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Abstract
Battery impedance measurements are directly correlated with the internal thermal rise and
lifetime of rechargeable Li-ion batteries. The ac impedance measurement is not only reflects the
battery state of health, but also a crucial parameter for a charging control strategy to reduce the
internal thermal rise. The battery ac impedance is achieved with a battery charger by injecting ac
ripple current and measuring the ac voltage response with the sinusoidal ripple current (SRC)
charging technique. The digital signal processor is used to extract the battery ac ripple content
and calculate the impedance magnitude and phase angle. However, it has computational burden
due to many signal transformation steps, extracting the ac ripple content, creating the virtual α-β
frame for separating the impedance phase angle, and computational complexity with limited
ADC sensing range between 0 to 3 V at 12-bit resolution.
The battery online impedance measurement using SRC emulator is describes in this thesis. To
perform the battery impedance measurement, the hardware implementation of a 16-channel filter
sensing board (FSB) is proposed for extracting the battery ac ripple current and voltage response.
In addition, impedance calculation algorithm is also developed by dSPACE1104 for calculating
the battery impedance magnitude and phase angle. The experiment was performed by charging a
12.8 V, 40 Ah Li-ion battery at C/8 rate in CC mode with perturb ± 1 Aac ripple current, and the
battery ac impedance was measured by sweeping the ripple frequency from 20 Hz to 2 kHz.

Keywords: SRC emulator, electrochemical impedance spectroscopy, Li-ion battery, Battery ac
impedance, Filter sensing board and dSPACE1104 control desk.
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Chapter 1. Introduction
The motive behind this thesis is given in the first chapter together with a background of Li-ion
battery, literature review and statement of thesis goals. Also, a summary of the report layout is
presented.
1.1 Background
Batteries are considered one of the most common devices for storing electric energy. At present,
an energy storing system has been an attractive research field, due to the rapid growth of
electrified transportation, and the need to mitigate variability in renewable energy sources. In
recent decades, the importance of rechargeable batteries has been increased in modern electrical
industry and widely used in various fields of applications [1-2]. It has been used in portable
electronics, backup power supplies, hybrid electric vehicles, medical instrumentation, aerospace
technologies, telecommunication, industrial manufacturing, and micro grid systems [3-10]. In
these diverse applications, a large-scale energy storage capacity, high energy and power density,
low cost, and robustness electric battery is required for smooth operation. Since rechargeable
batteries come in different chemistry compositions such as, lead-acid, Alkaline, Nickel-Iron,
Nickel-cadmium, Lithium cobalt oxide, Lithium-ion, Lithium-ion phosphate, and Lithium sulfur
etc, each chemistry composition has its own characteristics, capacity, maximum and minimum
voltage, energy density, power, self-discharge rate, number of cycles, and life time etc. The
demand market of Li-ion batteries has been increased due to their high efficiency, longer life,
high gravimetric, volumetric energy, and power density properties among the different chemistry
compositions [11-12].
When a Li-ion battery cell is charged or discharged, the electrochemical process occurs inside
the cell and transfers the ion from one electrode to the other electrode through the electrolyte.
1

The electrolyte solution acts as a medium to transport the Li-ions and enables an initial
concentration of ions for the electrochemical process. The concentration of ions at the electrode's
surface and the metallic structure of electrodes are a few among the many factors that can affect
the characteristics of a Li-ion cell [13]. The battery dynamic behaviors of the interface are
occurred due to polarization and the diffusion effect in their continuous operation. Therefore, the
internal impedance of a battery depends on the charge transfer reaction, mass transport in the
electrolyte, diffusion of lithium within the active electrode material particles, the change of
double-layer capacitor on the active electrode material, and ohmic resistance.
The battery equivalent circuit model is shown in Fig. 1.1 based on the dynamic characteristics of
the electrode and electrolyte interface. This circuit model has been considered the battery
dynamic characteristics such as diffusion, activation and concentration polarization, double layer
capacitance impact, and Warburg impedance [14]. Typically, the ohmic resistance, Ro is modeled
based on the conductivity of the electrolyte and temperature. The layer between the electrode
surface and electrolyte is modeled as a charge transfer resistance, RCT, and double layer
capacitor, CDL. The concentration polarization effect is also represented by the Warburg
impedance, Zw. The parasitic inductor, Le, accounts for the battery contact inductance due to
external circuit connection.

Fig. 1.1 Battery Equivalent circuit model
2

The measured ac impedance spectrum of a battery cell over a range of frequencies is shown in
Fig.1.2, with the classified sections. Nyquist plot is the common method to represent the
impedance of a system in which the negative component is plot against the positive component
of the impedance. Since the dominant part in the cell at low frequencies is mainly capacitive, the
sign of the imaginary axis is reversed resulting in the capacitive region being in the first quadrant
of the plot. The semicircles within the mid-high frequency window depict the charging of double
layers capacitive effect on the materials within the electrodes, and the contribution of different
resistances. One of the semicircles indicates the rate of the charge transfer reaction. At lower
frequencies, the tail is mainly affected by the diffusion within the electrolyte and active electrode
materials. The real impedance at the top left most points in the Nyquist plot reveals the ionic and
electrical conductivity within the cell.

(a)

(b)

(a)

(b)

Fig. 1.2 (a) Nyquist plot of Li-ion cell and (b) sectionized equivalent circuit [15]
Since the battery internal characteristics have a complex and dynamic behavior, the performance
of a secondary battery depends on the internal battery impedance, charging condition, state of
charge (SOC), electrochemical properties, and charging current profile. The higher internal
impedance will cause more thermal rise of a battery and energy loss. Therefore, it is an important
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to obtain lower battery impedance considering the advanced charging techniques. Many research
works have been done aimed to monitor the battery online impedance, increasing the battery
performance, and reducing the internal thermal rise of a battery at optimal charging frequency
during charging operation.
1.2 Literature Review
It has been found many research works related to investigate the battery internal impedance,
extend the life time and performance of a battery while reducing the associated losses. Since
battery life time depends on the five factors: proper storage, internal temperature rise, battery
chemistry, cycling, and maintenance [16]. Among these factors, the storage facilities and
temperature impact are the most harmful effects on battery run time. Failure to comply with
proper storage and variation of operating temperature reduced the battery expected life time as
well as the battery capacity. Each 8°C (15°F) rise in temperature from operating point cuts the
run time of a sealed lead acid battery in half [17]. The battery lifetime depends strongly on the
internal temperature in high power applications [18]. Decrease of battery capacity means an
overall decrease in the driving time of electric vehicles, while the increase in internal impedance
causes a reduction in the power handling capability. Therefore, the charging methodology plays
a significant influence on the performance and aging life of Li-ion batteries.
Recently, the sinusoidal ripple current (SRC) charging technique has been proposed considering
the electrochemical characteristics of a battery. The conventional battery charging techniques
typically do not take into account the electrochemical properties of a battery during charging
operation. In SRC charging technique, the ac ripple current is superimposed into dc charging
current for analyzing the time varying characteristics of a battery. In this charging method, the
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battery is charged by a constant dc charging current while the frequency dependent ac ripple
current imaged the internal ac impedance of a battery. In addition, with dc charging current the
battery internal thermal rises due to both mechanical (ohmic) and electrochemical (Faradic)
heating, which depends on the ripple frequency and magnitude [19]. The electrochemical
resistance is a non-linear dynamic manner due to polarization, diffusion and the double layer
capacitive effect. In order to identify the frequency dependent characteristics of a battery,
different ripple current frequencies are perturbed into dc charging current in SRC charging
technique. Usually, the ripple current frequency is swept from 0.1 Hz to 1 kHz in a 12.8V, 40
Ah Li-ion battery for finding the minimum impedance point [20]. Therefore, the impedance
parameters of the equivalent circuit of a battery are reflective of electrochemical reactions and
transport processes [21]. There are different approaches available to measure the battery internal
impedance: dc discharge, ac current injection method, sinusoidal duty perturbation in battery
charger, and motor controller excitation method [22-27]. The most direct measurement method is
the ac current injection method.
Usually, impedance spectroscopy is a well known measurement technique and widely used in the
field of electrochemistry and material sciences to analyze the impedance of an object at various
frequencies [28]. Electrochemical impedance spectroscopy (EIS) has been used in many studies
to define electrochemical properties of batteries and to understand the characteristics of batteries
in alternating current (ac) analysis. There are two electro-analytical techniques to measure the
change in electrical impedance at the electrode and electrolyte interface: 1) generates current
stimuli of certain frequencies and measures the voltage response (Galvanstatic Mode), and 2)
generates voltage stimuli of certain frequencies and measures the current response (Potentiostatic
Mode). Usually, the galvanstatic mode is preferred to extract the battery equivalent circuit
5

parameters, and investigate the battery cell kinetics by applying the ac impedance measurement
technique [29-30]. In SRC charging technique the ac impedance measurement approach has been
proposed to find the battery impedance angle and magnitude with respect to ac ripple frequency.
Since the battery ac voltage response is the function of the applied ac ripple current. Therefore,
in SRC charging technique, the excitation ac ripple current is applied and then the corresponding
ac ripple voltage response is measured for calculating the battery ac impedance.
The optimal charging frequency is the minimum ac impedance frequency, fz_min at which the
impedance value is minimum, Zmin. In order to find the optimal ripple frequency the frequency
tracker has been developed by the phase locked loop (PLL) for detecting, tracking and locking at
optimal frequency [31-32]. This new charging method is used to analyze the variations of battery
impedance with respect to ac ripple frequency and magnitude at different state of charge (SOC)
level of a battery. The online impedance measurement of a Li-ion battery (12.8 V, 40 Ah) has
been performed by analyzing the charging voltage and current using digital signal processor
(DSP) [20]. The measuring impedance information can be utilized in SRC controller
development, ascertained the SOC, determined the state of health (SOH), and found the optimal
charging frequency for smart BMS applications.
1.3 Problem Statement
The literature review shows that the battery online impedance measurement is an emerging
research field for obtaining an optimal charging technique to develop an intelligent battery
management system. In SRC charging method, the inner electrochemical characteristics have
been considered to obtain the equal ions distribution in a Li-ion battery to improve the charging
performance [33]. The SRC charging technique is applied due to 1) analysis the impact of a ac
ripple current magnitude and frequency on battery internal characteristics, 2) find the optimal
6

ripple current at the minimal impedance point, 3) determine the parameters of loss factors related
to temperature and reduction of lithium plating and 4) obtain more frequently updated
parameters information in order to better utilization of battery. To implement the SRC charger
for a large stack in battery it is expensive and complex than for a signal battery charger. In term
of battery online impedance measurement, the ac ripple current perturbed into dc charging
current and measured the corresponding ac ripple voltage response. The online impedance
measurement has been performed using DSP and developed the algorithm for calculating the
impedance magnitude and phase angle in SRC charging technique [20]. However, the applied
SRC charging approach has a computational burden due to many signal transformation
processes, such as analyzing charging current and voltage, filtering the dc offset and extracting
the battery ac ripple information, creating the virtual α-β signals of ripple voltage and current, dq transformation of ac ripple signals for separating the impedance angle, and computational steps
for impedance calculation using ripple power method. In addition, the DSP has a limited ADC
sensing range from 0 to 3 V at 12-bit resolution and variation of phase angle delay of sensing
ripple voltage and current with respect to sweep the ac ripple frequency.
1.4 Proposed Solution
Typically, an emulator is used to avoid the design surprise and to validate of a new concept and
control strategy before applying in a real time system. Increasing the interest in SRC charging
systems will motivate to develop a simple way to validate the SRC charging method before
implementing in a physical system. This thesis proposes the SRC emulator without a ripple
current controller for charging the battery in SRC charging technique and measuring the
online battery impedance. Since the internal behavior of batteries is dynamic, it is beneficial to
use the SRC emulator to validate the SRC performance before to integrate on a battery charger.
7

Therefore, this work explores the development of SRC signal generation, extraction of the
battery ac ripple content using a filter sensing board (FSB), and development of the
dSPACE1104 impedance calculation algorithm. The proposed hardware FSB reduces the signal
transformation processes and computational steps for measuring the battery online impedance in
SRC charging techniques.
1.6 Thesis Outline
The thesis is organized into 6 chapters which are as follows:
Chapter 1. Introduction
Background, literature review, problem identification, proposed solution, and the thesis writing
structure.
Chapter 2. Sinusoidal Ripple Current Emulator
Introduction of emulator, configuration of SRC emulator, AC ripple current charging profile,
sinusoidal ripple current generator: (1) AC source perturbation, and (2) Programmable load
perturbation, battery ripple voltage and current extraction and ac impedance extraction.
Chapter 3. Design and Hardware Implementation of Filter Sensing Board
Introduction, battery current and voltage sensing, decoder/encoder, filter circuit design, pass
band filter, all pass filter and PSIM simulation.
Chapter 4. AC Impedance Calculation of a Battery
Battery equivalent ac impedance, impedance extracting method, dSPACE1104 Control Desk and
impedance calculation algorithm.
8

Chapter 5. Experimental Results
General overview, experimental test result, signal measurement, ac ripple extraction and
impedance measurement results.
Chapter 6. Conclusion and Further work.
Appendix A. Publications
Appendix B. References
Appendix C. Filter Circuit Design
Appendix D. Hardware Design and Implementation
Appendix E. dSPACE1104 Impedance Calculation

9

Chapter 2. Sinusoidal Ripple Current Emulator
The general theory behind the SRC emulator proposal, the approach to generate sinusoidal
ripple current for measuring battery ac impedance and a brief explanation of ac impedance
extractions are presented in this chapter.
2.1 Introduction
The purpose of the emulation approach in the electric drive and electronic applications is to
design a system with hardware devices, which can reproduce the physical system functioning in
real time with high precision. This system is called emulator. Typically, emulator is used to
validate of a new concept and control strategy. In order to avoid the design complexity an
emulator can be used to validate a control strategy before installing in a real time system.
Recently, emulators are used in renewable energy conversion systems. PV emulators have the
capability to imitate the behavior of a variety of PV panels under different environmental
conditions [34-36]. In wind energy conversation systems, the main challenge is the non linear
behavior of wind turbine and the erratic nature of wind. To overcome these difficulties, wind
turbine emulators have developed and validated the response of real hardware using advanced
perturbation methods [37]. It has also been designed to facilitate tests on wind energy systems
under several wind speed conditions for feasibility and performance analysis of a wind emulator
[38-40]. The SRC emulation is a strategy to produce the ac ripple current perturbation into dc
charging current and streamline the testing process, ensuring considerable savings in designed
time and cost before implementing in an actual battery charger. Therefore, this thesis describes
the development procedure of SRC emulator in detail for charging the electric battery and
verifying the concept of SRC charging technique.
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2.2 Configuration of SRC Emulator
The proposed SRC emulator is shown in Fig. 2.1. It has three sections: 1) the SRC generator for
charging the battery in SRC charging method, 2) the process of extracting the battery ac ripple
voltage and ac ripple current by filtering the dc offset using a filter sensing board (FSB), and 3)
impedance magnitude and phase calculation performed by dSPACE1104. The FSB also provide
the α-β signals of the battery ac ripple content for separating the impedance angle in d-q method.

Fig.2.1 Configuration diagram of SRC emulator

2.3 Sinusoidal Ripple Current Profile:
The sinusoidal ripple current is superposed into dc charging current in SRC charging technique.
The charging current profile of this new battery charging method is shown in Fig.2.2.
I_Total = Idc + Iac = Idc + Im*sin (2πft)...........................................................................................(2.1)
Where, ITotal is the total battery current in SRC method, Idc is the constant dc charging current, Iac
is the peak-to-peak ac ripple current, Im is the maximum value of ac ripple current, and f is the
ripple current frequency.
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Fig.2.2 Sinusoidal ripple charging current

2.4 Sinusoidal Ripple Current Generator
An emulator is to imitate the original behavior of the actual system without the real test
environment. A sinusoidal ripple current emulator superimposes various ac ripple current
frequencies into dc charging current for producing SRC without an ac ripple current charger. In
this thesis, a possible way to develop the SRC generator using physical load and power sources
is presented. Basically, the SRC generator can be designed in two ways: 1) ac source
perturbation, and 2) programmable load perturbation methods for charging the battery using a
SRC emulator.
2.4.1 AC Source Perturbation
The proposed circuit diagram of the SRC generator using ac source perturbation is shown in Fig.
2.3 (a). It is composed of both ac and dc power sources. The AMX3120 ac power source is used
to perturb the ac ripple current at different frequencies into dc charging current supplied by an
ABC 150 dc power source. In this method, the ac and dc voltage sources both operate in constant
12

voltage supply mode and are connected in series with an external resistive load, R, and a battery.
The battery internal resistance, R0, is 15 mΩ [41]. The constant dc charging current is defined by
the external resistive load, R. From (2.2), the constant dc charging current can be produced at the
expected charging level by programming the dc voltage in ABC150, while the ac ripple current
is produced using the AMX3120 ac programmable source at specific frequency and magnitude.
The ac source has the capability to generate up to 32 Arms output current off of a single phase
from a 3-Փ bus and with an output voltage of 135 Vac 1-n in direct coupling mode, and the ac
ripple frequency sweeping range is from 20 Hz to above 2.5 kHz [42].

(b)

(a)

Fig. 2.3 Circuit diagram for ac ripple current generator using (a) ac source perturbation (b)
ac load perturbation
IT = Idc + Iac =

+

+

..................................................................................(2.2)

IT = Idc + Iac=

+ Iac.......................................................................................................(2.3)

Where, IT is the total current, Idc is the dc charging current, Iac is the ac ripple current
perturbation, R is the series resistive load, Vdc is the dc supply voltage, Vbat is the battery
terminal voltage, R0 is the battery ohmic resistance and, Vac is the ac voltage, and Vpp is voltage
drop across the resistor, R.
(a)
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2.4.2 Programmable Load Perturbation
The circuit diagram of the SRC generator using programmable load perturbation is shown in Fig.
2.3(b). In the programmable load perturbation technique the ac ripple current is superimposed on
the dc charging current using Chroma 63803 ac/dc programmable load (PL). The Chroma 63800
dc load can operate in four load modes: constant current, constant resistance, constant voltage
and constant power. A special dc rectified mode is included to mimic the loading behavior of the
distributed load. In the proposed SRC emulator the PL is programmed in dc rectified mode for
superimposing the ac ripple current. With this configuration, the PL is connected in parallel with
the dc current source and the battery is connected with the source through R. The resistive load
regulates the dc charging current depending on the voltage drop across it and the PL superimpose
ac ripple current in (2.3). The PL impacts on the dc charging current and producing the ac ripple
current on top of the dc current. The dc charging currents magnitude can be controlled by the dc
power supply, ABC150. The Chroma 63803 PL can sink up to 36 Arms current, handle 3.6kW,
and operate from 40Hz to 400Hz [43].
2.5 Battery ac Ripple Extraction
In order to extract the battery ac ripple voltage and current signal, the first step is to measure the
battery voltage and current. This thesis proposed and hardware implemented a 16-channel filter
sensing board (FSB) using analog circuitry for extracting the ac ripple content of a battery to
calculate the ac impedance. Therefore, the voltage and current sensors are used to measure the
down-scaled battery voltage and current for the low power op-amp circuitry. The second step is
to filter the dc offset voltage and extract the battery ac ripple content. To perform these the lowpass filter is used which leaves the dc components and extracts the ac signals. The designing
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procedure and working principle of FSB is described in detail in chapter 3. This FSB has two
important properties: 1) extracting the battery ac ripple information, and 2) creating the α-signal
and β-signal of the battery ripple voltage and current. These α-β signals are used in the next step
for developing an impedance calculation algorithm in dSPACE1104 to extract the battery ac
impedance. In order to calculate the impedance magnitude, and phase angle the d-q
transformation technique is used in the proposed method.
2.6 dSPACE1104 Impedance Calculation
The impedance calculation process is performed by dSPACE1104 using the battery ac ripple
voltage response due to ac ripple current excitation in SRC charging method. In order to separate
the impedance angle the stationary α-β signals of battery ripple voltage and current is
transformed into a d-q rotating frame signals. The battery impedance magnitude and phase angle
is calculated using dSPACE1104 calculation. The detailed impedance calculation algorithm is
described in chapter 5.
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Chapter 3. Design and Hardware Implementation of Filter Sensing Board
The hardware design and implementation of the 16-channel filter circuit board for extracting the
ac ripple content and creating the α-β frame signal are discussed in detail in this chapter.
3.1Filter Sensing Board (FSB)
In SRC charging technique the battery is charged by dc current and ac ripple current
superimposed on dc charging current. Therefore, the battery terminal dc voltage depends on dc
charging current while the ac ripple voltage response arises due to ac ripple current perturbation.
Usually, the maximum allowable peak to peak ac ripple current depends on the battery charging
current rate (C-rate). Because the ac ripple current is lower than the dc charging current, and the
battery internal dc resistance is in the mΩ range, therefore the peak-to-peak ac ripple voltage
response of a Li-ion battery is also low, typically in mV range. In order to extract the battery ac
ripple current and voltage the hardware FSB has been proposed [44]. The proposed FSB is
shown in Fig. 3.1. It consists of the battery voltage and current sensing section, decoder and
encoder, and filter channels. The decoder selects the specific channel among 16-channels
corresponding to the ac ripple frequency and sends to the filter section for removing the dc offset
and extracting the ac ripple information from a battery. In SRC charging technique the ac ripple
frequency is swept from 0.1Hz to 1 kHz range for obtaining the minimum battery impedance at
optimal charging point [20]. The proposed 16-channels filter circuit provides the flexibility to
extract the battery ac ripple information corresponding to 16 different frequencies within a
certain range. The second order Butterworth low pass filter and the differential amplifier are used
to produce the pass band signal corresponding to the ac ripple frequency. The output of the pass
band filter becomes the α-axis signal while the all pass filter produces the β-axis signal. The RC
low pass filter removes the high frequency noise and the inverting amplifier increases the signal
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strength. The unity gain all pass filter passes all frequencies and produces a 90° phase delay at
the pass band frequency. The following few sections are describes the battery ac ripple voltage
and current extraction procedure, briefly.

Fig. 3.1 Signal processing of the α-β frame of ripple voltage and current

3.2 Battery Current and Voltage Sensing
3.2.1 Current Measurement Circuit
The ACS712 current sensor shown in Fig. 3.2, provides the voltage response corresponding to
the input line current. It also can be used to protect the battery from over current fault. This
device has a precise, low-offset, linear Hall circuit that generates a magnetic field and converts
into a proportional voltage corresponding to the applied input line current. The output current
sensitivity is 66 mV to 185mV per ampere depending on the IC package. It has the capability
with high precision to measure both ac and dc current. This device package allows for easy
implementation by the customer and use for both AC and DC current sensing in industrial,
commercial, and communications systems. Typical applications are including motor control,
load detection and management, switch mode power supplies, and over-current fault protection
etc.
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Designing consideration:


Supply voltage-5V, 1.5% tolerance and ±30A



Output : zero current : Vcc 0.5=2.5V



Rise time : 3.5us @ Cout = open, Cout = 10nF



Bandwidth design: RF=1.7kΩ (Internal
resistance), CF = 1nF  fc=93kHz, τ=1.7us.

Fig. 3.2 Current sensing circuit [45]

3.2.2 Voltage Measurement Circuit
The voltage sensor is used to sense the down scaled battery voltage for over voltage protection as
well as measuring the terminal voltage across the battery terminal. Usually, the isolation
differential amplifier is used to measure the input voltage [46]. In SRC charging technique the
voltage across the battery terminals contain both the dc and ac ripple voltage. Usually, the ac
ripple voltage response is very low due to low internal impedance of a battery. Therefore, a
higher measuring accuracy based sensing IC is required for sensing the battery ac ripple voltage.
The AD8276 voltage sensor IC is shown in Fig. 3.3. It is a general purpose, unity gain difference
amplifier that provides both the dc and ac voltage measurement and monitoring functionalities. It
has the capability to measure mV range ac ripple voltage with higher measurement accuracy. In
the next chapter, the investigation of sensing capability and usability of different voltage sensing
ICs are described with ac ripple measurement results.
Designing consideration:


Supply Voltage range ±2V to ± 18V



Input voltage range ± 30 V with 0.1% gain error
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Bandwidth, 550 kHz



Low offset error, ± 2uV/°C



Response time, τ = 15 us

Fig.3.3 Voltage sensing circuit [47]
3.3 Decoder and Encoder
The decoder section selects the filter channel corresponding to the ac ripple frequency of the
battery voltage and current signal. The filter circuit removes the dc offset and creates the α-β
signal of the battery ac ripple voltage and current for performing the ac impedance calculation in
dSPACE1104. The output of the analog filter circuits is encoded and sent to dSPACE1104
interface for calculating the impedance magnitude and phase angle. The MC1407B, analog
demultiplexer, is used in FSB for decoding and encoding the analog signal. It is a digitally
controlled analog switch, featuring low ON resistance and very low leakage current. The channel
is selected by turning on the appropriate analog switch while controlling the 4-bit binary control
inputs A, B, C, and D. The functional diagram of MC1407B is shown in Fig. 3.4.
Designing consideration


16−channel multiplexer/demultiplexer



Supply voltage: -0.5 V to 18 V



Input voltage: -0.5 to VDD + 0.5



Bandwidth : 15MHz, propagation delay



Rise times : RL = 200 kΩ, 90ns,
RL = 1 kΩ, 50ns

Fig. 3.4 Functional diagram of MC1407B [48]
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3.4 Filter Circuit Channel
In power systems, Butterworth passive filters are usually preferred due to their simplicity and
optimal flat behavior in the pass band. Its attenuation only decreases slowly after the cut-off
frequency but it can be increased by using higher orders. The suitable filter order must be
considered in circuit designing for removing the dc offset successfully. The filter circuit consists
of a second order Butterworth low pass filter, pass band filter, R-C low pass filter, inverting
amplifier, and all pass filter are shown in Fig. 3.5.

Fig. 3.5 Block diagram of filter circuit for creating α-β frame

3.4.1 Pass Band Filter
The pass band filter is shown in Fig. 3.6. It is designed for extracting the pass band ac ripple
current and voltage signal from a battery during SRC charging condition. The second order
Sallen Key topology is used to implement the second order Butterworth active low pass filter. It
is a degenerate form of a voltage controlled voltage source filter topology for implementing a 2
pole low pass band filter. The transfer function, H_LPF (s), of the low pass filter circuit is given in
(3.1). The output of the low pass filter is subtracted from the input signal by a differential
amplifier for removing the dc component (3.3). The RC low pass filter eliminates the high
frequency switching noise. The cutoff frequency, fc_bandpass, of the band pass filter is (3.4);
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H_LPF (s)

=

.......................................................(3.1)

Fig.3.6 Circuit diagram of band pass filter
Designing Consideration
- Two pole low pass filter


Unity gain, Butterworth response - the flattest response in band



Cut off frequency,



Response time, τ =

=

,

=2

, fc

=

..............................................................(3.2)

, Frequency range : 0.01~2kHz

-Difference amplifier:


Gain : 1,



Output equation,

=

=10kΩ,

=

=

=10kΩ

,

=

(

) .......................................................(3.3)
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- RC Low Pass filter:


Maximum ripple frequency : 2kHz  =20kHz @ 3dB



Cut off frequency,



Circuit parameter selection,

=

=100kHz,
= 796pF 

=

= 1.6us...............................(3.4)

= 2kΩ,

3.4.2 All Pass Filter
An all pass filter is an active filter circuit that leaves the amplitude of the signal intact but
introduces a phase shift. The purpose of this filter is to add phase delay to the response of the
circuit. The amplitude gain of an all pass filter is unity for all frequencies while the phase shift is
a function of frequency. The phase response changes from 0° to 360° (for a 2-pole filter) as the
frequency is swept from 0 to infinity. The unity gain all pass filter produces a 90º phase delay at
the pass band frequency. The output of the all pass filter presents the β-axis with respect to the
input signal, which represents the α-axis signal. The analog circuit diagram of an all pass filter is
shown in Fig. 3.7. The transfer function of an all pass filter is -

H_APF(s) =

...........................................................................................................(3.5)

Designing Consideration:


Inverting amplifier gain, Gain = -



Parameter value, for



Cutoff frequency,

............................................................................(3.6)

200Hz, R=10kΩ, C=80nF
=

.....................................................................................(3.7)
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Output voltage,

=

, where,

.......................................................(3.8)

Fig.3.7 Amplifier and all pass filter circuit

3.5 PSIM Circuit Simulation
3.5.1 Simulation circuit model
The designing considerations of the filter circuit was verified by the PSIM electronic circuit
simulation package before implementing the hardware circuit board. The PSIM simulation model
is shown in Fig. 3.8. Initially, the 16-channel filter circuits are designed at different frequencies
linearly divided from 60 Hz to 1.0 kHz frequency range. The designing value of the components
for the low pass and all pass filter circuits are shown in appendix C along with the corresponding
channel frequencies. The unit of all resistors and capacitors are in kΩ and in uF, respectively.
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Fig. 3.8 PSIM simulation model of filter circuit for extracting ac ripple content

3.5.2 Simulation Result
The PSIM simulation result of the filter circuit is shown in Fig.3.9. The simulation is carried by
2.5 V dc offset with 2 V ac signal at 720 Hz superimposed on the top of the dc offset. In Fig.
3.9(a), the green trace indicates the input signal while the blue and red traces are represent the
output of the low pass filter and difference amplifier. The difference amplifier subtracts the
output of the low pass filter from the input signal, which removed the dc offset successfully. The
RC-low pass filter circuit is designed for eliminating the 100 kHz switching noise. The signal
amplifier is used for increasing the signal magnitude in order to become compatible with the
dSPACE1104 interface. Fig. 3.9 (b) shows the α-β signal, the blue and red trace are indicates the
output of pass band signal and all pass filter circuit, respectively. The all pass filter produces an
exact 90° phase delay at 720 Hz which represents the β-axis signal.
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Fig.3.9 PSIM simulation result (a) low pass filter (b) band pass and all pass filter
output
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Chapter 4. Battery AC Impedance Calculation
Introduction of ac impedance extraction, dSPACE1104 control desk, and developing the
impedance extraction algorithm using dSPACE1104 is discussed in detail in this chapter.
4.1 Battery Equivalent AC Impedance
According to battery electrochemical view, battery cell impedance is a complex quantity that can
be measured by a commercial frequency response analyzer. It is defined as the ratio of the cell
potential and the cell current, which represents the dynamic behavior of the cell caused by an ac
excitation of small current. The measured ac impedance is a frequency dependent complex
number. The impedance magnitude is the ratio of Vmax and Imax while the impedance angle is the
difference between voltage and current angles in (4.1).
Battery ac Impedance, Z(f) =

........................................................................................(4.1)

where,
Typically, the battery equivalent impedance can be expressed as follows according to Fig.1.1.
+

+

+

..........................................................................................(4.2)

Usually, the Warburg impedance is neglected for frequency range above 1 Hz.
+

+

..............................................................................................(4.3)

Putting s = jω in equation (4.4) and separating the real and imaginary parts-

+

+ j (ω

).........................................................(4.4)
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The frequency, fZ, min, where the magnitude of the ac impedance is minimized. It can be found by
differentiating |Zω|2 with respect to ω and then solving for

This frequency can be

expressed as (4.5) and the corresponding magnitude of the impedance is represented as (4.6).

|

=

√(k-1) ........................................................................................................(4.5)

|=

...................(4.6)

where,

....................................................................(4.7)

4.2 AC Impedance Extracting Method
In ac impedance technique, the impedance value and phase angle can be done by injecting either
ac current or ac voltage and measuring the corresponding ac response. This is because the ac
technique is a very strong approach and widely used for extracting ac impedance. In this thesis,
the ac impedance measurement technique is used for measuring the battery online impedance
using SRC charging technique. Usually, the stationary coordinate α-β frame and the rotating
coordinate d-q frame are used in a three phase system. Recently, this approach has been applied
to separate the impedance magnitude and angle in a single phase battery impedance calculation.
The stationary α-β signal is transformed into rotating d-q signal for calculating the phase
difference between ripple voltage and ripple current. In this thesis, the dSPACE1104 control desk
is used as a tool to calculate the battery impedance. The detailed dSPACE1104 impedance
calculation procedure is discussed in the following section.

27

4.3 dSPACE1104 Control Desk
4.3.1 Introduction of dSPACE1104
The Digital Signal Processing and Control Engineering (dSPACE) DS1104 unit provides control
of data for processing via its 8 ADC and 8 DAC channels, 40 digital IO, and 40 Slave IO pin
with 12 channels of PWM. The simulated model is developed in MATLAB/Simulink, and
downloaded into the DS1104. Control variables and outputs can be viewed or modified using
control desk software designed by the dSPACE1104 console. It has the capability to handle the
real time debugging and software adjustable PWM from 1.25Hz to 5MHz. The dSPACE1104
package is compatibility with few converter power stages, 4 PWM generation and 1 UART I/O
with FIFO. To implement a real-time control loop using dSPACE1104 and MATLAB, we need
the following items:


dSPACE DS1104 R&D Controller Board



Dongle licenses on a USB flash disk



dSPACE1104 and Real-Time Interface in Simulink

Fig. 4.1 dSPACE1104 elements [48]
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4.3.2 Structure of a Real-Time Program
To control the continuous system, we must use a discrete controller which has a sampling time
period of T. The following Fig.4.2 shows the connections between the continuous system and its
controller. The analog-to-digital converters (ADC) channel reads the information of the sensors
and the digital-to-analog converters (DAC) channel apply the control commands to the system.
The physical dynamic system have a time constant, from which derive a step size or sample time
to control the program.

Fig. 4.2 Real time control structure of dSPACE1104
The overall structure of a real-time program can be simplified for explanation purposes
into three main sections: Initialization, the real-time task or tasks, and the background. The
initialization section is the code that is executed only once at the start of execution, upon
download of the program. The next part of the program is the real-time part, represented by the
sampling period. This part is the heart of the control program; read the inputs from an ADC
channel, compute control signals, and write outputs with a DAC channel. Finally, the last
section is the background; this is code executed in the “idle” time between the end of
computation of a step and the start of the next step.
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4.4 dSPACE1104 Impedance Calculation Procedure
4.4.1 d-q Transformation Method
The impedance magnitude and phase calculation algorithm developed using ripple power method
by MATLAB/Simulink and is downloaded as .sdf file into dSPACE1104 for computation. The
block diagram of battery ac impedance calculation procedure is shown in Fig. 4.3. The single
phase PLL circuit is used to produce the angle Փ for d-q transformation of battery α-β ac ripple
voltage and current signals. The impedance magnitude, |ZT| and the impedance angle, θ are
obtained from the transformed Vd, Vq, Id and Iq values.

Fig. 4.3 dSPACE1104 impedance calculation process
4.4.1.1 Stationary α-β to d-q Rotating Co-ordinate System
The α-β frame of battery ripple voltage/current are feedback to dSPACE1104 control desk
through ADC channel. The d-q transformation mapped the α−β coordinate systems onto a twoaxis synchronous rotating reference frame. By obtaining angle θ from the PLL, the d−q values of
the voltage and current are calculated as follows:

=

..............................................................................................(4.8)
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=

...............................................................................................(4.9)

4.4.1.2 Total Impedance and Phase Angle Calculation
The obtained d−q values of the current and voltage are used for the ripple power calculation to
obtain the phase difference between the current and the voltage. To calculate the magnitude of
impedance used the d-axis and q-axis voltage and current is shown in (4.10). On the other hand,
to calculate the impedance angle, φ, active and reactive powers of the ripple current and voltage
are first calculated from (4.11) to (4.15) as follows:

|ZT| =

.........................................................................................................................(4.10)

Pripple =

................................................................................................................(4.11)

Qripple =

................................................................................................................(4.12)

Apparent power can be obtained from the aforementioned power equations and from the active
and apparent powers, we can derive the power factor angle as follows:
Sripple =

PF = Cos (Փ) =

..................................................................................................(4.13)

.............................................................................................................(4.14)

The phase difference between the charging voltage and current of the battery is given as follows:
Փ = Cos-1 (

) = tan-1 ( ) .................................................................................................(4.15)
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Chapter 5. Experimental Results
The experimental setup used for investigating the performance of the filter sensing board,
evaluating the capability of the ac ripple voltage sensing IC, and the impedance measurement
result of Li-ion battery are presented in this chapter.
5.1 Introduction
In this work, a 12.8V, 40 Ah Li-ion battery manufactured by valance technology is considered
for testing and ac signal measurement purpose. An experimental setup must to be prepared to
measure the battery online ac impedance using SRC emulator. The battery is charged at dc
constant current (C/8-rate) with a ± 1 A sinusoidal ripple current perturbation at different
frequencies within 20 Hz to 2.5 kHz range. The experimental setup is shown in Fig. 5.1, the dc
power source ABC150, ac power source AMX3120, programmable load Chroma 6803 and
resistive load are used to generate the SRC charging current. The experimental test result of SRC
signal generation, signal measurement and battery impedance calculation results are described
briefly in this chapter.
5.2 Experimental Result
5.2.1 AC Source Perturbation
In this method, the battery is charged by 5Adc ± 1Aac at 720 Hz. To make this ac ripple current,
the ac source is programmed at line to line voltage at 18.66 Vpp in 3-Փ condition. The dc power
supply is set at 58.6 V to charge the battery at 5A. The dc resistive load (9 Ω, 1 kW) regulate the
dc charging current in CC mode. The experimental test result is shown in Fig. 5.2(a). The yellow
trace indicates, the total charging current, 5Adc ± 1Aac while the green trace depicts the battery
terminal voltage is 13.6Vdc ± 15mVac. The blue and purple trace represents the ac voltage drop ±
15mVac due to ± 1Aac ac ripple current excitation, respectively.
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Fig. 5.1 Experimental set up for measuring battery ac impedance

5.2.2 Programmable Load Perturbation
In programmable load perturbation technique, the dc power supply is programmed at 58.6Vdc and
the 9Ω, 1kW resistive load determines the dc charging current same as the ac source perturbation
approach. The programmable load (PL) is connected in parallel with the battery and the dc power
supply. The PL is programmed as follows; Iset is 5 A and, Ipmax is 7.8A in dc rectified RLC load
mode at 60 Hz. Fig. 5.2(b) represents the corresponding test result with the programmable load
perturbation technique. The yellow and green trace depicts the battery charging current is 4.7 Adc
± 0.25Aac and corresponding terminal voltage is 13.6 Vdc ± 3.5mVac. The purple and blue traces
represent the battery ac charging current and ac voltage response across the battery respectively.
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(a)

(b)
Fig. 5.2 SRC signal generation (a) ac source (b) programmable load
perturbation
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From the experimental results, it is found that the SRC emulator can be emulated using the
Chroma 63803 programmable load by operating in dc mode with it programmed in the RLC load
condition. The limitations of PL perturbation technique are; 1) it requires higher dc current
through the programmable load to produce the ac ripple perturbation, and 2) lower ac frequency
sweep range. The experimental test shows, the PL impact on the dc current and produces 0.5 A
peak-to-peak ripple by drawing 5.0 Adc current from dc power source. The maximum current
limit of PL is 36 Arms at 3.6 kW and frequency changing range from 40 Hz to 400 Hz.
5.3 Signal Measurement
5.3.1 Current Sensor Output
The current sensor output is shown in Fig.5.3. The purple trace indicates the output of ACS712
sensor IC. The yellow trace indicates the input line current while the green trace present the
sensor output, respectively. The bandwidth of current sensor is designed at 93 kHz for decreasing
the signal rising time, 1.7us. The phase delay between the input current and the output current is
negligible.

Fig.5.3 Current sensor output at 720 Hz
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5.3.2 Voltage Sensor Output
In order to measure, the battery ac ripple voltage with a higher measuring accuracy. The widely
used AMC1200 and ACPLC870 voltage sensors are not suitable for battery ripple voltage
measurement application. Since the battery ac voltage response is in mV range, a higher
accuracy with wider input range, and larger bandwidth voltage sensors are required to measure
the low ranges ripple voltage accurately. The summary of the measuring capability and usability
of different voltage sensing ICs are shown in Table-I.
TABLE I: Ripple voltage sensing IC
Voltage Sensor IC

Features

Index

AMC1200

IC Type

Differential
isolation
amplifier

Supply
voltage
Input range
IC gain, G
Measureme
nt accuracy
Bandwidth
Rise time

Voltage
sensing
Compatibility
Battery ac
ripple (few
mili volt)
Measureme
nt

Usability
Application

ACPLC870
Optically
isolated
voltage
sensor

INA217

INA154

AD8276

Instrumentation
amplifier

Difference
amplifier

Difference
amplifier

5 Vdc

3 to 5.5 Vdc

(± 4.5 to ± 18) Vdc

± 250 mV
8

0 to 2 V
Unity

0.5%

±3%

60 kHz
1.6 us
RL= 1.7 k,
Cout=1 uF
- VDC
need
- High
level ac
voltage
- Motor
drives

100 kHz
3.6us
RL= 36 Ω,
Cout =100nF
- VDC need
- High level
ac voltage
- DC link
voltage
- Motor
drives

± 18.5V
Variable
G =1 , ±0.25%
G= 10, ± 0.7%
G= 100, ±3.2%
100 kHz at G=100

No

No

DC & AC
voltage
- Isolation
-UPS
-Frequency
inverter
- Low
torque
ripple

DC & AC
voltage
- Isolation
- Solar
inverter
- Data
acquisition

2 us
RL= 2 k
- No need VDC
up to ± 18 V
- Industrial
instrument
- Medical
application

(± 4 to ± 18)
Vdc
0 to ± 30 V
Unity

0.1%

3 MHz

550 kHz

2 us
RL = 2 k

15 us
RL= 10 k

- No need VDC
up to ± 30 V
- Industrial
instrument

- No need
VDC up
to ± 30V
- Portable,
battery
powered
equipment

Yes

Yes

DC & AC
voltage
- Differential
input amplifier
-VCCS
- Differential
current receiver
-Synchronous
demodulator

DC & AC
voltage
- Voltage,
current
test &
measurem
ent

* VDC is voltage divider circuit, VCCS is voltage controlled current source
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±30 V
Unity

0.05 %

Higher noise
DC & AC
voltage
- Transducer
amplifier
-Microphone
preamplifier
- Differential
receivers

±15 Vdc

(a)

(b)

(c)

(d)

(e)
Fig. 5.4 Experimental waveforms of voltage sensor IC (a) AMC1200 (b) ACPLC870 (c) INA217
(d) INA154 and (e) AD8276
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AMC1200 is a well known voltage measuring IC in industrial application. A voltage divider
circuit (VDC) is required to make compatible the IC maximum input voltage at ± 250 mV. In
Fig. 5.4 (a) the yellow trace indicates the battery ac ripple voltage while the green trace
represents the sensor output. The VDC also scaled-down the ripple voltage with the dc voltage.
Therefore, AMC series ICs are not compatible for battery mV ranges ac ripple sensing
application.
Similarly, the VDC is also needed in ACPLC870 voltage sensor in order to reduce the battery
terminal voltage for fitting the IC input voltage range at ±2V. The high voltage across rails needs
to be scaled-down to make compatible with the input range of the optically isolation amplifier.
So, the ACPLC870 IC can't measure perfectly the mV ranges ac ripple voltage. The battery
ripple voltage measuring test result using ACPLC870 is shown in Fig. 5.4 (b). In addition, the
voltage sensor produces differential outputs. In order to convert in a single ended signal an
external high precision post amplifier is needed.
Fig. 5.4 (c) represents the test result of INA217 instrumentation amplifier. The yellow and green
trace indicates the input and output signal of the sensor IC, respectively. The INA217 can
measure the low range ac ripple voltage with adopting output noise due to lower measuring
accuracy. The measuring error increases with increasing the IC gain selected by external gain
parameter. Usually, the INA217 is a classical three-amp instrumentation amplifier designed for
audio applications to amplify the low-level audio signals.
The INA154 IC can measure both low range ac and dc voltage with a higher accuracy, 0.05% up
to ± 30 V input voltage range. The performance test result of INA154 is shown in Fig.5.4 (d).The
input and output signals are in the same phase, due to low rise time, typically 2 us.

38

The AD8276 is also a unity gain difference amplifier used for voltage and current measurements,
and monitoring in portable battery powered equipment. It has a wide input range with 0.1 %
measuring accuracy. Fig. 5.4(e) represents the ac ripple voltage sensing capability of this IC. The
output of AD8276 IC creates a phase delay with respect to input signal due to high response
time, 15us compared to INA154.
5.4 Filter Circuit Test Result
5.4.1 AC ripple extraction
In order to verify, the PSIM simulation result the op-amp based practical circuit is implemented
in hardware and the performance of dc offset filtering for extracting the low ranges ac ripple
content is tested. The output of the low pass filter and differential amplifier are shown in Fig.
5.5. The yellow trace presents the ac ripple voltage signal at 720 Hz. Whereas the green and
purple trace indicate the low pass filter output and the differential amplifier output.

Fig.5.5 Experimental result of low pass filter, difference amplifier
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5.4.2 Rotating α- signal produce
In order to calculate the impedance magnitude and phase angle using d-q transformation method,
the rotating α-β frame is produced. The experimental picture captured by the oscilloscope is
shown in Fig.5.6. In this experiment, two filter sensing boards are used for measuring the battery
ac ripple voltage and ripple current separately. The PSIM simulation results and the practical Opamp based hardware circuit results are almost identical. The pass band filter creates the α-axis
signal while the all pass filter produces 90⁰ phase shift at the pass frequency which represent the
β-axis signal. The yellow and green trace in Fig. 5.6(a) and Fig. 5.6(b) indicates the α-β frame of
battery ripple voltage and ripple current signal, respectively. These ripple voltage and current
information are used in impedance calculation algorithm for separating the impedance angle and
magnitude.

Fig.5.6 Experimental result of α-β signal for battery ac (a)
voltage, and (b) current
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5.5 Impedance Measurement Result
The average impedance magnitude and phase angle are measured by injecting 2 App ac ripple
current from the AMX3120 at different frequencies as shown in Table-I. The proposed system
creates sinusoidal ripple currents from 20 Hz to 2000 Hz. From these frequency sweeps, the
battery impedance calculations were done by dSPACE1104 algorithm. To validate the ac ripple
perturbation capability of AMX3120 ac power source in the proposed system, the impedance
measurement of a 12.8 V,40 Ah Li-ion battery were performed at 20, 40, 60, 80, 100, 270, 340,
555, 660, 780, 870, 1500 and 2000 Hz ripple frequency.
TABLE II: Battery Impedance Measurement Result
SL#
1
2
3
4
5
6
7
8
9
10
11
12
13

Ripple
frequency, Hz
20
40
60
80
100
270
340
560
660
780
870
1500
2000

Real
impedance, mΩ
7.26
6.38
6.05
5.83
5.65
5.25
5.19
5.55
5.35
5.52
5.40
5.54
5.28

Imaginary
impedance, mΩ
2.07
2.34
2.30
1.94
1.84
1.33
1.58
1.43
1.64
1.56
1.32
1.28
1.12

|Z|(mili Ohm)

Impedance Magnitude
15

6.16

10
5
0
0

0.5

1

1.5

2

2.5

3

3.5

4

3

3.5

4

Angle(Degree)

Impedance Phase Angle
80
60
15.0
40
20
0
0

0.5

1

1.5

2
2.5
Time,Sec

Fig.5.7 Battery impedance calculation by dSPACE1104
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The dSPACE1104 control interface converts the analog signal to digital at a 10 kHz sampling
rate for calculating the battery impedance magnitude and phase angle. The dSPACE1104 console
was designed to plot the average value of calculated impedance magnitude and phase angle
taking 10 thousand samples shown in Fig.5.7. The mean value of battery impedance magnitude

Magnitude(mOhm) Magnitude(mOhm)

and phase are 6.16 mΩ and phase angle 15° respectively at 1500Hz ripple frequency.
Real Impedance vs Frequency Plot
8
7
6
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4
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Imaginary Impedance vs Frequency Plot
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4
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Fig. 5.8 Battery real and imaginary impedance at different frequency
Fig. 5.8 shows the real and imaginary impedance changes according to the ac sweep ripple
frequency from 20 Hz to 2 kHz. The blue line is the measured real impedance and the red line is
the imaginary impedance measured by the proposed method. The test results shows that, the
magnitude of real and imaginary impedance both decreases with increasing the ac ripple
frequency. At low frequency, around 60 Hz, the battery imaginary part was maximum and
decreased after and below this frequency.
TABLE III: Comparison of Battery Impedance Measurement Result
SL
#

AC ripple
frequency, Hz

1
2
3
4
5

20
40
60
80
100

Reference [34]
Real
Imaginary
impedance, mΩ impedance, mΩ
10.00
2.80
9.10
3.65
8.60
3.60
8.20
3.50
7.90
3.30
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Proposed Method
Real
Imaginary
impedance, mΩ
impedance, mΩ
7.26
2.07
6.38
2.34
6.05
2.30
5.83
1.94
5.55
1.82

In order to verify, the battery impedance measurement results of the proposed system were
compared with the corresponding ac ripple frequencies test result with SRC battery charger [34].
The comparative data of the proposed system and the referenced test results are shown in TableII. The impedance measurement results in the proposed system are in same trend with the
reference data. From the comparison data, some differences were found due to the following
reasons: 1) the battery impedance were measured only injecting the ac ripple current in the
proposed technique whereas, the dc charging current and the ac ripple current both considered in
[34] for this reason the real impedance are lower than the reference values. 2) the different SOC
level of battery also impacted on the battery impedance values, 3) the dc offset effected on the
impedance angle calculation in dSPACE1104, 4) the hardware measurements are subject to the
sensing error of the sensor ICs, which operate with a (2-3) % margin of measurement error and
5) phase angle delay between the output of current and voltage sensor ICs. The impedance test
result shows that, the battery ac signal measurement using proposed filter sensing board for
calculating impedance by dSPACE1104 is verified. The experimental result also shows that, the
proposed SRC emulator can be used to validate the SRC charging performance before to
implement in battery charger.
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Chapter 6. Conclusion and Further Work
Summarize the proposed battery online impedance measurement system with suggestions for
further work and improvements are included in this chapter.
6.1 Conclusion
In this thesis, a method of measuring the battery online impedance by applying EIS impedance
measurement techniques is presented. This was done by ac ripple perturbation using a SRC
generator, signal measuring using a FSB and dSPACE1104 impedance calculation algorithm.
The experimental results of SRC signal generator shows that, the SRC emulator can perturb the
wide ranges ac ripple frequency current without a sinusoidal battery charging algorithm. The
SRC emulator offers an easy way to validate the sinusoidal ripple current charging technique and
is useful for measuring the battery impedance.
The performance and compatibility of different voltage sensing ICs were also investigated for
measuring the battery low range ac ripple voltage. The experimental results shows that the
AD8726 and INA154 difference amplifiers can be used for detecting and measuring the battery
ac ripple with higher accuracy. In order to reduce the signal transformation steps and impedance
calculation complexity, the proposed filter sensing board can be used to measure the battery
online impedance along with the dSPACE1104 impedance calculation metod.
6.2 Further Work
Some suggestions regarding the potential future improvements of the proposed system and
experimental setup are as follows:
1. The experimental setup can be upgraded to measure the battery impedance for reflecting the
battery EIS and finding optimal charging frequency at minimum impedance point. To do this,
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replace the existing ac source (AMX3120) by a wide frequency range from few 100 mHz to
1kHz ranges ac ripple current perturbation source.
2. Other designs for the low-pass and dc removing filter can be explored by removing the dc
offset as much as possible, 100 % would be the expectation level. Otherwise, the dc offset
impacted on impedance angle calculation in dSPACE1104.
3. To design the voltage and current sensor response time as close as possible for avoiding the
phase angle delay between sensor input and output signal for measuring the accurate impedance
information, especially the impedance phase angle.
4. In d-q method, PLL circuit is needed for separating the impedance phase angle but it can't
response instantaneously with swept the ac ripple frequency. Therefore, it can be replaced by the
zero-crossing detector method for detecting impedance angle and avoiding the PLL circuit
difficulties in existing impedance calculation method [50].
5. dSPACE1104 has the limitation of sampling rate at 10 kHz. So, for higher sampling rate up to
100 kHz based real time simulator Opal-RT can be used for calculating the impedance
magnitude and phase angle in the future.
7. The obtained battery impedance information can be used in the future for determining battery
SOC, SOH, and finding the optimized charging current.
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Appendix C. Filter Circuit Design
The following table shows, the components value of the low pass and all pass filter circuits along
with the corresponding channel frequencies.
Table IV Components value of low pass and all pass filter
Low Pass Filter
Ch.
Freq
#
(Hz)
R6
R7
R14
R16
C1
C2
C3
R2
1
2000
0.12
0.12 0.0
0.0
0.47 0.47 0.47 0.12
2
1500
0.15
0.15 0.10 0.10 0.10 0.10 0.10 0.22
3
990
0.15
0.15 1.00 1.00 0.20 0.20 0.10 0.68
4
915
0.15
0.15 1.00 1.00 0.20 0.20 0.10 1.50
5
850
0.00
0.00 1.30 1.30 0.20 0.20 0.10 1.40
6
780
0.00
0.00 1.43 1.43 0.20 0.20 0.10 1.00
7
720
0.00
0.00 1.58 1.58 0.20 0.20 0.10 1.30
8
660
0.10
0.10 1.60 1.60 0.20 0.20 0.10 1.40
9
605
1.00
1.00 1.80 1.80 0.20 0.20 0.10 1.60
10
555
1.00
1.00 1.00 1.00 0.20 0.20 0.10 1.80
11
510
1.00
1.00 1.13 1.13 0.20 0.20 0.10 1.40
12
460
1.40
1.40 1.00 1.00 0.20 0.20 0.10 0.00
13
410
1.30
1.30 1.40 1.40 0.20 0.20 0.10 0.00
14
340
1.40
1.40 0.10 0.10 0.47 0.47 0.22 1.00
15
270
0.10
0.10 1.80 1.80 0.47 0.47 0.22 1.60
16
200
1.00
1.00 1.43 1.43 0.47 0.47 0.22 0.00
17
140
3.65
3.65 3.65 3.65 0.47 0.47 0.22 3.24
18
100
3.3
3.3
1.8
1.8
0.22 0.22 0.22 3.00
19
60
5.50
5.50 1.90 1.90 0.47 0.47 0.44 2.80
20
40
9.5
9.5
3.3
3.3
0.22 0.22 0.22 13.0
21
20
2.4
2.4
9.53 9.53 0.47 0.47 0.47 4.99
* *The unit of all resistors and capacitors are in kΩ and in uF, respectively.
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R3
0.51
6.8
1.00
0.22
0.47
1.00
1.00
1.00
1.00
1.00
1.60
1.60
1.80
1.13
1.00
1.60
1.91
0.39
2.00
5.1
12.0

All Pass Filter
R11
R12
R4
0.12 0.51 0.12
0.22 6.8
0.22
0.68 1.00 0.68
1.50 0.22 1.50
1.40 0.47 1.40
1.00 1.00 1.00
1.30 1.00 1.30
1.40 1.00 1.40
1.60 1.00 1.60
1.80 1.00 1.80
1.50 1.60 1.40
0.00 1.57 0.20
0.00 1.76 0.00
1.00 1.12 1.00
1.85 1.00 1.60
0.00 1.60 0.00
3.24 1.91 3.24
3.00 0.39 3.00
2.83 2.00 2.80
13.0 5.1
13.0
4.99 12.0 4.99

R5
0.51
6.8
1.00
0.22
0.47
1.00
1.00
1.00
1.00
1.00
1.60
1.40
1.80
1.13
1.00
1.60
1.91
0.39
2.00
5.1
12.0

C4
0.47
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.22
0.22
0.22
0.22
0.47
0.22
0.47
0.47
0.22
0.47

Appendix D. Hardware Circuit Design
D.1: Schematic Diagram of Filter Sensing Board
The following Fig. D.1 and Fig. D.2 represents the schematic diagram of the filter circuit and
filter sensing board with voltage sensing, signal encoding/decoding and others peripheral
components respectively.

Fig. D.1 Schematic diagram of low pass, band pass, amplifier and all pass filter

Fig. D.2 Schematic diagram of filter sensing board using altium circuit designing tool
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D.2 Hardware Implementation of Filter Sensing Board with Component Assembly:
The complete filter sensing circuit with component assembly for extracting the battery ac ripple
content and creating the α-β signal is shown in Fig. D.4 and D.5.

Fig. D.4 Top view of filter sensing board

Fig. D.5 Bottom view of filter sensing board
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Appendix E. dSPACE1104 Impedance Calculation
E. MARLAB/Simulink Impedance Calculation Model

Fig. E.1 MATLAB simulink model for impedance calculation in dSPACE1104

Fig. E.2 dSPACE1104 console to display measurement result
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