is considered separately as summarized in Table 5.6.

Table 5.6 Input to output functions of measurement processes

Current Measurement | i, [n] = 2'5+|“°(;) 007> 510
UC Terminal Voltage v [n] _ 03117 v (1), 28
Measurement el 5

DC Bus Voltage v [n] _ 017 vg(t). 8
Measurement deld™ 5
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Figure 5.9 Block diagram of the microcontroller based UC charging system.



As shown in Figure 5.9, the first operation of the control processis the calculation of
the current error (g[n]) between the current reference (i;«) and the digital value of the
measured UC current (iy[n]). After the current error calculation, e[n] is fed to a Pl
calculation block which generates a voltage reference value (vi«[n]). Following the
Pl calculation, vi«[n] value is added with the digital value of the measured UC
voltage (vu[n]) in order to obtain the voltage reference value of the first order
decoupled system (vi¢r [n]). After vier [n] calculation, the last step to obtain the
digital value of the duty cycle (d[n]) isthe application of a DC bus scaling algorithm.

The purpose of the DC bus scaling algorithm is to prevent the effect of DC bus
voltage variation on the control system performance. DC bus scaling algorithm is
based on selecting a voltage reference value (Vg rer) for the digital values of the DC
bus voltage measurements and calculating a reference duty cycle (di [Nn]) vaue
accordingly. However, as given in Table 5.6, the scaling factors of UC termina
voltage and DC bus voltage measurements are different and vi¢ [n] is calculated
according to the scaling factor of the UC terminal voltage measurement. Therefore,
Ve ref Value should be multiplied with 3.11 when it is put into a calculation with
Vi [N] according to the input to output functions shown in Table 5.6. Calculation of
d«[N] is based on proportioning the voltage reference value of the first order
decoupled system (v [n]) and the scaled version of the DC bus voltage reference
value (3.11 X Vg rer) and then, multiplying the ratio with the full digital duty cycle
(dkur) value which is 200 for this application. Calculation of dre [N] isgivenin (5.3).

Vref ) [n] . _ Vref ) [n] " 200 » Vyef )

drgg [N = —2 = =
) Ve rer 311 M 71287311

(5.3)

Asgiven in (5.3), d.« [n] value could be obtained by means of dividing v« [n] value
by 2. However, divison operation takes too much time in a PIC18F452
microcontroller since it does not have a hardware divider. It could be concluded that
division operation is not suitable for this application. On the other hand, bitwise
operations take less time than the division operations inside PIC18F452

microcontrollers. Therefore, instead of the division operation, Vi [n] value could be
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1 bit right shifted (>>1 bit), since 1 bit right shift operation has the same effect with
dividing by 2 operation. The calculation of dre [N] With right shift bitwise operator is
givenin (5.4).

dres [N] = Vi [n] >> 1. bit) (5.4)

After calculating dres [N], the digital value for the difference (diffoc nusn]) between
Vac_ret and the actual DC bus voltage (vac[n]) can be calculated as given in (5.5). In
this calculation, the digital value for vy re IS chosen as 128 which corresponds to
25V.

}vac[n]- 128, vge[n]>128

d'fch_bus[n :%128- Vdc[n] ’ Vdc[n]<128

(5.5)

After the calculation of diffpc nus[n], the scaling parameter (sp[n]) of the DC bus
scaling algorithm is calculated as given in (5.6).

dref [n] diffDC_bus[n]
Vdc_ref

spln| = (5.6)

Since vy ref 1S Chosen as 128, instead of division operation, 7 bit right shift operation
could be utilized for the calculation of sp[n] in order to reduce the control loop

update time as givenin (5.7).
Pl = (A 0] cliffpe_puel])>> (7 bits) 57

The actual value of the duty cycle (d[n]) is calculated according to the sp[n] value as
given in (5.8). For the calculation of d[n], sp[n] value is subtracted from d.¢ [N], if
Vac[N] is higher than the reference, whereas sp[n] value is added to di¢ [N], if Vg[N] IS

lower than the reference.
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(- 9l vln]>128
=Ll sli] vl <126 )

Program flow of the DC bus scaling algorithm is shown in Figure 5.10. The input of
this algorithm is the voltage reference value of the first order decoupled system
(Vi¢ [N]), whereas the output generated by the agorithm is the digital duty cycle
value of the UC charging system (d[n]).

Vs [0] {
dyer[n] = Vyer [n] >> 1 bit

dlﬁf DC bus [n] = Vdc[n] -128 Yes N o dlﬁp DC bus [Il] = ]28- vd(.[n]

Sp[l’l] = (drcff[n] X dWDC7b14.¥ [1’1] ) >>7 bilS Sp[n] = (drcff[n] X diﬁ{DCJ)m‘ [1’1] ) >>7 bitS

v
dn] = dyn] -spln] | - D= dyln] * spln]

d[nw

Figure 5.10 Program flow of the DC bus scaling algorithm.

As the final step of the charging system control process, duty cycle parameter of the
microcontroller PWM module is updated according to calculation of d[n] and the

generated PWM signal is used to control the switching operation of Mg.

When the microcontroller implementation of the charging system control processis
investigated, it is needed to consider the selection of reference parameters, the
calculation types, the calculation limits, the control loop update time, and the
stopping condition for the charging process. In this sense, the first consideration

should be given to the selection of current reference parameter (ir). In the control

91



system of the charging process, an analog voltage is obtained as an output of the Hall
Effect current transducer and this voltage is converted to a 10 bit digital value as
given in Table 5.6. Since, the maximum current rating of the implemented UC test
system is determined as 15A, the digital equivalent of the maximum current can be
calculated asgivenin (5.9).

. 25+i,.(t)" 0.075, . ~ 0. ,
et = '“°(5) 0075 210:25”55 0075 1004 = 742 (5.9)

The digital equivalent of the minimum current (0O A) can be calculated with a similar

approach as givenin (5.10).

| 25+i,(t)” 0.075, 5+0° 0.075,
et min = '“0(5) 010 =M 1024 =512 (5.10)

Asgivenin (5.9) and (5.10), the digital equivalent of the UC charging current varies
between 512 and 742. Therefore, i;« values should be chosen according to this range.
The reference values for the terminal voltage of UC and DC bus voltage should be

considered with a similar approach.

The second consideration is about the calculation types. In the implemented UC test
system, unsigned 16 bit integers are utilized inside the microcontrollers. Since the
variables are unsigned integers, it is needed to consider the magnitude of the
variables while conducting subtraction operations. The calculation of current error
(e[n]) between the current reference (ir«) and the measured UC current (iy[n]) could
be given as an example to mention the importance of this consideration as given in
(5.112).

[ ]_{-iref [n]' iuc[n] , iref [n]>iuc[n] 511
SN 3 B I o R o
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According to (5.11), it is seen that the subtraction operation is conducted according
to the magnitude of the current variables. If a higher magnitude current variable is
subtracted from the lower magnitude current variable, overflow condition will occur
which will generate wrong results for the current error calculations. Therefore, it is
needed to consider the magnitude of the variables when conducting subtraction

operations inside the control loop.

The third consideration is about the calculation limits. Inside the control loop, the
integral and duty cycle calculations are limited. The reason for limiting the integral
operation is due to prevent the wind up mechanism of the integrator. On the other
hand, duty cycle limit is applied in order to prevent the occurrence of duty cycle

values that is higher than the full duty cycle value.

Control loop update time is the other important parameter of the charging control
structure. Inside the microcontroller every operation takes time. On the other hand,
the total time required for the calculations inside the microcontroller should be less
than the control loop update time for proper operation of the control process. If this
condition is not satisfied, the correct values for the control process could not be
obtained. In the implemented UC test system, duty cycle value of the step-down DC-
DC converter is updated at 200 ps sampling intervals by utilizing a timer based

interrupt service subroutine.

The last consideration of the charging control structure is given to the stopping
condition. The UC charging system should be stopped when the terminal voltage of
the UC reaches a certain level in order to prevent overvoltage conditions. Therefore,
at every sampling interval the measured UC terminal voltage (vu[n]) is compared

with ahigh limit (vp) and the charging processis stopped if vyd[n] reaches vy, level.

Program flow of the charging system operation is shown in Figure 5.11 according to

the microcontroller implementation considerations mentioned in this section.
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Figure 5.11 Program flow of the UC charging process.



5.3.2 Simulation Performance of Ultracapacitor Charging System

To evauate the performance of the control structure shown in Figure 5.9, a
simulation model is constructed utilizing Ansoft Simplorer 6.0 software by
considering the parameters shown in Table 5.1. Input to output functions of the
measurement processes, duty cycle update rate, and program flow structure of the
implemented charging system are also taken into consideration while building the
simulation model which is shown in Figure 5.12. The UC inside the ssimulation
system is modeled as a simple RC branch composed of an ideal capacitance (C,¢) of
300F and an ESR component (Rs) of 2.5 mQ.

The selection of PI parameters (K, and K;) is realized with an experimental approach.
At first both of the parameters are made zero and K, is increased in small increments
until 80 % of the current command is seen in the steady-state charging current
waveform. When the steady-state charging current reaches 80 % of the current
command, corresponding K, is selected as the proportional parameter. After
determination of Kp, Ki; is started to be increased in small increments until 100 % of
the current command is seen in the steady-state charging current waveform. Control

loop parameters of the simulation system are shown in Table 5.7.

Table 5.7 Control loop parameters for the ssmulation model of UC charging system

Sampling Time Current Controller (PI) 200 us
Ky (Proportional) 0.8
Pl Parameters K; (Integral) 05
limit (Integral) 60
Controller Limits diimit (Duty Cycle) 180
drui (Duty Cycle) 200
. . 1.(0) 0A
Initial Conditions Vul0) Y,
. : Smulation Sep (max) 2us
Simulation Parameters Smulation Sep (min) 200ns
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Figure 5.12 Simulation model of UC charging system.



Simulation results for the dynamic response and steady-state ripple characteristics of
the UC charging current for a 15A current command are shown in Figure 5.13 and

Figure 5.14, respectively.
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Figure 5.13 Simulation results for the dynamic response of the UC charging current
for a 15A current command: (&) UC charging current build-up, (b) UC charging
current fall.

As shown in Figure 5.13, the UC charging current shows a slow build-up and fall
behaviour. The rise time (t/ie) and the fall time (tza;) of the UC charging current for a
15A current command are observed as 2.0 ms and 1.81 ms, respectively. Thisis an
expected result, since the parameters of the passive components (Lsy, Cyc) Of the
charging system are very high. This observation also shows that the bandwidth of the
UC charging system is also at low levels and the chosen 200us sampling rate is
sufficient for the UC charging application. When the current overshoot characteristic
shown in Figure 5.13 (a) is investigated, it is seen that the simulation performance of

the charging system is sufficient since the current overshoot is observed as 4.26 %.

97



According to this observation, it could be concluded that the controller type and

parameters suit the UC charging application in terms of dynamic considerations.

15.100
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14.000
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16.0000m 16.01258m 16.0250m 16.0400m
time (s)

Figure 5.14 Simulation results for the steady-state ripple characteristics of the UC

charging current for a 15A current command.

According to the simulation results shown in Figure 5.14, the steady-state UC
charging current ripple is observed as 0.125A. The observed current ripple value can
be accepted for the operation of the UC charging system, since a 0.125A vaued

current ripple is not capable of making a measurable difference on the termina
voltage of an UC.

5.3.3 Experimental Performance of Ultracapacitor Charging System

Control loop parameters shown in Table 5.8 are programmed inside the

microcontroller of the UC charging system in order to see the actual system
performance.

Table 5.8 Control loop parameters of the microcontroller based UC charging system

Sampling Time Current Controller (Pl) | 200 pys
Kp (Proportional) 0.75

Pl Par ers Ki (Integral) 05
Liimit (Integral) 60

Controller Limits diimit (Duty Cycle) 180 (duty cycle=0.9)
O (Duty Cycle) 200 (duty cycle=1.0)
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In the thesis study, a UC module composed of five serialy connected UC cells from
Maxwell Technologiesis utilized. Nameplate data and basic electrical parameters of
the UC cells used in this study are shown in Table 5.9 [3].

Table 5.9 Basic parameters and namepl ate data of the UC cells[3]

Manufacturer Maxwell Technologies
Part Number BCAP 1500 P270 T04
Rated Voltage 2.7V

Capacitance 1500F

ESR(DC) 0.47 mQ

ESR (1 kH2) 0.35 mQ

Leakage Current | 3mA

Volume 0.325 liters

Mass 0.32 kg

Boostcap (BCAP) series UCs from Maxwell Technologies are shown in Figure 5.15.

Figure 5.15 Boostcap series UCs from Maxwell Technologies[3].
The constructed UC module is utilized with passive resistor balancing structure. The

electrical equivalent circuit of the UC module is shown in Figure 5.16 and the
parameters of the UC module are shown in Table 5.10.
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Figure 5.16 Schematic representation of the UC module utilized in the study.

Table 5.10 Parameters of the constructed UC module

UC Module
Voltage Rating 135V
Capacitance 300 F
ESR(DC) 2.35MQ
ESR (1 kH2) 1.75 mQ
EPR (individual: Ry, i=1,2,...,5) 900 Q
Balancing Resistor (individual: Ry i=1,2,...,5) | 120 Q

The corresponding experimental results for a 15A current command are shown in

Figures 5.17-5.19 in terms of dynamic and steady-state considerations.

Tek e @ Acq Complete M Pos: 100.0us TRIGGER Tek . @ fcq Complete M Pos: 100,05 TRIGGER
+ -
Type Type
Saurce Source
] CH4 CH
€ +
~ Slope Slope
I / Fisina <
Y
Made Iode
Mormal Kormal
Coupling Coupling
.
S|
1 2,50ms CHY 7 5364 1 250005 CHA ° 8364
CHY 20048y 27-Mar-10 01:25 <10Hz CHA 2004k, 27-kar-10 01:23 <10Hz
Vertical Axis (UC Current): 24/div Vertical Axis (UC Current): 2A/div
Horizontal Axis (time) 2 2.5 ms/div Horizontal Axis (time) 2250 us/div

Figure 5.17 Experimental results for the dynamic response of the UC charging
current for a 15A current command: (a) UC charging current build-up, (b) UC

charging current fall.
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According to the experimental results shown in Figure 5.17, the rise time and the fall
time of the UC charging current for a 15A current command are observed as 2.5 ms
and 0.96 ms, respectively. The obtained experimental values for the rise time and the
fall time of the UC charging current show that the dynamic response of the actual
charging system performance is consistent with the simulation results and this
observation verifies the slow dynamic characteristics of the UC charging system due
to the high values of the passive component parameters (L«, Cuc). When the current
overshoot characteristics of the UC charging current shown in Figure 5.17 (a) is
investigated, it is seen that no current overshoot exists. This result is consistent with
the simulation results since the current overshoot observed in the charging system

simulationsis aso at low levels.

The steady-state variation of the UC charging current for a 15A current command is

shown in Figure 5.18.
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Vertical Axis (UC Current): 5A/div
Horizontal Axis (time) 2 10 ms/div

Figure 5.18 Experimental results for the steady-state UC charging current for a 15A

current command.

As shown in Figure 5.18, the UC charging current remains constant at 15A level as
expected.

The variation of the PWM signal for the controllable switch of the UC charging
system together with the UC charging current is shown in Figure 5.19 at different UC
terminal voltage levels.
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Figure 5.19 Experimental results for the switching signal and steady-state ripple
characteristics of the UC charging current for a 15A current command:
(@) at Ve =5V, (b) at Ve =6V, (C) at Vi =8V, (d) at Vi =10V.

As shown in Figure 5.19, the duty cycle value of the applied PWM signal increases
as the terminal voltage of the UC increases. This is an expected result. Because, as
the termina voltage of the UC increases, the power drawn from the input supply
should be increased in order to provide a constant charging current. Therefore, the
UC charging system increases the duty cycle value of the applied PWM signal in
order to provide a constant charging current throughout the charging operation.
When the steady-state ripple characteristics of the UC charging current is
investigated, it is seen that the ripple value of the UC charging current remains
constant at 0.5A value for different UC terminal voltage levels. The constant ripple
characteristic is resulted from the increase in duty cycle value of the PWM signal as

the terminal voltage of the UC increases. The charging current ripple value obtained
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from the experimental results is higher than the charging current ripple value
obtained from the simulation results. The increase in charging current ripple is
mainly resulted from the decrease in the inductance value of the step-down converter

inductor (Ls) at aswitching frequency of 50 kHz.

5.34 Conclusionsfor the Performance of Ultracapacitor Charging System

Dynamic and steady-state performance parameters of the UC charging system

according to the simulation and experimental results are summarized in Table 5.11.

Table 5.11 Performance parameters of UC charging system

Performance Parameters Simulation Experimertal
Performance | Performance

Rise Time trise (M) | 2.0 2.5

Fall Time tr (M) | 1.81 0.96

Over shoot M; (%) 4.26 0

Seady-state .

oot R e | A1 (A) | 0125 05

As shown in Table 5.11, the experimental and simulation results are consistent in
terms of dynamic and steady-state considerations. The most obvious conclusion for
the UC charging system is the success of the implemented charging control structure
since the performance parameters shown in Table 5.11 are sufficient for this
application. It could be inferred that, the use of a Pl current regulator with proper UC
terminal voltage decoupling mechanism and a DC bus scaling operation gives

sufficient performance for the control of the UC charging operation.

5.4  Ultracapacitor Discharging System
In Chapter 4, circuit topology and basic control structure of step-up DC-DC

converters were reviewed in order to provide the discharging operations of UCs. In
this section, the use of Pl and hysteresis current regulators in a step-up DC-DC
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converter based UC discharging system is investigated by also considering the
implementation details in terms of microcontroller hardware considerations. The
performance of the UC discharging system is demonstrated by the help of computer

simulations and experimental results.

5.4.1 Microcontroller Based Ultracapacitor Discharging System

The power electronics converter structure of the implemented UC discharging
system consists of a step-up DC-DC converter and a DC chopper. The step-up
DC-DC converter is used as a discharging current regulator in order to provide the
predetermined discharging current profiles to the UC under test. On the other hand,
the DC chopper is used to maintain the output voltage of the step-up DC-DC
converter constant to prevent the effect of output voltage variation on the
performance of the current regulator. In the implemented UC discharging system, the
control of step-up DC-DC converter and DC chopper is provided by separate
microcontrollers which operate in parallel during the discharging process.

For the discharging current regulation, the performance of Pl and hysteresis
regulators is investigated, whereas the output voltage control is provided by a
hysteresis controller. The control structures built inside the microcontrollers are
shown in Figures 5.20-5.22. When the discharging system is operating, one of the
current regulator structures shown in Figures 5.20-5.21 runs in paralel with the
control structure built for the control of DC chopper which is shown in Figure 5.22.
Operational details of the microcontroller based UC discharging system is
summarized in Table 5.12. The microcontroller implementation of the control
structures shown in Figures 5.20-5.22 is performed by considering the important

points mentioned in Section 5.3.1.
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Table 5.12 Operational details of the microcontroller based UC discharging system

Update Period

PWM Frequency (Pl Control) 50 kHz
Current Regulator (PI) 200 ps
Control Loop Current Regulator (Hysteresis) 50 us

Output Voltage Regulator (Hysteresis) | 80 us

Current Measurement 10 bits
Analog Readings | UC Voltage Measurement 8 hits
High Sde Voltage Measurement 10 bits

Input to output functions of the UC discharging current measurement and UC voltage

measurement are the same as the functions shown in Table 5.6, whereas the input to

output function of the high side voltage measurement isgivenin (5.12).

Vh [n] _ 01428’ VdC (t) , 210

5

uC Register | Iyof +,— e,-[n!

Iref -4
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Algortithm Converter
A
Vie[n]
A
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D duel?)
A

Figure 5.20 Block diagram of the microcontroller based UC discharging current

regulator structure with a Pl controller.
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Figure 5.21 Block diagram of the microcontroller based UC discharging current
regulator structure with a hysteresis controller.
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Figure 5.22 Block diagram of the microcontroller based DC chopper control
structure with a hysteresis controller.

When the current regulator structure with a Pl controller is investigated, it is seen
that the first operation is the calculation of the current error signal (e[n]). After this
operation, e[n] is fed to a Pl regulator to generate the voltage reference value
(Vrer [N]). Normally, duty cycle (d[n]) of the PWM signal for Mg, could be obtained
directly by proportioning v [n] with the measured UC voltage (v [n]). However,
division operation could not be used inside the microcontrollers since fast calculation
time is necessary. Therefore, an input voltage scaling algorithm is used to calculate
d[n] instead of division operation. The algorithm is very similar to the DC bus
scaling algorithm utilized for the UC charging system. However, the variation of UC
voltage is larger than the variation of DC bus voltage. For this reason, UC voltage
range in the discharging process is divided into five sections and the duty cycle
calculations are performed in a similar approach that is given in (5.3)-(5.8). The
input voltage scaling algorithm is shown in Figure 5.23. As the output of the input
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voltage scaling algorithm, d[n] value is obtained and duty cycle parameter of the

PWM modulator is updated accordingly.

Program flow of the current regulator structure with a Pl controller is shown in

Figure 5.24.
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Figure 5.23 Input voltage scaling algorithm.
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Figure 5.24 Program Flow of the UC discharging current regulator structure with a
PI controller.
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When the hysteresis regulator structure is compared with the PI regulator structure, it
is seen that hysteresis control is simpler and less time consuming in terms of
operations performed inside the microcontroller. The only operation performed
inside the microcontroller is the adjustment of the switching signal of Mg, as high (1)
or low (0) according to the comparison of the measured UC discharging current
(iuc[n]) with the current reference (i) and the tolerance band (Aipang) parameter. The
switching function of Mg, (§Mg]) obtained as an output of the hysteresis regulator is
givenin (5.13).

][0 ) iuc[n]>iup’ (iup :iref +Diband)
Mgl=t - (5.13)
{1 ' Iuc[n:|<|down’ (igown =1iret - Dipand)

Asgivenin (5.13), it is seen that the switching signal of Mg, is made high in order to
increase the UC discharging current when it is lower than the down limit (igown)
determined for the UC discharging current. On the other hand, switching signal of
Ms, is made low when the discharging current is higher than the up limit (iyp)
determined for the UC discharging current. Program flow of the UC discharging

current regulator structure with a hysteresis controller is shown in Figure 5.25.

READ A/D

im’ [Il], Vue [n]
timer=0

A

SET My, LOW SET M, HIGH

\

FINISH

Figure 5.25 Program flow of the UC discharging current regulator structure with a

hysteresis controller.
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The last control mechanism used for the UC discharging system is the DC chopper
control structure with a hysteresis controller. With this control structure output
voltage (v, of the step-up DC-DC converter is maintained constant around a value
determined by the set voltage (V&) and tolerance band (Vpang) parameter. The
switching function of the chopper switch (S[Mcnp]) Obtained as an output of the DC
chopper control structureisgivenin (5.14).

_}l’ Vh[n]>vup’ (Vup:vset+vba“d)
S[M chp]__l_

(5.14)
10 vV [n] < Viown, (Vdown = Ve - Vband)

Asgiven in (5.14), the switching signal of My, is made high in order to decrease vy,
when it is higher than the up limit (v,). On the other hand, switching signal of My
is made low in order to increase v, when it is lower than the down limit (Vaown)-

Program flow of the DC chopper control structure is shown in Figure 5.26.
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timer=0
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Figure 5.26 Program flow of the DC chopper control structure.
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5.4.2 Simulation Performance of Ultracapacitor Discharging System

Performance of the control structures shown in Figures 5.20-5.22 is evaluated by the
help of a simulation model built in Ansoft Simplorer 6.0 software. The circuit
parameters shown in Table 5.1 and the control loop parameters shown in Table 5.12
are taken into consideration while building the smulation model. Simulation model
of the discharging system is shown in Figure 5.27. Inside the current controller block
of the simulation model, both Pl and hysteresis regulators are implemented.
However, scaling block is not used for the hysteresis regulator. Simulation results for
both of the regulator types are put forward separately. The UC model used in the
discharging simulation system is the same as the model used for the charging system.

Control loop parameters of the simulation model are summarized in Table 5.13.
Tuning of the PI parametersis realized with an experimental approach similar to the
UC charging system. However, to determine K,, 60 % of the current command is
observed at the steady-state waveform of discharging current. The reason for using
60 % of the current command instead of 80 % is due to reduce the overshoot
characteristics of the system. On the hysteresis regulator side, tolerance bands are

selected to achieve sufficient performance with minimal switching.

Table 5.13 Control loop parameters of the simulation model of the UC discharging

system
Current Controller (PI) 200 us
Sampling Time Current Controller (Hysteresis) | 50 us
Chopper Controller (Hysteresis) | 80 us
Kp (Proportional) 0.75
Pl Parameters Ki (Integral) 0.125
. Current Band (i) 0.2A
Hysteresis Parameters Voltage Band () 0.2V
liimit (| ntegral) 120
Controller Limits diimit (Duty Cycle) 180
drui (Duty Cycle) 200
. . [.(0) 0A
Initial Conditions VolO) 12V
. . Smulation Sep (max) 2Us
Simulation Parameters Smulation Sep (min) 200 ns
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Figure 5.27 Simulation model of the UC discharging system.



Simulation results for the dynamic response and the steady-state ripple
characteristics of the UC discharging current for a 15A current command, and output
voltage variation of the step-up DC-DC converter for a 19.5V set voltage command
are shown in Figures 5.28-5.33 by considering the Pl and hysteresis current
regul ators separately.
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Figure 5.28 Simulation results for the dynamic response of the UC discharging
current for a 15A current command considering the Pl regulator case:
(a) UC discharging current build-up, (b) UC discharging current fall.

According to Figure 5.28, it is seen that the UC discharging current shows a slow
build-up and fall behaviour. The rise time (t;ise) and the fall time (t;) of the UC
discharging current for a 15A current command are observed as 1.88 ms and
1.45 ms, respectively. It is aso observed that the build-up and fall characteristics of
the UC discharging current is similar to the build-up and fall characteristics of the
UC charging current in terms of rise time and fall time, since the parameters of the
passive components of both systems are the same and both of the simulation models

are run with Pl type controllers. According to the dynamic behaviour of the
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discharging current, it is seen that the bandwidth of the UC discharging system is at
low levels and the chosen 200us sampling rate is sufficient for the UC discharging
application. When the current overshoot characteristics shown in Figure 5.28 (@) is
Investigated, it is seen that there is a significant overshoot in the dynamic behaviour
of the UC discharging current. The observed current overshoot vaue is 20 %.
According to this observation it could be concluded that a Pl type controller results
in asignificant value of current overshoot which could be problematic for the actual

discharging system.
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Figure 5.29 Simulation results for the steady-state ripple characteristics of the UC

discharging current for a 15A current command considering the Pl regulator case.
According to Figure 5.29, the steady-state discharging current ripple is observed as

0.1A. The observed current ripple value will not affect the terminal behaviour of a
uUC.
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Figure 5.30 Simulation results for the output voltage characteristics of the UC
discharging system for a 19.5V set voltage command considering the Pl regulator

case.

According to Figure 5.30, the output voltage of the step-up DC-DC converter shows
a build-up behaviour until it reaches the high voltage limit of the DC chopper
controller structure. As soon as the output voltage reaches the high voltage limit, it
remains within the tolerance band of the DC chopper controller structure. The output
voltage ripple of the UC discharging system is observed as 0.225V. The hysteresis
voltage band programmed inside the controller is 0.2V. Therefore, it could be
concluded that the chosen sampling time for the DC chopper structure is sufficient
for the application.

115



20.00

o
o
=]

o
o
=]

@)
UC Discharging Current (A)

=]

0 5.00m 10.00m 14.00m 20.00m

time (s)
< 2000
<
=
& 1500
pS—
S
S
o 10.00
ac
N c)
T 50
8
A o
O
2 sm
30.00m 35.00m 40.00m 45.00m 50.00m
time (s)

Figure 5.31 Simulation results for the dynamic response of the UC discharging
current for a 15A current command considering the hysteresis regul ator case:
(a) UC discharging current build-up, (b) UC discharging current fall.

According to Figure 5.31, it is seen that the build-up and fall characteristics of the
UC discharging current for the hysteresis regulator case is similar to the build-up and
fall characteristics of the UC discharging current for the Pl regulator case in terms of
rise time and fall time. The observed values for the rise time and fal time of the UC
discharging current are 1.535 ms and 1.40 ms, respectively. For the hysteresis
regulator case the controllable switch of the step-up DC-DC converter (Mg,) is put in
conduction mode until the UC discharging current reaches the upper limit of the
hysteresis controller. The decrease in the rise time of the UC discharging current for
the hysteresis regulator case is resulted from this behaviour since the optimum
structure for building-up the discharging current in minimum time could be achieved
by putting Mg, in conduction mode until the UC discharging current reaches the
current command. When the dynamic characteristics of the UC discharging current is

investigated in terms of current overshoot, it is seen that there is no overshoot in the
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build-up characteristics of the UC discharging current for the hysteresis regulator
case. This result could be viewed as an advantage of the hysteresis controller
structure over the Pl regulator, since 20 % overshoot is observed in the dynamic

behaviour of the UC discharging current for the Pl regulator case.
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Figure 5.32 Simulation results for the steady-state ripple characteristics of the UC
discharging current for a15A current command considering the hysteresis regulator

case.

According to Figure 5.32 it is seen that the steady-state ripple value of the UC
discharging current for the hysteresis regulator case is higher than the steady-state
ripple value of the UC discharging current for the Pl regulator case. The observed
discharging current ripple value for the hysteresis regulator case is 1.2A. When
compared with the discharging current ripple value of the Pl regulator, which is
0.1A, the discharging current ripple value for the hysteresis regulator case is twelve
times higher than the discharging current ripple value of the PI regulator. The
sampling time chosen for the hysteresis regulator should be increased in order to
reduce the current ripple value. However, in practice the reduction in sampling time
of the hysteresis controller refers to high speed current measurements which will
decrease the measurement accuracy. Therefore, it is obvious that the high steady-
state ripple value of the UC discharging current is the disadvantage of the hysteresis
regul ator.
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Figure 5.33 Simulation results for the output voltage characteristics of the UC
discharging system for a 19.5V set voltage command considering the hysteresis

regulator case.

According to Figure 5.33 it is seen that, the build-up and steady-state characteristic
of the output voltage of the step-up DC-DC converter for the hysteresis regulator
case is similar with the output voltage characteristics shown for the Pl regulator case.
The observed voltage rippleis 0.4V.

5.4.3 Experimental Performance of Ultracapacitor Discharging System

Experimental performance of the UC discharging system is obtained for the control
loop parameters shown in Table 5.14. The UC module used during the charging
operation is also used for the discharging operation. The corresponding experimental
results for a 15A current command are shown in Figures 5.34-5.40 in terms of

dynamic and steady-state considerations.
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Table 5.14 Control 1oop parameters of the microcontroller based UC discharging

system
Current Controller (PI) 200 us
Sampling Time Current Controller (Hysteresis) | 50 us
Chopper Controller (Hysteresis) | 80 us
Kp (Proportional) 0.75
Pl Parameters .
Ki (Integral) 0.125
: Current Band (i) 0.2A
Hysteresis Parameters
Y Voltage Band (v, 0.2V
limit (Integral) 120
Controller Limits diimit (Duty Cycle) 180
i (Duty Cycle) 200
Tek S @ 4cq Complete M Posi —1000ms  TRIGGER Tek L @ tcq Complete M Pos: —340,0.0s TRIGGER
+ +
Type Type
Surce Surce
i ] [E CH4|
- Snpe Slne
3 S i
Mode fnde
Marrnal a
Coupling Coupling
M 100ms CHd 7 1004 M 500 CHd . 7604
CHA 5,004 B=Jun-10 1716 =10Hz CHA 5004 B=Jun-1017:20 <10Hz
Vertical Axis (UC Current): 5A/div Vertical Axis (UC Current): 5A/div
Horizontal Axis (time) 2 1 ms/div Horizontal Axis (time) 2500 ps/div

Figure 5.34 Experimental results for the dynamic response of the UC discharging
current for a 15A current command considering the Pl regulator case:

(a) UC discharging current build-up, (b) UC discharging current fall.

According to the experimental results shown in Figure 5.34, rise time and fall time of
the UC discharging current for a 15A current command are observed as 1.36 ms and
0.78 ms, respectively. It is seen that the rise time and fall time values obtained from
the experimental results are consistent with the simulation results which proves that
the dynamic behaviour of the system is slow. On the other hand, the current
overshoot is observed as 33 % when the build-up behaviour of the UC discharging
current shown in Figure 5.34 (@) is considered. This result shows that the Pl regulator
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structure results in a high value of current overshoot which is also observed in the

simulation results.

The steady-state variation of the UC discharging current is shown in Figure 5.35.

Tek i M Pos: =S00.0,us CURSOR
Type
01

Source
CH4

14 10.0ms CHA 7 6204

Vertical Axis (UC Current): 5A/div
Horizontal Axis (time) 2 10 ms/div

Figure 5.35 Experimental results for the steady-state UC discharging current for a

15A current command considering the Pl regulator case.
Asshown in Figure 5.35, the UC discharging current remains constant at 15A current
command level. This result shows that the Pl regulator structure gives sufficient

steady-state performance.

The PWM signal of the controllable switch of the step-up DC-DC converter together

with the UC discharging current are shown in Figure 5.36 for the Pl regulator case.
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Vertical Axis (UC Current): 2 A/div Vertical Axis (PWM Signal): 2 V/div
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Figure 5.36 Experimental results for the steady-state ripple characteristics of the UC
discharging current for a 15A current command considering the Pl regulator case:
@V =11.6V, (b)Vic =10V, (C)Vic =8V, (d)Vyc =6.4V.

According to Figure 5.36, it is seen that, the duty cycle of the PWM signal increases
as the terminal voltage of the UC decreases in order to maintain a constant
discharging current. When the ripple characteristic of the UC discharging current is
investigated it is seen that the current ripple remains constant at 0.4A level. The
constant current ripple characteristic is resulted from the increase in duty cycle of the
PWM signal as the terminal voltage of the UC decreases. The observed current ripple
value of 0.4A is higher than the 0.1A current ripple value obtained from the
simulation results. The increase in the discharging current ripple is mainly resulted
from the decrease in converter inductance (Lg,) value at a switching frequency of 50

kHz which is also observed for the charging operation case.
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Figure 5.37 Experimental results for the output voltage characteristics of the UC
discharging system for a 19.5V set voltage command considering the Pl regulator
case: (@) output voltage build-up, (b) steady-state variation of output voltage.

The scaled version of the step-up DC-DC converter output voltage variation for the
Pl regulator case is shown in Figure 5.37. The output voltage increases until it
reaches the high voltage level of the DC chopper controller structure. As soon as the
output voltage reaches the high limit it remains in a voltage band. It is seen that the
output voltage ripple value of the actual UC discharging system is 1.5V. This value
is higher than the output voltage ripple value of 0.225V obtained from the simulation
results. The increase in voltage ripple is resulted from the reduced measurement
accuracy of the actual system. However, an output voltage ripple value of 1.5V does
not affect the operation of the UC discharging system negatively.
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Figure 5.38 Experimental results for the dynamic response of the UC discharging
current for a 15A current command considering the hysteresis regulator case:

(a) UC discharging current build-up, (b) UC discharging current fall.

The build-up and fall characteristics of the UC discharging current for the hysteresis
regulator case are shown in Figure 5.38. According to Figure 5.38, the rise time and
the fall time of the UC discharging current are observed as 1.18 ms and 0.74 ms,
respectively. It is seen that the rise time of the UC discharging current for the
hysteresis regulator case is smaller than the rise time of the UC discharging current
for the Pl regulator case which is also observed in the simulation results. This result
verifies that the hysteresis controller has the capability of building-up the UC
discharging current in minimum time. On the other hand, no overshoot is observed in
the build-up behaviour of the UC discharging current which could be viewed as an

advantage of hysteresis type current regulator.
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Figure 5.39 Experimental results for the steady-state ripple characteristics of the UC
discharging current for a 15A current command considering the hysteresis regul ator
case: (a) Ve =11.6V, (b) Vi =9.80V, (€) Vi =7.6V, (d) V,c =6.5V.

The switching signals of the controllable switch of the step-up DC-DC converter
together with the variation of the UC discharging current is shown in Figure 5.39. It
is seen that the frequency of the switching signal is not constant and it decreases as
the terminal voltage of the UC decreases in order to maintain a constant discharging
current. The discharging current ripple value maintains constant at 1.5A level for
different UC terminal voltage levels. The constant current ripple characteristic is
resulted from the decrease in the frequency of the switching signa as the terminal
voltage of the UC decreases. It is also seen that the observed current ripple value is
higher than the discharging current ripple value of 0.4A obtained for the PI regulator

case. The higher current ripple value observed for the hysteresis regulator case shows
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that the sampling time and measurement accuracy is not sufficient for this control
method.
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Figure 5.40 Experimental results for the output voltage characteristics of the UC
discharging system for a 19.5V set voltage command considering the hysteresis
regulator case: (a) output voltage build-up, (b) steady-state variation of output
voltage.

In Figure 5.40, output voltage variation of the step-up DC-DC converter for the
hysteresis regulator case is shown. The output voltage characteristics observed for
the hysteresis regulator case is similar with the output voltage characteristics

observed for the Pl regulator case.

5.4.4 Conclusionsfor the Performance of Ultracapacitor Discharging System

Dynamic and steady-state performance parameters of the UC discharging system
according to the simulation and experimental results are summarized in Table 5.15.
As shown in Table 5.15, the experimental and simulation results are consistent in
terms of dynamic and steady-state considerations. The most outstanding conclusion
of the UC discharging system is the dynamic response success of the hysteresis
regulator and the steady-state response success of the Pl regulator. At this point it is
seen that a hybrid control structure that utilizes the advantage of both regulators is

125



suitable for a UC discharging system. Therefore, in the scope of the thesis study a
hybrid control structure is built for the discharging operation of UCs according to
this conclusion. The flowchart of the hybrid control structure built inside the

microcontroller is shown in Figure 5.41.

Table 5.15 Performance parameters of UC discharging system

Smulation Experimental
Performance Parameters Performance Performance

PI Hysteresis | PI Hysteresis

Rise Time trise (MS) | 1.88 1.535 1.36 1.18

Fall Time tinis (Ms) | 1.45 1.40 0.78 0.74

Over shoot M; (%) 20 0 33 0

Seady-state .
Current Ripple | A1) 01 12 0.4 15

Output Voltage | Aoy (V)

: 0.225 04 15 15
Ripple

RESET TIMER
timer=0

SET TIMER LIMIT
Tstart

v

START TIMER

v

HYSTERESIS
OPERATION

No .

Yes

SET INTEGRATOR
Int:[ntSTART

v

PI
OPERATION

Figure 5.41 Flowchart of the hybrid control structure proposed for the UC
discharging system.
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As shown in Figure 5.41, the UC discharging process is started with the hysteresis
regulator and the hysteresis regulator is made active for atime period determined by
the starting time parameter (Tsrarr). Within the chosen starting time parameter, the
UC discharging current should reach the steady-state level. When the starting time is
passed, a value is set to the integrator of the Pl regulator and then Pl regulator is
enabled. The value that will be set to the integrator (Intsragr) is dependent with the

magnitude of the current reference.

Both simulation and experimental performance of the hybrid control structure is
investigated in the scope of the study. For the simulation system the starting time
parameter (Tsrarr) IS Set to 10ms and a digital value of 100 is selected for the
integrator start parameter (Intsrarr). The simulation results of the hybrid structure for
a15A current command are shown in Figure 5.42.
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Figure 5.42 Simulation results of the UC discharging system with a hybrid controller

structure for a 15A current command.

As shown in Figure 5.42, the UC discharging system is started with the hysteresis
regulator. Therefore, no overshoot is observed in the discharging current waveform.
After 10 ms is passed, integrator of the Pl regulator is set to a value and then, PI
regulator is made active. By this way, lower steady-state ripple characteristic of the
Pl regulator is utilized.
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For the experimental system, the starting time parameter (Tsragr) IS Set to 1.3sand a
digital value of 100 is selected for the integrator start parameter (Intsrarr). The

experimental results of the hybrid control structure are shown in Figure 5.43.

+

a) e ; - transition

&

AN AMAMANARA S o e

e

b) = transition
+
Measure P1:maxiC1) P2rmsiC1) P3maxiC?) Pd:rmsiCH P&maxiC3) PErms{C3)
valug 13 my 27 my 133 my 3T my 2my nmy
status 4 4 4 4 4 4

imebase -1.092 g
i

Vertical Axis: 5A/div

Horizontal Axis: (a) 200mS/le, (b) 2 ms/div

Figure 5.43 Experimental results for the UC discharging system with a hybrid
controller structure for a 15A current command: (&) build up and transition behaviour
of the UC discharging current, (b) transition behaviour of the UC discharging current

(zoomed).

As shown in Figure 5.43 (@), the build up of the UC discharging is provided by the
hysteresis current regulator. Therefore, no overshoot characteristic is observed in the
discharging current waveform. After 1.3sis passed, Pl regulator is made active and
current ripple value decreases significantly as a result of the Pl regulator operation.
In Figure 5.43 (b), a zoomed oscillogram for the transition period is shown. It is
obvious that there is a soft transition between the hysteresis and Pl regulators in this

period.

128



Dynamic and steady-state performance parameters of the UC discharging system
with the hybrid controller structure are summarized in Table 5.16 according to the

simulation and experimental results.

Table 5.16 Performance parameters of UC discharging system with hybrid controller

Performance Parameters | Smulation | Experimental
of the Hybrid Controller | Performance | Performance
Rise Time triee (MS) | 1.535 1.18

Fall Time tinis (Ms) | 1.40 0.74

Over shoot M; (%) 0 0
Seady-state :

Curre¥1t Ripple Al (A) 0.1 04

Performance parameters summarized in Table 5.16 shows that the hybrid controller
utilizes the positive aspects of the hysteresis and Pl current regulators in terms of
dynamic and steady state considerations. Therefore, for the final verification of the
experimental UC test system, hybrid controller is used for the discharging current

regul ation requirement.
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CHAPTER 6

EXPERIMENTAL PERFORMANCE EVALUATION OF AN
ULTRACAPACITOR MODULE

6.1 Introduction

In Chapter 5, hardware design and performance of a laboratory constructed UC test
system was expressed in terms of dynamic and steady-state considerations. For
evaluating the performance of the implemented UC test system, a UC module
composed of five serially connected UC cells with a passive resistor voltage
balancing structure was utilized. The electrical parameters of the constructed UC
module were also expressed in Chapter 5. In the scope of the thesis study, constant
current and constant power test procedures are applied to the constructed UC module

by utilizing the implemented UC test system.

In this chapter, constant current and constant power test results of the UC module are
presented. The aim of the constant current test procedure is to evaluate the
capacitance and ESR parameters of the constructed UC module for the charging and
discharging phases separately. The capacitance parameter is evaluated by means of
considering the linear variation of the terminal voltage of the UC module and the
ESR parameter is evaluated by means of considering the immediate voltage rise and
fall events when the test current is applied or terminated as described in Chapter 3.
After the constant current test results section, constant power test results of the UC
module are presented. The aim of the constant power tests is to evaluate the constant
power charging and discharging characteristics of the UC module. By means of

constant power tests, round trip cycle efficiency of the UC module, which is defined
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as the ratio of energy expressions in the charging and discharging phases, is
evaluated.

In the laboratory, both a UC module and an electrolytic capacitor module are
constructed and their energy storage capabilities are compared with respect to the

volumetric considerations. The constructed UC module is shown in Figure 6.1.

Figure 6.1 The laboratory constructed UC module.

As shown in Figure 6.1, the laboratory constructed UC module is composed of five
serially connected UC cells. Voltage balancing resistors are placed in the terminals of
the UC cells. The comparison of the UC and electrolytic capacitor modules is shown
in Figure 6.2.
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Figure 6.2 Comparison of the laboratory constructed UC and electrolytic capacitor

modules.

As shown in Figure 6.2, energy density of the UC module is 140 times higher than
the energy density of the electrolytic capacitor module in terms of volumetric
considerations. Therefore, it could be concluded that using UCs in energy storage
applicationsinstead of electrolytic capacitorswill be arational approach.
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The laboratory constructed UC test system is shown in Figure 6.3.

Figure 6.3 The laboratory constructed UC test system.

As shown in Figure 6.3, the laboratory constructed UC test system consists of a
two-storey frame structure. Passive and large circuit elements such as transformers,
an inductor board, a resistor bank, AC line terminals of the UC test system, an AC
fan, and a power supply board with a 12V DC output are placed in the bottom storey,
whereas a microcontroller board, a power electronics converter board, a program
selection board, a DC power supply board with two 5V DC and two 12V DC outputs,
an AC line smoothing inductor, an electrolytic capacitor board, a 12V DC fan, and an
operating panel is placed in the upper storey.

There are three transformers in the bottom storey. The largest transformer is used to
step down the AC line voltage to 24V RMS level and supply the AC inputs of the
power electronics converter board. The medium sized transformer is used to step
down the AC line voltage to 15V RMS and 12V RMS levels and bias the AC inputs
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of the power supply board placed in the upper storey. The smallest transformer is
used to step down the AC lineto 12V RMS level and bias the AC input of the power
supply board placed in the bottom storey. The function of the power supply board
with a 12V DC output placed in the bottom storey is to supply the 12V DC fan
placed in the upper storey. The inductor board placed in the bottom storey consists of
two inductors and these inductors are used with the step-down and step-up DC-DC
converters of the power electronics converter board. The resistor bank in the bottom
storey is used with the DC chopper of the power electronics converter board. The
cooling mechanism of the elements placed in the bottom storey is provided by an AC

fan.

In the upper storey, the microcontroller board is placed over the power electronics
converter board via aluminum spacers in order to utilize the storey area effectively.
The schematics, PCB layouts, and photographs of the power electronics converter
board and microcontroller board are included in Appendices B-D. The connection
between the power electronics converter board, the inductor board, and the resistor
bank is realized with direct cabling. On the other hand, the connections of the AC
and UC terminals of the power electronics converter board are realized with switch
and fuse configurations. The switch and fuse configurations are placed in a panel
placed on the front of the upper storey. The function of the inductor placed on the
front of the power electronics converter board is to smooth and limit the AC line
current that is supplying the diode rectifier inputs of the power electronics converter
board in order to protect the diode rectifier of the UC test system. The electrolytic
capacitor board is used to reduce the ripple of the DC bus voltage of the UC charging
system. The program selection board is used to select the type of the test procedure.
The power supply requirements of the microcontroller board, gate drive chips, and
current transducers are provided by the power supply board placed in the upper
storey. The cooling of the elements in the upper storey is provided by a 12V DC fan.
User manual of the UC test system is given in Appendix F.
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After introducing the structural details of the constructed UC module and the UC test
system, the experimental results of the UC module is given in sections 6.2 and 6.3,

respectively.

6.2 Constant Current Test Results

Constant current tests are performed in order to extract the capacitance and ESR
parameters of the UC module as mentioned in the introduction section. The
magnitude of the applied current signa is selected as 15A. Terminal voltage
variation of the UC module and the applied current waveforms for constant current

tests are shown in Figure 6.4.
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Figure 6.4 Terminal voltage variation of the UC module and applied current for

constant current tests.

As shown in Figure 6.4, the applied current remains constant at 15A level throughout
the charging and discharging cycles and the terminal voltage of the UC module
increases linearly in the charging cycles, whereas it decreases linearly in the

discharging cycles.
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This result shows that the capacitance of the UC module remains constant throughout
the operation of the UC test system where the applied current is 15A and the
maximum voltage of the UC module is selected as 12V which refers to 2.4V
maximum voltage per UC cell within the module. In other words, in this
experimental procedure the UC cells are not put in a charging and discharging cycle
with full stress since the rated voltage of the UC cells are 2.7V. At this point, it will
be rational to mention that the capacitance variation of the UC module remains

constant with an applied current of 15A and a maximum terminal voltage of 12V.

To evaluate the capacitance value of the UC module, the variation of the UC module
terminal voltage and the applied current is recorded for twenty charging and
discharging cycles as shown in Figure 6.5. According to the obtained voltage and
current profile of the UC module, the capacitance values are calculated by means of
multiplying the magnitude of the applied current signal with the length of the time
interval where the terminal voltage of the UC module varies linearly and dividing the
product with the change of the UC module terminal voltage inside the chosen time
interval as defined in (3.1). The calculated capacitance values are listed in Table 6.1
and Table 6.2 for different test cycles.
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Table 6.1 Calculated capacitance values for the 1% — 10" charging and discharging cycles

Cycle Number
Phase
1 2 3 4 5 6 7 8 9 10
Ceharging (F) 30055 | 287.46 |287.86 |288.21 |286.58 |2879 |285.82 |287.17 |2865 |287.17
Casnarging (F) | 285.15 | 28455 |283.72 | 28357 |283.26 | 286.1 |282.78 |28521 |280.98 | 281.7
Table 6.2 Calculated capacitance values for the 11" — 20" charging and discharging cycles
Cycle Number
Phase
11 12 13 14 15 16 17 18 19 20
Ceharging (F) 286.48 | 286.55 | 287.21 |287.16 | 286.55 |285.25|285.85 | 286.61 | 285.92 | 284.67
Cuisnarging (F) | 282.02 | 283.83 | 281.14 | 281.56 | 281.97 |283.98 | 281.73 | 286.76 | 282.45| 281.18




According to Table 6.1 and Table 6.2, it is seen that the capacitance values for
different test cycles show small variations. Therefore, it could be concluded that
taking the average of the capacitance values of individual test cycles for charging and
discharging phases separately can be viewed as a correct approach. A comparison of
the average capacitance value of the charging and discharging phases together with
the datasheet value for the capacitance value of the UC module is shown in
Table 6.3.

Table 6.3 Comparison of the capacitance values of the UC module

Datasheet Charging Phase Discharging Phase
Value(F) | Average (F) | Deviation (%) Average (F) | Deviation (%)
300 287.37 -4.21 283.18 - 5.60

As shown in Table 6.3, the average capacitance vaues for the charging and
discharging phases are lower than the datasheet value. The capacitance deviation
value from the rated capacitance is given in Maxwell Boostcap series UCs datasheet
as +20 % and -5 % [3]. The calculated capacitance deviations, -4.21 % for the
charging phase and -5.60 % for the discharging phase, are very near to the negative

deviation limit for the capacitance parameter givenin [3].

On the other hand, it is also observed that the capacitance value obtained for the
charging phase is higher than the capacitance value obtained for the discharging
phase. The difference between the capacitance values for the charging and
discharging phases could be explained by considering the equivalent circuit model of

the UC module as shown in Figure 6.6.
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Figure 6.6 Equivalent circuit model of the UC module for the charging and
discharging phases.

As shown in Figure 6.6, the UC module is charged with a constant charging current
of 15A. It is seen that some of the current is diverted to the parallel resistor branch
(Ro). Therefore, the actual charging current on the capacitor branch is lower than
15A. However, during the capacitance calculations, the current on the paralel
resistor branch is not taken into consideration. For this reason, the capacitance value
obtained by means of averaging the capacitance values of different charging cyclesis
higher than the actual capacitance value of the UC module. When the discharging
phase is considered, it is seen that the actual discharging current is higher than the
15A reference current since the parallel resistor branch diverts current. Therefore, the
capacitance value obtained by means of averaging the discharging cycles is lower

than the actual capacitance value.

After considering the capacitance variation of the UC module for the charging and
discharging phases, the terminal voltage variations of the individual UC cells inside
the UC module are also investigated in order to see the distribution of the UC module
terminal voltage between the individual UC cells. Experimenta results for the
terminal voltage variations of the first, second and third UC cells within the UC
module are shown in Figure 6.7 and the terminal voltage variations of the fourth and
fifth UC cells within the UC module are shown in Figure 6.8.
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Figure 6.7 Terminal voltage variations of the first, second and third UC cells within
the UC module under constant current tests.
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Figure 6.8 Terminal voltage variations of the fourth and fifth UC cells within the UC
module under constant current tests.
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When the terminal voltage variations shown in Figure 6.7 and Figure 6.8 are
investigated, a balanced UC module terminal voltage distribution is observed. The
terminal voltage measurements of the UC module and individual UC cells at the end
of the charging and discharging phases of the UC test system are summarized in
Table 6.4.

Table 6.4 Terminal voltage measurements of the UC module and individual UC cells

Terminal Voltage Measurements (V)
Attheend |[1¥uc |[2¥uc |39uUc [4"uc [5"uc |ucC

of the cell cell cell cell cell module
Charging

2.24 2.24 2.24 2.20 2.28 11.2
phase
Discharging

1.44 1.44 1.44 1.40 1.48 7.2
phase

According to the results presented in Table 6.4, it is seen that terminal voltage of the
UC module is distributed between the individual UC cells in a balanced manner.
Therefore, it could be concluded that the passive resistor balancing structure is

sufficient for this application.

After considering the long term variation of the constant current tests, short term
variation is aso investigated in order to evaluate the ESR parameter of the UC
module. For this reason, immediate rise and fall behaviour of the UC module
terminal voltage is captured for the charging and discharging phases separately and
the captured waveforms are shown in Figure 6.9 and Figure 6.10, respectively.
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Figure 6.9 Immediate characteristics of the UC module terminal voltage for the
charging phase: (a) measurement of the increase of the UC module terminal voltage
with purple colored voltage cursors at the beginning of the charging phase,

(b) measurement of the decrease of the UC module terminal voltage with purple
colored voltage cursors at the end of the charging phase.
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Figure 6.10 Immediate characteristics of the UC module terminal voltage for the
discharging phase: () measurement of the decrease of the UC module terminal
voltage with purple colored voltage cursors at the beginning of the discharging
phase, (b) measurement of the increase of the UC module terminal voltage with

purple colored voltage cursors at the end of the discharging phase.
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To see the dynamics of the UC module terminal voltage in the build-up and fall cases
of the applied current, the UC module terminal voltage is measured in AC coupling
mode and the variations are shown in Figure 6.11 and Figure 6.12.
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Figure 6.11 Immediate characteristics of the UC module terminal voltage for the
charging phase: (a) AC coupled UC module terminal voltage at the beginning of the
charging phase, (b) AC coupled UC module terminal voltage at the end of the

charging phase.
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Figure 6.12 Immediate characteristics of the UC module terminal voltage for the
discharging phase: (a) AC coupled UC module terminal voltage at the beginning of
the discharging phase, (b) AC coupled UC module terminal voltage at the end of the
discharging phase.
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As shown in Figures 6.9-6.12, the termina voltage of the UC module shows an
immediate rise or fall behaviour when the charging or discharging current is applied
or terminated. According to (3.2), ESR of the UC module is calculated by means of
dividing the voltage difference occurred when the charging and discharging phases
are initiated or stopped by the magnitude of the current waveform. The ESR

measurements according to Figures 6.9-6.12 are listed in Table 6.5.

Table 6.5 ESR measurements

Charging Phase | Discharging Phase
Measurements

Beginning | End | Beginning | End
UC Module | AV (mV) 120 120 120 120
Terminal
Voltage ESR (mQ) 8 8 8 8
(DC coupled)
UC Module | AV (mV) 70 100 100 100
Terminal
Voltage ESR (mQ) 7 6.67 6.67 6.67
(AC coupled)

According to the experimental results shown in Figures 6.9-6.12 and summarized in
Table 6.5, it is seen that the UC module termina voltage shows a build-up or fall
characteristics when the current is applied or terminated. The ESR values obtained
from the DC coupled and AC coupled measurements are very near to each other and
it is seen that the immediate voltage rise and fall events have resistive characteristics.

Datasheet value for the ESR of the UC module is 2.35 mQ. It is seen that the ESR
value obtained from the experimental results are higher than the datasheet value. The
reason for this result is due to the extra contact resistance of the constructed UC
module since the connections between the individual UC cells inside the module

resultsin extraresistance value.
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6.3 Constant Power Test Results

In Chapter 5, digital current regulator mechanisms are described for the charging and
discharging operations of UCs and by utilizing the described current regulator
mechanisms constant current tests of a UC module are realized. Predetermined
current profiles could also be applied to the UC under test with the implemented
current regulators. The only requirement is to define the digital current references
and their corresponding time interval values. With this approach, the digital current
reference of the current regulators is updated after the corresponding time interval is
passed. In this sense, the current regulator mechanisms are utilized to implement the
constant power tests of the constructed UC module. 100W reference power level is
selected for constant power tests and the digital current reference value is updated at
each time interval when 0.2V voltage change occurs in the terminal voltage of the
UC module.

Digital current profile determination process for constant power tests is described in
(6.1)-(6.4). At first, the analog value of the current reference (l;«) is calculated by
dividing the reference power (P«) with the terminal voltage of the UC module (Vi)

asgivenin (6.1).

I ref — (61)

The digital equivalent of the analog current reference (i) vaue is calculated by
considering the current measurement expression shown in Table 5.6 and the

calculationisgivenin (6.2).

25+, 0075,

= 210 (6.2)

lref

The time interval value (4t) of the corresponding analog current reference (Ire) is

calculated by considering a 0.2V change in the terminal voltage of the UC module.
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Time interval calculation is a modification of (2.7) and 300F datasheet capacitance

valueisused in this calculation as given in (6.3).

Dt:c:'DI—V:300'¥:@ (6.3)

The time interval values of the corresponding current references are programmed
inside the microcontrollers as timer count values (Teount) by considering the interrupt
period (Tinerrup) Which is selected as 20 us for this application. The timer count

calculationisgivenin (6.4).

ot Dt
Tinterrupt 207 10 6

=Dt” 50000 (6.4)

TCOUI‘]I =

By utilizing (6.1)-(6.4), the digital current references (i;¢) and their corresponding
timer count values (Tqount) are calculated for the charging operation case. The up and
down limits of the UC module terminal voltage (Vuc up , Vuc down) are selected as 12V
and 6.60V, respectively. The calculated values are listed in Table 6.6. When
Table 6.6 isinvestigated, it is seen that the timer count value is increased by 6000 for

each current reference.

The microcontroller implementation of the constant power test procedure for the
charging phase of the UC test system is shown in Figure 6.13. By utilizing the
current reference values listed in Table 6.6, a look-up table (LUT) is constructed
inside the microcontroller and current reference values are selected from the LUT by

considering the corresponding timer count values.
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Table 6.6 Digital current references and their corresponding timer count values for
100W constant power tests

Vie(V) | lret (A) Jirer |AL(S) | Teount

6.60 15.00 |745 |4.00 |200000
6.80 1456 |739 [4.12 |206.000
7.00 14.14 |732 |4.24 |212000
7.20 13.75 |725 [4.36 |218000
7.40 13.38 |720 |4.48 |224000
7.60 13.03 |714 [4.60 |230000
7.80 1269 |709 [4.73 |236000
8.00 12.38 |704 |4.85 |242000
8.20 12.07 [699 [4.97 |248000
8.40 11.79 |694 |5.09 |254000
8.60 1151 |689 |5.21 |260000
8.80 11.25 |685 |5.33 |266000
9.00 11.00 [681 [5.45 |272000
9.20 10.76 |677 |5.58 |278000
9.40 1053 |674 |5.70 |284000
9.60 10.31 |670 [5.82 |290000
9.80 10.10 |667 |5.94 |296000
10.00 9.90 664 |6.06 |302000
10.20 9.71 661 [6.18 |308000
10.40 9.52 658 [6.30 |314000
10.60 9.34 655 |6.42 |320000
10.80 9.17 653 [6.54 |326000
11.00 9.00 650 |6.67 |332000
11.20 8.84 648 [6.79 |338000
11.40 8.68 645 [6.91 |344000
11.60 8.53 643 |7.03 |350000
11.80 8.39 641 |7.15 |356000
12.00 8.25 639 |7.27 |362000
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Figure 6.13 Flowchart of the microcontroller implementation of the constant power

test procedure for the charging phase of the UC test system.
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In the procedure shown in Figure 6.13, the first step is the set of initial values to the
timer count (Teount), current reference (irer), current profile timer counter (Cimer cp),
and LUT address parameters (Cr«). At this point, it is important to express the
difference between the Teount 8Nd Ciimer ¢p Parameters. Teoune refersto the time interval
value of the corresponding current reference, whereas Cimer o refers to the passed
time with the selected current reference. After the initial values are set to the constant
power test procedure parameters, Cimer ¢p IS activated. In the next step, the terminal
voltage of the UC module (V) is compared with the down limit (Vi down) Of the test
procedure which is selected as 6.60V for this application. Following the comparison,
if Vic is lower than Vic down, then the charging operation will be realized with
constant current for the initial current reference value. On the other hand, if V,c is
higher than V¢ down, then the constant power test procedure will be applied to the UC
module. Current regulation will be performed for the updated current reference

values by considering the corresponding Teoun: Values.

In this section, microcontroller implementation of constant power test procedure is
described by considering the charging phase of the UC test system. The
implementation for the discharging phase is very similar to the implementation for
the charging phase. The only difference is to consider the V,. values from the up
limit (Vuc up,) to the down limit (Vuc down) and calculate i and Teoum Values

accordingly.

To observe the constant power charging and discharging characteristics of UCs, the
constructed UC module is put in a constant power charging and discharging process
with the implemented test procedure algorithm. 100W level is selected as the
reference power during the constant power tests. The variation of the UC module
terminal voltage, applied current, and the power waveforms are shown in
Figure 6.14.
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Figure 6.14 Variation of the UC module terminal voltage, applied current, and power
for constant power tests.

As shown in Figure 6.14, the power remains constant at 100W level for both
charging and discharging cycles. The variation of the UC module terminal voltage
and applied current are also as expected. The long term data of the constant power
tests is also recorded and the test results are shown in Figure 6.15. By means of the

obtained power profile, round trip cycle efficiency (h,; ) of the UC module is

calculated for different test cycles. As described in (3.3), round trip cycle efficiency

(h,;) is defined as the ratio of the energy expressions in the discharging and charging

phases of a constant power test cycle. The calculated round trip cycle efficiency
valuesarelisted in Table 6.7 and in Table 6.8.
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Table 6.7 Round trip cycle efficiency calculations for 1% -11™ cycles

Cycle Number
1 2 3 4 5 6 7 8 9 10 11
h,; | 0,9801 | 0,9820 | 0,9785 | 0,9618 | 0,9951 | 0,9770 | 0,97/5 | 0,9946 | 0,9749 | 0,9824 | 0,9869
Table 6.8 Round trip cycle efficiency calculations for 12" -21% cycles
Cycle Number
12 13 14 15 16 17 18 19 20 21
h, | 0,9942 | 0,9838 | 0,9860 | 0,9867 | 0,9831 | 0,9799 | 0,9870 | 0,9797 | 0,9832 | 0,9879




According to the constant power test results presented in Tables 6.7-6.8, it is seen
that the average of the round trip cycle efficiency values is 0.9829 for 100W level.
Thisresult is consistent with the efficiency parameter listed in Table 2.5 in Chapter 2
and shows that UCs could be utilized in power cycling applications that require high
efficiency. On the other hand, it could also be concluded that the power cycling tests
should be repeated for higher reference power levels in order to see the effect of

power level on the round trip cycle efficiency value of a UC module.

6.4 Conclusion

In this chapter, constant current and constant power test results of a UC module are
presented. It is seen that the experimental results are consistent with the theory of
UCs. However, some differences between the datasheet parameters and the

calculated values are also observed.

The capacitance and ESR values are the parameters of a UC that determine the
energy storage and maximum power capability, respectively. According to the
experimental results, it is observed that the datasheet values and experimental results
for the capacitance and ESR of a UC module show differences. The calculated
capacitance deviations are -4.21 % for the charging phase and -5.60 % for the
discharging phase which are very near to the negative deviation limit for the
capacitance parameter given in product datasheet [3]. According the ESR
measurements, it is seen that the measured ESR values are about three times higher
than the datasheet ESR value due to the extra contact resistance inside the UC
module. According to these facts, it could be concluded that the UC modules should
be evaluated in terms of capacitance and ESR parameters before integrating them to
energy storage applications.

According to the constant power test results, it is seen that the average value of the

round trip cycle efficiency is 0.9829. This result shows that, UCs could be utilized in
power cycling applications that require high efficiency. On the other hand, it could
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also be concluded that the power cycling tests should be repeated for higher
reference power levels in order to see the effect of power level on the round trip

cycle efficiency value of a UC module.

In this study, experimental performance evaluation of a UC module is realized with
15A reference current and 100W reference power level, considering the capability of
power electronics converters and the terminal voltage of an individual UC cell within
the UC module is put below the rated voltage level during the experiments. The
number of test cycles performed during the experiments is above 500 cycles. With
the mentioned conditions the terminal electrical characteristics of the UC module
show linear behaviour in terms of capacitance and ESR measurements. In addition,
round trip cycle efficiency values did not show a decreasing behaviour after certain
number of constant power test cycles. However, it is very important to put UCs
under full voltage stress and collect data under this condition. In this study, full stress
conditions could not be applied since there are no extra UC cells that can be used in
the case of a failure condition. Further, thermal and aging behaviour of the UCs

could not be investigated due to the lack of extra UC cellsin this study.
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CHAPTER 7

CONCLUSION

UCs are capacitive energy storage devices with high capacitance, low ESR, and low
rated voltage values. For a single UC cell, the capacitance values are above 1000F,
the ESR values are below 1mQ, and the voltage ratings are at 2.5V level [3-6]. The
energy density of UCs is lower than batteries. However, the maximum power
capability of UCs is higher than batteries. When UCs are compared with
conventional capacitors, it is seen that the energy density of these relatively new
storage devices are higher than conventional capacitors. However, the maximum
power capability of conventional capacitors is higher than UCs. According to the
mentioned facts, it is obvious that UCs are energy storage devices that lie between

conventional capacitors and batteries [8], [10], [14].

In the scope of the thesis study, it has been aimed to evaluate the characteristics of
UCs experimentally. The characteristics of UCs can not be measured with standard
measurement devices like LCR meters since the signals applied by an LCR meter
will not be adequate to create a measurable change in the terminal voltage of the UC
under test that the measurement mechanism of LCR meters could sense. Therefore, a
UC test system capable of performing the charging and discharging operations of
UCs isimplemented in order to apply large DC current signals to the UC under test.
The implemented UC test system is based on power electronics converters. To
investigate the performance of the UC test system and evaluate the terminal electrical
behaviour of UCs, a UC module composed of five serially connected UC cells is
constructed. The equivalent capacitance and the ESR value of the constructed UC
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module are 300F and 2.35 mQ, respectively according to the product datasheet

information [3].

With the implemented test system the UC under test is charged by a step-down
DC-DC converter supplied by the AC utility grid followed by a step-down
transformer, a diode bridge, and a large valued filter capacitor configuration. On the
other hand, the energy stored in UCs as a result of the charging operation is
discharged to a chopper controlled resistor by means of a step-up DC-DC converter.
The reason for choosing a step-down DC-DC converter for the charging operation
and choosing a step-up DC-DC converter for the discharging operation is to provide
continous charging and discharging current profiles to the UC under test. A DC
chopper structure is utilized at the output of the step-up DC-DC converter in order to
maintain the output voltage of the step-up DC-DC converter constant which
simplifies the control process of the UC discharging structure. Current mode control
structures are utilized for the control of the step-down and step-up DC-DC converters
in order to apply predetermined current profiles to the UC under test. The
implemented power electronics converter structure is capable of performing constant
current tests of the UC module at 15A and constant power tests of the UC module at
100W level, where the terminal voltage of the UC moduleis put below 12V.

A Pl current regulator mechanism is utilized for the control of the UC charging
structure. For a current command of 15A, the rise time, fall time, overshoot, and
steady-state ripple value of the applied charging current are observed as 2.5 ms,
1.81 ms, 0 %, and 0.5A, respectively. The observed rise and fal time value of the
applied charging current show that the bandwidth of the charging system is at low
levels. According to the zero overshoot and low steady-state current ripple value of
the applied charging current, it can be concluded that the dynamic and steady-state
performance of the PI current regulator structure is sufficient for the UC charging

application.

The performance of Pl and hysteresis type current regulators is investigated for the
control of the step-up DC-DC converter and a hysteresis type voltage regulator is
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utilized for the DC chopper of the UC discharging structure. With the Pl current
regulator structure, the rise time, fall time, overshoot, and steady-state ripple value of
the applied discharging current are observed as 1.36 ms, 0.78 ms, 33 %, and 0.4 A,
respectively for a current command of 15A. On the other hand, the rise time, fall
time, overshoot, and steady-state ripple value of the applied discharging current are
observed as 1.18 ms, 0.74 ms, 0 %, and 1.2 A, respectively for a current command of
15A with the hysteresis current regulator structure. The observed rise and fall time
value of the applied discharging current show that the bandwidth of the discharging
system is at low levels which is also observed for the UC charging structure. When
the build-up, fall, and overshoot characteristics of the UC discharging system are
considered together, it is seen that the dynamic performance of the hysteresis current
regulator is better than the Pl current regulator. On the other hand, the steady-state
current ripple values observed for the hysteresis current regulator case are higher
than the current ripple value observed for the Pl current regulator case. Therefore, it
could be concluded that the steady-state performance of the Pl current regulator is
better than the hysteresis current regulator. DC chopper is utilized in parallel with the
step-up DC-DC converter during the discharging process. The observed output
voltage ripple at the output of the step-up DC-DC converter is 1.5V for both of the
current regulator cases. It is seen that, a voltage ripple value of 1.5V is sufficient for

the operation of the UC discharging system.

When the performance of Pl and hysteresis current regulators is considered together,
it is seen that the dynamic performance of the hysteresis regulator is better than the
Pl regulator, whereas the steady-state performance of the Pl regulator is better than
the hysteresis regulator. Therefore, a hybrid control mechanism that uses the
advantages of both regulator types in terms of dynamic and steady-state
considerations is proposed. By utilizing the proposed control mechanism, the
overshoot of the discharging current is made zero as in the case of the hysteresis
regulator and the steady-state discharging current ripple is reduced to the levels

observed for the Pl regulator case.

By utilizing the implemented UC test system, constant current and constant power
tests of the constructed UC module are performed. According to the constant current
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test results, the average capacitance value of the UC module is calculated as 287.37F
and 283.18F for the charging and discharging phases, respectively. It is seen that the
calculated capacitance values are lower than the datasheet capacitance value which is
300F and the capacitance deviations are calculated as -4.21 % for the charging phase
and -5.60% for the discharging phase. The calculated capacitance deviations are near
to the negative capacitance deviation value of -5 % given in the product datasheet
[3]. On the other hand, the capacitance value obtained for the charging phase is
higher than the capacitance value obtained for the discharging phase due to the effect
of leakage current inside the UC module.

After the capacitance observations, terminal voltage distribution of the UC module is
investigated. It is seen that for a 11.2V UC module terminal voltage level, the
individual UC cell terminal voltages are at 2.24V level, whereas for a 7.2V UC
module terminal voltage level, the individual UC cell terminal voltages are at 1.44V
level. According to this result it is seen that the passive resistor voltage balancing

structure is sufficient for this application.

The ESR parameter of the UC module is also investigated during constant current
tests. The observed ESR value for the UC module is at 6-8 mQ level which is higher
than the datasheet value of 2.35 mQ. The increased value for the ESR parameter is
resulted from the extra contact resistance due to connections inside the constructed
UC module. Since the capacitance and ESR parameters obtained from the
experimental results are different from the datasheet values, it could be concluded
that testing the capacitance and ESR values of a UC module before using it in an

energy storage application could be viewed as a correct approach.

After the constant current test results, constant power test results of the UC module
are also presented. It is observed that the average round trip cycle efficiency value of
the UC module is a 98 % level for a reference power level of 100W. Therefore, it
could be concluded that UCs could be utilized in power cycling applications that
require high efficiency.
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In this study, 15A reference current and 100W reference power are used for the
constant current and constant power tests, respectively considering the capability of
power electronics converters. The UC cells are not put into a full voltage stress
during the experimental procedures due to the lack of extra UC cells in this study.
With these conditions, the measured capacitance and ESR variations show linear
characteristic and no second order effects are observed during the study. The
experimental procedures should be repeated for increased current and power levels
and the devices should be put in full stress in order to observe if the UCs show
different terminal electric behaviour at high current and full stress conditions.
Furthermore, with this approach thermal and aging characterization of UCs could be

performed.

When the future work that could be conducted for improving the implemented UC
test system is investigated, it is seen that the current rating of the UC test system
should be increased in order to observe the terminal electric behaviour of the UCs for
higher current levels and to investigate the thermal and aging behaviour of UCs. Two
modifications are necessary in order to improve the current rating of the UC test
system. The first modification is paralleling the MOSFETSs of the power electronics
converter structure. This modification is valid, since the on state resistance of a
MOSFET increases as the temperature of the device increases and the current
distributes on the paraleled MOSFETSs accordingly. The second modification should
be performed on the Hall Effect current transducers. In the implemented UC test
system, 25A configuration is chosen for the Hall Effect current transducers since the
current rating of the UC test system is chosen as 15A. However, 50A or 75A
configurations should be selected if it is decided to increase the current rating of the
UC test system.
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APPENDIX A

DATASHEET OF THE BOOSTCAP ULTRACAPACITORS

M MC Power Series BOOSTCAP® Ultracapacitors
TECHNOLOGIES

Series: MC Power Ultra low internal resistance
. Highest power performance available
Round, Terminal Type Lowest RC time constant

> Features:
» 2.7 Volt Operating Voltage
» Ultra low internal resistance
» Over | million duty cycles
» Highest power performance available
» Lowest RC time constant
» Threaded terminal or weldable post versions

> Applications:
» Hybrid drive trains
» Automotive subsystems
» Transportation
» Rail system power

> Overview:
The Power-type ultracapacitor product line gives customers in the automotive and transportation sector a much
wider range of choices to meet their energy storage and power delivery requirements.
The cells are specifically engineered for hybrid vehicle drive trains, automotive subsystems and other heavy duty
applications that require the lowest equivalent series resistance (ESR) and highest efficiency available.
In addition to meeting or exceeding demanding automotive and transportation application requirements for both
watt-hours of energy storage and watts of power delivery per kilogram, all of these products will perform reliably
for more than one million discharge-recharge cycles.
The proprietary architecture and material science on which BOOSTCAP® products are based enable continued
leadership in controlling costs, flexibility in product offerings and allow application specific performance tailoring.
The cells operate at 2.7 volts, enabling them to store more energy and deliver more power per unit volume than
any other commercially available ultracapacitor products.

MC Power Series BOOSTCAP® Ultracapacitors | Page I | Doc. # 1009361 | Rev. 9 |
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MC Power Series BOOSTCAP® Ultracapacitors
> MC Power Series Specifications:

Item Performance

Operating Temperature Range -40 °C to +65 °C
Storage Temperature Range -40 °Cto +70 °C
Rated Voltage 2.7V DC
Capacitance Tolerance +20% / -0%
Resistance Tolerance Max.

Capacitance Change | Within £5% of initial measured value at 25 °C ( at -40 °C)
Internal Resistance | Within 150% of initial measured value at 25 °C (at -40 °C)
After 1500 hours application of rated voltage at 65 °C

Temperature Characteristics

Endurance Capacitance Change | Within 20% of initial specified value

Internal Resistance | Within 60% of initial specified value

Shelf Life After 1500 hours storage at 65 °C without load shall meet specification for endurance
After 10 years at rated voltage and 25 °C

Capacitance Change | Within 30% of initial specified value

Life Test - — — —
Internal Resistance | Within 150% of initial specified value
Capacitors cycled between specified voltage and half rated voltage under constant
current at 25 °C (1 million)
Cycle Test

Capacitance Change | Within 30% of initial specified value
Internal Resistance | Within 150% of initial specified value

> MC Power Product Specifications:

— ST = 255 i o
BCAP0650 P270 650 0.80 0.60 1.5
BCAP1200 P270 1200 0.58 0.44 2.7
BCAP1500 P270 1500 0.47 0.35 3.0
BCAP2000 P270 2000 0.35 0.26 4.2
BCAP3000 P270 3000 0.29 0.24 52

> MC Power Product Properties:

Rth Isc Emax Pmax Pd

Maxwell Part No. (CW) A) (Whikg) (Wikg) (Wikg)
BCAP0650 P270 6.5 3500 3.29 15,100 5,400
BCAP1200 P270 5.3 3750 4.05 13,800 5,000
BCAP1500 P270 45 3900 475 16,200 5,800
BCAP2000 P270 3.8 4300 5.06 17,500 6,200
BCAP3000 P270 3.2 4800 5.52 13,800 5,400

MC Power Series BOOSTCAP® Ultracapacitors | Page 2 [ Doc. # 1009361 | Rev.9 |
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MC Power Series BOOSTCAP® Ultracapacitors
Maxwell

> Dimensions:

o 25—

D, Mizx17s| | Post Version MI2ZX 175 D,

o !

@224 £.125

Vol Mass Size (mm)
Part Number ) (kg)
L H D, D,
(£0.5mm) (£0.2mm) (£0.7mm)
BCAP0650 P270 TO4 0.211 0.20 515 05 14.0 60.4 60.7
BCAP1200 P270 T04 0.294 0.30 740 0.3 14.0 60.4 60.7
BCAP1500 P270 TO4 0.325 0.32 85.0 0.3 14.0 60.4 60.7
BCAP2000 P270 TO4 0.373 0.40 102.0 +0.3 14.0 60.4 60.7
BCAP3000 P270 TO4 0.475 0.55 138.0 +0.3 14.0 60.4 60.7

Product dimensions and specifications may change without notice. Please contact Maxwell Technologies
directly for any technical specifications critical to application.

> Mounting Recommendations:
Do not reverse polarity.
Maximum torque for M12 screw terminals are 1O0Nm.
Cells are designed to be connected into series or parallel strings.
Clean terminals before mounting.

Worldwide Headquarters European Office

MAXWELL TECHNOLOGIES MAXWELL TECHNOLOGIES SA -
9244 Balboa Avenue * San Diego, 92123 CA, USA CH-1728 Rossens = Switzerland

PHONE: +(1) 858 503 3300 PHONE: +41 (0) 26 411 85 00 am

FAX: +(1) 858 503 3301 FAX: +41 (0) 26 411 8505 TECHNOLOGIES
EMAIL: info@maxwell.com EMAIL: info@maxwell.com

www.maxwell.com
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M MC Power Series BOOSTCAP® Ultracapacitors
TECHNOLOGIES

> Dimensions:

2x@314+0.013 H—= L ~—H

7
l l

@224 £125 Dy ©14£0013 Weldable Version #14£0013 DI
Vol Mass Size (mm)
Part Number ) (kg)
L H D, D,
(+0.125mm) (x0.2mm) (+0.7mm)
BCAP0650 P270 T05 0.150 0.20 515 205 3.18 60.4 60.7
BCAP1200 P270 T0O5 0.233 0.30 740 0.3 3.18 60.4 60.7
BCAP1500 P270 TO5 0.264 0.32 85.0 0.3 3.18 60.4 60.7
BCAP2000 P270 TO5 0.312 0.40 102.0 £0.3 3.18 60.4 60.7
BCAP3000 P270 TO5 0.414 0.55 138.0 £0.3 3.18 60.4 60.7

Product dimensions and specifications may change without notice. Please contact Maxwell Technologies
directly for any technical specifications critical to application.

> Markings:
Capacitors are marked with the following information - Rated capacitance and rated voltage as well as ener-
gy/power type indication in the product naming. Serial number; name of manufacturer, positive and negative
terminal, warning marking.

> Additional Technical Information:
Capacitance and ESR, DC measured per document 1007239

Ic= Leakage current after 72 hours, 25°C Isc = short circuit current (maximum peak current)

R¢h = Thermal resistance

2 0.12v2
2
max = __2CV= P...= 4R (1kh) py= RIDO
maXx
3600 x mass mass mass
Patent Pending
Worldwide Headquarters European Office
MAXWELL TECHNOLOGIES MAXWELL TECHNOLOGIES SA -
9244 Balboa Avenue * San Diego, 92123 CA, USA CH-1728 Rossens = Switzerland
PHONE: +{ ) 858 503 3300 PHONE: +41 {0) 26 411 8500 M
FAX: +(1) 858 503 3301 FAX: +41 (0) 26 411 8505 TECHNOLOGIES
EMAIL: info@maxwell.com EMAIL: info@maxwell.com
www.maxwell.com
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MC Power Series BOOSTCAP® Ultracapacitors
Maxwell

Disclaimer of Warranty/Limitation of Liability
for Uses in Life Support Devices or Critical Systems

Maxwell Technologies, Inc. and its Affiliates (*“Maxwell”) provide no warranties of any kind either express or implied, including
(without limitation) the implied warranties of merchantability and fitness, for uses of its products as components in life support
devices or critical systems.

“Life support devices” are devices or systems, which (a) are intended for surgical implant into a living body, or (b) support or
sustain life, and whose failure to perform when properly used in accordance with the instructions provided in the labeling can
be reasonably expected to result in bodily injury to the user. An example of a life support device includes, but is not limited to,a
heart pacemaker.

A “critical system” is any system whose failure to perform can affect the safety or effectiveness of a higher level system, or
cause bodily or property injury by loss of control of the higher level device or system.An example of a critical system includes,

but is not limited to, aircraft avionics.

Maxwell will not be liable to you for any loss or damages, either actual or consequential, indirect, punitive, special, or incidental,
arising out of or relating to these terms.

Patent Pending
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APPENDIX B

SCHEMATIC DIAGRAMSOF THE ULTRACAPACITOR TEST SYSTEM
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Figure B.1 Schematic diagram of the I/O configuration of the microcontroller board.
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Figure B.2 Schematic diagram of the microcontroller configuration.
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Figure B.3 Schematic diagram of the current protection circuit.
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Figure B.6 Schematic diagram of the gate drive circuit.
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APPENDIX C

CIRCUIT LAYOUTSOF THE ULTRACAPACITOR TEST SYSTEM

Figure C.1 Circuit layout of the microcontroller board.
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Figure C.2 Circuit layout of the power electronics converter board.
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APPENDIX D

PHOTOGRAPHSOF THE PRINTED CIRCUIT BOARDS

Figure D.1 Photograph of the microcontroller board.
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Figure D.2 Photograph of the power electronics converter board.
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APPENDIX E

SOFTWARE STRUCTURE OF THE ULTRACAPACITOR TEST SYSTEM

uCl1 uc2
DIS;IBGIEVEA f; TE DISABLE GATE
(M1,M3) SIGNALS (M2)
SET il,i2,..iN=0 SETj1,j2,.jJN=0
SELECT irep, SELECT iy,
# of cycles(N) # of cycles(N)
DETERMINE i .
ZERO CURRENT READ:1
AND MEASURE
THE VOLTAGE
VALUES
* 0 .
INITIALIZE Yes
VipNier
DETERMINE
* ZERO CURRENT
AND MEASURE
SEND MESSAGE THE VOLTAGE
ir=1 VALUES
READ j1 INITIALIZE V g

No 0 SEND MESSAGE
JI=1

v

READ i2,CH

A A

DISCHARGE
CHARCGHE:/yODE MODE No
CH=0
‘ L ‘ Yes
SEND MESSAGE

i2=1
CH

\

A

Figure E.1 Software structure of the UC test system (Part 1).
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uC1 uC2

Yes No Yes No
CHARGE . > i , DISCHARGE
™ OPERATION READ j2 READI3 OPERATION
READ No i SEND MESSAGE
™ leVioVe No Yes j2=1
v Yes v
Update PWM CHOPPER
(M1) OPERATION WAIT 100ms
No READ .
i Vi j2=0
A Yes A * A *
) Update
D|sag\|/|el§>v\nv| CHOPPER | R\EA'\D/ .
(M3) uer Vues Ve
_ . Update PWM
N=N+1 READ |3 )
WAIT 5s for No No
Voltage
Sabilization
+ es Yes
A A .
SEND MESSAGE Disable Disable PWM
Ve CHOPPER M2
(M3)
WAIT 100ms No SEND MESSAGE
A j3=1
¥ = ;
i3=0 > FINISH WAIT 100ms
- j3=0

Figure E.2 Software structure of the UC test system (Part 2).
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APPENDIX F

USER MANUAL OF THE ULTRACAPACITOR TEST SYSTEM

GATE DRIVE
SIGNAL
TERMINALS (G)

CURRENT MEASUREMENT

TERMINALS (C2)

321
M
o S -
— E \9)
uC2 uCl
Mixed
Signal %
Electronics . @)
— < (MSE) L e % =
L e DS o=
PN - ,5)\ o
- - E
) e
LED 1234 LED
GROUP2-1 (L2-1) GROUPI-1 (L1-1)
VOLTAGE MEASUREMENT

TERMINALS (V)

Figure F.1 Block diagram of the microcontroller board.
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Figure F.2 Front panel structure of the UC test system.
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Figure F.4 Structure of the switched multiple sockets.
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F.1

Instructions:

1
2.

Make the position of AC SW and UC SW, and SW 0 (OFF).
Connect the power cord of the transformers placed on the bottom storey

to the switched multiple socket.

3.

Select the test program by utilizing the program selection board according
to Table F.1.
Table F.1 Program selection

Operation SW3 | SW2 | Sw1

Discharge the UC moduleto zero voltslevel. |0 0 0

15A Constant Current Test 0 0 1

100W Constant Power Test 1 0 1

4. Make the position of AC SW and UC SW 1 (ON).
Make the position of SW 1 (ON).

6. L1-2 and L2-2 will illuminate representing the calibration and
communication operations between uC1 and pC2.

7. At theend of the calibration and communication process charging process

will start and L1-1 will illuminate (For the selection 001 or 101 ).

8.1 Hlumination of L1-1.1 represents that DC bus voltage is lower than
DC bus voltage reference.

8.2 lllumination of L1-1.2 represents that charging current is higher than
the current reference.

8.3 lHlumination of L1-1.3 represents that charging current is lower than

the current reference.

Note 8.1: [llumination of L1-1.2 and L1-1.3 together represents that charging

current regulation is provided.

8.

When the UC module terminal voltage reaches the upper level, charging
operation will be stopped. L1-2.4 and L2-2.4 will flash respectively.

After the flashing operation of L2-2.4, discharging operation will start
and L1-1 and L2-1 will illuminate.
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9.1

9.2

9.3

94

9.5

[llumination of L2-1.1 represents that input voltage (UC voltage) is
lower than voltage reference.

[llumination of L2-1.2 represents that discharging current is lower
than current reference.

[llumination of L2-1.3 represents that discharging current is higher
than voltage reference.

[llumination of L1-1.2 represents that output voltage is lower than
the output voltage reference.

[llumination of L1-1.3 represents that output voltage is higher than

the output voltage reference.

Note 9.1. Illumination of L2-1.2 and L2-1.3 together represents that

discharging current regulation is provided.
Note 9.2: Illumination of L1-1.2 and L1-1.3 together represents that output

voltage regulation is provided.

10. When the UC module terminal voltage reaches the lower level,
discharging operation will be stopped. L2-2.4 and L1-2.4 will flash

respectively. Charging operation will be provided in the next cycle.
11. If it is needed to finish the charging operation,

12.1 First, make the position of the AC SW 0 (OFF).

12.2 Second, make the position of SW 0 (OFF).
12. If it is needed to finish the discharging operation,

13.1 First, make the position of the UC SW 0 (OFF).

13.2 Second, make the position of SW 0 (OFF).
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