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Abstract

To develop a compact battery model, many authors begin by measuring the

impedance of a battery over a frequency range of interest. Most of the models

in the literature are either Thevenin-style or Randles’ model consisting of one

or two RC networks and sometimes a Warburg element. These models are

usually based on frequency range that stretches to only 1 mHz. This explains

why they require several parameters to accurately reproduce the measured

impedance data.

In most applications, a battery goes through a charge/discharge cycle daily

or even longer. Therefore, it seems logical to measure the impedance of the

cell at frequencies reciprocal of period of charge. This corresponds to approx-

imately 11.6 µHZ or lower. The impedance data at lower frequencies shows

that any rechargeable battery can be simply modelled with a constant phase

element in series with a resistor.

Based on this observation, an equivalent circuit model and a mathematical

model were proposed in this study. Similar to Randles’ model presented in

1947, the proposed models do not contain a source or any purely reactive

element. The models were then fitted to the measured impedance data of

both lithium-ion and nickel-metal hydride cells, the linear region of the charge-

voltage curve, and the transient recovery tail that results from a step-change

in load current.
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Chapter 1

Introduction

In recent years, environmental issues such as global warming have become a

major problem around the world. According to a Pew Global Attitude survey,

23 of 25 countries realise the importance of protecting the environment even at

the expense of economic growth and job losses [1]. Majorities in France, Japan,

Spain, and Germany consider that global warming is a serious problem. The

current energy economy heavily relies on fossil fuels with the global demand

expected to increase many fold in the coming years. It is well known that

increased consumption of fossil fuels to meet the global energy demand is

impelling global warming to a dangerous level. Furthermore, the supply of

fossil fuels is finite and will soon become economically inaccessible.

This concern drives the search for alternative energy sources such as solar,

wind, and water which are clean and renewable in nature. However, it should

be noted that such renewable energy sources may not be available during times

of peak demand. For example, wind energy can only be harnessed when the

weather is windy and solar energy when it is sunny. The solution is a storage

system such as rechargeable batteries. They allow the storage of renewable

energy in the form of chemical energy and transform them back to electrical

energy when required. In engineering, batteries are considered as the nucleus

of an electrical system and play a very important role in providing access to

clean, safe, and economical electrical services. Ram Ramachander from Social
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Innovation Business, at Hitachi Europe describes the significance of battery

storage better in [2]:

“It serves a dual purpose. Firstly, it facilitates the integration of

intermittent renewable energy sources, whilst simultaneously open-

ing the door to generating income for prosumers. The dual purpose

of battery storage is driving mass-market adoption of residential

storage beyond 2020. By 2025, we can expect residential storage

to be an integrated and essential component of all renewable energy

projects.”

1.1 Welcome to the era of rechargeable bat-

teries

Over the past decade, the energy storage industry has revolutionised towards

an obvious inflection point of cheap, reliable and scalable technology. At the

beginning of 2010, batteries mostly powered mobile phones and laptops and

by the end of 2020, they were powering vehicles and houses. This surge in

battery application drove their price down to the point where they became

economically viable for electric cars and renewable energy storage. According

to CNBC [3], UBS approximates that the costs of energy storage will decrease

by 66-80% over the next few decades and the global industry will grow up to

US$ 426 billion. Battery University in [4] also mentioned that the demand for

both primary and secondary cells increased to 7.7 percent annually which is

equivalent to USD 120 billion in 2019. An overview of the revenue contribu-

tions (reproduced from [5]) by various batteries is shown in figure 1.1. This

increase in demand was mainly impelled by laptops and mobile phones.

The lithium battery has seen the most increase in demand in recent years

among other batteries [4]. Battery manufacturers are now producing over

one billion rechargeable lithium-ion cells a year to meet consumers’ demand.

Figure 1.2 obtained from World Economic Forum shows how the demand for
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Figure 1.1: An overview of the revenue contributions by various batteries. [5].

lithium-ion cells has increased over the last decade [6]. The adoption of lithium

technology in electric vehicles mainly drives this sudden demand for lithium-ion

batteries. In the past, Tesla was the only company to commercialise battery-

operated vehicles. Now, almost all automakers offer at least a hybrid model

or a fully electric car. For example, Ford recently revealed an 11 billion dollar

plan to manufacture 40 new electric and hybrid models by the end of 2022,

and Volkswagen plans to develop 70 new models by 2028 [3].

Demand for cheaper and high-performance batteries is not limited to the

electric car space. With the decline in solar panel prices and the introduction

of “rent a roof scheme”, more and more consumers are encouraged to change

to renewable energy to power their homes. Figure 1.3 depicts the increase

in demand for rechargeable batteries in the residential space. Along with

SunRun, Tesla is now offering solar and storage solutions with its Powerwall

battery [3].

1.2 Motivation of this work

Because of this recent growth in battery demand, everyone is now searching

for the “perfect” battery model. A battery model that can give insight into
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Figure 1.2: Increase in Global demand for lithium-ion batteries [6].

Figure 1.3: Increase in demand for rechargeable batteries in the residential

space [3].
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electrochemical cell characteristics, mainly the state of charge and state of

health. The literature review conducted during this work revealed that there

are thousands of papers with the phrase “battery modelling” in the Institute

of Electrical and Electronics Engineers (IEEE) stable alone and many more

can be found in other journals.

The most commonly mentioned battery model is the Thevenin first-order

RC model [7]. However, this model can only characterise the capacitance

between the parallel plates and the resistance between the plate and the elec-

trolyte of the cell. In search of better accuracy, some researchers looked into

a second-order RC model containing two extra degrees of freedom [8]. This

new model now can characterise the mass transport effects as well as the dou-

ble layer effect. Min Chen et al. [9] presents a more comprehensive equivalent

circuit model that captures the transient runtime and state of charge/I-V char-

acteristics of cell but requires six parameters. Upon investigating all RC type

models, it was realised that these models are not theoretically appropriate

for modelling the transient runtime characteristics of a cell. The author of

this work applied the improved version of Swingler’s algorithm as described in

Chapter 3 [10] to come to this conclusion.

Recently, many researchers have been exploring the idea of modelling recharge-

able cells with a fractional element, first introduced by Randles in 1947 [11].

In that paper, Randles chose to investigate rapid electrode reactions with an

equivalent-circuit model that does not contain any voltage source. The model

only contained a series resistor and a RC network. One of the capacitors in

the model, Cl is what is normally referred to as a “parasitic capacitor” in the

electronic world and is only visible in the impedance plot at higher frequen-

cies. The other capacitor, Cr is a fractional element with an angle fixed at 45

degrees. This type of element is referred to as a Warburg element in [12]. At

low frequencies, the basic form of the model is of a Warburg element in series

with a resistor. Analysis of the electrochemical behaviour of rechargeable cells

via A.C. impedance measurement shows that Randles’ model with no voltage
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source can also be implemented in rechargeable batteries, with the exception

of Warburg’s element been replaced with a constant phase element.

Attention was then drawn to the work conducted by Scott (author’s chief

supervisor). Scott and Single proposed a model containing a constant phase

element; a series resistance and two diode-memristor branches to characterise

the impedance characteristics of electrode-electrolyte interface [13]. Most im-

portantly, the paper presented a step-by-step procedure on how to build a

fractional element equivalent in a compact simulator with a finite RC series

network. This technique was built upon Morrison’s work proposed in [14].

Later, a similar model was introduced in [15] for implantable electrodes but

one that lacks memristors. Further work on electrodes was conducted by Scott

et al. where it was shown that the decay curve generated by neural implant

electrodes can only be reproduced in simulation with n-way split constant

phase element [16] . These findings laid the foundation for the development of

an equivalent battery model that can predict the transient runtime, impedance

and charge-voltage characteristics of rechargeable cells with fewer degrees of

freedom.

1.3 Statement of originality

The author of this work declares that this work is his original work except

where otherwise acknowledged.

1.4 List of publications

1.4.1 Research papers

The co-authorship forms for the published paper is provided in appendix A.

• Chapter 3: Hasan, R., & Scott, J. B., “Application of Swingler’s Method

for Analysis of Multicomponent Exponentials with Special Attention to

Non-equispaced Data”, In 2016 IEEE 12th International Colloquium on
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Signal Processing & Its Applications (CSPA), 4-6 March 2016, Melaysia

(pp. 12–15). Washington, DC, USA: IEEE. https://doi.org/10.

1109/CSPA.2016.7515794.

• Chapter 3: Hasan, R., & Scott, J. B., “Fractional behaviour of recharge-

able batteries”, In Proceedings of the 2016 Electronics New Zealand Con-

ference, November 17-18, 2016, Wellington, New Zealand (pp. 111–114).

Hamilton, New Zealand: Electronics New Zealand Inc.

• Chapter 4: Hasan, R. & Scott, J. B., “Letter to the Editor Re ‘Frac-

tional Modeling and SOC Estimation of Lithium-ion Battery’”, IEEE

Caa Journal of Automatica Sinica, 2018, 5(2), 644–644, https://doi.

org/10.1109/JAS.2017.7510853.

• Chapter 4: Hasan, R., & Scott, J. B., “Comments on ‘State of Charge-

Dependent Polynomial Equivalent Circuit Modeling for Electrochemi-

cal Impedance Spectroscopy of Lithium-Ion Batteries’”, IEEE Trans-

actions on Power Electronics, 2019, 1–1, https://doi.org/10.1109/

tpel.2019.2938508.

• Chapter 5: Scott, J. B., & Hasan, R., “New results for battery impedance

at very low frequencies”, IEEE Access, 2019, 7, pp. 106924–106929,

https://doi.org/10.1109/ACCESS.2019.2932094.

• Chapter 5: Hasan, R., & Scott, J. B., “Impedance measurement of bat-

teries under load”, 2019 IEEE International Instrumentation and Mea-

surement Technology Conference, 2019, Auckland, New Zealand.

• Chapter 6: Hasan, R., & Scott, J. B., “Measurement for fractional char-

acteristic of lithium batteries”, 2019 IEEE International Instrumentation

and Measurement Technology Conference, 2019, Auckland, New Zealand.

• Chapter 7: Hasan, R., & Scott, J. B., “Extending randles’s battery

model to predict impedance, charge-voltage, and runtime characteris-
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tics”, IEEE Access, 2020, vol 8, pp. 1–8, https://doi.org/10.1109/

access.2020.2992771.

1.4.2 Patent

A copy of the patent application is provided in appendix B.

• J. Scott, P. Single, R. Hasan, “Battery performance assessment method

and apparatus”, US 15/930,989, 26 November 2020.

1.5 Thesis outline

This thesis contains 8 chapters, including the introduction and the conclu-

sion. The chapter, the background, introduces readers to the different types

of rechargeable batteries, their characteristics and all the existing models pro-

posed in the past to predict these characteristics. The background section

also discusses why these models are not suitable for rechargeable cells and the

recent approaches adopted by researchers to obtain better accuracy.

Chapter 3 presents two published papers where the first one is built upon

the original work by Swingler. The paper proposes a tutorial on how to apply

Swingler’s algorithm to extract multi-exponential components present in a

transient curve with non-equispaced data. It was shown that the modified

version of Swingler’s algorithm can identify the time constant at least 25%

more accurately than the original Swingler’s algorithm.

The second paper demonstrates an application of the improved version of

Swingler’s algorithm to extract multi-exponential components present in the

measured recovery voltage waveform of a 900mAh, nickel-metal hydride bat-

tery. The result produced no evidence of exponential functions. This discovery

proved that RC models are theoretically inappropriate for modelling recharge-

able batteries and inspired us to look at existing fractional models.

Chapter 4 of this thesis is composed of two correction papers. The literature

review of papers containing fractional models revealed that some authors used
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incorrect transfer function equation to model a lithium-ion cell, whereas others

created unjustified degree of freedom to obtain a “good fit” with their fractional

models.

Knowing that reliable impedance measurement is critical to modelling

rechargeable cells, and in the past models for implantable electrodes were

developed in a similar fashion [13], the impedance of nickel-metal hydride and

lithium-ion cells was measured using Solartron 1260. The frequency response

was measured at unusually low frequencies because many batteries in appli-

ances are charged daily, corresponding to a frequency of approximately 11.6

µHz. This is surprising that reference [17], now 20 years old, appears to be the

only reference in arguing that impedance measurement down to 1 µHz may be

important, but only presents data down to 6.8 µHz and the manuscript does

not mention how this data was obtained.

Since the data obtained from Solartron at low frequencies was unreliable,

robust methods of measuring on-load and off-load impedance of non-linear

components at extremely low frequencies were proposed in Chapter 5. Both

methods showed excellent agreement when compared with measurements ob-

tained from two different hardware set-up and were very different from data

obtained from Solartron 1260A. Armed with this new method of measuring

complex impedance of rechargeable cells, the frequency response of a nickel-

metal hydride and lithium-ion cell was measured. The findings concluded

that at high frequencies, rechargeable batteries behave like a pure resistor,

but reflect features of a fractional capacitor or constant phase element as the

frequency gets lower. Such properties of batteries were not historically known.

Based on this observation, first a mathematical model containing only 3 pa-

rameters was proposed for a rechargeable battery in chapter 6. The mathemat-

ical model predicts the linear region of the charge-voltage curve of a 800mAh,

14500 lithium-ion cell with an accuracy of 0.5%. Realising that mathematical

model has no physical justification and cannot be simulated in a compact sim-

ulator, later in chapter 7, a compact, equivalent circuit model was presented
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Figure 1.4: Equivalent circuit model for rechargeable cells with n-way split

CPE and series resistance. The model requires four parameters and has no

voltage or current source. [18].

that uses neither a voltage or current source. The model includes a series

resistor and a n-way split constant phase element as shown in figure 1.4. The

split constant phase element model perfectly fit the measured impedance data

of both nickel-metal hydride and lithium-ion cells. When fitted to the tran-

sient runtime characteristics, the split model managed to predict the transient

recovery tail with only 3% error. The model also predicted the linear region of

the charge-voltage curve with less than 1% error. Chapter 8 gives important

conclusions.



Chapter 2

Background

2.1 Rechargeable batteries

2.1.1 Origin of batteries

The concept of a battery may have existed well before the discovery of electric-

ity in the 1740s. However, the idea of the battery emerged from experiments

conducted by Luigi Galvani in 1789 when he noticed involuntary movements

in frog legs when in contact with two different pieces of metals [19]. Later,

Volta contributed to the creation of the first wet chemistry battery which is

now known as the Voltaic Pile. Although Volta’s batteries could source stable

current, they would only last for a short period due to electrolyte leaks and

high internal resistance. The Voltaic Pile was later improved by the British

chemist John Frederic Daniell, now called the Daniell Cell [20].

2.1.2 Anatomy of batteries

The current working model of the battery consists of one or more electrochem-

ical cells that transform chemical energy into electricity. This working concept

is common across all electrochemical cells. According to [21], each terminal of

the cell is connected to a conductive material called electrodes. The ions are

stored in the negative terminal, also known as the anode. The cathode, on the

other hand, is the positive terminal where the ions travel to after they pass
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Figure 2.1: Basic anatomy of an electrochemical cell reproduced from [21].

through the device. The electrolyte resides in between the electrodes and al-

lows ions to flow from the anode to the cathode. In most cases, the electrolyte

is a neutral solution that is either a liquid or a gel-like substance. Figure 2.1

depicts a basic anatomy of an electrochemical cell.

2.1.3 Types of rechargeable batteries

There are two main types of cells: primary and secondary. The main dis-

tinction between the two is that primary cells are not rechargeable, whereas

secondary cells can be recharged with a battery charger. In the market, there

are now five main different types of secondary batteries [22]. Table 2.2 sum-

marises the characteristics of commonly used secondary batteries.

Nickel Cadmium(NiCd): NiCd batteries have a relatively low energy

density compared to the others. They are mostly used where longevity, high

discharge rate, and affordable price are important. Although they are not the

most environment friendly, applications of NiCd cells are seen in biomedical

equipment and power tools [22].

Nickel-Metal Hydride(NiMH): NiMHs are much higher in energy den-
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Figure 2.2: Characteristics of commonly used secondary batteries [23].
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sity compared to NiCd but have a lower life cycle. They are environment

friendly and are commonly seen in cellular devices and laptops [22].

Lead Acid: In terms of low-cost, lead-acid batteries are the cheapest.

Although heavy, lead-acid cells are durable and have a high discharge rate.

Applications of such batteries are common in hospital equipment, emergency

lighting, cars, and uninterruptible power supply systems [22].

Lithum Ion (Li-ion): Li-ion batteries are the most widely used battery

system. They are often used where high discharge rate and portability is

necessary. Disadvantages of Li-ion cells are the aging effect and requirement of

a protection circuit. Some applications are mobile phones and notebooks [22].

2.2 Understanding battery characteristics

The recent growth in battery demand has attracted many researchers to in-

vestigate different cell characteristics. Understanding these cell characteristics

is important since they give consumers a good insight into the performance of

the battery. Some of the important characteristics are discussed below.

2.2.1 Battery Capacity

The term “battery capacity” is defined as the amount of charge stored in a

cell and is dependent on the active mass material within the cell [24]. In

other words, it is a measure of the maximum amount of energy a battery can

source under certain conditions. Figure 2.3 portrays the charge/discharge cell

capacity curve of a single 800mAh lithium-ion cell.

One of the main factors that influence the rated battery capacity is the rates

at which a cell is being charged and discharged. If a cell is discharged rapidly

with a high discharge current, the amount of energy sourced from the battery

will be lower than the rated value. On the other hand, a low discharge current

will increase the amount of energy one can extract from the battery [24].

External and internal temperature of a cell can also alter the battery ca-
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Figure 2.3: Charge/discharge capacity curve of single 800mAh lithium-ion

cell. [25]

pacity. The battery capacity is known to increase at higher temperatures,

however, elevating the temperature will decrease the lifetime of the cell. Age

and history of a cell are other factors that can also affect its capacity [24].

2.2.2 Battery State of Charge

State of charge (SoC) of a battery is defined as a ratio of the amount of energy

available in the cell to the rated battery capacity [26]. In layman’s term, it is

a measure of how full or empty a battery is. There are a few ways to measure

this as mentioned in. One simple way of finding the SoC is to measure the

terminal voltage of the cell. However, this method produces inaccurate results

because variables such as cell materials and temperature influence the terminal

voltage. Such a method also yields erroneous results when the cell under test

is subjected to charge/discharge current. The current stimuli distorts the

terminal voltage and the true SoC of the cell is no longer reflected.

To obtain the true SoC, the cell is required to rest in the open-circuit state

for at least 2-3 hours; most battery manufacturers suggest 24 hours of resting

period for a lead-acid battery. This makes it difficult to measure the SoC of a

battery in active use.

Coulomb counting is another method used to approximate SoC by monitor-



16

Figure 2.4: The BCI readings for a typical starter battery. [26]

ing the charge/discharge current and is commonly used in laptops and mobile

devices. An alternative to the Coulomb counting method is a hydrometer but

the application is only limited to flooded lead-acid batteries. It measures the

change in SoC from the change in electrolyte density [26]. The Battery Council

International (BCI) readings for a typical starter battery is shown in table 2.4.

2.2.3 Battery Efficiency

Battery efficiency is an important aspect in cell characteristics and is often

summarised using coulombic, energy and voltage efficiencies. The coulombic

efficiency can be defined as a ratio of the amount of charges flowing into a cell

during charging to the amount of charges available during discharge. Coulom-

bic efficiency can be quite high, normally around 95%, and the loss is usually

attributed to redox reactions. The energy efficiency of a cell correlates to the

charge and discharge C-rate and is generally lower in number compared to the

coulombic efficiency. The C-rate is a measure of the rate at which a battery is

depleted [27].

The voltage efficiency, on the other hand, is determined from the terminal

voltage difference of the cell during the charging and discharging period. This

means that a battery whose terminal voltage changes proportionally with the

SoC will have low voltage efficiency in comparison to one whose voltage remains

constant [27].
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2.2.4 Battery State of Health

The state of health (SoH) of a battery is a measure of the general condition

and performance of a cell compared to its ideal state. Factors that can affect

the SOH of a cell are internal resistance, self-discharge, voltage and charge ac-

ceptance. Since it is a subjective measure, the SoH is considered as an estimate

rather than a measurement. There are a few ways one can estimate this; the

main one being the impedance and conductance testing. In several cases, other

cell parameters are also included to derive a more accurate estimation [28].

An alternative approach to impedance and conductance testing is to ap-

proximate the SoH from the usage history of the cell. However, estimating the

SoH from the number of charge-discharge cycles is not an accurate measure

since this does not take into consideration other factors that contribute to the

aging of the cell [28].

2.3 Impedance measurement

2.3.1 Importance of impedance measurement

Impedance is a measure of the total opposition of a circuit when subjected to

an alternating current at a particular frequency. Since impedance is a complex

quantity, it contains a real part and an imaginary part and is often expressed

as [29]:

Z = R + jX (2.1)

where R is the real number and X is the imaginary number. Such measure-

ments give insight into the internal state of a cell such as chemical properties

and mechanical design.

In most cases, state of charge (SoC) and state of health (SoH) are of the

main interest to many researchers. In the IEEE stable alone, there are thou-

sands of research papers with the phrase “battery state of charge” and “bat-
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tery state of health” [30–36,39–48]. Many authors consider battery models to

understand these cell characteristics and the parameters of these models are

usually based on the impedance measurement of the cell.

References [30–35] all measured the complex impedance of a cell to estimate

either the SoC or SoH. The author of [30] measured the impedance of lithium-

ion cells to 0.1mHz and proposed a first-order RC model with Lyapunov-based

adaptation law to estimate the SOC and SOH of the cell. [31] investigates the

health condition of a 18650, Li-ion cell where the parameters of an RC model

were extracted from the EIS plot ranging from 0.1-400 Hz. Similar practice

was also seen in [32–35] where the frequency response of the cell was measured

using online methods to identify parameters of proposed models which is then

used to monitor the SOC in EV applications. References [36], however, uses

the measured complex impedance data to determine the integral temperature

of lithium-ion batteries.

2.3.2 Existing impedance measurement tools

Since impedance is an important parameter used to characterise cell behaviour,

it is crucial to measure it as accurately as possible. There exist several instru-

ments that can claim to make such measurements. Manufacturers such as

Solartron [29], Hioki [37], and Zurich [38] make instruments that can mea-

sure complex impedance to low frequencies. These instruments all measure

impedance using the I-V method where a sinewave signal is applied to the

device under test and the voltage and current waveforms are measured. Fig-

ure 2.5 shows how most impedance analysers observe the current and voltage

response of a device under test.

Some researchers have developed their own impedance analyser. Refer-

ences [39,41] propose a low-cost Electrochemical Impedance Spectroscopy sys-

tem which stops at 0.1Hz. They use a similar Discrete Fourier Transform

approach to that presented in this thesis, but their system is narrower in focus

and less generally applicable. Other references describe power converters that
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Figure 2.5: Connections to measure the current and voltage during measure-

ment by Solartron 1260A [29].

indirectly measure battery impedance at frequencies as low as 100 mHz [42,43].

References [44, 45] managed to measure both the output impedance and the

transient response of power sources; however, the frequency range is only lim-

ited to around 100 Hz. References [46–48] propose an online impedance mea-

surement system which measures complex battery impedance at the higher

end of the frequency spectrum.

2.3.3 What we thought was a good investment

Impedance measurements at extremely low frequencies–10 µHz and even lower–

reveal interesting behaviour of even small cells. Figure 2.6 depicts the mea-

sured complex impedance reproduced from [49] for a single 55123, 1850mAh

NiMH cell. It can be speculated from this simple curve that the magnitude of

the impedance at higher frequencies resembles that of a pure resistor, but the

characteristics of a fractional capacitor at frequencies below 100 µHz, based

on the straight-line behaviour appearing at frequencies below 300 µHz. With-

out the data at the lowest edge of this plot, the characteristic of the battery
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Figure 2.6: Measured impedance and phase for a single 55123, 1850mAh NiMH

cell. [49]



21

cannot be inferred properly. Such observations drive researchers to look for

instruments that reach ever-lower frequencies, but few impedance analysers

are available that reach frequencies this low.

Although in many manuscripts the instrument used to obtain impedance

measurement is not stated, the impedance measurement is often limited to 1

mHz. One instrument, Solartron is specifically mentioned in several manuscripts

that claim to reach 10 µHz, e.g. [50, 51]. Trusting that Solartron 1260A can

measure the impedance of batteries down to 10µHz, the University of Waikato

purchased one. David MacCallum in [52] explains the attempt to measure the

impedance of an implantable electrode using the impedance analyser. The the-

sis mentions that the impedance analyser successfully measured the impedance

of an electrolyte capacitor at very low frequencies. However, when repeated

with an implantable electrode, the measured data showed significant variation

at frequencies below 300 Hz. The cause of the variation was not attributed to

noise since the instrument failed to produce any variation with an electrolytic

capacitor. The author then repeatedly measured the implantable electrode

with Solartron 1260A in a Faraday Shielded room to eliminate any external

or internal electromagnetic interference. The variation in data remained un-

changed. This concluded that Solartron 1260A is unsuitable for measuring the

characteristics of implantable electrodes.

The suitability of Solartron in measuring rechargeable batteries was later

tested with a single 55123 NiMH and 14500 Li-ion cells. Interested to know

why the impedance analyser produces erroneous impedance data with wet

chemistries, the voltage and current waveforms sourced from the Solartron

were observed with two Agilent 34401A digital multimeters. The connections

are shown in Figure 2.7. The selected stimulus level maintained the fluctuation

of the cell state of charge to within 10% at 10 mHz. Figure 2.8 shows the

captured current and voltage waveforms at 10 mHz.

The figure clearly shows that the voltage waveform across the cell drifted

downward, while the current waveform remains unaffected. We attribute this
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Figure 2.7: The set-up used to observe the current and voltage waveforms

across a device under test (DUT).

downward drift to change in internal battery temperature while the battery

was cycled during impedance measurement. Since it is impossible to know how

Solartron measures impedance, it was speculated that the impedance analyser

may use a discrete Fourier Transform to calculate the impedance. This might

explain the inaccuracy in the impedance measurement since Fourier Transform

expects signals to be continuous and produces corrupted results where the

endpoints of a signal do not meet.

Another possible reason behind the impedance analyser producing erro-

neous data is the distortion of the signal at low frequencies. Figure 2.9 shows

the distorted voltage signal. The cause of this distortion is attributed to a

mechanism where excess charge delivered is safely dissipated as the cell ap-

proaches full charge. This mechanism occurs just before the capacity of the

cell reaches the last few percent, especially in higher current. This explains

the need to control the magnitude of the stimulus and also to stay away from

the ends of the charging curve.
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Figure 2.8: Current and voltage waveforms captured at 10 mHz.
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Figure 2.9: Distorted voltage waveforms captured at 10 µHz across a single

NiMH cell.
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2.4 Traditional RC battery models

A common practice to predict electrochemical cell characteristics is to develop

a compact, equivalent circuit model for batteries based on impedance measure-

ment [53–55]. According to [9], there exist several battery models with varying

degrees of complexity. These models give insight into cell design, performance

estimation, circuit simulation, etc.

Compact circuit models are utilised to improve the physical design of

cells [56–58]. They describe the basic mechanism for generating power and

are used to link design parameters to cell information such as terminal volt-

age, current, concentration distribution, etc. Sometimes these models can be

complex and involve complicated numerical algorithms and specific cell infor-

mation.

Some authors [59–61] propose a mathematical model rather than an equiv-

alent circuit model. For example, [60] presented a stochastic battery model

that matched to the equivalent circuit model of the battery. The mathematical

model was later used to investigate various battery management techniques to

improve cell capacity and runtime characteristics. Although a mathematical

model may provide some useful insights to system designers, they do not have

any physical justification and cannot be simulated in a circuit simulator.

2.4.1 Simple battery model

The most commonly used battery model is simply a resistor in series with a

voltage source which illustrates an ideal battery [62]. A circuit diagram of the

model is shown in Figure 2.10 where Eo is the open circuit voltage, Ro is the

equivalent series resistance and Vo is the terminal voltage.

The Vo parameter can be obtained by measuring the open circuit voltage

of a cell, whereas Ro can be found using the DC load method. During this

ohmic measurement, the cell is discharged for a short duration with known load

current and both the open circuit voltage with no load (OCV) and load voltage
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Figure 2.10: Circuit diagram of a simple battery model reproduced from [62]

are measured with a multimeter. The internal resistance is then calculated

using equation 2.2. Although this type of measurement is accurate and reliable

and works well for large stationary batteries, it only outputs the combined

resistance and ignores any capacitance [62].

Ro =
OCV − Vload

Iload
(2.2)

While such a model has been widely used by many researchers, it does not

take into consideration the different characteristics of the internal impedance

which changes with state of charge, electrolyte concentration and sulphate

formation [62]. This limitation makes the model only suitable for circuit simu-

lations where it is assumed that the energy drawn from the battery is unlimited

or where the state of charge can be neglected. This type of model is not suit-

able for the applications of electric vehicles [62].

2.4.2 Modified version of the simple battery model

A modified version of the simple battery model mentioned above was presented

by Jean Cun et al. in [63]. The model now takes into consideration the state of

charge of the cell. The authors improved the model by introducing a variable

internal resistance which changes with the state of charge of the battery. The

relationship between the actual resistance during discharge and the constant
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initial internal resistance is

R =
Ro

Sk
(2.3)

where Ro is the internal resistance calculated from the battery manufac-

turer’s data and k is a coefficient that is unique for every discharge curve. S

is the charge status which changes between 0 and 1, where 0 is the battery

fully discharged and 1 represents the battery fully charged. It is calculated

using [63].

S = 1−
∑
Ah

C10

(2.4)

where C10 represents the ten-hour capacity of the cell at the reference

temperature. This value is subjected to change with the age of the battery.

Many battery manufacturers employed this model for the purpose of battery

monitoring.

2.4.3 Thevenin first-order battery model

A literature review of recent papers revealed that a vast number of papers

propose first-order Thevenin-style RC models [7, 64–73]. The parameters of

this model were identified by inspecting the cell impedance over a range of

frequencies at a single state of charge. A circuit diagram of a first-order RC

model reproduced from [7] is shown in Figure 2.11.

The model contains an ideal voltage source (VOCV ), a series internal resis-

tance (Ro) and an RC network of R1 and C1. The capacitance, C1 characterises

the capacitance between the parallel plates of the cell and R1 is the non-linear

contact resistance between the plate and the electrolyte. One of the main

disadvantages of such model is that the parameters are all assumed to stay

constant, but in fact they all change with the condition of the cell.
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Figure 2.11: Circuit diagram of a first order RC model. [7]

2.4.4 Thevenin second-order battery model

A comparative study on battery models shows that a first-order Thevenin RC

model is not accurate enough to predict the transient recovery behaviour of

the terminal voltage caused when a battery is subjected to a current pulse [74,

75]. This encouraged authors to adopt a second-order Thevenin RC model

with two extra degrees of freedom to predict cell SoC characteristics [8, 9, 76–

87]. Figure 2.12 depicts a second-order Thevenin battery model reproduced

from [77] where UOC and Ut are open circuit and terminal voltages of the

cell. Ro represents the series resistance. The first RC network models the

mass transport effects and the second RC network represents the double layer

effect [11].

Even though a second-order RC model is better at predicting the transient

terminal voltage recovery curve, [88] mentions that the model is only true for

high frequencies and produces significant SoC estimation errors as frequency

gets lower.

2.4.5 Dynamic battery model

Although there are a few models of rechargeable battery that are based on

the electrolyte chemistry, the state of charge and the thermal effects, none of
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Figure 2.12: A second order Thevenin RC model. [77]

these models included all the significant cell characteristics for applications in

electric vehicles and hybrid energy systems.

Wijewardana et.al introduced a dynamic battery model in [89] that takes

into consideration both the electrical and the thermal effect of the cell. Fig-

ure 2.13 depicts the new proposed model. The model contains a voltage source

with a resistance in parallel which models the self-discharge characteristics.

This is a function of external cell temperature, state of charge and the number

of times the cell has been charged and discharged. There are also two internal

resistances representing the electrolytic resistance and the resistance change

due to the charging and discharging of the cell. The two RC networks charac-

terise the short and long transient properties of the cell and both the variable

voltage sources are temperature dependent.

The authors claimed that their model is almost 98% accurate for a lithium-

ion cell but one of the main drawback of the model is the number of parameters

involved. It is known that almost any model can be accurately fitted to any

measured data given there are sufficient degrees of freedom [89].



30

Figure 2.13: Dynamic model of a lithium-ion cell that accommodates both the

electrical and thermal effects. [89]

2.4.6 Why all RC type battery models are theoretically

inappropriate

All rechargeable batteries when exposed to a step-change in current produce an

instantaneous step change in voltage due to the internal resistance of the cell

followed by a slow decay curve. This gradual recovery tail is usually attributed

to the change in chemical behaviour within the cell due to the sudden exposure

to a current pulse. Figure 2.14 portrays the measured terminal voltage of an

800 mAh, 14500 lithium-ion cell when exposed to a current pulse of 100 mA

for 60 seconds. Since steady-state, open circuit voltage is the most accurate

measure of the state of charge of a cell, a battery model must be able to

represent this phenomenon as accurately as possible.

Swingler in [90] presented a mathematical approach to extract exponential

components from a transient function using Fourier transform processing. This

work is a modification of the approach used by Gardener to solve summed

exponential functions. Swingler’s proposed algorithm transforms a function

f(x) containing n exponential components into a series of delta functions whose

amplitude and delay represent the properties of the corresponding exponential

that was summed into the function. Although the algorithm looked promising



31

Figure 2.14: The terminal voltage of a 800 mAh, 14500 lithium-ion cell when

subjected to a current pulse of 100 mA for a period of 60 seconds.

at first, applying it to a set of non-equispaced data proved to be less simple

than promised. A modified version of the algorithm which deals with non-

equispaced data was later proposed in [10] which yielded better results.

The modified algorithm was then applied to the measured transient voltage

waveform in figure 2.14 which should identify the multiplicity of the reactive

elements needed in the battery compact circuit model, as each will give rise

to a single delta function. The output from the modified Swingler’s algo-

rithm is shown in figure 2.15. The result shows no proof of any exponential

components present in the measured recovery data. For comparison, the algo-

rithm was applied to the recovery curve simulated from a second-order battery

model. The figure clearly shows two distinct peaks above the 50 dB noise floor.

This concludes that RC models are not theoretically appropriate for modelling

rechargeable batteries. The result from the Swingler analysis, however, sug-

gests that a constant-phase element might be a better fit for modelling batteries



32

Figure 2.15: Output of the modified Swingler’s algorithm applied to the tran-

sient voltage waveform curve of figure 2.14 and to a transient curve produced

using a second-order RC model for comparison.

because the time-domain function of the constant-phase element is an approx-

imation of an infinite series of exponentials and is not expected to display any

peaks on this type of analysis.

2.5 Simple PSpice battery model

Hageman in [91] proposed a compact, electrical circuit model where he used

PSpice to characterise rechargeable batteries, for example, nickel-cadmium,

lead-acid and alkaline batteries. The core features of all the models were the

same: use of a capacitor to represent the capacity of the battery, a discharge-

rate normalizer to characterise the loss of capacity at high discharge currents,

a circuit which allows discharge of the capacity of the cell, a lookup table for

voltage versus the state of charge and a resistor which represents the internal

resistance of the cell. Figure 2.16 portrays the first electrical model which

covered all cell types.

Although such models are simpler to compute compared to a electrochem-

ical model and requires a minor change to represent a particular cell type,

configuring the electrical models still requires some effort. Moreover, these
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Figure 2.16: Circuit diagrams of the first electrical model covering all cell

types [91]
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Figure 2.17: The HCRONE with the parameter identification method proposed

in [92].

types of models are less accurate than other existing models with an error of

about 10%.

2.6 Existing fractional models

2.6.1 Mathematical fractional model for battery

Although for decades, researchers have preferred a non-fractional model, in

recent years the fractional type battery model has drawn more attention due

to better accuracy and the ability to adjust computational burden. Cugnet et

al. in 2006 [92] proposed the concept of modelling rechargeable batteries with

fractional system. The paper presented a method for estimating the state of

charge of lead-acid battery based on the parameter variations of the model.

The fractional model was acquired using a recently developed fractional order

identification method. The parametric estimation process of the model is

shown in figure 2.17. The authors claimed that the mathematical model can

approximate the state of charge of a lead-acid battery with 5% error. It is

important to note that the mathematical model was based on the frequency

response of the cell from 2 mHz-200 Hz [92]. The main drawbacks of the model

are the time required to get an estimation of the state of charge and lack of

any physical justification or any compact circuit model.
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A similar mathematical model with a more complex algorithm was later

presented by authors of [93] in 2010. This time, the model is used to approx-

imate the internal resistance of a cell with fewer parameters. This is directly

correlated to the crankability property of a lead-acid battery. In conclusion,

this work tends to confirm that batteries are of a fractional nature.

2.6.2 Randles’ battery model

Many authors tend to frequently use the Randles’ Warburg impedance model

for modelling lead-acid cells [94–96]. The model consists of a Warburg element

that is a constant phase element with a fixed phase angle of -45 degrees [97].

Such a model is only applicable in situations where the measured complex

impedance has a fixed slope of 0.5. Figure 2.18 produced from [94] shows a

Randles battery model containing a Warburg element. The transfer function

of the model is [92]

H(s) =
U(s)

I(s)
= (Ls+Rl) +

(1/Cs)(R + σ/sn)

(1/Cs +R + σ/sn)
(2.5)

The authors of the paper [95] measured the impedance spectra of a lithium-

ion cell over high, mid, and low frequency bands to derive the Randles’ frac-

tional model. The point where the impedance curve intersects with the real

axis in the high frequency portion defines the series resistance, the low fre-

quency region where the impedance curve is a straight line with a constant

gradient is referred to a Warburg element and the mid frequency band where

the curve is a depressed semicircle is reminiscent of a resistor in parallel with

a constant phase element.

Although at first glance the work seems powerful, a closer look at the

impedance calculation revealed that the transfer function equation is incor-

rect: rather than summing the individual impedance elements, the authors

multiplied them. Since the rest of parameter identification algorithm is based

on this erroneous transfer function, it can be said that the conclusions are

unfounded.
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Figure 2.18: Randles Battery model containing a Warburg element. [94]

Figure 2.19: Second-order Randles’ Battery model reproduced from [96].

Other authors used a second-order Randles’ model to characterise a Pana-

sonic 18650PF LiNiCoAlO2 battery in [96]. A schematic diagram of the model

is shown in figure 2.19. The two RC networks denote the charge transfer re-

sistance and electrochemical double layer capacitance. The authors measured

the impedance of the cell from 1 Hz to 1 kHz and then used the frequency

response data to identify the parameters of the model. The paper claims that

models with a Warburg element produce better results compared to traditional

RC models, except at low surrounding temperature. The fitting success of this

two RC model is attributed to its having a total number of nine parameters.

We believe that almost any model with sufficient degrees of freedom can be

fitted to data with reasonable accuracy.
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2.6.3 Various fractional models for rechargeable cells

Different variations of fractional models have been presented for rechargeable

cells in recent years, mainly for the purpose of voltage simulation and state of

charge estimation. The authors of paper [98] performed a comparative analysis

of the existing fractional type battery models and the study looked at how these

models differ from each other in terms of accuracy and computational burden

when it comes to fitting data from two NMC cells. The cells were cycled under

different conditions and had a different state of health.

The models compared in [98] are shown below in figure 2.20. The paper

mentioned that the most commonly used fractional model is the one with a

single CPE and it can simulate the voltage characteristics more accurately than

any order of RC models. There is also evidence that for better accuracy, many

researchers employed different arrangement of fractional models containing two

fractional capacitors to predict the state of charge of lithium-ion cells.

Taking identification accuracy, validation accuracy and computational bur-

den into consideration, a single order constant phase element in series with a

Warburg element is found more acceptable for modelling NMC cells. The au-

thors of [98] also observed that a more complex fractional model with more

degrees of freedom might only increase the computational burden and provide

no added benefits in terms of accuracy.

2.7 Simulation of a constant phase element

In most research papers, a constant phase element is expressed mathematically

since it relies on a fractional derivative and can be mathematically calculated

with an infinite network of RC elements over an infinite range of frequency.

However, in practice, infinity is an abstract concept. Therefore, the complex

impedance of a constant phase element for a finite frequency range is approx-

imated with a subcircuit of branch elements in a compact simulator given a

required phase tolerance [14].
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Figure 2.20: Existing fractional order models used for voltage simulation and

state estimation [98].
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This method is attributed to Morrison [14] whose work presents complex

algebraic equations that yield the number of branches required to approxi-

mate a constant phase element for a range of frequencies with the resistor and

capacitor values in each branch.

A constant phase element can be specified with only two parameters. This

is represented by a straight line on a Bode plot. These are a slope parameter,

m, and a magnitude parameter found from a measurement of admittance, Yθ,

at some specified frequency, ω0. The equation to approximate the impedance

magnitude of a constant phase element is [14]

|Y ′
θ | ≈

(ωRC)1/m

R
yθ (2.6)

where |Y ′
θ | is an approximation of the admittance magnitude of the constant

phase element, Yθ, R and C are the resistance and capacitance values, ω is the

angular frequency in radians, m reflects the value of the element’s constant

phase and yθ can be calculated by

yθ =
π

m ln k
sec

1

2
π(1− 2

m
) (2.7)

where k is a spacing factor which defines the geometric spacing of the

branches with respect to frequency. The argument of the admittance can be

calculated from

∠Y ′
θ ≈

π

2m
− θp sin[

2π lnωRC

m ln k
− 1

2
π(1− 2

m
)] (2.8)

and θp can be found from the equation below:

θp ≈
m ln k

π

cosh π2

m ln k

cosh 2π2

m ln k

cos
1

2
π(1− 2

m
) (2.9)

It is worth noting that equations 2.7 and 2.9 contains only 2 main variables

in the form of m and k. Equation 2.6 can be used to calculate the admittance

magnitude of the constant phase element with a scaling factor obtained from

equation 2.7. Equation 2.8 gives the phase of the admittance with a periodic

error calculated from equation 2.9.
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Figure 2.21: Proposed fractional model for electrode-electrolyte interface, con-

taining a constant phase element, a series resistor and two diode-memristor

branches [13].

2.8 Previous work adopting Morrison’s method

Some authors have adopted Morrison’s method to construct a constant phase

element in a compact simulator: the following works later laid the foundation

of the work conducted in this thesis. Scott and Single in [13] proposed a model

of the electrode-electrolyte interface comprising a constant phase element. Fig-

ure 2.21 portrays the proposed model. Rs represents the spreading resistance,

the CPE models the double layer effect, and the diode-memristor branches

track the charge transferred, thus representing the Faradaic contribution.

To compute the constant phase element in a circuit simulator, the authors

replaced the constant phase element with one of Morrison’s equivalent canonic

forms shown in figure 2.22: the figure contains parameters m, k, R and C

that can approximate a constant phase element with arbitrary accuracy over

a particular frequency range.

From equation 2.8, the authors of [13] derived a simpler relationship to

calculate the parameter m from a known phase angle value. The authors

described the relationship as:

m =
π

2θCPE
(2.10)
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Figure 2.22: Lumped-RC approximation of a constant phase element [13].

where θCPE was obtained from the measured phase angle of the constant phase

element. Instead of relating phase accuracy to simulation accuracy, the authors

simply assigned k to a value close to 1 which does not affect the simulation re-

sults. With values of m and k identified, and the magnitude of the admittance

|Yθ| measured at some arbitrary frequency ω0, R and C values of a branch were

found using Morrison’s equation 2.6. The number of RC branches was chosen

by trial and error for the frequency range over which the model is expected to

operate.

Later the same year, Jones and Scott published a paper [99] where a similar

type of model was proposed for the electrode-electrolyte interface in phosphate

buffered saline. Figure 2.23 shows the proposed model. The reason why this

model lacks memristors is that generally, implantable electrodes are never

operated in a Faradaic conduction mode and definitely never to the point

where diffusion is limited. Using the impedance magnitude and phase of the

implantable electrode measured at frequencies between 100 mHz and 10 kHz,

the authors later simulated the constant phase element in ngSpice simulator

with the equations presented in [13].

Recently, Single and Scott presented an improved version of their single

constant phase element model in [16]. The model can now capture the slow

transient decaying tails, also referred to as artefacts, produced when platinum

electrodes are subjected to a current pulse. This was achieved by splitting the
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Figure 2.23: Proposed fractional model for electrode-electrolyte interface,

containing a constant phase element, a series resistor and two back-back

diodes [99].

Figure 2.24: Proposed split-electrode model for electrodes of neuromodulation

implants [16].

constant phase element into n branches that allows the simulation of uneven

distribution of charges along the surface of the electrode. Figure 2.24 depicts

the proposed split-electrode model for electrodes of neuromodulation implants.

The authors tested the validity of the model with measurements conducted in

saline which suggested that artefacts from electrodes are the inherent prop-

erties of the electrode-electrolyte system itself. The external influences from

external hardware are all negligibly small.



Chapter 3

Tutorial on Swingler’s Method

and Verifying the Fractional

Nature of a Battery
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3.1 Summary of Swingler’s method for analy-

sis of multicomponent exponentials

This manuscript presents a step-by-step tutorial on how to extract multicom-

ponent exponential components from a transient curve. The proposed method

is built upon Swingler’s differential approach to the Fourier Transform process-

ing of time-domain functions with multiple summed exponential components.

Swingler’s technique yields delta functions which are directly proportional to

exponential components present in the data. Limitations of this technique is

its inability to handle data obtained from compact simulators which may be

non-equispaced and not easily interpolatable. This paper provides a series of

steps required to extend this complex algorithm to handle time-domain func-

tions which are non-equispaced in nature. The steps mainly involve smart

interpolation in both the time-domain and log-time domain and a careful se-

lection of the x-axis range. Unlike Swingler’s method, the proposed method

does not require data to be artificially windowed. A comparison analysis be-

tween the two techniques showed that the method presented in this paper can

identify the exponential components of the signal used by Swingler in his paper

with higher accuracy. This method was later adopted to identify the presence

of any exponential components in the recovery curve of a nickel-metal hydride

and lithium-ion cell.
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Abstract—Swingler enhanced the work of Gardner to provide
an elegant deconvolution method by which multiple summed
exponential components might be resolved within time-domain
data. Nevertheless, the application of the method remains limited
owing to subtle complications that discourage many users. We
present a tutorial and extend the approach to handle non-
equispaced data. Finally the method’s limits are identified in
the case of closely-spaced exponential components with added
input noise.

I. INTRODUCTION

Several authors have employed deconvolution to ex-
tract multicomponent exponential components from a tran-
sient curve [1]–[5]. The preferred method is attributed to
Swingler [2] whose work built upon the original article by
Gardner [1]. The method notes that for a time-domain function
of the form

f(t) = A1e
−α1t +A2e

−α2t (1)

where A1 and A2 are the magnitudes of the two exponential
components and α1 and α2 are the reciprocals of the time
constants, delta functions exist such that

A1δ(x− p1) +A2δ(x− p2) = F−1
F
[
δf(ex)
δx

]

F
[
−exe(−ex)

] (2)

where x = ln(t) and p = − ln(α). The method generalises
to n exponentials straightforwardly. In other words, a mul-
tiexponential function can in principle be operated upon to
yield a series of delta functions each of whose amplitude
and delay indicate the amplitude and decay constant of the
corresponding exponential that was summed into the initial
function. The algorithm consists of moving to a log-time
scale, differentiating, and deconvolving the response signal
−exe(−ex) in the “trans-log” domain.

Data obtained from simulators and measurement instru-
ments may be non-equispaced in nature, and in any case the
move to log-time is highly nonlinear, with the outcome that
real-world data presents to the Fourier transform at the start
of the deconvolution process in a form that is not only non-
equispaced, but potentially very difficult to interpolate. None
of the literature addresses this. In [2], computed data is used
and no mention is made of the interpolation issue with the
Fourier Transform (FT) that is used. In this manuscript we

Fig. 1: Transient curve with two exponential functions

describe the series of intermediate steps applied to the non-
equispaced data prior to deconvolution, and unlike Swingler
we find that we do not need to window data artificially.

II. STEP BY STEP PROCEDURE

A transient curve with two exponential functions, f(t) =
5e−0.2t + 10e−0.02t is shown in figure 1 by way of example.
The first step is to interpolate within the first three data points
in order to add more points to the negative axis in the log-time
domain. This interpolation is linear in the time domain, since
ex ≈ x for small x, giving an exponential. The transformation
of the transient curve to the log-time domain is shown in
figure 2.

Once the transient curve has been transformed to the log-
time domain, the transformed curve is then taken to an
equally spaced grid using cubic spline interpolation, since
most FFT algorithms only accept equispaced data. We have
investigated the possibility of transforming directly from the
non-equispaced data in the log-time domain to equispaced data
in the trans-log domain using the algorithm from [6]. In this
case, where the data is comfortably oversampled, the results
are identical. Nevertheless, this approach could offer advantage
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Fig. 2: Transient curve in log-time domain

where the data is sparse. Once on a regular grid in log-time
domain, a first-order difference is taken. The resulting curve
is shown in figure 3. Looking at this curve in our example, it
is possible to see what we know be two blurred peaks, as we
chose two functions of comparable magnitude sufficiently far
apart. Of course, the peaks will not always be visible in the
first-order derivative curve.

The first-order derivative curve is then deconvolved with the
response function, g(x) = −exe(−ex). This response function
is shown in figure 4. The deconvolution is a point-wise division
in the frequency domain. This process is acknowledged to
be very sensitive to noise. In our case we can calculate the
denominator to any desired precision. To improve the clarity
of the outcome it is a well-known technique to add a small
constant to the response function in the Fourier domain as
required [3]. Figure 5 shows two delta functions with time
constants of 6.5 seconds (30 % error) and 59 seconds (18%

Fig. 3: First-order derivative of the transient curve in log-time
domain

Fig. 4: Plot of the convolving ’response curve’

error) respectively.

III. VARIATION OF THE NOISE FLOOR WITH RESPECT TO
X-AXIS RANGE

In this section, we will address the sensitivity of the delta
functions with respect to the variation of the x-axis range. The
transient and the response functions used in our algorithm will
eventually reach zero as x approaches infinity but we are free
to choose the x-axis range. The operating range for the x-
axis values can be determined empirically. Figure 6 shows the
impact of changing that range. For an x-axis range of -30 to
30, the noise floor drops to double precision numerical noise.
Further reduction of the range shifts up the noise floor above
-270 dB through rectangular windowing.

Fig. 5: The resulting curve containing two delta functions
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Fig. 6: Variation of the noise floor with respect to x-axis range

IV. COMPARISON USING SWINGLER’S EXAMPLE

A similar investigation is carried out with the
signal used in [2]. The transient function, f(t) =
12.6e−0.1433t+2.2e−0.0055t+0.9e−0.00042t+13.3e−0.000042t

has four exponential functions and for the purpose of this
article, the signal is generated with non-equispaced data. The
function is deconvolved with the known wrapped around
response function, g(x) = −exe(−ex) and since the numerical
noise in the data is minute, a small noise reduction constant of
10−10 is added to improve the clarity of the peaks. The noise
reduction constant will increase significantly will the addition
of artificial noise to the data. The resulting curve is shown
below in figure 7. The time constants of the exponential
functions are calculated from the x-axis and compared with
the results obtained in [2].

Time constant values for exponential components
Actual value Modified algorithm

(% error)
Swingler’s algorithm
(% error)

6.98 9.03 (29%) 11.02 (58%)
181.81 221.41 (22%) 270.42 (49%)
2,380.95 2,980.96 (25%) 4,447.07 (87%)
23,809.52 26,903.19 (13%) 32859.62 (38%)

TABLE I: Comparison of the values obtained from the delta functions 
using modified and original algorithms.

From table I, observe that our implementation of Swingler’s
method achieves superior results compared with the original.
The amplitudes of the delta functions are less degraded.

V. DISCRIMINATING ADJACENT PEAKS

We now address the issue of the limitation when discrim-
inating adjacent peaks. To investigate this, we examine a

Fig. 7: The resulting curve containing four delta functions

Fig. 8: Two exponentials with time constant ratio of 0.70

number of non-equispaced transient curves with two, closely-
spaced exponential functions.

Figure 8 shows the output of the algorithm operating on
f(t) = 5.4e−0.28t + 5e−0.2t where the ratio of the time
constants is 0.7. When the ratio approaches 1 by even a small
amount, the adjacent peaks merge together; figure 9 shows the
case for a ratio of 0.74. Note that the absolute value of the
time constants makes no difference, it is only their ratio that
determines proximity.

VI. NOISE ANALYSIS

Real data contains noise. As an example, -90 dB additive
white Gaussian noise (AWGN) is applied to the function used
in Section IV. One of the fundamental limitations of this
technique is that without the addition of any constant, the
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Fig. 9: Two exponentials with time constant ratio of 0.74

Fig. 10: Presence of noise flooding out the peaks

noise will flood out the peaks of the delta functions as shown
in figure 10.

Trial and error quickly shows that a noise reduction pa-
rameter of 0.01 optimally cleanses the peaks. Figure 11
shows the result. The peak values remain unaffected compared
to the noise-free case (Section IV). Nevertheless, additional
scalloping attends each peak. This is to be expected, as the
noise reduction parameter effectively reduces the amplitude
of the deconvolution division going outwards from the centre
region; this is equivalent to adding a window whose effect
after the IFFT is to introduce a series of lesser peaks. This
is one of the other fundamental limitations of this technique.
The results obtained in this case hold for both equispaced and
non-equispaced data.

Fig. 11: Addition of a constant making the peaks to stand out
from the noise

VII. CONCLUSION

Through smart interpolation and careful x-axis range se-
lection, we have demonstrated that the method of [2] can
straightforwardly produce better approximations of time con-
stant values without the need of windowing, and can handle
non-equispaced data. A limitation of this technique is its
ability to discriminate delta functions and we quantify this
limit. It is also noted that this technique requires a carefully-
chosen noise reduction parameter to deal with noisy data.
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3.2 Evidence suggesting that NiMH cells are

fractional in nature

This manuscript presents convincing empirical evidence suggesting that RC-

type Thevenin models are inappropriate for modelling NiMH cells. When bat-

teries, such as nickel-metal hydrides are subjected to a step change in current,

the terminal voltage displays a slow transient recovery tail. Both first-order

and second-order RC models claims to model this behaviour with some de-

gree of success. Application of the proposed Swingler’s algorithm from the

previous paper to the measured set of data shows that there is no evidence of

any distinct exponential components in the measured recovery tail. Absence

of any peaks on a Swingler-style analysis hinted that the transient recovery

curve can only be approximated with an infinite number of RC networks which

is representative of a constant-phase element (CPE). This finding was further

explored by measuring the complex impedance of the NiMH cell at frequencies

as low as 10 µHz. It is seen that the cell resembles a pure resistor at higher

frequencies but depicts the behaviour of a CPE at lower frequencies. This sug-

gested that it may be possible to model a rechargeable battery with a single

resistor and a CPE.
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Abstract—For decades authors have preferred to model bat-
teries with either Thevenin-style models using RLC, or Randles-
style by adding a Warburg element. These are claimed to model
accurately. We present convincing empirical evidence suggesting
that a fractional-derivative (constant-phase element) model is
required. Our data shows that existing state-of-the-art models
may be overly complicated, requiring numerical rather than
physical considerations to find parameters.

I. INTRODUCTION

When subjected to a step change in current, batteries exhibit
a step change in output voltage owing to their internal resis-
tance. Following the step voltage change there additionally
follows a gradual decay curve. This is usually attributed to
chemical diffusion processes within the cell. Similarly, when
the load current returns to zero, the terminal voltage does not
immediately return to the steady-state, open-circuit voltage of
the cell, but again exhibits a slow recovery.

Figure 1 shows such a recovery curve measured on a
900mAh nickel-metal hydride (NiMH) battery. The battery
was cycled carefully to start in the 50-70 percent state of
charge (SoC) range. The battery was connected to an E5270B
and a constant current of 90mA was drawn for a period of
1 minute. This represents a discharge of only one-sixth of
1 percent of Q, the total capacity of the battery, drawn at
the so-called 10C rate. In other words, only a small amount
of the battery’s capacity was drawn, and at a very modest
rate. In spite of this, a significant change in terminal voltage
is observed. As steady-state, open-circuit voltage is the most
reliable indicator of a cell’s state of charge, considerable effort
has been put into understanding and modelling this recovery
phenomenon.

The authors of [1], [2], [3], [4] modelled this characteristic
using RC networks. These works were inspired by Randles
original 1947 model [5], but disregard the fractional nature at
which his work hints. Figure 2 shows a typical 2nd order RC
model where UOC and Ut represent the open circuit and the
terminal voltage respectively, and of course Ro represents the
Ohmic series resistance. It is claimed that the first RC network
of Rc and Cc represents the effects due to mass transport and
the second RC network of Rd and Cd represents the double
layer effect, after [5]. In the next section we will demonstrate
that this entire class of model is inappropriate.

II. APPLICATION OF MODIFIED SWINGLER METHOD

In [6] Swingler proposed a modification of Gardener’s
method for resolving summed exponential functions. He

Fig. 1. The recovery curve of a 900mAh NiMH battery immediately after
being subjected to a load of 90mA for 60 seconds beginning at a little over
50% SoC.

Fig. 2. A typical second-order RC battery equivalent-circuit model, repro-
duced from [3].

observed that a function f(x) made up by summing a
number of exponential decay terms could be processed
to yield a series of delta functions whose amplitudes and
delays betrayed the amplitudes and decay time constants
of the constituent exponential functions. The execution of
Swingler’s process proved to be less simple than promised,
but a modified algorithm was put forward in [7] that gives
good results. This technique can be applied to the recovery
part of a battery voltage waveform, and ought to identify
the multiplicity of reactive elements required in a battery
equivalent-circuit model, as each will give rise to a single
decay time constant. We applied this algorithm to the recovery
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Fig. 3. Output of exponential-function analysis applied to the recovery curve of figure 1 and to a battery recovery curve generated using a two-RC battery
model for comparison.

curve shown in figure 1. The result is shown in figure 3. The
most important observation is that there is no evidence of any
small number of exponential functions. Output of a two-RC
model was analysed for comparison, and clearly shows 2
peaks 50dB above the noise floor. This observation suggests
that RC models are not appropriate. A Constant-Phase
Element (CPE) has a time-domain function that can only
be approximated with an infinite series of exponentials, and
is not expected to show any peaks on a Swingler-style analysis.

III. FRACTIONAL-ORDER MODELS

Fig. 4. Fractional equivalent circuit model reproduced from [12].

The idea of modelling batteries with fractional system was
first introduced by the authors of [8] in 2006. The authors

Fig. 5. Cycle test of 900mAh NiMH battery

claimed to be able to estimate the state of charge of lead-
acid batteries within 5% error using a mathematical model
based on limited frequency band of 2mHz-200Hz. One of the
main drawbacks of this model is that it does not have any
physical justification or any compact equivalent circuit. It is
purely mathematical model with no clear electronic equivalent.
A similar mathematical model involving complex algorithm
was later proposed in [9] in 2010. This algorithm is specific
to the cranking capability of a lead-acid battery. The best that
can be said about this work is that it tends to confirm that
batteries are fractional in their nature.

Other authors employed Randles battery model with varying
degrees of success [10], [11]. In both papers, the authors
measured impedance of a lead-acid battery over a certain
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Fig. 6. The bode plot of the magnitude and phase of impedance of two NiMH batteries of 900mAh and 2400mAh capacity.

band of frequencies and used the frequency response to fit
the parameters of a first-order Randles model.

As this manuscript was being prepared, Yan Ma et alia
in [12] proposed a fractional battery model with a constant
phase element (CPE) and a Warburg element as shown in fig-
ure 4. Voc represents the open circuit voltage, Vo is the battery
terminal voltage, R1 represents the ohmic series resistance and
W denotes the Warburg element. At first this work seems very
powerful. In figures 1 and 5 of [12], the authors plot EIS data
measured on a 26650 Lithium-ion battery on real/imaginary
axes, but nowhere do they state the range of frequencies used
in the measurement, nor do the plots show data points or
variations with noise. In extracting their model parameters they
eventually resort to a numerical fitting process. The model is
then tested by having it predict very similar time-voltage data
as that to which it was fitted. Finally, they note that the model
predicts with “most errors below 20mV” which is claimed to
represent only about 1% error in SoC, yet publically-available
plots show in the linear region that Li-ion batteries have more
like 3mV per percent of SoC.

We contend that any model of the complexity proposed
in [12] can be fitted to a set of data and subsequently used
to predict similar data. This does not suffice to verify the
appropriateness of the model, especially if that model is overly
complex, perhaps with too many degrees of freedom. We will
now show measurement that suggest a simpler fractional-order
model is appropriate.

IV. CYCLE TEST

A 900mAh NiMH battery was cycled in order to determine
the full capacity of the battery. This is important as we want to
be certain that the range of the SoC stays within 50% during
impedance measurement. The steps followed to obtain figure 5
are listed below:

• A current pulse of 0.18A (0.2 C) was generated to charge
or discharge the battery for a period of 1 minute using Ag-
ilent E5270. Agilent E5270B Precision IV Analyzer con-
tains SMUs (Source/Monitor Units) for voltage/current
sourcing and voltage/current measurement as low as 0.1
fA.

• The battery was then allowed to rest for 2 minutes for
the recovery voltage to settle down after every 0.3% SOC
charging and discharging.

• The battery was idled for 12 hours in between charge and
discharge.

• Open circuit and under-load terminal voltages of the
battery were measured..

V. IMPEDANCE MEASUREMENT

We measured the impedance of two NiMH batteries against
frequency from 10µHz to 10Hz using a Solartron 1260A
analyser with a fixed dc offset corresponding to 50% SoC. The
batteries were rated at 900mAh and 2400mAh. Stimulus levels
were chosen to ensure that cells did not deviate more than
10% from 50% SoC for even the lowest stimulus frequencies,
where current flowed in one direction for periods approaching
14 hours. Figure 6 depicts the results.
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For both cells, the magnitude of impedance is relatively flat
at higher frequency, but increases below 10mHz, while phase
shifts from about 0 degrees to settle at about -80 degrees. Such
a Bode plot is characteristic of a single CPE corresponding to
a derivative of order 0.89.

The phase traces in figure 6 show a deviation of 10–
15 degrees as frequency increases above 1Hz. We have not
conducted any analysis as to what might cause this so far,
chiefly as we are interested in modelling SoC, and the response
in this frequency range is not really of interest.

The frequency responses of NiMH obtained at higher fre-
quencies are noisy. In order to confirm that the noise were
not generated from the measurement system, a resistor of
value comparable to the magnitude of battery impedance was
measured using Solartron 1260. The results reproduced shown
in figure 7 concludes that the noise in the impedance mea-
surement data for batteries were not generated from Solartron
1260.

Fig. 7. The bode plot of the magnitude and phase of impedance of a pure
resistor in the Solarton measurement setup.

VI. DISCUSSION AND CONCLUSION

We have shown that the impedance characteristic of NiMH
batteries corresponds to that of a single CPE in series with
a fixed resistor. The authors of [13] and [14] have adopted
a similar approach to model the impedance characteristics
of electrode-electrolyte interface and implantable electrode
respectively with CPE. Since a CPE is defined by two param-
eters, its magnitude and the order of the derivative function
relating current and voltage, this should lead to a battery model
with greatly reduced parameter set.
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Corrections of Existing Battery
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4.1 Fractional circuit model proposed by Ma

et al.

A thorough literature review revealed that there are hundreds of papers in the

IEEE stable alone with the phase “battery model” in the title. This paper

questions the model presented by Ma et al. The model in question contains a

Warburg and a R-CPE network and claims to approximate the state of charge

of a lithium-ion cell with a maximum of 0.5% error. A closer look at the

model revealed that the impedance transfer function equation of the model

is incorrect. Since the authors of the paper based all the approximation on

this erroneous equation, it was assumed that all their claims were invalid. It

was also noticed that the authors used too many degrees of freedom to obtain

a good fit and made no mention of the sensitivity of the fit to individual

parameters. Any model with an excessive number of parameters would fit

almost any function with reasonable accuracy.



1

Letter to the Editor Re “Fractional Modeling and
SOC Estimation of Lithium-ion Battery”

Rahat Hasan and Jonathan Scott, Senior Member, IEEE

A recent paper by Ma et al., claims to estimate the state
of charge of Lithium-ion batteries with a fractional-order
impedance model including a Warburg and a constant phase
element (CPE) with a maximum error of 0.5% [1]. The
proposed equivalent circuit model from [1] is reproduced in
figure 1.

Fig. 1: Fractional equivalent circuit model.

The authors obtain the Laplace-domain impedance of the
elements in their model and present this as their equation (12),
reproduced here:

H(s) =
V (s)

I(s)
=

1

Wsα
×R1 ×

R2(
1

C2sβ
)

R2 + ( 1
C2sβ

)
(1)

This equation is described as a “transfer function”. This is
confusing and can mislead readers because it is an impedance
(one-port) rather than a transfer (two-port) function. The
authors also use V = Vo − Voc instead of V = Voc − Vo,
meaning that their equation actually seeks the negative of
the impedance, given the direction they have chosen for the
conventional current I(s).

More importantly, the equation is simply incorrect. The
individual impedance elements are multiplied instead of be-
ing summed. The correct equation has addition rather than
multiplication signs, so:

V (s)

I(s)
=

1

Wsα
+R1 +

R2(
1

C2sβ
)

R2 + ( 1
C2sβ

)
(2)

In the paper this equation is then carried through to subsequent
results. Since the remainder of the paper is based on the initial
equation, we must assume that the conclusions are unfounded.

Nevertheless, quite reasonable agreement is obtained when
the (erroneous) model is fitted to the data. This might be a
result of some numerical co-incidence. Rather, we attribute this

The authors are with the School of Engineering, Faculty of Science and
Engineering, University of Waikato, New Zealand

outcome to the model having too many degrees of freedom.
Almost any reasonable model can be fitted to data within a
range given that it has sufficient degrees of freedom. Readers
of [1] will note that the model is required only to reproduce
data of similar form to that to which the model was originally
fitted.

We refer readers to [2] wherein it is shown that a simpler
model, with fewer degrees of freedom by virtue of using a
single CPE, appears capable of reproducing battery impedance
characteristics.
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4.2 Fractional model proposed by Wang et al.

The following manuscript presents correction to the Wang et al paper which

proposes a similar model to the Ma et al paper and predicts the state of

charge of a lithium cell. The model contains a Warburg element, a CPE

and an inductor. In total, there are 8 different parameters. It can be easily

speculated that the authors of the paper in question were using unjustified

degrees of freedom to get a better fit of their impedance spectra. For example,

the authors varied the angle of their Warburg element between 0 and 1 until

they achieved an average mean absolute percentage error of 1.04%. This is

simply incorrect because by theory the angle of a Warburg element is fixed to

45 degrees. Any model can be fitted to data with reasonable accuracy given

sufficient degrees of freedom.
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Comments on “State of Charge-Dependent
Polynomial Equivalent Circuit Modeling for
Electrochemical Impedance Spectroscopy of

Lithium-Ion Batteries”
Rahat Hasan and Jonathan Scott, Senior Member, IEEE

A recent paper by Wang et al proposes a state of charge-
dependent polynomial equivalent circuit model for lithium bat-
teries. The model consists of an inductor, a Warburg element,
a constant phase element (CPE) and two resistors [1]. Figure 1
shows the equivalent circuit model reproduced from [1].

Fig. 1: Equivalent circuit model.

The authors described the complex impedance of a CPE as:

ZCPE =
1

(jω)nQ
(1)

The term Q is referred to as a “time constant” by the authors.
This can mislead readers. Q has units of F/s1−α where F
denotes Farad and s denotes second.

The authors then quote the impedance equation of a War-
burg element as:

ZW = RW
tanh(jωτ)φ

(jωτ)φ
(2)

where τ is the diffusion time constant, φ varies between 0
and 1, and RW is the Warburg resistance. This equation is
wrong; the angle in a Warburg element is fixed to 45 degrees,
corresponding to φ = 0.5. The authors cited [2] as a reference,
but this paper contains no such equation. The correct equation
is of the form [3]:

ZW = RW
tanh

√
(jωτ)√

(jωτ)
(3)

In [1] the authors included both CPE and Warburg equa-
tions. The angle of the Warburg element, φ, was used as an

The authors are with the School of Engineering, Faculty of Science and
Engineering, University of Waikato, New Zealand

independent variable to fit the measured data. Thus an extra,
unjustified degree of freedom has been created. The authors
managed to fit the model to their impedance spectra with an
average mean absolute percentage error of 1.04%. We attribute
the fitting success of the model to its having a total of 8
different parameters. Almost any model can be fitted to data
with reasonable accuracy given sufficient degrees of freedom.
Other researchers have obtained apparently ’good fit’ with
quite different models, with a similar, excessive, number of
parameters [4]. We refer readers to [5] where it is shown that
a single CPE and resistor model is capable of reproducing the
impedance characteristics of a lithium battery.
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5.1 Off-Load Impedance Measurement of Bat-

teries

It is important to measure the impedance of a cell as accurately as possible

because the impedance data gives insight to the internal state of a cell such

as chemical properties and mechanical design. From the impedance data, one

can then approximate the transient runtime and charge-voltage characteristics

of a rechargeable battery. This manuscript explores current instruments used

for off-load battery impedance measurement and provides an improvement on

the impedance measurement technique.

From previous experience, it was known to us that rechargeable cells depict

important characteristics at extremely low frequencies, around 10 µHz since

in most applications, batteries are cycled once a day or even longer. There

exists only a handful of instruments which can conduct such measurements.

Several impedance analysers measure impedance to 1 mHz or less, at least one

reaches 10 µHz, Solartron 1260A impedance analyser. This manuscript gives

empirical evidence that this instrument is prone to unreliable measurements at

low frequencies, especially for wet chemistries. The accuracy of this instrument

was tested by first comparing the impedance data obtained from Solartron

1260A of a single NiMH cell and its back-back pair. A back-back pair is

simply two cells connected in anti-parallel combination so as to cancel out

their dc voltage offset. The results obtained were unsatisfactory.

Confused by the lack of agreement, a single NiMH cell was repeatedly mea-

sured with two different hardware setup: a Keysight 33220A Function/Arbitrary

Waveform Generator and two 34401A DMMs, Agilent E5270A Precision IV

Analyzer with E5281A source/monitor units (SMUs). Refer to appendix B

for details of the equipments. The method used to obtain the impedance

data from the SMUs is superior because it can produce a signal with arbi-

trarily low frequency and the post-processing of the data is immune to offset

drifts, imperfect waveshape, and distortions by virtue of the windowing and
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filtering. Agreement between the two measurements were excellent and were

very different from the data previously obtained from Solartron 1260A. It was

speculated that there are two possible reasons for this low performance on

Solartron’s behalf: drift in voltage waveform and signal distortion.

Later, the impedance of a lithium-ion cell was measured with confidence

using the Agilent E5270A Precision IV Analyzer. The measured data was

first fitted to a mathematical model produced in Matlab and then to a 10-way

split R-CPE model simulated in Spice. Although the mathematical model and

the measured data exhibited a good fit, the split model fitted the region of

the corner frequency better. This showed any rechargeable cell can be easily

modelled with only four parameters.
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ABSTRACT In search of an equivalent circuit model for rechargeable batteries, many authors start with a
measurement of battery impedance, spanning what is presumed to be the frequency range of interest. Various
networks have been suggested in the literature to account for the measured impedance characteristic. Most
incorporate two ormore resistors, at least one capacitor, some include at least oneWarburg element, andmore
recently ‘‘constant phase elements’’ (CPE), otherwise identified as fractional-derivative capacitors. Networks
that are more successful at reproducing the measured impedance have from five up to tens of degrees of
freedom. The frequency range upon which most models are based extends only to 1mHz. This is surprising
since many batteries see a daily or longer usage cycle, corresponding to a frequency of≈ 11.6µHz or lower.
We show in this manuscript that the most-cited impedance measurement instrument, and one of the few that
can operate below 1mHz, can be unreliable at and below this boundary. We present a novel impedance
measurement algorithm robust against the issues present while measuring the impedance of electrochemical
systems to as low as 1 µHz. Next, we present reliable impedance data extending to a lower frequency limit
of 10 µHz. A remarkable characteristic appears at the lower frequencies, suggesting a surprisingly simple
and elegant equivalent circuit consisting of a single fractional capacitor. A new model is proposed, which
requires only four parameters to predict the measured impedance as a function of frequency.

INDEX TERMS Equivalent circuit model, frequency domain analysis, impedance measurement,
rechargeable batteries.

I. INTRODUCTION
A great many manuscripts appear in the literature describ-
ing rechargeable battery equivalent-circuit models of widely-
varying complexity. Some 100 papers have been published
in IEEE journals in the last 6 years alone with the words
‘‘battery model’’ and ‘‘equivalent circuit’’ in the title, with
a commensurately larger number of conference manuscripts
appearing. Researchers sometimes use time-domain I/V data
to which to fit their model, but most carry out an Electro-
Impedance Spectroscopy (EIS) measurement, yielding the
complex impedance as a function of frequency. The challenge
is then to select a circuit topology that is as simple as possible,
yet fits the impedance data reasonably well.

A circuit battery model is considered key to prediction
of behaviour, including state-of-charge (SoC) and state-
of-health (SoH). [1], [2] Most commonly-appearing mod-
els are Thévenin-like RC models based around a voltage

The associate editor coordinating the review of this manuscript and
approving it for publication was Xiaosong Hu.

source [1], [3]–[6] In particular [6] sets the scene well and
provides a very comprehensive equivalent circuit, but one
requiring a lot of parameters. In [7] an arbitrary number
of RC networks are considered, while [8] provides tables
of sensitivities of model performance to various parameters,
exemplifying the tendency towards ever-increasing complex-
ity. In contrast, [9] trades complexity for speed, potentially
using only 3 resistors and 2 capacitors in the model of series
impedance.

More recently, researchers have returned to the idea
that batteries have fractional characteristics, first noted by
Randles in 1947 [10]. The authors have adapted Swingler’s
method as described in [11] to confirm that rechargeable bat-
teries are fractional in nature and thus not readily accounted
for by any finite, compact, equivalent-circuit model [12].
Various manuscripts present models that include fractional
characteristics. For example, [13] and [14] approach the
problem mathematically rather than through an equivalent
circuit, while [15] presents an equivalent-circuit model incor-
porating both a fractional capacitor, and a Warburg element
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(a fractional capacitor of fixed order equal to 0.5, as employed
by Randles).

References [13], [14], [16]–[21] all discuss fitting mod-
els to batteries using impedance data starting at frequencies
of 1mHz, 2mHz, and higher. Many references are not spe-
cific about their frequency range, and present only Nyquist,
not Bode plots. This is surprising, since many batteries are
in appliances charged daily, corresponding to a frequency
of≈11.6µHz. Reference [22], now over 20 years old, appears
to be alone in arguing that data down to 1µHz may be useful,
but even this manuscript presents data down to only 6.8µHz,
and there is no discussion of how this data was obtained.
Inmanymanuscripts the instrument used to obtain impedance
measurement is not stated. We are left to speculate about the
reasons for this choice of frequencies.

It may be as simple a reason as convenience. Various
manufacturers make instruments that can measure complex
impedance to low frequencies, such as the Solartron 1260A
Impedance/Gain-Phase Analyzer [23], Chemical Impedance
Analyzer IM3590 [24] and MFIA 500 kHz Impedance Ana-
lyzer [25]. Most of the available instruments do not go
below 1mHz. The instrument in [23], Solartron 1260A, boasts
the lowest available frequency of operation of any commer-
cial instrument we could find, 10µHz. This instrument is
specifically mentioned in several manuscripts, e.g. [21], [26],
[27], and appears to be a popular choice for battery measure-
ments, at which it is specifically targeted by its makers.

II. BATTERY IMPEDANCE MEASUREMENT
Using Solartron 1260A we measured first a single 55123
1850mAh NiMH battery. The cell was set to about 60%
state-of-charge (SoC) and allowed to stabilise. The cell was
maintained at an ambient temperature of 25 Celcius using a
Contherm Polar 1000.We then measured a back-to-back pair,
connected in anti-parallel so as to cancel out their dc voltages.
The results appear in figure 1.

Confused by the lack of agreement between the two
traces, we repeated a measurement of the impedance of
the single original cell at 1mHz a number of times using
Solartron 1260A. In eight sequential measurements we
obtained values varying randomly between 0.59� and 0.72�.
It is obvious that factors beyond the user’s control affect the
measured impedance. We then measured a 100µF capacitor
from 1Hz to 10µHz and obtained the correct result with
the stated accuracy for the machine. In other words, a stan-
dard electronic component would be measured correctly, but
a battery gave results that were not repeatable. Attempts
to measure the impedance of human-implantable electrodes
using the same instrument, a case where the correct answer is
known [28], [29], were similarly unsuccessful [30].

In order to discover whether it was the ‘‘wet’’ device, our
use of the instrument, or a shortcoming of the instrument
itself, we devise a more rigorous measurement method. The
intention is to measure impedance using a programmable
current source that is reprogrammed moment by moment to
produce a sine-varying current, and frequency by frequency

FIGURE 1. Impedance magnitude (diamonds) and phase (dots) of a
single 55123 NiMH battery (solid lines) and half the impedance of a
back-to-back pair (dashed lines) measured using the
impedance analyser of [23].

to adjust the stimulus level. This will ensure that zero net
charge is transferred in each cycle of the stimulus. The stimu-
lus level needs to be adjusted, since ‘‘small signal’’ in the case
of a battery is the size of the charge inserted in positive half
cycles of the stimulus and removed in the negative half cycles.
Assume the signal has an amplitude of I0 and frequency f .
The time domain equation of the signal is

I = I0sin(2π ft) (1)

The integral of current will yield the amount of charge trans-
ferred to and from the cell. The area under the positive half
cycle is the amount of charge moved into the cell, Qin and
the negative half of the cycle represents the amount of charge
moved out of the cell, Qout :

Qin =
∫ T/2

0
Idt =

∫ T/2

0
I0sin(2π ft)dt (2)

and

Qout =
∫ T

T/2
Idt =

∫ T

T/2
I0sin(2π ft)dt (3)

Integration of (2) and (3) produces

Qin = −
I0
2π f

[cos(2π ft)]T/20 = −
I0
2π f

[cos(π fT )− 1] (4)

and similarly

Qout = −
I0
2π f

[cos(2π fT )− cos(π fT )] (5)

but fT = 1 leading to the simple results

Qin =
I0
π f

(6)
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and

Qout = −
I0
π f

(7)

The negative sign denotes the direction of the charge flow
with respect to the source. Of course the charge flow over
one complete cycle, 1Q = 0. In situations where 1Q does
not equal zero, there may be unexpected waveform distortion.
Observe that the peak amplitude of the charge delivered is
dependent on the frequency of the signal. As the frequency
of the signal gets smaller and smaller, the current stimulus
must be dropped dramatically to prevent the charge excursion
flattening or overcharging the DUT (Device Under Test).
In our experience, it is prudent to limit charge flow
at±10 % of the available charge or less in order to stay away
from the sharp non-linearities that arise at either end of the
charge/discharge characteristic. Much less is better. For low
frequencies, low current stimuli must be used, often so low
that noise is a major consideration in the measurement. It is
worth noting that no instrument we have investigated permits
alteration of the stimulus level during an automated sweep.
Furthermore, no authors citing measurements discuss the
frequency-dependence of what constitutes a ‘‘small-signal’’
measurement.

A range of instruments are able to achieve such a
measurement, for example Hameg HM8143 two-quadrant
power supplies, Tektronix (Keithley) 2400-series Source-
Measurement Units (SMUs), Keysight Precision I/V Ana-
lyzers, and Chroma 17000-series Programmable Battery
Charge/Discharge Test Systems. The procedure is as follows.

1) Use current drive for the test stimulus signal if possi-
ble. This makes it easy to ensure that equal charge is
delivered in the positive and negative half sine waves.

2) Before each test frequency, the SoC of the DUT is
preset, and the cell rested by fixing the drive voltage
corresponding to the required SoC and allowing the cell
current to fall to a low value.

3) Fix the amplitude of the stimulus at each new frequency
in accordance with equations (6) and (7) and below the
maximum safe current level of the DUT.

4) Generate the sinusoidal current waveform at each
required frequency.

5) Carry out the measurement over several cycles. Mul-
tiple cycles makes Fourier post-processing easier, and
can reveal inconsistencies in the time-domain data as
the measurement progresses.

6) Store the current and voltage values in a data file for
possible diagnostic analysis, as suggested in the last
point.

7) Apply a suitable window to the data to account for any
signal drift, and extract the magnitude and phase of
current and voltage using a Discrete Fourier Transform
(DFT) calculated at the stimulus frequency. A suitable
DFT algorithm [31] can be computed progressively,
and can simultaneously allow for irregular spacing in
time of the samples. We use a Hann window.

FIGURE 2. Connection to E5270 instrument to measure impedance.

FIGURE 3. The set-up used to measure impedance of NiMH cell using
Keysight 33220A Function / Arbitrary Waveform Generator and two
34401A digital multimeters.

8) Calculate the complex impedance by taking the quo-
tient of the voltage and current at the stimulus
frequency.

This method is superior because it can produce a signal
with arbitrarily low frequency and the post-processing of the
IV data is immune to offset drifts, imperfect waveshape, and
distortions by virtue of the windowing and filtering.

We repeated the impedance measurement of the same sin-
gle NiMH cell with our proposed method. Initially, one of us
(Hasan) used an Agilent E5270A Precision IV Analyzer with
E5281A source/monitor units (SMUs) to achieve this. The
connection is shown in Figure 2. The SMU was programmed
with a python script. The software communicates with the
instrument using the SCPI programming language. For valid
comparison between methods, we used the same rested SoC
level as before. Throughout the measurement, we kept the
external temperature of the cell constant as before. At each
frequency, we continued the signal for 6 cycles. All current
and corresponding voltage points were saved. Since we had
no theoretical expectation with which to compare this result,
we decided to confirm it by implementing the same algorithm
with code written by a different person (Scott) in a different
language (C) on different hardware (Hameg 2-quadrant sup-
ply, Agilent DMM). The set-up is shown in Figure 3. The
outcomes of these measurements are presented in Figure 4.
Our two measurements agreed.

We next used our proposed method to measure
the impedance of an 800mAh, 14500 lithium battery.
We maintained the external temperature of the cell at
25 degrees Celsius. The measurements were done at 62%
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FIGURE 4. Magnitude (left vertical axis, blue traces) and phase (right
axis) of the NiMH cell using an SMU (lines with triangle symbols) and a
function generator and DMMs (lines with dots) compared with data
measured using the commercial impedance analyser (lines with
multiplication symbols).

FIGURE 5. Impedance magnitude (left vertical axis, blue traces) and
phase (right axis, grey traces) of a 14500 Lithium-ion battery for
frequencies starting at 10µHz. Measured data (lines with symbols)
compared with the simple R-CPE mathematical model of figure 9
(dashed lines) simulated in Matlab and the split-CPE model of figure 10
(solid lines) simulated in Spice.

State-of-Charge (SoC), although the results do not vary
greatly with SoC in the near-linear, middle region. We chose
the stimulus level so that the cell SoC does not fluctuate
by more than 10% even at 10µHz, where the period of a
sinewave is about 27 hours, somewhat more than 1 day, and
the test signal can easily overcharge or discharge the battery if
chosen too large. The measured values of the magnitude and
phase of the impedance of this cell appear in figure 5 (lines
with symbols).

III. POSSIBLE REASONS FOR LOW PERFORMANCE
In this section some circumstances that may disturb operation
of the Solartron impedance analyser are identified.

FIGURE 6. Connections to measure the current and voltage during
measurement by the impedance analyser.

FIGURE 7. Current and voltage measured across the single NiMH cell
at 10 mHz.

A. DRIFT IN VOLTAGE WAVEFORM
Curious to understand what causes the impedance analyser
to produce erroneous impedance readings when measuring a
single cell, we inspected the current and voltage waveforms
sourced by the built-in generator. We achieved this by using
two Agilent 34401A digital multimeters (DMMs). Figure 6
shows the set-up used to observe the current and voltage
responses of the battery. We used identical stimulus level as
before. Figure 7 portrays the captured current and voltage
waveforms at 10 mHz. Note that the voltage signal is only
a few hundred microvolts peak-to-peak, even at 10mHz.

It is clear that there is a downward drift in the voltage
waveform measured across the cell, although the current
waveform stays sinusoidal. The DC offset of the input signal
and the terminal voltage of the battery apparently drifted
apart, despite the control of cell temperature.

It may be that the impedance analyser calculates
impedance via discrete Fourier Transform. The algorithm
of a Fourier Transform assumes that the two endpoints of
signals are continuous and there is no discontinuity. Where
the endpoints of a signal do not meet, results may be cor-
rupted. This might explain the inaccuracy in impedance
measurement. It should also be noted that the analyser carries
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FIGURE 8. Distorted voltage signal observed across a single NiMH cell
during measurement at 10 µHz.

out its measurement in one stimulus cycle. This is desirable
because of the exceptionally long periods involved. Having
only one stimulus cycle makes processes such as windowing
data difficult.

B. SIGNAL DISTORTION
Batteries may be close to linear in the mid-range of state-
of-charge, typically 40–80%, but are apt to be quite non-
linear in the last few percent of their range at both the flat
and fully-charged ends of the characteristic. In the case of
the NiMH chemistry, trickle-charging is permitted, as there
is a mechanism that safely dissipates excess charge delivered
as the cell approaches full charge. This mechanism starts to
kick in before the last few percent capacity is filled, especially
at higher currents. This mechanism can cause the voltage
waveform to lose its sinusoidal shape. Figure 8 shows an
example voltage signal. This distortion seems to affect our
impedance analysers. This reinforces the need to regulate the
stimulus magnitude as outlined in section II, as well as to stay
away from the ends of the charge curve.

IV. IMPLICATION OF THE IMPEDANCE DATA
A constant phase element/fractional capacitor is an element
that obeys the characteristic equation

I = CF
dαV
dtα

(8)

which in the Laplace domain is represented by an impedance

ZCF =
−

(ωCF )α
(9)

giving a straight line on a Bode plot whose slope is not 1
but α, and whose phase is a constant value of θ = π/2α,
hence the alternate name ‘‘constant phase element’’. In the
data of figure 5 for example, at lower frequencies where the
impedance of the CPE dominates the series pair, the phase
settles to a value of≈76 degrees, and the slope of the magni-
tude trace shows a straight line, but one with slope less than
20dB/decade. The suggested ‘‘R-CPE’’ equivalent circuit is

FIGURE 9. Circuit suggested by the asymptotes of the impedance plots.

FIGURE 10. Equivalent circuit model with n-way split CPE and series
resistance.

shown in figure 9. The pure, Ohmic, series resistance of the
battery is RS = 0.12�.

This equivalent circuit was simulated in SPICE using the
method outlined in [28] with corrections from [32]. The
model parameters are m = π/2θCPE = 1.161 and Yθ =
0.842 for ω0 = 55.7 × 10−6. An accuracy parameter of
k = 1.3 is found to be more than adequate by trial and
error. The simulated impedance from the circuit of figure 9
is shown plotted with the measured data as dashed lines
in figure 5. Agreement is good except for the region of the
corner frequency.

Recent work described in [33] has shown that allowing
for the distributed nature of electrodes by splitting the CPE
improves fit in transitional regions. This suggests the equiva-
lent circuit of 10, adding one parameter, RX . The CPE of the
simple model is arbitrarily divided into n smaller CPEs, each
of which has the same phase but n times lower an admittance,
Yθsplit = Yθ/n. It remains to discover the value of the n − 1
resistors RX present in the split model. The value of RX has
been numerically optimized to obtain the best fit. In this case,
we chose a value RX = 29m�. A 10-way split, that is n = 10,
was chosen, again by trial and error observing that larger
values conferred little advantage. Repeating the simulation of
battery impedance with the split-CPE model shows that the
new model is more appropriate in the frequency domain. The
simulated impedance from the circuit of figure 10 is shown
plotted with the measured data as the solid lines in figure 5.
Now the fit is excellent.

V. CONCLUSION
We presented impedance measurements on two different bat-
teries extending to very low frequencies. The measurement
required the development of a novel algorithm to provide
robust, repeatable data. This exposed an exciting character-
istic, namely that the impedance data forms a straight line,
characteristic of a fractional capacitor, at such very low fre-
quencies. This characteristic has not been observed before.

Based on this impedance characteristic we suggest a new
equivalent circuit consisting of a single fractional capacitor
or CPE in series with a single resistor. This circuit reproduces
the impedance, magnitude and phase, with reasonable
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accuracy, using only three parameters. A split-CPE model
can reproduce the impedance with greater accuracy. This
increases the number of parameters to four.
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5.2 On-Load Impedance Measurement of Bat-

teries

The previous paper discussed how to accurately measure the impedance of a

cell but at a single state of charge (SoC). This method can become really slow

and tedious, especially when dealing with very low frequencies, 10 µHz and

below. There also exist no instruments which can vary the SoC of a cell and

simultaneously sweep the impedance from 10 µHz - 1 µHz. In this manuscript,

a faster way to measure the impedance of a cell under load while varying the

SoC is proposed. Such measurement will allow valuable insights on how the

impedance of a cell changes over a range of SoC.

To test the validity of the proposed measurement, first the traditional

method of measuring cell impedance at a single SoC was employed. The

impedance of a 800 mAh lithium ion cell was measured at two random fre-

quencies, 10 mHz and 1 mHz at a single SoC. This was repeated in steps of

0.4% charge until the cell was full discharged. The impedance phase data ob-

tained was quantized and is attributed to the property of the cell. Although it

is known that the impedance phase data is more prone to noise than impedance

magnitude data.

The impedance of the same cell was next measured with the new proposed

method while simultaneously altering the SoC . The superiority of the proposed

method is that such measurement can be performed by any power supplies

which can sink and source current such as Hameg HM8143 two-quadrant power

supplies, Tektronix (Keithley) 2400-series Source-Mearurement Units (SMUs),

Keysight Precision I/V Analyzers, and Chroma 17000-series Programmable

Battery Charge/Discharge Test Systems. One can also use the same method

to conduct impedance measurement at frequencies below 1 mHz and at the

same time vary the SoC.

Data obtained from the two method was then compared. The percentage

difference between the impedance obtained using the two method is within
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10% at 1 mHz. The only drawback of this method is its limitation of measur-

ing impedance at extremely low frequencies where noise is introduced in the

measured data due to low stimuli level.
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Abstract—The impedance of a lithium battery at a single
state-of-charge (SoC) is obtained from the current and voltage
response of the cell. Making this measurement is important
in order to understand cell characteristics. There exist some
impedance analysers which can make suitable measurements at
a single SoC. Measuring this impedance at multiple SoC is slow
and tedious especially at lower frequencies. We present a new
method which computes the impedance over a range of SoC while
simultaneously varying the SoC. The proposed method produces
reliable data even when the device under test is behaving non-
linearly. The data obtained from this measurement is validated
by comparing impedance data obtained at different SoC from a
cell under no load.

Index Terms—batteries, impedance measurement, frequency
domain analysis, state-of-charge

I. INTRODUCTION

In recent years, there is an increasing interest in measuring
the impedance of batteries over a range of frequencies [1]–
[4]. Most commonly the impedance is measured using the I-
V method which observes the current and response voltage
signals. The impedance is then obtained by dividing the
complex voltage by the complex current.

There exist instruments which make this measurement [5],
[6]. A more robust method of measuring impedance was
proposed which yields accurate data at extremely low fre-
quencies when measuring non-linear components via adjusting
the stimuli level at each frequency [7]. All of these methods
assume that the battery is disconnected from the load.

Most authors propose battery models [8]–[14] mainly for the
purpose of estimating the state-of-charge and state-of-health.
All these models were produced from frequency response data
obtained at a single SoC. A typical impedance plot of a single
800mAh Li-ion cell is shown in figure 1. The steps used to
produce figure 1 is adopted from paper [7]. It is seen from this
simple curve that a battery resembles a pure resistor at higher
frequencies but depicts the behaviour of a capacitor (possibly
fractional) at lower frequencies.

The impedance of a battery is subject to change depending
on external factors such as temparature and SoC. Paper [15]
inspects how the impedance of a LiFePo4 battery varies
with temperature at different state of charge. On the other
hand, authors of paper [16] speculate how the impedance
changes with the SoC. They estimated this parametric change
from a fractional-order derivatives using recursive least square
technique.

In this paper, we propose a method which can measure the
impedance of a cell under load while varying the SoC. Sec-

tion II investigates the current method of measuring impedance
at a single SoC. Section III gives a tutorial of an alternative
method which measures impedance while the SoC of a cell is
varied. Section IV proposes our conclusion.

Fig. 1. Impedance curve of a 800mAh Li-ion cell.

II. TRADITIONAL METHOD

Traditionally, the impedance of a cell is measured under no
load at a single SoC. To measure impedance at different SoC,
first a certain amount of charge is drawn out of the cell over a
period of time. A small current stimuli is then applied and the
response voltage across the cell is measured under no load.
The impedance of the cell is then calculated and stored. This
procedure is continued until the cell is fully discharged.

We reproduced this method on a 800mAh Li-ion cell. The
external temperature of the battery is maintained at 25 degrees
Celsius throughout the measurement using a Contherm Polar
1000. We used an Agilent E5270 with E5281A source/monitor
to make this measurement. The source monitor unit (SMU)
was programmed in python. The connection is shown in
figure 2. The steps followed are as below:

1) Use a current source to charge the cell to its full capacity.
2) Rest for 30 minutes to ensure that the chemistry inside

the cell is stable.



Fig. 2. The setup used to measure impedance of Li-ion cell at different SoC.

3) Draw 0.1A for 120 seconds. This is equivalent to draw-
ing 12 Coulombs or 0.4% of charge.

4) Rest for 30 seconds.
5) Reproduce the impedance measurement steps at 10mHz

and 1mHz from paper [7].
6) Store the measured impedance in a data file.
7) Repeat steps 3-6 until the cell is fully discharged.
Figure 3 presents the result. We speculate the quantization

of the phase data at 10mHz is a property of the cell. Although
we know that impedance phase data is more prone to noise
than impedance magnitude data.

Fig. 3. Impedance magnitude and phase measured using traditional method
under no load at different SoC for a Li-ion cell at 10mHz (dotted lines) and
1mHz (solid lines).

III. PROPOSED METHOD

In this section, we discuss a method which measures the
impedance of a battery while simultaneously varying the

SoC. We used a programmable current source to produce
a sinusoidal current with a DC offset. Such measurement
can be performed by a range of power supplies which
can sink and source current such as Hameg HM8143 two-
quadrant power supplies, Tektronix (Keithley) 2400-series
Source-Mearurement Units (SMUs), Keysight Precision I/V
Analyzers, and Chroma 17000-series Programmable Battery
Charge/Discharge Test Systems. We will show that this alter-
native method is superior because it conducts an impedance
measurement at frequencies below 1mHz while simultaneously
altering the SoC.

A. Selecting the parameters of the current stimuli
To measure the impedance of a cell over a range of

SoC, a small sine-varying current signal with a DC offset
is applied. The response voltage across the cell is measured
simultaneously. The time domain equation of the current signal
is

I = I0sin(2πft)− Ios (1)

Where I0 is the amplitude of the signal, f is the desired
frequency and Ios is the negative offset of the signal. The
integral of the positive and negative half of the cycle will
yield the amount of charge transferred to and from the cell
respectively. For the purpose of the calculation, we denote the
charge transferred to the cell as Qin and charge moved out
the cell as Qout.

Qin =

∫ T/2

0

Idt =

∫ T/2

0

I0sin(2πft)− Iosdt (2)

and

Qout =

∫ T

T/2

Idt =

∫ T

T/2

I0sin(2πft)− Iosdt (3)

Integration of equations 2 and 3 gives

Qin = − I0
2πf

[cos(πfT )− 1]− IosT

2
(4)

and similarly

Qout = − I0
2πf

[cos(2πfT )− cos(πfT )]− IosT

2
(5)

substituting fT = 1 leads to

Qin =
I0
πf

− Ios
2f

(6)

and
Qout = − I0

πf
− Ios

2f
(7)

In both equations 6 and 7, the term Ios
2f determines the

discharging rate of the cell and I0
πf decides the nature of

the sinusoidal signal. Since both terms are dependant on the
frequency of the signal, the offset and amplitude of the current
signal are selected accordingly for each frequency. In all our
measurement, we limited the charge flow in the cell at ± 10
% of the total cell charge.



B. Proposed method

The steps for the measurement procedures are listed as
follows:

1) Use a current source to charge the cell to its full capacity.
2) Rest for 30 minutes to ensure that the chemistry inside

the cell is stable.
3) Use current drive to generate the stimulus signal.
4) Fix the amplitude and the offset of the signal at desired

frequency according to subsection III-A.
5) Execute the measurement over at least 100 cycles until

the cell is fully discharged. Using equations 6 and 7,
select appropriate current stimuli level at each frequency
to maintain the SoC within 10% in either direction.

6) Slice the data into n number of cycles and save the input
current and measured response voltage data in a text file
for further analysis.

7) Apply hann window to each data slice to compensate
for truncation.

8) Obtain the complex magnitude and phase of the current
and voltage signal using Fourier Transform at the signal
frequency.

9) Divide the complex voltage by the complex current to
calculate the impedance of the cell.

C. Measuring impedance over a range of SoC of a single Li-
ion battery

We next measured the impedance of a 800mAh Li-ion
cell over a range of SoC using our proposed method. We
programmed the SMUs of Agilent E5270A with python to
produce the stimuli at 10mHz and 1mHz. The connection used
in our proposed method is still the same as the traditional
one. Appropriate amplitude and offset of the stimuli were
chosen which will cycle the cell 200 times before it gets
fully discharged. Throughout the entire measurement, the
external temperature of the battery is kept constant as before.
Figure 4 depicts the first 30 cycles of the current and response
voltage waveform measured at 10mHz. Readers may notice the
need for windowing the response voltage data prior Fourier
Transform since the end points of a cycle are not the same.

Figure 5 shows the new impedance magnitude and phase
measured at different SoC using our method. The magnitude
and the phase change significantly at different SoC as the
frequency gets smaller. This is expected since batteries only
exhibit interesting behaviour at extremely low frequencies.
At 1mHz, the percentage difference between the impedance
obtained using our method and the traditional method seen
previously in figure 2 is within 10%. We attributed the
discrepancies in the noisy phase data obtained using traditional
method to instrument noise and uncertainties.

IV. CONCLUSION

In this paper, we have shown there are other ways to
measure the impedance of a battery over a range of SoC.
Our method is superior to the existing one because it can
measure impedance for a given cell while smoothly varying
the SoC. Unlike the traditional method, this new technique

Fig. 4. Time-domain current and response voltage values obtained at 10mHz
stimulus frequency.

Fig. 5. Impedance magnitude and phase measured under load in comparison
to figure 3 using our proposed method at different SoC for a Li-ion cell at
10mHz (dotted lines) and 1mHz (solid lines).

measures the impedance of a cell under load. Data was
shown to be valid by comparison with data obtained using
the traditional method. The percentage difference between the
impedance obtained using the two method is within 10% at
1mHz. The only drawback of this method is its limitation
of measuring impedance at extremely low frequencies where
noise is introduced in the measured data due to low stimuli
level.
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6.1 Mathematical model for rechargeable bat-

teries

This manuscript first shows that RC type models are inappropriate for mod-

elling lithium ion cells and then proposes a mathematical model. The mathe-

matical model was then used to approximate the charge-voltage characteristics

of a 800 mAh lithium ion cell.

In one of the previous papers, a modified Swingler’s algorithm was applied

to the transient recovery curve of a NiMH cell to extract exponential compo-

nents. A similar approach was adopted in this paper to investigate if Li-ion

cells are any different. However, the output result from the algorithm was very

similar to the one from NiMH. This concluded that first and second-order RC

networks are also theoretically inappropriate for Li-ion cells and a CPE model

is more favourable for characterising cell behaviour.

The impedance of the 800mAh Li-ion cell was next measured with a pro-

grammable current source. From the measured data, it was deduced that the

equivalent impedance equation of the cell in the frequency domain is the sum-

mation of a complex impedance of a resistor and a CPE. Re-arranging this

equation produced a time domain equation where there is a direct relationship

between charge and voltage. The equation contains only 3 parameters which

can all be easily calculated from the impedance-frequency curve.

The mathematical model was then fitted to the measured charge-voltage

curve. The model predicted the terminal voltage of the cell with an accuracy

of 0.5% between 20-80% SoC region. This is extraordinary for practical ap-

plications since most battery manufacturers recommends to stay within the

linear region of the charge-voltage curve to extend the lifetime of the cell.
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Abstract—It is shown that RC circuits are inappropriate
for modelling the transient runtime characteristics of battery
voltage. In contrast, impedance-frequency measurements suggest
that a fractional capacitor or “constant phase element” (CPE)
can represent battery impedance over a wide frequency range.
In this paper, we present evidence that shows RC models of
rechargeable batteries to be theoretically inappropriate. We
then propose a fractional mathematical model which uses 3
parameters to predict charge-voltage characteristics or steady-
state Q-V function of a Li-ion cell.

I. INTRODUCTION

In recent years, various models have been proposed which
attempts to estimate the state-of-charge (SoC) and state-of-
health (SoH). [1]–[3] A number of authors model these char-
acteristic using Thevenin-style second-order RC battery model
consisting of two RC networks with a series resistor. [4]–[6].
Employing capacitors, such circuits must predict transients
that are exponential decays, or the sum of a small number
of exponentials. We will next show that these models are
inherently incorrect.

Figure 1 shows the voltage-time characteristic measured on
a small rechargeable battery subjected to a rectangular current
pulse. The battery is a 800mAH 14500 Lithium-ion single
cell. The measurements were made with an Agilent E5270
Precision IV Analyzer and an Agilent 34401A DMM. Figure 2
depicts the connection. All measurements were made with the
battery held at a constant environmental temperature of 25
Celsius using a Contherm Polar 1000.

It turns out that the recovery curve is not an exponential
decay at all. A neat method is presented in [7] that analyses
a decay curve to identify the magnitudes and time constants
of exponential functions that may have been summed to
produce the composite decay curve. In other words, it permits
the identification of exponential components within a multi-
exponential function. Applying this to the recovery portion of
the battery characteristic presented in figure 1 yields the result
in figure 3. If the recovery transient was to be exponential, or
the sum of a small number of exponentials, figure 3 would
evidence this by showing distinct peaks in the analysis of the
measured data, just as it does for the data generated from a
2-RC model, also shown in the figure. Instead the result is
essentially noise.

In this manuscript, we present a mathematical model based
on impedance-frequency plot and predict the charge-voltage

Fig. 1. The voltage characteristic measured across an 800mAh, 14500 lithium
battery when subjected to a current pulse of 100mA for 60 seconds.

Fig. 2. The set-up required to measure the transient response of a cLi-ion
cell.

characteristic of 800mAH 14500 Lithium-ion single cell. Sec-
tion II derives a mathematical equation from the measured
impedance of the cell. Section III describes the fitting of the
mathematical model to the charge-voltage characteristic of the
cell. Section IV provides valuable discussion and section V
presents our conclusion.

II. MATHEMATICAL MODEL DERIVATION

We previously measured the impedance of a 800mAH
14500 Lithium-ion cell. [8] Some authors conducted similar



Fig. 3. Plot of the analysis output for the measured recovery curve presented
in figure 1 (noisy trace) along with the same analysis applied to a similar
magnitude recovery transient simulated using a second-order RC battery
model (scalloped, dashed trace).

Fig. 4. Impedance and phase measurement of a single 800mAh Li-ion cell
reproduced from [8].

measurement which only extends to 100Hz. [9], [10] However,
a Li-ion cell only reveals fractional behaviour at frequencies as
low as 100µHz. This is shown in figure 4. From this simple
curve we can deduce that a Li-ion cell can be represented
with a single resistor and a Constant Phase Element (CPE).
Therefore, the equivalent impedance equation in frequency
domain is

Z = R +
1

CF s↵
(1)

Where R is the series resistance, CF is the capacitance of
the CPE and ↵ is a slope parameter which varies between 0

Fig. 5. Q-V characteristic of 800mAh Li-ion cell.

and 1. The terminal voltage of the cell can then be expressed
as follows

V

s
=

I

s
(R +

1

CF s↵
) (2)

Applying Inverse Laplace Transform to equation 2 yields

V = IR +
It↵

CF�(↵ + 1)
) (3)

Since the second term (voltage across the CPE) only con-
tributes to the Q-V function, it can be written as

V (Q) =
It↵

CF�(↵ + 1)
) (4)

Substituting t = Q/I in equation 4 leads to

V (Q) =
I(1�↵) ⇥ Q↵

CF�(↵ + 1)
(5)

Where I is the charging/discharging current and Q is the
amount of charge drawn. In the next section, we derive the
values for the 3 parameters in equation 5 and fit the model to
the measured Q-V characteristic.

III. MODEL FITTING

A. Measuring the Q-V characteristic

The problem with measuring a battery charge voltage
characteristic is that this is a dynamic measurement. When
charging a cell,the terminal voltage will be higher than would
be the steady-state voltage perceived if the battery were
completely at rest. A common response to this is to measure
the voltage of the cell under constant-current charging and
then to discharge at the same constant current, relying on the
impedance characteristic to be linear and symmetrical. The
steady-state characteristic is then approximated by averaging



Fig. 6. The estimated steady-state cell voltage obtained by averaging the traces
from figure 5 is plotted against the voltage predicted by the mathematical
model.

the two data sets point by point to yield the average character-
istic. A very similar, but more informative, variant is used here.
The battery was charged at 100mA for 60 seconds using the
E5270. Then the voltage was measured, the current set to zero
for 60 seconds, and the voltage measured again. Reference to
the measured data trace in figure 1 will indicate that 60 seconds
should allow the battery to settle only some of the way towards
its asymptotic value, owing to the exceptionally slow decay
of the fractional tail. This cycle was repeated until the battery
reached full charge. At the end of a sweep the battery was
rested for 12 hours to allow complete equalisation. Next the
current was set for discharge, and the same minute-off, minute
on scenario used to discharge the battery. Figure 5 shows four
traces, being the charge and discharge characteristics during
current flow (”closed circuit”) and after the 60-second rest
(”open circuit”). The steady-state characteristic is calculated
by averaging the traces point by point. This is shown in
figure 6.

B. Fitting the mathematical model

We next calculated the three parameters of equation 5. As
previously stated in III-A, the charging/discharging current, I
is 100mA. Using figure 4 the slope parameter, ↵ is calculated
from the CPE phase settled to 80 degrees at 20µHz yielding

↵ =
80

90
= 0.889 (6)

The CPE capacitance is obtained from the measured
impedance of the cell which was taken as 0.75⌦ at 55.7µHz
giving

Fig. 7. Percentage error between the measured and calculated data portrayed
in figure 6. The dashed lines shows the region where the error is within 0.5%.

CF =
1

Z(2⇡f)↵
= 1587.6S.s↵ (7)

The mathematical model was then fitted to predict the
relationship between terminal voltage and SoC. The calculated
terminal voltage trace shown in figure 6 was obtained using
Matlab with appropriate initial condition. To understand the
validity of the model, we calculated the accuracy of the fitted
data. Figure 7 portrays this.

IV. DISCUSSION

Most battery manufacturers recommend to stay within the
linear region of the Q-V curve in order to extend the lifetime
of a cell. However, in a Prius hybrid, the SoC is maintained
between 40% and 80% to make the battery last longer. Existing
mathematical model can predict this to an accuracy of 5%
using a complex algorithm containing 6 parameters. [11], [12]
Some authors adopt a different model which achieves a better
accuracy (0.5%) with the same number of parameters. [13],
[14]

Our mathematical model predicts the 20%–80% SoC region
of the charge-voltage characteristic with a similar accuracy but
uses only 3 parameters. There exists a possibility to extend
this model to the non-linear region of the Q-V function by
incorporating with a non-linear function.

V. CONCLUSION

We presented a revolutionary mathematical model con-
sisting of only 3 parameters. All parameters can be easily
identified from a simple impedance-frequency curve of the
cell under test. The model predicts the linear of the Q-V
characteristic which an extraordinary accuracy of 0.5%. It



is possible to stretch the model to the non-linear region by
including a polynomial based function.

REFERENCES

[1] ZeCheng, JikaoLv, YanliLiu, and ZhihaoYan, “Estimation of State of
Charge for Lithium-Ion Battery Based on Finite Difference Extended
Kalman Filter, Journal of Applied Mathematics, 2014, Vol 2014, pp.
1–10.

[2] J. Chiasson and B. Vairamohan, “Estimating the state of charge of a
battery”, IEEE Transactions on Control Systems Technology, volume
13, Issue 3, May 2005, pp. 465–470.

[3] N. Lotfi, J. Li, R. G. Landers and J. Park, “Li-ion Battery State of
Health Estimation based on an improved Single Particle model”, 2017
American Control Conference (ACC), May 2017, pp. 86–91.

[4] Qun-Zhi Zhang, Xin-Yue Wang and Hui-Mei Yuan, “Estimation for SOC
of Li-ion battery based on two-order RC temperature model”, 2018 13th
IEEE Conference on Industrial Electronics and Applications (ICIEA),
June 2018, pp. 2601–2606.

[5] Tiezhou Wu, Lunan Liu, Qing Xiao, Quan Cao, and Xieyang Wang,
“Research on SoC Estimation Based on Second-order RC Model”,
Telkomnika, vol. 10, no. 7, Nov 2012, pp. 1667–1672.

[6] Maryam Yazdanpour, Peyman Taheri, Abraham Mansouri and Ben
Schweitzer, “A circuit-based approach for electro-thermal modeling of
lithium-ion batteries”, 2016 32nd Thermal Measurement, Modeling &
Management Symposium (SEMI-THERM), March 2016, pp. 113–127.

[7] Hasan, R., and Scott, J. B., “Application of Swingler’s Method for
Analysis of Multicomponent Exponentials with Special Attention to
Non-equispaced Data”, 12th IEEE International Colloquium on Signal
Processing & Its Applications (CSPA), 4–6 March 2016, Malaysia,
pp.12–15.

[8] Hasan, R., and Scott, J. B., “Impedance Measurement of Batteries under
load”, 2019 IEEE International Instrument & Measurement Technology
Conference, 20–23 May 2019, New Zealand, submitted.

[9] Roberto E. Serrano-Finetti, “Output Impedance Measurement in Low-
Power Sources and Conditioners”, IEEE Transactions on Instrumenta-
tion and Measurement, Vol. 58, No. 1, January 2009, pp 180–186.

[10] Roberto E Serrano-Finetti and Ramon Pallas-Areny, “Output Impedance
Measurement in Power Sources and Conditioners”, IEEE Instrumenta-
tion & Measurement Technology Conference (IMTC), 1–3 May, 2007,
pp1–5.

[11] Jocelyn Sabatier, Mohamed Aoun, Alain Oustaloup, Gilles Gregoire,
Frank Ragot and Patrick Roy, “Fractional system identification for lead
acid battery state of charge estimation”, Signal Processing Fractional
calculus applications in signals and systems, Vol. 86, Issue 10, October
2006, pp.2645–2657.

[12] Jocelyn Sabatier, Mathieu Merveillaut, Junior Mbala Francisco, Franck
Guillemard, Denis Porcelatto, “Fractional models for lithium-ion bat-
teries”, 2013 European Control Conference (ECC), Zrich, Switzerland,
July 2013, pp. 3458-3463.

[13] Yan Ma, Xiuwen Zhou, and Hong Chen,“Fractional Modeling and SOC
Estimation of Lithium-ion Battery”, IEEE/CAA Journal of Automatica
Sinica, Vol 3, No. 3, July 2016, pp. 281-287.

[14] Rahat Hasan and Jonathan Scott, “Comments on ‘Fractional Modeling
and SOC Estimation of Lithium-ion Battery’ ”, IEEE/CAA Journal of
Automatica Sinica, Vol. 4, no. 1, 2018.



Chapter 7

Passive Fractional

Equivalent-circuit Battery

Model



81

7.1 Fractional circuit model for rechargeable

batteries

Although the mathematical model proposed previously successfully predicted

the charge-voltage characteristics of a cell, it does not have any physical jus-

tification and cannot be reproduced in a compact simulator. The whole idea

of a compact, equivalent circuit model is to relate voltage and current as a

function of time, and simultaneously calculate stored energy and charge. The

aim of this manuscript is to show that a linear model comprised of a resistor

in series with a CPE is sufficient to predict the impedance, charge-voltage and

runtime characteristics of a rechargeable cell and does not require a voltage

or current source. This makes the model suitable to calculate the efficiency of

energy stored in a cell that has not been proposed before.

The inspiration for this work originated from Randles’ fractional element

based model presented in 1947 that was used to investigate rapid electrode re-

actions in an electrode system. Unlike most models found during the literature

review, Randles’ model does not contain any voltage or current source. Closer

examination of the model revealed that the capacitance parallel to the series

RC is minute in the absence of electrochemical phenomena and can be ignored

at low frequencies. A similar type of model can be proposed for rechargeable

cells. Impedance measurement of both nickel-metal hydride and lithium-ion

cells expose the character of a CPE at low frequencies whose angle varies with

cell chemistry and a resistive behaviour as the frequency gets higher.

The model was then constructed in SPICE to see if it fit the measured data

from the impedance, transient recovery, and charge-voltage domains. The CPE

was split n-way to account for the distributed nature of the structure within

the battery. The new split-CPE model was simulated in SPICE where the

CPE component is approximated with a network of RC elements. The theory

leading to the approximation is attributed to Morrison [14] .

Fitting the simulation of battery impedance with split-CPE model to the
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measured impedance data shows that the new model achieves considerably

better approximation with no more complexity than a first-order RC model.

The model can also predict the measured transient tail of a single 800mAh,

14500 lithium battery with only 3% error. With suitably-selected initial con-

ditions, the model also fits the measured charge-voltage characteristic of the

cell with extraordinary accuracy. The model predicted the linear region of the

charge-voltage curve with a percentage error which is less than 1%.

The model was then adopted to predict the transient runtime and charge-

voltage characteristic of a nickel-metal hydride cell with a nominal capacity

of 1850mAh. The fit was sufficient for practical applications. It is speculated

that such a model is not restricted to only lithium-ion and nickel-metal hydride

cell but is applicable to all cell types.
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ABSTRACT The impedance of a battery can be modelled with an elegant fractional-capacitor or ‘‘constant
phase element’’ (CPE) equivalent circuit and a series resistor. In this manuscript, we present new evidence
that suggests that a linear model similar to Randles’ comprised solely of this impedance network is able
to predict both the charge-voltage relationship epitomised by the familiar hysteresis curve of voltage as
a function of charge as a battery charges and discharges through its linear region, and the recovery or
‘‘equilibration’’ transient that results from a step change in load current. The proposed model is unique
in that it does not contain a source, either voltage or current, nor any purely reactive elements. There are
important potential advantages of a passive battery model.

INDEX TERMS Rechargeable battery, lithium-ion battery, state of charge, fractional modelling.

I. INTRODUCTION
The literature reveals hundreds of papers in recent decades
with the phrase ‘‘battery model’’ in the title, while thousands
can be found on the subject in general in the IEEE stable
alone. A battery model is considered key to prediction of
behaviour, including state-of-charge (SoC) [1]–[5]. Readers
not already familiar with the state of the art are directed
to [1] which provides a broad literature review and an excel-
lent summary of the various approaches including open-loop
sensing based on open-circuit voltage (OCV) or Coulomb
counting (CC) methods, and closed-loop state estimation
using either a ‘‘black box’’ or equivalent-circuit. Further,
some detail in the case of equivalent-circuit approaches were
presented in [6]. In the preferred case of an equivalent-circuit
model, the circuit is invariably a voltage source with a
network of elements fitted to the apparent impedance of
the cell [2], [6]. We might describe these as ‘‘Thévenin-
like RC’’ models. Figure 1 depicts the popular first- and
second-order examples of this type. More applications of a
second-order ‘‘Thévenin-like RC model appeared in [7], [8]
which is preferred by researchers than its predecessor when
characterising cell SoC due to the extra degree of freedom.

The associate editor coordinating the review of this manuscript and

approving it for publication was Mark Kok Yew Ng .

We have shown elsewhere that such models are theoreti-
cally unsuitable for modelling the runtime characteristics of
a cell [9], [10].

More models in the last few years have returned to the
use of fractional-derivative elements, mostly fractional capac-
itors, also known as Constant-Phase Elements or CPEs. A
fractional element was reported by Randles in 1947 [11]
in a equivalent-circuit model. The paper investigated rapid
electrode reactions with a electrode system shown in figure I.
In Randles’ model, Cl represents capacitance in the absence
of electrochemical phenomena, and is small enough that it
only comes into play at higher frequencies. It is what might
be called ‘‘parasitic capacitance’’ in the electronic world. Cr,
on the other hand, is a capacitive element with the angle fixed
to 45 degrees. This non-ideal element was later introduced
in [12] as a Warburg element. The basic form of Randles
model for low frequencies is of a resistor in series with a
Warburg element.

More recently, fractional derivatives were used in [13] and
[14], but in a mathematical approach rather than through
an equivalent circuit. Equivalent-circuit models incorporat-
ing fractional capacitors and Warburg elements have also
appeared with varied success in [15]–[18].

This manuscript rests on certain key observations made
in [19]. The impedance of a battery must be examined (and

VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 1



R. Hasan, J. Scott: Extending Randles’s Battery Model to Predict Impedance, Charge–Voltage, and Runtime Characteristics

FIGURE 1. Thévenin-style first- and second-order RC battery models.

FIGURE 2. Randles’ equivalent-circuit model for rapid electrode reactions
reproduced from [11].

modelled) across the whole frequency range of signals to
which it is subjected; for a typical battery application with
daily or less frequent recharging, this will run from a period
of at least a day and quite possibly longer, to less than 1 sec-
ond. This corresponds to a frequency span commencing no
higher than 10µHz. Few authors venture below 1mHz for
practical reasons, and some instrument setups give inaccurate
impedance results in the case of fractional systems at low
frequencies.

Drawing on the impedance results, a ‘‘R-CPE’’ model was
presented in [19] for a Lithium-ion battery which follows
Randles’ model for lower frequencies, following the excep-
tion of a CPE angle which is now approximately 76 degrees.
Although the model does a reasonable job of predicting the
battery impedance, it is not perfect, and no attempt was
made to investigate recovery transients and voltage hystere-
sis. Recent work described in [20] has shown that criti-
cal decay tails observed on neural implant electrodes are
only correctly reproduced in simulation when the physically
distributed nature of the electrodes is accounted for by ‘‘split-
ting’’ the CPE that represents the interface in the equivalent-
circuit model. The splitting accounts for the distributed nature
of the structure; the battery has energy stored in chemical
species whose distance from the conducting plates varies. The
split-CPE model is shown in figure 3, reproduced from [19].
The whole idea of an equivalent-circuit model is that you can
relate voltage and current as functions of time, and simul-
taneously know about stored charge and energy. The new
model perfectly fits the measured data in frequency domain
as can be seen in figure 4. This manuscript now addresses
the question of whether the split-CPE impedance model
of [19] can predict working current, voltage, charge and
energy.

FIGURE 3. Equivalent circuit model with n-way split CPE and series
resistance. The model requires four parameters, the order α and value CF
of the CPE, the series Resistance RS and the splitting Resistance RX ,
provided n is ‘‘sufficiently large’’.

FIGURE 4. Impedance magnitude (left vertical axis, blue traces) and
phase (right axis) of a 14500 Lithium-ion battery for frequencies
corresponding to periods from 1 second to 1 day. Measured
data (symbols) are compared with simulations using the split R-CPE
model from [19]. The split-CPE equivalent circuit is reproduced in figure 3.

II. INTRODUCTION TO FRACTIONAL CALCULUS
Many scientific and engineering communities remain
unaware of fractional calculus. The most common reason for
that is the lack of practical application; fractional calculus
is often considered as a conceptual area that is of interest
only to mathematicians. However, applications of fractional
calculus have emerged in the areas of physics, biology and
engineering [21]–[23]. Fractional calculus can provide sim-
pler andmore faithful models of physical systems that depend
upon diffusion or that possess fractal properties. Such amodel
tends to provide ‘‘more entropy compared to its integer order
counterpart with same number of parameters’’ [24], which is
to say that it requires fewer parameters.

Fractional calculus was first defined by Liouville, Riemann
and Grunwald in 1834, 1847 and 1867, respectively [25].
The Riemann-Liouville fractional-order derivative, preferred
in engineering for causality reasons, is of the form:

dαv(t)
dtα

=
1

0(1− α)
d
dt

∫ t

0
(t − τ )−αv(τ )dτ (1)

where 0 is the well-known Gamma function and 0 < α < 1
is an arbitrary real value called the order. In the same way that
the Gamma function provides a real interpolation between
the values of the integer factorial function, this definition
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provides a continuous transformation that happens to yield
the same result as conventional, integer-order differentiation
for integer arguments. This work lay unused for a long time.

The lack of ‘‘any acceptable geometric and physical inter-
pretation’’ of fractional-order calculus has been lamented
before [27]. There have been attempts to provide geometrical
and physical interpretations of fractional operators, see for
example [26], [27]. In [26] the author claims to develop
‘an understandable geometric interpretation’ using a Cantor’s
fractal set. This may explain the discrete nature of the impulse
response function of a fractional integral. Later, a fascinat-
ing physical interpretation of Riemann-Liouville and Caputo
fractional-order derivatives in relation to the cosmic time and
the individual time was proposed in [27]. We contend that
this ‘understanding’ is not helpful in circuit terms. It may
help a mathematician grasp the idea, but it gives no circuit
insight. We thus need to rely upon a simple formulation that
fortunately results for a fractional capacitor in the Laplace
domain.

Considering a fractional capacitor to be an element whose
branch current is a fractional derivative of the branch poten-
tial expressed as a function of time, applying the Laplace
transform to (1) with zero initial conditions produces a
fractional-order function which portrays the current-voltage
relationship of fractional capacitors:

I (s) = CsαV (s) (2)

Re-arranging the above equation gives the impedance of a
fractional capacitor (CPE) in a form more familiar to circuit
theorists:

Z (s) =
V (s)
I (s)
=

1
CF sα

(3)

where C is the ‘‘capacitance’’ of the fractional capacitor and
α ranges between 0 and 1. The expression in (3) is perhaps
the most compact and easily grasped representation of a
CPE; it resembles a capacitor, but the slope of the impedance
magnitude in a Bode plot will not quite be right; it will be−α
instead of−1. Referring back to figure 4, it is straightforward
to observe that at the very lowest frequencies a capacitor-like
impedance characteristic appears. One then observes that the
slope of the straight part is more like−0.85 than−1, implying
that the ‘‘capacitor’’ is fractional.

III. CONSTRUCTING A CPE IN SPICE
As CPE rely on a fractional derivative, they are not rou-
tinely available as branch elements in compact simulators.
Nevertheless, it is possible to generate a compact SPICE
subcircuit that approximates the impedance of a CPE with
arbitrary accuracy. The theory leading to the approximation
is attributed to Morrison [28]. The data from the battery
impedance in figure 4 permits the magnitude and angle of the
CPE to be determined and a SPICE subcircuit generated as
described in [29], with corrections from [30]. Two parameters
are required to specify a CPE, corresponding to CF and α
from equation 3. For the Morrison formulation, these are a

slope parameter, m, and a magnitude parameter found from
a measurement of CPE admittance, Yθ , at some arbitrary fre-
quency,ω0. Here the slope parameterm is found by observing
that the CPE phase settles to 77.5 degrees or 1.35 radians
around 10–20µHz, giving

m =
π

2θCPE
= 1.161 (4)

The CPE impedance is found from the measured
impedance of the cell in the straight-line region at the
low-frequency extreme. This gives values of 1.188� at
55.7µHz, yielding

Yθ = 0.842 (5)

for ω0 = 55.7 × 10−6. An accuracy parameter of k = 1.3 is
found to be more than adequate by trial and error.

IV. PREDICTING TRANSIENT RECOVERY
In this section, we will show that our proposed impedance
network predicts more precisely the transient recovery of a
battery. The measured tail of a single 800mAh, 14500 lithium
battery is compared with various simulated tails. The test
sequence consists of subjecting the cell to an isolated current
pulse of 60 seconds, and the overall response is reproduced
in the inset within the figure. The measurements were made
with an Agilent E5270 Precision IV Analyzer and an Agilent
34401ADMM.Allmeasurements weremadewith the battery
held at a constant environmental temperature of 25 Celsius
using a Contherm Polar 1000. Figure 5 shows the measured
recovery transient of the same battery whose impedance
appears in figure 4.

If we assume that for sufficiently low frequencies, the
battery impedance is dominated by a CPE we can write

I (t) = CF
dαV (t)
dtα

(6)

or in the Laplace domain

Zbatt ≈ ZCPE =
1

CF sα
=

1
CF

s−α (7)

The battery voltage recovery tail resulting from a square cur-
rent pulse of period T and amplitude I0 can be estimated by
considering the current pulse to be the sum of two equal-sized
step functions u, so that

I (t) = I0u(t)− I0u(t − T ) (8)

whose Laplace transform is

I (s) =
I0
s
−
I0
s
e−Ts (9)

thence

V (s) =
I0
CF

s−(1+α) −
I0
CF

s−(1+α)e−Ts (10)

Noting that the inverse Laplace transform

L−1(s−k ) = tk−1

0(k)
(11)
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FIGURE 5. The response tails of a split-CPE model (solid line), one RC (◦)
and two RC (×) network models shown with measured data (dashed red
line). Inset shows the full voltage response of the battery to a 60-second,
100mA pulse of load current and indicates the region where the ‘‘tail’’
appears.

putting k = 1 + α, some algebra leads to an expression for
the pulse voltage tail

v Eq(t) =
I0

CF0(1+ α)

[
tα − (t + T )α

]
(12)

It is worth emphasizing that the voltage tail that follows a
current pulse stimulus applied to a CPE, as given by (12),
decays unusually slowly. It is remarkably different from afirst
or second-order conventional, exponential decay curve.

Returning to the recovery tail in figure 5, note that the first-
and second-order Thévenin-style RC circuit models cannot
fit the measured data, even when allowed to optimise freely,
but the solid blue line predicted from the fitted split-CPE
model comes much closer and has the correct curvature. The
value of the splitting parameter RX has been numerically
optimised to obtain the best fit. In this case, we chose a value
RX = 29m�. A 10-way split, that is n = 10, was chosen,
again by trial and error observing that larger values conferred
little advantage. Figure 6 plots the difference between each
of the three predictions and the measured data. The new
split-CPE model can predict the measured data with less than
3% error whereas, the percentage error of a single-RC and
two-RC models is around 7% and 5.6% respectively. It is
clear that the split-CPE model achieves considerably better
an approximation with no more complexity than a first-order
RC model.

V. CHARGE/VOLTAGE CHARACTERISTIC
The problemwith measuring a battery charge-voltage charac-
teristic is that this is a dynamic measurement. When charging

FIGURE 6. Voltage difference between measured data and single-RC (◦),
two-RC (×), and split-CPE (solid blue line) predictions presented in
figure 5.

a cell, the terminal voltage will be higher than would be the
steady-state voltage perceived if the battery were completely
at rest. A common response to this is to measure the voltage
of the cell under constant-current charging and then to dis-
charge at the same constant current, relying on the impedance
characteristic to be linear and symmetrical. The steady-state
characteristic is then approximated by averaging the two
data sets point by point to yield the average characteristic.
A very similar, but more informative, variant is used here.
The battery was charged at 100mA for 60 seconds using the
E5270. Then the voltage was measured, the current set to zero
for 60 seconds, and the voltage measured again. Reference to
the measured data trace in figure 5 will indicate that 60 sec-
onds should allow the battery to settle only some of the way
towards its asymptotic value, owing to the exceptionally slow
decay of the fractional tail. This cycle was repeated until the
battery reached full charge. At the end of a sweep the battery
was rested for 12 hours to allow equalisation. Next the current
was set for discharge, and the same minute-off, minute-on
scenario used to discharge the battery. Figure 7 shows four
traces, being the charge and discharge characteristics during
current flow (‘‘closed circuit’’) and after the 60-second rest
(‘‘open circuit’’). The steady-state characteristic is calculated
by averaging the traces point by point. This is shown in
figure 8.

Battery models are most usually sought to relate terminal
voltage to SoC. The reader should note that the split-CPE
model has been fitted to data obtained only from impedance
and short-term dynamic response of the subject cell. The
question arises as to how it will predict the charge-voltage
characteristic of the cell. The simulated voltage trace in
figure 8 was produced using SPICE with suitably-selected
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FIGURE 7. Voltage-charge characteristic of the 14500 Lithium-ion battery. Open-circuit trace voltages are measured after a 60-second rest, closed-circuit
ones with current flowing.

FIGURE 8. The estimated steady-state cell voltage obtained by averaging
the traces from figure 7 (curved trace) is plotted against the voltage
predicted by the split-CPE model (straight line).

initial conditions. The fit is extraordinary as shown in
figure 9, considering that the model was fitted without ref-
erence to the data of figure 7 except to obtain the dc offset.

VI. OTHER CHEMISTRIES
The model is not restricted to Lithium chemistry. In this
section the split-CPE model is fitted to a Nickel-Metal

FIGURE 9. Plot of the percentage error between the measured and
predicted traces shown in figure 8. The dotted lines mark the region
within which error is less than 1%.

Hydride cell type 55123 with 1850mAh nominal capacity.
The present linear model is of limited use in the case of
chemistries that permit float-current charging. This is because
the model does not (yet) consider the ‘‘charge-dumping’’ pro-
cess that effectively wastes energy as the energy-storing reac-
tants deplete approaching the full-charge condition. We hope
to extend the model to include the nonlinear ‘‘end effects’’
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FIGURE 10. Measured (symbols) and simulated magnitude and phase of
cell impedance for a single 55123 NiMH cell. Phase is the sigmoid curve,
magnitude the hockey-stick curve.

that shape the flat and full-charge ends of the characteristics.
In the meantime, we seek to demonstrate that the idea of a
passive model is not limited to the Lithium system.

The input data is as usual

1) a measurement of battery impedance versus frequency
from which RS and CPE parameters are obtained
(figure 10);

2) the pulse response voltage recovery curve (figure 11);
and

3) the characteristic of terminal voltage against charge
measured in some particular fashion (figure 12).

The model is optimised to match the measured data, starting
with values obtained from the impedance-frequency data.
Simulated data obtained with SPICE using the method out-
lined in [29] with corrections from [30] and the fitted model
parameters appear in figures 10, 11 and 12. The fit is suffi-
cient for practical applications.

VII. DISCUSSION
A. BATTERY OPERATING RANGE
Battery manufacturers choose charge and discharge voltage
points that are as far apart as possible in order to have the
largest possible specified capacity. Thereafter the recommen-
dation is to stay within a range such as 20–90% SoC for max-
imum life. For example, a Prius hybrid tries to keep its battery
between 40% and 80% SoC to give long battery life [31]. The
model proposed here is entirely linear; it makes no attempt to
model the nonlinear subtleties of the voltage characteristic
of figure 8. Nevertheless, reference to figure 9 shows that
even without taking the nonlinearity of the voltage-charge
characteristic into account, the model is accurate to a few

FIGURE 11. Measured (noisy trace) and simulated normalised recovery
curve of the single 55123 NiMH cell following a 100mA current pulse
of 90 seconds duration. The minimum terminal voltage is subtracted to
leave only the change in terminal voltage after cessation of the pulse, i.e.,
the plot shows only the slow recovery.

FIGURE 12. Measured (curves) and simulated (box) characteristic of a
single 55123 NiMH cell charged and discharged in 60-second bursts
spaced 120 seconds apart. Inner and outer curve pairs are the voltage at
the ends of the 60-second periods of loading and the 120 seconds of rest
at zero current, respectively.

percent from about 10% SoC to 90% SoC. The fuel gauge of
a petrol car provides a measure that is only accurate to about
5%, and while portable devices read out battery status to 1%
most users notice that they are not that accurate and prone to
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sudden large corrections. The authors submit that the linear
model may already be sufficient for many practical uses.

B. NONLINEAR EXTENSION
Nevertheless, extension to predicting the subtle nonlinear
curves visible in an actual battery characteristic such as
figure 7 is expected to be possible. The approach favoured
by the authors involves modelling the reduction of chemical
species at the electrode interface by way of charge-dependent
capacitances in the CPE subcircuit through the magnitude
parameter of the CPE, Yθ [29]. This approach is easy to
incorporate in nodal simulators, and has a strong physical
basis in the modelling of species concentrations at an elec-
trode interface through the general form of the Butler-Volmer
equation [32]. This extension is considered to be beyond the
scope of this manuscript, but is the logical next step.

C. EFFICIENCY
The model contains no sources, and can thus neither add
nor subtract energy in an arbitrary fashion—just as in the
case of a rechargeable battery. We expect the lossy CPEs
will model the energy difference between that supplied in
charging and that obtained in discharge. Thus a collateral
benefit of this compact model is expected to be the ability to
straightforwardly calculate the efficiency of energy storage
for any scenario, i.e., it will predict how much of the energy
invested in charging is returned in the discharge phase for an
arbitrary dynamic load. An investigation of the model’s accu-
racy in predicting the efficiency of energy return is considered
out of the scope of this manuscript, but is being addressed
separately.

VIII. CONCLUSION
This manuscript extends Randles’ model to low frequencies
to characterise behaviour of a Lithium-ion cell. The modified
model is now simple and contains only a series resistor and
a CPE with an angle that varies with cell chemistry. It also
does not require any voltage or current sources. Although,
the work reported here is carried out with single Lithium-ion
and NiMH cells but it is applicable to all cell types. It is clear
that such a model is superior to existing, complex models that
do not seem to add anything for their extra parameters.

To further investigate the model’s ability to predict recov-
ery or hysteresis which most authors do not check, the CPE
in the model is arbitrarily divided into smaller CPEs to
account for the distributed nature of the electrodes. Now with
only 4 parameters, it can accurately estimate the battery’s run-
time transient characteristics and the variation of voltage with
state-of-charge in the ‘‘linear’’ range within a few percents.
The new split-CPE model also fits the impedance-frequency
data better.

Such a model is expected to exhibit very powerful proper-
ties. The possibility exists to extend the model in the future
into the end regions where the voltage becomes a strongly
non-linear function of available charge. The absence of a
voltage or current source means that the model can be used

to calculate the efficiency of energy stored in a cell that has
not been proposed previously.
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Chapter 8

Conclusion

Obtaining accurate battery models is still an unsolved problem that hinders the

correct estimation of state of charge and state of health of rechargeable cells.

This explains why there are hundreds of published battery modelling papers in

the IEEE stable alone. In search of a compact circuit model, many researchers

begin by measuring the impedance of the cell spanning the frequency range of

interest. Most of these models are Thevenin-style containing one or two RC

networks. The results in chapter 3 show that the recovery curve of the cell

terminal voltage obtained when subjected to a step-change in current is not

exponential at all. Thus all first and second-order Thevenin RC models are

inappropriate for modelling the transient runtime characteristics of batteries.

Some authors prefer a fractional approach when modelling rechargeable

cells. Almost all these equivalent circuit fractional models are based on fre-

quency response measurement which extend to only 1 mHz and require up to

tens of parameters to successfully estimate the measured impedance. Chap-

ter 4 contains two examples where the authors used unjustified parameters to

obtain a good fit [95] and made no mention of the sensitivity of the fit to the

parameters in the model.

The most likely reason why many authors limit the frequency range to 1

mHz is because of the lack of instruments that can reliably measure impedance

at low frequencies. Although in most manuscripts the instrument used to



92

measure impedance is not stated, there exists an impedance analyser, Solartron

1260 [29] that claims to measure impedance at frequencies as low as 10 µHz.

Chapter 5 shows that Solartron 1260 is prone to incorrect measurements

in the case of the non-linear behaviour of the device under test. The possible

reasons for its low performance are its incapability to account for drift in the

voltage waveform and distortion of the signal at low frequencies. Two robust

methods of measuring impedance at low frequencies were proposed in that

chapter. Both methods require a novel algorithm to yield robust, reliable

data.

The main contribution of this work to the battery modelling community

is that it shows the importance of venturing in the frequency domain at fre-

quencies derived from expected time scales of operation and well beyond those

where a system is expected to operate. For a typical battery application,

recharging happens daily or perhaps longer which corresponds to a frequency

of approximately 11.6 µHz or lower. At these frequencies, the impedance of

a cell is reminiscent of a CPE whose angle varies with cell chemistry. This

characteristic of the battery was not previously taken into account.

In chapter 6, a mathematical model was derived from the equivalent impedance

equation in the frequency domain. In the equation, the term representing the

series resistance of a cell was neglected because only the voltage across the

CPE contributed to the charge-voltage function of a cell. The proposed math-

ematical model predicts the linear region of the charge-voltage characteristic

of a cell with an accuracy of 0.5% with only 3 parameters.

Chapter 7 presents a new, compact, equivalent circuit model for recharge-

able cells that does not contain a voltage or current source. The new fractional

model was tested against measured impedance, charge-voltage and transient

recovery data from lithium-ion and nickel-metal hydride cells. Few models

exist that can operate in all these three domains with reasonable accuracy. To

simulate the transient recovery tail, the CPE in the proposed model is arbi-

trarily split into n-way to account for the distributed nature of the electrodes
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within the cell. With only 4 parameters, the model can now estimate the

transient runtime curve with less than 3% error.

Since most battery manufacturers recommend to stay within a range of 20-

80% to maximise battery life, the model was tested against the linear region

from about 10-90% in the charge-voltage curve. The estimation has improved

significantly where the error is now within a few percent. This accuracy is

adequate for most practical use because the current fuel gauge of a car is only

accurate to about 5% [18]. The model also fits the impedance-frequency data

better than any Thevenin-style RC model.

It was then realised that the proposed model can also be used to indicate the

state of health of a cell under load. A patent was filed by WaikatoLink Limited

for battery performance and quality assessment method and apparatus that

uses the parameters of a sequence of CPEs in the split-CPE model to estimate

the state of health performance and identify any trends in the state of health

of the battery.

8.1 Potential for the Future

The findings portrayed in this study paved the way to other masters and PhD

level research work.

8.1.1 Nonlinear Extension

Since the proposed model is only limited to the linear region of the charge-

voltage curve, the next logical step is to extend it to the non-linear region.

The approach is similar to that of [13] where memristor is used to model the

reduction of species concentration as the net charge transferred increases. This

behaviour can be best described with the general form of the Butler-Volmer

equation, also known as the current-overpotential equation [100].
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8.1.2 Efficiency

The uniqueness of the model proposed in this thesis is that it does not contain

any voltage or current source. This means that energy cannot be added or

subtracted arbitrarily and the model can predict the energy difference between

the charging and discharging period of a battery from the lossy CPE. Such

information can then be used to calculate the efficiency of energy storage in

a cell that has not been proposed in the past. Professor Jonathan Scott at

The University of Waikato is currently seeking a PhD candidate to develop a

software module that can calculate the remaining available energy from current

and voltage data [101].

8.1.3 State of Health Prediction

It is postulated that the CPE in the model can be used to characterise the

state of health (SoH) of a battery. As a battery gets older, the capacity of the

battery decreases. We expect the capacitance and the order of fractionality of

the CPE to mirror this loss in capacity. This information can be employed to

predict how much life is left in a battery. Vance Farrow, a ME candidate at The

University of Waikato, is currently exploring this line of investigation [102].

8.1.4 In-situ Impedance Measurement of Rechargeable

Batteries

It takes a long time to measure the impedance of a system at low frequencies.

For example, a sweep from 1 Hz-10 µHz takes roughly 6 days to complete.

This makes the impedance measurement slow and prone to errors. Christopher

Dunn is expected to commence his PhD after this thesis is submitted. [103].

8.1.5 Temperature Model

Since external temperature affects both the complex impedance and battery

capacity, results from one of our recent measurements show that the capacity of
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the cell varies with temperature as well as the age of the cell. Such observation

may be very useful in the future.
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BATTERY PERFORMANCE ASSESSMENT METHOD AND APPARATUS 

 

Field of the Invention 

 

This invention relates to a battery performance and quality assessment 5 

method and apparatus. In preferred embodiments the invention may be 

used to provide a battery state of health assessment. 

 

Background of the Invention 

 10 

It is increasingly common for electrical devices and systems to use power 

supplies which incorporate batteries. Batteries are used in a wide range of 

applications, from communications and entertainment electronics through to 

electric vehicles and satellite power systems. 

 15 

Over time the performance of a battery will degrade as it completes a large 

number of charge and discharge cycles. The performance of the battery can 

also be impacted by exposure to excessive heat or cold, humid conditions or 

by being overcharged or severely discharged. In many applications it is 

important to know what the condition or state of health of a battery is to 20 

potentially forecast how long a battery can continue to operate at a desired 

level of performance. 

 

For example, in the case of uninterruptible power supplies batteries are used 

to prevent the failure of computer systems disconnected from mains power 25 

electrical supplies. It is critical to ensure that the batteries used have a 

robust state of health to be able to service loads which could be placed upon 

them at any time. 

 

The terminal voltage of the battery can be measured, and an assessment 30 

made of the amount of charge held by the battery. However, this 

measurement requires the battery to be disconnected from the load it 

normally services, and terminal voltage in isolation does not provide a useful 

picture of battery state of health.  

 35 

For this reason, prior art battery performance assessment methods use 

testing procedures to investigate battery impedance, which provides a better 
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indicator of the physical state of the battery cells and hence its state of 

health. For example, in some prior art assessment techniques it is a common 

practice to apply a 1 kHz stimulation signal to a battery to attempt to 

measure its impedance.  

 5 

However again one or more battery impedance measurements recorded at 

the same time will not provide an effective indicator of battery state of 

health. Standard practice with current state-of-the-art health assessment 

methods is to record multiple battery impedance measurements over a long 

period of time in an attempt to identify a baseline impedance and to identify 10 

trends in the change of this baseline impedance.  

 

Unfortunately, while results obtained from current state-of-the art 

assessment methods are reasonable, the accuracy of the actual assessment 

result itself is questionable.  This is indicated by the failure of some batteries 15 

well prior to their predicted end dates. 

 

It would therefore be of advantage to have an improved method and 

apparatus for assessing the performance of a battery (and possibly doing so 

with an increased sensitivity or accuracy) which addressed any or all the 20 

above issues, or at least that provided an alternative choice to the prior art. 

In particular it would be of advantage to have a technology available for 

assessing the performance and quality of the battery which did not require 

multiple independent measurements to be recorded at different times over 

an extended period of time, and/or which did not require the battery to be 25 

disconnected from the load normally serviced. Improvements over the prior 

art which provided more accurate performance assessments would also be of 

advantage.  

 

Disclosure of the Invention 30 

 

According to one aspect of the present invention there is provided a battery 

performance assessment apparatus which includes 

two terminal connectors configured to electrically connect the assessment 

apparatus to the positive and negative terminals of a battery being 35 

assessed, and 
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a response measurement system configured to measure the terminal voltage 

and current of the battery when supplied with at least one alternating test 

current having a frequency less than 1 Hz and/or less than an impedance 

transition frequency associated with the battery being assessed, and 

a processor in communication with the response measurement system and 5 

being configured to output a performance assessment indicator for the 

battery being assessed by calculating at least one impedance for the battery 

using terminal voltage and current measurements communicated by the 

response measurement system. 

 10 

According to another aspect of the present invention there is provided a 

battery performance assessment apparatus which includes 

two terminal connectors configured to electrically connect the assessment 

apparatus to the positive and negative terminals of a battery being 

assessed, and 15 

a test current source configured to supply at least one alternating test 

current to the battery being assessed, said at least one alternating test 

current having a frequency less than 1 Hz and/or less than an impedance 

transition frequency associated with the battery being assessed, and 

a response measurement system configured to measure the terminal voltage 20 

and current of the battery when supplied with said at least one alternating 

test current, and 

a processor in communication with the response measurement system and 

being configured to output a performance assessment indicator for the 

battery being assessed by calculating at least one impedance for the battery 25 

using terminal voltage and current measurements communicated by the 

response measurement system. 

 

According to a further aspect of the present invention there is provided a 

battery performance assessment apparatus substantially as described above 30 

wherein the processor is programmed to implement a circuit simulation 

model which uses the terminal voltage and current measurements 

communicated to the processor as input parameters to define at least one 

constant phase element fractional capacitor to simulate the battery being 

assessed. 35 
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According to another aspect of the present invention there is provided a 

battery performance assessment apparatus substantially as described above 

wherein the processor is programmed to implement a circuit simulation 

model which uses the terminal voltage and current measurements 

communicated to the processor as input parameters to define a plurality of 5 

fractionally arranged constant phase element fractional capacitor 

components to simulate the battery being assessed. 

 

The present invention provides a battery performance assessment 

apparatus, in addition to a method of assessing the performance of a 10 

battery. Additional aspects of the invention encompass the provision of an 

improved circuit simulation model implemented through computer 

executable instructions run on a processor or similar programmable 

computer system utilised by the invention. 

 15 

Reference in general throughout this specification will also be made to the 

invention being used primarily to assess the performance of a battery. Those 

skilled in the art will appreciate that references made to batteries throughout 

this specification encompasses both the assessment of the performance of a 

single electrical cell, or an array of cells connected together. Those skilled in 20 

the art will therefore appreciate that references made to the invention 

working with a battery also encompasses the invention assessing the 

performance of a single electrical cell. 

 

Furthermore, reference will also be made to the provision of a test current 25 

source which is used to supply one or more alternating test currents in 

association with the present invention. Those skilled in the art will appreciate 

that this test current source may be formed by dedicated stand-alone 

components in some embodiments, and/or where the normal electrical load 

or load is connected to the battery in other embodiments.  30 

 

The assessment apparatus provided by the invention employs terminal 

connectors to engage at least a test current source and a response 

measurement system to a battery being assessed. Those skilled in the art 

will appreciate that any appropriate form of connector may be used to form 35 

terminal conductors which can allow electrical current flows to and from the 
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battery and which allow for the measurement of various electrical 

parameters of the battery.  

 

The assessment apparatus provided by the invention also incorporates a 

processor in communication with a response measurement system.  5 

 

In some embodiments this processor may be physically connected to other 

elements of the apparatus, potentially being enclosed within a single 

common housing with these components.  

 10 

In other embodiments the processor may be located remotely from the 

battery, test current source and response measurement system, and may be 

configured to receive information from, or transmit operational commands to 

various other components of the invention.  

 15 

In yet other embodiments the processor may be implemented with a 

distributed architecture where a number of separate hardware components 

are connected together to form the processor, these components potentially 

being located remote from one another or from the battery being assessed.  

 20 

Those skilled in the art will appreciate that well-known information 

technology systems may be used to implement this remote processor 

architecture, and furthermore the processor itself may be implemented 

across or by several separate microprocessors or integrated circuits. 

 25 

Reference throughout this specification will however be made to a processor 

being implemented by a microprocessor or microcontroller physically 

connected to at least the response measurement system of the apparatus. 

Again those skilled in the art will appreciate that other circuit architectures 

are also envisioned and within the scope of the present invention. 30 

 

The processor integrated into the assessment apparatus is configured to 

output a performance assessment indicator for a battery being assessed. 

Those skilled in the art will appreciate that the form, format or information 

incorporated within this indicator may vary over different embodiments of 35 

the invention. The specific performance criteria defined for a battery may 

differ depending on the application in which the battery is used – for 
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example, performance may be assessed in some embodiments by the 

maximum current which can be supplied, or alternatively by the maximum 

charge storage capacity.  

 

In one embodiment a performance assessment indicator may be provided by 5 

a simple Boolean yes - no, good - bad output, whereas in other 

embodiments this indicator may take the form of a percentage estimated 

lifespan time period or estimated number of charge/discharge cycles 

remaining before the battery is unable to meet a set performance criteria 

requirement. An indicator may also take the form of a measured or derived 10 

value for an electrical parameter of the battery, for example being battery 

fractional capacitance. In yet other embodiments an indicator may take the 

form of a percentage achieved for a target performance criteria, such as – 

for example – assessed battery fractional capacitance compared to a target 

fractional capacitance, or maximum current delivered compared to a target 15 

current value. An indicator or indicators may also take the form of a 

graphical representation, plot or graph making a comparison between 

performance assessments undertaken at different times. 

 

Those skilled in the art will also appreciate that a performance assessment 20 

indicator may be determined using voltage and current measurements 

recorded during a single continuous measurement period in response to 

several different frequencies of test currents, or multiple measurements 

recorded at during different measurement periods, again in response to the 

same test current. Those skilled in the art will appreciate that a single 25 

measurement period may span a variable length of time depending on the 

number of and frequencies of test currents applied during this period. A 

performance assessment indicator may also be determined using voltage 

and current measurements recorded in response to the use of several 

different frequencies of test currents, be they applied at approximately the 30 

same or at different times.  

 

Reference in general will be made throughout this specification to the 

performance indicator generated by the invention identifying the state of 

health of a battery. Those skilled in the art will however appreciate that 35 

other metrics for battery performance may also be assessed in other 
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embodiments and may include an assessment of the quality of the battery 

being assessed. 

 

In a variety of embodiments battery impedance may be calculated from 

voltage and current measurements recorded in response to the use of 5 

several different frequencies to test currents, and these impedance values 

can be used to calculate, or determine one or more performance assessment 

indicators. 

 

For example in one particular embodiment a performance assessment 10 

indicator may be calculated using the rate of change of calculated impedance 

values with frequency. This rate of change of impedance values recorded 

using test currents below the impedance transition frequency or the less 

than 1 Hz can be used to indicate the efficiency of a battery, being the ratio 

of charging energy supply to the battery compared to stored energy 15 

available from the battery. A relatively high rate of change may be 

associated with a battery that has a higher efficiency than a battery with a 

lower rate of change value. 

 

In another embodiment a performance assessment indicator may be 20 

calculated using the lower-frequency impedance values plotted with 

frequency coupled to the high-frequency impedance values. The values of 

impedance values recorded using test currents below the impedance 

transition frequency suggest a straight line. Where this straight line crosses 

the value measured at high frequencies is an estimate of the impedance 25 

transition frequency. A relatively high impedance transition frequency may 

indicate that a battery has a reduced ability to sustain high power energy 

delivery. 

 

In yet another embodiment a performance assessment indicator may be 30 

calculated using at least one impedance zero offset value. These values can 

represent the magnitude of impedances recorded for a battery using test 

currents below the impedance transition frequency. In such embodiments a 

performance assessment indicator representative of the maximum charge 

capacity of the battery may be evaluated by, for example, extrapolating a y-35 

axis intercept value for plotted impedance measurements against test 

current frequency, or alternatively comparing impedance values at a 
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selected predetermined frequency value below the impedance transition 

frequency. A relatively low impedance zero offset value or values may 

indicate that at battery has a greater storage capacity than a battery 

associated with a higher zero offset value or values. 

 5 

In yet another embodiment a performance assessment indicator may be 

calculated using a transition bandwidth value. This impedance transition 

frequency bandwidth value can be found by identifying the frequency range 

where a relatively constant rate of change of the impedance of the battery at 

low frequencies transitions to an alternative or different rate of change of 10 

impedance at higher frequencies. The bandwidth of this transition zone can 

in some embodiments provide a general indication of the quality of the 

manufacture of the battery being assessed, the precision or tolerances used 

in the components making of the battery and/or the purity of the compounds 

employed to form the battery. In such embodiments a better quality battery 15 

may exhibit a smaller transition bandwidth value than a lower quality 

battery. 

 

Those skilled in the art will appreciate that in various embodiments 

performance indicators may also be derived from combinations of rates of 20 

impedance change, transition frequency values, zero offset values and 

transition bandwidth values. This information can be used as parameters to 

a range of models or calibrations developed for specific battery constructions 

and may provide performance indicators appropriate to a variety of different 

battery performance characteristics.  25 

 

In a preferred embodiment a battery performance assessment apparatus 

may also include a temperature sensor which in use is placed in close 

proximity to the battery being assessed. In such embodiments this 

temperature sensor may provide a measurement of the battery temperature 30 

to the processor to improve the accuracy of calculations undertaken to 

assess the performance of the battery. This temperature information can 

also be used in combination with a calibration undertaken for the form or 

type of the battery being assessed to apply corrections to measurements 

undertaken by the response measurement system. 35 
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The assessment apparatus provided by the invention includes a response 

measurement system which is used to measure the terminal voltage and 

current of the battery being assessed. These measurements are made when 

the battery responds to a test current.  

 5 

In a preferred embodiment the response measurement system may record a 

plurality of measurements of both terminal voltage and current over the 

time period when a particular test current is applied to the battery. Those 

skilled in the art will appreciate that a range of prior art voltage and current 

measurement technologies may be employed with a required accuracy, 10 

resolution and precision depending on the application in which the invention 

is employed. 

 

In one embodiment, the assessment apparatus provided by the invention 

preferably includes a test current source configured to stimulate the battery 15 

being assessed with at least one alternating test current.  

 

In other embodiments the application of at least one single cycle of the 

alternating test current ensures that the battery experiences both charging 

and discharging. 20 

 

In yet another embodiment, the application of at least one single cycle of the 

alternating test current ensures that the battery experiences either charging 

or discharging depending on the ‘at use’ charging or discharging operation of 

the battery. 25 

 

Those skilled in the art will appreciate that a test current source may be 

provided by a number of different arrangements of components in various 

embodiments. 

 30 

In a preferred embodiment a test current source may be provided by a 

dedicated alternating current generation circuit. Existing technology in this 

field may be readily utilised to implement this form of component. 

 

In an alternative embodiment a test current source may be formed by or 35 

incorporates switching electronics connected across two or more batteries. 

In such embodiments two or more of these batteries may have their state of 
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health assessed concurrently, where current supplied from one battery can 

be used to charge the other battery and vice versa. 

 

In yet other alternative embodiments the regular load and charging circuits 

normally connected to a battery during its usual application may be utilised 5 

as a test current source. Again these existing circuits can be connected to 

the battery using switching technology to charge and discharge the battery 

being assessed at the frequency required of an alternating test current.  

 

In a preferred embodiment the processor incorporated within the 10 

assessment apparatus may be configured to control the operation of the test 

current source, and in particular the magnitude and frequency of the 

alternating test current applied to a battery. The processor may also control 

the time period over which a particular test current is applied. Furthermore, 

in various embodiments a processor may be configured to ensure that a 15 

plurality of alternating test currents with different frequencies are applied to 

the battery being assessed. 

 

Reference throughout this specification will also be made to the processor 

being used to control the operation of the test current source and specifically 20 

being used to apply a number of alternating test currents with different 

frequencies. However those skilled in the art will appreciate that in other 

embodiments the processor integrated with the assessment apparatus need 

not necessarily function in this way. For example, in some alternative 

embodiments the test current source may include internal control systems 25 

configured to apply one or potentially a number of predetermined alternating 

test currents at selected frequencies. 

 

In a preferred embodiment the assessment apparatus may undertake a test 

procedure which applies a plurality of alternating test currents with different 30 

frequencies. For example, in some embodiments the test current source may 

sequentially apply a set of alternating test currents one after the other while 

the response measurement system records battery terminal voltage and 

current. However, in one or more alternative embodiments a test current 

source may apply a composite test current signal. This composite test 35 

current can be formed from the summation of two or more separate 
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alternating test currents at particular frequencies of interest in the operation 

of the invention. 

 

In a preferred embodiment the assessment apparatus may apply a test 

current for at least one cycle or period of the frequency of the test current. 5 

Applying these currents for a full cycle allows measurements to be captured 

across the entire range of charging and discharging operations experienced 

by the battery. In additional embodiments test currents may also be applied 

over many cycles to allow detailed measurements to be captured and to 

potentially mitigate errors in such measurements. In yet other embodiments 10 

a full cycle of measurements related to a particular test current may be 

provided from the merger of two or more measurements undertaken at 

different times, but which together show the batteries response to the entire 

period of the test current waveform. 

 15 

The assessment apparatus provided by the invention is used to apply 

alternating test currents that have frequencies less than 1Hz or less than an 

impedance transition frequency associated with the battery being assessed.  

 

This impedance transition frequency or frequencies can be determined 20 

experimentally for the form, construction or type of the battery being 

assessed. A plot can be made of measurements completed of battery 

impedance over a range of frequencies, preferably extending to below 1 µHz 

and up to at least 1-10 Hz. This impedance transition frequency zone can be 

found by identifying the frequency range where a relatively constant rate of 25 

change of the impedance of the battery at low frequencies transitions to an 

alternative or different rate of change of impedance at higher frequencies. 

By identifying the impedance transition frequency or frequencies of the 

battery the invention can then apply test currents with lower frequencies. 

These low frequency test currents are used by the invention to assess the 30 

performance of the battery. 

 

In a preferred embodiment the magnitude of the peak or RMS current of the 

alternating test current may be varied based on the frequency of the 

alternating test current. In various embodiments an alternating test current 35 

may be applied for at least one cycle, which at low frequency values may 

result in relatively long charge and discharge times. The invention may 
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therefore manage the magnitude of the alternating current applied to a 

battery during the assessment process to ensure that it is not overcharged 

or severely discharged and damaged during assessment. Furthermore, this 

approach also ensures that measurements are not made of a response to a 

test current when the battery has an extremely low or high state of charge. 5 

 

In a preferred embodiment the magnitude or amplitude of an alternating 

test current may be set based on the frequency of the signal being applied 

and the capacity of the battery being assessed. For example in some 

embodiments the test current applied may only deliver or remove 10 

approximately 10 percent of the charge capacity of the battery. In yet other 

embodiments only 1 percent of the charge capacity of the battery may be 

delivered or removed by a test current.  

 

In some embodiments the assessment apparatus may be configured to 15 

execute a preliminary charge state fixing process prior to applying an 

alternating test current to a battery. In such embodiments the apparatus 

may be configured to apply a charging current at a voltage which provides a 

predictable state of charge in the battery. Charge may be supplied to the 

battery to preferably charge it to approximately the mid-point of its capacity, 20 

thereby minimising the potential for the battery being overcharged or over-

discharged by the application of an alternating test current.  

 

Preferably the processor provided with the assessment apparatus may be 

used to calculate a plurality of impedance values for the battery, each of 25 

these impedances being associated with a particular frequency alternating 

test current. These impedance values can be used in some embodiments by 

the processor as input parameters to a circuit simulation model run by the 

processor which aims to model and predict the characteristics of the battery. 

However in other embodiments performance indicators may be determined 30 

using these impedance values without the use of a circuit simulation model, 

as discussed above. 

 

In a preferred embodiment the processor may be used to implement a 

circuit simulation model which uses these impedance values to define at 35 

least one constant phase element fractional capacitor to simulate the 

characteristics of the battery. Those skilled in the art will also appreciate 
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that this component can be described as a fractional capacitor or a constant 

phase element. In a further embodiment the circuit simulation model may 

define or model the battery using a single constant phase element fractional 

capacitor - also known as a ‘CPE’ - in combination with a single series 

resistance.  5 

 

In such embodiments the parameters of the CPE component of this model 

may be defined using the rate of change of calculated impedance values with 

frequency, and the zero offset of calculated impedance values applied 

against frequency. Preferably the additional series resistance of this model 10 

may be defined by the resistance of the battery, determined through a 

measurement of the terminal voltage and current exhibited when a direct 

current signal is applied to the battery. 

 

In a further embodiment the accuracy of the simulation model run by the 15 

processor may be improved by substituting the above-referenced single 

constant phase element fractional capacitor for an equivalent set of 

fractionally arranged constant phase element fractional capacitor 

components. In such embodiments the characteristics determined for the 

above referenced single CPE component may be substituted into a 20 

replacement split assembly which defines ‘n’ smaller CPE components, each 

of which has the same phase but an ‘n’ times lower admittance 

characteristic. This equivalent split assembly may be used to replace a single 

CPE component with n smaller CPE components, CPE/n, connected in parallel 

with an intervening resistance Rx/n.  25 

 

The present invention may provide many potential advantages over the prior 

art. 

 

In various embodiments the present invention can provide improvements in 30 

the assessment of the performance of batteries through utilising at set of 

measurements captured over a single continuous time period. Existing 

technology may be used in the implementation of the method of the 

invention to capture these measurements and to calculate a performance 

indicator.  35 
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Furthermore in some embodiments existing battery charging and discharging 

infrastructure may be utilised to stimulate the battery with a test current or 

currents at appropriate frequencies from which the invention can derive such 

performance information. 

 5 

In various embodiments the invention may facilitate a method of assessment 

which may not require a battery to be disconnected from its normal load 

environment.  

 

In yet further embodiments, the measurements made have improved 10 

sensitivity to small changes. This sensitivity can be utilised to provide more 

accurate performance metrics of the battery being measured. The increased 

sensitivity of the measurements obtained over time should enable someone 

skilled in the art to obtain a more reliable prediction of battery failure within 

a given time window of monitoring.  15 

 

While performance is one metric by which state of health is measured, 

quality may also be a valuable metric that could be measured using the 

present invention. The measurements taken can provide an indication of the 

true efficiency of the return power and power density of a battery in 20 

operation.  Accordingly, along with other performance metrics such as 

fractional capacitance, someone skilled in the art could utilise this method to 

determine the quality of a battery. 

 

Brief description of the drawings 25 

 

Additional and further aspects of the present invention will be apparent to 

the reader from the following description of embodiments, given in by way of 

example only, with reference to the accompanying drawings in which: 

 30 

• Figure 1a shows a schematic circuit diagram of a battery performance 

assessment apparatus as provided in accordance with one embodiment 

of the invention, 

• Figure 1b shows a further schematic circuit diagram of a battery 

performance assessment apparatus as provided in accordance with 35 

another embodiment of the invention,  
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• Figure 2 shows a flowchart of operational steps executed by the 

assessment apparatus illustrated with respect to figures 1a and 1b,  

• Figure 3a shows a plot of impedance against frequency for a generic 

battery and the identification of at least one impedance transition 

frequency for this battery,  5 

• Figure 3b shows a plot of impedance against frequency for both a 

Lithium-ion battery (triangle symbol) and a Lead-acid battery (inverted 

triangle symbol),  

• Figure 3c shows a plot of impedance against frequency and phase for a 

generic battery where the temperature has been varied (indicated by 10 

solid symbols),  

• Figure 4a shows a flowchart of calculation steps performed by the 

processor shown with respect to figure 1a to determine a state of 

health-based performance assessment indicator, and 

• Figure 4b shows a flowchart of calculation steps performed by the 15 

processor shown with respect to figure 1b to determine a state of 

health-based performance assessment indicator, and 

• Figures 5a and 5b show exemplary representations of equivalent 

circuit models used in a circuit simulation model implemented in a 

further aspect of the invention, and 20 

• Figure 6 provides an indicative comparative plot of current against 

time for different frequencies of test current provided in accordance 

with another aspect of the invention, and   

• Figure 7 provides an indicative plot of impedance against frequency as 

used to identify a transition frequency value in various embodiments, 25 

and 

• Figure 8 provides an indicative plot of impedance against frequency 

comparing measurements from two different batteries exhibiting 

different zero offset values. 

 30 

Further aspects of the invention will become apparent from the following 

description of the invention which is given by way of example only of 

particular embodiments. 

 

 35 
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Best modes for carrying out the invention 

 

Figure 1a shows a schematic circuit diagram of a battery performance 

assessment apparatus 1 as provided in accordance with one embodiment of 

the invention. The apparatus 1 is connected to a battery 2 by a pair of 5 

terminal connectors 3. These terminal connectors provide positive and 

negative terminal connections to a test current source 4 and a response 

measurement system 5.  

 

The test current source 4 is configured to supply a set of alternating test 10 

currents to the battery, where each of these test currents have a frequency 

less than an impedance transition frequency, as discussed in more detail 

with respect to figure 3. Each of these alternating test currents is supplied to 

the battery over several cycles of the frequency selected for the current and 

current magnitudes are fixed to prevent overcharging or over discharging of 15 

the battery. 

 

The response measurement system 5 is configured to measure the terminal 

voltage and current of the battery when supplied a test current  

 20 

Each of the test current source and response measurement systems are 

connected to and housed in combination with a processor 6. The processor 6 

controls the operation of the test current source 4 and receives voltage and 

current measurements from the response measurement system 5. The 

processor 6 is also connected to a temperature sensor 7 which is located 25 

close to the battery 2 and is used to provide an indication of the temperature 

of the battery. 

 

The processor is configured to output a state of health assessment indicator 

for the battery by calculating at least one impedance for the battery using 30 

the received terminal voltage and current measurements. The steps 

undertaken in this process are discussed in more detail with respect to the 

flowchart of figure 4a. 

 

Figure 1b shows a further schematic circuit diagram of a battery 35 

performance assessment apparatus as provided in accordance with another 

embodiment of the invention. This circuit is similar in many respects to that 
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shown with respect to figure 1a and also incorporates terminal connectors 3 

engaged with a battery 2 in addition to a test current source 4.  

 

In the embodiment shown a voltage measurement circuit 5 is connected 

across the terminals 3 in addition to being connected through to a current 5 

measurement circuit 8. A processor 6 is provided with input and output 

connections to these components, as illustrated by the communications 

arrows shown. The processor can issue operational commands to the current 

source 4, while receiving current and voltage measurements from the 

voltage and current measurement circuits 5, 8 - as well as temperature 10 

measurements from a temperature sensor 7.  

 

Figure 2 shows a flowchart of operational steps executed by the assessment 

apparatus illustrated with respect to both figures 1a and 1b. 

 15 

In the embodiment shown the first step A of this method is implemented by 

an activation command being received from a user. 

 

At step B the temperature sensor connected to the housing of a battery 

being assessed is polled and temperature information received in reply is 20 

sent to the processor memory.  

 

At step C the processor commands the current source to apply the first of a 

series of alternating test currents to the battery, each current having a 

specific frequency and peak current amplitude. The processor also controls 25 

the time period each test current is applied over.  

 

At step D the response measurement system is used to record a series of 

battery terminal voltage and current measurements while this test current is 

being applied. This set of measurements is sent to the processor memory. 30 

 

At step E a test is applied to determine if the test current which was just 

used is the last in the series of test currents to be applied to the battery. If 

this is not true step F is executed to increment through a list of alternating 

test currents and to read from the processor memory the particulars of the 35 

next test current to be applied at step C.  
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If the recently applied test current is the last in the sequence of test currents 

step G is executed where the processor calculates a state of health indicator, 

as discussed in more detail with respect to figure 4.  

 

Figure 3a shows a plot of impedance against frequency for a generic battery 5 

and the identification of at least one impedance transition frequency for this 

battery.  

 

As can be seen from figure 3a the rate of change of the battery impedance 

drops substantially from low frequencies to high frequencies. This 10 

behavioural change occurs in the transitional zone centred around 10-3 Hz. 

The form of plot shown with respect to figure 3 can be used to identify a 

band of frequencies which define this transitional zone so the invention can 

supply lower frequency alternating test currents.  

 15 

Figure 3b shows a plot of impedance against frequency for both a Lithium-

ion battery (indicated by the triangle symbol) and a Lead-acid battery 

(indicated by the inverted triangle symbol). 

 

As can be seen from figure 3b different types of battery will show different 20 

transition frequency characteristics and the transition points may shift 

dependent on battery type, size and quality. 

 

Figure 3b also highlights the slope of the curve below the transition 

frequency.  The slope indicates loss in a battery, with a smaller slope being 25 

associated with lower efficiency of returned power and lower power density.  

It could therefore be inferred from Figure 3b that the Lead-acid battery 

featured therein is of a lesser quality than that the Lithium-ion battery 

shown. 

 30 

Figure 3c shows a plot of impedance against frequency and phase for a 

generic battery where the temperature has been varied.  As can be seen 

from Figure 3c, a change in temperature results in a shift in the slope, which 

is constant with the understanding that battery performance can be 

dependent on temperature. 35 
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Figure 4a shows a flowchart of calculation steps performed by the processor 

shown with respect to figure 1a to determine a state of health based 

performance assessment indicator.  

 

The first step A of this method a set of current and voltage measurements 5 

are loaded into the processor memory. 

 

Next at step B a pre-processing operation is undertaken to improve the 

accuracy of the results obtained by the processor. The voltage and current 

data is subjected to a windowing pre-processing algorithm and is filtered to 10 

have a linear ramp component removed at this step. 

 

Next at step C a computation is completed to compute magnitude and phase 

of the voltage and the current at selected test current frequencies. In the 

embodiment shown a discrete Fourier transform is applied to the data to 15 

resolve this information. 

 

At step D a computation is executed to compute the complex impedance Z 

for particular frequencies of test currents by dividing voltage values by 

current values. 20 

 

At step E the processor instantiates a circuit simulation model for the battery 

by defining the parameters of a sequence of fractionally arranged constant 

phase elements.  

 25 

At step F the circuit simulation model generated is used to make a 

comparison to a maximum charge storage capacity target to indicate the 

state of health of the battery being assessed. At this stage a comparison is 

also made with stored state of health indications generated at prior times to 

identify any trends in the state of health of the battery.  30 

 

Figure 4b shows a flowchart of calculation steps performed by the processor 

shown with respect to figure 1ab to determine a state of health based 

performance assessment indicator. 

 35 

In the embodiment shown steps A, B, C and D are the same as discussed 

above with respect to figure 4a, with voltage and current measurements 
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being loaded to memory, undergoing a pre-processing operation, and 

voltage and current magnitude and phase being computed at selected test 

current frequencies. Step D is an executed to compute the complex 

impedance Z for particular frequencies of test currents by dividing voltage 

values by current values. 5 

 

At step E computed values of impedance associated with different 

frequencies of test currents are applied as cross-referencing parameters to a 

lookup table loaded to processor memory. The stored entries of this table 

are pre-calculated to provide a numerical metric indication of battery state of 10 

health using previously prepared calibration data for the specific type of 

battery being assessed. Therefore in this embodiment a circuit simulation 

model does not need to be instantiated and run by a processor at this stage.  

 

At step F the identified table entry isolated by the input impedance and 15 

frequency values is retrieved and displayed to a user to indicate the state of 

health performance of the battery. Again at this stage a comparison is also 

made of stored state of health indications generated at prior times to 

identify any trends in the state of health battery.  

 20 

Figures 5a and 5b show exemplary representations of equivalent circuit 

models used in a circuit simulation model implemented in a further aspect of 

the invention. 

 

In various embodiments the processor can be used to calculate a series of 25 

impedance values for the battery, each of these impedances being 

associated with a particular frequency of alternating test current. These 

impedances can then be used as input parameters to define each of the 

components shown in these two equivalent circuit models. 

 30 

Figure 5a illustrates an equivalent circuit model for a battery which is 

composed from a single CPE constant phase element provided in 

combination with a single series resistance Rs.  

 

The parameters of the CPE component are defined using the rate of change 35 

of calculated impedance values with frequency, and the zero offset of 

calculated impedance values applied against frequency. The additional series 
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resistance Rs is defined by a measurement of the terminal voltage and 

current exhibited when a direct current signal is applied to the battery. 

 

Figure 5b shows an alternative circuit model where the single CPE 

component of figure 5b is substituted for an equivalent set of n fractionally 5 

arranged constant phase element fractional capacitor components – CPE/n. 

This equivalent split assembly replaces the single CPE component with n 

smaller CPE components, CPE/n, connected in parallel with an intervening 

resistance Rx/n to the same series resistance as before, Rs.  

 10 

Figure 6 provides an indicative comparative plot of current against time for 

different frequencies of test current provided in accordance with another 

aspect of the invention. 

 

In the embodiment shown the processor is configured to control the 15 

amplitude and frequency of the alternating test current applied to a battery. 

These controls are applied to avoid overcharging the battery during a 

measurement period as test currents are supplied to the battery.   

 

As can be seen from figure 6 the amplitude of an alternating test current is 20 

set based on the frequency of the signal being applied and the capacity of 

the battery being assessed. The 188 µHz test current has the shortest 

wavelength shown, so is allowed to exhibit the highest current peak. 

Comparatively the 71 and 27 µHz test currents have increasingly longer 

wavelengths and need to be applied for longer times, so the current peak of 25 

each is progressively limited by the operation of the processor. In this way 

the test currents applied can deliver or remove approximately 10 percent or 

less of the charge capacity of the battery. 

 

Figure 7 provides an indicative plot of impedance against frequency as used 30 

to identify a transition frequency value in various embodiments. In such 

embodiments a performance assessment indicator may be calculated using 

the lower-frequency impedance values plotted with frequency coupled to the 

high-frequency impedance values. As shown by figure 7 the values of 

impedance recorded using test currents below the impedance transition 35 

frequency suggest a straight line. Where this straight line crosses the value 

measured at high frequencies is an estimate of the impedance transition 
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frequency. This value is identified in figure 7 at the frequency where the two 

fitted lines intersect. In various embodiments a relatively high impedance 

transition frequency can indicate that a battery has a reduced ability to 

sustain high power energy delivery. 

 5 

Figure 8 provides an indicative plot of impedance against frequency 

comparing measurements from two different batteries exhibiting different 

zero offset values.  

 

In such embodiments a performance assessment indicator representative of 10 

the maximum charge capacity of the battery may be evaluated by, for 

example, extrapolating a y-axis intercept value for plotted impedance 

measurements against test current frequency, or alternatively comparing 

impedance values at a selected predetermined frequency value below the 

impedance transition frequency. 15 

 

As can be seen from figure 8 the lower triangle data point plot has an 

anticipated lower y-axis intercept when compared with the anticipated y-axis 

intercept of the upper square data point plot. Similarly the low frequency 

impedance measurements of the triangle data point plot all exhibit small 20 

zero offset values when compared with the square data point plot. This 

indicates that the battery associated with the triangle data point 

measurements has a greater storage capacity when compared with the 

battery associated with the square data point measurements. 

 25 

In the preceding description and the following claims the word “comprise” or 

equivalent variations thereof is used in an inclusive sense to specify the 

presence of the stated feature or features. This term does not preclude the 

presence or addition of further features in various embodiments.  

 30 

It is to be understood that the present invention is not limited to the 

embodiments described herein and further and additional embodiments 

within the spirit and scope of the invention will be apparent to the skilled 

reader from the examples illustrated with reference to the drawings.  In 

particular, the invention may reside in any combination of features described 35 

herein, or may reside in alternative embodiments or combinations of these 

features with known equivalents to given features. Modifications and 
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variations of the example embodiments of the invention discussed above will 

be apparent to those skilled in the art and may be made without departure 

of the scope of the invention as defined in the appended claims.  

 

5 
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What we claim is: 

 

1. A battery performance assessment apparatus which includes 

two terminal connectors configured to electrically connect the 

assessment apparatus to the positive and negative terminals of a 5 

battery being assessed, and 

a response measurement system configured to measure the terminal 

voltage and current of the battery when supplied with at least one 

alternating test current having a frequency less than 1 Hz and/or less 

than an impedance transition frequency associated with the battery 10 

being assessed, and 

a processor in communication with the response measurement system 

and being configured to output a performance assessment indicator for 

the battery being assessed by calculating at least one impedance for 

the battery using terminal voltage and current measurements 15 

communicated by the response measurement system. 

 

2. A battery performance assessment apparatus as claimed in claim 1 

which includes a test current source configured to supply at least one 

alternating test current to the battery being assessed, said at least one 20 

alternating test current having a frequency less than 1 Hz and/or less 

than an impedance transition frequency associated with the battery 

being assessed. 

 

3. A battery performance assessment apparatus as claimed in claim 1 or 2 25 

wherein the test current source is provided by a dedicated alternating 

current generation circuit.  

 

4. A battery performance assessment apparatus as claimed in claim 1 or 2 

wherein the test current source incorporates switching electronics 30 

connected across two or more batteries.  

 

5. A battery performance assessment apparatus as claimed in claim 1 or 2 

wherein the test current source is provided by regular load and 

charging circuits.  35 
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6. A battery performance assessment apparatus as claimed in any one of 

claims 1 to 5 wherein the processor is programmed to implement a 

circuit simulation model which uses the terminal voltage and current 

measurements communicated to the processor as input parameters to 

define at least one constant phase element fractional capacitor to 5 

simulate the battery being assessed. 

 

7. A battery performance assessment apparatus as claimed in any one of 

claims 1 to 5 wherein the processor is programmed to implement a 

circuit simulation model which uses the terminal voltage and current 10 

measurements communicated to the processor as input parameters to 

define a plurality of fractionally arranged constant phase element 

fractional capacitor components to simulate the battery being assessed. 

 

8. A battery performance assessment apparatus as claimed in any one of 15 

claims  1 to 7 wherein a performance assessment indicator is 

determined using voltage and current measurements recorded during a 

single measurement period in response to several different frequencies 

of test currents. 

 20 

9. A battery performance assessment apparatus as claimed in any one of 

claims 1 to 7 wherein a performance assessment indicator is determined 

using multiple voltage and current measurements recorded during 

different measurement periods in response to the same test current.  

 25 

10. A battery performance assessment apparatus as claimed in any one of 

claims 1 to 9 wherein the test current source applies a composite test 

current signal formed from the summation of two or more alternating 

test currents with different frequencies. 

 30 

11. A battery performance assessment apparatus as claimed in any one of 

claims 1 to 10 wherein a performance assessment indicator is calculated 

using the rate of change of calculated impedance values with 

frequency. 

 35 
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12. A battery performance assessment apparatus as claimed in any one of 

claims 1 to 10 wherein a performance assessment indicator is calculated 

using the transition frequency value. 

 

13. A battery performance assessment as claimed in any one of claims 1 to 10 5 

wherein a performance assessment indicator is calculated using at least 

one impedance zero offset value.  

 

14. A battery performance assessment apparatus as claimed in any one of 

claims 1 to 10 wherein a performance assessment indicator is calculated 10 

using a transition bandwidth value.  

 

15. A battery performance assessment apparatus as claimed in any one of 

claims 1 to 14 wherein the assessment apparatus applies a test current 

for at least one cycle of the frequency of the test current.  15 

 

16. A battery performance assessment apparatus as claimed in any one of 

claims 1 to 15 which includes a temperature sensor placed in close 

proximity to the battery being assessed.  

 20 

17. A battery performance assessment apparatus as claimed in any one of 

claims 1 to 16 wherein at least one component of the processor is 

located remotely from the terminal connectors and response 

measurement system.  

 25 

18. A battery performance assessment apparatus as claimed in any one of 

claims 1 to 17 wherein the processor is configured to control the 

amplitude and frequency of the alternating test current applied to a 

battery.  

 30 

19. A battery performance assessment apparatus as claimed in claim 18 

wherein the amplitude of an alternating test current is set based on the 

frequency of the signal being applied and the capacity of the battery 

being assessed.  

 35 
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20. A battery performance assessment apparatus as claimed in any one of 

claims  1 to 19 wherein the test current applied delivers or removes 

approximately 10 percent or less of the charge capacity of the battery.  

 

21. A battery performance assessment apparatus as claimed in any one of 5 

claims  1 to 20 wherein the processor is configured to execute a 

preliminary charge state fixing process prior to applying an alternating 

test current to a battery.  

 

  10 
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Abstract: 

 

In one aspect the invention provides an assessment apparatus which 

includes two terminal connectors configured to electrically connect the 

assessment apparatus to the positive and negative terminals of a battery 5 

being assessed. The apparatus also includes a response measurement 

system configured to measure the terminal voltage and current of the 

battery when supplied with at least one alternating test current having a 

frequency less than 1 Hz and/or less than an impedance transition frequency 

associated with the battery being assessed. Also provided is a processor in 10 

communication with the response measurement system and being 

configured to output a performance assessment indicator for the battery 

being assessed by calculating at least one impedance for the battery using 

terminal voltage and current measurements communicated by the response 

measurement system. 15 
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1260A
Impedance/gain-phase Analyzer
The 1260A Impedance/gain-phase
Analyzer is - without doubt - the most 
powerful, accurate and flexible
Frequency Response Analyzer
available today.

In daily use by leading researchers
wherever measurement integrity and
experimental reliability are of
paramount importance, 1260A’s 
solid reputation is frequently 
endorsed in published research 
papers in fields such as:

•	 Corrosion studies
•	 Battery research and fuel cells
•	 Solar cells
•	 LCDs
•	 Bio-materials
•	 Ceramics / composites
•	 Electronic component 

development
•	 Civil engineering

Part of Solartron Analytical’s 
extensive range of precision 
products designed to provide cost 
effective solutions for dc and ac 
analysis in electrochemical and 
materials research, 1260A offers 
an outstanding measurement 
specification for impedance 
spectroscopy:

Huge frequency range

Spanning 10μHz to 32MHz with
0.015ppm resolution, 1260A 
provides excellent coverage for 
virtually all chemical and molecular 
mechanisms - all in a single 
instrument.
Unbeatable accuracy

With an accuracy of 0.1%, 0.1º,
measurements can be made with
complete confidence, and even the
most subtle changes in sample
behavior detected and quantized.

Noise free Analysis

1260A uses Solartron Analytical’s
patented single-sine correlation
technique, which inherently re-
moves
the noise and harmonic distortion
which plagues lesser instruments.

•	 Frequency resolution: 1 in 65
million (0.015ppm)

•	 0.1%, 0.1º accuracy - 

•	 Resolution to 0.001dB, 0.01º 

•	 Measures impedances 
>100MΩ

•	 2-, 3- and 4-terminal 
measurement configurations

•	 Polarization voltage up to 
±40.95V

•	 Renowned ZPlot software 
package simplifies experiments 
and optimizes throughput

Systems

When combined with other prod-
ucts from Solartron Analytical’s 
range, including well-proven ap-
plication software, 1260A can form 
the heart of an advanced electro-
chemical and
materials measurement system, to
provide superb accuracy, flexibility 
and reliability - even for the most 
complex research problems.

Impedance measurement

Virtually every liquid and solid is 
able to pass current when a voltage 
is applied to it. If a variable (ac) 
voltage is applied to the material, 
the ratio of voltage to current is 
known as the impedance. The 
measured impedance varies 
with the frequency of the applied 
voltage in a way that is related 
to the properties of the liquid or 
solid.  This may be due to the 
physical structure of the material, 
to chemical processes within it or a 
combination of both.

The advantages of impedance
measurement over other 
techniques include:

•	 Rapid aquisition of data

•	 Accurate, repeatable 
measurements

•	 Non-destructive

•	 Highly adaptable to a wide 
variety of different applications

•	 Ability to differentiate effects 
due to electrodes, diffusion, 
mass/charge transfer by 
analysis over different 
frequency ranges

•	 Equivalent circuit/modelling 
techniques for detailed analysis 
of results

A



1260A Impedance/Gain-Phase Analyzer Specification

Generator Voltage mode Current mode
AC Amplitude <10MHz
                      >10MHz

0 to 3 V rms
0 to 1 V rms

0 to 60 mA rms
0 to 20 mA rms

Maximum ac resolution 5 mV 100 μA

DC bias range ±40.95 V ±100 mA

Maximum DC resolution 10 mV 200 μA

Output impedance 50 W±1% >200 kW <1 kHz

Frequency Range: 10 μHz to 32 MHz, max resolution: 10 μHz
Error: ±100ppm, stability, 24hrs ±1ºC: ±10ppm

Sweep types Frequency (log or lin), AC/DC voltage, AC/DC current

Maximum voltage Hi to lo: ±46 V peak, lo to ground: ±0.4 V peak

Maximum current ±100 mA peak

Impedance Lo to ground: 100 kW, <10 nF

Connection Single BNC, floating shield

Output disable Contact closure or TTL logic 0

Input System Voltage (2x) Current

3 independent analyzers operating in parallel

Ranges 30 mV, 300 mV, 3 V 6 μA, 60 μA, 600 μA,       
6 mA, 60 mA

Maximum resolution 1 μV 200 pA

Full scale peak ±5 V ±100 mA

Inputs protected to ±46 V ±250 mA

Connections Single/differential BNC single BNC

Shields Floating/grounded

Coupling DC or AC (-3dB at 
1Hz)

DC or AC (-3dB at Hz)

Input Impedance

Hi to shield 1 MW, <35 pF >600 μA range, 1 W

Shield to ground 10 kW, 330 pF

Limits of error Ambient temperature 20±10ºC, integration time 
>200 ms.
Data valid for one year after calibration.

Results

Variable Frequency, AC amplitude, DC bias

Measured parameters Voltage gain, phase, real, imaginary, Z, R, X, Y, G, B, 
V, I   group delay, C, L, Q, D

Power supply 90 to 126 V, 198 to 252 V, 48 to 65 Hz

Power consumption 230 VA

Dimensions (w x h x d) 432 mm x 176 mm x 573 mm (17 in x 6.93 in x 
22.56 in) 

Weight 18 kg (40 lbs)

Operating temp. range 0 to 50ºC (32 to 122 ºF)
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Impedance Measurements
Applies for stimulation level of 1 V for
impedances >50 W or 20 mA for
impedances <50 W

www.ameteksi.com     si.info@ametek.com 

USA

Tel: (865) 425-1289  
Fax: (865) 481-2410

Europe

Tel: +44 (0)1252 556800
Fax: +44 (0)1252 556899

Please see our website for a complete list of our global offices 
and authorized agents
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Notices
© Keysight Technologies 2003-2015

No part of this manual may be repro-
duced in any form or by any means 
(including electronic storage and 
retrieval or translation into a foreign 
language) without prior agreement and 
written consent from Keysight Tech-
nologies as governed by United States 
and international copyright laws.

Manual Part Number

E5260-90090

Edition

Edition 1, July 2003
Edition 2, July 2009
Edition 3, July 2015

Published by:
Keysight Technologies, Inc.
1400 Fountaingrove Parkway 
Santa Rosa, CA 95403 USA

Warranty

The material contained in this doc-
ument is provided “as is,” and is 
subject to being changed, without 
notice, in future editions. Further, 
to the maximum extent permitted 
by applicable law, Keysight dis-
claims all warranties, either 
express or implied, with regard to 
this manual and any information 
contained herein, including but not 
limited to the implied warranties of 
merchantability and fitness for a 
particular purpose. Keysight shall 
not be liable for errors or for inci-
dental or consequential damages 
in connection with the furnishing, 
use, or performance of this docu-
ment or of any information con-
tained herein. Should Keysight and 
the user have a separate written 
agreement with warranty terms 
covering the material in this docu-
ment that conflict with these 
terms, the warranty terms in the 
separate agreement shall control.

Technology Licenses 

The hardware and/or software 
described in this document are fur-
nished under a license and may be 
used or copied only in accordance with 
the terms of such license.

Restricted Rights Legend

If software is for use in the perfor-
mance of a U.S. Government prime 

contract or subcontract, Software is 
delivered and licensed as “Commercial 
computer software” as defined in DFAR 
252.227-7014 (June 1995), or as a 
“commercial item” as defined in FAR 
2.101(a) or as “Restricted computer 
software” as defined in FAR 52.227-19 
(June 1987) or any equivalent agency 
regulation or contract clause. Use, 
duplication or disclosure of Software is 
subject to Keysight Technologies’ 
standard commercial license terms, 
and non-DOD Departments and Agen-
cies of the U.S. Government will 
receive no greater than Restricted 
Rights as defined in FAR 52.227-
19(c)(1-2) (June 1987). U.S. Govern-
ment users will receive no greater than 
Limited Rights as defined in FAR 
52.227-14 (June 1987) or DFAR 
252.227-7015 (b)(2) (November 1995), 
as applicable in any technical data.

 
 

 
 



 
 

 
 



In This Document
This document provides the following information about Keysight E5260/E5270 
Precision IV Analyzer.

1. E5260/E5270 series Product Configuration

Describes the product configuration of the E5260/E5270.

2. Accessories for E5260/E5270

Describes the available accessories for the E5260/E5270.

3. Connection Guide for Wafer Prober

Describes how to connect the E5260/E5270, accessories, and a DUT interface 
such as wafer prober and your own test fixture.

4. Connection and Ordering Examples

Describes fixture/prober connection and ordering examples.
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Product line up of the E5260/E5270 series

1.1 Product line up of the E5260/E5270 series
The Keysight E5260/E5270 Precision 
IV analyzer offers very accurate IV 
characterization solution. Using the 
powerful characterization software, 
EasyEXPERT group+ and integrated 
source and measurement units 
(SMUs), Precision IV analyzer can 
quickly enable highly accurate 
current-voltage measurement. This 
high performance IV analyzer with 
current measurement capability as 
low as 0.1 fA, along with SMU 
scalability, meets the requirements of 
advanced IV characterization, with 
the lowest pricing range.

With its intuitive graphical user 
interface, Keysight’s EasyEXPERT 
group+ software which is included in 
the Precision IV analyzer, supports all of the characterization tasks from measurement 
setup through to data analysis and protection.

This complete device characterization platform, tailored for the Precision IV analyzer, can 
be installed on any PC and can quickly and efficiently accelerate the IV characterization of 
various materials and devices without the need for configuring instruments and 
programing. The EasyEXPERT group+ also offers robust analysis capabilities, reporting 
functions, and can be installed on multiple PCs to allow for cross-departmental group 
work. 

The Precision IV analyzer series offers four product models. Two channel models offer 
fixed configuration at an affordable price. Eight slot models provide scalability and 
flexibility of configurable SMU modules. Any model contains triaxial cables for GNDU 
and SMU, GNDU to Kelvin adapter, USB-GPIB interface and EasyEXPERT group+ 
install media.

• E5260A/E5270B Precision IV Analyzer (configurable up to 8 channels)

The E5260A/E5270B mainframe that provides the ground unit (GNDU) and eight 
empty slots for the measurement facilities can be controlled by external PC with the 
Keysight EasyEXPERT group+ software. The EasyEXPERT group+ is the GUI based 
measurement control and analysis software runs on the Windows operation system. 

• HPSMU module (E5260A-A10 / E5270B-A10)

High power source/monitor unit module. Occupies two slots.

• MPSMU module (E5260A-A11 / E5270B-A11)

Medium power source/monitor unit module. Occupies one slot.

• HRSMU module (E5270B-A17)



Keysight E5260/E5270 series Configuration and Connection Guide, Edition 3 1-3

E5260/E5270 series Product Configuration

Product line up of the E5260/E5270 series

High resolution source/monitor unit module. Occupies one slot. It is only available in 
the E5270B Precision IV Analyzer / 8 Slot Precision Measurement Mainframe. Needs 
Keysight E5288A ASU (option A28) to perform atto level current measurement or 
automatic switching of the measurement resources connection.

• Atto sense and Switch Unit (E5270B-A28)

Atto sense and switch unit (ASU). Used to enable the 1 pA range for the atto level 
current measurement, also switch the measurement resource connected to the DUT. 
The measurement resource can be HRSMU or the instrument connected to the AUX 
terminal.

Figure 1-1 E5260A IV analyzer Front View

Figure 1-2 E5262A/E5263A 2 channel IV analyzer Front View
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Product line up of the E5260/E5270 series

Figure 1-3 E5270B Precision IV analyzer Front View

Table 1-1 Mainframe Specification

Table 1-2 SMU Module Variation (E5260A/E5262A/E5263A)

Available Slots 8 (8 slot model)

Ground Unit (GNDU) sink capability 4 A (2.2A for 2ch model)

Instrument control GPIB

External trigger inputs / outputs
1 BNC Trigger in, 1 BNC Trigger out, 8 
Programmable Trigger In/Out

Module 

Key specification

Max. 
Current

Max. 
Voltage

Current 
means. 
Resolu-

tion

Voltage 
means. 
Resolu-

tion

Req’d 
slots

HPSMU
(High Power SMU) ±1 A ±200 V 5 pA 100 μV 2

MPSMU
(Medium Power SMU) ±200 mA ±100 V 5 pA 100 μV 1
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Table 1-3 SMU Module Variation (E5270B)

Module 

Key specification

Max. 
Current

Max. 
Voltage

Current 
means. 
Resolu-

tion

Voltage 
means. 
Resolu-

tion

Req’d 
slots

HPSMU
(High Power SMU) ±1 A ±200 V 10 fA 2 μV 2

MPSMU
(Medium Power SMU) ±100 mA ±100 V 10 fA 0.5 μV 1

HRSMU
(High Resolution SMU) ±100 mA ±100 V 1 fA 0.5 μV 1

ASU
(Atto Sense and Switch Unit) ±100 mA ±100 V 0.1 fA 0.5 μV NA
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1.2 Options of E5270B Precision IV analyzer
This section describes Option items of the Keysight E5270B Precision IV Analyzer / 8 Slot 
Precision Measurement Mainframe.

Table 1-4 B1500A Options

Model/ 
Option

Description OP Instruction

Mainframe

E5270B Precision IV Analyzer / 8 Slot Precision 
Measurement Mainframe

• Select option 015 or 030 to specify cable length.
• Select option 050 or 060 to specify Power line 

frequency.
• The following accessories are included. See 

Table 1-8, for more details of furnished 
accessories.

One Interlock cable (1.5 m or 3.0 m)
One GNDU cable (1.5 m or 3.0 m)
One Triaxial cable (1.5 m or 3.0 m)
GNDU to Kelvin adapter
CD media for user’s guide
CD media for EasyEXPERT group+
SWS License To Use (LTU) for EasyEXPERT 
group+ software
USB-GPIB interface

Select pre-configured package options (optional)

E5270B-A01 Mid Power Source/Monitor Unit (4ea), 
Cables 

• This package contains four MPSMU and eight 
Triaxial cables.

• Cable length 1.5 m or 3.0 m is specified by 
option 015 or 030.

E5270B-A02 Mid power Source/Monitor unit (2ea), 
High Resolution Unit (2ea), Cables

• This package contains two MPSMU, two 
HRSMU and eight triaxial cables.

• Cable length 1.5 m or 3.0 m is specified by 
option 015 or 030.

E5270B-A03 High Resolution Source/Monitor Unit 
(4ea), Cables

• This package contains four HRSMU and eight 
triaxial cables.

• Cable length 1.5 m or 3.0 m is specified by 
option 015 or 030.

Select add-on packages (optional)

E5270B-A10 Add High Power Source/Monitor Unit 
(E5280B) 1ea, Cables

• HPSMU add-on package adds one HPSMU and 
two triaxial cables.

• Cable length 1.5 m or 3.0 m is specified by 
option 015 or 030.
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E5270B-A11 Add Mid Power Source/Monitor Unit 
(E5281B) 1ea, Cables

• MPSMU add-on package adds one MPSMU and 
two triaxial cables.

• Cable length 1.5 m or 3.0 m is specified by 
option 015 or 030.

E5270B-A17 Add High Resolution Source/Monitor 
Unit (E5287A) 1ea, Cables

• HRSMU add-on package adds one HRSMU and 
two triaxial cables.

• Cable length 1.5 m or 3.0 m is specified by 
option 015 or 030.

E5270B-A28 Add Atto Sense and Switch Unit 
(E5288A ASU) 1ea

• ASU add-on package adds one ASU, one D-sub 
cable, and one triaxial cable.

• It requires option A17 Add HRSMU.
• Cable length 1.5 m or 3.0 m is specified by 

option 015 or 030.

Specify the cable length (mandatory)

E5270B-015 1.5 m cable length • 1.5 m cable length (for bundled cables and for 
package options)

E5270B-030 3.0 m cable length • 3.0 m cable length (for bundled cables and for 
package options)

Specify the power line frequency (mandatory)

E5270B-050 50Hz line frequency 

E5270B-060 60Hz line frequency 

Select rack mount kit (optional)

E5270B-1CM Rack mount kit for E5270B • Rack mount kit for the E5270B.
• 5U height EIA

Specify the language of the paper manuals if you need (optional)

E5270B-ABA Printed Manuals (English) • Printed manuals are optional. Order this option 
to get the paper manuals. Contains 
E5260/E5270 user guide, Plug & Play driver 
user guide, self-paced training manual, 
EasyEXPERT user guide, and programming 
guide.

E5270B-ABJ Printed Manuals (Japanese)

Bundled accessories delete option (optional)

E5270B-DLA Delete Accessories Bundled for 
Analyzer Use

• This option deletes USB-GPIB interface, CD 
Media for EasyEXPERT group+, and LTU for 
EasyEXPERT group+ software.

Select calibration options (optional)

Model/ 
Option

Description OP Instruction
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E5270B-A6J ANSI Z540-1-1994 Calibration • Test Data for ISO 9001/2 Commercial 
Calibration. This option provides measurement 
test data for the standard commercial calibration 
and test equipment trace information.

E5270B-UK6 Commercial calibration certificate with 
test data

Refurbished product

E5270B
-RMKT

Keysight Refurbished products • Shipment of used product from factory.

Startup assistance

PS-S20-01 Keysight 1 day startup assistance • Startup assistance & product training.

Model/ 
Option

Description OP Instruction
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1.3 Options of E5260A IV analyzer
This section describes Option items of the Keysight E5260A IV Analyzer / 8 Slot High 
speed Measurement Mainframe.

Table 1-5 B1500A Options

Model/ 
Option

Description OP Instruction

Mainframe

E5260A IV Analyzer / 8 Slot High speed 
Measurement Mainframe

• Select option 015 or 030 to specify cable length.
• Select option 050 or 060 to specify Power line 

frequency.
• The following accessories are included. See 

Table 1-8, for more details of furnished 
accessories.

One Interlock cable (1.5 m or 3.0 m)
One GNDU cable (1.5 m or 3.0 m)
One Triaxial cable (1.5 m or 3.0 m)
GNDU to Kelvin adapter
CD media for user’s guide
CD media for EasyEXPERT group+
SWS License To Use (LTU) for EasyEXPERT 
group+ software
USB-GPIB interface

Select pre-configured package options (optional)

E5260A-A01 Mid Power Source/Monitor Unit (4ea), 
Cables 

• This package contains four MPSMU and eight 
Triaxial cables.

• Cable length 1.5 m or 3.0 m is specified by 
option 015 or 030.

Select add-on packages (optional)

E5260A-A10 Add High Power Source/Monitor Unit 
(E5290A) 1ea, Cables

• HPSMU add-on package adds one HPSMU and 
two triaxial cables.

• Cable length 1.5 m or 3.0 m is specified by 
option 015 or 030.

E5260A-A11 Add Mid Power Source/Monitor Unit 
(E5291A) 1ea, Cables

• MPSMU add-on package adds one MPSMU and 
two triaxial cables.

• Cable length 1.5 m or 3.0 m is specified by 
option 015 or 030.

Specify the cable length (mandatory)

E5260A-015 1.5 m cable length • 1.5 m cable length (for bundled cables and for 
package options)
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E5260A-030 3.0 m cable length • 3.0 m cable length (for bundled cables and for 
package options)

Specify the power line frequency (mandatory)

E5260A-050 50Hz line frequency 

E5260A-060 60Hz line frequency 

Select rack mount kit (optional)

E5260A-1CM Rack mount kit for E5260A • Rack mount kit for the E5260A.
• 5U height EIA

Specify the language of the paper manuals if you need (optional)

E5260A-ABA Printed Manuals (English) • Printed manuals are optional. Order this option 
to get the paper manuals. Contains 
E5260/E5270 user guide, Plug & Play driver 
user guide, self-paced training manual, 
EasyEXPERT user guide, and programming 
guide.

E5260A-ABJ Printed Manuals (Japanese)

Bundled accessories delete option (optional)

E5260A-DLA Delete Accessories Bundled for 
Analyzer Use

• This option delete USB-GPIB interface, CD 
Media for EasyEXPERT group+, and LTU for 
EasyEXPERT group+ software.

Select calibration options (optional)

E5260A-A6J ANSI Z540-1-1994 Calibration • Test Data for ISO 9001/2 Commercial 
Calibration. This option provides measurement 
test data for the standard commercial calibration 
and test equipment trace information.

E5260A-UK6 Commercial calibration certificate with 
test data

Refurbished product

E5260A
-RMKT

Keysight Refurbished products • Shipment of used product from factory.

Startup assistance

PS-S20-01 Keysight 1 day startup assistance • Startup assistance & product training.

Model/ 
Option

Description OP Instruction
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1.4 Options of E5262A 2 channel IV analyzer
This section describes Option items of the Keysight E5262A 2 Channel IV Analyzer / 
Source Monitor Unit (Two Medium Power SMUs).

Table 1-6 B1500A Options

Model/ 
Option

Description OP Instruction

Mainframe

E5262A 2 Channel IV Analyzer / Source 
Monitor Unit (Two Medium Power 
SMUs)

• This model includes two MPSMUs and GNDU 
(2.2A).

• Select option 015 or 030 to specify cable length.
• Select option 050 or 060 to specify Power line 

frequency.
• The following accessories are included. See 

Table 1-8, for more details of furnished 
accessories.

One Interlock cable (1.5 m or 3.0 m)
One GNDU cable (1.5 m or 3.0 m)
Five Triaxial cables (1.5 m or 3.0 m)
GNDU to Kelvin adapter
CD media for user’s guide
CD media for EasyEXPERT group+
SWS License To Use (LTU) for EasyEXPERT 
group+ software
USB-GPIB interface

Specify the cable length (mandatory)

E5262A-015 1.5 m cable length • 1.5 m cable length (for bundled cables)

E5262A-030 3.0 m cable length • 3.0 m cable length (for bundled cables)

Specify the power line frequency (mandatory)

E5262A-050 50Hz line frequency 

E5262A-060 60Hz line frequency 

Select rack mount kit (optional)

E5262A-1CM Rack mount kit for E5262A • Rack mount kit for the E5262A.
• 3U height EIA

Specify the language of the paper manuals if you need (optional)
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E5262A-ABA Printed Manuals (English) • Printed manuals are optional. Order this option 
to get the paper manuals. Contains 
E5260/E5270 user guide, Plug & Play driver 
user guide, self-paced training manual, 
EasyEXPERT user guide, and programming 
guide.

E5262A-ABJ Printed Manuals (Japanese)

Bundled accessories delete option (optional)

E5262A-DLA Delete Accessories Bundled for 
Analyzer Use

• This option delete USB-GPIB interface, CD 
Media for EasyEXPERT group+, and LTU for 
EasyEXPERT group+ software.

Select calibration options (optional)

E5262A-A6J ANSI Z540-1-1994 Calibration • Test Data for ISO 9001/2 Commercial 
Calibration. This option provides measurement 
test data for the standard commercial calibration 
and test equipment trace information.

E5262A-UK6 Commercial calibration certificate with 
test data

Refurbished product

E5262A
-RMKT

Keysight Refurbished products • Shipment of used product from factory.

Startup assistance

PS-S20-01 Keysight 1 day startup assistance • Startup assistance & product training.

Model/ 
Option

Description OP Instruction
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1.5 Options of E5263A 2 channel IV analyzer
This section describes Option items of the Keysight E5262A 2 Channel IV Analyzer / 
Source Monitor Unit (High Power SMU, Medium Power SMU).

Table 1-7 B1500A Options

Model/ 
Option

Description OP Instruction

Mainframe

E5263A 2 Channel IV Analyzer / Source 
Monitor Unit (High Power SMU, 
Medium Power SMU)

• This model includes one HPSMU, one MPSMU 
and GNDU (2.2A).

• Select option 015 or 030 to specify cable length.
• Select option 050 or 060 to specify Power line 

frequency.
• The following accessories are included. See 

Table 1-8, for more details of furnished 
accessories.

One Interlock cable (1.5 m or 3.0 m)
One GNDU cable (1.5 m or 3.0 m)
Five Triaxial cables (1.5 m or 3.0 m)
GNDU to Kelvin adapter
CD media for user’s guide
CD media for EasyEXPERT group+
SWS License To Use (LTU) for EasyEXPERT 
group+ software
USB-GPIB interface

Specify the cable length (mandatory)

E5263A-015 1.5 m cable length • 1.5 m cable length (for bundled cables)

E5263A-030 3.0 m cable length • 3.0 m cable length (for bundled cables)

Specify the power line frequency (mandatory)

E5263A-050 50Hz line frequency 

E5263A-060 60Hz line frequency 

Select rack mount kit (optional)

E5263A-1CM Rack mount kit for E5263A • Rack mount kit for the E5263A.
• 3U height EIA

Specify the language of the paper manuals if you need (optional)
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Options of E5263A 2 channel IV analyzer

E5263A-ABA Printed Manuals (English) • Printed manuals are optional. Order this option 
to get the paper manuals. Contains 
E5260/E5270 user guide, Plug & Play driver 
user guide, self-paced training manual, 
EasyEXPERT user guide, and programming 
guide.

E5263A-ABJ Printed Manuals (Japanese)

Bundled accessories delete option (optional)

E5263A-DLA Delete Accessories Bundled for 
Analyzer Use

• This option delete USB-GPIB interface, CD 
Media for EasyEXPERT group+, and LTU for 
EasyEXPERT group+ software.

Select calibration options (optional)

E5263A-A6J ANSI Z540-1-1994 Calibration • Test Data for ISO 9001/2 Commercial 
Calibration. This option provides measurement 
test data for the standard commercial calibration 
and test equipment trace information.

E5263A-UK6 Commercial calibration certificate with 
test data

Refurbished product

E5263A
-RMKT

Keysight Refurbished products • Shipment of used product from factory.

Startup assistance

PS-S20-01 Keysight 1 day startup assistance • Startup assistance & product training.

Model/ 
Option

Description OP Instruction
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1.6 Furnished accessories
Furnished accessories of the E5260/E5270 series Precision IV analyzer and furnished 
accessories of package options are described in this chapter.

Table 1-8 Furnished accessories on the B1500A semiconductor device analyzer mainframe

Description Qty. Note

Interlock cable 1 Cable length 1.5 m or 3.0 m is specified by the option 015 or 030.

GNDU cable 1 Cable length 1.5 m or 3.0 m is specified by the option 015 or 030.

GNDU Kelvin adapter 1 GNDU Kelvin adapter must be directly connected to the E5260/E5270 
GNDU connector for taking out the GNDU Force and Sense to the 
individual connectors. Then the GNDU cable must be used for extending the 
GNDU Force. And the triaxial cable must be used for the Sense.

Triaxial cable 1 Cable length 1.5 m or 3.0 m is specified by the option 015 or 030.

Power cable 1 Power cable for the E5260/E5270
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The EasyEXPERT group+ software includes the following utility program. For more 
details, see Keysight EasyEXPERT User’s Guide.

• Prober control program

• sleep.exe program

• 4155/4156 setup file converter

• MDM file converter for IC-CAP users

Table 1-9 E5260A/E5270B-A01 Mid Power Source/Monitor Unit (4ea), Cables

Table 1-10 E5270B-A02 Mid power Source/Monitor unit (2ea), High Resolution Unit (2ea), 
Cables

Table 1-11 E5270B-A03 High Resolution Source/Monitor Unit (4ea), Cables

Software CD 1 Media for EasyEXPERT group+ software

License Sheet 1 SWS License-to-use for EasyEXPERT group+ software.

Driver/Tools CD 1 VXIplug&play driver.

Description Qty. Note

Description Qty. Note

MPSMU 4 Installed Medium power source/monitor unit (MPSMU)

Triaxial cable 8 Cable length 1.5 m or 3.0 m is specified by the option 015 or 030.

Description Qty. Note

MPSMU 2 Installed Medium power source/monitor unit (MPSMU)

HRSMU 2 Installed High resolution source/monitor unit (HRSMU)

Triaxial cable 8 Cable length 1.5 m or 3.0 m is specified by the option E5270B-015 or 
E5270B-030.

Description Qty. Note

HRSMU 4 Installed High resolution source/monitor unit (HRSMU)

Triaxial cable 8 Cable length 1.5 m or 3.0 m is specified by the option E5270B-015 or 
E5270B-030.
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Table 1-12 E5260A/E5270B-A10 Add High Power Source/Monitor Unit 1ea, Cables

Table 1-13 E5260A/E5270B-A11 Add Mid Power Source/Monitor Unit 1ea, Cables

Table 1-14 E5270B-A17 Add High Resolution Source/Monitor Unit (E5287A) 1ea, Cables

Table 1-15 E5270B-A28 Add Atto Sense and Switch Unit (E5288A ASU) 1ea

Description Qty. Note

HPSMU 1 Installed High power source/monitor unit (HPSMU)

Triaxial cable 2 Cable length 1.5 m or 3.0 m is specified by the option 015 or 030.

Description Qty. Note

MPSMU 1 Installed Medium power source/monitor unit (MPSMU)

Triaxial cable 2 Cable length 1.5 m or 3.0 m is specified by the option 015 or 030.

Description Qty. Note

HRSMU 1 Installed High resolution source/monitor unit (HRSMU)

Triaxial cable 2 Cable length 1.5 m or 3.0 m is specified by the option E5270B-015 or 
E5270B-030.

Description Qty. Note

ASU 1 Atto sense switch unit (E5288A ASU), 1 ea.

Triaxial and D-sub cable 
for ASU

1 Triaxial/D-sub Cable for ASU (16493M). Cable length 1.5 m or 3.0 m is 
specified by the option E5270B-015 or E5270B-030.
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1.7 Upgrade products for the E5260/E5270 series
The Keysight E5260A and E5270B have 8 slots so that users can install appropriate 
modules into mainframe. The upgrade/retrofit product is available to add more modules. 
These modules should be installed in Keysight Technologies service center to meet the 
specifications.

1.7.1 Option of E5270BU upgrade kit

The following table lists the upgrade products and related accessories for the E5270 series.

NOTE Keysight Technologies service center is responsible for module installation. Contact 
Keysight Technologies to get an estimation and order.

Table 1-16 Keysight E5270BU Upgrade kit for E5270B

Model/Option Description OP Instruction

Module upgrade

E5270BU-080 Precision High Power 
Source/Monitor Unit Module 
(E5280B) / No cable included

Max. 1 A/200 V, 10 fA/2 μV resolution High power 
source/monitor unit module for use in the E5270B 
mainframe. This module consumes 2 slots.

E5270BU-081 Precision Medium Power 
Source/Monitor Unit Module 
(E5281B) / No cable included

Max. 100 mA/100 V, 10 fA/0.5 μV resolution Medium 
power source/monitor unit module for use in the 
E5270B mainframe. SMU has Kelvin connection port 
(Force / Sense terminal). This module consumes 1 slot.

E5270BU-087 High Resolution Source/Monitor 
Unit Module (E5287A) / No cable 
included 

Max. 100 mA/100 V, 1 fA/0.5 μV resolution High 
resolution source/monitor unit module for use in the 
E5270B mainframe. SMU has Kelvin connection port 
(Force / Sense terminal) and the ASU D-sub connector. 
This module consumes 1 slot.

E5270BU-88A Atto Sense And Switch Unit 
(E5288A ASU) with 1.5 m Triaxial 
and Dsub Cable. (HRSMU is 
required.)

0.1 fA (100 aA) resolution which is used with 
HRSMU. 1 Triaxial, 2 BNC input ports and 1 
communication D-sub input between ASU and SMU. 
BNC inputs terminal can be used for external LCR 
meter, Pulse Generator or other instrument. Cables for 
DUT is not included.E5270BU-88B Atto Sense And Switch Unit 

(E5288A ASU) with 3 m Triaxial 
and Dsub Cable. (HRSMU is 
required.)

EasyEXPERT extension support
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E5270BU-SWS EasyEXPERT upgrade, extension 
support and subscription

EasyEXPERT upgrade, extension support and 
subscription includes the license to use (LTU) of 
EasyEXPERT group+ software. If you do not have the 
LTU, it is required to order option SWS when you use 
EasyEXPERT group+ software with E5270B.

E5270BU-SWD EasyEXPERT upgrade, extension 
support and subscription (price 
adjustment)

If you quote or order the hardware upgrade and the S/N 
of E5270B is less than MY55250101, option SWS and 
option SWD for price adjustment are bundled in the 
order.

Manual and media option

E5270BU-ABA Printed Manuals (English) Printed manuals are optional. Order this option to get 
the paper manuals. Contains E5260/E5270 user guide, 
Plug & Play driver user guide, self-paced training 
manual, EasyEXPERT user guide, and programming 
guide.

E5270BU-ABJ Printed Manuals (Japanese)

Cable option

16494A Triaxial cable The E5270BU module option does not include any 
triaxial cables. If you need any triaxial cables for 
instrument or switches, please specify the following 
optional cables.

16494A-001 Triaxial cable (1.5 m) Need to specify cable option and quantity. 

16494A-002 Triaxial cable (3 m)

16494A-003 Triaxial cable (80 cm)

16494A-004 Triaxial cable (40 cm)

16494A-005 Triaxial cable (4 m)

Refurbished product

E5270BU-
RMKT

Keysight refurbished product Shipment of used product from factory. 

Startup assistance

PS-S20-01 Keysight 1 day startup assistance Startup assistance and product training.

Model/Option Description OP Instruction
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1.7.2 Option of E5260AU upgrade kit

The following table lists the upgrade products and related accessories for the E5260 series.

NOTE Keysight Technologies service center is responsible for module installation. Contact 
Keysight Technologies to get an estimation and order.

Table 1-17 Keysight E5260AU Upgrade kit for E5260A/E5262A/E5263A

Model/Option Description OP Instruction

Module upgrade

E5260AU-090 High Speed High Power 
Source/Monitor Unit Module 
(E5290A) / No cable included

Max. 1 A/200 V, 5 pA/100 μV resolution High power 
source/monitor unit module for use in the E5260A 
mainframe. This module consumes 2 slots. Module 
upgrade is not available for the E5262A and E5263A.

E5260AU-091 High Speed Medium Power 
Source/Monitor Unit Module 
(E5291A) / No cable included

Max. 200 mA/100 V, 5 pA/100 μV resolution Medium 
power source/monitor unit module for use in the 
E5260A mainframe. SMU has Kelvin connection port 
(Force / Sense terminal). This module consumes 1 slot. 
Module upgrade is not available for the E5262A and 
E5263A.

EasyEXPERT extension support

E5260AU-SWS EasyEXPERT upgrade, extension 
support and subscription

EasyEXPERT upgrade, extension support and 
subscription includes the license to use (LTU) of 
EasyEXPERT group+ software. If you do not have the 
LTU, it is required to order option SWS when you use 
EasyEXPERT group+ software with the Keysight 
E5260A/E5262A/E5263A.

E5260AU-SWD EasyEXPERT upgrade, extension 
support and subscription (price 
adjustment)

If you quote or order the hardware upgrade and the S/N 
of E5260A is less than MY55250101, option SWS and 
option SWD for price adjustment are bundled in the 
order.

Cable option

16494A Triaxial cable The E5260AU module option does not include any 
triaxial cables. If you need any triaxial cables for 
instrument or switches, please specify the following 
optional cables.

16494A-001 Triaxial cable (1.5 m) Need to specify cable option and quantity. 

16494A-002 Triaxial cable (3 m)

16494A-003 Triaxial cable (80 cm)

16494A-004 Triaxial cable (40 cm)

16494A-005 Triaxial cable (4 m)
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Refurbished product

E5260AU-
RMKT

Keysight refurbished product Shipment of used product from factory. 

Startup assistance

PS-S20-01 Keysight 1 day startup assistance Startup assistance and product training.

Model/Option Description OP Instruction
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1.7.3 About Plug-in modules

Keysight Technologies is responsible for the module installation of Keysight E5260A / 
E5270B. Contact Keysight Technologies for the module installation. Then send the 
following equipment and accessories to Keysight Technologies. 

• E5260A / E5270B
• Plug-in modules to be installed
• ASU, for installing the exclusive SMU or retrofitting ASU only
• Connection cable between ASU and SMU, for installing the exclusive SMU or 

retrofitting ASU only
For returning ASU, do not forget to notify the combination of the unit, connection cable, 
and module channel. 

WARNING To prevent electrical shock, turn off Keysight E5260/E5270 and remove the power 
cable before removing the connection cables.

NOTE Connect ASU to dedicated SMU

The specifications are satisfied and guaranteed for the exclusive combination of the ASU 
and the HRSMU. So confirm the serial number of the ASU and connect it to the dedicated 
SMU properly.

NOTE About warranty of E5270BU/E5260AU upgrade kit

The warranty term of E5270BU/E5260AU upgrade kit is 90 days as independent module. 
The warranty for E5260/E5270 mainframe covers upgraded modules also. If the warranty 
term of E5260/E5270 mainframe is not long enough, some custom extended warranty 
products (Return to Keysight) are available. Contact Keysight Technologies to extend 
warranty support.

1.7.4 Maximum Module Configuration

The E5260/E5270 mainframe can contain any combination of the supported module. 
However, the total power consumption of all SMU modules cannot exceed 80 W. Using the 
HPSMU, MPSMU, and HRSMU, it is impossible to create a combination that exceeds the 
80 Watt limit. For the E5262A/E5263A, there are no power restrictions. Both mainframes 
support having both of their modules simultaneously output maximum voltage or current.

• Up to 8 MPSMU

• Up to 8 HRSMU

• Up to 4 HPSMU
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1.7.5 Module type and locations

Module locations when the E5260/E5270 is shipped from the factory are shown in Table 
1-18. This table shows the relative locations by the module types. 

The medium power source/monitor unit (MPSMU) and high resolution source/monitor unit 
(HRSMU) occupy one slot. Hence, the MPSMU/HRSMU can be installed in any slot. 
Also, the channel number is the same as the slot number. The HRSMU is only available for 
E5270B mainframe.

The high power source/monitor unit (HPSMU) occupies two slots. Thus, the HPSMU can 
be installed in slots 1 to 2, 2 to 3, 3 to 4, 5 to 6, 6 to 7, or 7 to 8. The channel number is the 
larger slot number for the slots the HPSMU occupies. For example, if a HPSMU occupies 
slots 5 and 6, the channel number for the module must be 6. Channel numbers 1 and 5 are 
not available for the HPSMU.

Table 1-18 Module Installation Rule in the Factory

NOTE About E5262A/E5263A

The Keysight E5262A and E5263A are fixed-configuration dual SMU instruments. The 
E5262A has two MPSMUs. The E5263A has one HPSMU and one MPSMU. These SMU 
configurations cannot be modified.

NOTE About E5260A and E5270B

The E5260A mainframe only support E5290A HPSMU and E5291A MPSMU. The 
E5280B, E5281B and E5287A cannot be used with the E5260A mainframe.

The E5270B mainframe only support E5280B HPSMU, E5281B MPSMU and E5287A 
HRSMU. The E5290A and E5291A cannot be used with the E5270B mainframe.

Slot Number and Location SMU type and port number

0 Frame GNDU/ADC (Always installed)

1 top/left High Resolution SMU (HRSMU, E5270B only)

:
:
:
:
:
:
:
:

:
:
:
:
:
:
:
:
:
:

Medium Power SMU (MPSMU)

High Power SMU (HPSMU, occupies 2 slots.)

7

8 bottom/right
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1.8 EasyEXPERT group+ software
This section describes Keysight EasyEXPERT group+ software and related functions. For 
technical details of EasyEXPERT group+ software, refer to data sheet of E5260/E5270 or 
www.keysight.com/find/easyexpert web site.

NOTE The EasyEXPERT group+ is upgradeable from the previous generation of 
EasyEXPERT/Desktop EasyEXPERT software.

1.8.1 Functions and capabilities
Keysight EasyEXPERT group+ software is a specially-designed Windows application 
program for controlling Keysight Precision Current-Voltage Analyzer series. The 
EasyEXPERT group+ provides the easy and effective measurement and analysis 
environment with intuitive graphical user interface (GUI). In addition, the EasyEXPERT 
group+ for PC supports Offline mode and control capability of the other instrument 
through GPIB interface. Some of the functions are listed below.

• Single measurement, repeat measurement, and append measurement
• Switching matrix control
• Measurement/setup data management by workspace
• Graph display and analysis with markers, cursors, and lines; and auto analysis
• Password protection and user level access control to protect the data and measurement 

setup
• Data import/export capability, data output by CSV/XML format, and graph output by 

EMF/BMP/GIF/PNG format
• Maintenance; self-test and self-calibration

The E5260/E5270 supports the following functionality in the EasyEXPERT group+.

• I/V sweep
• Multi-ch I/V sweep
• I/V list sweep
• Switching matrix control

NOTE To control E5260/E5270 by EasyEXPERT group+, the following firmware is required.

E5260A/E5262A/E5263A: B.01.10 or later
E5270B: B.01.10 or later

NOTE The EasyEXPERT group+ for PC supports most EasyEXPERT group+ functions. 
However, some functions are not supported on an external computer due to differences in 
hardware and so on.
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Operation mode

The EasyEXPERT group+ has the following measurement operation environments.

• Application test mode - The EasyEXPERT group+ contains an application library that 
supports typical measurements for CMOS devices, TFT, BJT, memory, nanotechnology 
devices such as CNT FET, and so on. The application library includes more than three 
hundred test definitions. This mode realizes application oriented point-and-click test 
setup and execution.

• Classic test mode - You can perform measurements by using the user interface similar 
to the semiconductor parameter analyzers such as Keysight 4155/4156 series. The 
setup can be made by entering values into the setup tables used for the measurement 
module control. And it can be saved and recalled as your setup (My Favorite Setup).

• Tracer test mode - Curve tracer test mode. This test allows you to perform the high 
speed I-V measurement on one screen. The Tracer test screen provides GUI for 
selecting the used channels, setting the sweep output, and displaying the measurement 
result (tracing the I-V curve). Range of the sweep output and measurement can be 
changed by the rotary knob on the front panel. Test setups can be saved, and used in the 
classic test mode for further detailed measurement and analysis.

• Quick test mode - A GUI-based quick test mode enables you to perform test 
sequencing without programming. You can select, copy, rearrange, and cut-and-paste 
any test setups with a few simple mouse clicks. Once you have selected and arranged 
your tests, simply click on the measurement button to begin running an automated test 
sequence.

Application library

Contains many pre-defined application test conveniently organized by device
type, application, and technology. You can easily edit and customize the furnished 
application tests to fit your specific needs.

The following table shows a part of tests included in the library. They are subject to
change without notice.

Table 1-19 Application library, Category list

Category Test items

CMOS Id-Vg, Id-Vd, Vth, breakdown, etc.

BJT Ic-Vc, diode, Gummel plot, breakdown, hfe, capacitance, etc.

Discrete Id-Vg, Id-Vd, Ic-Vc, diode, etc.

Memory Vth, capacitance, endurance test, etc.

Power Device Pulsed Id-Vg, pulsed Id-Vd, breakdown, etc.

NanoTech Resistance, Id-Vg, Id-Vd, Ic-Vc, etc.

Reliability NBTI/PBTI, charge pumping, electromigration, hot carrier injection, J-Ramp, TDDB, etc.
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Workspace and data management

EasyEXPERT group+ has separate work environment (Workspace). Every workspace 
supports the following features.

• Measurement setup and execution
• Save/Recall My Favorite (preset group) setup
• Save/Recall measurement data and settings
• Import/Export device definition, measurement settings, My Favorite setup, 

measurement data, and application library
• Test result data management
• Access authority (private/public) setting
The EasyEXPERT has the ability to import/export a workspace for back-up and portability.

External instrument control

EasyEXPERT group+ supports all aspects of parametric test, from basic manual 
measurements to test automation across a wafer in conjunction with a semiautomatic wafer 
prober. The following shows supported equipment list. 

• Switching matrix operation panel (GUI)
Keysight B2200A, B2201A, and E5250A with E5252A cards.

• External instruments supported by application tests
Keysight 4284A/E4980A, 81110A, and 3458A

• Wafer prober control
Scripts to perform chuck move/up/down and subsite move for major semiautomatic 
probers are furnished. The wafer prober control can be performed in the repeat 
measurement process.

Furnished Software

The EasyEXPERT group+ also furnishes the following software.

• Prober control scripts
• 4155/56 setup file converter

Converts the measurement setup file (extension MES or DAT) for Keysight 4155 and 
4156 into the equivalent setup file for EasyEXPERT classic test mode.

• MDM file converter

Converts the EasyEXPERT test result data file (extension XTR or ZTR) to Keysight 
IC-CAP MDM file. Supports the data of the following classic tests

• I/V Sweep
• Multi Channel I/V Sweep
• C-V Sweep
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1.8.2 System requirements

The following table shows the minimum requirements to run the EasyEXPERT group+ 
software for PC furnished with the E5260/E5270. They are effective as of June 2015. For 
the latest information, go to www.keysight.com and type in EasyEXPERT in the Search 
field at the top of the page.

Table 1-20 System requirements

NOTE If your computer does not install a software, install the software in the above order. For 
example, if your computer does not install Microsoft .NET Framework 3.5 SP1, install it 
and Keysight IO Libraries in this order.

Prepare the Keysight IO Libraries software for Keysight GPIB interface. The latest IO 
library is available in “www.keysight.com/find/io” web site.

Open the EasyEXPERT group+ Prerequisites folder to get installation packages for the 
other required software.

NOTE About socket services

The EasyEXPERT remote control interface is a software interface usable from the 
VISA/SICL library. And it is used via LAN using the socket service. Keysight instruments 
are standardized on using port 5025 for socket services. A data socket on this port can be 
used to send and receive commands, queries, and query responses. All commands must be 
terminated with a newline for the message to be parsed. All query responses will also be 
terminated with a newline.

Operating 
System

Microsoft Windows Vista 
Business SP2 or later

(32 bit)

Microsoft Windows 7 
Professional SP1 or later

(32 bit/64 bit)

Microsoft Windows 8.1 
Professional SP1 or later

(32 bit/64 bit)

Language English (US)

.NET Framework Microsoft .NET Framework version 3.5 SP1

Processor Vista certified PC Windows 7 certified PC Windows 8.1 certified PC

Memory 2 GB 2 GB 2 GB

Display XGA 1024 x 768 (SXGA 1280 x 1024 recommended)

HDD 1 GB free space on the C drive, 30 GB free space on a drive for test setup / result data 
storage

LAN interface EasyEXPERT remote control function using socket service. (100BASE-TX/10BASE-T)

GPIB interface The Keysight Connection Expert is required.

IO libraries Keysight IO libraries Suite 16.2 or later (Keysight Connection Expert)
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1.8.3 License Management Tool

The license management tool is the program used to install the license of the software 
listed below. Before using Online mode, install SWS license into your PC by the license 
management tool.

• Keysight E5270BU-SWS EasyEXPERT Extension
• Keysight E5260AU-SWS EasyEXPERT Extension

Figure 1-4 License management tool in the computer

NOTE The EasyEXPERT software revision 5.5 or later requires license of Keysight 
EasyEXPERT Extension (SWS License To Use).

• To launch program

Click Start > All Programs > (Keysight EasyEXPERT >) License Management Tool.

• To check licenses already installed

Click Installed Licenses tab on the License Management Tool. The installed licenses 
will be displayed.

• To check host ID

Click Information tab on the License Management Tool. The host ID of the computer 
will be displayed.

• To install license

The following procedure installs the license.

1. Click Install icon, or click File > Install License File to open a dialog box.

2. Specify the license file (.lic file).

3. Click open.
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NOTE How to get the SWS Extension.

The latest E5260/E5270 includes the license for SWS Extension. However, if you use old 
revision of EasyEXPERT and upgrade to revision 5.5 or later, the E5260AU/E5270BU 
upgrade kit with SWS option is required. Contact Keysight Technologies to upgrade the 
software.

NOTE How to get the license file (.lic file) for SWS Extension.

The license file (.lic file) for SWS Extension can be gotten on the following web site with 
order number, certificate number and Host ID in EasyEXPERT group+ software. Please 
make sure order number and certificate number on LTU sheet. Keysight Software License 
(KSL) Redemption provides the license file for SWS Extension.
https://asl.software.keysight.com/license/login.asp

NOTE The latest revision of the EasyEXPERT update package can be obtained from Keysight 
Technologies web site.
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2.1 Accessories for the E5260/E5270 series
This section describes cables, adapters and accessories for the E5260/E5270 Precision IV 
analyzers.

2.1.1 SMU cables

• Triaxial cables - have three leads - a central conductor for the signal, an encapsulating 
conductor that shields the center signal by employing the same voltage thus decreasing 
a possible leakage current - and an outer conductor that serves as Common.

• Kelvin Triaxial cables - consist of two central twisted parallel leads that are connected 
to Force and Sense terminals of a SMU. A common guard and an outer conductor that 
is connected to Common further shield the two leads. By Kelvin connection it is 
possible to limit the influence of the connection leads on a lower resistively 
measurement to a minimum. Kelvin Triaxial cables should be employed when 
performing very sophisticated measurements.

• GNDU cables - have a very similar face to Triaxial cables. However the configuration 
of signal path is different from Triaxial cable. A central conductor for the Sense of 
GND voltage, outer conductor is used as GND signal, and the outermost conductor is 
for Common. In addition to that, the current capability of 16493L GND unit cable for 
mainframe is 4.2 Amps.

• BNC cables - Co-axial type cables. Central signal line is surrounded by shield 
potential. However, this is not suitable for ultra low current measurement below nA 
level. For these low current measurements, we recommend the Triaxial cables.

Table 2-1 SMU cables for E5260/E5270 series

Model/Option Description Additional Information

Triaxial cable

16494A-001 Triaxial cable, 1.5 m

16494A-002 Triaxial cable, 3 m

16494A-003 Triaxial cable, 80 cm

16494A-004 Triaxial cable, 40 cm

16494A-005 Triaxial cable, 4 m

Kelvin triaxial cable

16493K-001 Kelvin triaxial cable, 1.5 m

16493K-002 Kelvin triaxial cable, 3 m
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WARNING There are potentially hazardous voltages, up to ± 100 V (MPSMU/HRSMU) or 
± 200 V (HPSMU) at the Force, Sense, and Guard terminals.

To prevent electrical shock, do not expose these lines.

WARNING To prevent electrical shock during use, install an interlock circuit and connect the 
Interlock cable (See chapter 2.1.3 Other I/F and interlock).

CAUTION Never connect the Guard terminal to any output, including circuit common, chassis 
ground, or any other guard terminal. Doing so will damage the SMU.

16494B-001 Kelvin triaxial cable to E5250A switching matrix 
input port, 1.5 m

16494B-002 Kelvin triaxial cable to E5250A switching matrix 
input port, 3 m

16494B-003 Kelvin triaxial cable to E5250A switching matrix 
input port, 80 cm

GNDU cable

16493L-001 GNDU cable, 1.5 m

16493L-002 GNDU cable, 3 m

16493L-003 GNDU cable, 5 m

16493N-001 GNDU cable for B2200A/B2201A switching matrix 
input port, 2 m (2.0 m cable length only)

ASU cable

16493M-001 Triaxial and D-sub cable for ASU(E5288A), 1.5 m

16493M-002 Triaxial and D-sub cable for ASU(E5288A), 3 m

BNC cable

16493B-001 Coaxial cable, BNC(m) to BNC(m), 1.5 m

16493B-002 Coaxial cable, BNC(m) to BNC(m), 3.0 m

The maximum voltage is 40 V, and Maximum current is 200 mA. The 
Keysight 16493B Coaxial Cable is designed for use with VSU (Voltage 
Source Unit), VMU (Voltage Measurement Unit) or PGU (Pulse 
Generator Unit) on the Keysight 4155 series Semiconductor Parameter 
Analyzer.

Model/Option Description Additional Information
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CAUTION The GNDU can sink current of up to 4.0 A. Use the Keysight 16493L GNDU cable to 
connect the GNDU to a test fixture or a connector plate.

Do not use normal triaxial cable (Keysight 16494A), because the maximum current rating 
of the cable is 1 A.

NOTE For the lower current measurement, use the 16494A Triaxial cable with low-noise 
environment. This cable can maximize the guard effects and minimize the impression of 
the external noise.
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2.1.2 Test fixture 

Keysight 16442B test fixture is designed for testing packaged devices and electronic 
components. You can mount the suitable socket module on the 16442B, which allows you 
to easily connect various devices to measurement units.

The 16442B has the following input ports.

• 6 SMU channels (Triaxial connector. It can be used either for 6 non-Kelvin or 3 Kelvin 
connectors.)

• 2 VSU channels (BNC connector)
• 2 VMU channels (BNC connector)
• 2 PGU channels (BNC connector)
• 1 GNDU channel (Triaxial connector. It requires the Keysight 16493L GNDU cable.)
• 1 interlock 6-pin connector

Table 2-2 16442B Test Fixture

Model/Option Description Additional Information

16442B Test Fixture for Semiconductor Devices

The following items are shipped as standard with the 
16442B test fixture.

• Blank PTFE board
• 28-pin dual-in-package (DIP) socket module
• 0.075-inch universal socket module
• 0.5-inch universal socket module
• Miniature banana to pin plug cables, black (4 pcs)
• Miniature banana to pin plug cables, red (4 pcs)
• Miniature banana to pin plug cables, blue (4 pcs)
• Pin plug to pin plug cables, black (3 pcs)
• Pin plug to pin plug cables, red (3 pcs)
• Pin plug to pin plug cables, blue (3 pcs)
• Miniature banana to miniature clip cables, 

black (3 pcs)
• Miniature banana to miniature clip cables,

red (3 pcs)
• Miniature banana to miniature clip cables, 

blue(3 pcs)
• Miniature banana to miniature banana, 

black (3 pcs)
• Miniature banana to miniature banana, red (3 pcs)
• Miniature banana to miniature banana, blue(3 pcs)
• Connection pin set (10 ea)
• Accessory case

Options for extra accessories

16442B-010 Add four 1.5 m Triaxial cables (16494A-001) If triaxial cables are required, 
select either 16442B-001 or 
16442B-011.16442B-011 Add four 3.0 m Triaxial cables (16494A-002)
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16442B-800 Extra blank PTFE board

16442B-801 Add Universal socked module, 0.1 inch pitch, with 10 
pins

16442B-802 Extra Universal socked module, 0.075 inch pitch, 
with 10 pins

16442B-803 Extra Universal socked module, 0.05 inch pitch, with 
10 pins

16442B-810 Extra pin set (for universal socket module, 10 pins.)

16442B-811 Extra wire set (mini banana to pin plug, 6 ea)

16442B-812 Extra wire set (pin plug to pin plug, 6 ea)

16442B-813 Extra wire set (mini banana to pin clip, 6 ea)

16442B-814 Extra wire set (mini banana to mini banana, 6 ea)

16442B-821 Add socket module, 4-pin TO package

16442B-822 Add socket module, 18-pin DIP package

16442B-823 Extra socket module, 28-pin DIP package

16442B-890 Extra accessories case

Model/Option Description Additional Information
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2.1.3 Other accessories and interlock

The following table lists the options and accessories available for the E5260/E5270.

Table 2-3 Other accessories for E5260/E5270 series

Model/Option Description Additional Information

Interlock cable

16493J-001 Interlock cable, 1.5 m

16493J-002 Interlock cable, 3 m

16493J-003 Interlock cable, 5 m

GNDU cable

16493L-001 GNDU cable, 1.5 m

16493L-002 GNDU cable, 3 m

16493L-003 GNDU cable, 5 m

16493N-001 GNDU cable for B2200A/B2201A switching matrix 
input, 2 m

Digital I/O cable

16493G-001 Digital I/O control cable, 1.5 m

16493G-002 Digital I/O control cable, 3 m
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Table 2-4 Adapter and connectors

Model/Option Description Additional Information

Digital I/O accessories

N1253A-100 Digital I/O T-cable Digital I/O T-cable has 2 male 
and 1 female connectors in order 
to connect more than two units. In 
order to connect three units, order 
one N1253A-100 and one 
16493G cable.

N1253A-200 Digital I/O BNC box Adapter for connecting Digital 
I/O port with BNC trigger port of 
other instruments. Box which has 
8 BNC connectors for connecting 
with BNC trigger port of other 
instruments and 25 pin D-sub 
connector for connecting this box 
to B1500A. In order to use this 
box for connection, need D-sub 
25 pin straight cable (16493G) 
and BNC cable.

Adapters/Accessories for DC parametric measurement instrument

N1254A-100 GNDU to Kelvin adapter

Adapter for converting GNDU connector to Kelvin 
connector used only for E5260/E5270 series. The 
adapter which converts the GNDU connector to 2 
triaxial connectors like connectors of SMU output. 
This adapter can be used with only E5260/E5270 
Series. It does not fit with GNDU of 41501A/B.
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N1254A-101 Triaxial (m) to Coaxial (f) adapter (1250-2648)

N1254A-102 Triaxial (f) to Coaxial (m) adapter (1250-2649)

N1254A-103 Triaxial (m) to Coaxial (f) adapter (1250-2650)

N1254A-104 Triaxial (f) to Coaxial (m) adapter (1250-2651)

N1254A-105 Triaxial (f) to Coaxial (m) adapter (1250-2652)

N1254A-106 Triaxial (m) to Coaxial (f) adapter (1250-2653)

N1254A-107 Triaxial (m) to Triaxial (m) adapter (1250-2654)

N/A Triaxial (f) to Triaxial (f) adapter (1250-2618)

N1258A-108 Magnet Stand for ASU (E5288A)

Accessories for 16442B test fixture

N1254A-200 Transistor socket module in 16442B-821 4-pin TO package

N1254A-201 28pin DIP socket module in 16442B-823

N1254A-202 18pin DIP socket module in 16442B-823

N1254A-204 Universal socket module in 16442B-801 0.1 inch pitch

N1254A-205 Universal socket module in 16442B-802 0.075 inch pitch

N1254A-206 Universal socket module in 16442B-803 0.05 inch pitch

N1254A-207 Blank PTFE board module in 16442B-800 Blank PTFE board for measuring 
high resistance devices

N1254A-300 Contact Pins (10 ea) Connection pins (10 ea) included 
in 16442B-801, 802 and 803

N1254A-301 Mini banana - pin plug (black, 1 ea) Mini banana - pin plug included 
in 16442B-811

Model/Option Description Additional Information
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N1254A-302 Mini banana - pin plug (red, 1 ea) Mini banana - pin plug included 
in 16442B-811

N1254A-303 Mini banana - pin plug (blue, 1 ea) Mini banana - pin plug included 
in 16442B-811

N1254A-304 Pin plug - pin plug (black, 1 ea) Pin plug - pin plug included in 
16442B-812

N1254A-305 Pin plug - pin plug (red, 1 ea) Pin plug - pin plug included in 
16442B-812

N1254A-306 Pin plug - pin plug (blue, 1 ea) Pin plug - pin plug included in 
16442B-812

N1254A-307 Mini banana - mini clip (black, 1 ea) Mini banana - mini clip included 
in 16442B-813

N1254A-308 Mini banana - mini clip (red, 1 ea) Mini banana - mini clip included 
in 16442B-813

N1254A-309 Mini banana - mini clip (blue, 1 ea) Mini banana - mini clip included 
in 16442B-813

N1254A-310 Mini banana - mini banana (black, 1 ea) Mini banana - mini banana 
included in 16442B-814

N1254A-311 Mini banana - mini banana (red, 1 ea) Mini banana - mini banana 
included in 16442B-814

N1254A-312 Mini banana - mini banana (blue, 1 ea) Mini banana - mini banana 
included in 16442B-814

Accessories 

N1254A-400 Coaxial cable between connector plate and probe 
card, black 1 m

Coaxial cable (50 ohm) between 
connector plate and probe card, 
black 1 m

N1254A-401 Triaxial connector for SMU and HCU (female)

N1254A-402 Interlock micro switch (3101-0302)

Model/Option Description Additional Information
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2.1.4 Rack mount kit for Keysight standard cabinet 

Keysight E5260/E5270 mainframe can be mounted in a 19-inch EIA rack cabinet. It is 
designed to fit in five rack-units (5U) of space. 2 channel model has 3U size.

Table 2-5 Rack mount parts for B1500A

Model
Height 

EIA
Handle & 
Flange Kit

Std. slide
Support 

rail
D 

(mm)
Weight 

(kg)

Power 
Max. 
(VA)

Cooling & 
Vending

E5270B 5 5063-9223 1494-0059 E3663AC 575 25 600 Rear

E5260A 5 5063-9223 1494-0059 E3663AC 575 25 600 Rear

E5262A 3 5063-9221 1494-0059 E3663AC 575 16 400 Rear

E5263A 3 5063-9221 1494-0059 E3663AC 575 16 400 Rear
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2.2 Accessories for the wafer prober / connector plate
When connecting the Keysight E5260/E5270 series to a prober, a connector interface may 
be required to feed the test leads through a shielding box. A connector plate fulfills the 
requirement of such an interface.

Keysight provides 2 types of Connector Plate.

• Connector (front) to connector (rear)
• Connector (front) to contacts for soldering (rear)

Figure 2-1 Difference between “connector to connector” and “connector to contact for 
soldering”

Table 2-6 Item number information of 16495F Connector Plate with 12 Triaxial Interlock and 
GNDU connectors

Item. Description OP Instruction

16495F Connector plate with 12 
triaxial, interlock and 
GNDU connectors

Half size connector plate with 12 triaxial, interlock and 
ground unit connectors. Common terminals are connected 
to plate.
ATTENTION: Must specify either 16495F-001 or 
16495F-002

16495F-001 Bulkhead feedthru 
connectors

Connection type is "Connector-Connector"

16495F-002 Connectors to contacts for 
soldering

Connection type is "Connector-Solder"

Triaxial
Connector Ground 

Terminal

Common 
Terminal

Coaxial 
Connector

INTLK 
Terminal

Triaxial
Connector
(For GNDU)

Triaxial
Connector Ground 

Terminal

Common 
Terminal

Coaxial 
Connector

INTLK 
Terminal

Triaxial
Connector
(For GNDU)

Triaxial
Connector Ground 

Terminal

Common 
Terminal

Coaxial 
Connector

INTLK 
Terminal

Triaxial
Connector
(For GNDU)

Triaxial
Connector Ground 

Terminal

Common 
Terminal

Coaxial 
Connector

INTLK 
Terminal

Triaxial
Connector
(For GNDU)

Triaxial
Connector Ground 

Terminal

Common 
Terminal

Coaxial 
Connector

INTLK 
Terminal

Triaxial
Connector
(For GNDU)

Triaxial
Connector Ground 

Terminal

Common 
Terminal

Coaxial 
Connector

INTLK 
Terminal

Triaxial
Connector
(For GNDU)

Front ViewFront View

Triaxial

Coaxial
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Table 2-7 Item number information of 16495G Connector Plate with 24 Triaxial, Interlock and 
GNDU connectors

Table 2-8 Item number information of 16495H Connector Plate with 6 Triax., 6 BNC, Intlk, 
GNDU

Table 2-9 Item number information of 16495J Connector Plate with 8 Triax., 4 BNC, Intlk, 
GNDU

Item. Description OP Instruction

16495G Connector plate with 24 
triaxial, interlock and 
GNDU connectors

Full size connector plate with 24 triaxial, interlock and 
ground unit connectors. Common terminals are connected 
to plate.
ATTENTION: Must specify either 16495G-001 or 
16495G-002

16495G-001 Bulkhead feedthru 
connectors

Connection type is "Connector-Connector"

16495G-002 Connectors to contacts for 
soldering

Connection type is "Connector-Solder"

Item. Description OP Instruction

16495H Connector plate with 6 
triax., 6 BNC, intlk, 
GNDU

Half size connector plate with 6 triaxial, 6 BNC, interlock 
and ground unit connectors. Common terminals are 
floating.

ATTENTION: Must specify either 16495H-001 or 
16495H-002

16495H-001 Bulkhead feedthru 
connectors

Connection type is "Connector-Connector"

16495H-002 Connectors to contacts for 
soldering

Connection type is "Connector-Solder"

Item. Description OP Instruction

16495J Connector plate with 8 
triax., 4 BNC, intlk, 
GNDU

Half size connector plate with 8 triaxial, 4 BNC, interlock 
and ground unit connectors. Common terminals are 
floating.

ATTENTION: Must specify either 16495J-001 or 
16495J-002

16495J-001 Bulkhead feedthru 
connectors

Connection type is "Connector-Connector"

16495J-002 Connectors to contacts for 
soldering

Connection type is "Connector-Solder"
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Table 2-10 Item number information of 16495K Connector Plate with Universal Cable Holder

Table 2-11 Connector plate overview

Item. Description OP Instruction

16495K Connector plate with 
universal cable holder

16495K does not have any connections. This plate provides 
the cable hole and the cover with rubber used to block the 
light from the cable hole. This plate will be used with the 
E5288A ASU that will be installed in the shielding box.
ATTENTION: Must specify 16495K-001

16495K-001 Connector plate with 
rubber holder

The cable hole is to pass the cables from the ASU to the 
instrument and so on. And the cables will be fixed to the 
shielding box by using the cover with rubber that will close 
the opening of the cable hole.

16495F (12 triax., Intlk, GNDU) 16495G (24 triax., Intlk, GNDU) 16495H (6 triax. 6coax., Intlk, 
GNDU)

16495J (8 triax. 4 coax., Intlk, 
GNDU)

16495K 
Connector Plate with Universal 
Cable Holder for ASU

16495K inside
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3.1 SMU/GNDU connection with prober
This section describes how to connect a wafer prober to the Keysight E5260/E5270 series.

Table 3-1 Semi automated prober with Analyzers. (These pictures show B1500A semiconductor 
device analyzer.)

B1500A with Cascade Prober B1500A with Vector Prober

B1500A with Cascade (Suss) Prober ASUs on the probe station
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3.1.1 GNDU connections

An SMU has FORCE (SENSE), GUARD, and COMMON, but a GNDU has SENSE, 
FORCE, and COMMON as shown in Figure 3-1. User needs some sort of GNDU to Kelvin 
adapter when connecting the GNDU to standard triaxial connections.

CAUTION User should use the Keysight 16493L GNDU cable to connect the GNDU to the connector 
plate; do not use a standard triaxial cable. The GNDU cable can handle the maximum 
GNDU current of 4.2 A, but standard triaxial cables (16494A) are only rated to 1 A.

Figure 3-1 GNDU terminal

Non-Kelvin connection

Connect the triaxial connector using an adapter for GNDU (N1254A-107) as shown in 
Figure 3-2. For parts information for this connection, see Table 3-2.

Figure 3-2 Example of a GNDU non-Kelvin connection

Table 3-2 Item number information for GNDU non-Kelvin connection with B1500A

Description Qty Product Number Part number

Ground unit cable (1.5 m) - max 4.2 A 1 16493L-001 N/A

Ground unit cable (3.0 m) - max 4.2 A 1 16493L-002 N/A

Triaxial (m) to triaxial (f) adapter 1 N1254A-107 1250-2654
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Kelvin connection

Connect the dual triaxial connector using a GNDU to Kelvin Adapter (N1254A-100) as 
shown in Figure 3-3. For parts information, see Table 3-3. Maximum current is restricted 
when the Kelvin triaxial cable is used.

Figure 3-3 Example of a GNDU Kelvin connection

Table 3-3 Item number information for GNDU Kelvin connection with B1500A

Description Qty Product Number Part number

Kelvin triaxial cable (1.5 m) - Max 3.0 A 1 16493K-001 N/A

Kelvin triaxial cable (3.0 m) - Max 2.6 A 1 16493K-002 N/A

GNDU to Kelvin adapter 1 N1254A-100 N/A
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3.1.2 SMU connections

An SMU terminal is shown in Figure 3-4.

CAUTION Never connect the Guard terminal to any output, including circuit common, chassis 
ground, or any other guard terminal. Doing so will damage the SMU.

Figure 3-4 SMU terminal

Non-Kelvin connection

These instructions apply when all connections are non-Kelvin. Connect the Keysight 
16494A triaxial cables between the SMU and the Connector plate. Connect the triaxial 
connector on the probe cable as shown in Figure 3-5. For parts information, see Table 3-4.

NOTE Making non-kelvin connection

The Force terminals can be used to force and measure DC voltage or current. If you want to 
simplify the cable connections, open the Sense terminals and connect the Force terminals 
only to the connector plate by using the triaxial cables. If user makes the Kelvin 
connection, use both Force and Sense terminals. Connecting the Force and Sense lines 
together at the terminal of the device under test minimizes the measurement error caused 
by the residual resistance of the connection cables. The Kelvin connection is effective for 
the low resistance measurement and the high current measurement.

Figure 3-5 Example of an SMU non-Kelvin connection
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Table 3-4 Item number information for GNDU non-Kelvin connection with B1500A

Kelvin connection

These instructions apply when all connections are Kelvin. Two probes must contact the 
wafer in this connection. Connect an Keysight 16493K Kelvin triaxial cable (or two 
Keysight 16494A triaxial cables) between the SMU and the connector plate. Connect the 
FORCE and SENSE lines to probes separately. Connect the triaxial connector on the probe 
cable as shown in Figure 3-6. For parts information, see Table 3-5.

NOTE To prevent oscillations, do not use cables longer than 1.5 m, if you use two 16494A triaxial 
cables with Kelvin connections.

Figure 3-6 Example of an SMU Kelvin connection

Table 3-5 Item number information for SMU Kelvin connection with B1500A

Description Qty Product Number Part number

Triaxial cable (1.5 m) 1 16494A-001 N/A

Triaxial cable (3.0 m) 1 16494A-002 N/A

Description Qty Product Number Part number

Kelvin triaxial cable (1.5 m) - max 3.0 A 1 16493K-001 N/A

Kelvin triaxial cable (3.0 m) - max 2.6 A 1 16493K-002 N/A
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Kelvin to non-Kelvin connection

These instructions apply when the connections up to the Connector Plate are Kelvin, but 
the probe is a non-Kelvin connection. Connect an Keysight 16493K Kelvin triaxial cable 
(or two Keysight 16494A triaxial cables) between the SMU and the Connector plate. 
Connect the triaxial connector on the probe cable as shown in Figure 3-7. Connect the 
FORCE and SENSE lines on this side of the probe input terminal. A Triaxial tee connector 
can be used. For parts information, see Table 3-6.

NOTE To prevent oscillations, do not use longer than 1.5m, if user uses two 16494A triaxial 
cables with Kelvin connections.

NOTE When connecting the cable and tee connector as shown in Figure 3-7, space restrictions 
make an adjacent connector unusable. Since three connectors are necessary for a Kelvin 
connection a connector plate must be used. Select the correct connector plate for your 
application. To make two Kelvin connections, use an Keysight 16495H. To make three 
Kelvin connections, use an Keysight 16495J.

Figure 3-7 Example of an SMU Kelvin to non-Kelvin connection

Table 3-6 Item number information for SMU Kelvin to non-Kelvin connection with B1500A

Description Qty Product Number Part number

Kelvin triaxial cable (1.5 m) - max 3.0 A 1 16493K-001 N/A

Kelvin triaxial cable (3.0 m) - max 2.6 A 1 16493K-002 N/A

Triaxial cable (0.4 m) 1 16494A-004 N/A

Triaxial tee-connector 1 N/A 1250-1551
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3.2 Connection for low current measurement
This section provides the information useful for connecting cables and probing needles to a 
connector plate.

3.2.1 To make connection to reduce leakage current

To reduce the leakage current caused by connection cables, the guard technique is 
effective. Connect the probing needles to the coaxial cables as shown below:

Guarding reduces the leakage current between the instrument and a DUT. This is important 
when you measure low current.

1. Cut and trim end of the coaxial cable so that the center conductor does not touch the 
outer conductor (connected to the guard terminal).

2. Connect the center conductor to tail of the probing needle. Never connect the outer 
conductor to the probing needle. However, the outer conductor should be extended as 
close as possible to the probing needle.

3. Connect the outer conductor to the outer conductor of the probing needle if it is a 
coaxial probing needle.

The following example connection can be used to reduce the leakage current. Extend the 
outer conductor as close as possible to the probing needle, This is also reduces the induced 
noise.

Figure 3-8 Cable and Probing needle

3.2.2 Guarding
Guarding reduces the leakage current between the instrument and the measurement point. 
This is important when you measure low current.

The following figure shows the theory of guarding. The buffer amplifier (×1) keeps the 
potential of the guard conductor at the same potential as the force conductor, so current 
does not flow between the force and guard conductors. Therefore, the current measured by 
the instrument is same as current at the DUT terminal because no current is leaked.

Probing needle

Contact pad
Connector plate

Outer conductor
Center conductor

Coaxial cable
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Figure 3-9 Guarding

WARNING Do not touch the guard terminal with bare hands because you may be shocked by 
high voltage. The potential of the guard terminal is equal to the output voltage.

CAUTION Never connect the Guard terminal to any other output, including circuit common, chassis 
ground, or any other guard terminal. Doing so will damage the E5260/E5270.

A
Buffer

Guard Force DUT
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3.3 Connection for low resistance measurement
This section provides the information useful for connecting cables and probing needles to a 
connector plate with Kelvin connections.

3.3.1 To make connection to measure low resistance

When you measure a low resistance, high current flows through the DUT. This high current 
increases the measurement error caused by the residual resistance of cables. To cancel the 
effect of this resistance, you can use Kelvin connections (4-wire, remote sensing), which 
means the Force and Sense lines are extended separately to the DUT.

Connect the probing needles to the terminals of the connector plate by using test leads or 
coaxial cables. Following instruction uses the coaxial cables:

1. Cut and trim end of the coaxial cable so that the center conductor does not touch the 
outer conductor (connected to the guard terminal).

2. Connect the center conductor to tail of the probing needle. Never connect the outer 
conductor to the probing needle. However, the outer conductor should be extended as 
close as possible to the probing needle.

3. Connect the outer conductor to the outer conductor of the probing needle if it is a 
coaxial probing needle.

4. Perform 1 to 3 for both Force and Sense lines.

5. Contact the probing needles for the Force and Sense lines as close as possible to the 
DUT.

The following example connection can be used to measure low resistance. The Sense line 
is extended to the probing pad, and contacts the Force line through the pad, so the voltage 
drop due to the residual resistance caused by cables and test leads is canceled.

Figure 3-10 Cable and Probing needle

3.3.2 Kelvin connection
Kelvin connections give good measurement results when you force high-current. The 
following figure shows the equivalent circuits for Kelvin and non-Kelvin connections.

Probing needle

Connector plate

Outer conductor
Center conductor

Coaxial cable

Contact pad

Contact pad

Force

Sense
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Figure 3-11 Kelvin connection

• For the non-Kelvin connection, the voltmeter measures the voltage drop of resistance 
rF1,RDUT, and rF2.

• For the Kelvin connection, the voltmeter measures the voltage drop of resistance RDUT 
only. The impedance of the voltmeter is very high, so the voltage drop of resistances 
rS1 and rS2 can be ignored.

The Kelvin connection is effective even when forcing voltage. The voltage drop due to the 
residual resistance of the Force line wiring is fed back to the voltage source via a 
comparator in the Sense line. The input impedance of comparator is high, and current flow 
into the Sense line is very low. So output error is not significant if the Sense line wiring has 
a residual resistance of 10 Ω or less. Therefore, the specified voltage appears at the sense 
point (point where Sense line contacts Force line).

NOTE Kelvin connection and non-Kelvin connection

To make the Kelvin connection, use both Force and Sense terminals. Connecting the Force 
and Sense lines together at the terminal of the DUT (device under test) minimizes the 
measurement error caused by the residual resistance of the connection cables. The Kelvin 
connection is effective for the low resistance measurement and the high current 
measurement.

If you want to simplify the cable connections, use the 2-wire connections by connecting the 
Force terminals only. Then open the Sense terminals. This is the non-Kelvin connection. 
The Force terminals can be used to force and measure dc voltage or current via Rs in Figure 
3-12.

Figure 3-12 Simplified SMU circuit diagram 

(a) non-Kelvin connection (b) Kelvin connection

rF1 rF2

RDUT

rS2rS1

V V V

rF1
rF2

RDUT

Buffer

Guard

Force

Sense

x1

Rs

V
Shield
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3.4 ASU
This section describes how to connect a wafer prober to the Keysight E5270B precision IV 
analyzer with ASU.

3.4.1 ASU connection

Each ASU has one D-sub control cable, one triaxial cable, and (optionally) two coaxial 
cables connected to it. The cables can be connected to the ASU inside the shielding box 
through the 16495K plate. The ASU outputs should be connected to the DUT by using 
triaxial cables as shown in Figure 3-13. When making IV measurements with the SMUs, 
all measurements are Kelvin. The SENSE line information is fed back to the SMU via the 
D-sub cable. When making CV measurements, the four-terminal pair (4TP) connections 
are correctly terminated inside of the ASUs. The ASUs also allow for a current return path 
between the outer conductors to stabilize the series inductance and improve accuracy. You 
must connect the furnished wire between the two ASUs to enable this feature.

Figure 3-13 Example of an ASU connection
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Table 3-7 Item number information for ASU connection with E5270B

NOTE About ASU output cables

To perform capacitance measurement accurately, the cable length between DUT and the 
ASU output must be as short possible.

NOTE For the installation of the ASU and the connection to the DUT interface (probe card, 
manipulators, and so on), contact your favorite prober vendor. The prober vendor will have 
the solutions. Dimensions of the ASU are 132 mm (W) × 88.5 mm (H) × 50 mm (D) 
excluding the connectors.

Description Qty Product Number Part number

Triaxial and D-sub cable for ASU (1.5 m) 2 16493M-001 N/A

Triaxial and D-sub cable for ASU (3.0 m) 2 16493M-002 N/A

Test leads for LCR meter (2.0 m) 1 16048D N/A

Test leads for LCR meter (4.0 m) 1 16048E N/A

Connector plate with universal cable 
holder

1 16495K N/A
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3.5 Interlock circuit
The interlock circuit is designed to prevent electrical shock wen a user touches the 
measurement terminals.

CAUTION You must install an interlock circuit on a shielding box to prevent hazardous voltage when 
the door of the shielding box is open.

Figure 3-14 shows the pin assignments of the interlock connector that should be mounted 
on a connector plate or test fixture.

Figure 3-14 Interlock connector pin assignments

Table 3-8 Recommended parts for interlock circuit

3.5.1 Installing the interlock circuit

Prepare the required parts listed in Table 3-8. And install the interlock circuit as shown 
below.

1. Make mounting hole for the interlock connector. See Figure 3-16 for dimensions.

2. Mount two mechanical switches on your shielding box, so that the switches close when 
the door of the shielding box is closed, and open when the door is opened. For the 
dimensions of the switch, see Figure 3-17 below.

3. Mount an LED on your shielding box. For the dimensions of the LED, see Figure 3-15.

Description Qty Product Number Part number

Interlock connector (6 pin, female) 1 N/A 1252-1419

Interlock micro switch 1 N1254A-402 3101-0302 or 3131-3241

LED (VF ≅ 2.1 V@ IF = 10 mA) 1 N/A 1450-0641

Wire (24 AWG, 600 V) 1 N/A 8150-5680

1

2

34

5

6

Plug side View

Interlock Switch

Wiring Side View

LED

1

2

3 4

5

6
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4. Use wire to connect the two switches in series between pin number 1 and 2 (or 3) of the 
interlock connector. See Figure 3-14.

5. Use wire to connect the LED between pin number 4 and 5 (or 6) of the interlock 
connector. See Figure 3-14.

6. Attach the interlock connector to the mounting hole.

If Keysight E5260/E5270 Interlock connector is connected to the interlock circuit, 
Keysight E5260/E5270 SMU cannot force more than ± 42 V when the door is open. When 
the door is closed, it can force more than ± 42 V.

When more than ± 42 V is forced from an SMU, the LED lights to indicate high voltage 
output.

Figure 3-15 Dimensions of the LED (Keysight part number 1450-0641) 

Figure 3-16 Dimensions of Mounting Hole for the Interlock Connector
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Figure 3-17 Dimensions of the Interlock Switch (Keysight N1254A-402) 

3.5.2 To connect interlock circuit
The E5260/E5270 provides the Interlock connector to prevent you from receiving an 
electrical shock from high voltage (more than ± 42 V). If the interlock circuit is open, the 
E5260/E5270 cannot apply high voltage more than ± 42 V.

Before performing measurement, connect the 16493J interlock cable between the 
E5260/E5270 Interlock connector and the interlock connector which is a part of the 
interlock circuit installed in your DUT interface as described in the previous section.
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4.1 Two terminal device
This chapter describes prober or Fixture connection and ordering example of Keysight 
E5260/E5270 series for 2 terminal devices.

4.1.1 General IV characterization 

Figure 4-1 General IV configuration

Table 4-1 Target device and application

Table 4-2 Key specification

Device Application Note

Diode IF-VF, IR-VR, Breakdown

Resister R-I, R-V 2-wire or 4-wire

Item Range Note

Maximum I/V range 100 mA / 100 V

Minimum I/V resolution 10 fA / 0.5 μV
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Connector plate
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DUT

A C
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Coverage of Configuration Example
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Table 4-3 Configuration Example

Model option Description Qty

E5270B Precision IV Analyzer / 8 Slot Precision Measurement Mainframe 1

E5270B-015/030 1.5 m or 3 m length of bundled cables 1

E5270B-050/060 50 Hz or 60 Hz Line Frequency 1

E5270B-A11 Add Mid Power Source/Monitor Unit (E5281B) 1ea, Cables 2

16442B Test fixture for packaged device measurement (Optional) 1
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4.1.2 High resolution IV characterization 

Figure 4-2 Precision IV configuration

Table 4-4 Target device and application

Table 4-5 Key specification

Device Application Note

Diode IF-VF, IR-VR, Breakdown

Resister R-I, R-V 2-wire or 4-wire

Item Range Note

Maximum I/V range 100 mA / 100 V

Minimum I/V resolution 1 fA / 0.5 μV

H
R

S
M

U

Triaxial cable

Sense

Force

E5270B

H
R

S
M

U

Sense

Force

Interlock cable
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Table 4-6 Configuration Example

NOTE The low current level is around 1 nA with the 16442B test fixture.

Model option Description Qty

E5270B Precision IV Analyzer / 8 Slot Precision Measurement Mainframe 1

E5270B-015/030 1.5 m or 3 m length of bundled cables 1

E5270B-A17 Add High Resolution Source/Monitor Unit (E5287A) 1ea, Cables 2

16442B Test fixture for packaged device measurement (Optional) 1
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4.1.3 High resolution IV/CV characterization 

Figure 4-3 Precision IV/CV configuration

Table 4-7 Target device and application

Table 4-8 Key specification

Device Application Note

Diode IF-VF, IR-VR, Breakdown, C-V, C-f, C-t

Resister R-I, R-V 2-wire or 4-wire

Item Range Note

Maximum I/V range 100 mA / 100 V

Minimum I/V resolution 0.1 fA / 0.5 μV

CV frequency range 20 Hz to 2 MHz E4980A Precision LCR Meter

Maximum DC bias to CV 40 V E4980A option 001is required.
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Table 4-9 Configuration Example

NOTE The low current level is around 1 nA with the 16442B test fixture.

Model option Description Qty

E5270B Precision IV Analyzer / 8 Slot Precision Measurement Mainframe 1

E5270B-015/030 1.5 m or 3 m length of bundled cables 1

E5270B-A17 Add High Resolution Source/Monitor Unit (E5287A) 1ea, Cables 2

B1500A-A28 Add Atto Sense and Switch Unit (E5288A ASU) 1ea 2

E4980A 2 MHz Precision LCR Meter 1

E4980A-001 Output Power and DC Bias 1

16048E Test leads (BNC), 4m 1

16442B Test fixture for packaged device measurement (Optional) 1
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4.2 Four terminal device
This chapter describes prober or Fixture connection and ordering example of Keysight 
E5260/E5270 series for 4 terminal devices.

4.2.1 General IV characterization, Migration from 4155

Figure 4-4 General IV configuration

Table 4-10 Target device and application

Device Application Note

FET Id-Vd, Vth, BVdss, Id leak, Ig leak 
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Table 4-11 Key specification

Table 4-12 Configuration Example

Item Range Note

Maximum I/V range 100 mA / 100 V

Minimum I/V resolution 10 fA / 0.5 μV

Model option Description Qty

E5270B Precision IV Analyzer / 8 Slot Precision Measurement Mainframe 1

E5270B-015/030 1.5 m or 3 m length of bundled cables 1

E5270B-A01 Mid Power Source/Monitor Unit (4ea), Cables 1

16442B Test fixture for packaged device measurement (Optional) 1
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4.2.2 High resolution IV characterization, Migration from 
4156

Figure 4-5 Precision IV configuration

Table 4-13 Target device and application

Table 4-14 Key specification

Device Application Note

FET Id-Vd, Vth, BVdss, Id leak, Ig leak 

Item Range Note

Maximum I/V range 100 mA / 100 V

Minimum I/V resolution 1 fA / 0.5 μV

H
R

SM
U

Triaxial cable

Sense

Force

E5270B

H
R

SM
U

Sense

Force

Interlock cable

H
R

SM
U

Sense

Force

H
R

SM
U

Sense

Force

Connector plate

Fixture/Prober

DUT

Interlock

Coverage of Configuration Example

G

D

Subs

S



Keysight E5260/E5270 Configuration and Connection Guide, Edition 3 4-11

Connection and Ordering Examples

Four terminal device

Table 4-15 Configuration Example

NOTE The low current level is around 1 nA with the 16442B test fixture.

Model option Description Qty

E5270B Precision IV Analyzer / 8 Slot Precision Measurement Mainframe 1

E5270B-015/030 1.5 m or 3 m length of bundled cables 1

E5270B-A03 High Resolution Source/Monitor Unit (4ea), Cables 1

16442B Test fixture for packaged device measurement (Optional) 1
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4.2.3 High resolution IV characterization (ASU)

Figure 4-6 Precision IV configuration

Table 4-16 Target device and application

Table 4-17 Key specification

Device Application Note

FET Id-Vd, Vth, BVdss, Id leak, Ig leak 

Item Range Note

Maximum I/V range 100 mA / 100 V

Minimum I/V resolution 0.1 fA / 0.5 μV
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Table 4-18 Configuration Example

NOTE The low current level is around 1 nA with the 16442B test fixture.

Model option Description Qty

E5270B Precision IV Analyzer / 8 Slot Precision Measurement Mainframe 1

E5270B-015/030 1.5 m or 3 m length of bundled cables 1

E5270B-A03 High Resolution Source/Monitor Unit (4ea), Cables 1

E5270B-A28 Add Atto Sense and Switch Unit (E5288A ASU) 1ea 1

16442B Test fixture for packaged device measurement (Optional) 1
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4.2.4 High resolution IV/CV characterization 

Figure 4-7 Precision IV/CV configuration

Table 4-19 Target device and application

Device Application Note

FET Id-Vd, Vth, BVdss, Id leak, Ig leak, Cgb
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Table 4-20 Key specification

Table 4-21 Configuration Example

Item Range Note

Maximum I/V range 100 mA / 100 V

Minimum I/V resolution 10 fA / 0.5 μV

CV frequency range 20 Hz to 2MHz E4980A Precision LCR Meter

Maximum DC bias to CV 40 V E4980A option 001 is required.

Model option Description Qty

E5270B Precision IV Analyzer / 8 Slot Precision Measurement Mainframe 1

E5270B-015/030 1.5 m or 3 m length of bundled cables 1

E5270B-A03 High Resolution Source/Monitor Unit (4ea), Cables 1

E5270B-A28 Add Atto Sense and Switch Unit (E5288A ASU) 1ea 2

E4980A 2 MHz Precision LCR Meter 1

E4980A-001 Output Power and DC Bias 1

16048E Test leads (BNC), 4m 1

16442B Test fixture for packaged device measurement (Optional) 1
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4.2.5 High power IV characterization

Figure 4-8 High power IV configuration

Table 4-22 Target device and application

Table 4-23 Key specification

Device Application Note

FET Id-Vd, Vth, BVdss, Id leak, Ig leak 

Item Range Note

Maximum I/V range 1 A / 200 V

Minimum I/V resolution 10 fA / 2 μV
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Table 4-24 Configuration Example

Model option Description Qty

E5270B Precision IV Analyzer / 8 Slot Precision Measurement Mainframe 1

E5270B-015/030 1.5 m or 3 m length of bundled cables 1

E5270B-A10 Add High Power Source/Monitor Unit (E5280B) 1ea, Cables 4

16442B Test fixture for packaged device measurement (Optional) 1
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Keysight 33220A 
20 MHz Function/Arbitrary Waveform Generator

Data Sheet

Product Discontinuance Notice

The 33220A function generator and all associated 
options will be discontinued December 1, 2016. The 
last date this product can be ordered is November 
30, 2016. 

–– For new product purchases, Keysight recom-
mends the 33500B Trueform Series waveform 
generators.  

–– For more information, as well as to access to 
detailed migration guides, please visit  
www.keysight.com/find/nextgenFGs 

–– To contact a product selection expert, visit 
www.keysight.com/find/contactus



2

Uncompromising performance 
for functions and waveforms
The Keysight Technologies 33220A func-
tion/arbitrary waveform generator uses 
direct digital synthesis (DDS) techniques 
to create a stable, accurate output signal 
for clean, low distortion sine waves. It also 
gives you square waves with fast rise and 
fall times up to 20 MHz and linear ramp 
waves up to 200 kHz.

Pulse generation
The 33220A can generate variable-
edge-time pulses up to 5 MHz. With 
variable period, pulse width, and 
amplitude the 33220A is ideally suited 
to a wide variety of applications requir-
ing a flexible pulse signal.

Custom waveform 
generation
Use the 33220A to generate complex 
custom waveforms. With 14-bit 
resolution, and a sampling rate of 
50 MSa/s, the 33220A gives you the 
flexibility to create the waveforms you 
need. It also lets you store up to four 
waveforms in nonvolatile memory.

The Keysight IntuiLink arbitrary wave-
form software allows you to easily cre-
ate, edit, and download complex wave-
forms using the waveform editor. Or 
you can capture a waveform using 
IntuiLink for Oscilloscope and send  
it to the 33220A for output. To find  
out more about IntuiLink, visit 
www.keysight.com/find/intuilink.

Easy-to-use functionality
Front-panel operation of the 33220A is 
straight-forward and user friendly. You 
can access all major functions with a 
single key or two. The knob or numeric 
keypad can be used to adjust frequen-
cy, amplitude, offset, and other param-
eters. You can even enter voltage val-
ues directly in Vpp, Vrms, dBm, or as 
high and low levels. Timing parameters 
can be entered in Hertz (Hz) or 
seconds.

Internal AM, FM, PM, FSK, and PWM 
modulation make it easy to modulate 
waveforms without the need for a sep-
arate modulation source. Linear and 
logarithmic sweeps are also built in, 
with sweep rates selectable from 1 ms 
to 500 s. Burst mode operation allows 
for a user-selected number of cycles 
per period of time. GPIB, LAN, and 
USB interfaces are all standard, plus 
you get full programmability using SCPI 
commands.

External frequency reference 
(Option 001)
The 33220A external frequency refer-
ence lets you synchronize to an exter-
nal 10 MHz clock, to another 33220A, 
or to a Keysight 33250A. Phase adjust-
ments can be made from the front 
panel or via a computer interface, 
allowing precise phase calibration and 
adjustment.

Key Features

–– Fully compliant to LXI Class C 
specification

–– 20 MHz Sine and Square  
waveforms

–– Pulse, Ramp, Triangle, Noise, 
and DC waveforms

–– 14-bit, 50 MSa/s, 64 k-point 
arbitrary waveforms

–– AM, FM, PM, FSK, and PWM 
modulation types

–– Linear & logarithmic sweeps and 
burst operation

–– 10 mVpp to 10 Vpp amplitude 
range

–– Graph mode for visual verifica-
tion of signal settings

–– Connect via USB, GPIB and LAN



Measurement Characteristics

Waveforms
Standard 	 Sine, Square, Ramp, 		
		  Triangle, Pulse,  
		  Noise, DC
Built-in arbitrary	 Exponential rise, 		
		  Exponential fall,  
		  Negative ramp, 		
		  Sin(x)/x, Cardiac

Waveforms Characteristics 
Sine
Frequency Range	 1 µHz to 20 MHz
Amplitude Flatness[1], [2] (relative to 1 kHz) 
	 < 100 kHz 	 0.1 dB  
	 100 kHz to 5 MHz 	 0.15 dB  
	 5 MHz to 20 MHz 	 0.3 dB  
Harmonic distortion[2], [3] 
		  < 1 VPP	 ≥ 1 VPP 
	 DC to 20 kHz 	 –70 dBc	 –70 dBc 
	 20 kHz to 100 kHz 	 –65 dBc	 –60 dBc 
	 100 kHz to 1 MHz 	 –50 dBc	 –45 dBc 
	 1 MHz to 20 MHz 	 –40 dBc	 –35 dBc
Total harmonic distortion[2], [3] 
	 DC to 20 kHz 	 0.04%
Spurious (non-harmonic)[2], [4] 
	 DC to 1 MHz 	 –70 dBc 
	 1 MHz to 20 MHz 	 –70 dBc + 6 dB/octave
Phase noise  
  (10 kHz offset)	 –115 dBc / Hz, typical 
Square
Frequency range	 1 µHz to 20 MHz
Rise/Fall time 	 < 13 ns
Overshoot 	 < 2% 
Variable duty cycle	 20% to 80% (to 10 MHz) 
		  40% to 60% (to 20 MHz)
Asymmetry (@ 50% duty)	  
		  1% of period + 5 ns
Jitter (RMS)	 1 ns +  
		  100 ppm of period
Ramp, Triangle
Frequency range	 1 µHz to 200 kHz
Linearity 	 < 0.1% of peak output
Variable Symmetry	 0.0% to 100.0%
Pulse
Frequency range	 500 µHz to 5 MHz
Pulse width 	 20 ns minimum, 
  (period ≤ 10s)	 10 ns resolution
Variable edge time 	 < 13 ns to 100 ns 
Overshoot	 < 2% 
Jitter (RMS)	 300 ps +  
		  0.1 ppm of period

Noise
Bandwidth  	 9 MHz typical
Arbitrary
Frequency range	 1 µHz to 6 MHz
Waveform length 	 2 to 64 k points
Amplitude resolution 	 14 bits (including sign)
Sample rate 	 50 MSa/s
Min. Rise/Fall Time	 35 ns typical
Linearity 	 < 0.1% of peak output
Settling Time 	 < 250 ns to 0.5%  
		  of final value
Jitter (RMS)	 6 ns + 30 ppm
Non-volatile memory 	 four waveforms

Common Characteristics
Frequency 	
Accuracy[5]	 ± (10 ppm + 3 pHz) 
	 	     in 90 days 
		  ± (20 ppm + 3 pHz)  
		      in 1 year
Resolution  	 1 µHz
Amplitude
Range  	 10 mVPP to  
		  10 VPP into 50 Ω 
		  20 mVPP to 20 VPP  
		  into open circuit
Accuracy[1], [2] (at 1 kHz) 	  
		  ± 1% of setting  
		  ± 1 mVPP
Units 	 VPP, Vrms, dBm
Resolution 	 4 digits
DC Offset
Range (peak AC + DC)	± 5 V into 50 Ω 
		  ± 10 V into open circuit
Accuracy[1], [2] 	 ± 2% of offset setting 
		  ± 0.5% of amplitude  
		  ± 2 mV
Resolution	 4 digits
Main Output
Impedance	 50 Ω typical
Isolation 	 42 Vpk maximum  
			  to earth
Protection 	 Short-circuit protected,  
			  overload automatically  
			  disables main output

External Frequency Reference (Option 001)
Rear Panel Input
	 Lock Range 	 10 MHz ± 500 Hz
	 Level 	 100 mVPP to 5 VPP
	 Impedance 	 1 kΩ typical,  
		  AC coupled 
	 Lock Time 	 < 2 seconds

Rear Panel Output
	 Frequency 	 10 MHz
	 Level 	 632 mVPP  
		  (0 dBm), typical
	 Impedance	 50 Ω typical,  
		  AC coupled

Phase Offset
	 Range 	 + 360° to - 360°
	 Resolution 	 0.001°
	 Accuracy 	 20 ns

Modulation
AM
	 Carrier waveforms	 Sine, Square,  
		  Ramp, Arb
	 Source 	 Internal/External
	 Internal modulation 	Sine, Square, Ramp,  
		  Triangle, Noise, Arb  
		  (2 mHz to 20 kHz)
	 Depth 	 0.0% to 120.0%
FM
	 Carrier waveforms	 Sine, Square,  
		  Ramp, Arb
	 Source 	 Internal/External
	 Internal modulation 	Sine, Square, Ramp,  
		  Triangle, Noise, Arb  
		  (2 mHz to 20 kHz)
	 Deviation 	 DC to 10 MHz
PM
	 Carrier waveforms	 Sine, Square,  
		  Ramp, Arb
	 Source 	 Internal/External
	 Internal modulation 	Sine, Square, Ramp,  
		  Triangle, Noise, Arb  
		  (2 mHz to 20 kHz)
	 Deviation	 0.0 to 360.0 degrees
PWM
	 Carrier waveform	 Pulse
	 Source 	 Internal/External
	 Internal modulation	 Sine, Square, Ramp, 		
		  Triangle, Noise, Arb  
		  (2 mHz to 20 kHz)
	 Deviation	 0% to 100%  
		  of pulse width
FSK
	 Carrier waveforms	 Sine, Square,  
		  Ramp, Arb
	 Source 	 Internal/External 
	 Internal modulation	 50% duty cycle 		
		  square (2 mHz  
		  to 100 kHz)
External Modulation Input[6]  
	 (for AM, FM, PM, PWM)
	 Voltage range	 ± 5 V full scale 
	 Input impedance	 5 kΩ typical
	 Bandwidth	 DC to 20 kHz
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Sweep
	 Waveforms	 Sine, Square,  
		  Ramp, Arb
	 Type 	 Linear or Logarithmic
	 Direction 	 Up or Down
	 Sweep time	 1 ms to 500 s
	 Trigger 	 Single, External,  
		  or Internal
	 Marker	 falling edge of sync 		
		  signal (programmable 	
		  frequency)

Burst[7]

Waveforms	 Sine, Square, Ramp, 		
		  Triangle, Pulse,  
		  Noise, Arb
Type	 Counted (1 to 50,000  
		  cycles), Infinite, Gated
Start/Stop Phase 	 –360° to +360°
Internal Period 	 1 µs to 500 s 
Gate Source 	 External trigger
Trigger source 	 Single, External  
		  or Internal

Trigger Characteristics
Trigger input
	 Input level	 TTL compatible
	 Slope	 Rising or Falling, 		
		  selectable
	 Pulse width	 > 100 ns
	 Input impedance	 >10 kΩ, DC coupled
	 Latency	 < 500 ns
	 Jitter (rms)	 6 ns (3.5 ns for pulse)
Trigger output
	 Level	 TTL compatible  
		  into ≥ 1 kΩ
	 Pulse width	 > 400 ns
	 Output Impedance	 50 Ω, typical
	 Maximum rate	 1 MHz
	 Fanout	 ≤ 4 Keysight  
		  33220As

Programming Times (typical)
Configuration times 
		  USB	 LAN	 GPIB
	 Function Change	 111 ms	 111 ms	 111 ms
	 Frequency Change	 1.5 ms	 2.7 ms	 1.2 ms
	 Amplitude Change	 30 ms	 30 ms	 30 ms
	 Select User Arb	 124 ms	 124 ms	 123 ms
Arb Download Times  
(binary transfer)	 USB	 LAN	 GPIB
	 64 k points	 96.9 ms	 191.7 ms	 336.5 ms
	 16 k points	 24.5 ms	 48.4 ms	 80.7 ms
	 4 k points	 7.3 ms	 14.6 ms	 19.8 ms

General
Power Supply 	 CAT II 
		  100 - 240 V @ 		
		  50/60 Hz (–5%, +10%) 
		  100 - 120 V @ 400 Hz 	
		  (±10%)
Power Consumption 	 50 VA max
Operating Environment 	 IEC 61010 
		  Pollution Degree 2 
		  Indoor Location
Operating Temperature 	 0 to 55 °C
Operating Humidity 	 5% to 80% RH,  
		  non-condensing
Operating Altitude	 Up to 3000 meters
Storage Temperature 	 –30 to 70 °C
State Storage Memory 	 Power off state  
		  automatically saved. 	
		  Four user-configurable 	
		  stored states
Interface 	 USB, GPIB, and  
		  LAN standard
Language 	 SCPI - 1993,  
		  IEEE-488.2
Dimensions (W x H x D) 
	 Bench top 	 261.1 mm x 103.8 mm  
		  x 303.2mm 
	 Rack mount 	 212.8mm x 88.3mm  
		  x 272.3mm
Weight 	 3.4 kg (7.5 lbs)
Safety Designed to 	 UL-1244, CSA 1010, 		
		  EN61010
EMC Tested to 	 MIL-461C, EN55011, 	
		  EN50082-1
Vibration and Shock 	 MIL-T-28800, Type III, 	
		  Class 5
Acoustic Noise 	 30 dBa
Warm-up Time 	 1 hour

Footnotes
1.	Add 1/10th of output amplitude and offset  
	 spec per °C for operation outside the range  
	 of 18 to 28 °C
2.	Autorange enabled
3.	DC offset set to 0 V
4.	Spurious output at low amplitude is  
	 –75 dBm typical
5.	Add 1 ppm/°C average for operation  
	 outside the range of 18 to 28 °C 
6.	FSK uses trigger input (1 MHz maximum)
7.	Sine and square waveforms above  
	 6 MHz are allowed only with  
	 an “infinite” burst count

Keysight 33220A
20 MHz function/arbitrary 
wavefrom generator

Accessories included
Operating manual, service manual, quick 
reference guide, IntuiLink waveform edi-
tor software, test data, USB cable, and 
power cord (see language option).

Options
Opt. 001	 External timebase reference	  
Opt. A6J	 ANSI Z540 calibration	  
Opt. AB0	 Taiwan: Chinese manual 
Opt. AB1	 Korea: Korean manual 
Opt. AB2	 China: Chinese manual 
Opt. ABA	 English: English manual 
Opt. ABD	 Germany: German manual 
Opt. ABF	 France: French manual 
Opt. ABJ	 Japan: Japanese manual

Other Accessories
34131A	 Carrying case	  
34161A	 Accessory pouch 
34190A	 Rackmount kit 
34191A	 Dual flange kit, 2U 
34194A	 Dual lock link kit
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Agilent 34401A Multimeter

Data Sheet 

• Measure up to 1000 volts with 6½    
 digits resolution

• 0.0015% basic dcV accuracy
 (24 hour)

• 0.06% basic acV accuracy (1 year)

• 3 Hz to 300 kHz ac bandwidth

• 1000 readings/s direct to GPIB

Superior Performance

The Agilent Technologies 34401A multime-

ter gives you the performance you need for 

fast, accurate bench and system testing. 

The 34401A provides a combination of res-

olution, accuracy and speed that rivals 

DMMs costing many times more. 61/2 dig-

its of resolution, 0.0015% basic 24-hr dcV 

accuracy and 1,000 readings/s direct to 

GPIB assure you of results that are accu-

rate, fast, and repeatable.

Use It on Your Benchtop

The 34401A was designed with your bench 

needs in mind. Functions commonly associ-

ated with bench operation, like continuity 

and diode test, are built in. A Null feature 

allows you to remove lead resistance and 

other fixed offsets in your measurements. 

Other capabilities like min/max/avg read-

outs and direct dB and dBm measurements 

make checkout with the 34401A faster and 

easier.

The 34401A gives you the ability to store 

up to 512 readings in internal memory. For 

trouble-shooting, a reading hold feature 

lets you concentrate on placing your test

leads without having to constantly glance 

at the display.

Use It for Systems Testing

For systems use, the 34401A gives you 

faster bus throughput than any other DMM 

in its class. The 34401A can send up to 

1,000 readings/s directly across GPIB in 

user-friendly ASCII format.

You also get both GPIB and RS-232 inter-

faces as standard features. Voltmeter 

Complete and External Trigger signals are 

provided so you can synchronize to other 

instruments in your test system. In addition, 

a TTL output indicates Pass/Fail results 

when limit testing is used.

To ensure both forward and backward com-

patibility, the 34401A includes three com-

mand languages (SCPI, Agilent 3478A and 

Fluke8840A/42A), so you don’t have to

rewrite your existing test software. An 

optional rack mount kit is available.

Easy to Use

Commonly accessed attributes, such as 

functions, ranges, and resolution are 

selected with a single button press.

Advanced features are available using 

menu functions that let you optimize the 

34401A for your applications.

The included Agilent IntuiLink software 

allows you to put your captured data to 

work easily, using PC applications such as 

Microsoft Excel or Word to analyze, inter-

pret, display, print, and document the data 

you get from the 34401A. You can specify 

the meter setup and take a single reading 

or log data to the Excel spreadsheet in 

specified time intervals. Program-mers can 

use ActiveX components to control the 

DMM using SCPI commands. To find out 

more about IntuiLink, visit

www.agilent.com/find/intuilink

1-Year Warranty

With your 34401A, you get full documenta-

tion, a high-quality test lead set, calibration 

certificate with test data, and a 1-year war-

ranty, all for one low price.

See Agilent's Truevolt Series of DMMs

• Display DMM results in ways you never have before 
• Measure with unquestioned Truevolt confidence 
• Move to the next generation 34401A DMM with 100% assurance

www.agilent.com/find/dmm
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Accuracy Specifications ± (% of reading + % of range)1

Function Range 3  Frequency,  24 Hour 2  90 Day 1 Year Temperature Coefficient
  etc.  23°C ±1°C 23°C ±5°C 23°C ±5°C 0°C – 18°C
      28°C – 55°C

DC voltage 100.0000 mV  0.0030 + 0.0030 0.0040 + 0.0035 0.0050 + 0.0035 0.0005 + 0.0005
 1.000000 V  0.0020 + 0.0006 0.0030 + 0.0007 0.0040 + 0.0007 0.0005 + 0.0001
 10.00000 V   0.0015 + 0.0004 0.0020 + 0.0005 0.0035 + 0.0005 0.0005 + 0.0001
 100.0000 V  0.0020 + 0.0006 0.0035 + 0.0006 0.0045 + 0.0006 0.0005 + 0.0001
 1000.000 V   0.0020 + 0.0006 0.0035 + 0.0010 0.0045 + 0.0010 0.0005 + 0.0001

True rms  100.0000 mV 3 Hz  – 5 Hz 1.00 + 0.03 1.00 + 0.04 1.00 + 0.04 0.100 + 0.004
AC voltage4   5 Hz  – 10 Hz 0.35 + 0.03 0.35 + 0.04 0.35 + 0.04 0.035 + 0.004
  10 Hz  – 20 kHz 0.04 + 0.03 0.05 + 0.04 0.06 + 0.04 0.005 + 0.004
  20 kHz  – 50 kHz  0.10 + 0.05 0.11 + 0.05 0.12 + 0.05 0.011 + 0.005
  50 kHz  – 100 kHz 0.55 + 0.08 0.60 + 0.08 0.60 + 0.08 0.060 + 0.008
  100 kHz  – 300 kHz6 4.00 + 0.50 4.00 + 0.50 4.00 + 0.50 0.20 + 0.02

   1.000000 V  3 Hz  – 5 Hz  1.00 + 0.02  1.00 + 0.03  1.00 + 0.03  0.100 + 0.003
  to 750.000 V  5 Hz  –10 Hz  0.35 + 0.02  0.35 + 0.03  0.35 + 0.03  0.035 + 0.003
  10 Hz  – 20 kHz  0.04 + 0.02  0.05 + 0.03  0.06 + 0.03  0.005 + 0.003
  20 kHz  – 50 kHz  0.10 + 0.04  0.11 + 0.05  0.12 + 0.04  0.011 + 0.005
  50 kHz  – 100 kHz5  0.55 + 0.08  0.60 + 0.08  0.60 + 0.08  0.060 + 0.008
  100 kHz  – 300 kHz6  4.00 + 0.50  4.00 + 0.50  4.00 + 0.50  0.20 + 0.02

Resistance7 100.0000 Ω 1  mA Current Source 0.0030 + 0.0030 0.008 + 0.004 0.010 + 0.004 0.0006 + 0.0005
 1.000000 kΩ 1  mA 0.0020 + 0.0005 0.008 + 0.001 0.010 + 0.001 0.0006 + 0.0001
 10.00000 kΩ 100  µA 0.0020 + 0.0005 0.008 + 0.001 0.010 + 0.001 0.0006 + 0.0001
 100.0000 kΩ 10  µA 0.0020 + 0.0005 0.008 + 0.001 0.010 + 0.001 0.0006 + 0.0001
 1.000000 MΩ 5.0  µA 0.002 + 0.001 0.008 + 0.001 0.010 + 0.001 0.0010 + 0.0002
 10.00000 MΩ 500  nA 0.015 + 0.001 0.020 + 0.001 0.040 + 0.001 0.0030 + 0.0004
 100.0000 MΩ 500  nA || 10 MΩ 0.300 + 0.010 0.800 + 0.010 0.800 + 0.010 0.1500 + 0.0002

DC current 10.00000 mA < 0.1  V Burden Voltage 0.005 + 0.010 0.030 + 0.020 0.050 + 0.020 0.0020 + 0.0020
 100.0000 mA < 0.6   V  0.010 + 0.004 0.030 + 0.005 0.050 + 0.005 0.0020 + 0.0005
 1.000000 A < 1.0  V  0.050 + 0.006 0.080 + 0.010 0.100 + 0.010 0.0050 + 0.0010
 3.00000 A < 2.0  V  0.100 + 0.020 0.120 + 0.020 0.120 + 0.020  0.005 + 0.0020

True rms  1.000000 A  3 Hz  – 5 Hz 1.00 + 0.04 1.00 + 0.04  1.00 + 0.04 0.100 + 0.006
AC current4  5 Hz  – 10 Hz 0.30 + 0.04 0.30 + 0.04 0.30 + 0.04 0.035 + 0.006
  10 Hz  – 5 kHz 0.10 + 0.04 0.10 + 0.04 0.10 + 0.04 0.015 + 0.006

 3.00000 A 3 Hz  – 5 Hz 1.10 + 0.06 1.10 + 0.06  1.10 + 0.06 0.100 + 0.006
  5 Hz  – 10 Hz 0.35 + 0.06 0.35 + 0.06 0.35 + 0.06 0.035 + 0.006
  10 Hz  – 5 kHz 0.15 + 0.06 0.15 + 0.06 0.15 + 0.06 0.015 + 0.006

Frequency  100 mV to 3 Hz  – 5 Hz 0.10 0.10 0.10 0.005
or period8 750 V 5 Hz  – 10 Hz 0.05 0.05 0.05 0.005
  10 Hz  – 40 Hz 0.03 0.03 0.03 0.001
  40 Hz  – 300 kHz 0.006 0.01 0.01 0.001

Continuity 1000.0 Ω 1  mA test current 0.002 + 0.030 0.008 + 0.030 0.010 + 0.030 0.001 + 0.002

Diode test9 1.0000 V 1  mA test current 0.002 + 0.010 0.008 + 0.020 0.010 + 0.020 0.001 + 0.002

1. Specifications are for 1 hr warm-up and 6½ digits, slow ac filter.
2. Relative to calibration standards.
3. 20% over range on all ranges except 1000 Vdc and 750 Vac ranges.
4. For sinewave input > 5% of range. For inputs from 1% to 5% of range
 and < 50 kHz, add 0.1% of range additional error.
5. 750 V range limited to 100 kHz or 8 x 107 Volt-Hz.
6. Typically 30% of reading error at 1 MHz.
7. Specifications are for 4-wire ohms function or 2-wire ohms using Math  
 Null. Without Math Null, add 0.2 Ω additional error in 2-wire ohms 
 function.
8. Input >100 mV. For 10 mV to 100 mV inputs multiply % of reading 
 error x10.
9. Accuracy specifications are for the voltage measured at the input termi- 
 nals only. 1 mA test current is typical. Variation in the current source will  
 create some variation in the voltage drop across a diode junction.

254.4 mm

103.6 mm

374.0 mm

212.6 mm 348.3 mm

88.5 mm
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DC Voltage

Measurement Method:   

 Continuously integrating multi-slope III 

 A-D converter

A-D Linearity: 0.0002% of reading +   

 0.0001% of range

Input Resistance: 

 10 MΩ or 0.1 V, 1 V, 10 V ranges:

 Selectable  > 10,000 MΩ

 100 V, 1000 V ranges: 10 MΩ ±1%

 Input Bias Current: < 30 pA at 25°C

Input Protection: 1000 V all ranges

dcV:dcV ratio accuracy: 

 Vinput Accuracy + Vrelevance Accuracy

True RMS AC Voltage

Measurement Method: 

 AC-coupled true rms-measures the ac 

 component of the input with up to 400  

 Vdc of bias on any range. 

Crest Factor:    

 Maximum of 5:1 at full scale.

Additional Crest Factor errors 

(non-sinewave):  

 Crest factor 1-2: 0.05% of reading 

 Crest factor 2-3: 0.15% of reading

 Crest factor 3-4: 0.30% of reading

 Crest factor 4-5: 0.40% of reading

Input Impedance:

 1 MΩ ± 2% in parallel with 100 pF

Input Protection: 750 Vrms all ranges

Resistance 

Measurement Method: 

 Selectable 4-wire or 2-wire Ohms. 

 Current source referenced to LO input.

Maximum Lead Resistance (4-wire):  

 10% of range per lead for 100 Ω, 1 kΩ   

 ranges. 

 1 kΩ per lead on all other ranges.

Input Protection: 1000 V all ranges 

DC Current  

Shunt Resistance:  

 5 Ω for 10 mA, 100 mA

 0.1 Ω for 1 A, 3 A                      

Input Protection: 

 Externally accessible 3 A 250 V fuse  

 Internal 7 A 250 V fuse

True RMS AC Current

Measurement Method:  
 Directly coupled to the fuse and shunt. 
 ac coupled true rms measurement
 (measures the ac component only).

Shunt Resistance:  
 0.1 Ω for 1 A and 3 A ranges

Input Protection: 
 Externally accessible 3 A 250 V fuse
 Internal 7 A 250 V fuse

Frequency and Period

Measurement Method:  
 Reciprocal counting technique

Voltage Ranges:
 Same as ac voltage function

Gate Time: 1 s, 100 ms, or 10 ms

Continuity/Diode 

Response Time:   
 300 samples/s with audible tone

Continuity Threshold: 
 Selectable from 1 Ω to 1000 Ω

Measurement Noise Rejection 60 (50) Hz1

dc CMRR: 140 dB
ac CMRR: 70 dB

Integration Time and 
Normal Mode Rejection2

100 plc/1.67 s (2 s):  60 dB3

10 plc/167 ms (200 ms):  60 dB3

1 plc/16.7 ms (20 ms):  60 dB
<1 plc/3 ms or 800 µs):  0 dB

Operating Characteristics4

Function Digits  Reading/s

dcV, dcl, and 6 ½  0.6 (0.5)
Resistance 6 ½  6 (5)
 5 ½  60 (50)
 5 ½ 300
 4 ½  1000

acV, acl 6 ½  0.15 slow (3 Hz)
 6 ½ 1 medium (20 Hz)
 6 ½  10 fast (200 Hz)5 
 6 ½  50

Frequency 6 ½  1
or Period 5 ½  9.8
 4 ½  80 

System Speeds

Configuration rates: 26/s to 50/s 
Autorange rate (dc Volts): >30/s 
ASCII readings to RS-232: 55/s 
ASCII readings to RS-232: 1000/s 
Maximum internal trig rate: 1000/s 

Max. ext trig. rate to mem: 1000/s 

Triggering and Memory

Reading HOLD Sensitivity: 
 10%, 1%, 0.1%, or 0.01% of range

Samples/Trigger: 1 to 50,000

Trigger Delay: 0 to 3600 s: 10 µs step 
size
External Trigger Delay: < 1 ms
External Trigger Jitter: < 500 µs
Memory: 512 readings

Math Functions

 NULL, min/max/average, dBm, dB, limit  
 test (with TTL output)

Standard Programming Languages

 SCPI (IEEE-488.2), Agilent 3478A, 
 Fluke 8840A/42A

Accessories Included

 Test lead kit with probe, alligator 
 and grabber attachments
 Operating manual, service manual, 
 test report and power cord

General Specifications

Power Supply: 
 100 V/120 V/220 V/240 V ±10% 

Power Line Frequency: 
 45 Hz to 66 Hz and 360 Hz to 440 Hz,   
 Automatically sensed at power-on

Power Consumption: 25 VA peak 
 (10 W average)

Operating Environment: 
 Full accuracy for 0°C to 55°C, 
 Full accuracy to 80% R.H. at 40°C

Storage Temperature: -40°C to 70°C

Weight: 3.6 kg (8.0 lbs)

Safety: Designed to CSA, UL-1244, 
 IEC-348

RFI and ESD: MIL-461C, FTZ 1046, FCC

Vibration & Shock: MIL-T-28800E, Type   
 III, Class 5 (sine only)

Warranty: 1 year
  

Measurement Characteristics

1. For 1 kΩ unbalanced in LO lead, 
 ± 500 V peak maximum.
2. For power line frequency ± 0.1%.
3. For power line frequency ± 1% use 40 dB 
 or ± 3% use 30 dB.
4. Reading speeds for 60 Hz and (50 Hz) 
 operation.
5. Maximum useful limit with default settling 
 delays defeated.
6. Speeds are for 4½ digits, delay 0, auto-zero 
 and display OFF.
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included: Test lead kit with probe, alliga-
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IVI and VXI PnP drivers, Quick start tuto-
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34401A-A6J

ANSI Z540 compliant calibration

Accessories

Probes/Leads/Clip Accessories

11059A Kelvin probe set

11060A Surface mount device (SMD) test  

  probes

11062A Kelvin clip set

34133A Precision electronic test leads

34134A DC coupled current probe

34136A High voltage probe

34138A Test lead set

34171B Input terminal connector 

  (sold in pairs)

34172B Input calibration short 

  (sold in pairs)

34330A 30 A current shunt

E2308A 5 k thermistor probe

Y1133A Low-thermal external digital   

  multimeter scanning kit

Rack Mount Kits

34190A Rackmount kit: designed for use 

with only one instrument, mounted on 

either the left or the right side of the rack. 

34191A 2U Dual flange kit: secures the 

instrument to the front of the rack.  This 

kit can be used with the 34194A dual lock 

link kit to mount two half-width, 2U height 

instruments side-by side.

34194A Dual lock link kit: recommended 

for side-by-side combinations and includes 

links for instruments of different depths.  

This kit can be used with the 34191A 2U 

dual flange kit to mount two half-width, 2U 

height instruments side-by-side.

Other Accessories

34131A Hard transit case

34161A Accessory pouch

34398A RS-232 cable, 9 pin (f) to 9 pin (f)

E5810A LAN/GPIB gateway
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