
Boost converter design with feedback
control

Anders Aahave Lund
Energy Technology, EN7ds-5-E20, 2021-04

Bachelor Project

S
T

U

D
E

N
T  R E P O R T



Boost converter design with
feedback control

Criteria: Stability, small size and efficiency

Anders Aahave Lund
Energy Technology, EN7ds-5-E20, 2021-04

Bachelor Project

S
T

U

D
E

N
T  R E P O R T



5

Copyright © Aalborg University 2021

Software used for this project:
MATLAB and Simulink for the theoretical calculation and simulation.
MPLAB X IDE for prograamming the microchip.
MaxiScope MP408 for the validation and measurement of the physical product. 10

Latex as text handler for the report.
Office pack for various small tasks.



Energy Technology
Aalborg University

http://www.aau.dk

Title:
Boost converter design with feedback
control

Theme:
Electrical control engineering

Project Period:
Spring Semester 2021

Project Group:
EN7ds-5-E20

Participant(s):
Anders Lund

Supervisor(s):
Mohsen Soltani

Page Numbers: 57

Date of Completion:
April 8, 2021

Abstract:

This report is intended as a step-
by-step guide on how to obtain a
feedback-controlled boost converter.
The differential equations are derived,
averaged and linearized via Taylor se-
ries. The equations are converted to a
transfer function, that is utilized to de-
rive a Lead/Lag compensator, via the
frequency response method. Digitiza-
tion methods are used and a test setup
is constructed. The results are evalu-
ated and the findings of the project are
discussed and concluded on. The idea
of the report is, that the descriptions
are made mainly in general terms,
before calculating the specific values.
This is intended as an educational fea-
ture such that the report can be used
to obtain a boost converter with other
specifications fairly easy.

The content of this report is freely available, but publication (with reference) may only be pursued due to

agreement with the author.15

By accepting the request from the fellow student who uploads the study group’s project report in Digital Exam

System, you confirm that all group members have participated in the project work, and thereby all members are

collectively liable for the contents of the report. Furthermore, all group members confirm that the report does

not include plagiarism.

http://www.aau.dk


0.1 Preface 20

This is a scientific report, with the goal of constructing a physical device of a boost
converter. Boost converters has for a long time fascinated me, it is like a pump
with no visual moving mechanical parts. The inspiration for the project comes
from the fascination of the physics involved in a boost converter. There is a certain
analogy between a ramp water pump, that utilizes the inertia of water, to pump 25

water to a higher level with a little waste of water. The water flows faster and
faster downhill, and suddenly a flap valve closes, and the momentum of the wa-
ter forces a high pressure, that can be utilized to pump water to a higher level,
than the water source. It is very simple and genius. Somewhat the same with the
boost converter, the current starts to flow through the inductor faster and faster, 30

and when the switch is opened, there is an increase in "pressure" or in this case
voltage, that can have a much higher potential than the source. This analogy has
fascinated me since i learned about boost converters the first time.
The converter is intended to power a nixie-tube-clock when it is disconnected from
the grid. It is a homemade clock that utilizes old Russian nixie tubes to display 35

time. These tubes needs between 150 and 200 [V] to glow and the total amount of
current, for all six tubes, is 16.5 [mA] [2]← (Citation style)
The clock will have a power input from the 240 [V] line. However, it needs to
maintain functions when unplugged, so this report will make a power supply that
runs on two 9 [V] batteries connected in series. Ripple voltage should be under 1 40

percent in order to avoid flickering and over-voltage on the tubes. The load will
change every second, so the controller needs to be able to handle that. Further-
more, the input voltage will drop over a period of time due to the batteries being
drained. The space is limited in the base of the clock, therefore the boost converter
needs to be small in size. 45

I would like to thank my wife for being very patient with me, during the study
of this paper, along with being a solid rock at my side. This is also why she will
be the recipient of the clock when it is finished.

50

The report has a citation list at the end, as an addition to this list, i have utilized
lecture notes from Mohsen Soltani, whom i owe great thanks for his knowledge
sharing, and great guidance. The citation is made with numbers and can be easily
matched to a paper or book at the end. There are line numbers in the margin
throughout the report, which makes it easy to make notes and reference to the 55

exact location, when reading it. Furthermore, figures and equations are labelled
with a number, which is also intended for easy notation and comparison when
reading the report.



Nomenclature60

∆ iL
dt -Small signal derivative of inductor current. Unit = Ampere: [A]

∆ VC
dt -Small signal derivative of voltage drop across capacitor. Unit = Voltage: [V]

∆d -Small signal duty cycle

∆iL -Small signal inductor current. Unit = Ampere: [A]

∆iRload -Small signal current through load resistance. Unit = Ampere: [A]65

∆VC -Small signal voltage drop across capacitor = output of converter. Unit =
Voltage: [V]

∆Vs -Small signal input voltage to converter. Unit = Voltage: [V]

ẋ -Derivative of state vector

iL
dt -Derivative of inductor current. Unit = Ampere: [A]70

VC
dt -Derivative of voltage drop across capacitor. Unit = Voltage: [V]

µC -micro controller

ρ -Resistivity. Unit = Ohm-meter: [Ωm]

AAvr -Averaged system matrix

ACL -System matrix, switch closed75

AOP -System matrix, switch open

B -Input matrix

BAvr -Averaged input matrix

BCL -Input matrix, switch closed

BOP -Input matrix, switch open80

v



C -Output row-vector

D -Direct transmission term

e(z) -Error in discrete domain

E1 -Input matrix for voltage disturbance

E2 -Input matrix for load disturbance 85

U(z) -Discrete output of controller

x -State vector

A -Area. Unit = square-meter: [m2]

ADC -Analog-to-Digital Converter

C -Capacitance. Unit = Farad: [F] 90

D -Duty cycle

Dss -Steady state duty cycle

DAC -Digital-to-Analog Converter

ek−1 -Earlier value of error with one sample delay

ek -Current value of error 95

ESR -Equivalent Series Resistance of capacitor

i -Current. Unit = Ampere: [A]

iC -Capacitor current. Unit = Ampere: [A]

iL -Inductor current. Unit = Ampere: [A]

iRload -Current through load resistance. Unit = Ampere: [A] 100

KCL -Kirchhoff’s Current Law

KVL -Kirchhoff’s Voltage Law

L -Inductance. Unit = Henry: [H]

l -Length. Unit = meter: [m]

P -Power. Unit = Watt: [W] 105

PCB -Printed Circuit Board



PWM -Pulse Width Modulation

Q -Charge. Unit = Coulomb: [C]

RDSon -Ohmic resistance in the mosfet. Unit = Ohm: [Ω]

RL -Ohmic resistance in inductor. Unit = Henry: [H]110

SS -Steady State

TF -Transfer Function

u -Input to state equation or state space model

Uk−1 -Earlier value of control output with one sample delay

Uk -Current value of control output115

V -Voltage. Unit = Voltage: [V]

VC -Voltage drop across capacitor = output of converter. Unit = Voltage: [V]

VDSON -Voltage drop across MOSFET switch. Unit = Voltage: [V]

VD -diode forward voltage drop. Unit = Voltage: [V]

VL -Voltage drop across inductor. Unit = Voltage: [V]120

Vs -Input voltage to converter. Unit = Voltage: [V]

y -Output of state equation or state space model
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Chapter 1 Problem analysis

1.1 Introduction

The purpose of this report is to describe the process of developing a power supply
that can drive old Soviet IN-14 nixie tubes. The report will describe the process the-
oretically and contain the control theory involved to design a feedback controller,180

that can keep the output voltage stable under varying load. The report will be
arranged in sorted order, so the steps involved, in making a boost converter with
active control, can be followed from start to finish in this report. Firstly the mathe-
matical model is developed and then control theory is performed on the theoretical
model, in order to achieve robust and stable control of the circuit. After validation185

and tuning, the power supply is developed and then a physical test setup is con-
structed, the controller will then be implemented on a digital device. Finally the
result will be measured and evaluated to see if the goals of the project has been
meet.

1.2 Analysis of the converter and considerations regarding190

components

This section will contain a description of the project, what the goal is and what
will be important to deal with. Along with some issues to be considered later on
when collecting components. The project is to design, control, simulate, construct
and verify a boost converter circuit to fulfill a certain set of criteria, the deduction195

of the design criteria is described in the preface. The boost converter will, in the
problem-solution chapter, be modelled with its set of differential equations in order
to perform theoretical and analytical work. There will be a study into fulfilling the
design criteria, by selecting the right components and designing a controller for
the circuit, with good stability and noise rejection. Because the energy source is200

a battery, the design of the power supply will incorporate a study into efficient
components, so the power consumption is as low as possible.

1



2 Chapter 1. Problem analysis

1.2.1 Analysis of electrical circuit

A simple diagram of a classic boost converter circuit is shown at figure 1.1

Figure 1.1: A diagram of a classic boost converter circuit

[4]

The converter consists of an inductor, a switch such as a MOSFET or IGBT, a 205

diode and a capacitor. At figure 1.1 a classic boost converter is seen.
The converter utilizes the effect of the inductor, when current flows through an
inductor a rising magnetic field is created around the inductor, this magnetic field
will oppose any change in the current and vice versa. When the source voltage
is turned on, a current starts to flow, which creates a rising magnetic field that 210

will oppose the current flow. This means that the current will not rise instanta-
neously. However, because of the magnetic field created around the inductor, the
current cannot instantaneously change according to Lenz Law [9]. It is this feature
the boost converter is utilizing, because the current cannot make a rapid change
through the inductor, when the switch is opened the inductor will try to push the 215

same current through the load, as was running through the switch, and to do that
the voltage has to rise.
The diode has the feature of only allowing current to flow in one direction, namely
the direction of the arrowhead on the schematic symbol of a diode. This makes
sure that the higher voltage potential of the load-side, does not flow back towards 220

ground when the switch is closed.
The capacitor stores the voltage in the on-time of the switch, so the voltage stays
within a certain range while the magnetic field around the inductor is increasing
again.



1.2. Analysis of the converter and considerations regarding components 3

1.2.2 Actual components and their properties225

The components available for the construction of a boost converter, all have some
physical boundaries. Some of the most significant ones are listed in this section.
The inductor will have some ohmic resistance, related to the resistivity of the cop-
per wire, according to this equation: 1.1 [9]

R = ρ · l
A

(1.1)

The diode has a forward voltage drop and the switch has some internal resis-230

tance, when conducting current. The capacitor will have some internal resistance
across its terminals called ESR. Since components are not ideal, some losses are
unavoidable. However, it can be minimized by paying attention to the selection of
components along with some additional circuitry such as a driver circuit for the
switch. The components can be selected with as little ohmic resistance as possible,235

this means that the inductor should be of a good quality copper, at the specified
inductance, with a low value of ohmic resistance, which is denoted RL in the equa-
tions. The switch should be selected to handle a little more than the maximum
voltage and current in the circuit, and with an ON-resistance as low as possible.
The diodes voltage drop will contribute to the losses, so the diode should be se-240

lected with a low forward voltage drop. Also the ESR should be low, the ESR will
not be modelled mathematically in this project. The next chapter will contain the
criteria of the project.





Chapter 2 Problem formulation

This chapter will briefly state the design criteria in the shortest possible manner, to245

keep the report short, and save space for the important parts of the project.

2.0.1 Design criteria

The design criteria for this particular boost converter is listed here, the criteria is
derived from the description in the preface. There is no additional need to describe
why the criteria is as so, only how to obtain them, which will be addressed in the250

next chapter regarding the solution of the problem.

Electrical criteria

• Input voltage: 18 [V]

• Output voltage: 175 [V]

• Output current consumption: 16.5 [mA]255

• High efficiency

Physical criteria

• Width = 60 [mm]

• Length = 60 [mm]

• Height < 15 [mm] (if possible)260

Control criteria

• Output voltage ripple: < 1 percent

• Stable control

• Good disturbance rejection

5





Chapter 3 Problem solving265

The following sections will contain the derivation of equations for the boost con-
verter. After derivation of equations, they will be manipulated into a form that is
ideal for control theory, with the aid of a state equation model, along with averag-
ing and linearization techniques.

3.1 Analysis of the circuit and derivation of the equations270

The simple converter circuit shown in figure 1.1 is the basis of derivation of a
model. It can be expanded into two different states of operation, namely one state
with the switch on, and one with the switch off. Therefore the equivalent circuits
for the switch on and off is shown in the figures 3.1a and 3.1b. Where the non-ideal
components of the circuit is included.275

At figure 3.1a the switch is modelled as closed, and the resistance: RDSON is the
ohmic resistance of a MOSFET when conducting. The diode is here modelled as
an open circuit because the switch is closed and therefore the anode of the diode
is pulled to ground, so the diode will not be conducting any current. In figure 3.1b
the switch is non-conducting and therefore modelled as open circuit, the diode is280

now conducting current, and the voltage drop across it is labelled VD.

(a) An equivalent circuit of the boost converter
with the switch on, including resistive elements

(b) An equivalent circuit of the boost converter
with the switch off, including resistive elements

Figure 3.1: Subfigures show the two states of the circuit

7



8 Chapter 3. Problem solving

3.1.1 Derivation of the governing differential equations for modelling

This section will contain the derivation of the behavioural equations of the circuits
based on Kirchhoff’s laws. The section is based on the following books and papers:
[9], [4], [7] Kirchhof’s Laws will be used to derive the differential equations of the 285

circuit. According to KVL, the sum of the voltage potential in a closed loop must
equal zero.
KCL states that the sum of the currents in a junction is equal to zero.

The equivalent circuit with the switch closed

The KVL and KCL for the circuits in figure 3.1a is performed in equation: 3.1
which reveals two, first order differential equations, one for the voltage across the
inductor, and one for the current through the capacitor.

Vs −VL −VRL −VDSON = 0 −→ Vs − L · diL

dt
− RL · iL − RDSON · iL = 0 KVL

−iC − iload = 0 −→ C · dVC

dt
+

VC

Rload
= 0 KCL (3.1)

The equivalent circuit with the switch open 290

With the switch open, the circuit can be modelled as figure: 3.1b and the equations
are the ones derived in equation: 3.2

Vs −VL −VRL −VD −Vc = 0 −→ Vs − L · diL

dt
− RL · iL −VD −VC = 0 KVL

iL − iC − iload = 0 −→ iL − C · dVC

dt
− VC

Rload
= 0 KCL (3.2)

3.1.2 Equations into State Space form

The equations are put into state equation form, for easy averaging in order to de-
scribe the entire system with one averaged state equation, instead of one for the 295

closed switch and one for the open. Equation 3.1 and 3.2 are rearranged so the
derivative is isolated and is afterwards described through a state equation. When
the state equation is averaged and linearized it can finally be put into a state space
model with two linear first-order differential equations.

300

CLOSED SWITCH

•

Vs − L · diL

dt
− (RL + RDSON ) · iL = 0 −→ diL

dt
=

Vs

L
− (RL + RDSON )

L
· iL



3.1. Analysis of the circuit and derivation of the equations 9

•
C · dVC

dt
+

VC

Rload
= 0 −→ dVC

dt
= − VC

Rload · C

OPEN SWITCH

•

Vs − L · diL

dt
− RL · iL −VD −VC = 0 −→ diL

dt
=

Vs

L
− RL

L
· iL −

VD

L
− VC

L

•
iL − C · dVC

dt
− VC

Rload
= 0 −→ dVC

dt
=

iL

C
− VC

Rload · C

The input u to this system is now Vs and VD, after averaging and linearization
the duty cycle will become the input. The output y is equivalent to the capacitor
voltage: VC. In state equation form305

ẋ = Ax + Bu (3.3)

with output
y = Cx + Du (3.4)

since there is no "direct transmission term", in this system D is equal to zero, and
it is therefore not shown in the following derivation.

x is defined as this:

x =

 iL

VC

 and ẋ =

 diL
dt

dVC
dt


The system matrix A becomes the following, and is given for both equivalent310

circuits.

ACL =

−RL+RDSON
L 0

0 − 1
RLoad·C

 and AOP =

−RL
L − 1

L

1
C − 1

RLoad·C

 (3.5)

The input matrix B is given as the two following matrices:

BCL =

 1
L 0

0 0

 and BOP =

 1
L − 1

L

0 0

 (3.6)

The output matrix C becomes the following:

C =
[
0 1

]
(3.7)
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3.1.3 Averaging of the state equation

By balancing the two system matrices by their on- and off-time, they can be com- 315

bined into one single system matrix. This process is known as averaging. The
output matrix B will be changed later on, to be a 2-by-1 vector, when the duty
cycle is the input. In the A matrix there are three entries that are changing due
to switching, namely: A11, A12 and A21 The weighting is done based on the duty
cycle, which is the factor that is to be used as input to the system instead of the Vs. 320

The definition of the switching from the book: [4] is the following:

• The switch is open for (1− D) · T seconds,

• The switch is closed for D · T seconds, T = period

Combining the two systems into one by weighting them according to the duty
cycle yields the following: 325

AAvr = D ·ACL + (1−D) ·AOP and BAvr = D ·BCL + (1−D) ·BOP (3.8)

The entire system then becomes the following:

 diL
dt

dVC
dt

 =

−RL
L −

D·RDSON
L − (1−D)

L

(1−D)
C − 1

RLoad·C

 ·
 iL

VC

+

 1
L − (1−D)

L

0 0

 ·
Vs

VD

 (3.9)

At this point the system has Vs and VD as input, this is not desirable, since the
input voltage and diode voltage are not values that can be controlled. However, the
duty cycle is controllable, so the system needs to be changed so the duty cycle is the
input, and the voltage across the capacitor is still the output. The load resistance 330

and the input voltage will be modelled as input disturbances. Because they are
fluctuating over time, and will be used in the report for modelling. The model of
the system is expanded with the five variables that has small fluctuations around
the steady state point. The subscript "ss" denotes the steady state point.

 diL
dt ss + ∆ diL

dt

dVC
dt ss + ∆ dVC

dt

 =

−
RL+(Dss+∆d)·RDSON

L − (1−(Dss+∆d))
L

(1−(Dss+∆d))
C − 1

(RLoadss+∆RLoad)·C

 ·
 iLss + ∆iL

VCss + ∆VC

+

 1
L

(1−(Dss+∆d))
L

0 0

 ·
(Vsss + ∆Vs)

VD
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3.1.4 Linearization of the state equation335

Firstly the equations are extracted from the state equation system.

diL

dt ss
+∆

diL

dt
= −RL + (Dss + ∆d) · RDSON

L
· (iLss +∆iL)−

(1− (Dss + ∆d))
L

· (VCss +∆VC)

+
1
L
· (Vsss + ∆Vs)−

(1− (Dss + ∆d))
L

·VD

and

dVC

dt ss
+∆

dVC

dt
=

(1− (Dss + ∆d))
C

· (iLss +∆iL)−
1

(RLoadss + ∆RLoad) · C
· (VCss +∆VC)

(3.10)
Since we assume that the converter is settled at steady state, the sum of the

steady state values are zero, and they can be removed from the equation. We end
up with two equations that describes the small signal change at steady state.340

∆
diL

dt
= −RL + RDSON · ∆d

L
· ∆iL −

1− ∆d
L
· ∆VC +

1
L
· ∆Vs −

1− ∆d
L
·VD

∆
dVC

dt
=

1− ∆d
C

· ∆iL −
1

∆RLoad · C
· ∆VC

Since it is a multi-variable system and that the variables are multiplied onto each
other at some points, it needs linearization. The linearization will be done with the
use of Taylor series in the following manner:

f1 : ∆
diL

dt
=

d f1

diL ∗
∆iL +

d f1

dVC ∗
∆VC +

d f1

dd ∗
∆d +

d f1

dVs ∗
∆Vs +

d f1

dRLoad ∗
∆RLoad

(3.11)

f2 : ∆
dVC

dt
=

d f2

diL ∗
∆iL +

d f2

dVC ∗
∆VC +

d f2

dd ∗
∆d +

d f2

dVs ∗
∆Vs +

d f2

dRLoad ∗
∆RLoad

(3.12)
The asterix means that the steady state values of the variables are inserted into

the differentiated function, so the outcome is a constant. The final equation is345

then a linear function, that is valid around the steady state operation point. These
constants, presented as alphas and betas, are used in front of the variables in the
following way:

∆
diL

dt
= α1∆iL + α2∆VC + α3∆d + α4∆Vs + α5∆RLoad (3.13)
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∆
dVC

dt
= β1∆iL + β2∆VC + β3∆d + β4∆Vs + β5∆RLoad (3.14)

The constants can now be put into a state equation again, with linear first order
equations, so it fulfills the criteria for a state space model. The notation are shown 350

just beneath the associated matrices.

∆ diL
dt

∆ dVC
dt

 =

α1 α2

β1 β2

 ·
 ∆iL

∆VC

+

α3

β3

 · ∆d +

α4

β4

 · ∆Vs +

α5

β5

 · ∆RLoad

∆ẋ = A · ∆x + B · ∆d + E1 · ∆VS + E2 · ∆RLoad
(3.15)

∆d is the input. Whereas, ∆Vs and ∆RLoad are the disturbance. The calculations
are performed in a MATLAB script which is attached in the Enclosure package:
MATLAB script for chapter 3 and 4, section 1. The resulting transfer functions are
listed in the next chapter, whenever they are used. The next chapter will contain 355

the development of a feedback controller for the boost converter, based on this
model.



Chapter 4 Development of feedback
control

This chapter will contain a description of the controller, that is to be developed,360

in order for the boost converter to operate as optimum as possible. Lead/lag
compensation will be the choice of control type. The derivation of such a controller
is stated in this chapter. The chapter is based on the following literature [3] and
lecture notes from Associate Professor Mohsen Soltani at AAU. Firstly, the obtained
system is validated, and then some theory for good robust control is listed, and at365

the end of the chapter the theory is used to develop a controller. The values for
the boost converter is chosen based on a brief search of the different components
that is available on RS-components homepage. The values can be seen in section 2
of the MATLAB script attached in the Enclosure package labelled "MATLAB script
for chapter 3 and 4", the script is split up into various section for easy overview.370

4.1 Test and validation

Before the controller is developed, a validation is in order to be sure that the ob-
tained transfer function is a good approximation of the dynamical behavior of the
boost converter. The validation is done in Simulink by constructing a model of the
boost converter and compare its response to the transfer function response.375

4.1.1 The Simulink model

The model is made with the electrical package in Simulink with components that
corresponds to those of the MATLAB script. In figure: 4.1 the entire model is
shown in block diagram, and underneath the model a transfer function block is
inserted which contains the derived transfer function. Since the transfer function380

is derived at steady state as a small signal model, it is added to the steady state
voltage of 175 [V] in order to be compared to the behavior of the block model, since
this is the simulation of the actual nonlinear system.

13
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Figure 4.1: Block diagram constructed in Simulink

The block diagram is loading the values from the first two sections of the MAT-
LAB script, which contain the calculations of constants for the boost converter and 385

the averaging and lineariztion process, along with the derivation of the transfer
function. The model is constructed so the sim-block model reach steady state and
then a little disturbance in the duty cycle is implemented with the step block at
time 0.05 [s], the response of this disturbance is shown in figure: 4.2

Figure 4.2: Response of the block diagram Versus the Transfer Function, the blue line is the TF and
the yellow is the block diagram
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It can be seen that the derived transfer function is following the transient re-390

sponse of the actual model within a reasonable range, taking into account that the
transfer function has been averaged and linearized. Because of the averaging pro-
cess it does not have the periodic fluctuations at the switching frequency, it has to
be compared to the average of the yellow graph. Therefore, the conclusion is that
the transfer function is close enough to the actual system, to be used for further395

control theory. The now validated transfer function of the system, that links the
duty cycle to the output voltage, is listed here:

VC(s)
D(s)

=
−7.586 · 105 · s + 5.66 · 1010

s2 + 803.1 · s + 3.351 · 107 (4.1)

This transfer function is the one that will be used to derive a good robust controller
for the boost converter, in the next sections the disturbances will be addressed and
explained how to reject them in the best possible way.400

4.2 Disturbance rejection

The open loop response of the derived transfer function is used to obtain a good ro-
bust controller. There are some areas that the combined control and system should
avoid. These areas are described in this section, and is based on the response of
the system transfer function which can be seen at figure: 4.3405

Figure 4.3: The open loop response of the system transfer function
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4.2.1 Finding the areas to avoid to obtain a good control system

There are some areas on the bode plot of the system which we would like to avoid,
in order to have good control over the system. The first area is in the low frequency
and here we would like the system to be able to reject disturbances and to follow
the reference to a satisfying degree. At figure 4.4 the typical inputs and output are 410

described with a block diagram.

r(t) e(t)+

-

K(s) + +

+

G(s)

di (t) do(t)

n(t)

y(t)

Figure 4.4: Figure showing a general closed loop system with the typical I/O’s

With reference to the block diagram 4.4, several transfer functions can be de-
rived, that describe the effect of an input: r(t), di(t), do(t), or n(t) to the output:
y(t) by applying superposition. The method to derive the transfer functions will be
demonstrated for a disturbance to the output, setting all other inputs to zero, gives 415

the following equations for the diagram:

Y = e · K · G + do , e = −Y (4.2)

Combining them by substituting e for -Y, yields this equation:

Y = −Y · K · G + do −→ Y + Y · K · G = do −→ Gdoy =
Y
d0

=
1

1 + KG
(4.3)

Deviation in the input voltage

The input voltage varies over time due to the batteries being drained. The deriva-
tion of this disturbance is attached in appendix A. The calculation is somewhat 420

large, and therefore it is kept in the appendix. The calculations yields a frequency
of 0.0092 [Rad/s] and a deviation of up to 2 [V] Based on the state space model
from the last chapter (equation: 3.15) a transfer function describing the input volt-
age effect on the output can be derived from the following equation:

VC(s)
Vs(s)

= C(sI−A)−1E1 (4.4)
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The derivation is done with the MATLAB command: [num,den] = ss2tf(A,E1,C,D)425

The calculation can be seen in the MATLAB script attached in the Enclosure pack-
age: MATLAB script for chapter 3 and 4, section two. It is named: Gs1

Which gives the following transfer function for the input voltage disturbance:

VC(s)
Vs(s)

=
3.243 · 108

s2 + 803.1 · s + 3.351 · 107 (4.5)

The magnitude plot of this function is shown at figure: 4.5

Figure 4.5: Bode plot of VC(s)
Vs(s)

The gain is steady at 20 [dB] from 0 → 1000 [Rad/s] which means that the430

effect of the input voltage on the output has a factor of:

20 · log10(x) = 20 [dB] −→ x = 10
20
20 , x = 10 (4.6)

Since the input voltage changes with 2 [V] the effect on the output at its frequency
of 0.0092 [Rad/s] will be 2 · 10 = 20 [V] The maximum allowable voltage deviation
in output was 1.75 [V] so by dividing this with the fluctuation of 20 [V], gives a
percentage to use in the calculation of disturbance area. Which yield the following435

percentage; 1.75
20 = 8.75% The effect of output disturbance on the output is given by

equation 4.3, that was deduced in the last section: Gdoy(s) = 1
1+K(s)G(s) which have

to be smaller than the 8.75 percent:
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∣∣∣∣ 1
1 + K(s)G(s)

∣∣∣∣ < 8.75
100
−→ |1 + K(s)G(s)| > 100

8.75
−→ |K(s)G(s)| > 12.43 −→

|K(s)G(s)| > 21.9 [dB] at ω = 0.0092
[

Rad
s

]
(4.7)

This can now be inserted in the bode plot as an area to avoid entering with
the controller and plant system. In figure: 4.7 the plot is a couple of pages further 440

ahead in the report, and contains all the areas which has to be avoided.

Deviation in load resistance

The Load resistance can be derived in a very similar manner as the voltage de-
viations. The load resistance changes with a factor of six every second which is
equivalent to Rtotal

6 −→ 10607
6 = 1767.8 [Ω] The effect of load changes on the output 445

is given by this equation:

VC(s)
RLoad(s)

= C(sI−A)−1E2 (4.8)

solved with MATLAB in the same manner as with the voltage deviations, yields
this result.

VC(s)
RLoad(s)

=
7.357 · s + 2628

s2 + 803.1 · s + 3.351 · 107 (4.9)

Figure 4.6: Bode plot of VC(s)
RLoad(s)
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At figure 4.6 it can be seen that the gain is steady at approximately -82 [dB],
from 0 −→ 100 [rad/s]. This means we can perform a similar calculation as the450

one with the voltage disturbance, since this is also a disturbance of the output.
The -82 [dB] is equivalent to a factor of 7.9433 · 10−5, and the change in the load is
1
6 of the total load of 10606.7 [Ω]. If these values are multiplied, the effect of the
load-change on the output, becomes: 0.1404. The total allowable deviation is still
the 1.75 [V] which means there is a lot of wiggle space for the behavior of the load455

changes, namely 1.75
0.1404 = 1246% by performing the same calculation with the load

changes as from the voltage changes it yields the following.

∣∣∣∣ 1
1 + K(s)G(s)

∣∣∣∣ < 1246
100

−→ |1 + K(s)G(s)| > 100
1246

−→ |K(s)G(s)| > 1.08 −→

|K(s)G(s)| >≈ 0.67 [dB] at ω = 2 · π · 1 [Hz] ≈ 6.28
[

Rad
s

]
(4.10)

This area is also added to the forbidden area of the magnitude plot at figure 4.7

Reference tracking

According to the design criteria, the nixie tubes should not be flickering. Therefore460

a value of 50 [Hz] is chosen, equivalent to the frequency of old tv´s and neon
tubes with conventional ballasts. The maximum allowable devitation is still the
1.75 [V] as in the disturbance cancellation calculation, which was equivalent to 1
%. However, the criteria for this parameter can be lowered to be within 5 % in
order to make a controller, that is not to aggressive 1. This is doable, due to that465

the nixie tubes will light up from a voltage of 150 [V]. And that a small change
in their light radiation is a charm. Another area to avoid can now be calculated
from these values, with the use of a transfer function that link the reference to the
output: Gre(s) = 1

1+K(s)G(s) , it is actually the same transfer function as the one used
in disturbance rejection because by using the superposition method it can be seen470

at figure 4.4 that a deviation in reference will give this effect to the error:

e = r−Y , Y = e · K · G (4.11)

combining and substituting yields:

e
r
=

1
1 + KG

(4.12)

The values of 5 % deviation at 314 [rad/s] can now be used to derive the forbidden

1This is a decision taken in the process of developing the controller further ahead in the report,
and changed back here
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area, which yields:∣∣∣∣ 1
1 + K(s)G(s)

∣∣∣∣ < 5
100
−→ |1 + K(s)G(s)| > 100

5
−→ |K(s)G(s)| > 21 −→

|K(s)G(s)| > 10 [dB] at ω = 2 · π · 50 [Hz] ≈ 314
[

Rad
s

]
(4.13)

Figure 4.7: Magnitude plot of system, with the forbidden areas inserted

The areas to avoid in the low frequency area is now determined, as for the
high frequency area we can assume that there are some level of uncertainty to the
transfer function model. Therefore, it will be preferable to keep the magnitude, of 475

the combined controller and system, low at higher frequencies. Therefore, the cross
over frequency should be as low as possible when still fulfilling the requirements
for the forbidden areas. The calculation of these areas are performed in section four
of the "MATLAB script for chapter 3 and 4" attached in the Enclosure package.

4.2.2 Additional control parameters that require fulfillment 480

I addition to the areas that are to be avoided, there are other parameters that needs
to be addressed in order to get at good robust control. Namely, the gain- and
phase- margins, these two parameters are vital in robust control.
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Phase margin

The phase margin is defined as, the distance in degrees from the systems phase485

to -180 degrees at the crossover frequency. It is a stability criteria that this phase
margin is positive. And due to model uncertainties we will design our controller
in such a way that is has at least 45 degrees of phase margin.

Gain margin

The gain margin is defined as the distance in [dB] from the response graph and to490

the 0 [dB] line at the frequency the phase reach -180 degrees. The magnitude of
the response graph is in the negative dB area, else-wise the phase margin criteria
will not be fulfilled. The value for gain margin will be at least 10 [dB]

The next section will contain the derivation of a controller that will fulfill the
criteria.495

4.3 Development of a compensator

As seen on figure: 4.7 there are two areas of importance since the area of the
load disturbance are contained within the two others. The important areas are
therefore the input voltage deviations and the reference tracking area. As seen on
the magnitude plot there is an area that has higher magnitude than the other in500

low frequencies. Therefore we will implement a lag compensator so we get some
slope to the magnitude plot from approximately in between the two areas, and
stops just after the assymptote. A lag compensator has the following form:

K̄(s) =
s + 1

T

s + 1
α·T

(4.14)

The number in the numerator 1
T represents the frequency, at which the slope

stops decreasing and the controller magnitude levels out. The number in the de-505

nominator 1
α·T represents the frequency where the slope starts to decrease. There-

fore, the frequencies at which we want to implement a slope, can be inserted in
the lag compensator directly. The slope will be implemented in between 1-10,000
[rad/s]. The calculation is performed in section five of the MATLAB script. The
result of this lag compensator can be seen on figure: 4.8. We will refer to this510

compensator as Lag1.
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Figure 4.8: Bode plot of the system with a lag compensator

Added to the figure is a rectangle inserted at 314 [rad/s] until it reach the
magnitude-line, it reveals a magnitude of 94 [dB].

The constant gain can be decreased so that the magnitude of the system includ-
ing the Lag1 compensator, is 10 [dB] at 314 [rad/s], by the following equation: 515

20 · log(k) = (10− 94) −→ k = 10
−84
20 , k = 6.3096 · 10−5 (4.15)

Figure: 4.9 shows the result.

Figure 4.9: Bode plot of the system with a lag compensator and constant gain

On figure 4.9 it can be seen that the peak of the asymptote is above the zero



4.3. Development of a compensator 23

[dB]-line. This is not desirable since the system has negative gain margin and neg-
ative phase margin. The assymptote needs to be below the zero [dB] line because
the phase shifts with more than 135 degrees at the asymptote, which is to much520

for combined system and controller in order to fulfill the criteria of robust control.
Therefore, another lag compensator will be implemented with the slope starting to
decrease exactly at the 314 [rad/s] where the magnitude of our system needs to be
above to fulfill reference tracking requirements. The slope will be set to level out
again at 1,000,000 [rad/s] This controller is implemented and the gain is adjusted525

again to set the magnitude of the system right above the 10 [dB] at 314 [rad/s]. The
calculation of this can be seen in section seven of the MATLAB script for chapter 3
and 4 in the Enclosure package, the result is plotted at figure: 4.10 This time MAT-
LAB has calculated the gain needed to be above 10 [dB] at 314 [rad/s] as stated in
the criteria.530

Figure 4.10: Bode plot of the system with two lag compensators and constant gain adjusted to fit
criteria

Figure: 4.10 reveals that the asymptote is now below zero [dB] and the phase
margin is positive. However, it is not above 45 degrees so a lead compensator will
be developed, to increase the gain margin at the crossover frequency. The MATLAB
command margin() has been used to obtain the gain and phase margins in figure:
4.10, and the value of the phase margin is utilized to make the lead compensator.535

The lead compensator is almost of the same form as the lag compensator, the only
difference is, that it has its zero before its pole. Therefore, it introduces a positive
slope to the magnitude plot and it adds some positive phase to the system in
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between the zero and pole. The lead compensator has the following syntax:

K̄(s) =
s + 1

α·T
s + 1

T

(4.16)

The zero is at 1
α·T and the pole is at 1

T There is a correlation between the amount of
added phase, the frequency and the location of the pole and zero. The correlation
is described by the following two equations:

φm = sin−1
(

α− 1
α + 1

)
(4.17)

ωm =
1

T ·
√

α
(4.18)

These two equations are used to solve for that value of α and T so the criteria is 540

fulfilled. The phase-goal is set to be 50 degrees, so there is a little wiggle room,
since the graph most likely will not cross zero [dB] at 631 [rad/s] as it does in
figure 4.10. The increase in phase is implemented at the crossover frequency of
631 [rad/s]. Again the constant gain of the controller is adjusted so the controlled
system fulfills the criteria. The calculations are performed in section eight of the 545

MATLAB script. And the resulting gain and phase margins of the developed con-
troller are: Gm = 16.9 [dB] Pm = 46.8 degrees and 55.6 as seen in figure: 4.11a.
Sub-figure 4.11b is a magnitude plot of the developed controller with the forbidden
areas inserted. These plots show that all criterion has been fulfilled.

(a) Bode plot with phase and gain margin of the
completed controller

(b) Magnitude plot with the criteria areas as the
red lines

The combined controller becomes the following transfer function: 550

4.744 · 10−8 · s3 + 0.04794 · s2 + 495.2 · s + 2.053 · 105

s3 + 1238 · s2 + 2.911 · 105 · s + 2.898 · 105 (4.19)

The controller is used in the next chapter.



Chapter 5 Construction of the Phys-
ical device

5.1 Component selection

This section contains the process of selecting the right components for the circuit.555

Firstly the main components are listed, along with a list of important parameters
in the selection process. Hereafter, additional circuitry, needed for operation and
to ensure a good and steady performance, is listed. The calculations and knowl-
edge for this chapter is based on the following literature: [3] [1] Before starting the
construction of this device, a safety instruction is in order. This circuit holds the po-560

tential of being lethal. However, the setup, as it is described here, will most likely
only be able to injure, because of the low capacitor value at the output. However,
changing this capacitor to a larger one, could be very hazardous. When perform-
ing measurements on this circuit a great care must be taken, that the circuit is not
constructed in a dangerous manner or that anything can interfere with it, while565

operational.
Lastly, it should not be left unsupervised in a manner such, that it can be acciden-
tally turned on, as long as it is not encapsulated. A fuse will be implemented at
the input of the circuit as a safety precaution for the circuit components. The load
is also encapsulated in a wooden box, in order to safely operate the changes in the570

load resistance, and not be fumbling with the high voltage wires.

The inductor

As stated in section 1.2.1 an inductor has some ohmic resistance due to the resis-
tivity of the copper wiring, in the selection of an inductor this parameter will be
chosen to be as low as possible. The inductance is calculated in the MATLAB script575

section one, to be: 1.5 [mH] Another parameter concerning the inductor is the size,
it will be chosen to be as small as possible. However, still being able to handle the
input current through the inductor. The minimum rating for the inductor will be
the input current multiplied with a factor 1.5 to be sure it can handle deviations in

25
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the steady state current. The value becomes 240 [mA] 580

The switch

Parameters to be considered when chosing the switch, very low ON-resistance to
keep switching losses to a minimum. Also the voltage ratings have to be addressed,
a safety margin of minimum 1.5 will be used to select maximum voltage of the
switch. 585

175 · 1.5 = 262.5 (5.1)

This is the minimum requirements of the drain-to-source voltage. The turn-on
threshold voltage should be less than battery voltage, also when the batteries are
at low. So the threshold voltage should be less than 16.2 [V] Because the criteria
of the physical size of the circuit is set to a height of 15 mm and the overall area
of the board is small, it will not be possible to have as low a RDSon as the 40 [mΩ] 590

used in the MATLAB script. The chosen switch has a RDSon value of 100 times this
value, this is because MOSFET´s that can carry high current, and therefore has a
low RDSon , are bulky when they also have to fulfill the voltage criteria. The criteria
for size of final board weighs more than the criteria for the efficiency. Therefore,
the MOSFET: TSM3N80CH is chosen. 595

The capacitor

An electrolytic capacitor can be utilized since the voltage is always positive at
the output of the converter. However, since the value of the capacitor is as low
as it is, other types of capacitors can also be used. By measurement of different
capacitors ESR value. Four paper-film capacitors in parallel was chosen, because 600

of the low ESR value. The voltage rating of the capacitor will be set to 1.5 times the
output voltage. Which is equivalent to the rating of the switch, namely: min. 262.5
The capacitance of the capacitor is calculated in the "MATLAB script for actual
components" in the Enclosure package and the actual value for the capacitor is
chosen to be a little higher. The derivation of the capacitor calculation is also in the 605

Enclosure package labelled: Capacitor and inductor calculation.

The diode

The diode should be able to handle the voltage of 262.5 [V] as calculated earlier, it
should have a current rating higher than the output current. The current rating is
therefore: The maximum output voltage divided by the load, and then multiplied 610

with a factor 1.5. The value becomes: 37 [mA] However, this is the average output
current from the capacitor. The diode is only conducting when the switch is open,
and that is only in (1-D) amount of the time. Therefore, the average value of the
current needs to be divided with this value, so the diode should be able to handle
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atleast 360 [mA] The forward voltage drop of the diode should be as low as possible615

to keep losses to a minimum. The diode:UF5404 is chosen for its capabillity of
handling the switching frequency along with the voltage. It has a forward voltage
drop of maximum 1.0 [V]

5.1.1 Additional circuitry for good performance

In this section some additional circuitry will be listed along with addressing volt-620

age spikes that could destroy the circuit.

Over voltage protection

The switch and the diode should also be protected from high voltage spikes. There-
fore, a Zener diode is placed in parallel with the switch to eliminate these spikes,
the value for this Zener diode is chosen to be just below the rated values of the625

components, namely 250 [V]

The sensor including filtering

The µC can only handle an input to the ADC of 5 [V] maximum. So the 175 [V]
of the boost converters steady state voltage, has to be scaled to be below 5 [V].
This is done with a voltage divider circuit consisting of two resistors in series.630

The maximum input to the ADC is 5 [V] and therefore the maximum voltage of
the circuit the 250 [V] is used as the maximum reference. The scaling factor is
therefore set to

250
5

= 50 (5.2)

The reason for setting the value higher that the steady state voltage of 175 [V] is that
the controller needs to be able to adjust the value of the output, and therefore needs635

to be able to detect over-voltages. This is accurate enough since the resolution of
the ADC module is 10 bits which is equivalent to 1023 steps. So the resolution of
the ADC module in voltage is: 5/1023. When multiplying this with the scaling
factor of the output voltage yields the following:

5
1023

· 50 ≈ 0.25 [V] (5.3)

A deviation of 0.25 [V] in the measurement is acceptable.640

Furthermore, since the circuit holds the potential of powerful voltage spikes
which can destroy components of the circuit. A Zener diode in parallel with the
sensing resistor with a clamping voltage of 5.1 [V] is inserted as over-voltage pro-
tection to the µC.
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RC filter Because of the ripple voltage at the switching frequency, a filter is
needed to filter of this frequency, along with other types of noise in the system.
Since the voltage of interest is a DC- Voltage the filter will be designed as a low-
pass filter, consisting of a capacitor and a resistor that can pre-filter the signal
before the ADC. The filter is inserted before the sensor resistor, where it filters out
the high frequencies. The cut-off frequency is calculated with the Nyquist-Shannon
sampling theorem, which states that the cut-off frequency of the analog pre-filter
should be less than half of the sampling frequency. The equation becomes:

1
RC

<
ωs

2
, ωs = ωBW · 20, ωBW = 1010 · 1.5

[
rad

s

]
(5.4)

It is easier to find a suitable resistor, than a capacitor, therefore the capacitor is 645

chosen to be a specific value and the resistor is calculated based on the above
equation. The calculation of the values are performed in MATLAB, the script
is attached in the Enclosure package, with the name "MATLAB script for actual
components" and the section is labelled: "filter calculation". The values are:
C f = 47 [nF], R f = 1404 [Ω] 650

The combination of the low-pass filter and the voltage divider should fulfill one
additional feature, because the ADC requires a source impedance of maximum
10 [kΩ] [6] in order to supply the necessary current for the ADC. The combined
sensor circuit can be seen in figure: 5.1

At figure 5.1 the circuit can be seen. 655

Figure 5.1: Schematic of voltage divider and RC-filter

However, since resistor R1 and R f cannot have a combined resistance higher
10 [kΩ], this circuit will dissipate more power than the boost converter is suppose
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to deliver to the load. This is not acceptable, so a research into solving this issue
has to be made. The research has pointed in the direction of an Op Amp circuit,
configured as a voltage follower circuit. In this way the RC filter, and the voltage660

divider, can be recalculated with higher value resistors and thereafter the voltage
follower can be implemented to provide the necessary for the ADC module. The
circuit is redrawn in figure: 5.2

Figure 5.2: Schematic of the recalculated voltage divider and filter, with a voltage follower circuit
implemented

The voltage divider circuit is now completely independent of maximum values
and can be calculated according to the voltage divider equation:665

R2

(R1 + R f ) · R2
=

1
50

(5.5)

The values has been calculated to be R1 = 4.9 [MΩ], R2 = 100.029 [kΩ]

Snubber circuit

There are some switching losses due to the voltage difference of the switch, because
the voltage is rising, at the same time the current through the switch is decreasing.
By keeping the voltage difference across the switch as low as possible while the670

current is still flowing, these losses can be minimized. Furthermore, there can be
some oscillations at the switch node due to parasitic inductance and capacitance in
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the circuit. They are introduced to the circuit from non-ideal components and from
the capacitance between the rails of the breadboard, and some inductance from
wiring etc. By implementing a snubber circuit, the effect of the above mentioned 675

problems can be minimized. This report will not go into an, in depth study, of this
topic. There are several reasons for this, such as not having access to the correct
equipment. However, a snubber circuit is estimated and implemented in the circuit
because it will still minimize the losses.

The value for the snubber has been estimated with the help of a study by 680

Texas instruments [5] and by measuring the temperature of the MOSFET switch
in operation and then alter the snubber circuit. And a good operating result is
obtained.

Micro controller

The PIC18F26K22 device from Microchip is utilized for the project as the control- 685

ling part, this is due to its two well performing peripherals. A 10 bit ADC and a
10 bit PWM generator which are both hardware based, this will provide a better
result than a software based PWM. The PWM signal needs to be very stable and
accurate because a small deviation in the duty cycle can cause a major increase or
decrease in the output voltage. 690

5.1.2 The circuit diagram

Based on the above component selection, the circuit diagram seen in figure 5.3 has
been developed in the program DipTrace. This circuit is then made on a bread-
board in order to test if the theory works in practice, a picture of the breadboard
is seen at figure 5.4 Some of the components are not the correct size for the final 695

PCB version, some have to be changed into surface mount version, and others are
changed to smaller ones. They all have equivalents that will fulfill this, therefore it
should be possible to minimize the circuit to fit design criteria.
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Figure 5.3: Schematic of the complete circuit

Figure 5.4: Picture of the circuit on breadboard
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5.2 Theoretic validation of the controller

The values of this circuit is inserted in the MATLAB script and this new script can 700

be seen in the Enclosure package as "MATLAB script for actual Components". By
changing the RDSon and the forward voltage of the diode, the characteristics of the
circuit changes significantly, so it is now possible to obtain 94.8 degrees of phase
margin and a gain margin of 18.8, with only ONE lag compensator. The Simulink
model is updated with this new and simpler controller in order to verify that it 705

works, the block diagram can be seen at figure: 5.5 The figure shows the block
diagram of the boost converter with the updated values from the MATLAB script
in the Enclosure.
The block model contains the filter, and additional circuitry for testing distur-
bances. Underneath the block model, the transfer function model is inserted, with 710

its two extra transfer functions for simulating disturbances. It is the two transfer
function derived in section two of the MATLAB scripts. Between 0.005 and 0.01
[s] the block model reach steady state operation, and it is in this region of opera-
tion, the model has been developed for. Therefore, a number of disturbances are
simulated in order to validate the controller. 715

• At time = 0.01 [s] a change in the load is introduced to both systems.

• At time = 0.02 [s] the input voltage starts to decrease 1 [V] over a short period.

• At time = 0.03 [s] a step of 1 [V] deviation in the reference is introduced.

The effect of the disturbances on the closed loop control system, can be seen in the
figure 5.6 and it is seen that the averaged and linearized transfer function model is 720

following the simulation of the block diagram model within a fine range. Taking
into account that the block model of course fluctuates at the switching frequency.
Therefore, they have to be compared at the average value of the yellow graph. The
ESR of the capacitor is also implemented in the circuit, it has a value of 0.7 [Ω],
which has been measured with a special tool to identify component values. It is 725

seen that this does not effect the output voltage significantly, which was also the
hope.
This controller seems to be able to handle, all the disturbances the design criteria
for the controller were demanding. Therefore, it will be this lag controller that will
be implemented on the digital device for the actual circuit. 730

Notice that it is the discretized controller obtained in the following sections, that
are verified.
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Figure 5.5: Block diagram of the complete model, including transfer function model. Disturbances
are simulated

Figure 5.6: Simulation responses of block diagram and TF-model
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5.3 Programming

To implement the controller on the micro chip, a program needs to be developed.
For this specific case, there is a high demand for resolution, since the voltage has a 735

gain of
175
18

= 9.72 ≈ 10 (5.6)

And therefore the duty cycle is very large. The device chosen for the assignment is
the PIC18F26K22 micro controller from Microchip. It has a high resolution PWM
generator and an ADC as a peripheral. This means that it can perform various
task on these peripherals without interrupting the source code, they can be per- 740

form simultaneously and alongside the main program. The ADC reads an analog
voltage and converts it to a binary value which it writes into two registers without
interrupting the main program. However, it can be set to interrupt the code if that
is preferable, but that will not be used in this case. Instead a specific sample time
will be programmed into the device with a delay command, at which it will collect 745

a value from the ADC and perform the control command and adjust the PWM sig-
nal accordingly. To get as high a resolution as possible an external oscillator of 40
[MHz] is chosen, since it will provide 10 bits PWM-resolution, which is equivalent
to 1023 steps between 0 and 1 of the duty cycle. At a switching frequency of 40
[kHz] 750

5.3.1 Discretization of the controller

In order to implement the the controller on a device, to control the physical setup,
there has to be made some changes to the controller. Namely, the discretization
process. Because the physical device includes a microchip which do not operate
in continuous time, instead it performs a number of commands in steps, based 755

on its clock cycle. This means that the controller implemented on the microchip
also needs to be step-wise constructed. This process is to discretize the controller
according to the time-step between each sample. The sample time is set to be 0.0002
[s] which is calculated based on the bandwidth of the system multiplied with 20
which yields a sample time close to 0.0002 [s]. 760

The discretization process is done in MATLAB with the Zero-Order Hold method.
The MATLAB command is this c2d(Ks,Ts), see section nine of "MATLAB script for
actual components" attached in Enclosure package. which yields the following
discrete transfer function:

U(z)
e(z)

=
8.935 · 10−5 · z + 3.562 · 10−5

z− 0.998
(5.7)

The discrete controller is tested on the block model in Simulink in order to verify
it before implementation of the physical device. See figure 5.6 To implement this
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on the controller it needs to be made into a difference equation and isolated for the
value of Uk based on the previous samples of the error and output. The expression
z−1 represents one sample delay.

U(z)
e(z)

=
8.935 · 10−5 · z + 3.562 · 10−5

z− 0.998
· z−1

z−1 −→ (5.8)

U(z) · (1− 0.998 · z−1) = e(z) · (8.935 · 10−5 + 3.562 · 10−5 · z−1) −→ (5.9)

1 ·Uk − 0.998 ·Uk−1 = ek · 8.935 · 10−5 + ek−1 · 3.562 · 10−5 −→ (5.10)

Uk = ek · 8.935 · 10−5 + ek−1 · 3.562 · 10−5 + 0.998 ·Uk−1 (5.11)

This is the difference equation that will be implemented on the µC as the control765

command.

5.4 The program to the device

This section is meant to describe the program to be implemented on the µC. The
initial idea with the program is to run it with a delay function to set sample time.

770

When implementing the program on the device, the speed of the calculations
is very slow. The processor performs the loop at a rate of 353 [Hz], which is much
less than the required 5000 [Hz]. The measurement of the processor speed is done
by setting an output pin on the processor high in the beginning of the program
and low again at the end. The pin was connected to an oscilloscope.775

The frequency of the toggling pin is 2.5 [MHz] and the frequency of the ADC
conversion is 238 [kHz] It was seen that when performing a single multiplication
the processing speed became very poor. It was also seen that multiplication is a
bit faster than division. However, a solution needs to be found in order to speed780

up the process. The research into this topic was profound because the world of
programming is very immense.
However, several ideas was developed and tested, among them was an idea to
change all constants to integers and perform integer multiplication. This was done
by scaling up the discrete controller by a factor of 109 and perform all calculations785

and then scale it down again at the end, so the output of the controller would be
an integer. Of course some accuracy would be lost in this process. However, it is
better than a sampling rate of 353 [Hz]. The calculation was tested in MATLAB
and revealed that it is possible to scale a controller up and down by performing a
test on a vector of 100 random numbers.790

The implemented controller was much faster in the range of 7000 [Hz] so the idea
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was good. However, it was not operating properly. So this was not investigated
further.
Instead a research into the compiler was performed, and a feature in the program
MPLAB X IDE, which is the program used for programming the PIC18F26K22 µC, 795

revealed that the compiler had three different modes, where it could be changed
from fast compiling into fast performing program, and the third option was an
even more optimized compiling version which optimized the loop speed of the
code very much. This third option was chosen and the frequency of the program
became 4000 [Hz] when performing the calculation using floats and doubles. It 800

was also seen that it is better to type the equation into the program, instead of
assigning a constant value to a character and then type the equation as characters.
A final effort was to change the clock cycle of the µC to 64 [MHz] instead of the 40
[MHz]. These combined actions all resulted in a loop speed of 5000 [Hz].
By changing the clock cycle of the chip, the frequency of the pwm signal is also 805

changed to 62.5 [kHz], in order to keep the resolution of 10 Bits.
The numbers in the loop has been fine-tuned via various techniques such as setting
the duty cycle to a certain level and observe the voltage output. In this manner the
steady state duty cycle value was obtained to be 916 out of the 1023 steps of the
pwm module. This value is very close to what it should be namely: 810

Dss · 1023 ≈ 918 (5.12)

The program can be seen in the Enclosure package with the name: "Program for
boost converter".

The research into faster computations speed, led to trying a simpler controller
of only containing an integrator and a constant gain. This was attempted because 815

it could result in a controller with one less addition and two multiplications less in
the discrete equation. It was implemented in the MATLAB script and the result can
be seen in the Enclosure package labelled "Simpler controller attempt" However,
MATLAB has rated two of the closed loop systems as unstable. Namely the closed
loop of the controller and system. And the one for the effect of the reference on 820

the control input. Because of this it is disregarded, and is not investigated further.
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6.1 Measurement of the physical circuit

This is about as far as the project has come, the outcome of this chapter is not
finished, and will need some additional work. However, some measurements are825

still incorporated in the report in order to explain how the future work should be
performed.

The program from section 5.3 is uploaded to the µC and the result is shown in
figure 6.1, where the resultant voltage is measured with an oscilloscope, a Maxis-830

cope MP408.

Figure 6.1: The output voltage of the boost converter, first test

37
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It is observed that the average of the voltage fluctuates between approximately
140 and 210 [V] in a wave like pattern much slower than the switching frequency.
Furthermore, large voltage spikes of ± 100 [V] can be seen.
Some trouble shooting was performed, and at figure 6.2 it can be seen that there 835

is a lot of noise at the switching frequency. The bottom signal is the low voltage
signal to the controller. The oscilloscope is set with a smaller amount of time per
division in order to see what happens, and it is a steady state duty cycle that is
sent to the boost converter.

Figure 6.2: The top signal is Vout, and the bottom one is the output from the voltage follower, which
is send into the ADC

The first order analog filter, which is suppose to eliminate this, is therefore anal- 840

ysed. By inspecting the oscilloscope when disconnecting the capacitor, it is seen
that it is filtering some of the noise, just not enough. For this reason a second order
low-pass filter is calculated to remove additional noise. The filter is calculated to
have a Q-factor of less than one, to avoid a resonance peak, and a cut-off frequency
of 14,000 [rad/s] Based on the litterature [1] the values are calculated like so: 845

Vout

Vin
=

ω2
0

s2 + 2αs + ω2
0

(6.1)

Q =
ω0

2α
, ω0 =

√
1

L · C , α =
R

2 · L (6.2)

The chosen components was measured to have the following values:
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• C = 47 [nF]

• L = 106 [mH], (series resistance = 70 [Ω]

• R = 2 [kΩ]850

This filter should provide a smooth transaction at the cut-off frequency with no
resonance peak, and thereby give a better result of measurement.
When calculating the response of the filter based on the above values, it gives the
following Q-factor and cut-off frequency:

• Q = 0.725855

• ω0 = 14,168 [rad/s]

The filter is placed in between the voltage divider and the voltage follower Op-
Amp-circuit, which is the low voltage side. As an additional feature, a snubber-
capacitor of 47 [nF] is placed just after the diode and to ground. The output of the
voltage follower circuit is again measured with the oscilloscope, and a much better860

result is seen in figure 6.3

Figure 6.3: The top signal is Vout, and the bottom one is the output from the voltage follower, which
is send into the ADC. This is with 2-order-filter

There is still some fluctuation in the signal. However, it is much better than
before. The circuit is again switched on with the controller running, which can be
seen at figure: 6.4 the resulting average output voltage of the boost converter, with
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the controller running, is now fluctuating between approximately 160 and 190 [V]. 865

Furthermore, the voltage spikes is reduced to ± 10 [V]

Figure 6.4: Output voltage of the boost converter after 2-order filter and snubber cap after diode

This is still not satisfying, but it is the status of the project at this point.
The next section will describe how the controller and circuit should be verified
when the performance has been increased to be within specifications.

6.1.1 Disturbance in the load resistance 870

In order to validate the controller, some disturbances similar to the ones made in
the theoretic validation, is introduced to the circuit.

The load is changed in an instant similar to the simulation of the load distur-
bance, namely by connecting a resistor in parallel with the SS load resistance, so
the combined resistance decreases to 5/6 of the SS load resistance of 10606.7 [Ω] 875

The second load resistance can be calculated in this way:

RLoad · R2

RLoad + R2
= RLoad − RLoad ·

1
6

(6.3)

Solving for R2 yields that it should have a value of 53.032 [kΩ] This should give an
increase in current draw, and a decrease in the voltage at that instant, like seen in
the theoretic validation in figure: 5.6 on page: 33 The result of the load change on
the physical device can be seen in figure: 6.5 880
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Figure 6.5: The top signal is Vout, and the bottom one is the a trigger.

The bottom signal is only for triggering the oscilloscope, and is not of interest.
It can be seen that the response is not exactly equal to the one of the theoretic
validation. Nevertheless, that was not expected since the circuit is not performing
adequately at this point. However, the means for measuring is available.

885

The test circuit can be seen in figure: 5.4 in subsection: 5.1.2 The power resis-
tors that is performing the task of the load in the test setup is encapsulated in a
wooden box, with a switch on the top can be used to toggle between 10.6 and 8.8
[kΩ]. The circuit with the box containing the load can be seen in the Enclosure
package labelled: "Pictures of complete circuit"890

On the side of the box two wires are exiting the box, these are intended as a trigger
for the oscilloscope, they are connected to the same switch which have two distinct
channels. One for changing the load, and one for closing the trigger circuit.

6.1.2 Disturbance of input voltage895

A change in the input voltage can also be simulated, because the DC-source for the
test circuit is a commercial buck converter with a large capacitor in parallel. It can
be adjusted to a jump of 1 [V] while in operation.
However, it has not been possible yet to get an image of the exact moment on the
oscilloscope at this feature. However, the steady state performance of the circuit900
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was unaffected of the input voltage disturbance. A small research into the trigger
of the oscilloscope has revealed that it is possible to set it to detect a decrease in
voltage from 18 to 17 [V]. However, this will not be investigated further until the
circuit has been debugged.

6.1.3 Jump in the reference 905

A deviation in the reference can be implemented with push button on the bread-
board, that when pressed, sends a signal to the µC and it changes the reference
within the program. The program written to do this is attached in the Enclosure
package. It is labelled: "C-program for reference disturbance"

910

At the same time the push button sends a signal to the µC, it also sends a 5 [V]
pulse to the oscilloscope as a trigger. The response of this can be seen at figure 6.6

Figure 6.6: The top signal is Vout, and the bottom one is the trigger

Again this is not adequate for validation yet, because the debugging of the
circuit is not complete.

6.2 Problems in validation process 915

The µC is burned of twice and this could be due to the still occurring voltage
spikes, that are transferred along the signal path and to the µC . This will have to
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be investigated. Even with the zener diode at the input to the µC at 5.1 [V] it can
be seen on figure: 6.3 that spikes above this threshold can occur. In some cases a
negative voltage spike was detected, and this could also be a potential harm to the920

chip. Furthermore, the ringing at the switch node needs additional work because
voltage spikes of up to ± 10 [V] on the output voltage is detected. These will need
to be reduced for a more steady performance. This will most likely also remove a
lot of the spikes on the low voltage signal to the µC.

6.2.1 Problems with the µC925

The chip used in the project is limited in the processing speed, this could perhaps
be helped if a second effort into changing the values of the controller into large
integer calculation where made, now that the circuit is a little less noise.
However, there is the parameter of the pwm resolution. Because the duty cycle is
so high, the theoretic output of the boost converter will have a huge effect from a930

single step in the 10 Bit resolution, which is equivalent to 1023 steps in total. A
single step up on the pwm output gives an increase of nearly 1.7 [V] Therefore,
it would be beneficial with a higher resolution on the pwm signal, and this could
add stabillity to the circuit.

The calculation of this value is performed in MATLAB it is attached in the935

Enclosure package called: "pwm resolution"





Chapter 7 Discussion and conclusion

This is the final chapter of the report, it contains a discussion on the important sub-
jects from the report. At the end of each discussion on the topic, a brief conclusion
of the obtained results are presented.940

7.1 Development of a controller

The controller developed in chapter: 4 contains the derivation of a controller which
is not used in the physical device. However, the chapter contains some key aspects
in the development process of a lead/lag compensator and the explanation on
how the different parts of a controller are derived. It contains methods of increase945

phase at specific frequencies, and methods to twist and bend a controlled systems
response, to a specific need. Therefore the chapter is still incorporated in the report
for educational reasons, so that readers of the report, gets an in depth explanation
of how a controller can be developed.
The final controller used on the physical device is somewhat simpler, in the sense950

that it is a first order controller with one pole and one zero. And the controller
developed in chapter: 4 is a third order.
The same methods are used in the derivation of the controller, and therefore the
controller used on the physical device is not described in depth. However, it is
tested in Simulink and compared to its equivalent transfer function in section: 5.2,955

in order to validate both the transfer function and the controller.

7.1.1 Conclusion on development of a controller

The obtained controller is capable of controlling the boost converter theoretically,
this is verified in Simulink. However, in order to verify if its is capable of con-
trolling the actual circuit some additional work is needed, it seems to have the960

capability of controlling the physical circuit also, but that is not verified.

45
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7.2 Component selection

This topic is very important, by evaluating over the obtained results, it is evident
that the components has a very profound impact on the systems behavior. Not
changes in the circuit, but only changes in the non-ideal parameters of the com- 965

ponents, that comes with a different component. In researching after components,
and simultaneously changing the script in MATLAB to see the impact on the sys-
tems response, it became clear that the selection of components, is a large part of
a project. Not only that the components has a task to fulfill with their function
and thereby has to fulfill some basic criteria. They impact the system with their 970

non-ideal parameters with a large amount.

MOSFET

As an example the non-ideal parameter of the MOSFET switch’s ON-resistance.
This parameter impacts the system response on its assymptote, when the value is
low, the assymptote has a higher peak. And thereby it becomes harder to perform 975

robust control on the system, while still fulfilling the design criteria.
In section 4 the development of the controller was performed on a fast search of
components, and the idea was that these parameters could be changed later on for
the exact value, because it was not expected to have such an impact on the system.
This is a lesson learned for future development, to conduct a thorough research 980

into this topic and then make a decision of components, based on an overall com-
promise between system behaviour and the design criteria. Because this parameter
will be a trade-off between 3 things. The controllability, the efficiency and the sam-
pling rate, this will be expanded in the following text, and subsection: µC.

985

When changing the parameter from 40 [mΩ] to 4 [Ω] the control system could
be changed from a third order system, into a first order system. However, this will
be on the expense of efficiency. This means that the MOSFET will dissipate a lot
more heat, The MOSFET is in this application, conducting current at approximately
90 % of the time. The amount of heat-energy can be calculated by this equation: 990

P = i2 · R (7.1)

Since R increases by a factor of one hundred, the energy loss will also increase by
a factor of one hundred.

µC

As described in section: 5.3 there a limitations to the µC and by twisting and tweak-
ing all the parameters possible, it was just barely possible to achieve the sampling 995

rate of 5000 [Hz]. If a third order discrete controller was to be implemented, it
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would not be possible on this particular device. However, it would be possible to
find the computation power needed, with a better µC, if it was absolutely neces-
sary to utilize a third-order controller.

1000

The accuracy of the pwm signal has an impact on the performance. If a software
based pwm is used, a small deviation in the signal can be seen because of the speed
of every loop is not exactly the same every time. Therefore, such a signal would be
flickering in both frequency and duty cycle. This is not desirable since the quality
of this signal, dictates the voltage level in the output. Especially in this project since1005

the duty cycle is so large. This is why a hardware based DAC is preferable, since
it is controlled by the clock cycle of the oscillator, very precise. And the control
loop can run simultaneously without either of them effect the other. Furthermore,
as stated in chapter: 6.2.1 the resolution of the pwm signal should be higher.

Filter1010

The first order passive low-pass filter, consisting of a capacitor and a resistor in
series, with a cut-off frequency at half the sampling frequency, was not sufficient
to filter of the noise.
Therefore, an additional, second order, low-pass filter is implemented on the low
voltage side of the circuit, just before the voltage follower circuit. This removed a1015

lot of noise as seen in the figures: 6.2 and 6.3 in chapter 6.
However, it can be seen that some voltage spikes is still present on the signal.
These spikes could have another origin that makes them removable without addi-
tional filtering.
If this is not the case, a deeper study into filtering processes should be conducted.1020

Maybe change some of the filtering to an active filter or implement a digital filter
on the µC when a faster chip is found. However, since the breadboard version
contains several undesirable features that can introduce noise and faulty signals.
It would be preferable to implement the actual circuit on its intended PCB, in
order to avoid the parasitic inductances and capacitances of the rails in the bread-1025

board, before going further with filtering. The risk of having bad connections in
the breadboard will also be avoided if a printed circuit board is made.

7.2.1 conclusion on component selection

The components matter, a wide variety of components within the same category,
has very different characteristics and they impact the behavior of the circuit very1030

much. So the component selection process is a vital part of a project. Furthermore,
within this topic, the microchip also play a large role, when selecting a chip, the
important features are:

• Does it have bits enough to keep the precision needed?
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• Can it perform the calculations fast enough for the given task? 1035

• Does it contain hardware based DAC and ADC, in so-called peripherals.

And in this particular case, the µC’s computation speed is stretched to the limit.
The parameter of the pwm resolution will also be beneficial to increase. The now
10 Bit resolution is not sufficient. Therefore, a study into another chip has to be
performed, with faster processing speed and a higher resolution on the pwm gen- 1040

erator. The ADC module seems to be fine at the 10-Bit resolution as stated with
equation: 5.3.

With a faster chip the sample rate can be increased to at-least 25 times the
bandwidth. Because this could also be the reason for the wavelike pattern on the 1045

output voltage that is still present. When the new chip is to be implemented, the
reference should be changed in the code to a value that fits the output voltage. In
order to implement this, it would be very beneficial with some additional hardware
that can comunicate back and forth with the µC so the exact steady state value, that
is read by the ADC can be seen on the screen and this value should be set as the 1050

reference. This could add some stability to the output voltage.

7.3 Theoretic validation of controller

In section 5.2 the block model in Simulink is compared to the transfer function.
The Simulink block model is constructed with non-ideal, non-linear electrical com-
ponents with the values from the actual components purchased for this project. 1055

This means that this block model will behave almost in the same manner as the
actual physical circuit. This is the reason for testing the controller on the Simulink
model.
The transfer function has been developed in order to conduct the control theory
needed for robust control. To obtain a transfer function the differential equations 1060

needs to be linear, and in this specific occasion the equations also needs averaging.
Despite these approximations to the equations, the obtained transfer function be-
haves fairly equal to the non-linear model in Simulink. By having the opportunity
to simulate a physical electric circuits behavior in this manner and compare it to its
equivalent transfer functions response, the limits of the obtained transfer function 1065

can be seen. It can be seen in what range the transfer function is valid, and there-
fore also get an idea about how equal they are. In this particular case it seems that
the transfer function is a very good approximation of the system, within the range
it is suppose to operate. This can be postulated based on the different disturbances
it has been exposed to, the disturbances are namely designed to mimic the real-life 1070

disturbances, that the controller is designed to reject.
The value of the ESR of the capacitor is measured to be around 0.7 [Ω] which is
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fairly low. The amount of effort into incorporate the ESR is not significant enough
when it is this small, that it will be worth it. The response plot in figure: 5.6 on
page: 32 is made with the ESR value in series with the capacitor, and the difference1075

between the response with ESR modelled and not, is very small. It is not compared
in the report, but was inspected along the development of the simulink model.

7.3.1 Conclusion on Validation of controller

As seen in figure: 5.6 the response of the linear and nonlinear models are behav-
ing fairly equal to small changes, and it is therefore a useful feature. MATLAB1080

and simulink are valuable programs in performing control theory, because of the
many different features that can be tested very quickly without having to make
any physical circuits before the simulations are fine tuned. Furthermore, the con-
fidence in the obtained controller increases when they behave similar within the
range of operation.1085

7.4 Validation of the physical device

When validating the physical device it was seen that a lot of noise is induced
in the circuit. The noise was significantly reduced with the second-order filter.
However, some noise or spikes are still present, which will need reduction. There
has already been mentioned several future ideas to remove them, and also several1090

ideas regarding stabilizing the voltage has been presented. After these have been
performed, the validation process can be finished.
However, the chapter regarding validation is of great value for the future work,
since it is described how to conduct the validation.

7.5 Further development1095

7.5.1 Snubber circuit

A study into the best snubber circuit is to be conducted in order to minimize
ringing in the circuit. Also a snubber circuit in front of the diode.

7.5.2 Micro controller

It was seen that when the control loop is running at the steady state point of1100

operation, there was some small deviations in the loop time, which is affecting
the sample time. Meaning that the sample time is not the same every time, and
therefore the controller is not accurate. The reason for this could be that when the
boost converter is running at steady state, some of the values that the controller is
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calculating is very close to being zero, more precisely the error is close to zero. And 1105

that could be why the controller is taking a bit more time to calculate the control
output. Due to this issue, a study into making an interrupt based loop could be
beneficial to the performance. But on a faster performing µC, so that it is ensured
the loop time is less than the sample time no matter what. This will ensure the
same sample time for every loop, and could help performance. 1110

7.5.3 The circuit

The circuit still needs some work. The are still some noise in the circuit, and this
could be due to the inductors magnetic field. This could induce voltage in the
nearby small signal wires on the board. From the layout of the board it was at-
tempted to keep the low voltage side separated from the high voltage side. How- 1115

ever, this will not be possible on the actual PCB board because of its small size.
Therefore, it could be beneficial to use a shielded inductor for the PCB. Because
it will reduce the magnetic fields effect on other components. This can be tested
on the breadboard as well, by purchasing a shielded inductor at the correct value,
or covering the one that is used now with a Faraday’s cage, which will turn the 1120

magnetic waves into eddy currents in the shield, so they are not inducing currents
in the surrounding wires.
Furthermore, an optocoupler between the µC and the mosfet driver could be ben-
eficial in separating the high and low voltage side. A driver with incorporated
optocoupler exists, and would be helpful to keep the size of the boost converter to 1125

a minimum.
By choosing surface mount components it will be possible to fulfill the require-
ments for the overall size of the board. Additionally, a stress test of the circuit
should be performed, in order to validate the circuit over a long period of time,
with different disturbances and see if the circuit is performing well over a day or 1130

so.

7.5.4 Conclusion on future work

Here is a list with the combined future work that has to be performed.

• Construct the PCB circuit to see if this has removed parasitic losses.

• Use a shielded inductor to avoid inducing voltage in the low voltage circuit. 1135

• Change the µC to a faster one, with better resolution on pwm.

• Make an interrupt-based controller, and increase the sampling frequency.

• Find suitable snubber values.

• Validate the circuit again according to chapter: 6
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7.6 Overall conclusion1140

The project has reached its criteria well in the theoretical aspects, but in the actual
circuit some effort is still needed, the deviations in the voltage level are still above
the design criteria, and needs additional work, However, they have been signifi-
cantly reduced already since the first start up of the controller program. Regarding
the size of the finished product, there is a good chance it can be done, the compo-1145

nents has been chosen to be small and the ones that are not, can be purchased in a
surface mount version a lot smaller. The success of the project is within reach, with
a small amount of work, the last bugs can be eliminated and a finished product
obtained.
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Appendix A Calculation of the bat-
tery voltage drop over
time

This section contains the calculation of the disturbance regarding the input voltage
to be used in calculation of a robust controller. In order to use the information of1180

disturbance, a frequency of the disturbance and a magnitude of the disturbance is
needed. Figure A.1 shows a graph of the voltage drop related to the consumption
of charge.

Figure A.1: Graph of the voltage drop over time from the battery

[8]

By visual inspection the voltage drop is estimated to be 1 volt over the first 30
[mAh] of discharge. This is the largest deviation over a small amount of disharge,1185

which converts into a period of time. Constants used in the following calculations

55
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are:

• Power consumption: P = 3000 [mW]1

• Input voltage min: Vmin = 9 [V] per battery

• Input voltage max: Vmax = 10 [V] per battery 1190

• Total discharge: Qt = 30 [mAh] = 30 · 3600 = 108,000 [mC]

The magnitude of the disturbance is the drop in voltage which is:

2 · 10 − 2 · 9 = 2 [V] (A.1)

The frequency at which the disturbance is beneath is calculated by making a func-
tion of the current consumption and integrating it over time which will yield the
total charge consumed. The charge is known and the time can be calculated by 1195

setting the integral equal to the total charge and solving the equation. Figure A.2
shows the relationship visually.

tf

imax

imin

total charge

i(t)

Q(t)

Figure A.2: Figure showing the relationship between the current and charge

An equation for the current can be made in the following manner. By dividing
power with the voltage gives the current.

imin =
P

Vmax
→ 3000

2 · 10
= 150 [mA] (A.2)

imax =
P

Vmin
→ 3000

2 · 9 = 166.7 [mA] (A.3)

12875 [mW] from MATLAB script + powerloss + microcontroller estimated to 3000 [mW]
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The function of current can be derived in the following manner:

i(t) =
∆i
∆t
· t + imin (A.4)

where ∆i = imax − imin and ∆t = t f − 0 Integrating the function and insert-
ing the boundaries yields:1200 ∫ t f

0
i(t)dt = Qt →

∫ t f

0

∆i
∆t
· t+ imindt = Qt =

[
1
2
· imax − imin

t f
· t2

f + imin · t f

]
− [0] = Qt

(A.5)
simplifying and plugin in values gives the following:

1
2
· 16.7 · t f + 150 · t f = 108, 000 , t f = 682 [s] (A.6)

finding the frequency:

f =
1
t f

, ω = 2π f → 2 · π · 1
682

= 0.0092
[

rad
s

]
(A.7)

So the values for calculating the areas of voltage disturbance is: ∆V = 2 [V] at
a frequency of 0.0092 [rad/s]
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