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DC-DC power converters are important in portable electronic devices such
as cellular phones and laptop ' computers, which are supplied with power
from batteries primarily. Such electronic devices often contain several sub-circuits
with different voltage level requirements which are different from that supplied by the
battery or external supplies and can be either higher or lower than the supply voltage.
Additionally, the battery voltage declines as its stored power is drained. Switched DC-
DC converters offer an operation to increase or decrease the voltage levels without
multiple batteries in order to accomplish the DC operation.

The operating DC voltage of most electronic devices in electric cars is
commonly lower than the power supply resources. The Buck DC-DC Converter is a
suitable solution for this system. However, the output voltage generally contains a
small ripple, which is an AC variation over the DC output. As a result, the accuracy of
Buck DC-DC Converter may not high as required in the specification. Therefore, the
Buck DC-DC converter to be studied in this thesis will focus on the reduction of
ripple voltages in order to sustain the system stability with low-cost implementation.

This thesis therefore aims to study power conversion theories in automotive
electric systems, and also study circuit topologies and operations of automotive DC-
DC buck converters. In addition, low-cost high-stability automotive 42V-14V DC-DC
buck converters are also designed and implemented. The scope of this thesis is to
study circuit configurations of a 42V to 14V buck DC-DC converter with feedback
control, and study the model and simulations of buck DC-DC converter with 42V
input voltage and 14V output voltage using LTspice IV and MATLAB Simulink.
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Chapter 1

Introduction

1.1 Background

DC-DC power converters are important in portable electronic devices such
as cellular phones and laptop computers, which are supplied with power
from batteries primarily. Such electronic devices often contain several sub-circuits
with different voltage level requirements which are different from that supplied by the
battery or external supplies and can be either higher or lower than the supply voltage.
Additionally, the battery voltage declines as its stored power is drained. Switched DC-
DC converters offer an operation to increase or decrease the voltage levels without
multiple batteries in order to accomplish the DC operation. Most DC- DC converters
also regulate the output voltage. DC-DC Converter in real-world applications used in
many fields. Basic example is Solar PV plant and Electric cars. in Solar PV plant
electric from solar cell isn't equal DC-DC converter helped adjust voltage for
balanced before convert to AC-Voltage by inverter.

From figure.1.1, electric cars have many module follow as inverter, DC-DC
converter, EV-ECU, battery management unit, on-board charger, air condition. DC-
DC converter is a one of those. Inverter is converted from DC voltage to AC voltage
used in motor drive. EV-ECU unit is car system control. Battery management unit are
manage voltage and warning when battery is low. On-board charger used to charge
when battery is low. Air-conditioner ECU is control air-condition system. This work

focused on DC-DC converter.


http://en.wikipedia.org/wiki/Cellular_phone
http://en.wikipedia.org/wiki/Laptop_computer
http://en.wikipedia.org/wiki/Battery_(electricity)
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Figure 1.1 llustrations of electric systems in Electric cars.

1.2  Classifications of DC-DC Switching Power Converters

Figure.1.2 shows the diagram of typical power supply system, showing the
buck DC-DC converter as a minor part. The voltage can suppurate are two types, the
first one is AC voltage and the second one is DC voltage. Generally the AC voltage
used transformer to reduce or increase and DC voltage used DC-DC converter. DC-
DC converter can suppurate are four types. A hybrid electric vehicle (HEV) combines
the advantages of an electric motor and an internal combustion engine (ICE). HEVs
are primarily driven by an electric motor whenever an ICE is not as efficient as an
electric motor and otherwise run on the ICE. During braking, the electric motor works
as a generator and recharges a battery by converting the vehicle kinetic energy into
electric energy. HEVs can use a smaller drive battery pack than EVs because HEVs
rely less on an electric motor. An electric car still uses a 12V system to power all of
the original 12V accessories: lights, horn, etc. This may also power some control
circuits for the electric drive system. However, unlike a gas car, there is no alternator
to keep this battery charged. One option in the early days of EVs was to use a deep
cycle 12V battery, as heavy duty as possible, and recharge it when you charge the



main battery pack. This is not adequate if any amount of night driving is intended. As
the battery drains in use, the headlights will grow dimmer and the turn signals flash
more slowly. It can also affect the running of the car if some of the drive system
components do not get the 12V signal they require. The solution is a car power
technology dc-dc converter. This taps the full battery pack voltage and cuts it down to
a regulated output, similar to that from an alternator. By tapping the full pack, there is
no uneven discharge. Amperage required is so low that there is little effect on range.
Isolation of the high and low voltage systems is maintained inside the DC/DC
converter. This also eliminates the need for a separate 12V charging circuit for an

auxiliary battery.

Voltage

AC voltage DC voltage

Reduce / Increase Reduce / Increase

DC-DC
Converter

Boost DC-DC
Converter

Buck DC-DC
Converter

Buck/Boost DC-DC
Converter

CUK DC-DC
Converter

Transformer

This work

Figure 1.2 The diagram of power supply system, showing the buck DC-DC

converter as a minor part.
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Figure.1.3 Types of DC-DC switching power converter.

The Figure 1.3 (a) shows the circuit configuration of a simple buck DC-DC
converter the circuit constrains four basics devices as follow: resister mosfet capacitor
inductor. Buck Converter is a converter where output voltage is lower than the input
voltage. This type is the simplest way to reduce the voltage of a DC supply is to use
a linear regulator, but linear regulators waste energy as they operate by dissipating
power as heat. Figure 1.3 (b) shows the circuit configuration of a simple buck DC-DC
converter the circuit constrains four basics devices as follow: resister MOSFET
capacitor inductor. Boost Converter is a converter that outputs a voltage higher than
the input voltage. It is a class containing two semiconductor switches, i.e. a diode and
a transistor, and a single energy storage element. Filters made of capacitors are
normally added to the output of the converter to reduce output ripple voltage.

Figure 1.3 (c) shows the circuit configuration of a simple buck DC-DC
converter the circuit constrains four basics devices as follow: resister MOSFET
capacitor inductor. Buck-Boost Converter is a type of DC-DC converter that has an
output voltage magnitude that is either greater than or less than the input voltage
magnitude. Two different topologies are called buck—boost converter. Both of them
can produce a range of output voltages, from an output voltage much larger than the
input voltage, down to almost zero. Figure 1.3 (d) shows the circuit configuration of a


http://en.wikipedia.org/wiki/Linear_regulator
http://en.wikipedia.org/wiki/Semiconductor
http://en.wikipedia.org/wiki/Diode
http://en.wikipedia.org/wiki/Transistor
http://en.wikipedia.org/wiki/Capacitor
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simple Cuk converter is a type of DC-DC converter that has an output voltage
magnitude that is either greater than or less than the input voltage magnitude.

DC to DC converters are important in portable electronic devices such as
cellular phones and laptop computers, which are supplied with power from batteries
primarily. Such electronic devices often contain several sub-circuits, each with its
own voltage level requirement different from that supplied by the battery or an
external supply (sometimes higher or lower than the supply voltage). Additionally, the
battery voltage declines as its stored power is drained. Switched DC to DC converters
offer a method to increase voltage from a partially lowered battery voltage thereby
saving space instead of using multiple batteries to accomplish the same thing. Most
DC to DC converters also regulate the output voltage. Some exceptions include high-
efficiency LED power sources, which are a kind of DC to DC converter that regulates
the current through the LEDs, and simple charge pumps which double or triple the

input voltage.

1.3 Commercially Available DC-DC Buck Power Converters

An electric car still uses a 12V system to power all of the original 12V
accessories: lights, horn, etc. This may also power some control circuits for the
electric drive system. However, unlike a gas car, there is no alternator to keep this
battery charged. One option in the early days of EVs was to use a deep cycle 12V
battery, as heavy duty as possible, and recharge it when you charge the main battery
pack. This is not adequate if any amount of night driving is intended. As the battery
drains in use, the headlights will grow dimmer and the turn signals flash more slowly.

It can also effect the running of


http://en.wikipedia.org/wiki/DC-DC_converter

Table 1.1 Specification of some commonly available DC-DC buck converters.

Power V-in V-out I-out Weight (g) Size
10W 12V 3.3V 3A 50g 46x27x14
20w 12V oV 3A 50g 46x27x14
15W 12V 5V 3A 509 46x27x14
15W 12Vv/24V 5V 3A 1209 58x27x22
36W 24V 12v 3A 100g 58x27x22

the car if some of the drive system components do not get the 12V signal they require.

1.4 Motivations

The electric car is increasingly important, because it reduces pollution.
Generally voltage electric car is 42V. It higher than electronic car equipment requires.
So Buck DC-DC Converter is alternative to reduce voltage. Voltage will be reduced
because the 14V is the voltage applied to the standard equipment used in the
electronic car. This research needs to be reduced from 42V to 14V voltage range

using a Buck DC-DC Converter for the electric car.

1.5 ° Statement of Problems and Hypothesis

The operating DC voltage of most electronic devices in electric cars is
commonly lower than the power supply resources. The Buck DC-DC Converter is a
suitable solution for this system. However, the output voltage generally contains a
small ripple, which is an AC variation over the DC output. As a result, the accuracy of
Buck DC-DC Converter may not high as required in the specification. Therefore, the
Buck DC-DC converter to be studied in this thesis will focus on the reduction of

ripple voltages in order to sustain the system stability with low-cost implementation.
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Figure 1.4 Block diagram of feedback control system.

1.6 Objectives

1.6.1 To study power conversion theories in automotive electric systems.

1.6.2 To study circuit topologies and operations of automotive DC-DC buck
converters.

1.6.3 To analyze nonlinear dynamics and stability controls of automotive
DC-DC buck converters mathematically.

1.6.4 To design and implement the low-cost high-stability automotive 42V-
14V DC-DC buck converters.

1.7 Research Scopes

1.7.1 Study circuit configurations of a 42V to 14V buck DC-DC converter
with feedback control.

1.7.2 Study the model and simulations of buck DC-DC converter with 42V
input voltage and 14V output voltage using LT-spice IV and MATLAB Simulink.



1.7.3 Implement a buck DC-DC converter circuit with 42V input voltage and
14V output voltage.

1.7.4 Feedback control consist two types as follow: the stability control and
chaos. This work was focused the feedback control system with reduce ripple voltage.

1.8 Expected Outcomes

1.8.1 Gain knowledge on power conversion theories.

1.8.2 Gain knowledge on circuit topologies and operations of automotive
DC-DC buck converters.

1.8.3 Gain analyzes nonlinear dynamics and stability controls of automotive
DC-DC buck converters mathematically.

1.8.4 Gain prototype of a 42V-14V buck DC-DC converter.



Chapter 2

Related Theories and Literature Reviews

2.1 Introduction

This chapter concerns with the related theories and literature reviews. The
related theories focus on the buck DC-DC converter, circuit operations and
calculation for device value. The feedback control in this work consists nonlinear
dynamics and stability control for used in an automotive. Chaos will be used in the

nonlinear dynamics feedback control system.

2.2  Related Theories
2.2.1 Circuit diagram of buck DC-DC Converter

Voltage regulation conventionally has been done by linear regulators but

slowly is being replaced with switching regulators. To realize the importance of a
switching regulator we will first compare its efficiency with a linear regulator. The

resistance of the linear regulator varies in accordance with the load resulting in a

/W(

3 R §Vout

constant output voltage.

Vin®

Figure 2.1 The circuit diagram of a linear regulator.
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Figure 2.2 Basic element of the Buck DC-DC converter.

As shown in Figure 2.1, a circuit diagram of simple linear regulator. As for

an example, the input voltage is 24V and the designed output is 12V. Using standard

power eguation, i.e.

P=1.V (2.1)

If the output current is 10A, this will result in (10A) (12V) equals 120W.
Now the regulator must dissipate 120 W of heat energy. This results in a mere 50%
efficiency for the linear regulator and a lot of wasted power which is normally
transformed into heat. Provision for heat sinks for cooling makes the regulator bulky
and large. Hence, where size and efficiency are critical, linear voltage regulators
cannot be used.

Figure 2.2 shows the basic elements of the buck DC-DC converter, including
the pulse-width modulating controller, a transistor switch, a inductor, a capacitor, and
a diode. First, the switch can be a toggle switch which switches between the power
supply voltage and ground, and is commonly implemented by transistors. Transistors
should offer fast switching times and should be able to withstand the voltage spikes
produced by the inductor. The input on the gate of the transistor is normally a Pulse
Width Modulated (PWM) signal which will determine the ON and OFF states. Sizing

of the power switch is determined by the load current and off-state voltage capability.
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The power switch can either be a MOSFET, IGBT, JFET or a BJT. Power MOSFETS
are the key elements of high frequency power systems such as high-density power
supplies. At high voltages, MOSFETS still encounter some limitations. The intrinsic
characteristics of the MOSFET produce a large on-resistance which increases
excessively when the devices' breakdown voltage is raised.

Second, the function of the inductor is to limit the current slew rate through
the power switch when the circuit is ON. The current through the inductor cannot
change suddenly. When the current through an inductor tends to fall, the inductor
tends to maintain the current by acting as a source. This limits the otherwise high-
peak current that would be limited by the switch resistance only. The key advantage is
when the inductor is used to drop voltage, it stores energy. Also the inductor controls
the percent of the ripple and determines whether or not the circuit is operating in the
continuous mode. Peak current through the inductor determines the inductor’s
required saturation-current rating, which in turn dictates the approximate size of the
inductor. Saturating the inductor core decreases the converter efficiency, while
increasing the temperatures of the inductor, the MOSFET and the diode. The size of
the inductor and capacitor can be reduced by the implementation of high switching
frequency, multi-phase interleaved topology, and a fast hysteric controller. A smaller
inductor value enables a faster transient responses; it also results in larger current
ripple, which causes higher conduction losses in the switches, inductor, and parasitic
resistances. The smaller inductor also requires a larger filter capacitor to decrease the
output voltage ripple. Inductors used in switched supplies are sometimes wound on
toroidal cores, often made of ferrite or powdered iron core with distributed air-gap to
store energy. A DC-DC converter transfers energy at a controlled rate from an input
source to an output load, and as the switching frequency increases, the time available
for this energy transfer decreases.

Third, the capacitor provides the filtering action by providing a path for the
harmonic currents away from the load. Output capacitance (across the load) is
required to minimize the voltage overshoot and ripple present at the output of a step-
down converter. The capacitor is large enough so that its voltage does not have any
noticeable change during the time the switch is off. Large overshoots are caused by

insufficient output capacitance, and large voltage ripple is caused by insufficient



12

capacitance as well as a high equivalent-series resistance (ESR) in the output
capacitor. The maximum allowed output-voltage overshoot and ripple are usually
specified at the time of design. Thus, to meet the ripple specification for a step-down
converter circuit, we must include an output capacitor with ample capacitance and
low ESR. The problem of overshoot, in which the output-voltage overshoots its
regulated value when a full load is suddenly removed from the output, requires that
the output capacitor be large enough to prevent stored inductor energy from launching
the output above the specified maximum output voltage.

Fourth, the purpose of this diode is not to rectify, but to direct current flow in
the circuit and to ensure that there is always a path for the current to flow into the
inductor. It is also necessary that this diode should be able to turn off relatively fast.
Thus the diode enables the converter to convert stored energy in the inductor to the
load. This is a reason why we have higher efficiency in a DC-DC Converter as
compared to a linear regulator. When the switch closes, the current rises linearly
(exponentially if resistance is also present). When the switch opens, the freewheeling
diode causes a linear decrease in current. At steady state we have a saw tooth response
with an average value of the current.

Last, feedback and control circuitry can be carefully nested around these
circuits to regulate the energy transfer and maintain a constant output within normal
operating conditions. Control by pulse-width modulation is necessary for regulating
the output. The transistor switch is the heart of the switched supply and it controls the

power supplied to the load.
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Figure 2.3 Circuit operations of buck DC-DC converter; (a) Operations during ON
state, (b) Operations during OFF state.

2.2.2 Circuit operations of buck DC-DC converter

States of Operation There are two states in which the circuit given in Figure
2.3 operates. That is the ON State and the OFF State. These two states and the active
circuit part for those given states are shown in the Figure 2.3 (a) and Figure 2.3 (b).
On stage the operation of the buck converter is fairly simple, with an inductor and two
switches (usually a transistor and a diode) that control the inductor. It alternates
between connecting the inductor to source voltage to store energy in the inductor and
discharging the inductor into the load. In the OFF state the switch is open, diode D

conducts and energy is supplied from the
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(a) (b)

Figure.2.4 (a) Continuous Mode (b) Discontinuous Mode.

magnetic field of L and electric field of C. The current through the inductor
falls linearly. When the FET switch is off, the inductor current discharges, inducing a
negative voltage drop across the inductor. Because one port of the inductor is tied to
ground, the other port will have a higher voltage level, which is the target output
supply voltage. The output capacitance acts as a low-pass filter, reducing output
voltage ripple as a result of the fluctuating current through the inductor. The diode
prevents the current flowing from the inductor when the FET switch is off.

During the ON state and then the subsequent OFF state the Buck Converter
can operate in Continuous Mode or Discontinuous Mode. The difference between the
two is that in CCM the current in the inductor does not fall to zero. See Figure 2.4.
Current flows continuously in the inductor during the entire switching cycle in steady
state operation. In most Buck regulator applications, the inductor current never drops
to zero during full-load operation. Overall performance is usually better using
continuous mode, and it allows maximum output power to be obtained from a given
input voltage and switch current rating. Energy from the battery is supplying the load
and is being stored in the inductor L as a magnetic field. The current through the
inductor is rising linearly. In the DCM the current in the inductor falls to zero and
remains at zero for some portion of the switching cycle. It starts at zero, reaches a
peak value, and returns to zero during each switching cycle. In applications where the

maximum load current is fairly low, it can be advantageous to design for
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Figure 2.5 Voltage in each state.
discontinuous mode operation. In these cases, operating in discontinuous
mode can result in a smaller overall converter size (because a smaller inductor can be

used). Often the output capacitor must be large to keep the voltage constant.

2.2.3 Calculations of the Duty Ratio

For calculation of the duty ratio we will first of all assume that the converter
is in steady state. The switches are treated as being ideal, and the losses in the
inductive and the capacitive elements are neglected. Also it is important to point out
that the following analysis does not include any parasitic resistances. The analysis

also has the i.e. iL(t)> 0. When the switch is on for time durationty, , the switch

conducts the inductor current and the diode becomes reverse biased. This results in a
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positive voltage V, =-V, across the inductor in Figure 2.5 (a). This voltage causes a

linear increase in the inductor currenti, . When the switch is turned off, because of the
inductive energy storage, L i continue to flow. This current now flows through the

diode, and V| =-V,in Figure 2.5 (b).

Ts Ton Ts
[Vidt= [vidt+ [Vidt=0=0 (2.2)
0 0 o
(Vd _VO)[ON :Vo(ts _tON) (2.3)
V, toy .
— =—— (Duty ratio 2.4
v, t (Duty ratio) (2.4)

Hence in this mode, the voltage output varies linearly with the duty ratio of the switch

for a given input voltage and does not depend on any other circuit parameter.

2.2.4 Calculation for Inductor

Calculation for Inductor from Figure 2.5 (a) we can derive a simplified
differential equation based on the assumption that the voltage across the load, and
thereby across the capacitor, is fairly constant. The differential equation in terms of
the current through the inductor. We know the fact that the buck converter can either
operate in its continuous conduction mode or discontinuous mode. When it operates
in the continuous conduction mode, there is always a current in the inductor. The

minimum current in the continuous conduction mode can be zero.
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2.2.5 Calculation for Capacitor

The output capacitor is assumed to be so large as to yieIdVO(t):VO.

However, the ripple in the output voltage with a practical value of capacitance can be

calculated by considering the waveforms shown in Figure 2.6 for a continuous-
conduction mode of operation. Assuming that all of the ripple component in L, flows
through the capacitor and its average component flows through the load resistor.

Therefore, the peak-to-peak voltage ripple AV, can be written as
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v, —AQ_11AlTs (2.6)
C C22 2
From during T4
Al = \%(1— DT, (2.7)

Therefore, substituting Al, from (7) into the (6) gives

TV
AV, =—-2(1-D 2.8
o =g L-DJTs (28)
2
.AVOZETSZ(l—D)zﬁ‘Z(l_D f, 2.9)
YV, 8 LC 2 f,

Where switching frequency f, :Tl and
S

W !
“2zJLC

(2.10)

Equation (2.9) shows that the voltage ripple can be minimized by selecting a corner
frequency f. of the low pass filter at the output such that f, << f. Also, the ripple is

independent of the output load power, so long as the converter operates in the
continuous-conduction mode. We should note that in switch-mode dc power supplies,
the percentage ripple in the output voltage are usually specified to be less than, for
instance, 1%. The analysis carried out above assumes ideal components and if we
were to make the analysis using all the non-ideal components it would make the
derivation a bit more complex with a lot of other parameters included in the final

equation. But for the calculation of initial values of the components the above
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approximations does result in reasonable values. It is also important to realize here

that the ESR and ESL are also important and can even dominate.

2.2.6 Chaos Theory and Dynamic Systems

Chaos is a property of dynamical systems. And a dynamical systemic
nothing more than a source of changing observations: Fibonacci imaginary garden
with its rabbits, the Earth’s atmosphere as reflected by a thermometer at London’s
Heathrow airport, the economy as observed through the price of IBM stock, a
computer program simulating the orbit of the moon and printing out the date and
location of each future solar eclipse. Indeed, one of the myths of chaos we will
debunk is that chaos makes forecasting a useless task. In an alternative but equally
popular butterfly story, there is one world where a butterfly flaps its wings and
another world where it does not. This small difference means a tornado appears in
only one of these two worlds, linking chaos to uncertainty and prediction: in which
world are we? Chaos is the name given to the mechanism which allows such rapid
growth of uncertainty in our mathematical models.

A dynamical system is one whose state changes in time. If the changes are
determined by specie rules, rather than being random, we say that the system is
deterministic, otherwise it is stochastic. The changes can occur at discrete time steps
or continuously. Also, discrete-time systems have already been extensively explored,
in part because they are more computationally tractable. Stochastic systems mimic
many of the features of chaos, but they are not chaotic because chaos is a property of
deterministic systems. Furthermore, introducing randomness into a dynamical model
is a way of admitting ignorance of the underlying process and obtaining plausible
behavior without a deep understanding of its cause.

A number of themes appear repeatedly in the study of dynamical systems
such as properties of individual orbits, periodic orbits, typical behavior of orbits,
statistical properties of orbits, randomness vs. determinism, entropy, chaotic behavior
and stability under perturbation of individual orbits and patterns. Normally, the
dynamical systems can be written in the system of mathematically equations that

describe how each variable changes with time as follows;
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dx

dtl _ fl( D S Xn,t)

dx

dt2 S N O — X,,t) (2.11)
dx

dtn = fn(xl,xz, ......... Xn,t)

Where n species are given by (Xl,....Xn) and the right side of each equation is a

function of (fl..., fn)that indicated the variables changes with time.

Table 2.1 Summary of related calibration techniques for automotive Buck DC-DC

converters,
Voltages (V) Proposed Designs and Calibrations
Ref | Years y
: Input | Output Techniques
The use of Electromagnetic Compatibility
1 2002 42 14
[1] (EMC)
2] 2003 42 14 Magnetic less bi-directional Technique
The use of Zero-Volt Zero-Current System
3 2004 42 14
[3] (ZVZCSs)
[4] 2005 42 14 The use of digital control system
[5] 2006 42 14 The use of flying capacitor
[6] 2010 42 14 The use of Buck-Boost converter
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2.3  Literature Reviews

Table 2.1 summarizes six related calibration techniques for Buck DC-DC
converters, involving L.Jourdan; JL.Schanen; and J.Roudet (2002) [1], Fang Z. Peng;
Fan Zhang; and Zhaoming Qian (2003) [2], A. Jangwanitlert J. C. Balda (2004) [3],
Dwaraka S. Padimiti; and Mehdi Ferdowsi (2005) [4], Fan Zhang,Lei Dul; Fang Z.
Peng; and Zhaoming Qian (2006) [5], Fan Zhang; Lei Du; and Fang Zheng Peng
(2008) [6], lan Nakashima; Eduardo F. Arcos; and Micah Ortzar (2010) [7]. All
proposed techniques are applicable for automotive Buck DC-DC converters where the
input and output voltages are 42V and 14V, respectively.

As shown _in Table 2.1, L.Jourdan; JL.Schanen; and J.Roudet (2002) [1]
proposes electrical power needs in automotive area that has led to several
modifications in the power system architecture. This rapidly increasing request, it has
been necessary to increase the voltage level, to decrease the currents: several car
manufacturers have retained 42V, to not exceed 60V which is, for
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Figure 2.7 Synchronous Buck converter.

safety requirements, the maximum transient overvoltage allowed in a car. To design
this converter, following automotive specifications must be fulfilled, including a 1

kW nominal power, a 42V input voltage with a 900 mV ripple voltage, a 14V output
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voltage with a 300 mV ripple voltage, a 100 ms time response, and respect automotive
EMC.

Contrary to inductors, which much be designed according to circuit
conditions, capacitors are to be chosen in a manufacturer catalogue. Once the
capacitor value is defined, all data are available in the datasheet. This can be easily
implemented under a numerical form, using tables. Unfortunately, this is once again
not a derivable solution, since capacitor values are discrete. As a first result, it must be
noticed that the switching frequency results from a trade-off between EMC and
passive components volume: a too high switching frequency do not allow the respect
of EMC standard, whereas a too low lead to prohibitive filtering elements. As far as
optimization strategies are conceded, many of them have been tested, using the
different models of section IV (derivable or not). The first optimization result uses
linear model (method 1). It is more robust and quicker than using a binary indication
of E.M.C. standard limits with sequential inductor model (method 2). Results is

presented in the
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Figure 2.8 ZVZCS converter topology.

Table 2.1, the starting point is the same in both cases. It will also be really

helpful to choose the best solution between several subcontractors, or even to evaluate
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their choices. Since this method can be applied to other power electronics equipment,
this tool will also be useful to optimize their car conceptions as a whole.

Fang Z.Peng; Fan Zhang; and Zhaoming Qian (2003) [2] presents a compact,
efficient, magneticless bi-directional DC-DC converter for 42/14 V automotive
systems. The proposed converter has no or minimal requirement for magnetic
components and can achieve an efficiency of 98%. The main circuit of the DC-DC
converter is analyzed and its control scheme is presented in the paper. Simulation
results and a 1 KW prototype are used to verify the analysis and to demonstrate the
advantages. In the automotive industry, more electric needs in the next generation
vehicles have been pushing toward 42V systems. Several dual voltage (42/14-V)
architectures have been proposed for the transition and accommodation of 14V loads.

A. Jangwanitlert J. C. Balda Alrmact (2004) [3] analyzes two solutions
for ringing voltage problems occurring in the output voltage of a arc- Voltage
and Zero-Current Switching Phase-Shifted Pulsewidth Modulation Full-Bridge dc-de
converter intended for automotive applications. An RCD snubber and an active
snubber (thereafter called “modified flyback converter” since it includes a flyback
converter to provide an additional power supply) are designed to reduce the
ringing voltage caused by mainly the interaction among the transformer leakage
inductance and circuit parasitic capacitances. This converter with the RCD snubber
and the modified flyback converter has efficiencies of 91 YO and 92 %, respectively,
at 42V 1 kW full load. The converter without any snubber has a lower efficiency of
88.7%. Experimental and simulation results are shown to complement the theoretical
analysis. Fig. 10 shows the ZVZCS converter for automotive applications. This
converter was designed so the switches of the leading and lagging legs operate under
the ZVZCS mode during turn-on, the switches of the lagging leg under the ZCS mode
during turn-off, and the switches of the leading leg under near ZVS mode during turn-
off. The dead times for the leading and lagging legs are equal because the leading-
leg switches are power MOSFETs with internal diodes and capacitors to reduce
voltage spikes and the tail current (typical of IGBTs used in high power
applications). An analysis of the problem of the ringing voltages encountered in
ZVZCS converters was performed since the main drawback was a reduction of the

converter efficiency.
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Dwaraka S. Padimiti; and Mehdi Ferdowsi (2005) [4] in this paper were
shown electric and hybrid electric vehicles need a power plant that includes dc-dc
converters. While using these converters, their control plays an important role in the
overall performance of the vehicle. Due to their several drawbacks including poor
communications, analog control schemes are not suitable for the automotive industry,
whereas digital control methods successfully meet the demands. Various types of
digital control techniques for dc-dc converters are studied and classified in this paper.
The drawbacks and advantages of each method are described. The conversion of
automotive systems from 14V to 42V is inevitable in the future automobile industry.
This transition to use 42V systems indicates the use of dc-dc converters. The electric
vehicles and hybrid electric vehicles (EVS/HEVS) require dc-dc converters in addition
to ac-dc/dc-ac converters. The control of these converters plays an important role in
the overall performance of the HEV. Hence optimization of the efficiency and
performance of various converters used in the HEV as well as the entire system level
integration is the present major concern in the automotive industry. Control of dc-dc
converters is racing towards complete digitalization so as to improve their
performance. Even though digital control techniques are in the early stages they are
proving to be the emerging technology of future.

Fan Zhang,Lei Dul; Fang Z. Peng; and Zhaoming Qian (2006) [5] presents
flying capacitor technology is widely used in low power dc-dc converter, especially in
power management of the integrated circuit. These circuits have a limitation: high
pulse currents will occur at the switching transients, which will reduce the efficiency
and cause EMI problems. This makes it difficult to use this technology in high power
level conversion. This paper presents a new design method for dc-dc converter with
flying capacitor technology. The new method can reduce the high pulse current which
usually causes serious problem in traditional converters. Therefore the power level of
this new designed converter can be extended to 1 KW or even higher. A 1 kW 42/14 V
flying capacitor converter was designed for 42V automotive systems. The
experimental results verified the analysis and the prototype achieved the efficiency
close to 96% at full load.

lan Nakashima; Eduardo F. Arcos; and Micah Ortzar (2010) [7] presents the

sodium-nickel chloride battery, commonly known as ZEBRA, has been used for an
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experimental electric vehicle (EV). These batteries are cheaper than Li-ion cells and
have a comparable specific energy (in watt-hours per kilogram),but one important
limitation is their poor specific power (in watts per kilogram). The main objective of
this paper is to demonstrate experimentally that the combination of ZEBRA batteries
and ultra capacitors (UCAPs) can solve the lack of specific power, allowing an
excellent performance in both acceleration and regenerative braking in an EV. The
UCAP system was connected to the ZEBRA battery and to the traction inverter
through a buck—boost-type dc—dc converter, which manages the energy flow with the
help of DSP controllers. The vehicle uses a brushless dc motor with a nominal power
of 32 kW and a peak power of 53 kW. The control system measures and stores the
following parameters: battery voltage, car speed to adjust the energy stored in the
UCAPs, instantaneous currents in both terminals (battery and UCAPSs), and present
voltage of the UCAP. The increase in range with UCAPs results also show that this

alternative is cheaper than Li-ion powered electric cars.



Chapter 3
Research Methodology

3.1 Introduction

This chapter presents the research methodology for a nonlinear dynamics and
stability controls for automotive switching DC-DC power converters. This chapter
includes the overall research processes, utilizing data, research tools, data analysis

methods, research procedures and conclusions.

3.2 Overall Research Processes

3.2.1 Study the related theories and circuits of automotive buck DC-DC
converters.

3.2.2 Perform theoretical analysis for nonlinear dynamics and stability
controls of automotive buck DC-DC converters through dynamical theories.

3.2.3 Perform circuit and system simulations of automotive buck DC-DC
converters using MATLAB, Proteus simulation and Orcad capture.

3.2.4 Implement and test circuit prototypes of buck DC-DC converters and

also perform the comparisons between circuit prototypes and simulation results.

3.3 Utilizing Data
Data to use in this work follow devices datasheets, limits of each equipment,
maximum current load, maximum voltage, physical specification of device and

related theories of the buck DC-DC converter generally using differential equation.

3.4  Research Tools
The theoretical analyses will be performed through dynamical theories and
differential equation systems. Simulations will employ Simulink in MATLAB,

Proteus simulation and Orcad capture.
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3.5 Data Analysis Methods

3.5.1 Using differential equation and basic equation to solver the values of
device in buck DC-DC converter circulit.

3.5.2 Simulation the circuit in MATLAB, Proteus simulation and Orcad
capture.

3.5.3 Implement the buck DC-DC converter circuit and measurement.

3.6  Research Procedures

3.6.1 Study related theories and analyze the differential equations for the
buck DC-DC converters.

3.6.2 Use the program MATLAB, Proteus simulation and Orcad capture to
simulate and analyze all devices in the buck DC-DC converters.

3.6.3 Determine the value of devices in the buck DC-DC converter.

3.6.4 Apply the chaotic system and stability control technique for feedback
control to reduce voltage ripple and implement the circuit prototype.

3.6.5 Make a comparison between the each prototype and simulation with

respect the ripple voltage.

3.7  Conclusions

This chapter has presented the research methodology for a nonlinear dynamic
and stability control for automotive switching DC-DC power converter, including the
overall research processes, utilizing data, research tools, data analysis methods and

research procedures.



Chapter 4

Research Results

4.1  Introduction
This chapter presents the research results for a nonlinear dynamics and

stability controls for automotive switching DC-DC power converters. This chapter

includes the overall research results.

4.2  Block diagram and trend of duty cycle
Buck DC-DC power converter suppurate into two sections. The first one is
typical section and the second one is feedback control section as shown on the Figure

4.1. V, from typical section must deride by R, and R, before input to error amp,
loop filter finally comparator with ramp generator and got PWM to control MOSFET.

If D is change V, can change Figure 4.2 shows trend of each duty cycle.

(a) Typical DC-DC Buck Converter
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(b) Feedback Controller Section
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Figure 4.1 shown the block diagram of Buck DC-DC converter
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Figure 4.3 Ripple output and DC voltage from regulator.
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Figure 4.3 shows simulation ripple output compared with DC voltage from
regulator. In this figure green line is voltage ripple from typical section and the red
line reference is dc voltage from regulator to got pulse signal. Then, voltage ripple
compare with dc voltage we got pulse signal if voltage greater than dc voltage from
regulator pulse signal is equal to the power of the opamp. Ramp generator in feedback

control section used IC number NE555 to generate saw tooth signal.
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Figure 4.4 Pulse Width Modulation Signal.

Figure 4.5 Sawtooth signal from IC number NE555.
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Figure 4.6 Sawtooth signal from IC number NE555.

Therefore, after compare between saw tooth signal from IC number NE555
and pulse signal got duty cycle the PWM feedback to control MOSFET. Then if
output is change input isn't change. Based on Figure 4.1, the circuit is operated in two

stages. When the switch is ON, the voltage and current of the inductor are given by

VL (t): I—dll_i(t)1VL =Vin _Vo

dt
ZRVARRVA

i === =L 4.1
W &n (4.1)

Using Kirchhoff’s Current Law analysis (KCL), the inductor current and the output

voltage are given by

oV
) d¢ R

Y/

W — 42
N (4.2)

In the case where the switch is OFF, the currents through the capacitors and the

inductor can be found as follows;
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i f2—0 (4.3)

By using KCL, Equation (3) can be expressed as

0=c o, Vo
dt R
Y
VO :—% (44)

From all above equations, the state space of the Buck DC-DC converter for the state

ON (ton) can be found as follows;

o Ll 414
|1 _i[\l/j{ﬂ[v‘”] (4.5)
C

In addition, the stage space averaging equation for the DC-DC Buck converter for the

state OFF (torF) can also be found as follows;

M =Ldf fdz _9% RH%]N] (4.6)

where di=(t;/T) and d,=([t:-t]/T). T is a period of the pulse. The value of the output
voltage is compared whit the ramp signal to generate the switching signal.

4.7)




The voltage across the capacitor is given by

V. di 1
i _ Vel and b _ ~(_

In the case where the inductor current is positive, and
\Y
V, <% 4V

c ref
k

The voltage across the capacitor is consequently given by

V., -V
£ )

Ve _Lfi Vel and 9 _1¢
¥ dt L in

Finally, in the case where there is inductor current in the circuit and,
Vramp
V. <——+V

c ref
k

The voltage across the capacitor is consequently given by

av. :1 _Ve and i:o
dt C R dt

It should be noted that the ramp voltage is given by

Viam =V +(Vy =V, )Gj mod 1

when the v, v, are upper and lower voltages of ramp signal.
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The simulations have been performed in MATLAB and Proteus simulation
programs. Figure.4.7 shows the switching DC-DC buck converter circuit schematic in
SIMULINK. Figure.4.8 shows the circuit diagram of the feedback-controller,
including error amplifier, filter, and a ramp generator in Proteus Simulation. The DC-
DC buck converter circuit was implemented on-board using a power MOSFET
IRF9640 and power standard recovery diode 1N4001. The DC input voltage was
varied from 20V to 60V as in mathematical model control circuit was supplied from a
voltage supply. The ramp generator implemented based on a NE555 timer generates a
saw tooth waveform.

A bandwidth dual operational amplifier TL082 is used as a comparator and a
difference amplifier. Figure 4.9 shows the chaotic attractor of the output voltage
versus the output current at different loading conditions, i.e. 220, 30Q2, and 50Q. It is
apparent that the system can exhibit the chaotic attractors. The experimental result of
chaotic attractor of the output voltage versus the output current at different loading
conditions the output voltage waveforms in chaotic states, comparing between
simulated and experimental values the inductor currents waveforms in chaotic states,
comparing between simulated and experimental values. It can be seen from Figure 4.9
that the automotive can be operated in the chaotic modes. This suggests that the
suitable conditions should be made in order to avoid the instability of the power

conversion systems.
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Figure 4.10 Simulation results of the Buck DC-DC converter, showing an output
voltage of 14V with apparent voltage ripples.

4.3 Bifurcation

Bifurcation theory is the mathematical study of changes in the qualitative
or topological structure of a given family, such as the integral curves of a family
of vector fields, and the solutions of a family of differential equations. Most
commonly  applied to  the mathematical study  of dynamical  systems,
a bifurcation occurs when a small smooth change made to the parameter values (the
bifurcation parameters) of a system causes a sudden ‘qualitative’ or topological change
in its behavior. Bifurcations occur in both continuous systems (described by

ODEs, DDEs or PDEs), and discrete systems (described by maps).

V = N Zc'n + E(E _Vc,n )ﬂ(H (D B k(vc,n Vet )))2
c,n+l — \Vj

c,n

(16)
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Figure 4.11 Bifurcation each variable.

On the figure 4.11 shown bifurcation results using equation (16) and variable
parameter Gain (k) in figure 4.11 (a.), Capacitor (c) in figure 4.11 (b.), Rload (Q2) in
figure 4.11 (c.), Inductor (L) in figure 4.11 (a.). From figure 4.11 found Gain and
Capacitor are important with stability of system, if gain more than 4.5 it will be no
stability (chaos) condition is fix C, L and R load. And then if C is less than 1.5x10™ F
it will be no stability (chaos) condition is fix Gain is 1, L and R load.
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4.4  Lyapunov Exponent (LE.)

In mathematics the Lyapunov exponent or Lyapunov characteristic
exponent of a dynamical system is a quantity that characterizes the rate of separation
of infinitesimally close trajectories. Quantitatively, two trajectories in phase
space with initial separation sz diverge (provided that the divergence can be treated

within the linearized approximation) at a rate given by|dZ(t) ~e*|6z| where A is the

Lyapunov exponent. The rate of separation can be different for different orientations
of initial separation vector. Thus, there is a spectrum of Lyapunov exponents— equal
in number to the dimensionality of the phase space. It is common to refer to the
largest one as the Maximal Lyapunov.exponent (MLE), because it determines a
notion of predictability for a dynamical system. A positive MLE is usually taken as an
indication that the system is chaotic (provided some other conditions are met, e.g.,
phase space compactness). Note that an arbitrary initial separation vector will
typically contain some component in the direction associated with the MLE, and
because of the exponential growth rate, the effect of the other exponents will be

obliterated over time. The exponent is named after Aleksandr Lyapunov.


http://en.wikipedia.org/wiki/Mathematic
http://en.wikipedia.org/wiki/Dynamical_system
http://en.wikipedia.org/wiki/Trajectory
http://en.wikipedia.org/wiki/Phase_space
http://en.wikipedia.org/wiki/Phase_space
http://en.wikipedia.org/wiki/Phase_space
http://en.wikipedia.org/wiki/Predictability
http://en.wikipedia.org/wiki/Chaos_theory
http://en.wikipedia.org/wiki/Aleksandr_Lyapunov

Lyapunov

aaaaa

Parameter K

Figure 4.13 lyapunov exponent of gain.

40



41

From the bifurcation tropic Gain (k) and Capacitor (c) are important to the stability
system. In the figure 4.12 and figure 4.13 shown LE of Capacitor (c) and Gain (k), if
the value of LE more than zero that zone is non stability. The mapping between figure
4.12 and figure 4.13 by MATLAB Simulink results in Figure 4.14. From Figure 4.14

can used value only in white Buck DC-DC converter system results in is stability.

Figure 4.14 mapping with LE gain (k) and LE capacitor (c)
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4.5  Implementation circuit

Figure 4.15 Implementation circuit using protoboard.

Figure 4.15 shows circuit implementations using protoboard. The DC-DC
buck converter circuit was implemented on-board using a power MOSFET IRF9640
and power standard recovery diode 1N4001. The DC input voltage was varied from
20V to 60 V as in mathematical model; control circuit was supplied from a voltage
supply. The ramp generator implemented based on a NE555 timer generates a
sawtooth waveform. A bandwidth dual operational amplifier TL082 is used as a
comparator and a difference amplifier. Compare with simulation set k =7, C =
2200uF, Rigad = 50kQ, L=22mH, MOSFET = IRF9640 output voltage ripple about
27TmV



43

G INSTEK W e @, 8RS N CHZ
v Coupling
{ =
Invert
Off
By Lirnit
Off
violtage
1%

1385 Expand
e . 00 L Eraund

138 :
0 05 1 15 2 wfgs(g) 3 35 4 45 : o @ 16ms EDGE  FAC
x 10 an 1.66694kHz E00

1415+

14.1F

14051

Voltage (V)
=

1395+

1391

w0

Simulation Output Voltage Measurement Output voltage

(@)

G4 INSTER W v @, BEEs M Measure
- -

} Wpp

S |

08

1: chan off

i

1: chan off
21.21U

Frequency

1 chan off
2: 344.2H=

Dty Cycle

1: chan off
20 36.97%

Ll Wrin
1: chan off
2: —1@.8U

G Sms H1 EDGE FRAC
{2Hz 01

0.6

04r

0.2

02 i L L L L L L L i
3500 3550 3600 3650 3700 3750 3800 3850 3900 3950 4000

Simulation Output Current Measurement Output Current

(b)
Figure 4.16 (a) Output voltage and (b) output current.

4.6  Conclusion

A switching DC-DC power converter has been employed in power electrical
systems, ranging from small hand-held devices to large automotive and aircraft
system, due to a small-size low-weight circuit implementation and high-efficiency in
energy conversion process. However, the main problem in designs and
implementations of such a switching DC-DC power converter is a varying nonlinear
function that leads to complexity in dynamic behavior analysis. This work has
presented the investigation of chaotic behaviors in the standard 42V-to-14V switching

DC-DC power converter, which has been appointed for use in electric cars. The
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nonlinear dynamic is described based on the system of differential equation and
stability condition. Simulation results are conducted using Simulink in MATLAB and
Proteus Programs. The results are described in terms of time-domain ripple
waveforms and chaotic attractors. Electronic circuit implementation and measurement
are also presented. The proposed instigation method can be used for further stability
control technique based on the calibration of closed-loop gain of the feedback section
that suppresses the system from chaos regions, observing from the bifurcation

boundary. Electronic circuit implementation and measurement have also presented.



Chapter 5

Conclusion and Suggestion

5.1  Conclusion

DC-DC power converters are important in portable electronic devices such
as cellular phones and laptop computers, which are supplied with power
from batteries primarily. Such electronic devices often contain several sub-circuits
with different voltage level requirements which are different from that supplied by the
battery or external supplies and can be either higher or lower than the supply voltage.
Additionally, the battery voltage declines as its stored power is drained. Switched DC-
DC converters offer an operation to increase or decrease the voltage levels without
multiple batteries in order to accomplish the DC operation.

The operating DC voltage of most electronic devices in electric cars is
commonly lower than the power supply resources. The Buck DC-DC Converter is a
suitable solution for this system. However, the output voltage generally contains a
small ripple, which is an AC variation over the DC output. As a result, the accuracy of
Buck DC-DC Converter may not high as required in the specification. Therefore, the
Buck DC-DC converter to be studied in this thesis will focus on the reduction of
ripple voltages in order to sustain the system stability with low-cost implementation.

The purposes of this thesis are to study power conversion theories in
automotive electric systems, and also study circuit topologies and operations of
automotive DC-DC buck converters. In addition, low-cost high-stability automotive
42V-14V DC-DC buck converters are also designed and implemented. The scope of
this thesis Is to study circuit configurations of a 42V to 14V buck DC-DC converter
with feedback control, and study the model and simulations of buck DC-DC converter
with 42V input voltage and 14V output voltage using LTspice IV and MATLAB
Simulink.

The literature reviews have involved six related publications including
L.Jourdan, JL.Schanen, J.Roudet (2002) [1], Fang Z. Peng , Fan Zhang, and
Zhaoming Qian (2003) [2], A. Jangwanitlert J. C. Balda (2004) [3], Dwaraka S.
Padimiti and Mehdi Ferdowsi (2005) [4], Fan Zhang,Lei Dul, Fang Z. Peng, and
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Zhaoming Qian (2006) [5], Fan Zhang, Lei Du, Fang Zheng Peng (2008) [6], lan
Nakashima, Eduardo F. Arcos, and Micah Ortzar (2010) [7]. All proposed techniques
are applicable for automotive Buck DC-DC converters where the input and output
voltages are 42V and 14V, respectively.

The simulations have been performed in MATLAB and Proteus simulation
programs. Simulations include bifurcation diagram and Lyapunov spectrum. The
results show that some regions of operations exhibits chaotic behaviors which we
should avoid from the real operations. For the circuit designs, the DC-DC buck
converter circuit was implemented on-board using a power metal-oxide-
semiconductor field effect transistor number IRF9640 and power standard recovery
diode 1N4001. The DC input voltage was varied from 20 to 60 V as in mathematical
model; control circuit was supplied from a voltage supply. The ramp generator
implemented based on a NE555 timer generates a sawtooth waveform. A bandwidth
dual operational amplifier TLO82 is used as a comparator and a difference amplifier.
Compare with simulation set k = 7, C = 2200uF, Rjpad = 50kQ, L=22mH, MOSFET =
IRF9640 output voltage ripple about 27mV as shown in Figure 5.1

The results are described in terms of time-domain ripple waveforms and
chaotic attractors. Electronic circuit implementation and measurement are also
presented. The proposed instigation method can be used for further stability control
technique based on the calibration of closed-loop gain of the feedback.
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From bifurcation in chapter 4 gain (k) and capacitor (c) are important to
system stability gain (k) in error amplified must less than 4.5 and capacitor must
more than 1.5 x 10 F.
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K 7

Figure 5.3 Lyapunov Spectrum of C-K mapping.

5.2 Suggestion

From LE in chapter 4 can made mapping help decision to choose value of
device in Buck DC-DC Converter circuit stability system. In figure 5.2 have
advantages for choose value easily. Figure 5.2 shown LE value Y axis is LE value of
capacitor and X axis is LE value of gain. This work or other work to need high
stability system of Buck DC-DC Converter can used only value in white color, it is

stability zone. In the black color is chaos or non stability zone.
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Appendix

Appendix A - MATLAB Simu Bifurcation code.
function Solution = Bifurcation
clear
scale = 10000; % determines tk
maxpoints = 250; % determi alues to plot
N =500; % number of "r" v

a =0; % starting value of '

B = (TA2)/(2*L*C);
A = 1-((M/(R*C)+((T"2)/(2*(C"2)*(R"2)));
D = ((1-A)*(Vc2))/(B*E*(E-VC)))0.5;
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for i =2:M, % iterate
X(1) = (A*(x(i-1)"2))+((E*(E-x(i-1)))*B*( (H(D-K*(x(i-1)-Vref))) )"2))/(x(i-1));

%x(i) = sin(r*x(i-1));
end

% only save those unique, sem

a(:,2 /scaleki,

elseif x > 1
ans x=1;
else

ans_X = X;



end

Appendix B - MATLAB Simulink lyapunov exponent (LE.) code.
% Note that all lyapunov exponents are well estimated here

0 ---mmmmmmmm e METHOD 2- using derivative along 1 orbit (better)

function gw = qqq

as = 0:0.001:7; % note this takes about 10 sec to run!

hs = zeros(size(as));

for j=1:numel(as)

a=as(j);

R = 50;

L = 22e-3;

C = 2200e-6;

Vref = 14.0000000000001;

E=42;

K=a,

T = 1/1300;

Ve = Vref;

B = (T"2)/(2*L*C);

A = 1-((N/(R*C))+((T"2)/(2*(C"2)*(R"2)));

D = (((1-A)*(Vc"2))/(B*E*(E-VC)))"0.5;

f=@(x) (A*(x"2))+((E*(E-x))*B*( (H(D-K*(x-Vref))) )*2))/(X);

df = @(x) (2*A*x - B*E*(tanh(500*D - 500*K*(x - Vref))/2 + 1/2)A2 +
500*B*E*K*(tanh(500*D - 500*K*(x - Vref))/2 + 1/2)*(tanh(500*D - 500*K*(x -
Vref))2 - 1)*(E - x))/x - (A*x"2 + B*E*(tanh(500*D - 500*K*(x - Vref))/2 +
1/2)"2*(E - x))/x"2; % derivative of logistic map

N =100; % number of iterations (Can use more than above)
x = zeros(1, N+1);
X(1)=42; % IC
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deriv = 1; % start counting the

for n=1:N

x(n+1) = f(x(n));
deriv = deriv * df(x(n)); % updat
end

t of derivatives

hs(j) = log(abs(deriv)) / N; % 3.1 in book.
end
figure; plot(as, hs); xlabe

% Note that ¢

); % as before
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