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Synopsis:

An surge in electrification of both trans-
portation and energy sector has lead to an
increased investment in battery technol-
ogy development and mass production. As
a result, the price per kWh for lithium ion
batteries has dropped significantly, mak-
ing this battery technology a feasible com-
petitor with respect to energy storage.
The integration of lithium ion batteries
into new application areas has raised the
need to develop test setup capable of per-
forming accelerated life time test of the
batteries, in order to prolong the lifes-
pan of the batteries, since none or limited
amount of data is available, depending on
the application area of interest.
This report has investigated possible
topologies suitable for testing batteries un-
der pulsed charge and discharge operation.
Two topologies were evaluated and dis-
cussed and as a result it was decided to
build a prototype. the performance of the
prototype showed a great potential and it
was concluded that a further study would
be necessary in order to make a final con-
clusion.
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Summary

Research within the field of battery diagnostics is of growing interest, due to the
incremental implementation of lithium ion batteries into the transportation and energy
sector. Global warming has been a hot topic the last decades and batteries are considered
as a vital piece of the puzzle when it comes to building the foundation, that will enable an
accelerated transistion towards a more sustainable future, for generations to come.

The importance of battery diagnostics of lithium ion batteries is vital, in order to ensure
successful implementation of lithium ion batteries into new application areas, hence
prolonging the life time and reducing cost.

This thesis investigates the physicals aspect of battery diagnostics, striving to develop,
build and test equipment necessary to stress test batteries. Implementing batteries into
fields that have not yet been exploited, has the downside of every other frontier, namely
the absence of references and experience within the field of interest.

In collaboration with KK Wind Solutions, specifications has been provided for this thesis,
describing the operational conditions of a battery system of interest. The desired output of
this thesis is to use the specifications provided to design a test system capable of performing
accelerated testing of lithium ion batteries, with the purpose of mapping and predicting
the performance of the batteries, in order to optimize the system and reduce cost.

Project objectives were made in order to facilitate the process of finding a solution. The
objectives were to investigate different converter topologies and systematically investigate
the capabilities and limitation, with respect to the specifications provided, through
computational calculation and simulation. Once a suitable candidate was found a
prototype was made and tested systematically to validate the performance.

As a result, it was possible to find candidate made from a configuration of multiple
h-bridges, which has the capability of testing multiple lithium ion battery cells
simultaneously, using an intelligent current control scheme to control the current used
to stress test the batteries. The test results showed high resemblance, with respect to the
specification provided, hence making it a candidate worth investigating as it show great
potential.

Furthermore, an analysis was made stating some of the problems encountered, that needs
further improvement before making a final judgement. Suggestions has been made,
stating possible solutions, revolving around closed loop control implementation, DSP
code optimization and system configuration to fine tune the performance according to
the specifications provided. Based on the analysis made throughout the thesis, and the
suggestion made with respect to improved performance, it is believed that candidate
presented is capable of performing according to the specifications provided.
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Reading Guide

Each chapter is introduced by a short paragraph written in italic form. These paragraphs
are introductions for the given chapters. There will appear source references through
the report. These references will be collected in a source list at the end of the report.
The reference method used in the report is the Harvard Method which means that the
reference is placed in the text with following notation [Surname, Year]. If the reference
contains multiple sources, then each source is separated by comma. The references refer to
the list of sources where books is stated with author, title, publisher, edition and year of
publication while web pages is stated with author, web address, title and the point of time
that indicates the last visit at the web page. Equations, tables and figures are numbered
in accordance with the given chapter, i.e. Figure 1.2 is the second figure in chapter one.
Explanatory text for figures and tables is located beneath the given tables and figures.
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Nomenclature

AC Alternate Current

ADC Analog to Digital Converter

BMS Battery Management System

CC Constant Current

CCS Code Composer Studio

CV Constant Voltage

DC Direct Current

DCM Discontinuous Conduction Mode

DSP Digital Signal Processor

EV Electric Vehicle

IC Integrated Circuit

KVL Kirchhoffs Voltage Law

OCV Open Circuit Voltage

PLL Phase Locked Loop

PM Permanent Magnet

PWM Pulse Width Modulation

SoC State of Charge

SPWM Sinusoidal Pulse Width Modulation

SVPWM Space Vector Pulse Width Modulation

THD Total Harmonic Distortion

� Efficiency [%]

R Resistance [
]

E EMF [Vt]

B Magnetic Flux Density [Wb]

C Capacitance [F]

D Duty Cycle [-]
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E Energy [Wh]

f Frequency [Hz]

H Magnetic Field [T]

I Current [A]

K Constant [-]

L Inductance [H]

P Power [W]

Q Charge [C]

t Time constant [s]

V Voltage [V]
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Introduction 1
1.1 Background

An increased interest within battery driven systems has occurred during the last couple
of years. Examples of such battery driven system could be electrical vehicles (EV´ s),
or electri�ed transportation in general, including bikes, skateboard, scooters, etc. Other
battery driven system of high interest is a more stationary implementation and refers to
energy storage systems, such as the Tesla Power Wall.

Numerous battery technologies exist and they all have di�erent characteristics. Choosing
a suitable battery technology for a certain application is typically done based on two
parameters. One being the speci�c energy expressed in Wh/kg and the other being the
speci�c power expressed in W/kg. A comparison of di�erent battery technologies can be
seen in the ragone plot, illustrated in Figure 1.1.

Figure 1.1: Comparison of speci�c power and speci�c energy between di�erent battery
technologies [Budde-Meiwes et al., 2013].

From Figure 1.1 it can bee seen that the lithium ion technology has the highest value with
respect to speci�c energy, which is why this technology has been chosen for battery driven
systems, such as EV's, as range is an important factor.

The increased interest in battery driven system has resulted in big investment within
battery development and mass production, which has lead to a decreasing tendency in
cost per kWh, as illustrated in Figure 1.2.

1



Group PED4-1047 1. Introduction

Figure 1.2: Battery pack manufacturing cost tendency and prediction in $/kWh for lithium
ion battery packs [David Reichmuth, 2017].

The lower price tag per kWh of batteries has made batteries a economical feasible solution
with respect to renewable energy storage and the advantages it o�ers.

Advantages of Batteries Used for Energy Storage:

ˆ High frequency response compared to traditional grid stabilizing methods, such as
mechanical turbines.

ˆ Optimized integration and utilization of �uctuating renewable energy sources, such
as photo voltaic systems and wind turbines.

ˆ Reduce peak load which reduces the size and cost of the utility grid.
ˆ Possibility of extending the lifetime of batteries used for electric vehicles by using

them for energy storage, as capacity decreases, making them unsuitable for EV´ s.

Other forms of energy storage already exist, such as pumped hydroelectric storage.
However, this form of energy storage is rather limited from a geographical point of view,
as it requires a landscape with high elevation di�erences.

With reference to the statement mentioning capacity degradation, it is important to extend
the life time of the batteries, for them to be an economical competitive solution that can
help face out the use of fossil fuels used within the transportation and energy sector.

1.2 Problem Analysis

1.2.1 Lithium Ion Battery

Being able to extend the life time of lithium ion batteries, requires a fundamental
understanding of the battery structure, including electrical, chemical an mechanical
properties.

A simple structural and operating description of a lithium ion battery can be made from the
following four elements. Electricity in a lithium ion battery is generated through chemical

2
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reactions of lithium and the following four elements all needs to be present within a lithium
ion cell structure in order to create such a chemical reaction [SDI, 2016].

ˆ Cathode: Is the positive electrode of the cell, and is made out of lithium and a
oxidized material, which creates an active material that determines the voltage and
capacity of the battery depending on amount of lithium used and type of oxidizing
material. Lithium is an unstable substance in its element form, hence it is paired
with another material to become stable.

ˆ Anode: Is the negative electrode of the cell, and is made out of an active material
that enables electric current to �ow trough an external circuit and absorb/release
lithium ions from/to the cathode depending on the power �ow direction.

ˆ Electrolyte: Is a medium located between the cathode and the anode that allows
the movement of ions only, not electrons.

ˆ Separator: Is a physical barrier that prevents direct �ow of electrons from cathode
to anode, which would cause short circuit.

1.2.2 Charging Strategies

Since batteries are used to store and release energy, it is important to investigate the
practicality of this process to fully understand the nature of the batteries.

Constant Current (CC)/Constant Voltage (CV)

This charging strategy is a combination of two di�erent strategies, as indicated by the
name, and is commonly used to charge lithium ion batteries. Only one strategy is used at
the time and knowing when to choose one over the other depends on the state of charge
(SoC) of the battery.

The SoC indicates the amount of charge in a battery ranging from 0-100%. Various method
of determining the SoC exist, whereas the most common method is to measure the battery
open circuit voltage (OCV), as it decreased during discharge and vice versa. The measured
open circuit voltage is compared with a characteristic discharge curve, stating the battery
voltage at di�erent discharge rates with constant temperature or di�erent temperatures
and constant discharge rate, as illustrated in Figure 1.3.

The CC charging strategy is utilized when having a low SoC and OCV and is used until
a speci�ed OCV is reached. When a speci�ed OCV is reached the CV charging strategy
is utilized, keeping a constant voltage while lowering the current. Lowering the current,
serves the purpose of protecting the battery, as it can cause permanent damage to the
battery if it is overcharged. Looking at the OCV characteristics in Figure 1.3a, it can be
see that the OCV voltage changes exponentially at low and high state of charge, hence it
is important to charge slowly to keep track of the OCV.

Since current decreases whenever a certain maximum voltage is reached, so does the power
�ow, which has a negative impact on charging time [Cope and Podrazhansky, 1999].

3
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(a) Constant temperature. (b) Constant discharge rate.

Figure 1.3: Discharge curves at di�erent discharge rates at constant temperature(a)
and discharge curves at constant discharge rate at di�erent temperature(b) , taken from
Appendix A.

Comparing the voltage of both graphs, it can be seen that higher temperature result in
lower charge rate and vice versa. Furthermore, it is interesting to observe that capacity
loss occurs at low temperature caused by a voltage o�set of� 1V from the highest voltage
rating.

Since higher current result in higher temperature it is an advantage to perform thermal
management of batteries as it can improve both charge speed and available capacity.

Pulse Charging

As the name of this charging strategy indicates, it utilizes current pulses to charge and
discharge batteries. Pulse charging is characterized by a discontinuous power �ow, since the
current �ow is interrupted by small breaks. These breaks is referred to as resting periods
and serves the purpose of allowing higher charge current than other charging strategies
such as the CC/CV charging strategy. From the discharge curves presented in Figure 1.3,
it was observed that high current rates causes noticeable voltage o�sets and that higher
temperature decreases charging rate. Therefore, implementing resting periods through
the pulse charging strategy, allows the battery to cool down and stabilise the voltage,
when applying a high current. Applying a high current through pulses would result in
an average current higher than normal for the same time period. Higher average current
at higher voltage yields higher power, which in the end reduces charging time [Cope and
Podrazhansky, 1999].

1.2.3 Battery Degradation Diagnostics

Figure 1.4 presents a schematic overview of the causes and e�ects of di�erent degradation
mechanisms and associated degradation modes, which is based on a study within the �eld
of degradation diagnostics of lithium ion batteries[Birkl et al., 2017].

The study investigates, what causes e�ect the capacity and power fade seen in lithium ion
batteries. From Figure 1.4 it is observed that current load at high and low SoC and high
temperature are the most damaging causes that e�ect mostly capacity , but also power
fade. Measuring and controlling these parameters is therefore a good starting point in
order to enhance the performance of lithium ion batteries.

4
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Figure 1.4: Cause and e�ect of degradation mechanisms and associated degradation
modes[Birkl et al., 2017]

.

This project is made in collaborating with KK Wind Solutions, who are interested in
product development that utilized lithium ion batteries as energy storing devices that
are integrated into the grid. Since the application of lithium ion batteries are broad and
constantly evolving, it can be di�cult to predict the performance o� the batteries when
implementing the technology into a knew application, since the amount of comparable
data is either limited or non existing. The following test speci�cations, listed in Table 1.1,
has been provided by KK Wind Solutions, representing the conditions of which the system
is intended to be operated.

Charge Rate Discharge Rate Pulse Duration
100A=�s 25A=�s 100�s � 10ms

Table 1.1: Test setup speci�cations.

Based on the analysis made in Section 1.2 and the speci�cations listed in Table 1.1, it
would be of interest to build a test setup capable of stress testing the batteries, under
pulsed operation, in an accelerated manner, to generate relevant and comparable data
that can be used to optimize the operation of the application of interest.

5



Problem Statement 2
Based on the analysis, made in Chapter 1, it is possible to frame the following problem
statement for this master's thesis.

How can a system, with charge and discharge rate capabilities of100A=�s and 25A=�s and
pulse duration of 100� s - 10ms be designed, to perform accelerated lifetime test of lithium
ion batteries used under pulsed operation.

2.0.1 Project Objectives

In order to reach a conclusion, following objectives has been listed to facilitate an answer
to the problem statement made.

ˆ Identify a suitable converter topology capable of performing according to the
speci�cation made in Table 1.1.

ˆ Use Matlab and Simulink to model and evaluate the converter topology.
ˆ Make a prototype of the selected topology.
ˆ Perform test of the prototype according to the speci�cations made and validate the

performance of the prototype by comparing simulated and measured results.

Limitations and Assumptions

Following limitations and assumptions has been made in order to keep the scope of the
project within the time frame of the project.

ˆ The components for the setup are assumed to be ideal.
ˆ No controller will be designed, hence the converter topology will operate under open

loop control.
ˆ A simple battery model will be utilized in order to focus on the topology selection and

operation.

6



Battery Tester 3
This chapter presents the general structure of a traditional battery charger and states the
requirements of the test setup needed for the pulse charge and discharge test. Furthermore
an analysis is made with respect to choice of topology capable of accommodate the stated
requirements.

3.1 General Charger Structure

Figure 3.1 illustrated a general structure of a fast charger, consisting of the grid as a power
source, a �lter to �lter out harmonics, a recti�er/inverter that converts AC into DC and
vice versa, a DC-DC converter that regulates the DC voltage to match the voltage of the
load a battery/capacitor that gets either discharged or charged. The power �ow of such a
setup can be bi-directional, meaning that both the grid and load can act as a power source
or a load respectively.

Figure 3.1: Simple block diagram of typical fast charger structure [Channegowda et al.,
2015].

3.2 Test Setup Requirements

To be able to design a test setup capable of performing pulse charge and discharge test,
it is necessary to state the requirements. Following requirements has been set for the test
setup, and is an extended list based on the requirements provided by KK Wind Solutions.

ˆ Capable of delivering� 200A
ˆ Capable of changing current stress from� 10A - 200A
ˆ Capable of charging at at100A=�s rate
ˆ Capable of discharging at25A=�s rate
ˆ Capable of controlling the gradient @i=@t
ˆ Capable of pulse duration of 100� s - 10ms

7
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ˆ Capable of circulating energy between two batteries

The requirements listed above describes the functionality of the test setup, which purpose is
to evaluate the reliability of batteries used under pulsed operation. To make the evaluation
and test process as e�cient and simple as possible, it is essential to be able to perform
test in a smart and fast manner without compromising the quality of the test results.
Being able to circulate energy by discharging one battery and use it to charge another
battery, makes it possible to test two batteries at once, making the test process e�cient
with respect to both time and energy conservation.

Additional requirement have been made based on current pro�les provided by KK Wind
solutions, with respect to the shape of the current pulses. Figure 3.2 illustrates the
shape of the current pulses, which can be described as symmetrical pulses of di�erent
magnitude, where the magnitude is determined by a 100 Hz recti�ed sinusoidal envelope
with a magnitude of 200A. The converter used for the test setup should therefore be able
to modulate such a current pulse pattern.

Figure 3.2: Desired pulse pattern for battery charge and discharge current.

3.3 Bi-Directional Buck-Boost Converter

It has been stated that it is of interest to develop a system capable of circulating power
between two batteries, as it would allow the user to test two batteries at once, hence
reducing the time spend on testing.

Drawing inspiration from Figure3.1 and keeping in mind that batteries only operates in
the direct current (DC) environment and not the alternate current (AC), a test setup could

8
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be made out of a four switch bi-directional buck-boost topology, as illustrated in Figure
3.3 [S.R and Rasu, 2015].

Figure 3.3: 4-switch bi-directional buck-boost converter schematic.

The bene�t of of using the batteries, both as a load and a source has the major advantage
of keeping the whole test setup out of the AC environment. This simpli�es the test setup
since no AC/DC converter is needed.

From the schematic, illustrated in Figure 3.3, it can be seen that only 4 switches is needed
to make the system work. The following table shows the di�erent operation modes of the
converter and the switch signal needed to operate at a speci�c mode.

3.3.1 Operating Mode

Table 3.1 states 2 di�erent operating modes of the bi-directional buck-boost converter and
the corresponding switch signals, where D is the duty cycle, also known as the time of
which the switch is on during one switching period, as illustrated in Figure 3.4

Figure 3.4: Graphical representation of duty cycle [AspenCore, 2019].

Operation Mode S1 S2 S3 S4
Buck D 1-D ON OFF
Boost ON OFF 1-D D

Table 3.1: Switch operation of the four switch bi-directional buck-boost converter.

The duty cycle for each operating mode can be found using Equation 3.1 and 3.2
respectively [Instruments, 2019c].

Dbuck =
Vout

Vin
(3.1)

9
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Dboost = 1 �
Vin

Vout
(3.2)

3.3.2 Electrical Battery Model

In order to evaluate the electrical performance of the battery it is necessary to make an
electrical model representing the characteristics of the battery. Several di�erent models exist
and varies in complexity depending on the desired accuracy. Since the goal of this project
is to develop a test setup with the capabilities of pulse charging and discharging batteries,
it is desired to utilize a simple model representation of the battery. A brief overview of
di�erent battery models, and its purposes, will be presented throughout this section.

Figure 3.5: Schematic diagram representations of three di�erent battery circuit models.
(a) The Rint Model,(b) The Thevenin Model,(c) The RD Model [He et al., 2012].

Figure 3.5 shows three of the most common battery circuit models, where an extra layer
of complexity is added to the previous model, starting from left going right.

The Rint Model is the most simple model and is represented by a open circuit DC voltage
(Uoc) and an internal series resistance (R0). The model does not include any time depended
circuit components such as inductors or capacitors and can only be used to analyse the
static response of the battery. The OCV (Uoc) can be obtained from the data sheet of the
battery, described by a �xed nominal value, or estimated using the discharge curve, as will
be explained later. The series resistance (R0) can also be obtained from the data sheet of
the battery.

The Thevenin Model adds a parallel RC network in series with the Rint Model, which
makes this model suitable to analyse the dynamic response of the battery. Adding a RC
network increases the complexity of the model as the parameters of the network can not
be identi�ed using the data sheet of the battery. To obtain values for the parameters of
the RC circuit, it is necessary to perform either o�ine or online parameter identi�cation
which utilized mathematical models and methods to estimate the unknown parameters of
the model[He et al., 2012].

The main di�erence between o�ine and online parameter identi�cation is that the o�ine
method utilizes and process data that has already been collected, whereas the online
method utilizes and process data obtained during operation, making the parameter
estimation time depended. That is why the o�ine method is considered less accurate
compared to the online method, as the parameters can be a�ected by external and internal
factors, such as temperature [Rahimi-Eichi et al., 2014].

10
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The last of the three model represented in Figure 3.5 is the FD model. This models
adds and additional parallel RC circuit to the Rint model, which means that two separate
RC networks are added in series with the internal resistance (R0). The purpose of the
additional RC network is to increase the accuracy of the model, as it is possible to split
and describe the parameters/mechanisms of the battery into individual parts, resulting
in a more accurate behavioral representation. However, introducing another RC network,
also increases the complexity of the model[He et al., 2012].

Since it is not part of the scope of this project to investigate the dynamic behavior of
the battery and perform parameter identi�cation, the Rint model has been chosen due
to its simplicity and the bene�t of having the parameters needed for the model, listed in
Appendix A. Table 3.2 lists the parameters needed for the Rint model.

Parameter Value
Voc 3.19 [V]
Rint 0.7� 0.1 [m
 ]

Table 3.2: Battery parameters used for the Rint model.

3.3.3 Open Circuit Voltage and State of Charge Estimation

As stated previously, the OCV of the battery (Voc) can be obtained from the data sheet
directly as a constant value, but can also be calculated based on the discharge curve of the
batteries used for this project, illustrated in Figure 3.6.

Figure 3.6: Discharge curve of battery cell at di�erent discharge rates and temperature of
25� C taken from Appendix A.

It can be seen that the battery OCV drops accordingly with the SoC, and that the discharge
rate (C) has a signi�cant impact on the average voltage during the discharge period. The
nominal discharge rate, represented by 1C, is typically re�ected by the battery capacity and
is de�ned as the rate of which the battery is discharged within a time period of one hour.
The capacity of the battery cell associated with the discharge characteristics represented
in Figure 3.6 is 20Ah, hence the magnitude of the discharge current when discharging at
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1C rate is equal to 20A. Based on the characteristics of the discharge curve the cell voltage
,during charge and discharge, can be used to determine the state of charge. It should be
noted, that the relation between (Voc) and SoC also depends heavily upon temperature,
as stated in Chapter 1. The temperature of the batteries at all time is therefore assumed
so be at constant room temperature of25� C

Using an online tool called'WebPlotDigitizer' that makes it possible to extract data points
from a PDF and importing that data set into matlab, the following equation has been
estimated using the curve �tting tool.

Voc = 0 :3505� SoC9 + 0 :3257� SoC8 � 0:7756� SoC7 � 0:7048� SoC6

+0 :5728� SoC5 + 0 :4571� SoC4 � 0:1418� SoC3 � 0:1254� Soc2

+0 :0471� SoC + 3 :063

(3.3)

Equation 3.3 is based on a9th degree polynomial function, as it gave the best �t possible.

The de�nition of a nth degree polynomial is stated by Equation 3.4

Pn = an � xn + an� 1 � xn� 1 + :: + a2 � x2 + a � x + a0 (3.4)

Plotting Equation 3.3, illustrated in Figure 3.7, it can be seen that the curve �tting tool
manage to �nd a relative good �t across the entire range, except when the battery reaches
a 93-100% SoC. Operating the batteries within this range would make it di�cult to know
the exact state of charge, which would cause possible errors with respect to test result
analysis, as the operating point would di�er from what would be expected, making it
di�cult to compare test results, hence it should be avoided.

Figure 3.7: Charge curve of battery cell, based on extracted data point from Figure 3.6
and estimated using Matlab Curve Fitting Tool.
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As mentioned earlier the OCV is signi�cantly a�ected by the magnitude of the current and
temperature, which makes it even more di�cult to estimate the SoC. Using a lookup table
containing the (Voc) vs. temperature could be made to resolve this problem, but would
depend on accurate temperature measurement.

A better way of keeping track of the SoC of the battery cell, would be to perform simple
coulomb counting starting from a battery cell voltage below the 93% SoC, described by
Equation 3.3 [Ng et al., 2009].

A coulomb is a SI-unit describing the electrical charge and is de�nes as the amount of
charge delivered by 1 amp during a time period of 1 second. Performing coulomb counting
therefore simply means to integrate the current going in and out of the battery and add
it to the initial value of charge, as stated by Equation 3.5.

Q =

tZ

t0

�I batt + Q0 (3.5)

Knowing the charge Q, it is possible to obtain the SoC if the nominal charge (Qnom ) is
know, as stated by Equation 3.6.

SoC =

Rt
t0 �I + Q0

Qnom
� 100% (3.6)

The disadvantage of this method is that it su�ers from drifting, as it depends on 100%
correct current measurements, which would result in an o�set when operating over longer
periods of time. It should therefore be reset, by measuring the voltage prior to test start.

The operating modes of the bi-directional buck-boost converter was stated in Table 3.1,
along with the corresponding duty cycle de�nition of each mode stated by Equation 3.1
and 3.2. From equation 3.2 it can be seen that the output voltage has to be higher than
the input voltage, in order to operate in boost mode. From Figure 3.7 it can be seen that
the open circuit voltage of the battery has an almost constant value in the range of 20-90%
SoC. Utilizing two batteries in the test setup to act, both has a load and a source, means
that the input and output voltage would be almost identically, assuming that the batteries
are not charged or discharged outside the 20-90% SoC range. However, in order to charge
a battery it is necessary to charge at a higher voltage than the (Voc). The maximum charge
voltage can be found in Appendix A and is rated at 3.75V. This means that the converter
would always operate in boost mode.

3.3.4 Converter Parameters

Based on the OCV characteristics, it has been stated that the converter will only be operated
in boost mode. In order to evaluate whether or not the performance of the bi-directional
buck-boost converter is suitable for the test setup, it is necessary to estimate the converter
parameters.

First step is to calculate the duty cycle using Equation 3.11, which utilized the maximum
input voltage in order to determine the minimum duty cycle. Since the batteries has an
internal resistance, it can be di�cult to de�ne the exact input and output voltage of the
converter, as these values changes depending on the current going in and out of the battery.
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However, assuming a 100% e�ciency of the converter and de�ning the maximum current
going out of the battery acting a a source to be 200A, it is possible to estimate both the
input and output voltages, using the following set of equations.

The power balance of a boost converter is given by Equation 3.7, stating that the output
power of the converter is always equal or less than the input power, depending on the
amount of losses, expressed by the e�ciency.

Pin =
Pout

�
(3.7)

The input and output voltage can be de�ned as stated by Equation 3.8 and 3.9, which is
derived from the equivalent electrical circuit of the battery, represented by the Rint model,
illustrated in Figure 3.5, using kirchho�'s current law (KVL).

Vin = Voc � Rint � I in (3.8)

Vout = Voc + Rint � I out (3.9)

Applying, both the assumption of 100% converter e�ciency and the de�nition of the input
and output voltage stated in Equation 3.8 and 3.9, Equation 3.7 can be written as stated
by Equation 3.10.

(Voc � Rint � I in ) � I in = ( Voc + Rint � I out ) � I out (3.10)

Solving for (I out ) in Equation 3.10, using the de�nition of the input current of 200A and
the battery parameters from Table 3.2, it is possible to estimate the input and output
voltages, as stated by Equation 3.8 and 3.9.

The values obtained from Equation 3.8, 3.9 and 3.10 are listed in Table 3.3, where (Vin )
and (Vout ) are used in Equation 3.11 to estimate the duty cycle.

Parameter I out Vin Vout

Value 184 A 3.05 V 3.32 V

Table 3.3: Calculated battery parameters,

Dboost = 1 �
Vin � �
Vout

= 1 �
3:045V � 100%

3:32V
= 8% (3.11)

It can be seen that relative low di�erence in voltage between the input and output voltage,
results in a low duty cycle, which could limit the switching frequency, depending on the
turn-on and turn-o� time of the transistor.

Next step is to estimate a minimum value of the inductor, using equation 3.12 [Instruments,
2019c]. The inductor value is based on the switching frequency (f sw), the current ripple,
given by the coe�cient ( K ind ), representing the amount of current ripple relative to (I out )
and the relation between (Vin ) and (Vout ). A switching frequency of 100 kHz, along with
a (K ind ) value of 10% is chosen to minimize current ripple.

L �
V 2

in � (Vout � Vin )
f sw � K ind � I out � V 2

out
=

3:05V2 � (3:32V � 3:05V)
100� 103Hz � 0:1 � 184A � 3:32V2 = 12:4� H (3.12)
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Finally it is possible to estimate the minimum value of the output capacitor, to limit the
output voltage ripple across the battery, using Equation 3.13 [Instruments, 2019c].The
amount of voltage ripple relative to the output voltage, represented by the coe�cient
(K cap), is chosen to be max 0.1% in order to avoid unwanted stress of the battery.

Cout;min =
I out � Dboost

f sw � Vout � K cap
=

184A � 0:08
100� 103Hz � 3:32V � 0:001

= 4 :5mF (3.13)

Equation 3.11, 3.12 and 3.13 are all used to estimate initial values for the components of
the converter and can always be tuned based on the simulation results.

Having calculated the parameters of the converter, it is possible to implement Equation
3.3, 3.5 and 3.6 into the model, to simulate the change in OCV during operation.

Figure 3.8 illustrates the change in OCV of the two batteries, where one of the batteries
operates as a source and is therefore discharging and the other is acting as a load and is
therefore charging correspondingly. It can be seen that the OCV of the discharging battery
is dropping and vice versa, when looking at the charging battery, hence indicating that
the converter is operating in boost mode.

Figure 3.8: Battery voltages during charge and discharge operation at an initial SoC of
87% and 87.5% .

To validate whether or not the bi-directional buck-boost converter is suitable for the test
setup, it is necessary to evaluate the current response. Figure 3.9 shows the charging
current response of the converter at di�erent converter parameter con�guration, with the
purpose of illustrating whether or not this topology is suitable for a battery test setup.
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Figure 3.9: Current response at di�erent hardware and switching frequency con�gurations.

From Figure 3.9 it can be seen that none of the current response curves satis�es the
requirement made with respect to a current response of100A=�s . However, modi�cations
has been made to the initial estimated design, represented by the purple response, in order
to improve the response.

First the inductance was reduced by a factor of teen, represented by the green response,
which had a positive e�ect on the response time. However, it also increased the current
ripple, as expected, since the inductance describes the relation between the induced voltage
and the rate of change of the current.

In order to reduce the voltage ripple across the battery, caused by the increased current
ripple, the capacitor was increased by a factor of two, illustrated by the red response.
However, this had a negative e�ect on the current response time, making it slower than
before.

Another way of reducing the ripple, instead of increasing the value of the capacitor, would
be to increase the switching frequency. The e�ect of increasing the switching frequency
by a factor of two and keeping the original value of the capacitor, is illustrated by the
blue response. It can be seen, that increasing the switching frequency, rather than the
capacitor value is better with respect to response time. However, as stated earlier, none
of the current responses is even near the requirement of a current response of100A=�s ,
which is why this topology is not suitable for the battery test setup, when looking at the
current response.
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3.3.5 Energy Balance

Since it is desired to perform power cycling using two batteries, it would be interesting two
estimate the losses during operation, in order to evaluate whether or not it is a good idea
to perform test using this con�guration.

Transistor Losses

Due to the low operating voltage of the converter and high frequencies operation, it is
decided to use mosfets as transistors [Semiconductor, 2019].

Equation 3.14 states the total losses of the mosfets, divided into three sub-categories,
namely the conduction losses (Pcond), the switching loses (Psw) and the gate losses (Pg)
[Instruments, 2019b].

Pfet (total ) = Pcond + Psw + Pg (3.14)

The conduction losses can be estimated using Equation 3.15, which represents the losses
accruing when the transistor is turned on, hence conducting.

Pcond = Rdson � I 2
swrms

= 0 :72m
 � 200A2 = 28:80W (3.15)

From Table 3.1 it can be seen that three out of four switching are conducting during boost
mode operation. Two of the switches conduct complimentary, which means that the total
conduction loss is equal to that of two mosfets conducting continuously, hence 57.60W.

Next step is to estimate the switching losses using Equation 3.16, which represents the
losses caused by the time it takes to charge and discharge the mosfet.

Psw = Vin � I out � f sw �
Qgs + Qgd

I g
(3.16)

Re-writing Equation 3.16, the switching losses can be estimated using the turn-on delay
time (td(on) ), turn-o� delay time ( td(of f ) ), rise time (t r ) and fall time ( t f ), obtained form
the data sheet of the mosfet [Semiconductor, 2019], using Equation 3.17.

Psw = Vin � I out � f sw � (( td(on) + t r ) + ( td(of f ) + t f )) (3.17)

Psw = 3 :05V � 200A � 100� 103Hz � ((21ns+ 42ns) + (288ns+ 101ns)) = 27 :57W

The switching losses only apply to the switches that are switching on an o� during one
switching period an does therefore only apply for two of the 3 switches being used, hence
a total switching loss of 54.14W.

The �nal step is to calculate the losses of the gate driver circuit itself, using Equation 3.18
and the values of the maximum total gate charge (Qtotal;max ) and gate voltage (Vg).

Pg = Qg(total ) � Vg � f sw = 203nC � 10V � 100� 103Hz = 0 :20W (3.18)

The magnitude of the gate driver losses are insigni�cant, compared to the conduction and
switching losses, but is a loss that is applied across all three transistors as they are all
operated, hence a total gate driver loss of 0.60W.

Adding the individual transistor losses, results in the following total transistor loss.

Pfet (total ) = 57.60W+54.14W+0.60W=112.34W
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Battery losses

Besides the transistor losses, the batteries also experience losses due to the internal
resistance, which can be estimated using Equation 3.19

Pbatt = Rint � I 2
rms (3.19)

Pbatt; (source) = 0 :7m
 � 200A2 = 28:0W

Pbatt; (load) = 0 :7m
 � 184A2 = 23:7W

Adding both the transistor losses and the battery losses, results in the following total
estimated loss.

Ploss;total = Pfet; (total ) + Pbatt; (source) + Pbatt; (load) (3.20)

Ploss;total = 112:34W + 28:0W + 23:7W = 164:04W

Using Equation 3.21, the e�ciency of the test setup can be estimated.

� =
Pin � Ploss;total

Pin
� 100% (3.21)

� =
(3:19V � 200A) � 164:04W

(3:19V � 200A)
� 100% = 74:29%

This means that approximately 25% of the energy is lost during operation, which limits
the time duration of the test. Knowing the losses and the battery capacity, it is possible
to estimate how long it takes to discharge both batteries completely due to losses, using
Equation 3.22.

t test =
Ecap;batt

Ploss;total
(3.22)

t test =
3:19V � 20Ah

164:04W
� 23min

It can be seen that it only takes approximately 23 min to fully discharge both batteries,
assuming 100% SoC at the start of the test. Increasing the time period of the test cycle can
be done by supplying the losses through an external power supply or by adding multiple
mosfets in parallel to decrease conduction losses. However, adding more mosfets does not
a�ect the switching losses, which stays the same since switching frequency and current are
linearly dependent as stated by Equation 3.17, hence limiting the maximum achievable
e�ciency.

Since losses are inevitable, due to switching and internal resistance of the battery, it would
be interesting to supply the losses externally in order to have the opportunity to cycle the
batteries at at �xed SoC.
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3.4 Modulation Technique

One of the requirements for the test setup was to have the capability to output current
pulse patterns, resembling the one represented in Figure3.2. This section will present the
modulation technique implemented in order to achieve such pulse pattern.

Figure 3.10 illustrates a graphical representation of the signal modulation strategy,
implemented in the bi-directional buck-boost converter topology, with the goal of
replicating the pulse pattern presented in Figure 3.2.

The modulation strategy can be divided into two parts. The �rst part is represented
by the top graph in Figure 3.10, where a modulation signal (recti�ed 100 Hz sinusoidal
signal) compared with a high frequency carrier signal (triangular signal), which creates a
Pulse Width Modulation (PWM) signal in the middle of Figure 3.10. However, feeding
this PWM signal to the switches, would create a recti�ed sinusoidal current through the
battery. In order to create the desired pulses an additional PWM signal is introduced,
which runs at a lower frequency of the one already created. The additional PWM signal
is set to run at a �xed duty cycle of 50% and is used to chop the high frequency PWM
signal, which results in the symmetrical PWM signal illustrated in the bottom graph in
Figure 3.10. The number of pulses can be increased or decreased by increasing or lowering
the switching frequency of the low frequency PWM signal used to chop.

Figure 3.10: Graphical representation of the signal modulation strategy used for the bi-
directional buck-boost converter.

Figure 3.11 shows the modulated current output response of the bi-directional buck-boost
converter obtained using the signal modulation strategy explained earlier and illustrated
in Figure 3.10.
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Figure 3.11: Current pulse pattern.

It can be seen that the bi-directional buck-boost converter topology is capable of generating
a current pulse pattern, resembling the one speci�ed in the speci�cation and illustrated in
Figure 3.2. However, it still underperforms with respect to the time response, as was also
stated by Figure 3.9. It should be noted, that a better representation of the pulse pattern
would be possible to achieve through �ne tuning of the converter parameters.

3.4.1 Discussion and Conclusion

Evaluating the performance of the bi-directional buck-boost converter with respect to the
requirements made in Section 3.2, it was discovered that the topology was able to be
con�gured, such that the batteries would be able to power cycle the energy from one
battery to another. Furthermore, it was possible to modulate the control signals of the
transistors, such that a current pulse pattern of the converter, resembled the one presented
in Figure 3.2. A schematic representation of the PLECS model can be found in Appendix
B.

However, two limitations were discovered, one of them being a slow time response, which
could not be resolved as it would result in high ripples, that would cause undesirable stress
to the battery, as it is only desired to stress the batteries through controlled charge and
discharge pulses.

The other limitation was encountered when estimating the losses during operation of the
converter. It was discovered that approximately 25% of the energy would be lost through
conduction and switching losses, thereby loosing the bene�t of power cycling, as an external
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power source would be needed to operate the test setup, not only for a longer period of
time, but also at a �xed SoC. However, adding an external power supply would resolve
this issues, hence making the slow current response the only limitation.

Being aware of these limitation, it is decided to look at other topologies capable of resolving
the limitations encountered with the bi-directional buck-boost converter.

3.5 Hybrid H-Bridge Converter

This section introduces a hybrid h-bridge converter topology, which is proposed as a suitable
con�guration for the battery test setup, based on the limitations encountered through the
analysis of the bi-directional buck-boost converter, presented in Section 3.3.

Figure 3.12, illustrates a schematic representation of the proposed con�guration. It can
be seen that the topology consist of a full bridge single phase inverter module and two
additional h-bridge modules, each containing one battery, represented by the Rint model.
Furthermore, a DC power supply has been added to compensate for losses during operation
and to act as a source, used to generate the sinusoidal current, representing the envelope
containing the current pulses, illustrated in Figure 3.2.

Figure 3.12: Schematic representation of Hybrid H-Bridge converter.

Based on experience from the previous topology, it could be seen that it was possible to
generate the desired pulse pattern, using the proposed modulation technique. However, it
was also concluded that the response time did not meet the requirement, as it would result
in high ripple that would stress the batteries in an unwanted way. The slow response time
was caused by the passive components used to smooth the high frequency signal generated
by the active components.

Having only four switches available had the bene�t of simplicity with respect to control, but
also a limitations with respect to modulation, since the same switches had to perform both
high frequency signal generation and low frequency signal chopping, causing the inductor
current to fall to zero, hence resulting in a slow response. Introducing additional switches
to the test setup would have the downside of increasing complexity, but could resolve the
problem related to the slow response time, by distributing the modulation signals out on
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several switches and implementing intelligent current control, to prevent the test setup
from running in discontinuous conduction mode (DCM).

3.5.1 Single Phase Inverter

The purpose of the single phase inverter is to create a sinusoidal current at a desired
amplitude and frequency, which represent the envelope, shaping the current pulse pattern
illustrated in Figure 3.2. Table 3.4 shows the switch operations of the inverter, indicating
a diagonal and complimentary switch operation of two switch pairs, in order to generate
a sinusoidal current, oscillating around a baseline equal to zero.

Operation Mode S1 S2 S3 S4
Positive Sine Wave ON OFF OFF ON
Negative Sine Wave OFF ON ON OFF

Table 3.4: Switch operation of inverter.

Modulation Technique

The Sinusoidal Pulse Width Modulation (SPWM) technique is utilized to generate the
control signals necessary for the single phase inverter. This modulation technique is similar
to the one used for the bi-directional buck-boost converter, where a modulation signal at
fundamental frequency is compared with a high frequency carrier signal, used to sample
an generate a PWM signal with varying duty cycle, as illustrated in Figure 3.13

Figure 3.13: Graphical illustration of the SPWM technique.
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Applying the positive half-wave PWM signal to switch S1 and S4 and the negative half-
wave PWM signal to switch S2 and S3, would create a sinusoidal current through the
inductor.

3.5.2 H-Bridge

The purpose of the h-bridge module containing a battery module is numerous and varies
depending on mode of operation, which is to either charge, discharge or bypass the battery
within the module. However, the main purpose is to chop the current generated by the
inverter module, through high frequency PWM switching, at a relative lower switching
frequency, to generate charging or discharging current pulses.

In order to be able to operate in any of the three modes of operation, it is necessary to
create a control scheme for each mode, that takes into account, both the changing polarity
of the sinusoidal current and the requirement of creating a pulse pattern, resembling the
one illustrated in Figure 3.2.

Modulation Technique

The modulation technique utilized to create the pulse pattern of interest, is a to use a
PWM signal that runs at a �xed duty cycle of 50% ,to create symmetrical pulses, and at a
lower frequency of the one used for the carrier signal of the inverter, to chop the sinusoidal
current. The Inductor current is measured and utilized as a control signal for the switches
to deal with changing polarity of the current, thereby ensuring correct operation conditions
at any given operation mode. Table 3.5 illustrates the switch operation during charging
and bypass mode, of the h-bridge module containing switch Q1 - Q4.

Operation Mode Q1 Q2 Q3 Q4
Charging I L > 0 ON OFF OFF ON
Bypass I L > 0 ON OFF ON OFF
Charging I L < 0 OFF ON ON OFF
Bypass I L < 0 OFF ON OFF ON

Table 3.5: Switch operation during charging.

The switching signals necessary to operate in charging mode is illustrated in Table 3.6 and
3.7 respectively, depending on the polarity of the inductor current (I L ).

Switch Pulse Signal Q1 Q2 Q3 Q4
1.0 Duty X
0 Duty X
0.5 Duty X
0.5 Duty + Delay X

Table 3.6: Switch pulse signal during charging atI L > 0.
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Switch Pulse Signal Q1 Q2 Q3 Q4
1.0 Duty X
0 Duty X
0.5 Duty X
0.5 Duty + Delay X

Table 3.7: Switch Pulse signal during charging atI L < 0.

It is important to notice the delay added to one of the 50% duty cycle signals, which is
important as this is the signal that allows current to bypass the battery, as it is only of
interest to charge the battery using a chopped sinusoidal current and not a fully sinusoidal
current. The delay is de�ned as stated by Equation 3.23, when applying a chopping signal
of 50% duty cycle.

tdelay =
1

2 � f sw
(3.23)

Table 3.8 illustrates the switch operation during discharging and bypass mode, of the
h-bridge module containing switch Q12 - Q42.

Operation Mode Q1 Q2 Q3 Q4
Discharging I L > 0 OFF ON ON OFF
Bypass I L > 0 OFF ON OFF ON
Discharging I L < 0 ON OFF OFF ON
Bypass I L < 0 ON OFF ON OFF

Table 3.8: Switch Operation during discharge.

Table 3.9 and 3.10 illustrates the switching signal necessary to operate in discharge mode.
Comparing with the signals in Table 3.6 and 3.7, it can be seen that the exact same signals
are applied to the switches, with the only di�erence being the period of which they are
applied, as indicated by the polarity of (I L ).

Switch Pulse Signal Q1 Q2 Q3 Q4
1.0 Duty X
0 Duty X
0.5 Duty X
0.5 Duty + Delay X

Table 3.9: Switch pulse signal during discharge atI L > 0.

Switch Pulse Signal Q1 Q2 Q3 Q4
1.0 Duty X
0 Duty X
0.5 Duty X
0.5 Duty + Delay X

Table 3.10: Switch pulse signal during discharge atI L < 0.
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Table 3.11 shows the switching pattern, necessary to fully bypass a battery module,
independent of the polarity of (I L ).

Switch Pulse Signal Q1 Q2 Q3 Q4
1.0 Duty X X
0 Duty X X

Table 3.11: Switch pulse signal during full bypass

All of the tables use the leftmost h-bridge module illustrated in Figure 3.12 as a reference,
but the exact same signals can be applied to additional h-bridge modules, simply by
following the structure of the reference module containing switch Q1 - Q4.

3.6 Model Implementation

Figure 3.14 shows the current response of the inductor and the batteries, where one battery
is operated in charging mode and the other in discharging mode, using the control strategy
stated in Section 3.5.1 and 3.5.2.

Figure 3.14: Current response of Hybrid H-Bridge using SPWM and PWM chopping.

It can be seen that the topology is able to generate both a sinusoidal current and charge
and discharge current patterns, resembling the one illustrated in Figure 3.2.

Figure 3.15 represent a full section of the pulse pattern used to charge the battery.
Evaluating the response it can be seen that implementing additional switches has resolved
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the issue, with respect to slow response time. However, it should be noted that the current
response is ideal, since ideal components are used, hence the limitation of the current
response is the turn-on and turn-o� time of the mosfets implemented in the h-bridge
modules containing the battery modules.

Figure 3.15: Ideal charging current response.

3.6.1 Discussion and Conclusion

Evaluating the performance of the hybrid h-bridge topology, it can be seen that
implementing additional switches along with intelligent current control has made a faster
response time achievable, compared to the previous topology. Furthermore, it has been
possible to keep the ability to generate the desired pulse pattern and at the same time
implemented an external power supply, that can be used to compensate for losses during
operation. A schematic representation of the PLECS model can be found in Appendix C.

Being able to compensate for losses gives the opportunity to test the batteries for a
longer period of time and at a desired SoC, as stated earlier. The combination of series
connected batteries with individual h-bridge modules and intelligent current control, gives
the opportunity to add several batteries to the system, which in theory, should only be
limited by the power output of the DC power supply, with respect to losses. The only
disadvantage of this topology, compared to the previous one, is the increased complexity
associated with the increased number of switches, introduced by the h-bridge modules
containing the batteries.

Based on the performance of the hybrid h-bridge converter and its capability to resolve
the problems encountered with the bi-directional buck-boost converter, it is decided to
proceed with the hybrid h-bridge topology and build a physical test setup, to validate its
performance.
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Testing 4
This chapter will present the steps involved when building the test setup based on the
topology discussed in Section 3.5. Since the topology consist of multiple sections that are
controlled individual, it is intended build and test each section of the setup individually,
before joining the sections that makes the full setup. Applying such a systematically
approach, increases safety and decreases time spend on debugging, hence making the test
process more e�cient.

Due to the limited time frame of this project, it is not possible to design and build the test
setup from scratch, hence the best solution is to use existing component to establish a proof
of concept. Utilizing existing components for the test setup has the bene�t of eliminating
time spend on design and construction, but has the disadvantage of increasing limitations,
since the components are not designed speci�cally for the test setup, hence compromises
must be made to accommodate the ratings and characteristics of the components available.

The purpose of the test setup is therefore to verify whether or not this topology is capable
of generating the desired charge/discharge pulse pattern pro�le, illustrated in Figure 3.2.

4.1 Test Setup Layout

Figure 4.1 illustrates a schematic representation of the main test setup circuitry and the
corresponding sub circuits, including characteristics.

Figure 4.1: Schematic representation of main test setup.

From the schematic it can be seen that the main circuitry is divided into four circuits
illustrated by 3 di�erent colors used to distinguish the type and purpose of each circuit.
A brief functional description of each circuit is given below.

Light blue: Represents two identical h-bridge modules, each containing one batter cell,
and serves the purpose of controlling the current going in, out or bypassing the battery,
using intelligent current control.
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Dark grey: Represents a h-bridge module with similar characteristics as those used to
control the current across the battery. This h-bridge is used as a full bridge single phase
inverter, and serves the purpose of generating a sinusoidal current, used to shape the
current pulses going into the battery, hence it contains a DC power supply, a DC link
capacitor and an inductor instead of a battery.

Green: Represents the current probe used to measure the inductor current.

Purple: Represents the di�erential voltage probes used to measure the voltage across each
battery cell.

Light grey: Represents the entire main circuitry used to generate and control the current
used to stress the batteries.

The main circuit contains the necessary active an passive components needed to generate
and control the circuit, along with equipment necessary to monitor both inductor current
and battery voltages.However, in order to operate, an ancillary circuit needs to be
implemented. The purpose of the ancillary circuit is to provide the interface and control
signals needed to control and monitor the main circuit. The structure of the ancillary
circuit is illustrated in Figure 4.2.

Figure 4.2: Schematic representation of the ancillary circuit.

From the �gure it can be seen that the ancillary circuit consist of several elements. A brief
functional description of each element is given below.

PC with CCS and Matlab/Simulink: Represents the visual interface, which is used
to generate code capable of generating a desired PWM signal. The code necessary to
produce the desired PWM signals is made using a matlab add-on called (Embedded Coder
Support Package for Texas Instruments C2000 Processors). The support package provides
a user friendly approach, with respect to programming of micro processors for those with
limited knowledge within programming and enables fast implementation for test and build
of prototype setup. The code is developed in simulink using block diagrams and exported
to code composer studio (CCS), which compiles and deploys the code onto the micro
processor where it is executed.
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DSP: Represents the digital signal processor (DSP), where the generated code is deployed
onto and executed. The speci�c DSP used for this project is the (TMS320F28335
Experimenter Kit), which have the following hardware features [Instruments, 2019a]:

ˆ Control card that contains the DSP.
ˆ Docking station for the control card.
ˆ USB that enables real time in system programming and debugging,
ˆ Header pin access to control card signals - including digital I/O and analog inputs.
ˆ Breadboard area for customize routing/prototyping.
ˆ Board power can be supplied either by USB cable or 5V barrel supply.

H-Bridge Interface Board: Represents the link between the DSP and the gate driver
circuit, which serves the purpose of transmitting the output PWM signal from the DSP
to the receiver of the gate drive circuit, along with external DC power, required to power
these Integrate Circuits (IC's) consisting of the transmitter,receiver and gate driver.

Oscilloscope: Represent the interface used to receive, log and display the inductor current
and battery voltage measurements, used to evaluate the performance of the test setup.

4.1.1 Ratings and Characteristics

As stated in the beginning of the chapter, it has been decided to use existing components
for the setup, rather than custom made, due to the limited time frame. The component
ratings and characteristics are as stated below.

DC power supply:

ˆ 300V
ˆ 5A

Load inductor:

ˆ 6:5mH
ˆ 20A

The purpose of the load inductor is to shape the current representing the sinusoidal
envelope, as stated in Section 3.5.1. It can be seen that two essential ratings are listed,
with respect to the inductor, namely the inductance and the current rating.

The importance of knowing the inductance when designing an inverter is seen when
referring to Equation 4.1 and 4.2[Ned Mohan, 2003].

VL = L �
@i
@t

(4.1)

From Equation 4.1 it can be seen that the that the inductance serves multiple purposes,
and can be used to either reduce current ripple, decrease switching frequency or applied
voltage if increased.

Assuming a pure inductive load, Equation 4.2 can be used to calculate the current through
the inductor.

I L =
VL

X L
=

VL

2 � � � f � L
(4.2)
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It can be seen that the inductor can be used to either decrease the fundamental frequency
of the current, increase the applied voltage or decrease the magnitude of the current.

The current rating of the inductor refers to the gauge wire amp rating and should not be
exceed as it will cause permanent damage to the inductor. The current rating can can
also be referred to as the saturation current and is the current level at which the magnetic
core is fully magnetized, hence applying additional external magnetic �eld (H) will not
result in higher magnetic �ux density (B). As the core of the inductor reaches saturation
it no longer behaves linearly but gets a non-linear characteristic, which is unwanted as it
introduces harmonics, when used in AC circuits.

Since the inductance of the inductor used for the test setup is �xed along with the current
limit, certain constrains are introduced into the system, which respect to applied voltage
(Vdc), fundamental frequency (f f ) and switching frequency (f sw).

DC link capacitor:

ˆ 470�F
ˆ 450V

The purpose of the DC link capacitor is to supply constant DC link voltage by removing
ripple caused by recti�cation, when converting AC to DC. However, since a DC power
supply is used for the test setup it is assumed that the DC link voltage is constant. The
purpose of the capacitor for the test setup presented in Figure 4.1 therefore mainly serves
the purpose of protecting the DC power supply by storing energy and providing pulsating
currents drawn by the inductor,hence keeping a constant DC-link voltage.

Equation 4.3 shows the e�ect of the capacitance on the relation between current pulse
amplitude and duration, when a speci�ed voltage ripple is de�ned [Ned Mohan, 2003].

I C (t) = C �
@V(t)

@t
(4.3)

Having a �xed capacitance value for the test setup along along with a maximum current
rating for the inductor, therefore limits the switching frequency with respect to voltage
ripple.

H-bridge module:

ˆ 63V at 1000nH DC link inductance
ˆ 100A rms with passive cooling
ˆ 1kHz at 1000nH DC link inductance and 100A rms

The ratings of the h-bridge modules used are rated values that ensures safe operation of
the module and are based on system characteristics such as stray inductance and cooling
capability, which are both limiting factors. The boards are provided by KK Wind Solutions.

Inductance not only exist in inductors but does also appear in wires and component leads
that have current running through them, which creates magnetic �elds. Inductance related
to wires and components leads are referred to as stray inductance and is unwanted in a
system as it can result in high voltage spikes across the switching devices, also called
inductive kickback, which may exceed the rated voltage, hence damaging the device.
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Equation 4.4, states Faraday's Law and shows the relation between the induced voltage
relative to the change in magnetic �ux. Rewriting Equation 4.4 by expressing the �ux
in terms of inductance and current, as stated by Equation 4.5,it is possible to get an
expression that clearly shows the e�ect of inductance with respect to applied voltage and
switching frequency, when operating at high current levels [Ned Mohan, 2003].

E = �
@�B
@t

(4.4)

V = L �
@i
@t

(4.5)

Reducing stray inductance is therefore important if it is desired to switch at high frequency
without damaging the switching device. However, stray inductance can not be avoided
completely, hence a compromise must be made between maximum current and switching
frequency.

Another way of avoiding damage to the switching device caused by inductive kickback, is
to build a protecting circuit across it, referred to as a snubber circuit, which "snub" the
phenomena occurring across the switching device [Erickson, 2004].

Figure 4.3 illustrates one of the most used snubber topologies, that is categorized as a
passive and dissipating voltage snubber circuit, as it is made out of a capacitor and resistor
and does not store and recycle the energy absorbed during switching transistion.

Figure 4.3: Schematic representation of the ancillary circuit.

Numerous snubber circuit topologies exist and can be designed in a smart manner
to increase e�ciency and ensure safe operation by limit (�i=�t ), ( �v=�t ) and recycle
energy stored during stitching transition. However, adding snubber circuits also increased
complexity and price, hence an analysis should be made in order to determine whether or
not a snubber is necessary. Such an analysis is beyond the scope of this project and will
be saved for further work.

The snubber circuit is only active during the switching transitions, which is either turn-
on or turn-o�. The losses of the RC snubber topology can therefore bee estimated using
Equation 4.6 [Erickson, 2004].

Ploss;(RC ) = C � V 2
dc � f sw (4.6)

The h-bridge modules provided for the test setup includes snubber circuits for protection,
which limits the switching frequency of the module, since switching frequency is
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proportional to power losses as stated by Equation 4.6, hence the board will heat up
which could cause permanent damage.

Removing the snubber circuit would would resolve the problem related to limited switching
frequency, but could damage the mosfets of the h-bridge which are only rated at 100V,
hence the snubber circuit should not be removed.

Based on the knowledge acquired about stray inductance and snubber circuitry, it is
possible to con�gure and manipulate the test setup in order to achieve a desirable output,
without exceeding the ratings of the h-bridge modules, as stated below.

ˆ Reduce stray inductance of DC link by shortening current path and minimizing
current loops.

ˆ Increase switching frequency gradually and monitor temperature, while performing
active cooling of the h-bridge module.

ˆ Increase load inductance in order to lower switching frequency.

4.2 Test Setup Operating Point

Based on the component characteristics it is possible to de�ne the the operating point of the
test setup by de�ning the voltage ripple and estimating the current through the inductor.
The operating point is determined by external variables which can be adjusted, and refers
to the DC link voltage ( Vdc), fundamental frequency(f f ) and switching frequency(f sw).

De�ning a DC link voltage of 50V ( Vdc), in order to stay below the operating point of the
h-bridge module, along with a maximum inductor current of 5A (I L (peak) ), it is possible
to estimate the fundamental frequency using Equation 4.1 and 4.7 [Ned Mohan, 2003].

VL = Vdc = Vac(peak) (4.7)

f f =
Vac(peak)

2 � � � L � I L (peak)
=

50V
2 � � � 6:5mH � 5A

� 245Hz

Finally the maximum switching frequency (f sw) can be estimated using Equation 4.3 and
4.8 along with a de�nition of a maximum voltage ripple of 1% and a modulation index
equal to unity.

I C(peak) = I L (peak) (4.8)

@t= C �
@vpeak

I C(peak)
= 470�F �

50V � 0:01
5A

= 47�s

Having de�ned a modulation index equal to unity it is possible to estimate the switching
frequency based on the current pulse duration calculated above.

Since the DC link voltage is not �xed, but can be adjusted, it is of interest to keep
the modulation index at unity to maximize the output voltage while minimizing the
Total Harmonic Distortion (THD), since the inverter is operating in the linear region.
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Furthermore,it is know that the maximum voltage amplitude of a full bridge single phase
inverter operating at a modulation index equal to unity is 78.5% of the applied DC link
voltage [Alenka Hren, 2018].

Having calculated a pulse duration of 47�s , it is possible to calculate the switching
frequency of the inverter module, represented by the (dark grey) area in Figure 4.1.

f sw =
100%

78:5%� 47�s
� 27:1kHz

The frequency of the PWM signal for the h-bridge modules represented by the (light
blue) area in Figure 4.1, that are used to chop the current can be increased or decreased
depending on the number of desired pulses within the sine envelope, as stated in Section
3.4 and illustrated in Figure 3.15.

The frequency of the PWM signals used to chop the current is chosen to be ten times (f f ),
hence resulting in �ve pulses within the sine envelope.
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4.3 Methodology

It has been stated in the beginning of this chapter, that it is of interest to apply a
systematically approach, when it comes to test an veri�cation of the test setup, in order
to increase safety and decrease time spend on debugging in case something goes wrong.

Figure 4.4 illustrates two �ow diagrams, that shows the steps of which the system is going
to be build and tested in a chronologically order, with safety and e�ciency in mind.

(a) Flow diagram h-bridge inverter module. (b) Flow diagram h-bridge battery module.

Figure 4.4: Flow diagram representation of test procedure for both the h-bridge module
serving as a full bridge single phase inverter (a) and the h-bridge module containing one
battery cell (b).

When both test are concluded based on satisfactory operating performance, the �nal test
setup represented by the (light grey) area in Figure 4.1 can be build, hence adding the last
h-bridge module.

4.4 Code for DSP PWM implementation

In this section a short and practical walk through of how the code, capable of generating
PWM signals for the DSP, is generated using embedded code composer in simulink, hence
enabling others to manipulate and develop code for di�erent PWM con�gurations.

4.4.1 Modulation Technique Implementation

From Figure 4.5 it can be seen that the carrier signal is de�ned by specifying the shape
of the signal. The shape is de�ned in the �eld stating the counting mode. The counting
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mode is speci�ed as 'up', which means that the signal is shaped as a saw tooth signal.

Figure 4.5: Con�guration of carrier signal used for SPWM modulation.

In order to specify a desired switching frequency, de�ned as the 'Timer period' it has to
be converted into clock cycles, as stated by Equation 4.9.

tclock =
CLK

f � TBCLKD � HSPCLKDIV
(4.9)

The de�nition of the parameters used in Equation 4.9 are stated below:

CLK:

Represents the Clock frequency of the DSP which is 150MHz.

TBCLK:

Represents the Time Base Clock Divider which is a constant used to tune the conversion
between seconds and clock cycles.

HSPCLKDIV:

Represent the High Speed Time Base Clock Divider which is an additional constant used
to improve tuning of the conversion between seconds and clock cycles.

The following switching frequency expressed in clock cycles is calculated using Equation
4.9.

tsw(clock) =
150MHz

27:1kHz � 1 � 1
� 5535

The initial switching frequency has been set to 27.1kHz, as stated in Section 4.2 and can
be changed simply by recalculating the clock cycles using Equation 4.9. It should be noted
that the value of the switching frequency represented by clock cycles has to be an integer
value.

From Figure 4.6 it can be seen that the modulation signal is de�ned using the �eld
stating the 'CMPA units','Specify CMPA via' and 'CMPA intial value'. CMPA represents
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the reference signal, which is speci�ed through an input port that receives a sinusoidal
modulation signal at a desired frequency and amplitude, which is speci�ed in simulink.
The CMPA unit is speci�ed in percentages instead of clock cycles for quick and simple
manipulation of the modulation index.

Figure 4.6: Con�guration of modulation signal and SPWM modulation technique.

Since the DSP processes discrete signals, it is important to feed a sample based signal to
the input port, representing the CMPA value. For SPWM modulation a sample based sine
wave is feed to the input port and for regular PWM a constant between 0-100 is chosen
depending on the desired duty cycle.

The modulation technique is implemented through complimentary trigger con�guration
de�ned by the �elds stating 'Action when counter', which produces two complimentary
PWM signals.

The �rst PWM signal (ePWMA) is set to trigger (set) when the saw tooth carrier signal
is equal to zero and trigger once again (clear) when the carrier signal is equal to the
modulation signal.

The second PWM signal (ePWMB) is set to trigger (set) when the carrier signal is equal
to the modulation signal and trigger once again (clear) when the carrier signal has reached
its maximum value and drops to zero.

4.4.2 Dead Time Implementation

When operating the h-bridge using complimentary PWM signals it it important to
implement dead time, due to the turn-on and turn-o� characteristics of the transistors.
Figure 3.15 shows an ideal current response based on the assumption that the transistors
turn on and o� instantaneously. However, this is not the case as transistors su�ers from
turn-on and turn-o� time caused by the time it takes to charge and discharge the gate
capacitors. Driving a h-bridge using complementary PWM signals without dead time
implementation would therefore create a low resistive path between the high and low
side, since either the high or the low side would be switched on while the other is still
discharging. This is also refereed to as 'shoot through' and is a undesirable phenomena as
it causes excessive damage to both the transistors and power supply.
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The gate drivers of the h-bridge module used for the test setup have build in dead time,
hence there is no need to program dead time onto the DSP.

In case it is desired to implement dead time through programming of the DSP, it can be
estimated using Equation 4.10.

tdt = ton + tof f = ( td(on)+ t r ) + ( td(of f )+ t f
) (4.10)

tdt = ( 21ns+ 11ns) + ( 49ns+ 38ns) = 119ns

The time parameters used in Equation 4.10 can be found in Appendix D which represent
the time it takes to fully turn on and turn o� the transistor used for the test setup
prototype.

The following dead time expressed in clock cycles is calculated using Equation 4.9.

tdt(clock) =
150MHz
1

119ns � 1 � 1
= 28:5

Figure 4.7 illustrates the con�guration of the dead time.

Figure 4.7: Con�guration of dead time.

Since the dead time can only be speci�ed by an integer value, it should be rounded up to
avoid the risk of 'shoot through'.

Utilizing the information described above with respect to con�guration of the SPWM
technique on the DSP, it is possible to con�gure the modulation technique used for the
intelligent current control of the h-bridge modules containing the batteries cells. A walk
through of that con�guration will therefore not be made.
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