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A mobile platform for testing automotive 
batteries with power electronic loads 
 
 
Abstract 
 
This project proposes a simple mobile platform for testing automotive batteries 
with power electronic loads and presents a full automotive battery testing and 
characterization process from the battery module choice to the final model 
development. The frequency response of a lithium-ion battery is analysed in open-
circuit and load conditions. For the load conditions, a high-frequency AC 
component is superimposed over the charge or discharge current to emulate high-
frequency switching of a power converter. The impedance model parameters are 
obtained using Bode plot curve fitting and transfer function theory. 
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Sammanfattning 
  
Den här rapporten behandlar en mobil anläggning för test och karakterisering av 
traktionsbatterier med effektelektroniska laster. Rapporten behandlar hela 
processen från val av batteri till framtagning av den slutgiltiga modellen. 
Frekvenssvaret hos ett Li-jon batteri är framtaget både vid obelastat och belastat 
tillstånd. För det belastade fallet har en högfrekvent ström överlagrats en konstant 
batteriström för att efterlikna högfrekvenskomponenterna hos en switchad 
spänningsomvandlare. En impedansmodell har tagits fram med hjälp av signalteori 
samt kurvanpassning till systemets Bode-diagram. 
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1 Introduction 

Over the last decade, the worldwide demand for electric vehicles (EVs) and hybrid 
electric vehicles (HEVs) has been continuously increasing and is expected to rise 
up to 4.3 million units in 2015 and nearly double that number by 2020 (The 
Freedonia Group, 2006). This is due to two principal reasons: increased 
environmental awareness and fossil fuel source depletion. These factors have 
triggered the change towards EVs/HEVs since transportation accounts to 50 % of 
world consumption of liquid fuels (U.S. Energy Information Administration, 2010). 
Thus, environmental issues concerning the reduction of pollution levels and 
uncertainty about the real world oil supply and future price (Owenn, Inderwildi, & 
King, 2010) have led governments to introduce incentives for investment in 
EVs/HEVs. 
 
The growing interest in EVs/HEVs has led to an increasing demand for high-power 
EV/HEV traction batteries. World revenues from the EV/HEV battery market were 
approximately $348.5 million in 2004 and are expected to increase to $1867.3 
million in 2011, growing at a CAGR of 27.1 % per year (Frost & Sullivan, 2005). 
As the EV/HEV market benefits from economies of scale due to increased 
production, the price of these battery technologies will decrease, reducing at the 
same time the price of EVs/HEVs and thus making them more profitable. 
 
Despite this prediction, battery technology is unable to keep up with the increase of 
the EV/HEV market (Frost & Sullivan, 2009).  The quick development of new 
battery technologies is being lagged by the need to carry out complicated and 
lengthy tests to characterize them. For these tests to provide accurate enough 
results, a large quantity of testing points must be studied. The high number of 
parameters influencing the performance of the batteries multiplies the amount of 
data collected and analysed. Furthermore, high safety standards must be maintained 
for obvious security reasons due to the high power that is handled. Also, battery 
performance not only has to be measured in isolation but together with the 
complete EV/HEV drive. All these factors make EV/HEV traction battery testing a 
slow and complicated process that holds up battery development.  
 
It can be seen that modern EV/HEV traction battery research needs accurate and 
reliable models to be able to fully simulate the vehicle drive. Some reliable models 
have already been developed, both for EV/HEV traction as for other applications, 
however these models are generally models for individual cells, in open-circuit 
conditions and using constant charge and discharge DC currents.  
 
For an EV/HEV traction application, a reliable full battery model is needed instead 
of a single cell model because the battery should be treated as a single block for 
simplicity when studied together with the rest of the vehicle’s drive line. Also, it is 
necessary to obtain a battery model valid during load conditions to be able to 
obtain a system approach of the full vehicle drive. Finally, due to the high-
frequency used in the switching devices in the power converters which allows for a 
smaller sized converter, there is a need for the development of reliable battery 
models at these frequency ranges. These three requirements are the baseline for this 
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project. Some models have covered several of these aspects but not all three of 
them at the same time. 
 
This project proposes the design and building of a preliminary EV/HEV traction 
battery testing platform that will be used to obtain the initial results needed for the 
development of a preliminary full battery model proposal. The battery will be 
tested in load conditions using a high-frequency superimposed current to simulate 
the switching conditions at which EVs/HEVs traction batteries are normally 
subjected to. 
 
Further expansion of the project will improve the EV/HEV traction battery testing 
platform and will be able to analyse the EV/HEV traction battery in further detail 
in order to obtain a more accurate and reliable model in the future. Combining the 
use of this system approach battery model with the standard isolated battery 
models, a great insight on EV/HEV battery performance can be obtained. 
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2 Aim and Objectives 

The final aim of this project is the characterization of an EV/HEV traction battery. 
In order to fulfil that aim, the following objectives must be attained. 
 

• Design a battery characterization test including parameters studied, 
sampling methods and the types of tests carried out, paying special 
attention to battery safety issues.  
 

• Design and build a preliminary battery mobile testing platform. The 
platform will be designed to simulate both open-circuit and load conditions 
of a traction battery in an EV/HEV drive, which means that it will be able 
to charge and discharge using a high-frequency superimposed current. As 
far as possible, the testing platform should be a mobile device. 

 
• Carry out initial tests on a real EV/HEV traction battery and analyse the 

results obtained in order to characterise the battery. 
 

• Develop, using the experimental data obtained from the initial tests, a 
preliminary complete EV/HEV battery model. Comparison between the 
experimental data and the simulated data from the model will ensure that 
the model is reliable enough. 
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3 Background 

In the following sections, relevant battery terminology and important non-linear 
effects will be defined and the state of the art of battery testing and battery 
modelling will be outlined. 

3.1 Relevant Battery Terminology 
Some specific battery terms useful for this project will be defined below. 
 

• C-rate. This is a way of expressing the battery charge or discharge current 
as a multiple of the battery nominal capacity.  
 

· Equation 3.1 
 
where I is the current in A, Cn is the nominal capacity in Ah, and N is a 
multiple of the rated capacity. For example, for a battery with 10 Ah 
nominal capacity, 2C rate and C/5 rate would be 20 and 2 A respectively. 

• State-of-Charge (SOC). This is the available battery capacity expressed as a 
percentage of the nominal capacity. The SOC can be expressed as a 
percentage of different reference values, but this is the most common 
definition. 

• Depth-of-Discharge (DOD). This is the consumed battery capacity 
expressed as a percentage of the nominal capacity. It can be defined in 
terms of SOC as follows: 
 

1 Equation 3.2 
 

• Battery Management System (BMS). This is additional circuitry mounted 
on the battery in order to protect and improve its performance. Usual 
features include charge, discharge, short-circuit and over-temperature 
protections as well as cell-balancing systems to prevent uneven voltage 
distribution over the battery cells. 

 
These terms will appear in the report hereinafter. 

3.2 Non-linear Battery Effects 
Four important non-linear battery effects can be distinguished:  
 

1. Rate capacity effect. The battery voltage is not constant; it decreases during 
discharge and increases during charge and the effective capacity is lower 
using higher C-rates (Jongerden & Haverkort, 2008). 

2. Recovery effect. During idling periods between charge or discharge, the 
battery effective capacity increases partially recovering the capacity lost 
(Jongerden & Haverkort, 2008). 

3. Relaxation effect. After a charge or discharge period it takes some time for 
the battery Open-Circuit Voltage (OCV) to stabilise (Zhang & Chow, 
2010). 
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4. Hysteresis effect. The charge or discharge history of a battery affects the 
OCV as well as the SOC (Roscher, Bohlen, & Vett, 2011). 

 
These effects further complicate the modelling of battery behaviour. 

3.3 Battery Testing 
Common traction battery characterization tests can be divided into four main types 
(Woodbanks Communications Ltd., 2005a). 
 
1. Impedance Spectroscopy (IES). This test is used to characterize the battery AC-

impedance at different frequencies by using an exciting AC current or voltage 
and measuring the battery current and voltage responses.  

 
2. Load test. This test measures the battery performance under specific load 

profiles. In the case of EV/HEV traction batteries, different standard driving 
profiles are used in order to obtain comparable results. 

 
3. Cycle test. This test is designed to obtain the life cycle of a battery. It is done 

by subjecting the battery to repeated charge and discharge cycles to find the 
number of cycles which produce a decline in the battery performance.  

 
4. Calorimetry and thermal imaging. These tests measure the battery heat 

dissipation to ensure that the battery does not overheat. 
 

From an electrical point of view, the most interesting tests are the first two.  

3.4 Battery Modelling 
Over the last decades, many different battery models have been developed in the 
search for improved battery characterization. Due to battery complexity, none of 
these models by themselves fully represent battery behaviour. Instead, most of 
them model specific aspects of a certain battery technology or are otherwise too 
complex to be practical for day-to-day use.  
 
There are five main types of battery models: electrochemical, electrical, thermal, 
analytical and stochastic (Jonherden & Haverkort, 2009) (ThermoAnalytics, Inc., 
2010).  
 
1. Electrochemical models. These models, such as the Dualfoil model (Fuller, 

Doyle, & Newman, 1994) describe the battery chemical processes in detail by 
solving a system of coupled non-linear differential equations. For this, a great 
number of battery parameters must be previously introduced in the model. This 
makes them the most complex and accurate models of all, reason for which 
they are used to optimize battery design and are taken as reference for all other 
models.  
 

2. Electrical models. These describe the battery electrical characteristics by means 
of equivalent electrical circuits including both passive and active elements. One 
of the first models developed used PSpice circuits for this purpose (Hageman, 
1993).  They are less complex and accurate than the electrochemical model, but 
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also much more useful for their simplicity. These are the ones of higher interest 
for this project and therefore will be studied in more depth further on.  

 
3. Thermal models. These models simulate the battery thermal behaviour using 

different methods of varied complexity. One example is the use of finite 
element thermal analysis (Renhart, Magele, Hausberger, Zallinger, & Luz, 
2010). This type of model simulates a very specific battery aspect compared to 
the broader models above and below. 

 
4. Analytical models. These describe non-linear battery effects using differential 

equations and by comparing the battery to physical containers. There are three 
main types of analytical model. The simplest is Peukert’s equation which was 
used for estimation purposes in this project and will be mentioned further on. 
The other two types are the diffusion model from Rahmatov and Vrudhula 
(Rakhmatov & Vrudhula, 2001) and the Kinetic Battery Model (KiBaM) 
(Manwell & McGowan, 1993), the second of which is the continuous 
approximation of the first. They are generally more complex but also more 
accurate than electrical models, but less complex than electrochemical models. 

 
5. Stochastic models. The model from Chiasserini and Rao (Chiasserini & Rao, 

1999) provides an abstract simulation of the battery as a system by using 
discrete-time Markov chains. This simplifies the modelling but also makes it 
harder to understand. Their complexity and accuracy lays in-between analytical 
models and electrochemical models. 

 
It can be observed that there is a wide range of battery models that can be chosen 
depending on the battery model requirements (aspect of interest, complexity, 
accuracy). 
 
This project is interested in the electrical models which simulate the electrical 
aspects of the battery with accuracy between 1 and 5% (Chen & Rincon-Mora, 
2006). Three different types of electrical models can be distinguished (Chen & 
Rincon-Mora, 2006): Thevenin-based models, impedance-based models and runtime-
based electrical models.  
 
1. Thévenin-based models. They consist on an RC parallel branch in series with a 

resistance and assume that the OCV is constant.  
 
2. Impedance-based models. They use the IES test to obtain the AC-impedance at 

different frequencies and use this value to obtain an equivalent impedance of 
the battery. 

 
3. Runtime-based models. These are complex circuit models that simulate the 

runtime behaviour and response of the battery using a constant discharge 
current. 

 
Figure 3.1 shows the basic circuit configuration of each of the different types of 
model. 
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Figure 3.1 Thevenin (a), Impedance (b) and Runtime (c) models (Chen & Rincon-Mora, 2006). 

Among the numerous battery models studied, three have been particularly useful in 
the development of the project.  
 
The first is the development of a Thevenin-based charging model to study AC 
transient dynamics of a Valve Regulated Lead-Acid (VRLA) battery at high 
frequencies (Chenghui, Dong, Jingtian, Zhiyu, & Hua, 2002). This model takes into 
account the high-frequency effect of the switching which produces an inductive 
behaviour in the battery. A constant LC parallel branch is included to model this 
effect. The frequency analysis is carried out by means of the switching frequency 
of a power converter instead of using an IES which makes the results obtained 
more realistic. The test is carried out on a full battery, but its size is small and the 
lead-acid technology is currently fairly out-dated. Also, only charge mode is 
studied while discharge is not modelled. 

 
Figure 3.2 VRLA Thevenin-based battery-charging model at high-frequency (Chenghui, 

Dong, Jingtian, Zhiyu, & Hua, 2002) 

In the second an impedance-based charging model is developed for a Lithium-ion 
(Li-ion) battery using the least squares fitting method to obtain the battery 
impedance transfer function (Tsang, Sun, & Chan, 2010). The results at different 
C-rates are made comparable by the removal of the effect of the DC battery 
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resistance in order to obtain a universal charging model. However, this model does 
not take into account AC transient dynamics or discharge mode. 

 
Figure 3.3 Li-ion impedance-based battery-charging model (Tsang, Sun, & Chan, 2010) 

The third paper provides an impedance-based model for high-power Li-ion battery 
including thermal and SOC effects (Gomez, Nelson, Kalu, Weatherspoon, & 
Zheng, 2011). For this it used a complex circuit involving 13 different parameters 
obtained also by use of the least squares fitting method. The data for these 
parameters was obtained from an IES at different SOC and room temperatures. The 
temperature control was managed by a temperature controlled chamber. Again, this 
model does not take into account AC transient dynamics and is fairly complex to 
obtain due to the large amount of parameters. 

 
Figure 3.4 Li-ion impedance-based model including thermal and SOC effects (Gomez, Nelson, 

Kalu, Weatherspoon, & Zheng, 2011) 

Finally, the most recent study develops an impedance-based charge model for 
single Lithium-Polymer cells (LPM) by frequency analysis (Jang & Yoo, 2011). 
This model also takes into account the inductive behavior of the battery at high-
frequencies and uses numerical analysis to make the capacitive and inductive 
components independent. Like for the VRLA model, the frequency analysis is 
carried out by means of the switching frequency of a power converter instead of 
using an IES.  

 
Figure 3.5 LPM impedance-based model from frequency analysis (Jang & Yoo, 2011) 

None of the models found obtain the battery impedance using charge or discharge 
while at the same time superimposing an AC component over the current.  
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4 Battery Module (test object) 

In order to choose the battery module that would further on be used as test object, 
the type of technology, type of cell and final configuration used had to be decided. 

4.1 Battery Chemistry 
Three main battery chemistries are used nowadays for automotive traction purposes 
(Spotnitz, 2005) (Köhler, Kümpers, & Ullrich, 2001). 
 
1. Sealed lead-acid. This battery chemistry has been widely used for ordinary 

vehicle ignition purposes and is also used for traction in small EV such as golf 
carts. 

2. Nickel-Metal Hydride (NiMH). This is the most extended and mature 
automotive traction battery chemistry. 

3. Li-ion. This chemistry is the newest and most promising technology and much 
of the development involving traction batteries is focused on this technology. 

 
Table 4.1 shows a comparison between these three battery chemistries.  

Table 4.1 Comparison between automotive battery chemistries (Spotnitz, 2005) 

Battery 
chemistry 

Cell voltage 
(V) 

Power density 
(W/kg) 

Price/energy 
($/kWh) 

Price/power 
($/kW) 

Lead-acid 2.2 600 200 8 
NiMH 1.2 1200 750 30 
Li-ion 3.6 2000 1000 40 

 
Other modern chemistries such as Lithium-Polymer (LP) also have very promising 
properties, but are less mature.  
 
After comparing the different chemistries, it was decided to use Li-ion cells despite 
their higher price due to their higher power density and their promising future, 
which ensured that the results obtained would not become obsolete in the short 
time.  
 
Different battery technologies show different responses which means that there is 
no unique model that will characterise them all. However, in this preliminary 
project, a single technology was studied. In the future, other technologies could be 
characterised using the same procedure to be able to compare their response. 
 
Among the different types of Li-ion chemistries, Lithium Iron Phosphate (LFP) 
technology was chosen for its special properties compared to other standard Li-ion 
battery technologies. Figure 5.1 shows a comparison between five Li-ion battery 
technologies that are currently being used for EV/HEV traction applications. The 
farther the coloured shape extends along a given axis, the better the performance 
along that dimension. It can be observed, that Lithium Titanate (LTO) technology 
gives the same safety and life span as the LFP technology with higher performance, 
but its price is much higher. For the present application, the higher performance 
was not worth the price difference. LFP and LTO technologies have lower specific 
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energy than the other three technologies, but factors such as life span and safety 
were considered of more importance. 
 

 
Figure 4.1Trade-offs among the five principal Lithium-ion battery technologies (The Boston 

Consulting Group, Inc., 2010) 

Two of LFP most important properties (Woodbank Communications Ltd., 2005b) 
are: 
1. Longer life cycle. They are good testing objects for they can be tested several 

times without losing their initial properties.  
2. Higher thermal and chemical stability. This provides higher safety for the user 

when being manipulated in the laboratory. 
These two properties make this technology especially interesting for testing 
applications. 

4.2 Cell Requirements 
The requirements for traction batteries greatly depend on the type of vehicle 
(Burke, 2007). EV traction batteries need higher energy density (Wh/kg) while 
HEV traction batteries need higher power (W/kg) density. This is due to the fact 
that EV must give an all-electric range while HEV need to provide peak power at 
certain points. The battery capacity (Ah) must be higher for an EV because it needs 
to provide a higher energy density with a similar voltage. As for plug-in hybrid 
electric vehicles (PHEV), they have requirements in-between EVs and HEVs. They 
generally require both high energy and high power density with an average 
capacity. 
 
Due to the difference in rating between EV and HEV traction batteries, in general, 
battery manufacturers distinguish between energy and power cells. The ones 
belonging to the energy designation are characterized by higher capacity but lower 
current while the ones belonging to the power designation are characterized by 
higher current but lower capacity.  
 
Since recent battery development has focused on high power density batteries 
representative of HEVs (Burke, 2007), this type of cell was chosen. 



Chapter 4: Battery Module (test object) 
 

 
A MOBILE PLATFORM FOR TESTING AUTOMOTIVE BATTERIES WITH POWER ELECTRONIC LOADS 13

4.3 Module Configuration 
Due to the high price and possibly dangerous power rating, it was decided to use a 
smaller battery module instead of a full traction battery. Further testing on 
complete batteries could be carried out in future work. The approximate values for 
the voltage and the current at the battery terminals were initially fixed around 20 V 
and 100 A respectively.  
 
Several battery module models were studied before choosing the optimum test 
object. After carrying out a short market research, battery modules from two 
different well-known LFP battery manufacturers were considered: K2 Energy 
Solutions, Inc. (supplied by Celltech Energy Systems AB) and LiFeBATT Ltd.  
 
Three different possibilities were proposed by the contacts from Celltech Energy 
Systems AB and LiFeBATT Ltd.  
 
1. The first possibility proposed by Celltech Energy Systems AB was to connect 

six high capacity modules in series obtaining a voltage of 19.2 V. This 
configuration provided very high nominal capacity and current representative 
of EV traction batteries but meant an elevated price. This led to the proposal of 
lower capacity modules. 

 
2. The second possibility proposed by LiFeBATT Ltd was to use a standard 

module with higher voltage but lower capacity. This configuration meant a 
cheaper price but provided too low current. This led to the proposal of a 
configuration considering cells both in series and in parallel. 

 
3. The third and final possibility proposed by Celltech Energy Systems AB was 

to connect eight cells in series and four of these branches in parallel (32 cells 
in total) to be able to obtain the required capacity, voltage and current, with a 
reasonable price. The number of cells in series was chosen to be eight as it 
provided a standard battery module voltage. This made it easier to find 
complements for the battery module in the future, such as chargers, which 
could be of standard type. The voltage supplied by eight lithium-ion cells in 
series is equivalent to that provided by twelve lead cells in series, so chargers 
designed for this older technology are valid for this equivalent configuration 
too.  

 
Each of these possibilities could be built using energy or power cells, depending on 
the requirement. 
 
Table 4.2 shows a comparison between the different battery module proposals. The 
models labelled with the letter E are energy modules while the ones labelled with 
the letter P are power modules. It can be observed that the specifications differ 
greatly between the different configurations. 

Table 4.2 Battery Module Comparison 

Model Name Cn (Ah) Vn (V) Max. Continuous 
Discharge Current (A) 

Recommended 
Charge Current (A) 

LFP300HES1 (x6) 90 19.2 300 ≤18 
LFP300HPS2 (x6) 72.8 19.2 1200 ≤18 
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Model Name Cn (Ah) Vn (V) Max. Continuous 
Discharge Current (A) 

Recommended 
Charge Current (A) 

XPS1E-2410CB23 10 26.4 20 2 
XPS1P-3608CB24 8 39.6 20 2 
LFP26650EV5 (x32) 12.8 25.6 48 ≤6.4 
LFP26650P6 (x32) 10.4 25.6 168 ≤10 

1 (K2 Energy Solutions, Inc., 2011a) 2 (K2 Energy Solutions, Inc., 2011b) 3 (LiFeBATT TECH Inc., 
2011a) 4 (LiFeBATT TECH Inc., 2011b) 5 (K2 Energy Solutions, Inc., 2011c) 6 (K2 Energy 
Solutions, Inc., 2011d) 
 
The final battery module choice was the third configuration using the K2 Energy 
Solutions Model LFP26650P cells supplied by Celltech Energy Systems AB. It was 
chosen for its high power density which is a better representative of a real HEV 
traction battery and for its suitable capacity and voltage, which were not as high as 
for a complete battery, but were reasonable values for a test object. Two equal sets 
of this battery module were ordered to keep one of them as back-up in case the first 
one was damaged.  
 

 
(a) 

 
(b) 

Figures 4.2 (a) and (b) Battery module (with (a) and without (b) thermoplastic covering) 

Concerning the BMS, a PHET Model VBB-0010101 Voltage Balance Board, only 
consistent on eight individual cell-balancing circuits attached to each series cell 
string, was mounted on the battery module. The BMS was chosen as simple as 
possible as a more advanced BMS would have a complex circuitry that would 
shadow the real battery module behaviour. Despite its simplicity, it is important to 
remember when analysing the results that the model obtained simulates the battery 
module together with the BMS. 

A single Manson SBC-2210 10A Charger was also ordered to be able to charge the 
battery not only with the testing platform, but also with specific equipment. 



Chapter 5: Tests 
 

 
A MOBILE PLATFORM FOR TESTING AUTOMOTIVE BATTERIES WITH POWER ELECTRONIC LOADS 15

5 Tests 

The battery impedance characterization tests were designed according to the 
requirements and taking into account the time and complexity limitations. 

5.1 Test Variables and Sampling 
The battery impedance can basically be affected by five different parameters: mode 
(open-circuit, discharge or charge), SOC, frequency, C-rate and temperature. The 
effect of the first four parameters was studied using the tests described below. 
However, all tests were carried out at room temperature, due to the additional 
complexity that temperature control would imply. Future tests could include the 
use of a temperature controlled chamber for this purpose. 
 
To obtain the battery impedance, both the battery current and voltage response 
were sampled. The battery temperature was also measured for safety and 
monitoring reasons. 
 
Samples were taken at six different SOC points: 0, 20, 40, 60, 80 and 100 %. At 
each SOC point sampled, ten different frequencies were swept:  10 Hz, 20 Hz, 
50Hz, 100 Hz, 200 Hz, 500 Hz, 1 kHz, 2 kHz, 5 kHz and 10 kHz. This gave a total 
number of 60 samples per test. Despite the greater interest of the high-frequency 
excitation, lower frequencies were also swept to characterize the battery in a 
broader frequency range.  
 
Due to the fact that the frequencies had to be manually changed at each SOC point, 
the SOC varied from the first to the last frequency except for Test1 where there 
was no SOC variation during the sampling. It was observed that the frequency 
sweep took from 2 to 4 % depending on the C-rate used. This means that the 
different frequencies are sampled at similar SOC points, but not exactly the same 
values. 
 
During charging, only a 1C charge current (approximately 10 A) was used and 
therefore the effect of the C-rate in charge mode could not be studied. This was due 
to the low maximum charge current of the test object (20 A) and also to the lesser 
interest of the charge mode as compared to the discharge mode. On the other hand, 
for the discharge tests two different C-rates were used: 1C and 2C (approximately 
10 and 20 A).   
 
The initial idea was to run up to 10C (approximately 100 A) to exploit the full 
battery potential (up to 168 A maximum continuous discharge). However, this idea 
was finally rejected for three reasons. The first was that the battery terminal cables 
were under-dimensioned and there wasn’t enough time to manufacture new 
connections. The second reason was that there wasn’t physically enough time to 
take the 60 samples with such a high discharge current, as the discharge time would 
be too little to manually change the frequencies at each SOC and save the different 
sampling files. Finally, a proper current probe rated for that high current was only 
available for one week and there wasn’t enough time to carry out high current 
testing. 
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For the reasons above, 4C was fixed as the maximum discharge C-rate, in spite of 
the high battery current potential and the platform high current design. However, 
due to time limitation, this test could not be carried out properly and in the end the 
highest current used was 2C. In the future, if the battery terminals were fixed and 
the platform and the measurement system were adapted for automatic sampling, 
interesting tests with higher currents could be carried out. 
 
To be able to obtain reliable voltage values, the sampling had to be carried out after 
a voltage stabilization period of at least half an hour, preferably one hour, due to 
the relaxation effect. During this period, the voltage decreases down to or increases 
up to a stable value after a charge or discharge period, respectively.  
 
A sampling frequency of 1 MHz was used in all tests in order to obtain high 
resolution in the results. Each file saved at least one million samples (1 sec at 1 
MHz sampling rate) to make sure that at least 10 periods were saved for each 
frequency (10 Hz being the lowest frequency). 

5.2 Types of Tests 
In order to characterize the battery module both in open-circuit and load conditions, 
three different tests were used. 
 
Test 1. Open-circuit characterization (ordinary IES test). The battery was taken to 

different SOC points by discharge using 1C current.  Due to the hysteresis 
effect, it makes a difference if Test 1 is carried out using charge or 
discharge and using different C-rates. However, due to time limitation, only 
one test of this kind was carried out. The samples were taken after a voltage 
stabilization period and the AC current was varied to sweep the frequency 
range at each SOC. 

 
Test 2. Discharge characterization. The battery current and voltage were sampled 

while continuously discharged with a superimposed AC component over the 
DC current. The AC component was varied to sweep the frequency range at 
each SOC. Before the test, a voltage stabilization period had to be followed. 

 
Test 3. Charge characterization. The battery current and voltage were sampled 

while continuously charged with a superimposed AC component over the 
DC current. The AC component was varied to sweep the frequency range at 
each SOC. As in Test 2, before the test, a voltage stabilization period had to 
be followed. 
 

The reference direction for the current was taken entering the battery, thus the 
charge current was positive and the discharge current was negative. 
 
Table 5.1 summarizes the different tests and samples taken. 

Table 5.1 Test Summary 

Parameters Test 1 Test 2 Test 3 
SOC (%) 0, 20, 40, 60, 80, 100 
Frequency (Hz) 10, 20, 50, 100, 200, 500, 1 000, 2 000, 5 000, 10 000 
C-rate N/A 1C, 2C 1C 
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These three tests provided in total 240 samples to fully characterize the battery. 

5.3 Charging and Discharging Modes 
Portable devices running on batteries are usually discharged at a more or less 
constant rate and charged using a certain charge profile. This is not the case of 
EV/HEV traction batteries that charge and discharge in an intermittent way, 
depending on the driving profile. However, in the tests that will be carried out, a 
certain mode for charge and discharge will be chosen to simplify the test and the 
analysis of the results. Below, the main charge and discharge modes will be 
mentioned. 
 

• Discharge. The modes listed below can be distinguished. 
 
1. Constant Current (CC) 
2. Constant Load (CL) 
3. Constant Power (CP) (Linden & Reddy, 2002) 
 
These different discharge modes can be continuous or intermittent. 
 

• Charge. The following modes can be distinguished. 
 
1. Constant Voltage (CV) 
2. Constant Current (CC) 
3. Pulsed Current  (PC) (Woodbank Communications Ltd, 2005c) 
 
In general, batteries are charged using a combination of CC and CV modes. 
They are initially charged at CC mode up to the charge cut-off voltage and 
then a CV mode is used until the current decreases to a certain level which 
implies that the battery is fully charged 

 
A CC mode was used for charge while a CL mode was used for discharge. The 
initial idea was to use CC mode in both cases, but due to the fact that the variable 
resistances used as load in discharge could not be modified continuously for safety 
reasons, a CL mode was chosen for the discharge instead. In the case of the charge, 
the current could be maintained constant modifying continuously the supply 
voltage. 
 
To avoid damage to the battery performance, the recommended cut-off voltages 
both during charge and discharge were strictly followed. The battery module’s 
voltage was continuously monitored while connected and was disconnected when 
these voltage limits were reached. The full battery module recommended charge 
and discharge cut-off voltages are 29.2 V and 20 V respectively (K2 Energy 
Solutions, Inc., 2011d).  

5.3 Parameter Estimation 
To be able to design the measurement system further on, reliable estimations for 
certain battery parameters had to be carried out. 
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5.3.1 Time Estimation 
To estimate the time needed for full charge or discharge, Peukert’s equation was 
used.  

·  Equation 5.1 
 
where Cn is the nominal battery capacity in Ah, I is the current in A, t is the time in 
s and a is the Peukert number. The value of the Peukert number is a≥1 with 1 
representing the most efficient battery and is experimentally calculated (Woodbank 
Communications Ltd., 2005d). This equation was derived for lead-acid batteries 
and is applicable to discharge at constant temperature and constant discharge 
current (which is why a CC mode was of interest). Most batteries have a Peukert 
number between 1.2 and 1.7 (Jongerden & Haverkort, 2008) while modern 
technologies such as lithium-ion are much more efficient and have a Peukert 
number much closer to 1 (Cadex Electronics Inc., 2011a).  
 
Lithium-ion batteries have been tested at different discharge rates obtaining the 
same dischargeable capacity regardless of the discharge rate used (Doerffel & Abu 
Sharkh, 2006). For this reason, the Peukert effect for this kind of batteries is 
generally neglected and the Peukert number is removed from the equation when 
making calculations.  
 
Below, approximate full charge and discharge times were estimated for the final 
test object (Cn=10.4 Ah). 
 

• Charge. With a charge current of 1C it would take around 1 hour to charge 
the battery from 0 to 100 %. 

 
• Discharge. With discharge currents of 1C, 2C and 4C it would take around 

1 hour, 30 min and 15 min to complete a full battery discharge.  
 
In reality, the battery was not charged or discharged completely, but up to the cut-
off voltage and the currents employed were not exact multiples of the battery 
capacity (due to the difficulty of manually maintaining the current at a desired 
level). Therefore the real testing time was slightly different.  
 

5.3.2 SOC Estimation 
For SOC estimation, two different methods were used depending on whether the 
battery was in open-circuit or load conditions. 
 

• Open-circuit conditions. The initial SOC of the battery can be estimated by 
measuring the OCV and using the curve of OCV against SOC generally 
provided by manufacturers. For the measurement to be reliable, the battery 
must be left to relax for at least an hour. In this case, the manufacturer 
provided the OCV vs DOD which was the reason for choosing discharge 
mode for Test 1 as the curve would be slightly different for charge. 
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Table 5.2 OCV vs DOD for LFP26650P cells (K2 Energy Solutions, Inc., 2010e) 

DOD (%) Battery Module OCV (V) 
10 26.6912 
20 26.6720 
30 26.4432 
40 26.3744 
50 26.3496 
60 26.2720 
70 26.0440 
80 25.7192 
90 24.0480 

 
To be able to estimate intermediate DOD values, a spline of the data above 
was made (see Figure 5.1). It can be observed that the curve represents 
DOD variation from 10 to 90 %, which means that for 0 and 100 % there is 
no OCV value that can be used to decide when the battery is fully 
discharged or charged, respectively. The battery was taken as fully 
discharged when disconnected at the discharge cut-off voltage (20 V) and 
as fully charged either when disconnected at the charge cut-off voltage 
(29.2 V) or when fully charged using the Manson 3-stage charger.  
 

 
Figure 5.1 OCV vs DOD curve for LFP26650P cells (K2 Energy Solutions, Inc., 

2010e) 

• Load conditions (charge or discharge). The SOC at each moment can be 
estimated in many ways but one of the simplest is using a method known as 
Coulomb counting. If SOC is defined as the available battery capacity 
expressed as a percentage of the rated capacity then the following equation 
can be used to calculate the SOC at any certain moment. 
 

 Equation 5.2 
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where SOC1 is the initial SOC in state t1, SOC2 is the SOC at a certain time 
t2 after the initial state, I is the current, t is time in s and Cn is the battery 
module’s nominal capacity in Ah (Codecà, M. Savaresi, & Rizzoni, 2008). 
This method basically “counts” the capacity gained or lost during a certain 
period of time and using a certain current.  
 
Some newly developed methods for calculating the SOC combine Coulomb 
counting with a reliable battery model, in such a way that an estimation 
algorithm can be generated (Codecà, M. Savaresi, & Rizzoni, 2008). This 
gives a much better approximation to the real SOC. However, in this 
application there is no reliable available model of the battery module (it is 
precisely one of the aims of the project) and the equipment used, for 
example the variable resistances, cannot be digitally controlled. Therefore, 
for this initial platform the SOC was estimated using only Coulomb 
Counting that gives a fair estimation with lithium-ion technology and new 
batteries (Cadex Electronics Inc., 2011b) 

 
5.3.3 Temperature Estimation 

The temperature is a critical parameter involving battery performance. In a certain 
temperature range, a rise in temperature will generally mean an increased battery 
performance due to a decrease in the internal resistance and an increase in the 
discharge voltage which will mean an increase in the capacity and effective energy 
output (Linden & Reddy, 2002). At the same time the temperature rise will mean 
an increase in chemical reactivity which may lower the battery capacity due to 
battery self-discharge. To what extent this secondary effect will reflect on the 
battery performance depends on the battery technology used and the battery design.  
 
During the charge and discharge tests, the temperature in the battery was 
monitored. The specific temperature variation that the battery experienced during 
charge or discharge could not be estimated by comparison with other cell 
chemistries, manufacturers or models, as these factors greatly influence the cell’s 
thermal behaviour. However, considering that the LFP26650P cell’s recommended 
operating temperature range is between -20 and 60 °C  (K2 Energy Solutions, Inc., 
2011d) it is improbable that the temperature will rise above 60 °C if the current is 
kept between the limits fixed by the manufacturer. 

5.4 Battery Safety 
Even though battery safety has greatly improved over the last decade, batteries are 
still delicate devices and can be easily damaged if not properly handled. Battery 
damage can result in failure ranging from decreased performance to toxic 
emissions, fire or even explosion. Between all the possible damage causes, three 
must be highlighted:  
 
1. Overheating  
2. Excessive charge/discharge current 
3. Under voltage (Woodbank Communications Ltd., 2005e) 
 
Short circuiting of the battery terminals can result in both dangerously high 
currents and heat levels which may result in the possible catastrophic destruction of 
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the battery leading to unpredictable consequences, possibly melting due to high 
temperature, fire due to sparks or explosion due to increased pressure.  
 
Batteries are designed to meet high safety standards. From the cell electrochemistry 
to the outside packaging, everything is designed for high security. Furthermore, 
battery manufacturing processes meet strict quality standards to prevent defective 
batteries from reaching the market. 
 
Despite these high safety standards, due to the danger that high power EV/HEV 
traction battery handling implies, battery safety procedures for safe handling of the 
lithium-ion modules were thoroughly studied. 
 
Some of the basic safety instructions followed can be seen below. 
 
1. Do not disassemble the battery. 
2. Do not solder directly to the battery. 
3. Do not short-circuit the battery. 
4. Do not ignite or submerge in water the battery. 
5. Do not throw, strike or pierce the battery. 
6. Store the battery in dry and cool conditions and for short periods if possible. 
7. Do not connect the battery with reversed polarity. 
8. Do not connect different battery technologies together. 
9. Do not connect differently charged batteries together. 
10. Follow manufacturers working conditions ratings as far as possible. 

(Woodbank Communications Ltd., 2005f) 
 
For further protection when directly handling the battery, goggles and gloves can 
be used, although this additional safety measure is not necessary unless 
dissembling of the battery is required. However, the battery module was kept in a 
wooden box (see Figure 5.2) in case of battery hazard.  
 

 
Figure 5.2 Battery module inside protective wooden box 

In case of fire, ABC dry chemical extinguishers or a water hose stream (Woods 
Hole Oceonographic Institution, 2006) can be used. This is due to the fact that 
lithium-ion batteries do not contain metallic lithium which burns in a normal 
atmosphere and reacts explosively with water to form hydrogen.  
 



Chapter 5: Tests 
 

 
A MOBILE PLATFORM FOR TESTING AUTOMOTIVE BATTERIES WITH POWER ELECTRONIC LOADS 22

First aid measures in case of emergency concerning contact with gas or electrolyte 
leakages or combustion of a lithium-ion battery include the treatment of the 
affected area with water for at least 15 minutes and the search of immediate 
medical attention if eyes have been affected. In case of gas inhalation, those 
affected must move to fresh air. Medical attention must be searched if the 
symptoms do not disappear in a reasonable period of time. (Woods Hole 
Oceonographic Institution, 2006)     
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6 Testing Platform 

Once the tests were defined, the next step was to design the testing platform. 

6.1 Limitations 
The platform design was limited by a series of factors. 
 

• Time. The project had to be developed within 20 weeks and had to be 
finished by June to be presented in Spain in September.  

 
• Budget. The 30 000 SEK budget allowed for the purchase of the battery 

modules but not for a complete EV/HEV battery or other expensive 
equipment. 

 
• Complexity. The testing platform had to be as simple as possible in order 

for it to be feasible for the time available for measurements. 
 

• Safety. A full battery module couldn’t be tested at this early stage as its 
high power could be potentially dangerous and there was no laboratory 
experience in this area in case an emergency situation should take place. 

 
• Availability of equipment. Not all equipment in the department was 

available for use which made it necessary to find less suitable alternatives.  
 
The reasons above explain the choices made throughout the design process. 

6.2 Platform Proposals 
Seven different circuits were proposed as testing set-up for the project. The last two 
of these proposals were the final choices for the project. 
 
The differences between the proposals were based on two things: the use of 
different load and supply possibilities and the generation method for the high-
frequency current. The different options for each case are explained below. 
 

6.2.1 Load and Supply 
Several possibilities for load and supply were considered. 
 
1. Motor load. The electric AC machine provides the charging capability when 

working as a regenerative brake and the discharging capability when working 
as a motor. This load gives the most realistic results as it uses the actual 
automotive drive for testing. However, it adds complexity to the set-up as the 
DC current is not as smooth. Furthermore, it is necessary to take care of the 
mechanical power created in the motor through additional equipment. This is 
also the most expensive set-up option due to the price of the motor itself. 
 

2. AC Grid. The connection of the battery module to the standard three-phase AC 
grid via a power converter provides both charge and discharge capability. This 
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set-up option provides a very smooth DC current and is less complex than the 
motor load but is also less realistic. Another disadvantage is the need to 
synchronize the power converter with the grid in the case that a three-phase 
full-bridge inverter is used.  

 
3. 220VDC Grid. Due to its configuration, the 220 VDC grid available in the 

department gives charge capability but not discharge capability, as it is unable 
to receive power. To be able to discharge the battery additional variable 
resistances or a DC load must be connected by means of a switch to be able to 
provide either charge or discharge capability. This set-up option is certainly 
simple and provides a very smooth DC current. However, it is also less realistic 
than the two first options.  

 
4. DC Power Supply. A DC supply generally only gives charge capability (in 

some cases the supply can also absorb some current). In the same way as with 
the DC grid, a DC load (or variable resistances) can provide the discharge 
capability. This may be the simplest set-up option and will give a very smooth 
DC current. However, as with the DC grid, it is substantially less realistic 
compared to the other options. 

 
The motor load was discarded as an option from the beginning for its higher 
complexity and price. The AC grid was ruled out further on due to the need to 
rectify the voltage that would add unnecessary complexity to the set-up. Since one 
of the specifications for the platform was mobility, the DC power supply was 
finally chosen instead of the DC grid.  
 

6.2.2 High-Frequency Generation 
The high-frequency component could be generated in two different ways. 
 
1. Pulse-Width Modulation (PWM) of power converter. The switch technology in 

the power converter is controlled by a pulse of constant frequency (of the 
desired frequency) but modulated in width. The PWM control adds complexity 
but is used in real vehicle drives. 
 

2. AC power supply. An AC voltage supply is used to directly generate the 
desired AC voltage and therefore the desired AC current. This can be done by 
connecting the AC power source to the charge and discharge circuits through a 
transformer. This option is simpler but less realistic than the PWM method. 
Also, for Test 1 described in Chapter 5, a capacitor needs to be connected in 
series with the transformer to maintain the battery voltage and avoid short-
circuiting the battery while drawing the AC excitation current. 

 
For the PWM control option, two converter possibilities were considered. The main 
requirement was that they should be bidirectional to be able to charge and 
discharge through the converter superimposing the AC current component. This 
means they provide 4-quadrant capability (current and voltage in both directions) 
or 2-quadrant capability (current in both directions, voltage only in one) which is 
simpler. 
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1. Full-bridge converter. This converter gives 4-quadrant capability (using 4 
switches). A transformer can be used to manage the voltage difference as the 
converter does not have this capability. 

 
2. Buck converter. This converter gives 2-quadrant capability (using 2 switches).  

This converter can already manage the voltage difference, unless the ratio is too 
high. 
 

As the voltage of the battery is always positive and thus, only the current had to be 
bidirectional, 2-quadrant capability is enough for this application and therefore the 
buck converter was chosen. 
 
As for the switches, two different types of semiconductor device were discussed. 
 
1. Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET). It is used for 

low power and preferred for voltages less than 400 V and switching frequencies 
up to 50 kHz.  
 

2. Insulated-Gate Bipolar Transistor (IGBT). It is used for high power and 
preferred for voltages larger than 400 V and switching frequencies up to 30 
kHz.  

 
According to the high power of the battery (25.6 V·168 A ~ 4.3 kW), the necessary 
active switches for this application are the IGBTs, even if the MOSFETs are 
preferable for lower voltage. 
 
After studying the different possibilities and discussing with the different people 
involved in the project, the final decision for the main set-up was to use the AC 
power supply for its simplicity and due to the fact that there was no suitable power 
converter available. A second set-up employing the buck converter was also 
studied for future improvement of this project. 

6.3 Final Platform 
Two different set-ups were designed of which only the first or main set-up was 
built and used in this project.  
 
A computer simulation of both platforms in charge and discharge was carried out 
using the Piecewise Linear Electrical Circuit Simulation (PLECS) Blockset tool in 
the MATLAB®/Simulink® environment, which can carry out high-speed 
simulations of power electronic circuits. This way, it was confirmed that the 
platform designs theoretically worked. 
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Platform 1. Set-up with AC power supply 
 

 
Figure 6.1 Circuit for Platform 1 during Test 1 

 
Figure 6.2 Circuit for Platform 1 during Tests 2 and 3 

 
Platform 2. Set-up with buck converter 
 

 
Figure 6.3 Circuit for Platform 2 

 
In the following sections, the different equipment employed will be discussed. It 
must be taken into account that the final platform cannot be really considered as 
mobile due to the bulkiness of most of the equipment used. This was due to the fact 
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that the uncommon requirements of the platform (low voltage, high current and 
broad frequency range) in some cases made necessary the use of old and 
voluminous equipment.  
 
Another important thing that should be taken in mind is the fact that the platform 
was designed for the initial specifications of high current (100 A). This means that 
special precautions were taken, despite the final decision to reduce the current 
level. 
 
The pieces of equipment common to both circuits are described below. 
 
1. DC power supply: Delta Elektronika BV 1500 SM52-AR-60 DC Power Supply. 

This power supply is rated for 52 V and 60 A (Delta Elektronika BV, 2007) 
which is more than enough for the intended charge current (around 10 A).  
 

2. Protective diode: Ixys DH60-18A Sonic Fast Recovery Diode attached to a 
home-made heat sink. As additional protection for the DC power supply, a 
diode was connected in series before the DC power supply to prevent reverse 
current flow.  

 
3. Additional resistance: parallel connection of three ASEA MSA-200 1.25 Ω 

Ceramic Resistances. Unfortunately, due to the small internal impedance of the 
battery module, a small change in voltage in the DC power supply would mean 
a big change in current. For a more accurate control of the voltage, an 
additional resistance was connected in series with the DC power supply. The 
reason for using three in parallel instead of only one was to reduce the current 
through each resistance so they would not heat up so quickly.  

 
4. Variable resistances: train brake resistance modules (see Figure 6.4). Variable 

resistances were used instead of a DC load as the latter had to be purchased and 
for this application the additional complexity of the DC load was not needed. 
Each of the modules had 34 resistances (17 on each side) connected in such a 
way that all series and parallel connections were possible by turning the knobs 
for each resistance and connecting the different module sides together. The 
specifications of these resistances were unknown and therefore the resistance 
value of a single coil had to be experimentally calculated obtaining 0.4 
Ω/resistance. 

 
Figure 6.4 Three train brake resistances connected 
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To find out the best connection, an Excel® worksheet was created with all the 
possible connections. According to their wire diameter, each individual 
resistance should not endure more than an estimated 10 A. With this limitation, 
the simplest connection possible between the individual resistances could be 
made in order to obtain the resistance needed to obtain the required discharge 
current. It was found that five modules were enough to obtain the best possible 
connection up to 100 A.  

 
5. Heavy-duty power switch (see Figure 6.5). It was used to change from 

discharge to charge (and from discharge to the capacitors in case of Platform 1 
and Test1). As it is rated for 250 V and 60 A, to be able to draw 100 A through 
it, three connections were used in parallel obtaining a rating of 180A.  

 
Figure 6.5 Heavy-duty power switch 

 
Figure 6.6 Circuit breaker 

6. Circuit breaker (see Figure 6.6). It was used to close and open the circuit 
without creating any dangerous current arcs when using 100 A. For additional 
safety, the three phases of the circuit breaker were series connected to obtain a 
bigger air gap. To activate the opening and closing of the circuit breaker, a 
special connection had to be made using a TERCO MV1400 Push Button Panel 
and an Esselte Studium connection board.  

 
7. Connection cables: three different types were used for different current ratings.  

a. In the charge branch and the circuit breaker control circuit (around 10 A) 
ordinary Multi-Contact SLK425 �4 mm Test Leads with stackable plugs or 
similar models rated for 30 VAC, 60 VDC and 32 A (Multi-Contact, 2011) 
were used.  

b. In the discharge branch and the battery connections (up to 100 A), special 
connections had to be manufactured with 7 mm Bjurhagen RK 25 Cables to 
withstand high current. 

c. In the connections between the variable resistances (around 20 A) 2.5 mm 
diameter cables with suitable connections for the knobs on the modules 
were used. 

 
In the following sections the specific equipment for each of the platforms will be 
described. 



Chapter 6: Testing Platform 
 

 
A MOBILE PLATFORM FOR TESTING AUTOMOTIVE BATTERIES WITH POWER ELECTRONIC LOADS 29

6.3.1 Platform 1 
The specific equipment used in Platform 1 will be described as follows.  
  
1. AC power supply:  Elgar 1751B AC Power Supply. It is rated for 0-150 VRMS 

and 10 Hz-10 kHz (Elgar Electronics Corporation, 1985). The frequency range 
of the tests was defined by the full range of the AC power supply. 

 
2. Two transformers. From now on they will be referred to as Transformer 1 and 

2, the first one being the one closest to the AC power supply. They were used 
to manage the voltage difference and avoid the saturation at high currents. 

 
a. Transformer 1 (see Figure 6.7). The primary side has nominal ratings of 55 

V and 18 A, while the secondary has nominal rating of 63.5 V and 16 A. 
There are four coils both in the primary and the secondary that can be 
parallel or series connected depending on the need. For this application only 
one coil from the primary was used and the four coils in the secondary were 
connected in series. Given the primary and secondary voltages, Transformer 
2 gives a ratio of 5:1. 
 

 
Figure 6.7 Transformer 1 

 
Figure 6.8 Transformer 2 

b. Transformer 2: EL INDUKTRA AB ELBO-10 Transformer (see Figure 6.8). 
This transformer contains an air gap to avoid saturation at the high currents 
needed for the battery discharge. The primary side has nominal ratings of 
146 V and 111 A, while the secondary has nominal ratings of 220-230 V 
and 125 A. This transformer gives a ratio of 3:2 from the secondary to the 
primary. The internal resistance of this transformer had to be taken into 
account when calculating the value of the variable resistance and of the 
resistance in series with the DC power supply. This resistance was 
measured and turned out to be 0.0142 Ω.  
 

In total, a ratio of 15:2 was obtained using both transformers.  
 

3. Capacitor: parallel connection of four KEMET PEH200 450 VDC (UR) Screw 
Terminal Electrolytic Capacitors. Test 1 was carried out by connecting this 
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capacitor instead of the charge branch in the switch terminal to maintain the 
voltage of the battery and avoid short-circuiting the battery. 

 
Figure 6.9 shows the final set-up for Platform 1. 
 

 
Figure 6.9 Platform 1 set-up 

 
6.3.2 Platform 2 

Due to the fact that this secondary platform was not implemented, specific models 
were not studied. This platform would not only allow an enhanced frequency 
control but also a higher mobility compared to the main platform thanks to the 
small size of the high-frequency switching converter. Future improvements of this 
project should therefore consider using Platform 2 instead of Platform 1. 
 
The only additional piece of equipment was the PWM controlled buck converter, 
which is at the same time the most complex part of the set-up. As mentioned above, 
this buck converter should have MOSFETs instead of IGBTs due to the low 
voltage level and the capacitor and inductor should be designed to let through 
frequency components up to 10 kHz, but filter those of higher frequency. The 
higher complexity of this design was the reason for choosing Platform 1 as a 
preliminary set-up. 

6.4 Data Acquisition System 
To be able to efficiently measure and acquire all the results obtained, reliable 
measurement devices and an adequate data acquisition (DAQ) system had to be 
employed. A digitizer served as a bridge between the measurement devices and the 
LabViewTM 2009 software.  
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6.4.1 Digitizer 
A NI PXI-5105 Digitizer Card hosted in a NI PXI-1033 Digitizer Box was used. 
This digitizer provides 12-Bit memory and up to 60 MHz simultaneous sampling 
rate in 8 channels. The channel precision is at worst ±(1% of input + 0.25 % of full 
scale + 600 μV) (National Instruments Corporation, 2011a). 
 

6.4.2 Measurement Devices 
The simultaneous sampling of the battery current and voltage was necessary in 
order to calculate the battery impedance. To be able to do this, both had to be 
sampled using the digitizer. On the other hand, the temperature measurements 
didn’t have to be synchronised with the current and voltage measurements and 
therefore could be sampled at a lower rate. 
 
1. Voltage measurement. Together with the full battery voltage, the DC and AC 

power supply voltages were also sampled to ensure that any deviation in the 
battery response was not due to failure of the supplies. The Tektronix High-
Voltage Differential Probe P5200, rated for 1300V differential (DC + peak 
AC) and DC to 25 MHz bandwidth, was used in all three cases. The probe 
amplitude accuracy is ±3 % at 20-30 °C, <70 % RH after 20 minute warm up 
(Tektronix Inc., 2009). 
 

2. Current measurement. The battery current was measured using the Agilent 
N2781A Current Probe, rated for 150 A Root-Mean Square (RMS) and DC to 
10 MHz bandwidth.  The probe amplitude accuracy is ±1.0 % of reading ±100 
mA at 23 °C ± 3 ° (Agilent, 2011), which is much higher than the accuracy of 
the voltage probe. The probe was used with the Agilent N2779A Power Supply. 
This probe was borrowed from Agilent Technologies Inc. for trial purposes. 

 
3. Temperature measurement. The temperature was taken manually using two 

different methods. 
  

a. Two Pentronic Type K Model 610100 Thermocouples and Regin ST-9612 
Digital Thermometer. This method was employed for Test 1, when time 
allowed for writing down the measurements. Two thermocouples were used 
and the mean value was taken as the temperature reading. The 
thermocouples should have been preferably situated inside the battery 
module, next to one of the cells and insulated on the outside with a fixing 
material to ensure a proper reading. However, to avoid opening the battery 
thermoplastic cover, they were finally situated below the battery and 
insulated using bubble wrap. The Type K, Class 1 thermocouple in the -
40<t≤375 °C temperature range has a tolerance of ±1.5ºC (Pentronic, 2011).  

 
b. Flir i7 Infrared Camera. This method was employed for Test 2 and 3 in 

order to speed up the measurements. The average temperature of the 
battery’s upper surface could be calculated from the thermal photo (see 
Figure 6.10) using the specific thermal camera software. However, as the 
temperature measurement was only needed for monitoring, this additional 
analysis was not carried out and the reading on the image was used. The 
camera precision is ±2 °C or ±2 % of reading (FLIR Systems, Inc., 2011a). 
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Figure 6.10 Thermal image of battery module for Test 2 at 0% and using 1C 

For additional voltage verification, a Fluke 287 True RMS Multimeter rated for 50 
kV and with voltage accuracy of 0.025 % was used (Fluke Corporation, 2011). In 
the same way, for additional current verification an ISO-TECH ICM30R Current 
Clamp Meter rated for 300 A CA/CC and with worst AC current accuracy around 
±3 % was used (ISO-TECH, 2008). 
 

6.4.3 LabViewTM Program 
The final LabViewTM programs used during sampling were a result of nearly two 
months of work, during which many different sampling and saving alternatives 
were tested. Four different programs were finally developed: each test was sampled 
using a specific program and an additional program only for viewing was used. In 
the programs for each specific test, the graph indicators were hidden in order to 
reduce the amount of indicators during sampling so that the program speed would 
not be jeopardized.  
 

 
Figure 6.11 LabViewTM interface for Test 1 
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Figure 6.12 LabViewTM interface only for viewing 

The main difference between the sampling in Test 1 and in Tests 2 and 3 is that in 
the first case the program ran only while saving the different samples and the 
second one ran continuously. This meant that the first program consisted only of a 
single file renamed for each sample taken, while the second program consisted on 
60 different files that saved when manually triggered. The saving could not be done 
automatically in any of the tests due to the need to manually change the frequency 
before taking each sample. During the discharge periods in Test 1 the viewing 
program was used for monitoring. 
 
The characteristics of each of the channels had to be defined by specifying probe 
attenuation, vertical range, DC or AC and internal resistance. All programs 
included numerical indicators for the real time, the battery current, the battery 
voltage and the SOC. The sampling frequency and the number of records per cycle 
(or while loop) was also shown on the interface.  
 
The SOC during load conditions was estimated using Coulomb counting and taking 
as initial SOC value either 100 or 0 % for discharge or charge, respectively. This 
SOC estimation was found to be quite inexact. For example, in the discharge using 
1C the estimated SOC was still 9% instead of 0% when the discharge cut-off 
voltage was reached. This was not a problem for Test 1 as the SOC was measured 
in open-circuit conditions and the battery could be discharged until the correct SOC 
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value after the relaxation period was obtained. For Tests 2 and 3 all tests were 
carried out beforehand only to obtain the final SOC estimation value. This value 
was then used to fix six different SOC points at regular SOC intervals. For 
example, for the discharge using 1C the samples were taken at 100, 82, 64, 46, 28 
and 10 % of the estimated SOC. 
 
Several different problems were encountered while building the program but the 
main challenges were two. 
 
1. Opening such a huge amount of data as was sampled. 
2. Managing to save all the data sampled without losing samples in between the 

different while loops. 
 

Concerning the opening of the files, neither the note-pad nor Excel could be used 
for such big amount of data. Instead, NI DIAdemTM and Matlab® were used as 
they have the capability to open such a high number of samples. NI DIAdemTM was 
used for quick viewing of the results for its higher speed and Matlab® was used 
due to its broader toolbox library available. 
 
The loss of data was solved by using a buffer. After analysing the curves obtained 
from the high-frequency sampling¸ the information was found to be lost at the end 
of each while loop. As much as 1.2 sec for every 5 sec high-frequency sampling 
was lost intermittently. This was due to the fact that the saving was not quick 
enough and before a whole while loop was saved, part of the sampled data was 
overwritten with the samples from the next loop.  
 
Once the problem was identified, three possible solutions were considered. The 
first, was to reduce or increase the number of samples per while loop in the hope 
for reducing the data lost. This, however, proved to be of no use. The second option 
was to use a different LabViewTM block for saving. All blocks considered 
experienced the same problem as the “write to TDMS file” block used initially or 
were much slower in saving. The last attempt was to build a buffer memory in 
which to keep the sampled data until the program had time to save it or stream 
directly the data to the computer memory. Many examples were analysed, and after 
several weeks one of them was successfully adapted for this specific application. 
This program solved the problem by using a buffer memory inside the while loop. 

6.5 Lists of Material 
The material and units needed for Platform 1 are specified below. 

Table 6.1 List of Material for Platform 1 

Ident. nº Material Units required 
1 Battery module 1 
2 DC power supply 1 
3 Protective diode 1 
4 Additional resistance 3 
5 Variable resistance 5 
6 Heavy-duty power switch 1 
7 Circuit breaker 1 
8 Connection cables N/A 
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Ident. nº Material Units required 
9 AC power supply 1 
10 Transformer 1 1 
11 Transformer 2 1 
12 Capacitor 4 
13 PC 1 
14 Digitizer card and box 1 
15 Current probe 2 
16 Voltage probe 3 
17 Thermocouple 2 
18 Thermometer 1 
19 Thermal camera 1 

 
In the same way, the material and units that would be needed for Platform 2 are 
specified below. 

Table 6.2 List of Material for Platform 2 

Ident. nº Material Units required 
1 Battery module 1 
2 DC power supply 1 
3 Protective diode 1 
4 Additional resistance 3 
5 Variable resistance 5 
6 Heavy-duty power switch 1 
7 Circuit breaker 1 
8 Connection cables N/A 
9 PWM controlled buck converter 1 
10 PC 1 
11 Digitizer card and box 1 
12 Current probe 2 
13 Voltage probe 3 
14 Thermocouple 2 
15 Thermometer 1 
16 Thermal camera 1 
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7 Results 

The results obtained for the battery impedance and temperature were analysed and 
will be explained in the following sections. Test 1, Test 2 using 1C, Test 2 using 
2C and Test 3 using 1C finally took 7 h, 1 h 5 min 25 sec, 27 min 42 sec and 50 
min 10 sec. 

7.1 Battery Impedance 
For convenience reasons, the analysis of the results was carried out using Matlab®.  
 
To obtain the battery impedance for each of the different situations, a frequency 
analysis of the battery current and voltage was carried out. This was done by 
generating a Fast Fourier Transform (FFT) of the magnitude and phase of both the 
battery current and voltage. To obtain high FFT magnitude accuracy, an integer 
number of periods must be taken for the analysis. 
 
The initial idea was to do an FFT of the one million samples (1 sec) saved, which, 
with the theoretical frequencies used, would always give a full number of periods. 
However, the frequencies provided by the AC power supply were not exact 
numbers and in addition, the Vernier or calibration knob on the Elgar AC voltage 
supply was slightly turned, so the frequencies were slightly more deviated. For 
example, the 10 Hz frequency actually turned out to be 10.12 Hz.  
 
Two different solutions were considered.  
 
1. Windowing. Use a type of windowing to reduce the influence of the values at 

the beginning and at the end of the sampled data, thereby reducing the 
influence of partial periods (National Instruments Corporation, 2011b). The 
windowing concept is based on weighing the data against a certain window 
type (see Figure 7.1). 

 

 
Figure 7.1 Common window types (National Instruments Corporation, 2011b) 
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Matlab® has several different window types (Hanning, Hamming, Blackman, 
etc.) that give different kind of windowing effects. 

2. Integer number of periods. Use a full number of periods of data by truncating 
the data files. 
 

Both solutions were initially compared and it was seen that taking an integer 
number of periods gave a better FFT. This option was more time-consuming as 
each data file had to be truncated individually while the windowing solution could 
be introduced automatically in the program. However, it was decided that the 
quality obtained was well worth the additional effort.  
 
As for the time vector, it was initially generated using the full data length and then 
truncated in the same way as the file. A frequency vector was generated using this 
new truncated time and both the magnitude and the phase were represented against 
the frequency. The battery current and voltage response were also plotted against 
time.  
 
A Matlab® code was written for this purpose and the 240 files were analyzed (see 
Appendix A). Figures 7.2 and 7.3 show an example of the figures obtained using 
this code. 

 
 Figure 7.2 Battery current and voltage for Test 1 at 100 % and 10 Hz  

 
Figure 7.3 FFT analysis of data file Test1 at 100 % and 10 Hz 
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The following figures were obtained for the battery impedance (magnitude and 
phase delay) in each of the four tests carried out. The impedance value for 50 Hz 
has been removed in all cases due to an obvious distortion probably caused by the 
interference of the 50 Hz grid. 
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Figure 7.4 Battery impedance magnitude for Test 1 (without 50 Hz) 

Figure 7.5 Battery impedance phase delay for Test 1 (without 50 Hz) 

Figure 7.6 Battery impedance magnitude for Test 2 using 1C (without 50 Hz) 
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Figure 7.7 Battery impedance phase delay for Test 2 using 1C (without 50 Hz) 

Figure 7.9 Battery impedance phase delay for Test 2 using 2C (without 50 Hz) 

Figure 7.8 Battery impedance magnitude for Test 2 using 2C (without 50 Hz) 
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It can be observed that the SOC hardly affects the battery impedance value while 
the frequency has a great impact especially at high frequencies. 
 
Figures 7.12 and 7.13 show a comparison between the average magnitude and 
phase delay for the different tests. 
 

 
Figure 7.12 Battery impedance magnitude test comparison 
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Figure 7.10 Battery impedance magnitude for Test 3 using 1C (without 50 Hz) 

Figure 7.11 Battery impedance phase delay for Test 3 using 1C (without 50 Hz) 
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Figure 7.13 Battery impedance phase delay test comparison 

The low number of tests makes it hard to find a specific impedance trend. Despite 
this drawback, the following observations can be made. 
 
Regarding the magnitude: 
 

• Range 10 Hz-1 kHz: The magnitude is similar in all tests. The order in 
increasing magnitude is Test 3_1C, Test 2_2C, Test 2_1C and Test 1. 
Lower C-rates or discharge mode give higher magnitude than higher C-
rates or charge mode. 
 

• Range 1 kHz-10 kHz: The magnitude rapidly increases and differs between 
tests. The order in increasing magnitude is just the opposite than in the first 
frequency range, that is, Test 1, Test 2_1C, Test 2_2C and Test3_1C. 
Higher C-rates or charge mode give higher magnitude than lower C-rates or 
discharge mode. 

 
Regarding the phase delay: 
 

• Range 10-20 Hz: The phase has a low capacitive value and is similar in all 
tests, being Test 1 the highest capacitive phase. 

• Range 20 Hz-10 kHz: Two different trends can be observed, one for Test 1 
and Test 2_1C and another one for Test 2_2C and Test 3. The first trend has 
a lower positive phase value for most of the frequency range, but this is 
inverted at 10 kHz. 
 
- Test 1 and Test 2_1C: low capacitive phase from 100-200 Hz, nearly 

resistive phase around 500Hz and increasing inductive phase from 1-10 
kHz.  

- Test 2_2C and Test 3: inductive phase quickly increasing from 20 Hz-2 
kHz and slowly decreasing from 2-10 kHz. 

 
Similar inductive character at high frequencies was documented in other 
high-frequency analysis both for a full VRLA battery (Chenghui, Dong, 
Jingtian, Zhiyu, & Hua, 2002) and for single LP cells (Jang & Yoo, 2011).  
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This implies that the inductive behaviour is inherent to the battery cell and 
is not only introduced by the connections in the battery. 

 
The similar value for Test 1 and Test 2_1C can be explained due to the fact that a 
1C current is very low and thus very similar to drawing no DC current through the 
battery.  
 
It can be seen that there are big differences between the magnitude and phase delay 
of the different tests. This further complicates the modelling of the battery.  
 
In order to ensure the reliability of the results obtained, all tests should have 
repeated but this was finally not possible due to time limitations. 

7.2 Battery Temperature 
The tests were carried out at room temperature and the battery temperature was 
measured. During Test 1 the temperature was measured in the lower surface of the 
battery using thermocouples while during Tests 2 and 3 it was measured on the 
upper surface with the infrared camera.  
 
To be able to compare the different tests, the temperature increment was plotted 
instead of absolute temperature. The tests carried out in discharge mode (Test 1 and 
Tests 2) showed temperature increase with SOC decrease, while the tests carried 
out in charge mode (Test 3) showed temperature increase with SOC increase. To 
compare the different modes efficiently, the temperature was plotted against the 
SOC in charge mode and against DOD in discharge mode. 
 
Figure 7.14 shows the comparison between the four tests. Three important 
comments can be made. 
 

• A higher C-rate means a higher temperature rise, no matter the mode. 
• At equal C-rate, the charge mode produces a higher temperature rise than 

the discharge mode. 
• Test 1 and Test 2_1C were both carried out using 1C discharge, and their 

temperature rise is very similar even though in Test 1 the battery was left to 
relax for one hour at every SOC point. This shows that the battery 
temperature constant is quite high, as these periods hardly influenced the 
temperature increase. 

 
Future work in this area could include the temperature comparison between 
discharge or charge tests with superimposed AC component and without. This way 
the thermal effect of introducing the AC component could be studied. 
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Figure 7.14 Battery temperature test comparison
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8 Model 

A model was obtained from the results presented in the previous chapter. The 
model used was an electrical impedance-based model borrowed from one of the 
papers studied (see Figure 8.1).  
 

 
Figure 8.1 Battery impedance model (adapted from (Jang & Yoo, 2011)) 

Each of the individual elements of the electrical impedance model will be 
explained below. 
 
1. Electro-Magnetic Force (EMF): Constant voltage representing the battery 

constant voltage offset. 
2. Inductance (L): Represents the inductive character of the battery at high 

frequencies.  
3. Resistance (R): Represents the DC resistance component of the battery.  
4. RC branch (R1 and C): Represents the transient response of the battery.  
 
This model was chosen among the rest because it took into account all the main 
battery effects, including the high-frequency inductive behaviour. 
 
In order to obtain the model parameters, the theoretical transfer function from the 
impedance model was compared to the numerical transfer function obtained from 
modelling the results. Different parameters were obtained for the different tests and 
SOC points, which means that in total, 24 models with different parameters were 
developed. Thus, the model parameters depend on the battery mode, the SOC and 
the C-rate. To determine the quality of the model, the fitting of the model to the 
real results was calculated. 
 
Finally, to prove that this model accurately reproduced the behaviour of the battery, 
the different conditions were simulated and compared to the real responses.  
 
Using the battery model above, the battery voltage can be expressed as: 
 

 Equation 8.1 
 
where Z is the equivalent impedance the model impedance branch and V(t) and I(t) 
are the battery voltage and current respectively. 
 
The theoretical admittance transfer function is (Jang & Yoo, 2011):  
 

1
 Equation 8.2 

The admittance transfer function was used instead of the impedance transfer 
function because in order to obtain the transfer function parameters, the Matlab® 
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System Identification Toolbox was needed and this tool only calculates transfer 
functions with more poles than zeros. 
 
As for the numerical transfer functions, each of them was obtained using the 
Matlab® System Identification Toolbox which calculates models for a given input. 
The magnitude and phase admittance Bode plot for each SOC point were used as 
input. These curves were calculated from the frequency response analysis by linear 
interpolation of the available data. This kind of curve fitting was used as it gave the 
best approximation for Bode plot shape. The model was obtained by iteration using 
the adaptive Gauss-Newton method and a maximum of 100 iterations. Different 
transfer function possibilities were tried out and it was confirmed that the best 
model fit was obtained with two poles and one zero (confirming the fitting of the 
theoretical model which had this structure): 
 

1
1 1

1
1

 Equation 8.3 

 
Comparing the coefficients between Equation 8.2 and Equation 8.3 the model 
parameters can be expressed in form of the numerical transfer function time 
constants and gain (Jang & Yoo, 2011) as: 
 

 Equation 8.4 

 Equation 8.5 

1
 Equation 8.6 

 Equation 8.7 

 
As to the EMF value, it was obtained from the DC equivalent of the battery as 
follows: 
 

 Equation 8.8 
 
where VDC and IDC are the DC values of the battery voltage and the current 
respectively. 
 
The fit between the model and the real Bode plot curve was calculated as a 
percentage using the following expression: 
 

1
|| | | ||

|| | | ||
· 100 Equation 8.9 
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where |G| is the real bode plot magnitude in S, |Gmodel| is the model bode plot 
magnitude in S and  is the mean value of the real bode plot magnitude in S.  
 
Figures 8.2 to 8.6 show the comparison between the model parameters of the 
different tests (see Appendix B for numerical data). 
 

 
Figure 8.2 Inductance L test comparison 

 
Figure 8.3 Resistance R test comparison 

 
Figure 8.4 Resistance R1 test comparison 
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Figure 8.5 Capacitance C test comparison 

 
Figure 8.6 EMF test comparison and OCV vs SOC curve 

The resulting model parameters cannot be compared to those from the paper from 
which the model was borrowed. This is due to the fact that it models a single LP 
cell and this project models a full battery module composed of 32 individual Li-ion 
cells. This explains the difference between the parameters, which are L≈0.15 μH, 
R≈1.2 mΩ, R1≈5 mΩ and C≈4250 F (Jang & Yoo, 2011) for the paper compared to 
L≈2.5 μH, R≈20 mΩ, R1≈10 mΩ and C≈0.5 F for this project. As to the EMF 
values, the paper does not mention any specific results for this parameter. 
 
This paper improves the correspondence of the model response from an average 
error of 0.45 % to 0.27 % (Jang & Yoo, 2011) by applying numerical analysis to 
the model parameters obtained from fitting the transfer function. This was not 
carried out in this project due to lack of time. 
 
As it can be observed in Figure 8.6, the EMF curve for Test 1 is very similar to the 
OCV vs SOC curve given by the manufacturer and mentioned in Chapter 5, which 
makes sense because this test is the one in open-circuit conditions. 
 
The average fit values for Test 1, Test 2_1C, Test 2_2C and Test 3_1C were 88.07, 
90.70, 88.55 and 90.15% respectively, which is fairly good. Figure 8.7 shows one 
of these Bode curve fits. 
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Figure 8.7 Model Bode plot fit for Test 2 using 1C and at SOC 0 % (blue curve: model; green 

curve: real) 

However, the fit value does not take into account the phase Bode plots, which is the 
reason why a good fit value is obtained for the last two tests despite the deviation 
observed in Figure 8.8 for the phase from 1 kHz onwards. This difference suggests 
that this impedance model is not enough to model this kind of situation. Different 
transfer functions for each frequency or other kinds of electrical models such as 
more complex runtime-based models may be needed. Obtaining such a model goes 
beyond the aim of this project. 
 

 
Figure 8.8 Model phase Bode plot fit for Test 3 using 1C and at SOC 0 % (blue curve: model; 

green curve: real) 

 
However, when the model transfer function for a SOC point is used to simulate the 
battery current response at a certain frequency, the correspondence is good for Test 
1 and Test 2 using 1C (see Figure 8.9) but not for Test 2 using 2C and Test 3 using 
1C (see Figures 8.10 and 8.11). This is probably due to the use of higher probe 
attenuation which was necessary in Test 3 to avoid probe saturation and was kept 
for Test 2 using 2C by mistake.  
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Figure 8.9 Model response fit for Test 1 at SOC 0 % (blue curve: model; black curve: real) 

 
Figure 8.10 Model response fit for Test 3 using 1C and 10 kHz at SOC 0 % (blue curve: 

model; black curve: real) 
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Figure 8.11 Close-up of model response fit for Test 3 using 1C and 10 kHz at SOC 0 % (blue 

curve: model; black curve: real) 

The battery voltage has an undesired superimposed frequency that can be observed 
in Figures 8.9 and 8.10, which means that the modelled battery current response is 
affected by this frequency. Figure 8.10 shows that this is more evident at higher 
frequencies due to the bigger amplitude of the undesired superimposed frequency 
compared to the amplitude of the AC component over the current.  
 
In order to determine where this frequency is coming from, both the voltage probe 
and the platform configuration would need to be changed alternatively, to find the 
source of the problem. There is a chance that this frequency is introduced by the 
cell-balancing circuits mounted on the battery, so this should be ruled out by 
testing the battery without these circuits (during discharge, as it is less dangerous 
for the battery, for the cells more or less discharge with equal rate). 
 
The lower accuracy of the voltage probe provides low quality voltage inputs for the 
admittance transfer function which can be a source of error for the model. On the 
other hand, the current measurements are very clean, due to the good quality of the 
current probe and the filtering effect of the transformer coil. 
 



Chapter 8: Model 

 
A MOBILE PLATFORM FOR TESTING AUTOMOTIVE BATTERIES WITH POWER ELECTRONIC LOADS 52

  



Chapter 9: Conclusion 

 
A MOBILE PLATFORM FOR TESTING AUTOMOTIVE BATTERIES WITH POWER ELECTRONIC LOADS 53

9 Conclusion 

9.1 Final Conclusion 
This project has focused on the design and development of a mobile platform for 
testing automotive batteries with power electronic loads. However, due to certain 
limitations, the final design was hardly mobile and no power converter was finally 
used, but only emulated using a high-frequency AC power supply.  
 
Despite these drawbacks, testing on a real lithium-ion battery was carried out and 
results were obtained and used to develop a preliminary battery impedance model, 
even if the fitting was not as good as it would have been desirable. From the 
response fitting, it can be deduced that either specific transfer functions for each 
SOC point and frequency or more complex models are needed to simulate the 
behaviour of automotive batteries connected to the vehicle drive.  
 
It can be concluded that both the testing platform and the model obtained from the 
results can be improved in future work. However, the results and model obtained 
are good considering it is the first attempt towards the characterization of an 
automotive battery 

9.2 Future Work 
This project was the preliminary work for future developments around this subject. 
These developments could include the following improvements. 
 

• Use a PWM controlled buck converter to generate the high-frequency 
switching. This would provide more accurate and realistic results, allow the 
use of higher C-rates thanks to the automatic frequency variation and also 
reduce the platform size and thus notably increase its mobility. 

• Use a DC load instead of normal variable resistances for discharge to be 
able to accurately fix a type of CC, CV or CL discharge mode or even some 
standard vehicle driving profiles. There are some DC loads that can work 
both as load and as power supply. This would provide the highest mobility, 
as it would mean one piece of equipment less. However, these types of 
loads are also expensive.   

• Use a temperature controlled chamber to introduce temperature as a new 
parameter of study for the battery.  

• Improve the software program to be able to give a better estimate of the 
SOC and synchronise the sampling with the frequency variation. 

• Improve the voltage measurement once the source of the distortion is found. 
• With the improvements above, testing would be highly automatized, 

permitting the use of both charge and discharge mode for Test1, more SOC 
points (every 10 % instead of every 20 %), a broader frequency rate (lower 
and higher frequencies to give a full spectrum) and higher C-rates (up to 
10C). 

• Test other promising battery chemistries such as LPB or more modern 
EV/HEV technologies.   
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• The final goal would be to obtain an improved automotive battery model, 
that accurately simulates all the different effects and use it together with 
models of the vehicle drive to simulate the battery performance. 

 
As can be seen, there is still a long way to go in order to build an accurate testing 
platform and model. This is only the first step towards a higher goal. 
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App. A Results 

The following tables include the numerical data obtained from the FFT analysis of 
the battery responses and from the measured temperature in each of the tests. 
 

A.1 Battery Impedance 
 

Table A. 1 Battery Impedance for Test 1 at 100 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,1 2,59200 0,09360 0,03611 4,3530 -2,7730 -7,1260
20 20,18 2,53300 0,08691 0,03431 -10,8500 -19,2000 -8,3500 
50 50,49 2,50100 0,08583 0,03432 -3,4170 -8,6470 -5,2300 
100 100,9 2,57700 0,07288 0,02828 -2,1480 -11,7000 -9,5520 
200 201,7 2,63400 0,06751 0,02563 1,6860 -5,7720 -7,4580 
500 503,5 2,50100 0,05841 0,02335 -0,9094 -1,6550 -0,7456 

1000 998,5 2,44900 0,05503 0,02247 -1,5160 5,4560 6,9720 
2000 1993 2,52400 0,05827 0,02309 -10,1300 16,5000 26,6300 
5000 4965 2,08200 0,07413 0,03561 55,4900 105,9000 50,4100 

10000 9874 2,47500 0,14450 0,05838 1,8670 65,6200 63,7530 

Table A. 2 Battery Impedance for Test 1 at 80 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,12 2,60700 0,09542 0,03660 -3,9070 -10,0300 -6,1230
20 20,24 2,58700 0,09023 0,03488 0,0429 -7,8210 -7,8639 
50 50,49 2,56100 0,07122 0,02781 -2,1080 -7,6120 -5,5040 
100 100,9 2,47500 0,07080 0,02861 -0,8358 -10,5600 -9,7242 
200 201,7 2,45600 0,06384 0,02599 -1,7920 -9,3270 -7,5350 
500 503,5 2,56900 0,06059 0,02359 0,3276 -0,7818 -1,1094 

1000 998,5 2,48100 0,05642 0,02274 -0,5927 5,7540 6,3467 
2000 1993 2,57600 0,05966 0,02316 -1,7270 23,6100 25,3370 
5000 4965 2,50900 0,08786 0,03502 0,1533 49,3300 49,1767 

10000 9874 2,44700 0,13970 0,05709 -2,3170 60,8000 63,1170 

Table A. 3 Battery Impedance for Test 1 at 60 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,1 2,61700 0,09314 0,03559 -1,8840 -8,2380 -6,3540
20 20,21 2,61600 0,08870 0,03391 -8,3930 -15,9200 -7,5270 
50 50,49 2,46500 0,08755 0,03552 -1,2180 -7,2060 -5,9880 
100 100,9 2,49900 0,07124 0,02851 -1,2890 -10,4600 -9,1710 
200 201,7 2,47300 0,06353 0,02569 2,3060 -4,6990 -7,0050 
500 503,5 2,52600 0,05933 0,02349 -0,2546 -0,9639 -0,7093 

1000 998,5 2,51100 0,05666 0,02256 -0,1877 6,3320 6,5197 
2000 1992 2,47600 0,05710 0,02306 1,2640 26,6700 25,4060 
5000 4965 2,48200 0,08660 0,03489 3,4230 52,5400 49,1170 

10000 9874 2,45700 0,13980 0,05690 -2,2380 60,8700 63,1080 
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Table A. 4 Battery Impedance for Test 1 at 40 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z |(Ω) I V Z 

10 10,1 2,58900 0,09488 0,03665 -1,2090 -7,9610 -6,7520
20 20,22 2,55300 0,08854 0,03468 -1,8760 -10,0500 -8,1740 
50 50,5 2,58800 0,07495 0,02896 -1,3140 -3,5380 -2,2240 
100 100,9 2,38800 0,06792 0,02844 -0,1008 -9,7040 -9,6032 
200 201,6 2,51800 0,06517 0,02588 -5,5970 -14,9700 -9,3730 
500 503,5 2,48300 0,05837 0,02351 -0,2371 -0,6226 -0,3855 

1000 998,5 2,52300 0,05755 0,02281 -2,0970 6,3880 8,4850 
2000 1992 2,53900 0,06148 0,02421 -1,8290 23,5700 25,3990 
5000 4965 2,45600 0,08866 0,03610 -1,3690 47,2800 48,6490 

10000 9874 2,54100 0,14710 0,05789 -1,2980 61,1000 62,3980 

 

 

 
Table A. 5 Battery Impedance for Test 1 at 20 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,12 2,58600 0,09264 0,03582 -5,1220 -11,5500 -6,4280
20 20,24 2,61500 0,08907 0,03406 -10,5600 -15,4100 -4,8500 
50 50,49 2,54500 0,08628 0,03390 0,1707 -2,2590 -2,4297 
100 100,9 2,49800 0,07089 0,02838 1,7580 -7,1010 -8,8590 
200 201,7 2,43800 0,06321 0,02593 0,5483 -6,1700 -6,7183 
500 503,5 2,56800 0,06117 0,02382 3,7710 3,8110 0,0400 

1000 998,5 2,57300 0,05946 0,02311 -3,1830 5,6270 8,8100 
2000 1992 2,66300 0,06538 0,02455 -0,1506 25,0800 25,2306 
5000 4965 2,50000 0,09103 0,03641 -0,5855 48,0500 48,6355 

10000 9874 2,43600 0,14240 0,05846 -0,9803 61,8000 62,7803 

 

 

 

 
Table A. 6 Battery Impedance for Test 1 at 0 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,12 2,63100 0,10710 0,04071 -3,8990 -14,4900 -10,5910
20 20,23 2,62300 0,09768 0,03724 -1,7430 -13,9500 -12,2070 
50 50,49 2,55300 0,07851 0,03075 -1,9530 -22,5500 -20,5970 
100 100,9 2,61900 0,07443 0,02842 0,2131 -10,4000 -10,6131 
200 201,7 2,62300 0,06847 0,02610 0,8867 -6,2040 -7,0907 
500 503,5 2,43700 0,05860 0,02405 -0,1513 -0,1671 -0,0158 

1000 998,5 2,39000 0,05595 0,02341 3,0470 11,6400 8,5930 
2000 1992 2,43500 0,06044 0,02482 -0,9437 23,7500 24,6937 
5000 4920 1,05400 0,03806 0,03611 -90,9100 -42,9900 47,9200 

10000 9874 2,46100 0,14310 0,05815 -5,1950 57,7000 62,8950 
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Table A. 7 Battery Impedance for Test 2 using 1C at 100 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,12 2,44100 0,08114 0,03324 2,2580 -2,9070 -5,1650
20 20,22 2,52800 0,08138 0,03219 -0,2613 -6,2450 -5,9837 
50 50,56 2,55100 0,07659 0,03002 -1,0110 -1,0870 -0,0760 
100 100,9 2,51400 0,06929 0,02756 0,0496 -7,0120 -7,0616 
200 201,7 2,40300 0,06383 0,02656 -1,4720 -6,4850 -5,0130 
500 504,8 2,39500 0,05631 0,02351 0,9053 2,8520 1,9467 

1000 998,8 2,16300 0,05003 0,02313 0,7245 12,5400 11,8155 
2000 1994 1,76000 0,04486 0,02549 -0,1832 27,7800 27,9632 
5000 4973 1,17000 0,04387 0,03750 -0,1437 51,2800 51,4237 

10000 9905 0,71410 0,04599 0,06440 -1,5390 62,2800 63,8190 

 

 

 

 
Table A. 8 Battery Impedance for Test 2 using 1C at 80 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,12 2,43600 0,07967 0,03271 2,6140 -2,1150 -4,7290
20 20,22 2,52400 0,07970 0,03158 -0,2983 -5,9060 -5,6077 
50 50,55 2,54500 0,07895 0,03102 -1,6050 -14,9900 -13,3850 
100 100,9 2,51500 0,06915 0,02750 0,5573 -6,1890 -6,7463 
200 201,7 2,50200 0,06374 0,02548 1,3500 -3,1670 -4,5170 
500 504,2 2,39200 0,05663 0,02367 0,9907 3,2320 2,2413 

1000 998,8 2,15600 0,05026 0,02331 -0,7695 11,3500 12,1195 
2000 1994 1,74900 0,04507 0,02577 -3,4400 24,5600 28,0000 
5000 4973 1,10700 0,04392 0,03967 0,1362 51,4100 51,2738 

10000 9905 0,70970 0,04603 0,06486 -2,9300 60,7100 63,6400 

 

 

 

 
Table A. 9 Battery Impedance for Test 2 using 1C at 60 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,11 2,44200 0,07967 0,03262 -2,2620 -7,5210 -5,2590
20 20,23 2,52900 0,07917 0,03130 0,3162 -5,2970 -5,6132 
50 50,56 2,55400 0,07986 0,03127 -1,4180 -0,2979 1,1201 
100 100,9 2,51300 0,06891 0,02742 -1,0920 -7,3800 -6,2880 
200 201,7 2,50300 0,06384 0,02551 -0,4618 -4,7840 -4,3222 
500 504,2 2,39300 0,05671 0,02370 -0,4196 1,9110 2,3306 

1000 998,8 2,16000 0,05056 0,02341 0,7187 12,9100 12,1913 
2000 1994 1,75600 0,04542 0,02587 0,6781 28,6800 28,0019 
5000 4973 1,11400 0,04430 0,03977 -1,0930 50,2000 51,2930 

10000 9905 0,71260 0,04640 0,06511 0,4671 64,2300 63,7629 
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Table A. 10 Battery Impedance for Test 2 using 1C at 40 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,11 2,43900 0,07837 0,03213 2,8160 -2,2270 -5,0430
20 20,23 2,52800 0,07836 0,03100 0,3706 -5,3700 -5,7406 
50 50,55 2,55300 0,08448 0,03309 -0,3571 -6,0420 -5,6849 
100 100,9 2,51400 0,06802 0,02706 -0,3927 -6,4780 -6,0853 
200 201,7 2,50300 0,06336 0,02531 0,5417 -3,5880 -4,1297 
500 504,2 2,39300 0,05629 0,02352 0,8885 3,3890 2,5005 

1000 998,8 2,15800 0,05028 0,02330 0,1606 12,4700 12,3094 
2000 1994 1,75300 0,04509 0,02572 2,2520 30,4500 28,1980 
5000 4973 1,11100 0,04393 0,03954 -0,4451 50,8700 51,3151 

10000 9905 0,71140 0,04591 0,06453 -5,8300 57,8900 63,7200 

 

 

 

 
Table A. 11 Battery Impedance for Test 2 using 1C at 20 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,11 2,44400 0,07600 0,03110 0,7249 -4,3060 -5,0309
20 20,23 2,53200 0,07645 0,03019 -1,2780 -6,4230 -5,1450 
50 50,56 2,55600 0,06774 0,02650 -1,0860 0,9648 2,0508 
100 100,9 2,51500 0,06733 0,02677 -1,0390 -6,4640 -5,4250 
200 201,7 2,50400 0,06308 0,02519 -0,7565 -4,2940 -3,5375 
500 504,2 2,39400 0,05639 0,02355 -1,1290 1,8640 2,9930 

1000 998,7 2,15900 0,05054 0,02341 -1,0280 11,4300 12,4580 
2000 1994 1,75400 0,04525 0,02580 2,8380 30,9900 28,1520 
5000 4973 1,11100 0,04407 0,03967 -2,4050 48,7100 51,1150 

10000 9905 0,71200 0,04607 0,06471 -3,1430 60,5600 63,7030 

 

 

 

 
Table A. 12 Battery Impedance for Test 2 using 1C at 0 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,1 2,44200 0,07681 0,03145 3,7420 -1,9910 -5,7330
20 20,22 2,53000 0,07709 0,03047 1,2070 -4,5700 -5,7770 
50 50,57 2,55400 0,07530 0,02948 -0,3580 -14,2200 -13,8620 
100 100,9 2,51300 0,06759 0,02690 0,9307 -4,8640 -5,7947 
200 201,7 2,51000 0,06302 0,02511 1,3940 -2,2570 -3,6510 
500 504,2 2,38700 0,05628 0,02358 0,6966 3,8910 3,1944 

1000 998,8 2,14800 0,05067 0,02359 -0,4002 12,3000 12,7002 
2000 1994 1,73700 0,04546 0,02617 1,2550 29,1800 27,9250 
5000 4973 1,09500 0,04353 0,03975 -2,9690 47,9600 50,9290 

10000 9905 0,69950 0,04501 0,06435 0,2913 63,8500 63,5587 
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Table A. 13 Battery Impedance for Test 2 using 2C at 100 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,11 5,62300 0,16810 0,02990 -0,7736 -6,3920 -5,6184
20 20,24 5,82700 0,16210 0,02782 -1,2130 -8,9690 -7,7560 
50 50,59 5,88600 0,22740 0,03863 -0,1135 -8,1240 -8,0105 
100 100,9 5,77800 0,12790 0,02214 -2,4990 -8,6190 -6,1200 
200 201,8 5,67400 0,11380 0,02006 0,0066 -0,3174 -0,3240 
500 504,5 5,03100 0,10020 0,01992 -1,9830 17,3700 19,3530 

1000 998,9 4,00600 0,09830 0,02454 -2,3320 37,1600 39,4920 
2000 1994 2,85400 0,11560 0,04050 -2,3340 53,1800 55,5140 
5000 4975 1,59600 0,13360 0,08371 6,1580 64,8200 58,6620 

10000 9915 0,96610 0,12900 0,13353 -1,8710 51,0900 52,9610 

 

 

 

 
Table A. 14 Battery Impedance for Test 2 using 2C at 80 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,12 5,61000 0,14940 0,02663 -1,1620 -7,0990 -5,9370
20 20,23 5,81000 0,14930 0,02570 -1,1360 -7,5400 -6,4040 
50 50,59 5,87000 0,08741 0,01489 -3,8790 21,4600 25,3390 
100 100,9 5,77100 0,12270 0,02126 -0,1035 -5,0660 -4,9625 
200 201,8 5,66700 0,11060 0,01952 -0,7590 0,7407 1,4997 
500 504,5 5,02500 0,09969 0,01984 -1,1250 19,4900 20,6150 

1000 998,9 4,00200 0,09845 0,02460 -0,6831 38,9600 39,6431 
2000 1994 2,85000 0,11480 0,04028 0,5924 56,6800 56,0876 
5000 4975 1,59900 0,13340 0,08343 0,1882 58,9700 58,7818 

10000 9914 0,96500 0,12820 0,13285 0,5409 53,9200 53,3791 

 

 

 

 
Table A. 15 Battery Impedance for Test 2 using 2C at 60 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,12 5,61400 0,13850 0,02467 -0,6493 -6,3770 -5,7277
20 20,23 5,81700 0,14020 0,02410 0,1509 -5,7080 -5,8589 
50 50,59 5,87500 0,21060 0,03585 -2,4440 3,4060 5,8500 
100 100,9 5,76400 0,11800 0,02047 0,9183 -2,3330 -3,2513 
200 201,8 5,65900 0,10760 0,01901 -1,5670 2,0160 3,5830 
500 504,5 5,01600 0,09854 0,01965 -2,0300 19,9200 21,9500 

1000 998,9 3,99800 0,09846 0,02463 0,3409 40,9900 40,6491 
2000 1994 2,84900 0,11520 0,04044 -0,5432 55,6200 56,1632 
5000 4975 1,59800 0,13330 0,08342 1,4400 60,7200 59,2800 

10000 9914 0,96470 0,12860 0,13331 -0,2171 53,4100 53,6271 
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Table A. 16 Battery Impedance for Test 2 using 2C at 40 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,12 5,62400 0,13430 0,02388 -3,9360 -9,5330 -5,5970
20 20,23 5,83600 0,13160 0,02255 -0,3577 -5,3660 -5,0083 
50 50,58 5,89000 0,18280 0,03104 -2,1250 -30,7300 -28,6050 
100 100,9 5,77500 0,11440 0,01981 0,2353 -1,5120 -1,7473 
200 201,8 5,66900 0,10540 0,01859 0,4493 4,7860 4,3367 
500 504,5 5,02500 0,09809 0,01952 -1,2640 21,4600 22,7240 

1000 999,2 3,50600 0,08659 0,02470 17,6700 58,6100 40,9400 
2000 1994 2,84900 0,11520 0,04044 -1,2190 54,7500 55,9690 
5000 4975 1,59800 0,13330 0,08342 -0,5052 58,5900 59,0952 

10000 9914 0,96410 0,12870 0,13349 1,9210 55,3800 53,4590 

 

 

 

 
Table A. 17 Battery Impedance for Test 2 using 2C at 20 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,11 5,63100 0,12190 0,02165 -0,6728 -5,7050 -5,0322
20 20,22 5,83200 0,12320 0,02112 -2,2500 -6,8220 -4,5720 
50 50,58 5,88500 0,17040 0,02895 1,1690 22,9700 21,8010 
100 100,9 5,77800 0,11100 0,01921 -0,5103 -0,0133 0,4970 
200 201,8 5,67000 0,10530 0,01857 -1,4420 4,9810 6,4230 
500 504,5 5,02400 0,09811 0,01953 1,9490 25,4500 23,5010 

1000 998,9 3,99900 0,09889 0,02473 -0,2988 41,2300 41,5288 
2000 1994 2,84600 0,11550 0,04058 -5,2070 50,9300 56,1370 
5000 4975 1,59800 0,13360 0,08360 4,4380 63,7400 59,3020 

10000 9914 0,96570 0,12830 0,13286 1,5050 54,8900 53,3850 

 

 

 

 
Table A. 18 Battery Impedance for Test 2 using 2C at 0 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,1 5,63200 0,12540 0,02227 1,9070 -3,3230 -5,2300
20 20,23 5,83900 0,12360 0,02117 0,6758 -4,1670 -4,8428 
50 50,58 5,89200 0,18090 0,03070 0,8139 13,7100 12,8961 
100 100,9 5,77600 0,10900 0,01887 -1,9200 -2,4270 -0,5070 
200 201,8 5,66700 0,10300 0,01818 -1,2700 4,7780 6,0480 
500 504,5 5,01600 0,09789 0,01952 -0,1614 23,9600 24,1214 

1000 999 3,98500 0,09918 0,02489 1,9270 43,8300 41,9030 
2000 1994 2,83400 0,11590 0,04090 -2,0950 54,0400 56,1350 
5000 4975 1,56400 0,13080 0,08363 13,0100 71,8100 58,8000 

10000 9914 0,96070 0,12840 0,13365 1,7810 55,1000 53,3190 
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Table A. 19 Battery Impedance for Test 3 using 1C at 100 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,14 5,39300 0,10320 0,01914 -2,1450 -8,5350 -6,3900
20 20,23 5,64800 0,10460 0,01852 -1,1370 -5,3860 -4,2490 
50 50,55 5,71000 0,19230 0,03368 -0,2427 -27,0900 -26,8473 
100 100,9 5,55900 0,09524 0,01713 -2,1430 0,8268 2,9698 
200 201,7 5,26400 0,08706 0,01654 -0,5395 13,7700 14,3095 
500 504,2 4,02500 0,08432 0,02095 0,9414 38,9200 37,9786 

1000 998,8 2,75300 0,08544 0,03104 1,5460 56,0600 54,5140 
2000 1994 1,78200 0,10330 0,05797 -3,7110 61,1400 64,8510 
5000 4973 0,94820 0,11360 0,11981 0,1550 58,9300 58,7750 

10000 9904 0,56190 0,10270 0,18277 -1,3780 51,7400 53,1180 

 

 

 

 
Table A. 20 Battery Impedance for Test 3 using 1C at 80 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,14 5,38500 0,10850 0,02015 -0,7174 -7,2050 -6,4876
20 20,24 5,64300 0,11150 0,01976 -0,0701 -5,1710 -5,1009 
50 50,56 5,70800 0,00505 0,00088 0,3967 -105,2000 -105,5967 
100 100,9 5,55900 0,09960 0,01792 -1,6130 0,6321 2,2451 
200 201,7 5,26500 0,09165 0,01741 -2,4460 11,2400 13,6860 
500 504,2 4,02400 0,08612 0,02140 0,6415 37,3500 36,7085 

1000 998,8 2,75600 0,08651 0,03139 -1,4100 52,9700 54,3800 
2000 1994 1,78200 0,10370 0,05819 -1,3080 62,8400 64,1480 
5000 4973 0,94850 0,11460 0,12082 0,2927 58,9300 58,6373 

10000 9904 0,56220 0,10190 0,18125 2,1440 54,8000 52,6560 

 

 

 

 
Table A. 21 Battery Impedance for Test 3 using 1C at 60 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,12 5,38300 0,11750 0,02183 -0,6147 -5,8740 -5,2593
20 20,23 5,63600 0,12110 0,02149 2,1480 -2,9040 -5,0520 
50 50,56 5,70000 0,17900 0,03140 -2,6740 31,9600 34,6340 
100 100,9 5,55200 0,10330 0,01861 1,2220 2,7220 1,5000 
200 201,7 5,26300 0,09396 0,01785 1,6480 13,7700 12,1220 
500 504,2 4,02500 0,08698 0,02161 -0,7900 35,0100 35,8000 

1000 999,2 1,94400 0,06166 0,03172 -80,0900 -26,7900 53,3000 
2000 1994 1,78300 0,10350 0,05805 -1,3350 62,6400 63,9750 
5000 4973 0,94860 0,11450 0,12070 -3,2240 55,4800 58,7040 

10000 9905 0,39920 0,07275 0,18224 -100,6000 -48,1200 52,4800 
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Table A. 22 Battery Impedance for Test 3 using 1C at 40 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,1 6,04300 0,14870 0,02461 -4,5980 -10,3200 -5,7220
20 20,23 6,31600 0,14510 0,02297 -0,2959 -6,1020 -5,8061 
50 50,56 6,39100 0,24810 0,03882 -1,9800 -1,0340 0,9460 
100 100,9 6,23200 0,11990 0,01924 -1,0410 -1,5780 -0,5370 
200 201,7 5,93400 0,11010 0,01855 1,4840 11,5400 10,0560 
500 504,2 4,54000 0,09840 0,02167 0,2780 34,5200 34,2420 

1000 998,8 3,10900 0,09777 0,03145 -1,4700 51,0000 52,4700 
2000 1994 2,01200 0,11700 0,05815 -1,6940 61,9500 63,6440 
5000 4973 1,07100 0,12970 0,12110 0,4389 59,0600 58,6211 

10000 9904 0,63370 0,11600 0,18305 7,8750 60,4900 52,6150 

 

 

 

 
Table A. 23 Battery Impedance for Test 3 using 1C at 20 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,14 6,02000 0,15060 0,02502 2,2310 -3,6520 -5,8830
20 20,2 6,30100 0,14990 0,02379 -3,8990 -10,2200 -6,3210 
50 50,56 6,38300 0,06777 0,01062 -1,5780 -50,0200 -48,4420 
100 100,9 6,23000 0,12590 0,02021 -3,6190 -4,4470 -0,8280 
200 201,7 5,91300 0,11190 0,01892 -0,2470 8,5000 8,7470 
500 504,2 4,52900 0,09947 0,02196 -0,2143 33,2700 33,4843 

1000 998,8 3,10600 0,09806 0,03157 -0,1229 51,9200 52,0429 
2000 1994 2,00900 0,11660 0,05804 -2,9150 60,3900 63,3050 
5000 4973 1,07000 0,12990 0,12140 -2,8360 55,6800 58,5160 

10000 9904 0,63230 0,11600 0,18346 -1,7280 50,4600 52,1880 

 

 

 

 
Table A. 24 Battery Impedance for Test 3 using 1C at 0 % SOC 

Theoretical 
f (Hz) 

Real f 
(Hz) 

Magnitude Phase (⁰) 
|I| (A) |V| (V) |Z| (Ω) I V Z 

10 10,11 6,00500 0,17110 0,02849 -0,4060 -8,2260 -7,8200
20 20,23 6,28300 0,16780 0,02671 -0,7760 -9,2070 -8,4310 
50 50,56 6,37400 0,20270 0,03180 -1,4470 -37,2000 -35,7530 
100 100,9 6,22400 0,12800 0,02057 -1,1020 -5,0050 -3,9030 
200 201,7 5,91100 0,11330 0,01917 0,1832 7,1920 7,0088 
500 504,2 4,53000 0,09907 0,02187 -1,7300 30,5600 32,2900 

1000 998,8 3,10600 0,09818 0,03161 -1,4250 49,8800 51,3050 
2000 1994 2,01100 0,11630 0,05783 -3,3780 59,7400 63,1180 
5000 4973 1,06900 0,12950 0,12114 -8,2090 50,5800 58,7890 

10000 9904 0,63260 0,11610 0,18353 1,4620 53,9900 52,5280 
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A.2 Battery Temperature 
 

Table A. 25 Battery Temperature for Test 1 

Temperature (°C) 
DOD (%) 

0 20 40 60 80 100 

T1 24,10 24,20 25,10 25,40 26,10 26,40 
T2 24,40 24,50 25,40 25,80 26,40 26,60 

T=(T1+T2)/2 24,25 24,35 25,25 25,60 26,25 26,50 
ΔT 0,00 0,10 1,00 1,35 2,00 2,25 

 
Table A. 26 Battery Temperature for Test 2 using 1C 

Temperature (°C) 
DOD (%) 

0 20 40 60 80 100 

T 26,10 26,50 26,80 27,20 27,60 27,90 
ΔT 0,00 0,40 0,70 1,10 1,50 1,80 

 
Table A. 27 Battery Temperature for Test 2 using 2C 

Temperature (°C) 
DOD (%) 

0 20 40 60 80 100 

T 23,80 26,50 27,00 29,10 31,10 33,10 
ΔT 0,00 2,70 3,20 5,30 7,30 9,30 

 
Table A. 28 Battery Temperature for Test 3 using 1C 

Temperature (°C) 
DOD (%) 

0 20 40 60 80 100 

T 24,80 27,10 27,10 28,60 30,60 30,70 
ΔT 0,00 2,30 2,30 3,80 5,80 5,90 
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App. B Model 

Table B. 1 Model parameters for Test 1 

Parameters SOC 0 % SOC 20 % SOC 40 % SOC 60 % SOC 80 % SOC 100 % 

Kp 24,358 28,633 27,774 28,876 28,104 28,405 
Tp1 1,7942E-03 1,1058E-03 1,0704E-03 9,5617E-04 9,7693E-04 9,9624E-04 
Tp2 3,5328E-05 3,7228E-05 3,7651E-05 3,6947E-05 3,6814E-05 3,8534E-05 
Tz 3,1303E-03 1,6924E-03 1,7209E-03 1,5044E-03 1,5699E-03 1,6022E-03 

L (μH) 0,8313 0,8495 0,8432 0,8132 0,8151 0,8435 
R (mΩ) 23,729 23,086 22,693 22,321 22,457 22,211 
R1 (mΩ) 17,325 11,839 13,312 12,310 13,125 12,995 

C (F) 0,1807 0,1430 0,1293 0,1222 0,1196 0,1233 
EMF (V) 22,691 25,701 26,255 26,372 26,678 27,426 
Fit (%) 87,88 90,16 89,12 87,25 87,26 86,72 

 
Table B. 2 Model parameters for Test 2 using 1C 

Parameters SOC 0 % SOC 20 % SOC 40 % SOC 60 % SOC 80 % SOC 100 % 

Kp 31,691 32,289 31,378 31,009 30,860 30,568 
Tp1 1,4595E-03 1,2902E-03 1,2770E-03 1,2376E-03 1,2110E-03 1,0531E-03 
Tp2 4,1559E-05 4,1882E-05 4,2005E-05 4,1964E-05 4,2037E-05 4,1410E-05 
Tz 1,9799E-03 1,7327E-03 1,7708E-03 1,7276E-03 1,7053E-03 1,5104E-03 

L (μH) 0,9667 0,9658 0,9654 0,9695 0,9673 0,9445 
R (mΩ) 23,435 23,252 23,193 23,324 23,243 23,081 
R1 (mΩ) 8,120 7,718 8,676 8,925 9,161 9,633 

C (F) 0,2438 0,2245 0,2041 0,1936 0,1861 0,1568 
EMF (V) 23,122 25,257 25,724 25,953 26,111 26,303 
Fit (%) 90,70 90,86 90,75 90,71 91,14 90,05 

 
Table B. 3 Model parameters for Test 2 using 2C 

Parameters SOC 0 % SOC 20 % SOC 40 % SOC 60 % SOC 80 % SOC 100 % 

Kp 43,647 44,252 41,366 39,474 36,874 33,587 
Tp1 3,6572E-03 4,2920E-03 2,5034E-03 2,0965E-03 1,8037E-03 1,7070E-03 
Tp2 1,4659E-04 1,4140E-04 1,4316E-04 1,4265E-04 1,3998E-04 1,3828E-04 
Tz 4,6739E-03 5,3033E-03 3,3452E-03 2,9192E-03 2,6649E-03 2,7374E-03 

L (μH) 2,6280 2,5860 2,5899 2,5953 2,5694 2,5673 
R (mΩ) 18,084 18,404 18,351 18,543 18,816 19,132 
R1 (mΩ) 4,827 4,194 5,823 6,791 8,304 10,641 

C (F) 0,9682 1,2644 0,5745 0,4299 0,3209 0,2572 
EMF (V) 22,911 24,891 25,407 25,644 25,792 25,974 
Fit (%) 88,73 88,89 88,47 88,68 88,46 88,06 
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Table B. 4 Model parameters for Test 3 using 1C 

Parameters SOC 0 % SOC 20 % SOC 40 % SOC 60 % SOC 80 % SOC 100 % 

Kp 34,063 39,019 39,937 43,923 45,892 48,385 
Tp1 2,3168E-03 2,3702E-03 2,7314E-03 3,0585E-03 5,6516E-03 6,5915E-03 
Tp2 2,1971E-04 2,2171E-04 2,2649E-04 2,3536E-04 2,3489E-04 2,4310E-04 
Tz 3,7764E-03 3,3792E-03 3,8828E-03 4,0483E-03 7,2295E-03 8,3328E-03 

L (μH) 3,9571 3,9855 3,9895 4,0483 4,0012 3,9744 
R (mΩ) 18,671 18,478 18,047 17,524 17,189 16,475 
R1 (mΩ) 10,687 7,150 6,992 5,243 4,601 4,193 

C (F) 0,3534 0,4726 0,5553 0,7722 1,5712 1,9874 
EMF (V) 25,974 26,526 26,829 27,019 27,257 27,967 
Fit (%) 90,10 89,95 90,63 90,54 89,85 89,84 
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App. C Diagrams Platform 1 

C.1 Test1 
 

 
  



Appendix C: Diagrams Platform 1 

 
A MOBILE PLATFORM FOR TESTING AUTOMOTIVE BATTERIES WITH POWER ELECTRONIC LOADS 78

C.2 Tests 2 and 3 

 
1(FLIR Systems, Inc., 2011b) 


